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IP-1.1 Plenary Talk 

 

Further progress in ITER in Procurement and Assembly 

Alain Becoulet 

ITER Organization, CS 90 046, 13067 St. Paul Lez Durance Cedex, France 

 

The ITER project continues its strong progress in construction, manufacturing, assembly, and 

a promising start of sub-systems commissioning. Following the completion of key buildings 

and infrastructures on the worksite, the past year has witnessed the delivery of many First-of-

a-Kind components and the completion of support systems.  

Following the positioning and welding of the cryostat base and lower cylinder in the tokamak 

pit, and the positioning of the first two poloidal field (PF) coils, the tokamak pit is now ready 

to host the first tokamak sector modules (SM). The first one, SM#6, pre-assembled from the 

first vacuum vessel sector, the first two toroidal field coils and the associated thermal shield, is 

ready to be positioned in the tokamak pit, while SM#7 has started preassembly phase on the 

sub-sector assembly tool. The first central solenoid (CS) module is being instrumented and 

prepared, while the second is already on-site and the subsequent modules are under finalisation 

or shipment. 

Several sub-systems and services have now started their system commissioning. Amongst them, 

the power supplies, cooling water and cryoplant systems are now either operational or showing 

excellent progress. 

Despite a unique mobilisation of the ITER Members, the ongoing worldwide Covid-19 

pandemic is nevertheless impacting the present assembly phase of ITER, by slowing down the 

procurement and delivery of some of the main components (vacuum vessel sectors, in 

particular). Combined with the local impacts on the on-site assembly phase I sequences, the 

ITER Organization has been charged by the ITER Council to propose a Baseline Update for the 

short-term First Plasma objective, with a revisit of the subsequent assembly phases, to minimize 

the impact of the present sanitary situation on the Fusion Plasma Operation phases. 

Highlights from these areas (manufacturing, tokamak assembly, commissioning) will be 

presented along with the updated status and plans.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 6 

IP-2.1 Plenary Talk 

 

Progress and Challenges on the Path to ITER Construction 

Carlos Alejaldre, the Fusion for Energy Team 

Fusion for Energy, c/ Josep Pla, nº 2, Torres Diagonal Litoral, Edificio B3, 08019 Barcelona, Spain 

 

Fusion for Energy (F4E), on behalf of Europe, is responsible for manufacturing most of the 

high-technology items for the ITER device (e.g. superconducting toroidal and poloidal field 

coils, the vacuum vessel, the in-vessel components, remote handling, additional heating systems 

and power supplies, tritium plant, cryopumps and cryoplant, and finally several diagnostic 

systems and well as constructing the buildings and developing the Test Blanket Modules. F4E 

is also the European implementing agency for the Broader Approach Agreement with Japan. 

Since the last SOFT conference, F4E has manufactured and delivered to the ITER Organization 

eight superconducting Toroidal Field (TF) and three Poloidal Field (PF) coils. At the same time, 

the first Vacuum Vessel (VV) sector is nearing completion and the manufacturing of the first 

wall blanket modules is starting. In most cases, the components are manufactured by a 

partnership between F4E and consortia of European industries. This presentation will provide 

an overview of the main progress made by F4E and its industrial partners as well as the 

challenges faced in the development and manufacturing of these and other components. 

In the process of fabricating and testing the first-of-kind ITER TF coils, PF coils and VV sector 

as well as the nuclear buildings, F4E is gaining valuable technical and commercial knowledge. 

As reported in this presentation, this knowledge is being used by F4E and its industrial partners 

to optimise the series manufacturing of components, as well as supporting the efficient 

preparation of future civil engineering projects such as the ITER Hot Cell Complex.
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IP-2.2 Plenary Talk 

 

Navigating along the fusion roadmap 

Tony Donné 

EUROfusion, Boltzmannstrasse 2, 85748 Garching, Germany 

 

Since its inception in 2012 and the establishment of EUROfusion in 2014, the European 

Roadmap to the realisation of fusion energy has been the guiding document to coordinate and 

prioritise all European Fusion R&D activities. The European community can look back with 

satisfaction to the achievements during the Horizon 2020 framework programme (2014 – 2020). 

The joint exploitation of all tokamaks, the W7-X stellarator and a number of linear PWI 

facilities has led to a coherent and targeted programme. Similarly, an integrated approach has 

been set up in which theory, simulation, verification and validation activities are centrally 

supported by five Advanced Computing Hubs. The DEMO design approach has made clear that 

physics and engineering need to go hand-in-hand in a strongly integrated way. Many scientific 

and technical achievements have been published that have given important new insights to 

optimise the ITER Research Plan and guide the DEMO design; the recent TT and DT results of 

JET are the most visible of them.  

EUROfusion has recently entered the Horizon Europe framework period (2021-2027). This is 

another interesting and challenging period. New devices as JT-60SA, COMPASS-Upgrade, the 

Divertor Test Tokamak Facility and ITER will start commissioning and come into first 

operation. W7-X will start operating with an actively-cooled divertor, enabling long pulses at 

high power. The construction of the IFMIF-DONES 14 MeV neutron source will start, while 

the Conceptual Design of DEMO will be completed around 2027.  

However, there are constantly developments in the landscape around EUROfusion that make it 

necessary to critically review the implementation plan of the fusion roadmap in order to keep 

the target date of getting DEMO into first operation in the early 2050-ies. Two critical elements 

on the roadmap are ITER (providing input and validation on tritium breeding technologies) and 

IFMIF-DONES (needed to validate materials to be used in DEMO). Any delay in these projects 

could impact the DEMO schedule, and therefore we should keep a critical eye on them and 

consider possible back-up strategies in order to keep the DEMO time schedule.  

To prepare for the future, EUROfusion will conduct in 2023 a facility review that will cover all 

facilities (tokamaks, stellarator, linear devices and technology facilities) with the aim to judge 

which of the many devices are the most important to achieve the goals of the fusion roadmap. 

The operation of these devices needs then to be prioritised. Important for this exercise is that 

towards the end of the Horizon Europe period gradually more scientific and technical support 

needs to be given to ITER.  

A lesson learned during the preparation of ITER in Europe is that it is very important to involve 

industry in the early design, to put emphasis on the later manufacturability. Otherwise, this 

might lead to substantial cost increases as designs need to be overhauled in the procurement 

phase. At this moment in Europe companies involved in the design phase are excluded from 

tendering in the procurement phase. This works counterproductive as it leads to designs that 

need to be overhauled in a later phase.  

The presentation will briefly summarise the main EUROfusion achievements during the past 

European framework period and will then focus on the challenges ahead.
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IP-2.3 Plenary Talk 

 

Progress in the design and realization of the DTT Program 

Francesco Romanelli 

DTT S.c. a r.l. and University of Rome "Tor Vergata", Italy 

 

The main mission of the DTT (Divertor Tokamak Test facility) Project is to explore innovative 

solutions for the power exhaust problem in DEMO. 

Key milestones of the project, initially proposed in 2015, were the selection of the site and the 

establishment of the DTT Consortium in 2019. 

A key feature of the project is the direct involvement of several Italian research institutions and 

industries as DTT partners. The project has established a collaboration with EUROfusion 

focused on the divertor concept selection and design. 

The facility is in the construction phase with a number of industrial contracts already being 

executed (with a total commitment of about 170 Meuro) for the superconducting strand of the 

entire magnet system, the SC cables and the toroidal field coils windings and casings. The 

tender phase for a joint procurement with F4E for the 170 GHz gyrotrons is ongoing. The 

engineering phase has been completed for other key components, including the poloidal field 

coils, vacuum vessel, power supplies and part of the in-vessel components. The design of the 

first divertor configuration is under assessment with EUROfusion. The goal is to start the 

engineering phase in 2022. 

Particular attention is devoted to the review of the design choice. A number of panels made of 

independent international experts have been set up to assess the design choices for the critical 

components. The review has been completed for the magnet system, the plasma scenarios and 

the electrical distribution system. The review of the building and of the vacuum vessel is 

presently ongoing with the goals of launching the tender phase soon. 

The building permit has been obtained in 2021 and the licensing procedure is close to 

completion with the prescriptions to be followed received from the licensing authority and 

accepted by the project. 

The present talk will illustrate the progress of the project, focusing on the most innovative 

design choices and the capabilities in terms of plasma configurations.
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IP-3.1 Plenary Talk 

 

Efforts for Fusion energy development by superconducting tokamak 

approach in China 

Jiangang Li 

Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

Chinese MCF program consists of Experimental Advanced Superconducting Tokamak 

(EAST), Comprehensive Research Facility for Fusion Technology (CRAFT) and Chinese 

Fusion Engineering Testing Reactor (CFETR) together with ITER project, aiming fusion 

energy application before the mid of this century. 

With newly propose Burning plasma Experimental Superconducting Tokamak (BEST) and fast 

progresses on plasma physics and technology, new CN-MCF program is aiming to get 

electricity before 2040s. 100s H-mode and 1056s L-mode plasma discharges have been 

obtained on EAST. 400s H and steady-state high performance ITER-like operation senecios 

will be tested during next few years with newly installed top/bottom actively cooled W divertors 

and 30MW long pulse H&CD system. BEST is aiming Q > 1 for steady-state operation 

(>1000s) and Q = 5–10 (10 s) for short pulse with DT fuels. Burning plasma physics and key 

DEMO-relevant technology will be explored in BEST. Detail engineering design is undergoing 

and its construction is expected to start in next year. Concept and engineering design of CFETR 

have been finished in the end of 2021 with a joint domestic team up to 700 people. Over 1GW 

fusion power (Q = 10–30) and TBR over unity for steady state operation will be explored and 

construction will be started before 2030. CRAFT is a national big science facility aiming to 

develop key technologies and systems for CFETR. The construction of CRAFT started on 

September 20, 2019 which should be finished within 5 year and 8 months with joint founds 

from central and local governments. CRAFT will explore and master fusion DEMO level key 

technologies, establish the method and standard for manufacture the key components and 14 

prototype system for CFETR. Major progresses on EAST, BEST, CRAFT and CFETR will be 

given in this talk.
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IP-3.2 Plenary Talk 

 

IFMIF-DONES: Current design status of the facility and its accelerator 

driver 

P. Cara¹, A. Ibarra²,³, F. Arbeiter⁴, F. Arranz³, D. Bernardi⁴, S. Becerril², M. Cappelli⁵, J. 

Castellanos⁶, H. Dzitko¹, M. Garcia², J. Gutierrez⁷, W. Królas⁸, F. Martin-Fuertes³, J.C. 

Marugan³, G. Micciche⁵, F.S. Nitti⁵, T. Pinna⁵, I. Podadera²,³, Y. Qiu⁴, full IFMIF-DONES 

Teams⁵ 

¹ Fusion for Energy, Garching, Germany 

² IFMIF-DONES Consortium, Granada, Spain 

³ CIEMAT Madrid, Spain 

⁴ Karlsruhe Institute of Technology, Karlsruhe, Germany 

⁵ ENEA Brasimone and ENEA Frascati, Italy 

⁶ INAIA, Universidad de Castilla-La Mancha, Toledo, Spain 

⁷ Empresarion Agrupados International, Madrid, Spain 

⁸ IFJ PAN Kraków, Poland 

 

IFMIF-DONES (International Fusion Materials Irradiation Facility, DEMO-Oriented Neutron 

Early Source) – a powerful neutron irradiation facility for studies and certification of materials 

to be used in fusion reactors – is planned as part of the European roadmap to fusion electricity. 

Its main goal will be to study properties of materials under strong irradiation in a neutron field 

similar to the one faced in a fusion reactor, hence to develop a database. It is based on an intense 

neutron source produced by an accelerated deuteron beam impinging on a liquid lithium curtain, 

aiming to generate neutrons with an energy spectrum and flux similar to those expected to be 

seen by the first wall of a fusion reactor.  

The IFMIF-DONES facility has accomplished the preliminary design phase and currently is in 

the detailed design phase. The next phase is the preparation for the construction of the facility. 

This paper presents the status of IFMIF-DONES design developed in the framework of the 

EUROfusion work programme, and integrate the lesson learned from the IFMIF/EVEDA 

Project (International Fusion Materials Irradiation Facility/ Engineering Validation and 

Engineering Design Activities – Broader Approach (BA) Agreement signed between 

EURATOM and Japanese Government), through a common program which includes the 

different commonalties and interfaces of the two projects. 

An overview of the present design status of the facility will be provided putting emphasis on 

the design status of the DONES Accelerator Systems (AS), responsible for delivering the 5 MW 

D+ beam @ 40 MeV with very high availability, focusing on the main challenges and the related 

R&D programme. The prospects for the construction and the commissioning of the DONES 

Facility in Granada (Spain) will be also reviewed. 

 

Acknowledgment 
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IP-3.3 Plenary Talk 

 

Technical aspect of steady-state operation with high temperature plasma in 

KSTAR 

Sonjong Wang 

Korea Institute of Fusion Energy, South Korea 

 

The operation range of KSTAR plasma has been significantly expanded to explore the physics 

and technologies of the high performance steady-state discharges for supporting ITER and K-

DEMO development. The distinct outcomes include high ion temperature plasma with Ti > 9 

keV over 30 s, high li plasma with betaN > 3 over 10 s, and longer than 90 s H-mode discharges. 

A disruption mitigation using symmetric SPI, and a divertor thermal load management through 

RMP and impurity injection are on-demand topics for resolving uncertainties in ITER and high 

pressure KSTAR. The reactor relevant, highly efficient current drive development has also 

shown notable advance. The evidence of the helicon power coupling to the plasma was 

observed following the increase of injection power through MW level travelling wave antenna. 

After demonstrating the off-axis current drive capability with test setup, 4 MW helicon current 

drive system will be operational to accelerate the development of steady-state plasma. To 

accommodate the increasing heating and current drive power, and to develop metal-wall 

technology, replacing graphite tile to water-cooled W monoblock divertor is ongoing. The peak 

heat flux on the divertor target in steady-state operation is set to 10 MW/m², and the ITER-like 

divertor type is applied. The new divertor system will handle 24 MW heating power in the 

plausible KSTAR operation scenarios.
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IP-4.1 Plenary Talk 

 

U.S. Fusion Energy Sciences Perspective 

Guinevere Shaw 

Department of Energy Office of Science Fusion Energy Sciences, USA 

 

The United States Department of Energy Fusion Energy Sciences (FES) will present on the 

current status of the program and highlight ongoing research in fusion and plasma science and 

technology programs. FES would also like to highlight current public private research programs 

and the role of the private sector in fusion energy. Finally, FES will present on the recent 

developments that inform the direction of the program in the next decade, including the recent 

Long-Range Plan and reports from the National Academies of Sciences, Engineering, and 

Medicine (NASEM).
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IP-4.2 Plenary Talk 

 

Current Status of Fusion R&Ds on QST in Japan 

Yoshitaka Ikeda 

National Institutes for Quantum Science and Technology, Naka, Ibaraki 311-0193, Japan 

 

Early realization of fusion energy utilization has been pursued to contribute to a fundamental 

solution of problems on global environment and energy security. Japan has joined the ITER 

project and the Broader Approach (BA) activities which are the EU-Japan collaborative 

activities to support and complement ITER toward a DEMO. The National Institutes for 

Quantum Science and Technology (QST) in Japan has progressed with the fusion R&Ds as the 

Japanese Domestic Agency of ITER and the Japanese Implementing Agency of the BA. In 

addition to these international projects, QST has performed national activities for the Japanese 

demo reactor (JA-DEMO) design. 

In ITER, main Japanese contributions are to manufacture the key components of TF coils, 

divertor, remote maintenance system, diagnostics and heating systems. In these contributions, 

QST has developed a lot of technologies such as a fine welding method on large components. 

In BA, the three projects of the satellite tokamak (JT-60SA) programme, the International 

Fusion Materials Irradiation Facility/Engineering Validation and Engineering Design Activities 

(IFMIF/EVEDA), the International Fusion Energy Research Centre (IFERC) have been 

implemented in Japan under the EU-Japan collaboration framework since 2007. JA and EU 

Implementing Agencies (QST and F4E) have started the commissioning on JT-60SA and the 

IFMIF prototype accelerator. These results and experiences are considered to contribute to 

ITER, fusion neutron sources and DEMOs in future. 

Based on the R&Ds in ITER and BA, the conceptual design of the JA-DEMO has been 

developed for demonstration of the electric power generation. In this design, the water-cooled 

blanket is employed to use the conventional power generation system for PWR. This type of 

blanket has been developed for the ITER-TBM (Test Blanket Module) in QST. 

The current status of Japanese fusion R & Ds towards DEMO will be presented.
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IP-4.3 Plenary Talk 

 

Outcomes of the TRANSAT (Transversal actions for tritium) EU project 

C. Grisolia¹, D. Combs², I. Cristescu³, T. Gilardi⁴, A. Jha⁵, K. Liger⁶, V. Malard⁷, S. Markelj⁸, 

C. Moreno⁹, R. Vale², the TRANSAT Contributors 

¹ CEA, IRFM, F-13108 Saint-Paul-Lez Durance, France 

² UKAEA, Culham Science Centre, Abingdon, Oxfordshire, OX14 3DB, United Kingdom 

³ KIT, Herrmann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany 

⁴ CEA, DEN, DTN\SMTA\LMCT Cadarache, F-13108 Saint Paul-Lez-Durance, France 

⁵ School of Biological and Marine Sciences, University of Plymouth, Plymouth, United Kingdom 

⁶ CEA, Agence ITER France, F-13108 Saint Paul-Lez-Durance, France 

⁷ CEA, DRF, BIAM, F-13108 Saint Paul-Lez-Durance, France 

⁸ Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia 

⁹ CIEMAT, Avenida Complutense, 40, 28040 Madrid, Spain 

 

In the framework of H2020 Euratom research and innovation programme, TRANSAT 

(TRANSversal Actions for Tritium) is a 4 years multidisciplinary project built to contribute to 

Research and Innovation on cross-cutting activities required to improve and disseminate 

knowledge on tritium management in fission and fusion facilities. TRANSAT has started 4 

years ago and was built to answer the main following challenges: 

• tritium release mitigation strategies, 

• waste management improvement, 

• refinement of the knowledge in the field of radiotoxicity, radiobiology and dosimetry, 

• promote the knowledge dissemination about tritium management. 

To evaluate the scientific tasks to be covered in TRANSAT, all the open issues at each step of 

the tritium life cycle that have not yet been addressed within European research programs or in 

previous studies have been analyzed. This general landscape has been focused on crosscutting 

activities on fusion and fission. 

The aim of this paper is to give a general overview of the major outcomes of the technical topics 

that have been covered by the eighteen partners of the project. 

In particular, this paper will focus on: 

• the development and test of new permeation barriers, 

• the control of online tritium effluents by innovative technical solution, 

• the development of new diagnostics for tritiated Low Level Wastes characterization 

• the improvement of the modelling tools of tritium migration in fusion/fission reactors. 

In addition, part of the project deals with radiotoxicity, radioecology, radiobiology and 

dosimetry on tritiated particles produced during dismantling, whose impacts have never been 

addressed before. The results of these activities will be also presented.
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IP-5.1 Plenary Talk 

 

Neutronics, nuclear waste and safety activities within EUROfusion in 

support of preparation of ITER operations 

R. Villari¹, P. Batistoni¹, M. Angelone¹, M. Fabbri², G. Falchetto³, J. Figueiredo⁴, N. 

Fonnesu¹, Z. Ghani⁵, A. Hjalmarsson⁶, R. Juarez⁷, D. Leichtle⁸, X. Litaudon³, M. Loughlin⁹, 

A. Manning⁵, G. Mariano¹, J. Mietelski¹⁰, L. Packer⁵, A. Peacock¹¹, Y. Peneliau³, S. 

Reynolds⁵, L. Snoj¹², N. Terranova¹, T. Vasilopoulou¹³, R. Vila¹⁴, JET Contributors* 

¹ ENEA, FSN Department, Via E. Fermi 45, 00044 Frascati, Rome, Italy 

² Fusion for Energy, Josep Pla 2, 08019 Barcelona, Spain 

³ CEA, IRFM, F-13108 Saint Paul Lez Durance, France 

⁴ EUROfusion Programme Management Unit, Garching, Germany 

⁵ Culham Science Centre, Abingdon, Oxon, OX14 3DB, United Kingdom 

⁶ Department of Physics and Astronomy, Uppsala University, SE-75105 Uppsala, Sweden 

⁷ Universidad Nacional de Educación a Distancia (UNED), C/Juan del Rosal 12, Madrid, Spain 

⁸ Karlsruhe Institute of Technology, 76344 Eggenstein-Leopoldshafen, Karlsruhe, Germany 

⁹ ITER Organization, Route de Vinon-sur-Verdon, CS 90 046, 13067, St. Paul Lez Durance Cedex, 

France 

¹⁰ Institute of Nuclear Physics Polish Academy of Sciences, ul. Radzikowskiego 152, 31-342 Krakow, 

Poland 

¹¹ Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, 

Portugal 

¹² Reactor Physics Department, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia 

¹³ National Centre for Scientific Research Demokritos, Athens, Greece 

¹⁴ Laboratorio Nacional de Fusión, CIEMAT. Av. Complutense 40, 28040 Madrid, Spain 

 

Within EUROfusion project Preparation of ITER Operations (PrIO), the sub-project 

“Neutronics, Nuclear waste and Safety in support to ITER” was launched in 2021. Its aims are 

to improve the knowledge of nuclear technology and safety issues, to develop and validate 

nuclear codes, neutronic tools and experimental techniques and to reduce the risks to ITER 

operations and maintenance activities by taking advantage of the follow-up of Deuterium –

Tritium (DT) operations at JET tokamak. Eight EUROfusion associations, namely ENEA, 

CEA, CIEMAT, IPPLM, JSI, KIT, NCSRD and VR and UKAEA as an international partner, 

will conduct analyses and data collections of the technological exploitation of the recent tritium 

campaigns at JET tokamak (TT and DTE2) and perform other experimental and computational 

activities in support of the preparation of ITER operations. During the recent high performance 

JET DTE2 campaign, producing more than 1020 neutrons in one day and reaching a sustained 

fusion power of 10.3 MW averaged over 5 seconds, a large amount of data was collected.  

Technological exploitation of JET comprises the analyses and simulations of neutron flux, 

shutdown dose rate, neutron induced activation and radiation damage measurements; validation 

of neutronics tools; test of neutron and tritium detectors for breeding blankets; verification of 

14 MeV neutron calibration; collection and processing of data of Occupational Radiation 

Exposure (ORE) and waste. Other activities, defined in close collaboration with F4E/IO, will 

support the ITER operation being devoted to the development and experimental validation of 

fluid activation and Activated Corrosion Products (ACP) methodology; characterization of the 

radiation field during various ITER phases; implementation of systems for the low dose 

measurements; neutronics and virtual reality coupling for maintenance operations. The new 

activities will focus on priority topics of ITER but will also be relevant to DEMO. The scope 
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and objectives, activities and implementation plan of the project will be presented as well as 

available results and potential future implications to ITER and DEMO design and operations. 
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Lessons learned after three years of SPIDER operation and the first 

MITICA integrated tests 

D. Marcuzzi¹, V. Toigo¹, S. Dal Bello¹, G. Serianni¹, D. Boilson², C. Rotti², M. Simon³, M. 
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ITER envisages the use of 2+1 heating neutral beam injectors as part of the auxiliary heating 

and current drive system, to help demonstrate the desired goals during its various phases of 

operation. The 16.5 MW expected neutral beam power per injector is several notches higher 

than worldwide existing facilities.  

In order to enable such development, a Neutral Beam Test Facility (NBTF) was established at 

Consorzio RFX, exploiting the synergy of two test beds. SPIDER is dedicated to developing 

and characterizing large sources at relevant parameters in ITER-like conditions: source and 

accelerator located in the same vacuum where the beam propagates, electromagnetic 

interference of multiple radio-frequency (RF) antennas, RF-induced discharges on the outside 

of the source. Three years of experiments on SPIDER have indicated the necessary design 

modifications to enable full performances. The source is presently under one year shut down to 

incorporate such learnings.  

Parallelly, developments on MITICA, the full-scale prototype of the ITER NBI featuring a 1 

MV accelerator, are underway including manufacturing of the beam source and the beam line 

components. Power supplies and auxiliary plants have been installed.  

Integration, commissioning and tests of the 1MV power supplies are essential for this first-of-

kind system, unparalleled both in research and industry field. 1.2MV dc insulating tests of high 

voltage components were successfully completed. The integrated test to confirm 1MV output 

by combining invertor systems, DC generators and transmission lines extracted errors/accidents 

in some components. To realize a concrete system for ITER, phenomena have been addressed 

and solutions for the repair and the improvement of the system were developed. 

Hence, NBTF is emerging as a necessary facility effectively dedicated to identify issues and 

find solutions to enable successful ITER NBI operations in a time bound fashion. The lessons 

learned during the implementation on NBTF and future perspectives are here discussed.
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JET Tritium and D-T campaigns in 2021 – Key results, achievements and 

lessons learned 

Joe Milnes on behalf of the JET Team 

United Kingdom Atomic Energy Authority, United Kingdom 

 

As the largest tokamak currently operating anywhere in the world and the only device with both 

an ITER-like Be/W wall and the ability to operate in tritium, JET is uniquely positioned to 

advance the science and engineering associated with high power DT plasmas and, in the 

process, assist ITER to reach its high-performance goals.  A decade of preparatory experiments, 

enhancements, tritium-related upgrades and training culminated in the delivery of a 100% 

tritium campaign and a DT campaign on JET in 2021.  The theory, modelling and diagnostic 

capability brought to bear on these experiments are far beyond what was available during the 

first DT experiments on JET in 1997 (DTE1) resulting in a wealth of scientific and operational 

data which is being published this year and next.  To complement the detailed information that 

will be made available in these publications, this talk will summarise some of the key scientific 

results as well as the operational and technological achievements required to prepare for and 

deliver these campaigns. These achievements include the significant upgrades required to the 

Active Gas Handling System and its subsequent operation; maintenance strategies appropriate 

for an activated and tritiated tokamak; tritium processing and accountancy challenges; neutral 

beam operations in tritium; calibration of neutron diagnostics; safety case requirements; and a 

number of other areas to give some insight to the community on what is required in the transition 

to high power, tritium operations of these devices. 

 

Acknowledgment 

This work has been carried out within the framework of the Contract for the Operation of the 

JET Facilities and has received funding from the European Union’s Horizon 2020 research and 

innovation programme. The views and opinions expressed herein do not necessarily reflect 

those of the European Commission. 

  



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 20 

 

 

 

 

ORAL SESSIONS, 

MONDAY, 19 

SEPTEMBER 2022 



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 21 

IT-1A.1 Topic Invited Talk 

A. General Reviews for DEMO, Power Plants and Plant Systems 

THE EUROPEAN PROGRAMME TOWARDS A DEMONSTRATION 

FUSION REACTOR 

Gianfranco Federici 

EUROfusion Consortium, Boltzmannstr.2, Garching 85748, Germany 

 

Europe has a clear strategy to develop fusion as an energy system and is implementing an 

ambitious roadmap beyond ITER, involving all Fusion Laboratories, Universities and Industry. 

One of the main objectives is the implementation of a staged-design approach for a European 

Demonstration Fusion Power Plant (DEMO), due to come into operation shortly after the 

middle of this century.  

The work conducted to date on DEMO benefits largely from the experience gained from the 

design, licencing, and construction of ITER. This has been essential during the Pre-Concept 

Design Phase to identify the main design and scientific challenges and to understand especially 

the importance of design integration issues on the definition and assessment of the foreseeable 

technical solutions.  

This talk presents the status of the work that takes into account the recommendations and 

lessons learned from the Gate Review at the end of the Pre-Concept Design Phase in 2020.  

The DEMO Central Team are using agile inspired ‘Design Studies’ to work through the 

complex choices to be made for a fusion power plant. For each study a critical plant architectural 

challenge is identified that cuts across several systems and bring together a time-bound team 

to: detail the problem; generate options; and recommend choices. The assessment of the impact 

of the evolving tokamak physics basis on the DEMO design space that is heavily constrained 

by physics and technology is also under way as a matter of priority. Additional points briefly 

addressed in this talk include an overview of the complementary R&D technology maturation 

plan that critically relies on the availability of existing and new technology facilities, the need 

to expand the training of young engineers, to bring industry into the design process, and to 

expand international collaboration to fill critical gaps.
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The technical challenges of the JET Shattered Pellet Injector to perform 

Disruption Mitigation System studies for ITER 
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JET is the tokamak experiment closest to ITER in terms of operating parameters and size. The 

demonstration of effective disruption mitigation utilising Shattered Pellet Injection (SPI) in JET 

plasmas provides important information for the design requirements of the Disruption 

Mitigation System (DMS) in ITER.  The work to design, manufacture and install a Shattered 

Pellet Injector (SPI) system on JET commenced in March 2016 and many technical challenges 

had to be overcome before the exploitation of the JET SPI system could commence in 2019. 

The presentation will describe these technical challenges as well as the operational experience 

that has led to the upgrades choices for the SPI system (SPI-U), which are being presently 

implemented for exploitation in 2022/2023. These are required to improve the integrity, 

velocity and arrival jitter of the pellets in order to optimise disruption mitigation efficiency. 

This will be achieved by modifying injector barrel diameters, breech volumes and trigger 

timing/control, and extending the data acquisition of injector parameters. This upgrade will 

allow more suitable fragment size distributions and reduction of gas production during the 

shattering process and the capability to fire two identical pellets. In addition, the control system 

will now routinely be run in automatic mode for the pellet formation, firing and post firing 

processes to improve repeatability and to provide relevant operational experience for the ITER 

DMS control system. The SPI upgrade is complemented by a modification of the High-

Resolution-Thomson Scattering diagnostic to measure plasma density and temperatures during 

the disruption mitigation process at JET, which is important for the interpretation of the results. 

The implementation of the SPI DMS at ITER has to face more demanding and, in some cases, 

different technology requirements and challenges compared to those of JET. These are the focus 

of the activities of the ITER Disruption Mitigation Task Force which are described in [1]. 
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Gamma dose field around the water activation loop at the JSI irradiation 

facility 

Domen Kotnik¹, Igor Lengar¹, Luka Snoj¹, Anil Basavaraj² 
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The cooling water in a fusion reactor is critical to reactor performance, but as a radiation source 

it is still very poorly understood. In fusion reactors, activated water is one of the main sources 

of radiation during operation, resulting in radiation exposure to personnel and equipment. The 

threshold energy for the main water activation reaction, i.e., 16O(n,p)16N, is about 10 MeV. 

Thus, neutrons in fusion reactors induce water activity that is 5 orders of magnitude greater 

than in fission reactors of similar power. Many computational analyses of the water activation 

process have been performed for ITER and DEMO. However, the results are subject to 

uncertainties and consequently of poor quality due to lack of experimental nuclear data, 

inaccurate computational methods/codes, and experimental facilities for experimental 

validation of the methodology. 

Based on that, a closed water activation loop will be constructed at the Jožef Stefan Institute 

(JSI) TRIGA Mark II reactor, which will serve as a well-defined and stable 6 MeV – 7 MeV 

gamma-ray source. The radiation source in decaying circulating water is space and time 

dependent. Transport calculations are used to determine the source term, they are coupled with 

CFD calculations in order to account for the decay of moving nuclei. Similar conditions are 

found inside a water-cooled fusion reactor. Since most of the water loop will be outside the 

biological shielding of the reactor, radiation (gamma dose fields) and shielding analyses will be 

performed to determine appropriate shielding to be considered to ensure radiation safety for 

personnel and equipment. The analyses performed will provide important details for the final 

design of the overall irradiation facility, the main objective of which is to perform water-

activation based benchmark experiments.
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Port Cells 
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ITER is an international collaborative effort towards the realization of fusion energy via the 

magnetic confinement concept. Two of the equatorial ports in the facility are dedicated to the 

testing of tritium breeding concepts, which is essential for tritium self-sufficiency of future 

fusion reactors. The concerned Test Blanket System (TBS) consists of a Test Blanket Module 

(TBM) residing inside the TBM – Port Plug (TBM-PP) and its associated ancillary systems in 

the Tokamak facility. In this paper, the results of a full suite of nuclear analyses concerning the 

shielding performance of the Pipe Forest (PF) and Bioshield Plug (BP), to reflect on the 

evolution of their designs, are discussed. On the BP side, the design of the peripheral part has 

been reviewed considering the ventilation openings and butterfly doors, to assure the design 

compliance with the Radiation Map (RadMap) requirements for the neutron flux in the Port 

Cell (PC), behind the BP. On the PF side, the pipes routing and maintenance corridor door have 

been redesigned, by taking into account results from previously concluded nuclear analyses. 

The neutronics model was developed from CAD and was used to perform transport simulations 

in two plasma modes: on and off. For plasma-on mode, the plasma neutron field in the Port 

Interspace (PI) as well as behind the BP was assessed and few shielding options were explored. 

The responses due to decay neutrons from 17N in activated cooling water were also considered. 

For the plasma-off mode, the focus was shifted to further refine the Shut Down Dose Rate 

(SDDR) maps, which is of importance for maintenance operations that are foreseen to take 

place at various stages of ITER operation, in particular following the FPO-1, FPO-2, and Short 

operation scenarios. Also, detailed activation analyses were carried out to provide a provisional 

waste classification.
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An Overview of UKAEA’s Tritium Research and Development Programme 

Rachel Lawless, Barry Butler, Damian Brennan, Tamsin Jackson 

UKAEA, United Kingdom 

 

A thorough understanding of the behaviour of tritium in fusion-relevant materials, and the 

development of technologies and processes for handling tritium, are critical to the delivery of a 

safe, efficient, commercially viable, and licensable fusion power plant. UKAEA has identified 

tritium as one of six headline areas of focus to ensure that this delivery is feasible and timely. 

UKAEA’s tritium research programme is centred around three headline themes: 

Quantification: Tritium is highly mobile and current understanding of transport through 

breeding blankets, coolants, first wall materials, and fuel cycle systems is insufficient for power 

plant delivery. An ambitious model will be developed to provide a technology dependant, time 

evolving estimate of inventory requirements. Novel analytical techniques that permit accurate 

monitoring of tritium migration throughout the fuel cycle will also be developed and tested in 

fusion relevant conditions. 

Minimisation: Inventory minimisation is essential to ensure that fuel cycle systems are viable 

and compatible with safety and regulatory requirements as well as limited worldwide tritium 

supplies. New isotope separation processes are necessary to improve efficiency and drive down 

tritium inventories; therefore, promising new materials for isotope separation will be 

characterised. Tritium will also be retained in first wall materials. Complementary modelling 

and active experimental work will quantify levels of tritium retention and off gassing in first 

wall materials to provide validation of model predictions. 

Containment: Tritium permeation from blankets to coolant zones remains a major unresolved 

issue. Active experiments will test anti-permeation coatings in breeder relevant conditions. 

Experimental work will also be conducted to optimise the processing and containment of 

tritiated waste. 

UKAEA aims to utilise the globally unique H3AT facility, working alongside collaborators and 

research institutes around the world, focussing on the containment, minimisation, and 

quantification of tritium to ensure the timely delivery of fusion power.
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Controlled nuclear fusion is an appealing potential solution to the grand challenge of obtaining 

affordable, abundant power without damaging the environment and modern day tokamaks have 

made significant advances in fusion understanding. But further progress towards steady-state 

operation is challenged by a host of kinetic and MHD instabilities. Alfvén eigenmodes (AE) 

are a class of such instabilities that are important to identify and control because they can reduce 

confinement and potentially damage tokamak components. In the present work, we utilize an 

expert-labeled database of DIII-D discharges and use (deep) neural networks to classify and 

locate different types of AE modes, such as BAE, EAE, LFM, RSAE and TAE. Each DIII-D 

discharge in the database consists of forty radially-localized electron cyclotron emission (ECE) 

measurements, sampled at 500 kHz for the first 2 seconds of the discharge. To deploy the model 

on a high-throughput FPGA accelerator for integration in the real-time plasma control system, 

we consider a data processing pipeline with minimum complexity. We trained a simple yet 

effective reservoir computing network (RCN) on 40 raw ECE diagnostics down-sampled from 

500kHz to only 2kHz. Our preliminary results show that such a model achieves a true positive 

rate of 91% with only 7% false positive rate in detecting AE modes in the time domain. 

To locate these instabilities, we trained multi-layer perceptrons (MLP) to analyze the 

spectrogram of each ECE signal individually.  However, since ECE spectrograms have 

naturally high levels of noise, we enhanced the spectrograms using existing image processing 

techniques, include Gaussian, median, and morphological filtering, before feeding them to the 

MLP. This strategy performs strongly at spatio-temporally localized prediction and 

classification of Alfven eigenmodes. Approximate true positive rates of 80% and false positive 

rates of 2%, indicats future promise for more sophisticated spatio-temporal models and 

incorporation into future real-time control strategies. 

This work has partially been published as Azarakhsh Jalalvand et al 2022 Nucl. Fusion 62 

026007. 
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Real-time equilibrium reconstruction in a tokamak is required for several applications such as 

shape control, diagnostic evaluation (for example line averaged density), or current profile 

control. Current machines employ different algorithms based on similar principles, such as 

EFIT or LIUQE that are capable of equilibrium reconstruction in real time. ASDEX Upgrade 

uses the real time reconstruction algorithm JANET, that recently has been ported from 

LabVIEW to C++.  Real-time equilibrium reconstruction uses magnetic diagnostics, but can 

also include additional constraints such as Motional Stark Effect (MSE) or polarimetry 

measurements of the internal magnetic field, which enable more precise estimates of the current 

density profile. Furthermore, it has been shown that the quality of equilibrium reconstruction is 

improved by additional constraints imposed by the current diffusion equation as described in 

for offline evaluation and for real-time use. 

This contribution presents the development of real-time coupling between the equilibrium 

reconstruction code JANET++ and RAPTOR, which solves the current diffusion equation on 

ASDEX Upgrade. We focus especially on the ramp-up phase of advanced tokamak scenario 

discharges. The improvements of the q-profile reconstruction quality will be shown and the 

computational performance will be discussed. Finally, an outlook of further steps to improve 

real-time equilibrium reconstruction will be presented. 

 

 

* See the author list of H. Meyer et al. 2019 Nucl. Fusion 59 112014. 
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The CHIMERA fusion technology facility, currently under construction at the UKAEA site in 

South Yorkshire, will enable testing of large in-vessel component modules under reactor-like 

conditions of combined in-vacuo thermal power density and magnetic field. With integral large 

superconducting magnet and PWR water loop, CHIMERA is also ideally placed for 

experiments on liquid metal breeding blanket prototypes. Even before construction and 

commissioning is complete, a parallel and supporting research and development programme is 

underway. 

Developments in technologies have been required as part of CHIMERA construction. A 

bespoke infrared heating system has been developed, capable of applying 0.5 MW/m² to 

component surfaces up to the size of the ITER test blanket module first wall. The heater 

modules must endure the high magnetic forces from the CHIMERA static and pulsed magnets. 

The results of a crucial development programme are presented. CHIMERA will feature a range 

of diagnostics, including load cells to measure static and pulsed magnetic forces, and induced 

current sensors, all of which have required prior development activities. 

Testing will be in enhanced with simulation 'digital twin' capability; the first results are 

presented which relate to commissioning of the CHIMERA device. The digital twin will 

combine multi-physics simulations updated with experimental data employing stochastic 

capabilities. There are multiple important use cases. First, it enables a 'virtual test run' 

potentially revealing unexpected mock-up under test behaviour in advance of a test. Second, it 

augments the test diagnostics in real-time providing supplementary information to understand 

the mock-up state. The digital twin can be operated under conditions which are more extreme 

than the operational capability of CHIMERA and can be used to integrate additional physical 

processes not captured in the experiment. The digital twin is used to plan component response 

and validation experiments on CHIMERA including assisting specification of sensors required 

on the mock-up.
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This paper describes the physics basis which supports the main engineering choices in the 

Divertor Test Tokamak facility (DTT) under construction in Frascati, Italy. 

DTT is a superconducting tokamak with 6 T on-axis maximum toroidal magnetic field, carrying 

plasma current up to 5.5 MA in pulses with total length up to 100 s. The D-shaped device has 

a major radius R=2.19 m, minor radius a=0.70 m, with an average triangularity 0.3. The 

auxiliary heating power coupled to the plasma at maximum performance is 45 MW, which 

allows matching the PSEP/R values with those of ITER and DEMO, where PSEP is the power 

flowing through the last closed magnetic surface. 

The primary mission of DTT is the study of the plasma exhaust and of tokamak divertor 

performance in conditions relevant to ITER and DEMO and in regimes where plasma core and 

edge behaviors are integrated. In addition to that DTT will provide a facility for high 

performance tokamak physics and to address core confinement and stability issues in a variety 

of plasma configurations, including negative triangularity scenarios and the management of 

transient events like disruptions and ELMs. 

A growing number of studies have been done in order to define, verify and translate into the 

engineering design and flexibility the physics goals of DTT. They include numerical 

simulations of transport, heating, fueling, magnetic equilibrium, stability and plasma exhaust 

dynamics with a variety of state-of-the-art codes, data analysis and theory work. An activity for 

the design of synthetic diagnostics in support of the design of future DTT measuring systems 

is also starting. 

This paper will present the main results of this activity focusing on the impact for the 

technological choices and on the flexibility, which is presently implemented into the machine 

design. 

Issues still open will be presented. Operational margins will also be discussed.
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The construction of a neutron irradiation facility for fusion reactor materials, A-FNS, is planned 

in Japan. A-FNS, like IFMIF, is a high-energy neutron source using deuteron beams and lithium 

targets, with a neutron generation rate of about 6.8e16 /s. 

The facility aims not only fusion reactor material irradiation but also for neutron irradiation 

tests on fusion reactor engineering, e.g. blanket neutron engineering tests, irradiation tests of 

measurement and control devices, etc. In addition, A-FNS can be expected to be applied as the 

neutron applications in a wide range of industrial and medical fields. After the Conceptual 

Design Activity period of A-FNS until FY2019, the A-FNS Engineering Design Activity 

(EDA) is started to implement from 2022.  

As part of the A-FNS/EDA, some of the necessary design implementation items will be carried 

out through IFMIF/EVEDA. The main items are the design and R&D of the lithium target and 

the safety-related design of the neutron source facility. In addition, while developing LIPAc, 

we also plan to obtain the necessary data for a neutron source using LIPAc. 

As for engineering design specific to A-FNS, optimization design of the accelerator, lithium 

target, and test facility systems will be promoted to meet various usage objectives and 

regulations, as well as basic condition studies of buildings and infrastructure suitable for the 

candidate site. In addition, design activities for the integrated control of each system will be 

prioritized to promote that of the entire site. This presentation will introduce the status of 

IFMIF/EVEDA activities that we are promoting as well as the progress of A-FNS engineering 

design activities.
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Neutral beam injection (NBI) is one of the main auxiliary heating methods in Tokamak nuclear 

fusion device. The calorimeter which will be applied in NBI system at Comprehensive Research 

Facility for Fusion Technology (CRAFT) is design for beam cutoff measurement, but limited 

by the design of two-layer water-cooling tubes paralleled to each other, the diagnostic system 

based on thermocouples cannot give the horizontal beam profile. To satisfy the requirement of 

diagnostic system, a beam diagnostic system based on secondary electron emission is designed. 

In order to achieve this goal, the principle of secondary electron emission is analyzed based on 

physical model and finite element methods and the primary experiment has been carried out. 

Firstly, the law of secondary electron emission during the beam bombarding on the calorimeter 

are analyzed; secondly, a set of signal acquisition system is set up, including sampling, filtering 

and processing; finally, a preliminary experiment is carried out and the relationships between 

the signal of secondary electrons and the parameters, such as beam energy, beam power density 

and bias voltage, are obtained. The results above not only verify the feasibility of the diagnostic 

method based on secondary electron emission, but also lay a foundation for the subsequent 

construction of the beam diagnostic system for CRAFT.
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Combined high fusion performance and Long Pulse Operation (LPO) is one of the key 

integration challenge for fusion energy development in magnetic devices. To address this 

challenge, it requires an integrated vision of physics and engineering aspects for simultaneously 

increasing the time duration and fusion performance. Significant progresses have been made in 

tokamaks and stellarators including very recent achievement in duration and/or performance. 

These progresses are reviewed by analyzing the experimental data (96 pulses / 3000 entries) 

provided by 9 tokamaks (DIII-D, EAST, JET, JT60-U, KSTAR, TCV, TFTR, Tore Supra, 

WEST) and two stellarators (LHD and W7-X) expanding the pioneering work of M. Kikuchi 

[Frontiers in Fusion Research, Springler]. Data have been gathered and coordination have been 

provided by the recently created IEA-IAEA international CICLOP group (Coordination on 

International Challenges on Long duration OPeration).  

Exploiting the multi-machines international database, recent progresses in terms of injected 

energies (e.g. 1730 MJ in L-mode, 425 MJ in H-mode), durations (1056s in L-mode, 101s in 

H-mode), injected powers, and sustained performance will be reviewed. Progresses have been 

made to sustain LPO in tokamaks and stellarators with superconducting coils, actively cooled 

components, and/or, with metallic walls. The graph of the fusion triple products versus duration 

shows a dramatic reduction of, at least, two orders of magnitude when increasing the plasma 

duration from less than one second to 100s. Indeed, LPO is usually reached in dominant 

electron-heating modes at reduced density (current drive optimization) but with low ion 

temperatures ranging from 1 to 3 keV for discharges above 100s. Difficulties in extending the 
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duration may arise from coupling high heating powers over long duration and the evolving 

plasma-wall interaction towards an instable operational domain. Possible causes limiting the 

duration will be reported and analyzed as critical issues to be addressed prior ITER operation 

and DEMO design.
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The Wendelstein 7-X stellarator started operation in December 2015 and has performed three 

experimental campaigns up to November 2018. Since then, the device is being completed to 

the planned configuration (most importantly with predominantly actively cooled first wall incl. 

Heat Flux divertor) to be able to perform stationary plasmas (see invited talk by P. van Eeten).  

After this completion phase, at the end of 2021, the commissioning will start and scientific 

operation is planned to start in the fall of 2022. 

In addition to the upgrade of the W7-X device and its heating and diagnostics systems, the 

lessons learned from the experimental campaigns have been evaluated. New tasks in the 

operation of W7-X are being addressed, including: 

• The personnel roles during operation have been altered to gain efficiency. 

• The approval procedure of magnetic configurations has been improved and streamlined. 

• The database for physics proposals and the experimental session detailing have been upgraded 

or upgraded and are coupled to the magnetic configuration database. 

• To cope with the growing number of integrated systems, the experiment program editor has 

been enhanced to assist distributed program preparation as a joint but coordinated task of the 

involved technicians and physicists.  

• The main central control room will be modified to increase the number of work places with 

appropriate enhancement of the air conditioning systems. 

• Instrumentation for the High Heat Flux Divertor and other sections of the first wall has been 

considerably extended and will be used to protect the divertor and walls from overheating. 

Thermography is an important player in this, but all data have to be brought together to monitor 

and control long plasma pulses. 

This talk will report on the details of these measures and the new challenges, which arise from 

the steady-state operation of W7-X.
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The Belgian Nuclear Research Centre is currently developing he MYRRHA reactor, which is a 

subcritical accelerator driven system ignited by a 600 MeV superconducting linear proton 

accelerator, cooled with an eutectic lead bismuth. The implementation of MYRRHA will take 

place in phases, where phase I, covering 2019-2026, includes the deployment of the 100 MeV 

proton accelerator and research facilities. Development of the dedicated facilities to enable 

irradiation of fusion materials and components is in the portfolio of this R&D block. The 

baseline concept of the 100 MeV fusion-dedicated facilities has been already presented in [W. 

Leysen et al. JNM 538 (2020) 152242]. In this contribution, we provide main elements of the 

conceptual design of the irradiation installations, preliminary configuration of the hot cell 

facilities (required to load/unload the irradiation modules), information on the irradiation 

envelope. In addition, we present the results of the computational study to investigate the 

equivalence (in terms of damage rate, nuclear transmutation, temperatures and expected 

irradiation-induced microstructure) of the irradiation conditions at MYRRHA facilities in 

comparison with other material test facilities such as IFMIF, ESS, DEMO as well as mixed-

spectrum material test reactors. The aspects related to miniaturization of the sample geometries 

are also discussed to substantiate the feasibility and relevance of this facility for fusion 

material’s R&D programme.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 37 

O-1B.5 Oral 

B. Experimental Devices and Facilities for Fusion Research 

STEAM experimental facility: a step forward for the development of the 

EU DEMO BoP water coolant technology 

Pierdomenico Lorusso¹, Alessandro Del Nevo², Alessandra Vannoni³, Pietro Arena², Marica 

Eboli², Amelia Tincani², Cristiano Ciurluini³, Fabio Giannetti³, Nicolò Badodi⁴, Antonio 

Cammi⁴, Luciana Barucca⁵, Andrea Tarallo⁶, Pietro Agostini² 

¹ ENEA, Department of Fusion and Nuclear Safety Technology, 00044 Frascati, Roma, Italy 

² ENEA, Department of Fusion and Nuclear Safety Technology, 40032, Camugnano (BO), Italy 

³ DIAEE Department, Sapienza University of Rome, 00186, Roma, Italy 

⁴ Politecnico di Milano, DENG, Department of Energy and Nuclear Engineering, 20156, Milano, Italy 

⁵ Ansaldo Nucleare, Via N. Lorenzi 8, 16152 Genova, Italy 

⁶ CREATE Consortium, Università di Napoli Federico II, 80125 Napoli, Italy 

 

Within the EUROfusion roadmap for the DEMO reactor technological development, a key 

point has been identified in the discontinuous operation (pulse-dwell-pulse) of the machine. 

Water Cooled Lithium Lead (WCLL) Breeding Blanket (BB) Primary Heat Transfer Systems 

(PHTSs) adopt technology and components commonly used in nuclear fission power plants, 

whose performances could be negatively affected by the mentioned pulsation, as well as by 

low-load operation in dwell. This makes mandatory a full assessment of the functional 

feasibility of such components throughout an accurate design and validation. For this purpose, 

ENEA Experimental Engineering Division at Brasimone R.C. aims at realizing STEAM, a 

water operated facility forming part of the multipurpose experimental infrastructure W-

HYDRA, conceived to investigate the water technologies applied to the DEMO BB and Balance 

of Plant systems and components. The experimental validation has the two main objectives of 

reproducing the DEMO operational phases by means of steady-state and transient tests, as well 

as to perform dedicated tests on steam generator performances during the power phases of the 

machine. STEAM is mainly composed by a water primary system reproducing the 

thermodynamic conditions of the DEMO WCLL BB PHTS (15.5 MPa, 328–295 °C) and a 

secondary two-phase (liquid/steam) water loop reproducing the conditions of the DEMO power 

conversion system (6.4 MPa, 238-300°C). The thermal power (up to 3 MW) supplied to the 

primary system by an electrical heater is transferred by means of the steam generator to the 

secondary system, which discharges it to the final heat sink (i.e., air coolers). Thermal hydraulic 

analyses of STEAM have been performed by RELAP5/Mod3.3 system code. Steady-state 

qualification results are presented, along with the characterization of the facility dynamic 

behavior, realized in order to optimize the facility layout and to assess the performances of the 

components in both normal operating conditions and accidental scenarios. 
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The Divertor Tokamak Test (DTT) facility (6T, 5.5 MA), the construction of which is in the 

start-up phase, aims to study a solution for the power exhaust in conditions relevant for DEMO. 

DTT will reach the needed condition of 15 MW/m power flow to the divertor by coupling up 

to 45 MW of additional power to the plasma. The Additional Heating Systems to achieve this 

goal are Electron Cyclotron Heating (ECH), Ion Cyclotron Heating (ICH) and Neutral Beam 

Injector (NBI). The total power of these three systems has a relevant fraction of direct electron 

heating with up to 32 MW foreseen for ECH. This system, based on existing and assessed 

technology, has been designed in a modular way, with an architecture and an evacuated 

multibeam quasi optical transmission line anticipating the issues foreseen in DEMO: 

compactness, high reliability and MW level of power handling. With the presently available 

gyrotron unit power of 1 MW 170 GHz, ideally up to 32 gyrotrons installed and simultaneously 

operated at DTT, approaching DEMO-like relevance and complexity. The ICH system (8 MW 

of installed power) is designed taking in account the lessons learned from AUG and DEMO 

about the design of a balanced antenna, with particular attention to the application of the 

novelties from solid state technology for power generation. The DTT-NBI will be used also to 

consolidate the design of the DEMO NBI system to be based on similar technology and design 

solutions. The DTT-NBI will be based on a Radio Frequency plasma source to produce a 

negative ion current of 40A to be accelerated to 510 keV for an injected power of 10 MW. The 

main characteristics of DTT heating systems will be presented and discussed, focusing on the 

aspects helping in the development of the design of DEMO HCD systems.
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The ICRH antenna, developed and built in an intense collaboration between IPP Greifswald, 

Germany and the Trilateral Euregio Cluster Partners, represented by LPP-ERM/KMS, Belgium 

and IEK-4 together with ZEA-1 at the Forschungszentrum Jülich, Germany, aims at delivering 

RF power levels up to ~1.5 MW in the frequency range 25-38 MHz with pulse lengths up to 10 

s to plasmas in the optimized stellarator Wendelstein 7-X (W7-X). The purpose of the antenna 

is (i) to study the confinement of fast particles (ii) to assist the plasma startup at reduced 

magnetic fields, and (iii) to explore ion cyclotron resonance wall conditioning (ICWC) in a 

stellarator.  

The antenna consists of two straps, each connected to a tuning capacitor on one side and 

grounded to the antenna box at the other end. A pre-matching has been implemented by 

connecting the RF transmission lines at an intermediate position on each strap. Strap width and 

length and the antenna box depth have been optimized to maximise the power delivered to the 

plasma using the commercially available 3D electromagnetic code CST Microwave Studio 

(MWS) and the TOPICA code using a reference plasma density profile as provided by the W7-

X team in front of the antenna. To further optimize coupling the shape of the antenna is carefully 

matched to the 3D shape of the Last Closed Magnetic Surface (LCMS) of the standard magnetic 

field configuration on W7-X [6], resulting in a variable curvature in toroidal and poloidal 

direction over the surface of the antenna. To optimize coupling to other magnetic scenarios that 

are less well matched to the shape of the antenna, the antenna can be moved radially over max. 

35 cm (with a speed ≤ 6 mm/s), where the antenna position is feedback controlled with the 

temperature of the (carbon) protection tiles as actuator. In its final specifications, a gas puffing 

system is foreseen to puff gas in the region between the scrape-off layer (SOL) and the LCMS 

to locally improve the coupling, and a reflectometer system is implemented between the straps 

to measure the density profile in front of the antenna.  

The W7-X ICRH antenna system has been fully characterised using a purpose-built vacuum 

chamber in FZJ. During the final assembly, all water and gas connections were pressure tested 

(up to 26 bar) and checked for He leakage (≤ 10-9 mbar·ℓ/s). Using the RF generators, the 

electromagnetic properties of the antenna were tested and are in very good agreement with 

theoretical predictions. By gradually increasing the RF power, the antenna was also conditioned 

and the breakdown voltage on the straps and the matching capacitors was checked up to 40 kV. 
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The ICRH antenna system is now installed in Greifswald and is in its commissioning phase to 

be ready for the next experimental campaign on W7-X, in the second half of 2022.  

ICRF power deposition to W7-X plasmas at high densities will be explored first using (0,0), 

(0,π) and later with (0, π/2) or other strap phasings. The following ICRH scenarios can be used 

at the standard magnetic field of 2.5 T: (i) minority heating of H in D or ⁴He, (ii) second 

harmonic heating of D (or ⁴He), both at f ≈ 38 MHz and (iii) using the three-ion heating scheme 

D-(³He)-H (or ⁴He-(³He)-H) at f ≈25 MHz. At 1.7 T H−minority heating in ⁴He or D plasmas 

can be used.  

A detailed description of the physics principles underlying the design, the final construction, 

experimental plans for ICRH on W7-X and first commissioning results will be presented.
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The aim of WEST experiments is to master long plasma pulses (1000 s) and expose ITER-like 

tungsten tiles to power fluxes up to 10 MW/m². To increase the margin to reach the H-Mode 

and to control W-impurities in the plasma, an upgraded ECRH system, with a power capability 

of 3MW/1000s at a frequency of 105 GHz for a central power absorption, is planned for 

operation in 2023.  

The previous Tore Supra ECRH transmitter was equipped with two 118 GHz gyrotrons, 63.5 

mm corrugated HE11 mode waveguides and an antenna with six fixed mirrors and three steering 

mirrors, all actively cooled. With the modifications of Tore Supra to WEST, simulations at a 

magnetic field of B0 ~ 3.7 T and a central density of ne0 ~ 6·10¹⁹ m⁻³ show that the optimum 

frequency for a central absorption is 105 GHz in the new WEST configuration. 

For this purpose, a 105 GHz 1MW gyrotron (TH1511) has been designed at KIT in 2021, based 

on the technological design of the 140 GHz 1.5 MW gyrotron for W7X (TH1507U). Currently, 

three industrial gyrotrons are under fabrication at THALES.  

In the first phase of the project, a part from the gyrotron system, the Tore Supra components 

are going to be re-installed and re-used whenever is possible.  

The design of most of the components such as the High Voltage Power Supply system and the 

Control system require significant modifications. In parallel, an updated waveguide layout and 

some modifications of the Tore Supra antenna are under consideration. In 2022, the 

transformations of the EC transmitter and of the antenna are under way. 

This paper will describe the studies performed to adapt the new ECRH system at a 105 GHz 

frequency to WEST and the status of the modifications necessary to re-start the system in 2023 

with a challenging schedule.
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Electron Cyclotron Resonance Heating and Current Drive (ECRH&CD) of future nuclear 

fusion power plants require high-power and Continuous Wave (CW) gyrotrons as oscillators 

that generate the required microwave energy. After several years of construction, installation 

and integration the KIT FULGOR test facility (Fusion Long Pulse Gyrotron Laboratory) is fully 

ready for testing of high power CW gyrotrons. The main components of the FULGOR system 

are described, such as high voltage modulators, the 10 MW water cooling system, the 

microwave box with 4-mirror matching optics and the 2 MW microwave load, the control 

system that includes also a personal safety system, the fast interlock system (with reaction times 

less than 10 μs) and a data acquisition system, as well as an extensive RF diagnostic system 

that is equipped with a frequency filter-bank and a pulse spectrum analyzer. The emphasis in 

this paper is to present the high voltage modulators, the High Voltage Direct Current Power 

Supply (HVDCPS) with 90 kV / 120 A CW operation and its extension up to 130 kV/120 A in 

short pulse (up to 5 ms) mode, as well as the Body Power Supply (BPS) with 50 kV/ 100 mA 

in CW operation. The advantageous property of HVDCPS power modules that are based on the 

Enhanced Pulse Step Modulation (EPSM) technology allows intermediate tapping points for 

driving and testing the highly efficient gyrotrons equipped with multi-stage depressed 

collectors. The technical characteristics of the high voltage power supplies, their different 

operational modes and modulation possibilities are presented in more detail. Results of the 

systematic tests of the HVDCPS and the BPS using the high voltage test loads are reported and 

discussed. 

Additionally, the preliminary results of the FULGOR starting operation with a temporally 

installed superconducting magnet and the 140 GHz short pulse gyrotron are briefly given. 
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A combination of additional heating and current drive systems is necessary for ITER to reach 

fusion conditions and to control plasma configuration. Among them, two Neutral Beam 

Injectors (NBI) will provide 33MW hydrogen/deuterium particles, electrostatically accelerated 

to 1 MeV. To reach efficient neutralisation at such beam energy, the use of negative ions is 

required by conversion of atoms and positive ions thanks to the interaction with caesiated 

surfaces. NBI requirements have never been simultaneously attained; hence, the ITER Neutral 

Beam Test Facility (NBTF), at Consorzio RFX (Italy), is tasked to prove that these requirements 

can be obtained in the MITICA experiment, the full-scale NBI prototype with 1MeV particle 

energy. SPIDER, 100keV particle energy source, is devoted to testing and optimising the full-

scale ion source requirements reaching the goals of: extracted beam uniformity, negative ion 

current density (355/330 A/m² in hydrogen/deuterium for 1000/3600 s) and beam optics (beam 

divergence < 7 mrad; beam aiming direction within 2 mrad). 

SPIDER started operation in June 2018. The experimental programme involved some years 

without caesium, to assess the capabilities of the various plants. In 2021, caesium was injected 

for the first time and higher current density beams were accelerated. Soon after, a shutdown 

was started dedicated to the improvement of the beam source operation; particularly, the beam 

source was taken out of the vacuum vessel, dismantled and characterised. 

This contribution describes the status of the beam source after three and a half years of 

operation. The source exhibits evidence of: non-uniform distribution of caesium across the 

plasma electrode; back-streaming positive ions impinging on the rear side of the plasma box; 

electrical discharges outside and inside the source; interaction of the plasma with the source 

surfaces. The relationship between the evidences on the source and the operational conditions 

observed during the experimental campaign will be investigated. 

This work has been carried out within the framework of the ITER-RFX Neutral Beam Testing 

Facility (NBTF) Agreement and has received funding from the ITER Organization. The views 

and opinions expressed herein do not necessarily reflect those of the ITER Organization. 
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The characteristics of fast ions have an important influence on beam heating and current drive. 

During EAST neutral beam injection (NBI) upgrade, the direction of the beam injection was 

changed from counter-current to co-current with the same tangential radius. Thus, the research 

about the fast-ion characteristics after NBI upgrade is valuable to obtain high heating and 

current driving efficiency on EAST. In this paper, the beam heating and loss, neutral beam 

driven current have been numerically investigated by using NUBEAM and ONETWO. The 

simulation results showed that the heating efficiency improves with the increase of tangential 

radius and the maximum heating efficiency is about 90% for co-current beams. However, the 

maximum heating efficiency is only 50% for the counter-current beam. After the direction of 

the beam injection was changed from counter- to co-, the heating efficiency is obviously 

improved due to the great reduce of the prompt loss for co-NBI. Moreover, the heating 

efficiency is about doubled when <ne> is about 3.5*10¹⁹m⁻³. The above conclusion has also 

been verified in EAST NBI experiments. Also, the absolute value of neutral beam driven current 

and the beam torque is obviously varied. In a word, after the EAST NBI upgrade, the 

confinement of fast ions has been significantly improved, and the efficiency of heating and 

current drive have been greatly increased.    
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Based on the experiences of the prototype power supply (PS) developed for the neutral beam 

test facility (NBTF), the 1 MV PS for the ITER heating neutral beams (HNB) are being 

developed in the ITER Japan domestic agency. The urgent R&D targets are improvements of 

the robustness of the PS system and the seismic resistivity of the giant transmission line (TL) 

to absorb large displacement.  

As for the first point, In order to improve the robustness of the PS by protecting the system 

from the surge energy at 1 MV breakdowns, the surge voltage and current were measured in 

NBTF PS by simulating a breakdown with a spark gap attached to high voltage line. As a result, 

similar polarity of surge signal has been measured as predicted from the circuit analysis. In 

addition, by combining surge measurements at several locations, the database to identify the 

breakdown location has been developed this time. This is useful to monitor the soundness of 

the PS and directly applicable to HNB. 

As for the second point, in order to improve the seismic resistivity of the TL connected from 

the ground to the seismic-isolated building with penetrating the confinement boundary, the 

arrangement of bellows and the support structure for the TL have been updated. Because the 

mechanical weak point of the bellows is the twist motion, the combination of the bellows and 

the routing of the TL has been optimized to avoid it by taking into account the seismic motion. 

As a result, the seismic resistivity of the TL have been improved by reducing the twist moment 

to 61% of the previous value. These R&D results contributes the improvement of the reliability 

of the ITER NBI system.
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MAST-Upgrade (MAST-U) is undergoing several enhancements to deliver increased 

performance and functionality. One such enhancement is the design, development, and 

implementation of an Electron Bernstein Wave (EBW) Heating and Current Drive (HCD) 

System. 

The EBW System supports the UK Spherical Tokamak for Energy Production (STEP) 

programme, to design a spherical tokamak, connected to the UK National Grid, that will 

produce net energy from the fusion plant. The optimum HCD System for STEP has been 

concluded to be a microwave-based system - Electron Cyclotron and EBW. However, EBW 

was evaluated to have a lower readiness level, having not been demonstrated at high power in 

spherical tokamaks. Therefore, an ambitious development programme has been initiated 

integrating a 1.8MW EBW system on MAST-U. 

The MAST-U EBW System aims to provide experimental data to input to the validation of the 

expected EBW current drive efficiencies and physics basis for spherical tokamaks, and to 

provide a greater understanding of EBW physics and its capabilities. To provide sufficient data 

and reduce uncertainties it is essential to design a system not just optimised for theoretical 

maximum coupling, but with sufficient additional flexibility and diagnostic capability. 

The MAST-U EBW System provides up to 1.8MW of microwave power into the plasma, 

through a system comprising: high voltage power supplies; gyrotrons; evacuated transmission 

lines; and a steerable in-vessel launching system. The launching system is designed to be 

flexible, providing large angular steering ranges, and on and off axis injection. Finally, 

additional diagnostics are proposed to measure the reflected power from the plasma, to both act 

as an interlock if the reflected power is too high, and provide key information on the coupling 

efficiency. 

This presentation outlines the key objectives of the system, the preliminary system design, and 

the current status. 
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The future of nuclear fusion as a viable energy source has two major hurdles to overcome. 

Firstly, there are the daunting and complex technology and physics issues to be resolved before 

a power plant capable of breeding its own fuel and producing an excess of electricity can be 

built. Secondly, fusion must offer a useful and economically competitive product to energy 

markets worldwide, where it will compete with renewable sources and energy storage. 

However, that future energy market also places a premium on aspects of generation such as 

reliability of electricity delivery, and the avoidance of externalised costs which might arise from 

distributed generation such as wind farms or large-scale energy storage required to match 

seasonal variations in supply and demand. Fusion potentially has an advantage in these areas 

and an optimised environmentally-friendly energy system will need a mixture of technologies 

in order to be clean, reliable, cheap, and power-dense enough not to compete excessively for 

land. 

DEMO will act as a technology demonstrator for a fusion power plant, providing relevant, in-

situ proof of operation of materials and components, and of viable strategies for fuelling and 

component replacement. However, as a first of a kind and with inevitable performance margins 

built into the design due to the uncertainties associated with first integrated operation of all 

plant systems, DEMO will not be optimised for commercial availability or minimum electricity 

cost, but rather to produce the data required to achieve those in a full fusion environment. This 

talk reviews the features needed for commercial operation of a fusion plant, and how they can 

be achieved based on DEMO operational experience and parallel technology development.
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In large primary heat transfer systems of water-cooled fusion machines, corrosion occurs under 

an intense radiation field. The Activated Corrosion Products (ACPs) formation and deposition 

are complex multi-physical processes. Corrosion/erosion phenomena may mobilize activated 

particles which are transported inside the whole cooling loop, causing the build-up of activated 

deposits outside 

the under-flux region. ACPs represent a significant radiological hazard, being potentially one 

of the major contributors to the occupational dose. Their mitigation in large primary heat 

transfer systems may provide benefits in terms of collective 

dose reduction, waste management, source term minimization and availability optimization. 

At ENEA, in collaboration with LEI, the University of Rome La Sapienza, Consorzio RFX, 

RINA-CSM and CEA, ACPs assessment and minimization strategies are investigated for water-

cooled fusion machines. A full calculation chain based on MCNP (Monte Carlo N-Particle) and 

the OSCAR-Fusion code (tOol for Simulating ContAmination in Reactors) is put in place for 

ACPs inventory estimation in tokamak water-cooled heat transfer systems. The ACPs 

calculated by OSCAR-Fusion are then used to define MCNP sources for gamma transport 

calculations and evaluate their impact on occupational dose in several fusion applications. 

The inventory of corrosion products in terms of mass, composition, oxide morphology and 

release rates is strictly connected to the design choices concerning water chemistry and 

structural materials. Experimental campaigns have been carried out to provide indications on 

the best water chemistry and on the corrosion rates for Reduced Activation Ferritic/Martensitic 

(RAFM) steels. 

The main purpose of this work is to provide a general overview of the simulation and 

experimental activities on ACPs formation carried out in the EUROfusion safety research 

program. Special attention is devoted to EU-DEMO ACPs production estimation and 

mitigation. Future needs on ACPs simulation code development and validation, water chemistry 

optimization and experimental data production on RAFM steel corrosion are finally discussed.
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Integration of Safety aspects in IFMIF-DONES design is a main objective of the 

EUROFUSION WPENS Project for design of the facility. IFMIF-DONES will be a radioactive 

facility first category under Spanish regulations and stringent safety objectives must be 

achieved and demonstrated, being the main principle a very low acceptable risk for the worker, 

the public and the environment. 

The progress of safety activities is done iteratively as detailed engineering develops. Although 

partial references and prototypes are worldwide available, it is underlined the uniqueness of the 

facility from the full design point of view: a high power deuterons accelerator (125 mA, 40 

MeV), a target of flowing liquid lithium (some 8.4 m³ total), traps for activation products, a 

dedicated-design module holding irradiated samples (including temperature and cooling flow 

control), a massive shielding cooled room with confinement function, an additional specific 

room with neutron beam extraction for physics experiments, and a number of conventional 

systems with safety functions (inertization, detritiation, confinement, waste management). 

There are several phases of activities: (i) identification of sources and materials at risk, 

radioactive and non-radioactive, subject of potential mobilization, (ii) failure mode analysis and 

effects (FMEA) of systems, starting at functional level then moving to equipments as detail 

engineering progresses, and support with probabilistic analysis, (iii) identification of scenarios 

derived from FMEA’s, which if unmitigated could lead to unacceptable level of risks, (iv) 

proposal of layers of defence by means of mitigation safety functions, then providing a list of 

safety credited components and design features, (v) deterministic analysis of scenarios, from 

exploratory to more definitive analysis, in support of requirements, (vi) definition and 

demonstration of safety requirements charged to components.     

The main features of the above safety activities are explained after several years of WPENS 

project in the way to prepare the formal licensing of the facility. 
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In complex radiation transport problems, frequently, several Monte Carlo (MC) transport 

simulations are coupled through the definition of intermediate radiation sources, as in the case 

of the radiation maps estimation at ITER Tokamak Complex (TC) facility caused by the plasma 

source. The TC radiation maps are currently calculated by coupling the MC simulations inside 

and outside the bio-shield due to the complexity of both geometries. This methodology was 

implemented through SRC-UNED code as follows: the radiation that goes through a given 

surface is recorded in a WSSA file during the first simulation, which is used to build the user-

defined Piecewise Probability Distribution (PPD) that is later sampled by a source subroutine 

in the second simulation. This approach builds high-fidelity surface sources that can be 

unlimitedly sampled, making them suitable for complex geometries and strong shielding 

transport problems. 

Nonetheless, coupling MC transport simulations has also disadvantages, one of the main ones 

is that the stochastic uncertainty due to the first simulation is not transported during the second 

one. Consequently, the quality of the intermediate radiation source associated with the first 

simulation is not quantified, which affects the accuracy of the results obtained. 

To overcome this limitation, a scheme based on the uncertainty propagation law is proposed, 

which allows the stochastic uncertainty to be propagated from the radiation source to the 

response.  This scheme, as well as the capability to estimate the source contribution to the 

response (useful by itself for the fusion facilities analysis), has been implemented in SRC-

UNED, being presented and verified in this work. Moreover, it has also been applied to an ITER 

analysis with the aim of testing its functionality in one of the most important nuclear fusion 

facilities at present.
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Designs for fusion energy prototype power plants are now being developed around the world 

by research organisations and private companies, targeting deployment in the 2030s and 2040s. 

This move, from research to power generation, will see fusion devices on a much larger scale 

in terms of characteristics such as power, fuel throughput, neutron production and operational 

time, leading in most instances to an associated increase in the level of hazard and waste 

arisings. Fusion power plants will need to be regulated appropriately and proportionately to 

maintain public and environmental protections and to provide public assurances. To enable the 

growth of this emerging technology, fusion developers want to plan with confidence regarding 

the regulatory approach.  

The UK Government has recently carried out a consultation "Towards Fusion Energy: The UK 

Government’s proposals for a regulatory framework for fusion energy" which sets out the 

proposed regulatory framework for fusion energy, based on the principle that any regulatory 

framework should serve to maintain safety, security and environmental protection in a way that 

is proportionate to the hazards involved.  

The Fusion Safety Authority at UKAEA reviewed studies on the safety and waste aspects of 

early concept fusion power plant, with a particular focus on the radiological hazards and 

potential dose consequence from indicative accident scenarios. This work formed the 

"Technology Report – Safety and Waste Aspects for Fusion Power Plant" used as supporting 

documentation for the UK Government’s proposal.  

This paper summarises the findings of the Technology Report with regard to the hazards 

involved that have regulatory implications. It also evaluates the potential public dose 

consequence from indicative fusion power plant accident scenarios, described through 

consideration of the radiological inventory (e.g. tritium and activated dust) and multiple layers 

of confinement.
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Effective detritiation is vital for the development of a coherent fusion waste strategy. Based on 

results achieved for stainless steel (SS) detritiation using thermal desorption at UKAEA’s 

Materials Detritiation Facility (MDF), the aim of this study was to further investigate the 

efficiency of the MDF and attempt to improve upon the residual tritium levels of post-MDF 

components. Future commercial reactors are forecast to produce many thousands of tonnes of 

Intermediate Level Waste (ILW), largely coming from steel components, so there is an urgent 

need to develop effective detritiation processes to aid in lowering waste classification for 

environmental, safety, and economic obligations. 

The present work used secondary JET SS waste and consisted of 27 samples in 9 thermal 

desorption runs, testing different furnace conditions by varying flow and heating parameters. 

The goal was to see whether there was an improvement in detritiation. Having been used 

exclusively for industrial-scale processing rather than controlled experimentation, it was found 

that there were anomalous and inconsistent sensor data for the MDF’s flow rate and tritium 

monitoring. Nevertheless, the detritiation results showed a high degree of uniformity, with 

residual activity of ~20 Bq/g. There was no perceivable variation in the results attributable to 

changes in operating conditions. Instead, the only visible correlation was the relative pre-MDF 

tritium levels. This suggests that the current MDF procedure for SS is excessive and more 

extreme changes to operating parameters are needed to see any impact. 

This study has given valuable insight into the inner workings of the MDF and its potential as 

an “optimised” experimental resource for examining detritiation of fusion waste. Therefore, the 

facility requires strict control of all parameters, an expanded experimentation programme, and 

standardised samples with uniform tritium levels. Finally, the discussion about detritiation 

processes needs to consider factors such operating costs, safety, waste generation, etc.
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The decarbonization of the economy is the core of the actions to prevent climate change. In this 

context, the electricity and heat sector, currently responsible for 40% of the global carbon 

emissions, will cover a pivotal role due to the progressive shift of the economic sectors from 

fossil fuels towards electricity. 

In this context, renewables, storage systems and nuclear technologies will be asked to operate 

jointly to produce carbon-free electricity and ensure the security of energy supply. In this 

framework, the EUROfusion Work Programme on Socio Economic Studies (SES) on fusion 

investigates the possible future developments of the global energy system and assess their 

viability, affordability and reliability. In particular, the effects of national energy policies as 

well as the availability of new energy technologies, such as nuclear fusion, are studied to 

evaluate the changes the power sector should undergo. Indeed, an assessment of the reliability 

and technical feasibility of a range of power sector configurations, encompassing different 

shares of intermittent renewables (solar and wind power), is crucial to identify strategies for 

facilitating the integration of baseload nuclear fusion power in future decarbonized power 

systems.  

Studies conducted within the EUROfusion SES Work Programme on global energy scenarios 

will be presented, along with insights on the European power system. Model based analyses 

confirm that the management of power systems with very high shares of intermittent renewables 

can be challenging unless a relevant firm baseload capacity is available. The role of nuclear 

fusion power plants will be then discussed in terms of contribution to the security of electricity 

supply in future decarbonised energy systems.
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In line with its mission to maximise the scientific and economic benefit of fusion, UKAEA has 

created multiple innovation and technology transfer programmes with the purpose of pushing 

technical breakthroughs in fusion and other industries. One such programme is Ten New, a pilot 

initiative which ran from August 2020 to August 2021. 

Ten New was launched to accelerate technology transfer from UKAEA to non-fusion sectors. 

As such, the Programme was tasked with generating a minimum of 10 new opportunities for 

products or spin-out businesses that have market potential outside fusion. 

This talk will provide an overview of the steps taken to leverage the innovative ideas and 

expertise within UKAEA; some of the identified opportunities for technology transfer; and 

lessons learned. This talk will also highlight how Ten New worked alongside other UKAEA 

Departments and Programmes, to sustain an ecosystem that enables innovation within the 

Authority.
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The EU-DEMO Magnet System is composed by 16 Toroidal Field (TF) coils, 5 modules for 

the Central Solenoid (CS) and 6 Poloidal Field (PF) coils. In the concept design phase of the 

project two options are studied for each set of coils, an ITER-like variant and an innovative 

one, which aims to improve the performances in terms of magnetic field, flux and cost 

reduction. The variants alternative to ITER relay on the technological development of high-

current React&Wind Nb3Sn conductors, that, in the TF coils, are designed for carrying a current 

of 105 kA and generating a field of 12 T.   The hybrid design of the CS includes HTS conductors 

in the high field region in order to sustain a maximum magnetic field of 16 T. In addition, for 

all pulsed coils, fatigue-resistant conductors based on a double-wall Cable-in-Conduit-

Conductor have been proposed. It’s a matter of fact that the technological readiness level of all 

the mentioned solutions is limited to laboratory scale. The first step for validating the innovative 

variants is the test of short samples in the SULTAN facility, followed by the technological 

demonstration of the feasibility of long-length manufacturing at industrial level. This 

presentation will provide an overview of the progress in designing, manufacturing and testing 

of all innovative solutions.
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The SPARC Toroidal Field Model Coil (TFMC) Project was a three-year project that developed 

novel Rare Earth Yttrium Barium Copper Oxide (REBCO) superconductor technologies and 

then successfully utilized these technologies to design, build, and test a first-in-class, high-field, 

representative-scale fusion magnet. The principal objective of the project was to retire the 

operational and manufacturing risks of REBCO toroidal field magnet technology at-scale for 

the SPARC tokamak, a net-energy fusion device now being constructed outside of Boston 

Massachusetts by Commonwealth Fusion Systems (CFS). Weighing 9,270 kg (20,430 lb) and 

utilizing a record 270 km (168 mi) of REBCO superconductor, the TFMC achieved 20.3 T peak 

field-on-coil at a current of 40.5 kA and a stored magnetic energy of 110 MJ. Target structural 

performance was achieved, safely accommodating stresses approaching 1 GPa, while excellent 

thermal stability and control was enabled by internal joints operating at approximately 2 nΩ or 

below at 20 K. The TFMC test campaign confirmed DC operation of the magnet and validated 

extensive EM models of the magnet during charging, steady-state operation, and off-normal 

events, providing key insights and lessons-learned for the design of a toroidal field magnet 

suitable for a high-field tokamak. To execute the TFMC tests, a new magnet test facility was 

built and commissioned at the MIT Plasma Science and Fusion Center (PSFC) and was used to 

carry out the TFMC tests. A centerpiece of the test facility is a novel 50 kA superconducting 

feeder system, comprised of a set of 3 m tall, LN₂ and helium-cooled REBCO binary current 

leads and a chain of cold bus cables based on VIPER REBCO cables [1]. Another unique feature 

is a liquid-free cryocooler based cryogenic circulation system that provides supercritical helium 

at temperatures down to 20 K and pressures up to 20 bar for a cooling capacity of 600 W for 

the magnet and feeder system. The magnet is integrated with the feeder and helium cryogenic 

system inside a large 20 m³ vacuum cryostat, which also contains an internal LN₂ radiation 

shield and access for all facility and magnet instrumentation. This talk will provide a high-level 

overview of the TFMC Project, focusing on the magnet, enabling test facility technologies, and 

testing results, as well as highlighting the impacts for compact fusion energy device design now 

enabled by the first demonstration of fusion-scale high-field RECBO magnets. The SPARC 

TFMC project was a joint effort between the MIT and the research sponsor CFS. 
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Looking at the various fusion magnet design concepts, one common demand is dictated by the 

Lorenz forces acting on the structure. Increasing magnetic field or conductor current, regardless 

of used low or high temperature superconductor, maximum stress and fatigue limits of the 

structural or insulation material restrict the design space.  

Dedicated testing to qualify material and components of a magnet system are mandatory to 

explore the limits. Further, recent research focus on the development of high strength material 

to adapt specific processing routes to reach better cryogenic mechanical performance. But, 

beside of material processing the machinability need to be addressed. 

Considering the effort put in cryogenic material characterization over the past decades, it is 

obvious that the access to structured information is the base for the development of materials 

and design concepts. The International Cryogenic Material Library was established to work on 

a strategy to answer to this need.
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In the frame of a contract with ITER Organization (IO) on magnets assembly support, CEA 

designed and built a superconducting joints test facility called SELFIE (ITER SELf-FIEld joint 

test facility). This facility is installed at CEA Cadarache and started to operate in 2022. 

This project was initiated by the IO as a risk mitigation linked to the forthcoming critical 

assembly activities. Indeed, the magnet superconducting joints assembly is a special process, 

the quality of which cannot be verified until the full Tokamak is at cryogenic temperature. 

Therefore, the quality control of these joints assembly relies on QC procedures and qualification 

of the workers in charge of their implementation. 

As ITER construction will require about three years of joint assemblies, the qualified workers 

will have to assemble periodically some Production Proof Samples (PPS) to keep their 

certification valid. The purpose of SELFIE is to test these PPS. 

The tests scope is the measurement of the PPS resistance (few nOhms). The samples are 

composed of two ITER conductors legs (~260 kg weight and 3600 mm length). Each sample is 

tested in a liquid helium bath (4.2K), at nominal current (up to 70 kA), in self-field. The current 

is provided by a superconducting transformer integrated in the same cryostat as the sample. 

CEA finalized the preliminary design in 2019, complying with the requirement to achieve a full 

test sequence within one week (controlled cool down, test and warm-up), with an optimised 

operation cost. The detailed design phase was started in April 2020 followed by the 

manufacturing phase up to mid 2021. SELFIE integration and installation was achieved by 

December 2021 and the cold commissioning done in January 2022. This paper presents the 

SELFIE project and the first results. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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After the completion of the third experimental campaign in 2018 the stellarator fusion 

experiment Wendelstein 7-X (W7-X) was further completed with ten actively cooled divertors 

and ten Cryo-Vacuum-Pumps (CVPs). The cryo-panels and the thermal shield of the CVPs are 

cooled with supercritical helium (He) at around 4K and with liquid nitrogen (LN2) at 80K 

respectively. A set of 4-channel transfer lines with actively cooled thermal shield was developed 

and implemented: 

(1) one main transfer line (HTL, length ca. 55 m) for transferring the cryogenic fluids from the 

refrigeration system to the distribution box (CVB) and  

(2) ten short transfer lines (KTLs, length 12 m to 16 m) connecting the distribution box (CVB) 

to the supply ports on the W7-X cryostat. 

Beyond the usual requirements for cryogenic vacuum super-insulated transfer lines (heat loss, 

vacuum tightness etc.), the HTL and KTLs are required to respect the severe geometrical 

constraints posed by the limited installation space. Welding is possible only at certain locations 

and there was the need to circumvent support structures and many diagnostics. This resulted in 

routing changes in all three directions within a few meters. Therefore, the development of the 

mounting procedure was paramount during the engineering process. The lines shall also allow 

for shrinkage of the vacuum jacket (due to a e.g. severe leak in the process pipes) and for W7-

X torus movement (±20mm in all directions). For the later operation with Deuterium plasma, 

the material was selected to be suitable for irradiated environment. 

The solutions adopted for the development, the design and the installation results of HTL and 

KTLs lines, as well as first results of the site acceptance tests of these lines, are illustrated and 

discussed.
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High magnetic field is one of the important conditions required for lots of scientific researches. 

High temperature superconducting (HTS) materials have the potential to generate a magnetic 

field beyond the level obtainable with low temperature superconducting (LTS) materials. 

According to the commercial production technology development of the high temperature 

superconducting materials, the ReBCO and Bi2212 are the promising candidates. The 

maximum field of CFETR magnet will be higher than 15T. In order to achieve the magnet field 

of CFETR, the ReBCO and Bi2212 conductor/coil technology was developed at ASIPP. To 

maximize their advantages and overcome the shortcomings, concepts of cable design and lots 

of research activities were proposed and carried out in recent years. Here, the new research 

results obtained at ASIPP recently were reported.  

Firstly, the full size YBCO CICC was designed, and R&D achieves good progress. One new 

YBCO cable with 316L spiral inside was proposed as one petal for full size conductor. The first 

sample achieves 12kA at 20T back field, and no degradation after about 20 EM cycles with 

150kN/m and 10 WUCD cycles. The coil shows good stable performance under EM and 

temperature cycles. These are good basis for YBCO full size CICC for fusion reactor, which 

was planned to finish in June 2022. 

Secondly, the Bi2212 cable obtained good progress. One new sample with pre-high pressure 

and 5MPa heat treatment was finished, which took 1 year to solve the problem. The testing 

results shows good performance, and critical current achieves 35.7kA@5.8T, 4.2K.   

These results are good reference for development of HTS conductor of high field magnet for 

CFETR, accelerator, and so on. The future research plan of HTS conductor will be also 

described.
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It has been recognized that the production and dynamics of dust in the vacuum chamber of 

tokamaks are important problems in the framework of safety and tokamak performance. It is 

expected that during plasma discharges most of the dust particles concentrate in the scrape-off 

layer close to the chamber walls. For almost all materials the hypervelocity regime (when the 

speed of an impact exceeds the speed of the compression waves both in the target and in the 

projectile) is reached when the impact speed exceeds a few km/s; it is therefore common to 

consider velocities above 2–3 km/s as hypervelocity impacts. In studies related with plasma 

facing materials (PFMs) for future nuclear fusion technology, high velocity impacts have been 

reported, with velocities being around 500 m/s and up to a few km/s. 

In this study we focus on understanding the fundamental characteristics of the mechanisms 

underlying the crater formation caused by nanoparticles impacts on PFMs. From molecular 

dynamics involving very large samples (up to 40 million atoms) we have determined the 

detailed atomistic and thermodynamic aspects of crater formation mechanisms.  

Further, the atomistic mechanisms of damage initiation during hypervelocity (v up to 9 km/s) 

impacts of tungsten projectiles on tungsten has been investigated. Various aspects of the impact 

at high velocities where the projectile and part of the target materials undergo massive plastic 

deformation, breakup, melting, or vaporization were analysed. Different stages of the 

penetration process were identified. Whether the damage occurring in the subsurface of the 

target is described by collision cascades or as the effect of shock waves will be discussed. 

Different stages of the penetration process were identified, and a model developed to understand 

the damage produced by hypervelocity impacts in terms of geometrically necessary 

dislocations, much like in classic indentation theory, will be discussed.
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The Divertor Tokamak Test (DTT) facility is in advanced design and construction phase the 

ENEA laboratories in Frascati, Italy. 

The DTT toroidal field (TF) magnet consists of 18 superconducting coils, fed in series by a 

single TF power supply (TFPS), that is a 12-pulse thyristor-based converter with an output DC 

current up to of 44 kA. The TFPS is supported by a crowbar allowing freewheeling current 

circulation in case of overvoltage or other faults. 

An important aspect of the toroidal circuit is the protection, especially in case of quenches in 

the superconductors, that requires to extract as fast as possible the magnetic energy stored in 

the coils. The protection discharge is ensured by 3 fast discharge units (FDUs) in series with 3 

groups of 6 TF coils. The FDUs are implemented by hybrid mechanical/static switches. This 

topology was already explored for JT-60SA, but the DTT requirements are much more critical 

(44 kA vs. 25.7 kA, 5.5 kV vs. 2.8 kV, 2.1 GJ vs. 1 GJ, 12 s vs. 6 s). In particular, if standard 

resistors with exponential current discharge were used, the voltage produced across the switches 

(exceeding 6 kV) would force to use semiconductor devices in series. In order to overcome this 

problem, the resistors are substituted by properly designed silicon carbide varistors. The 

adopted solutions allow the reduction of the stresses on each component, in both the operating 

and fault conditions. 

The TFPS and the FDUs are being procured through international Calls for Tenders launched 

in 2021. The respective contracts were awarded in early 2022. The delivery of the TFPS and of 

the first FDU (mock-up) are expected in late 2023 to be used in the Frascati Coil Cold Test 

Facility, where all the 18 superconducting coils will be individually verified at full current.
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A substantial modification of the toroidal complex of the RFX experiment, named RFX-mod2, 

is currently under completion, aimed at improving the control of magnetic confinement, plasma 

density and plasma wall interaction in both RFP and Tokamak configurations [1, 2]. 

The modifications involve the whole core system of the machine and in particular the vacuum 

vessel, the entire plasma facing components and a wide set of in-vessel diagnostic systems. 

The main design driver for this machine upgrade was the enhancement of the ‘shell/plasma 

proximity’, key parameter for the control of MHD instabilities. This requirement led to the 

choice of embedding the existing 3 mm thick copper stabilizing shell within the new vacuum 

vessel, obtained with a significant modification of the previous stainless steel mechanical 

support structure, suitably adapted in order to become the new vacuum boundary. 

The combination of challenging requirements, in terms of electrical insulation and vacuum 

compatibility of in-vessel components, and stringent geometrical constraints to comply with 

interfaces to existing machine components, in particular external coils and diagnostic systems, 

called for the adoption of novel technological solutions developed in collaboration with local 

industries in the framework of an industrial innovation project co-funded by Italian public 

bodies. Examples worth mentioning are the use of high-performance polymers and acrylic 

based syntactic foam materials for peculiar vessel parts, the characterization of ceramic coatings 

to guarantee electrical insulation of plasma facing components and the realization of rather 

complex in-vessel components by means of additive manufacturing process applied to metal 

alloys. 

This contribution will present an overview of the RFX-mod2 device and its scientific goals for 

the forthcoming experimental phase, planned to restart in 2023, together with a detailed 

description of the design solutions implemented and tested for the realization of the new 

components integrated in the machine complex. In particular, evidence of the results of 

prototype testing, performed to qualify the above-mentioned technological solutions, and of 

final acceptance tests for the most critical components, executed during the manufacturing 

phase to assess the compliance with the design requirements, will be given. Finally, an update 

of the installation phase, planned to be completed by the end of 2022, will be reported. 
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The IFMIF-DONES is a facility, which is supposed to be built in Granada (Spain), planned as 

part of the European fusion-generated electricity roadmap. It is designed for the study and 

qualification of structural materials under severe irradiation condition of a neutron field having 

an energy spectrum similar to the one present in a fusion power reactor. IFMIF-DONES 

consists of complex systems and massive components that need to be assembled and maintained 

on site. For several of them it is required to perform maintenance, inspection and monitoring 

tasks over many years in a hostile environment and in efficient, safe and reliable manner. The 

maintenance of IFMIF-DONES systems and components, located mainly in the Test Systems, 

in the Lithium Systems and in the Accelerator Systems, is classified as a Remote Handling (RH) 

1st Class activity. As such it is considered a crucial and essential task whose success will strictly 

depend on the IFMIF-DONES RH capability. Over the last 5 years, much progress has been 

made in the definition of the maintenance activities to be performed for such a facility. The 

main achievements include: definition of the RH plant design maintenance requirements; 

implementation of the maintenance strategy; classification of components from the 

maintenance point of view; and development of the maintenance procedures and the design of 

the Remote Handling System. This latter system comprises the whole set of Remote Handling 

equipment and tooling for the execution of the maintenance tasks. In addition, a wide 

experimental programme aimed at validating the RH maintenance procedures as well as the 

custom and special purpose devices used to implement them is ongoing. In this paper, an 

overview of the status of the present design and validation activities for IFMIF-DONES RH 

maintenance, and of those planned in the next coming years, is given.
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The ITER Test Blanket Modules (TBMs) are installed and operated inside the Vacuum Vessel 

(VV) at the equatorial ports located within Port Plugs (PP), each of them includes two TBMs. 

After each plasma operation campaign, TBM research plan testing program requires 

replacement of the TBMs by new ones during the ITER Long Term Shutdown (LTM).  

The replacement of a TBM requires removal/reinstallation of all Test Blanket System (TBS) 

equipment present in the Port Cell, including those in the Port Interspace called Pipe Forest 

(PF). TBS shall be designed so that occupational radiation exposure can be As Low As 

Reasonably Achievable (ALARA) over the life of the plant to follow the ITER Policy. To 

implement ALARA process requirements, design shall consider careful integration assessment 

since early phase to address all engineering aspects of the replacement sequence. 

The TBS design shall optimise the reconfiguration operation by including human factor 

considerations and providing adequate space. Provisions for dose reduction measures 

considering protection means and minimisation of occupancy times in radiation fields are also 

investigated by assessing remote technics to reduce operator exposure 

This paper describes investigations of introducing digital tool in the early engineering phase to 

support the ALARA optimisation process of the Pipe Forest (PF) replacement operations. The 

case study considered in this paper focuses the port cell operation required for ITER TBM-PP 

component replacement.  

Challenges to implement ALARA principle in the design process will be discussed, its 

implementation for the ITER TBS component integration in Port Cell will be addressed.
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Studying the feasibility of the Test Blanket Modules (TBM) replacement operations in ITER 

Port Cells at IRFM laboratory, CEA develops a mixed (digital & physical) validation by 

simulations approach with immersive technology including accessibility, time task, detailed 

procedure and ergonomics.  

This is in support to the As Low As Reasonably Achievable (ALARA) optimization process to 

minimize occupational radiation exposure. Human Factor aspects are a crucial element 

considering the specificities of the activities performed in Air-Fed Suit (AFS).  

It aims to design an ergonomic assessment tool coupled with multi operators’ collaboration in 

Virtual Reality, use of tangible tools and integration of advanced physic engine. In addition, 

CEA analyses Humans factors and ergonomic issues based on field observations in order to 

define methodology and criteria for qualification of operation with AFS.  

A digital avatar afford to embody a nuclear operator in AFS to demonstrate Nuclear 

Maintenance Operation feasibility with study of arduousness, accessibility and visibility. 

Numerical Tools such as real time motion capture means to capture the posture of the operator. 

The recording of the whole simulation allows tracing and replaying for post-analysis data such 

as body angulations, clash detection and operator field of view.  

The integration of this approach in an early phase of the design process allows validating 

technical solutions for maintenance scenario including accidental phases. This leads to 

promising and beneficial results concerning design and integration of complex components in 

constraint working environments. 

This paper presents a review of the CEA studies regarding the XR Lab capabilities and results 

as a Multi Operators Immersive room to help IO (Iter Organisation) define the working program 

for years to come for TBM replacement operations. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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As part of the continuing development of maintenance strategies for fusion devices, one of the 

consistent challenges is the creating and breaking of service pipes. In ITER, there are hundreds 

of instances where pipe joining is required, both in- and ex-vessel, often in places where it is 

difficult to deploy tooling. A reliable and robust process is critical to the success of plant 

operations and all welding must comply with strict welding and vacuum regulations. However, 

tough environmental conditions such as radiation and magnetic fields prevent some 

requirements of the standards from being met. This leads to challenges not only in the creation 

of the weld but in inspection and qualification too. Every aspect of the process must be highly 

controlled to ensure success. 

This paper explores the unique challenges of welded joints within fusion devices through data 

gathered over years of R&D, including legacy from JET. Using state-of-the-art equipment, a 

number of bench welding trials and prototype builds have been carried out for different 

scenarios in ITER. Scenarios included piping for the Divertor, Neutral Beams and Diagnostic 

Shield Modules. These projects investigated the remote joining of pipes using TIG (Tungsten 

Inert Gas) welding. Although specific to ITER, the data presented and the challenges explored 

have relevance to all future fusion plants.
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The breeding blanket (BB) segments are by far the largest in-vessel components of DEMO. A 

new concept has been developed recently for their remote replacement through the upper 

vertical ports of the vacuum vessel (VV). The concept minimizes the spread of contamination 

and as all in-vessel operations are carried out from within a cask that is sealed to the VV and 

located within a sealed room providing a second confinement barrier inside the nuclear 

building. The progress in the development of the BB in-vessel transporter and the cask is 

presented here.   

All drivetrains of the BB transporter are electrically powered rather than by water hydraulics 

and are operated remotely. The low horizontal natural frequencies of the pendulum-like system 

require the operation at low speed to avoid harmonic excitation. No adaptive control system is 

implemented to counteract such dynamic response since the functions of position sensors or 

micro-processors would be impaired in the radioactive environment.  

The BB transporter is designed according to nuclear design codes and for high payloads since 

the BB segments may weigh up to 180 tons. Also, seismic loads are considered in the design. 

The tight spaces available for the operations have led to compact design solutions. Given the 

space constraints for the disengagement of the BB segments from their supports and their 

removal through the upper VV port, the BB transporter is capable of off-centered lifting of the 

segments and to carry out translational as well as tilting movements. 

The main requirements regarding integration, BB manipulation and structural integrity have 

been verified. Next development steps need to include further design improvements, integration 

of in-vessel position survey, definition and control of motion actuations, cable routing and the 

development of rescue and recovery scenarios.
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DTT is one of the largest superconducting tokamak under construction with the mission to get 

scientific and technological proofs of power exhaust in prospect of the first nuclear fusion 

power plant [1,2]. The 5.5MA maximum plasma current, 6T toroidal magnetic field at the 

plasma center, and 2.19m plasma radius make DTT a flexible and compact facility for testing 

D-shaped plasmas with different configurations of heat load spreading. 

The mechanical systems of DTT are designed and integrated analysing interfaces consistently 

with machine operating states including plasma operation, disruptions, baking, seismic event, 

testing, and maintenance. Verifications in accordance with design rules apply in particular to 

the vacuum vessel that is a double-walled structure actively cooled/heated with inter-shell flow. 

The design of the vacuum vessel is assessed by thermal-hydraulic static and dynamic (LOCA, 

LOFA, LOVA) analyses, and simulations to assess activated corrosion products. Selection and 

positioning of machine instrumentation, overpressure protection, manufacturing specifications 
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for fabrication and inspection of welded joints are also evaluated. Finally, UHV gaskets and 

port bellows compatible with integration sequence and interspace testing, tube bellows and 

feedthroughs arrangement at the cryostat flanges of the multifunctional ports, three-dimensional 

inspection on dense point cloud data are defined in parallel to the vessel design. Construction 

requirements are transferred into technical specifications prepared for vessel call for tender and 

procurement follow-up. 

The integrated approach and methodology identifying scope, costs, schedule, and deliverables 

are transferred into the design and procurement of the systems belonging to the mechanical area 

that includes machine cryostat, thermal shield, vessel auxiliary systems (vacuum pumping, 

fuelling and cleaning systems), in-vessel components not maintained with RH (stabilizing 

plates, in-vessel coils axial symmetric, in-vessel coils not axial symmetric). 

The paper deals with main technical findings, design review outcomes, and process 

qualification in the tokamak mechanical area directing efforts towards procurement activities. 
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The support structure of the COMPASS Upgrade tokamak needs to withstand the huge 

electromagnetic loads from the system of toroidal field (TF) and poloidal field (PF) coils. The 

forces are in the order of many MN as the tokamak will use magnetic fields and plasma currents 

of values up to 5 T and 2 MA (Vondracek, P. et al. Fus. Eng. Des. 2021), respectively. The 

design of the support structure had to satisfy these main requirements – secure stable mutual 

position of PF and TF coils and the vacuum vessel with plasma facing components in the whole 

range of operation temperatures, provide support to the TF coil joints, allow fully vertical 

disassembly to avoid cryostat dismantling during maintenance works and use of simple 

component shapes to decrease the machining costs. To meet these criteria, the design has 

evolved through several design versions and intensive design optimization was applied (Fang, 

J. et al., submitted to IEEE Trans. Plas. Sc.), so that the last version fulfilled the set criteria and 

is ready for manufacturing. 

In this contribution, the support structure design is briefly introduced. The results of the final 

structural model as well as results of several submodels of critical components are presented. 

The material of the support structure (AISI 316LN with narrow chemical composition 

tolerances) has been selected with respect to the mechanical, magnetic, and thermal properties 

at the liquid nitrogen temperature and it will be subject to strict testing scheme during the 

manufacturing process. The design of the support structure also covered other modeling 

activities, e.g. evaluation of induced currents, influence of locally increased magnetic 

permeability (e.g. in welds) and influence of the massive structure on the radiation 

(neutron/gamma) transport. These topics are also reported in the contribution. 
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During the first phase of operation (Phase I), until the end of 2020, WEST (W - for tungsten - 

Environment in Steady-state Tokamak) operated with a mix of actively cooled Plasma Facing 

Units (PFUs), based on ITER divertor technology (namely, tungsten (W) monoblocks joined to 

a CuCrZr tube with water cooling), and uncooled, W-coated graphite PFUs on the lower 

divertor. During this phase, the pulse length was limited to a few seconds and the experimental 

program was mainly focused on assessing the power handling capabilities of the ITER-like 

PFUs. The second phase of WEST operation (Phase II), aims to address PFU ageing under high 

particle fluence and integrated long pulse H mode scenario with ELMs. To meet this goal, the 

lower divertor is now fully equipped with actively cooled, ITER-like PFUs which can fulfil 

stringent requirements in terms of heat exhaust capability (up to 20 MW/m² during slow 

transients). The PFUs were manufactured by Huainam New Energy Research Center in China. 

The first WEST experimental campaign with this new configuration is planned early in 2022. 

 This contribution reports on the key elements related to the large-scale industrial production, 

the reception tests, and the installation of the ITER-like divertor components (including 

embedded instrumentation) into the WEST tokamak. Main manufacturing issues as well as the 

reception strategy, in particular the handling of non-conformities, are highlighted, mentioning 

its relevance with ITER divertor specifications. Results related to the assessment of heat 

removal capability by IR thermography examination, high heat flux test, and He-leak tightness 

control will be also discussed.
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For the plasma-facing components, unique challenges need to be faced in extreme 

environments. Especially with respect to the materials used, these challenges require advanced 

properties in lifetime, erosion, fuel management, and overall safety. Tungsten (W) is the main 

candidate material for this application, as it is resilient against erosion, has the highest melting 

point of any metal and a low H isotope retention, and in addition, shows rather a benign 

transmutation behavior under neutron irradiation. However, tungsten has limitations in terms 

of its intrinsic brittleness and low oxidation resistance. To overcome these issues advanced 

materials are being developed. A W-fiber reinforced W-composite material (Wf/W) that 

incorporates extrinsic toughening mechanisms is aimed at improving the toughness of W. 

Recently progress has been made upscaling the production and allowing the production of 

mock-ups for high-heat flux testing. Alloying of the tungsten is considered to mitigate the 

release of radioactive oxides during accident air ingress. Advanced armor materials like micro-

structured W are considered for crack-resilience. Due to the surface structuring cracks are 

inherently suppressed. Additionally, for the development of plasma-facing components, the 

issues of material joining, plasma erosion, tritium permeation, and fuel retention need also to 

be considered. Therefore, a highly integrated approach, based on the current advanced 

materials, towards new components is required and will be discussed in the talk.
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WEST tokamak operates with tungsten actively-cooled ITER-Like divertor plasma facing units 

(PFUs) since 2018. Premature poloidally-distributed cracks along the leading edge of PFUs 

have been highlighted after WEST plasma operations especially on the PFU dedicated to 

misalignment studies and effects on plasma operation [Gunn, 2020]. Because cracks may have 

an impact on the PFUs lifetime, mechanisms related to the cracks initiation and propagation are 

still under investigation. Previous numerical simulations [ref] lead to assess the location of the 

privileged initiation of the first crack on the PFU and the rationale for its initiation (disruption 

causing brittle crack).  

In this paper, the goal is to (i) identify, the most likely mechanism involved in the PFU damage 

process during plasma exposure and (ii) give an interpretation of the location of cracks (poloidal 

cracks distribution). For this, in the first part of this paper, a description of the observed crack 

topologies (position on PFUs, deph and width of cracks) is presented based on recent post-

mortem analysis in WEST. Then numerical simulations assuming initial crack(s) at the leading 

edge are detailed (size of the initial crack, boundary conditions, PFU geometry, etc…) and 

launched to study the evolution of the stress and strain mechanical fields which explain the 

damage mechanisms of the leading edge.  

Assuming a primary crack at the centre of the leading edge, results highlight that the crack 

induces a maximum of stress at the centre of the two adjacent edges, which implies secondary 

cracks due to overstress. Simulations assuming several initials cracks were also launched and 

the results highlight this mechanism, which leads to a progressive cracking of the leading edge, 

can involve poloidal cracks distribution along the entire leading edge as observed 

experimentally.
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In the fourth WEST experimental campaign (referred to as the C4), 14 actively cooled ITER-

like plasma-facing units (PFUs) composed by 35 unshaped bulk tungsten monoblocks (MB) 

were installed into one of the 12 divertor sectors of the tokamak. After this campaign, WEST 

had cumulated about 6h of plasma exposure, 17GJ of injected energy and registered large 

number of transients (~2000), mainly disruptions and MHD events. During the following 

shutdown, the actively cooled PFUs were removed from the machine to carry out a 

morphological inspection of their plasma exposed surface. It allowed observing different 

modifications (W craking, melting, surface layers…) mainly localized at the leading edges of 

the PFUs, in the Inner/Outer Strike Points areas. 

This paper presents the results of these observations after the C4 test campaign. An analysis of 

the surface morphology is achieved, through microscopic observations and use of chromatic 

confocal microscopy. The impact of the plasma on the W MBs depends of the location of MBs 

regarding the magnetic equilibrium and the vertical misalignment of MBs, which, according to 

ITER specifications, have to respect a maximum value of 0.3mm [1]. Positive misalignment 

leads to overexposed leading edges, locally high temperature [2] and thermal stresses on the W 

component while negative misalignment leads to magnetic shadowing of the leading edge prone 

to material redeposition. In this study, three PFU configurations and states of modification are 

reported: positive misalignment outside and inside the ±0.3mm specification and negative 

misalignment where the leading edge is shadowed by the upstream PFU. In comparison with a 

reference PFU, the objective was to evaluate the surface modification and confirm the choice 

of the specification. This evaluation was done by measuring different morphological factors as 

distribution and topology of cracks in ISP/OSP, volume erosion of edges and melting. 
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The IFMIF-DONES Facility is a unique first-class scientific infrastructure which construction 

is foreseen in Granada in the coming years. Strong integration efforts are being made at the 

current project phase aiming at harmonizing the ongoing design of the different and complex 

Systems of the facility. The consolidation of the Diagnostics and Instrumentations, transversal 

across many of them, is a key element in this purpose. A top-down strategy is proposed for a 

systematic Diagnostics Review and Requirement definition, putting emphasis in the one-of-a-

kind instruments necessary by the operational particularities of some of the Systems, as well as 

to the harsh environment that they shall survive. In addition, other transversal aspects such as 

the ones related to Safety and Machine Protection and their respective requirements shall be 

also considered. The goal is therefore to advance further and solidly in the respective designs, 

identify in advance problematics, and steer the Diagnostics development and validation 

campaigns that will be required. The present contribution will provide an overview of these 

activities, techniques, challenges, and proposed plans.
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The reflectometry diagnostic proposed for DEMO aims to measure the radial edge density 

profile and to provide data for the feedback control of plasma position and shape. Microwave 

reflectometry measurements are foreseen at 16 poloidal locations (gaps) and require plasma-

facing antennas and waveguides (WGs) to route the microwaves through the upper port (UP) 

to the diagnostic hall. Ray-tracing and full-wave electromagnetic simulations have shown that 

at the equatorial plane the “single-pair” approach for emitting and receiving antennas should be 

able to provide the required spatial resolution. Near the lower and upper ports, however, clusters 

of 3-5 antennas may be needed to ensure that the reflected beam is captured. The integration of 

these antennas and WGs – up to 80, duplicated in a second sector to provide redundancy – with 

the Breeding Blankets (BB) imposes several challenges; the antennas shall withstand the harsh 

radiation environment of DEMO during the extended periods of operation between blanket 

replacement and the WGs must be routed from the in-vessel region up to the diagnostic hall. 

The in-vessel components shall also be designed with Remote Maintenance (RM) compatibility 

in mind, to facilitate a 'fast' exchange when needed. To fulfil these requirements, the primary 

integration approach for reflectometry in DEMO is based on the Diagnostics Slim Cassette 

(DSC) concept, a full, 25-cm thick poloidal sector dedicated to house the antennas and WGs. 

This work presents the studies that support the design and the integration proposals for the DSC 

in DEMO. Ray-tracing and full-wave electromagnetic simulations, nuclear and thermal 

analyses and the main constraints on the integration of the DSC with the BB and UP are 

discussed in detail, with focus on the required RM operations inside the vacuum vessel. The 

proposed solutions can be useful to other diagnostics and adapted to future BB and UP designs.
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An innovative and very detailed end-to-end system modelling tool has been developed and 

applied to test on simulated data the actual measurement capabilities of any generic high 

frequency magnetic diagnostic systems. The main goal of this rather complex tool is to obtain 

estimates of the intrinsic measurement uncertainties and then assess the actual vs. intended 

system measurement performance for correctly detecting individual components in the 

frequency spectrum of high-frequency magnetic instabilities in the plasma. This has paramount 

consequences for any real-time (RT) application where, as an example, the mode frequency, 

amplitude and {toroidal, poloidal} mode numbers are used to determine whether, and which, 

corrective actions need to be taken to stabilize the discharge. 

This end-to-end modelling tool has been initially applied on simulated data extracted from a 

large database of magnetic instabilities observed in the TCV and JET tokamaks, which include 

relatively low frequency Tearing Modes at ~1→10kHz, fishbones and sawbones at 

~10→30kHz, Geodesic Acoustic Modes, Alfvén Eigenmodes and more generally Energetic 

Particle Modes in the range ~50kHz→1MHz. When then using actual data from the different 

high-frequency magnetic diagnostic systems available on these two tokamaks, this comparison 

allows testing the intended vs. the actual measurement performance and the RT control stability 

and effectiveness for these instabilities. 

Based on these results, the algorithm has then been adapted to account for the specific features 

of the ITER AJ (Mirnov and LTCC-1D) and AI (saddle loops) magnetic diagnostics as currently 

designed, hence testing their measurement capabilities specifically for RT control applications. 

A test application is also finally developed for the magnetic diagnostic system foreseen for 

DEMO. 
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To measure the total radiation power in ITER, it is planned to install up to 550 lines-of-sight 

(LOS) of bolometer sensors distributed over 71 cameras of various sizes and types. It is 

challenging to make reliable measurements at the high operating temperatures, which are 

expected to reach up to 350 °C during the baking, and withstand the high nuclear loads. Hence, 

the prototype sensors must be tested to demonstrate that they can be calibrated in the relevant 

temperature range and can satisfy the ITER measurement requirements. To fulfill this, the 

prototype sensors are being tested in the IBOVAC facility at IPP. In the final prototyping phase, 

two different sensor types, namely self-supported substrate (Au absorbers on 20-μm thick 

yttria-stabilized ZrO₂ (YSZ) substrates - Pt meanders and tracks) and supported membrane (Au 

absorbers on 3 μm thick SiN membranes supported by a Si frame - Pt meanders and tracks) 

have been developed and produced. The sensors feature heat conduction layer thicknesses 

between 0 and 350 nm to tailor the cooling time constant. Both sensor types have shown that 

they are resilient to thermal cycling at the relevant temperatures. Although the YSZ substrate 

offers excellent heat conduction and a thermal expansion that matches well that of gold and 

platinum, the Pt tracks and meanders deteriorate by the calibrations at elevated temperatures, 

starting from 150 °C. This may be a result of an increase in the electrical conduction of YSZ 

by the increased temperature, although this phenomenon was not expected to occur at such low 

temperatures. Self-supported membrane sensors have been successfully calibrated at 

temperatures up to 350 °C, which will be presented in this contribution. Together with other 

upcoming tests such as neutron-irradiation testing, the calibrations and thermal tests build the 

basis for the selection of the most suitable sensors for ITER. 
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The Water Cooled Lithium Lead is a candidate breeding blanket concept for the-EU DEMO 

and a European Test Blanket Module that will be tested in the ITER reactor. It adopts 

pressurized sub-cooled water as coolant and lithium-lead eutectic alloy, as neutron multiplier, 

T breeder and carrier. Thus, a major safety issue for its design is the interaction between PbLi 

and water caused by a tube rupture in the breeding zone, the so-called in-box LOCA (Loss of 

Coolant Accident) scenario. This issue has been investigated in the framework of FP8 

EUROfusion Project Horizon 2020 defining a strategy for addressing and solving the WCLL 

in-box LOCA.  

The paper discusses the efforts pursued in the recent years to deal with this key safety issue, 

providing a general view of the approach, timeline and the research and development activities. 

These are conducted to master dominant phenomena and processes relevant to safety aspects in 

the postulated accident, to enhance the predictive capability and reliability of the selected 

numerical tools (i.e. SIMMER and RELAP5), to validate these computer models and codes, as 

well as to qualify the computer codes and the procedures for their applications, including the 

coupling. These activities are carried out using existing experimental programmes.  

The achievements reached during FP8 EUROfusion Horizon 2020 are the starting point of 

current R&D plan in the framework of FP9 EUROfusion Horizon Europe. LIFUS5/Mod4, a 

new Integral Test Facility (ITF), is designed and will be installed at ENEA CR Brasimone. It is 

representative of the WCLL TBM operative conditions with the twofold aim of investigating 

the phenomenology, the behavior and the response of WCLL TBM under in-box LOCA at 

system level and of reproducing and assessing the effectiveness of the safety functions and 

procedure implemented in such scenario.
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Under the European research program for a future fusion power-plant, the Helium Cooled 

Pebble Bed (HCPB) blanket concept is one of the European Demonstration Power Plant (EU 

DEMO) blanket concepts currently under development. At the present stage, the blanket 

concept employs helium as coolant, a mixed phase Li4SiO4 + Li2TiO3 pebble bed as tritium 

breeder material, Be12Ti as neutron multiplier material, and EUROFER97 as structural 

material. As part of the general strategy for the qualification of the DEMO design and its 

components, in view of licensing and operation, several experiments have been performed or 

are planned to be carried out in the HELOKA facility at KIT. 

In the past years, three Breeding Blanket First Wall experimental campaigns were completed 

in the HELOKA facility, two of them focusing on the qualification under high heat flux 

conditions of FW manufacturing aspects (Functional-Graded Tungsten-coated First Wall and 

ODS-First Wall experiments). The third experiment looked into the steep temperature rise of 

the blanket walls in case of a Loss Of Flow Accident event. A fourth experimental campaign, 

investigating the thermal-hydraulic behaviour of the new HCPB Pin-shaped Breeder-Unit 

concept, is currently looking into the cooling performances of a smooth surface pin-insert. It 

will be followed by several other experiments, currently under preparation, featuring pin-inserts 

with different surface roughness aiming at finding a design solution with optimal heat transfer 

performances.  

The present contribution will introduce the main results of the three First Wall experiments and 

discuss the more recent findings from the ongoing HCPB Breeder-Unit experiment. In addition 

to that, a brief overview of the objectives and the status of the preparation for the up-coming 

medium-scale First Wall experiments will be given.
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The European TBM (Test Blanket Module) program under development will test two 

alternative concepts for tritium generation and extraction in ITER a helium cooled /ceramic 

pebble breeder concept and a water cooled / lithium lead breeder concept. 

The first concept implements Lithium Orthosilicate Li4SiO4 or Metatitanate Li2TiO3 ceramic 

pebbles act as tritium breeding material, and Beryllium pebbles as neutron multiplier. A 

Reduced Activation Ferritic Martensitic steel, the EUROFER-97 (X10CrWVTa9-1), is used as 

structural material and pressurized Helium technology is implemented for efficient heat 

extraction (300-500°C, 8 MPa). 

The design of the TBM box involves challenges that must be tackled with a holistic approach 

that simultaneously takes into account a variety of aspects. The thermal performance and the 

structural integrity of the TBM under ITER working conditions, the convergence with 

manufacturing activities being developed in parallel and the high congestion in the reduced 

TBM volume, especially when considering instrumentation integration without affecting to 

much the tritium breeding capability, are some of these challenges. Developing advanced 

methodologies based on design by analysis to virtually test alternative design solutions in an 

agile manner and linked to the applicable nuclear design code (RCC-MRx) is also key to 

consolidate design choices and build a traceable evolution of the TBM design process where 

alternatives are tested, compared and either discarded or selected in a consistent and 

comprehensive framework. 

This paper presents an overview of the very significant progress achieved in the design of the 

helium cooled concept TBM over the last two years. This includes a significant change in the 

design of the back manifold area and the connection with the rest of the TBM-Set that solves 

long-standing historical problems inherited from pre-conceptual design stage. An update on the 

latest and most relevant methodological developments achieved is also provided.
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SPARC is a compact (Ro = 1.85 m, a = 0.57 m), high-magnetic-field (B0 = 12.2 T), 

superconducting, tritium-burning tokamak designed to produce a fusion gain (Q) exceeding 2. 

The working inventory of SPARC will be 10 g of tritium.  This device is under construction in 

Devens Massachusetts and is expected to be online by 2025. 

The SPARC tritium-handling infrastructure comprises five major systems: tokamak exhaust 

purification (TEP), isotope separation, trace tritium recovery (TTR), water treatment, and 

tritium storage and delivery.  An experimental station has been constructed to evaluate the 

performance of TEP. 

TEP’s function is to collect all gases leaving the SPARC torus.  These gases include hydrogen 

isotopes released during the regeneration of the divertor neutral cryopumps after a discharge, 

vacuum effluents produced while maintaining the torus at hard vacuum between discharges, 

and hydrogen collected during glow discharge cleaning operations of the torus wall.  All 

effluents are drawn from the torus by turbomolecular pumps and collected on cryosorption 

pumps. Non-condensable inert gases are drawn through the cryosorption pumps with an all 

metal backing pump and discharged to the TTR system.  Condensed gases are released from 

the cryosorption pumps and passed over a palladium/silver permeator to separate the 

hydrogenic species from residual inert gases and impurities. The impurities are decomposed 

over a nickel catalyst to release any bound tritium.  The hydrogenic species are directed to an 

isotope separator with all other inert gases and decomposition products being directed to TTR. 

Any residual tritium bound to these impurities are converted to tritiated water and non-tritium 

bearing compounds. 

This presentation will discuss the components of this system, how TEP interlinks with the other 

systems, and the performance of TEP’s key elements. 
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The First Wall is a crucial component for the realisation of DEMO. It has to protect the tritium 

breeding blanket from erosion by high-energy particles while letting neutrons pass to enable 

breeding of tritium fuel. Furthermore, the First Wall needs to pass incoming heat in the MW/m² 

range to a cooling system for conversion to electric power. These requirements sum up to one 

of the harshest environments imaginable for a man-made material. Structural steel components 

alone cannot withstand these conditions. Tungsten is a viable armour material for the First Wall 

because of its low sputtering yield, high melting point, low activation and good thermal 

conductivity. It is not suitable though as bulk structural material because of its brittleness. 

Instead, the DEMO design foresees a First Wall of reduced-activation EUROFER steel, covered 

with a protective layer of tungsten. Direct tungsten-steel joints suffer from failure during 

processing or operation because of a thermal expansion mismatch between the two materials. 

This is solved by application of a functionally graded material as intermediate layer between 

steel and tungsten. 

Such coatings made of both tungsten and EUROFER, with a compositional gradient, have been 

produced with vacuum plasma spray technology. This enables manufacturing of the required 

millimetre-thick coatings and is suitable for upscaling. The development was supported by 

thermo-mechanical finite element simulations of load scenarios during processing and in-vessel 

service. Driven by promising results of high heat flux tests on larger, coated mock-ups the 

technology was transferred to industry for upscaling. Plates with a record size of 500x250 mm² 

and cooling channels were successfully coated. 

This contribution presents an overview of the development process, covers the latest results of 

ongoing research on the coating of curved First Wall structures and addresses future 

requirements.
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The OLMAT (Optimization of Liquid Metal Advanced Targets, [1]) facility has recently 

completed the commissioning and start-up phases. OLMAT beam has achieved power densities 

of 5±1.5 to 56±15 MW/m², particle fluxes of 4-11·10²² 1/m²·s (only neutrals or with ~33% 

ions), 10-25 Pa pressure at target, and pulse duration of 30-150 ms. At lower (but DEMO-

relevant) powers, 20 MW/m², repetition rates up to 2 pulses/minute have been achieved.  

First results have been obtained for targets with an exposed circular area of 7 cm diameter made 

with different Sn wetted CPS. During the exposure the targets were visually monitored by a fast 

camera, which allows observing the surface changes, possible droplet ejection and/or vapor 

shielding effects from the targets. Infrared thermography and a calibrated pyrometer are used 

to measure the surface temperature during the exposure in different areas of the target and 

optical spectroscopy is used to observe the plasma that forms in front of the target. The effect 

of the used CPS in the observed surface inhomogeneity and drop ejection for increasing power 

densities and temperatures of the targets are addressed as well. 

Additionally, as Tungsten has been selected as the main Plasma Facing Material in DEMO, a 

comparison with HHF devices specialized in fatigue studies (JUDITH and GLADIS) has been 

made in order to assess the capabilities of OLMAT. ITER-grade W square samples (1x1 cm 

exposed area) with transversal grains have been exposed at OLMAT at 10-20 MW/m² and 500-

800 pulses. The same type of samples have been thoughtfully studied at JUDITH [2]. To 

compare the different conditions of the HHF devices the Heat Flux Factor (FHF) has been used, 

as it has shown to be a device-independent parameter. Surface damage of the W samples will 

be shown in dependence of FHF, and then compared to JUDITH and GLADIS. 
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The Work Package Divertor (WPDIV) of EUROfusion Consortium was an integrated 

multidisciplinary engineering project committed to the development of the divertor for the 

European demonstration fusion reactor (EU-DEMO). After seven years of efforts in the first 

funding period (Horizon 2020), WPDIV has concluded its preconceptual design and technology 

R&D activities. A baseline design concept was identified based on load specifications, 

extensive multi-physics analyses, code-based failure criteria and experimental verifications. 

The baseline design was endorsed by the external review panel and validated for the 

forthcoming conceptual design phase by the Gate review panel. As final deliverables, design 

definition dossier (DDD) and justification dossier (JD) were produced.  

DDD contains detailed CAD models and technical drawings of the baseline design together 

with a bill of materials specified for each constituent of the system. In addition, DDD specifies 

the loads expected for normal and off-normal operation scenarios. JD provides comprehensive 

justifications and rationales supporting the baseline design. They are based on various multi-

physics analyses such as neutronics, thermal hydraulics, electromagnetics, solid mechanics and 

dynamic structural mechanics. Furthermore, JD provides extensive experimental verifications 

of the technologies that were proposed for the high-heat-flux (HHF) targets, corrosion 

protection coatings and target cooling circuits.  

In this contribution, a comprehensive overview is presented of the latest baseline design concept 

and the adopted technology options based on the DDD and JD. Rationales and key design 

features are explained highlighting the critical challenges and open issues. Selected results from 

the computational and experimental studies are presented which delivered valuable predictions 

and exclusive insight on the potential performance of the divertor in terms of power exhaust, 

nuclear shielding and gas pumping in an actual DEMO operation environment. This 

contribution will be a final report to the community on the major achievement of WPDIV and 

its prospect towards the conceptual design phase.
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In the DEMO fusion reactor, in-vessel components will be subjected to very high thermo 

mechanical steady and cyclic loads. A design check that is required by the RCC-MRx code 

used for nuclear installations and fusion reactors is a creep-fatigue check. The fatigue damage 

is caused by the pulsed operation of the fusion reactor while creep damage occurs during the 

hold time of loads at elevated temperatures. The temperature of the main divertor components 

is kept below that which causes creep by using cooling fluid that flows through channels 

fabricated within the components themselves. Other components such as the shielding liner and 

reflector plate supports on the divertor cassette cannot be cooled as such and so their 

temperature can rise high enough so that they sustain creep damage. It is a well-known 

phenomenon that in the presence of creep, the fatigue life of a component is reduced. In this 

work, a creep fatigue assessment of a representative simple geometry is carried out. The 

representative geometry is that of a short pipe under the action of steady and fluctuating loads 

similar to those seen by DEMO in-vessel components while in service. The pipe example creep 

fatigue results are used as a benchmark and compared with those obtained using the creep 

fatigue (CF) assessment tool developed at KIT (Karlsruhe Institute of Technology) within 

EDDI (Engineering Data & Design Integration framework). Similarly, the supports of the 

shielding liner and the supports of the reflector plates of the divertor are analysed with respect 

to creep fatigue failure and results compared with those obtained using the KIT CF assessment 

tool. Methodologies used for creep fatigue assessments within RCC-MRx will be presented and 

explained and all the results discussed. The work should lead towards creep fatigue assessments 

of DEMO divertor components currently being developed. 
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The lifetime of plasma-facing materials and components is of vital importance in order to 

realize a commercially feasible fusion reactor. During the service life, these components are 

exposed to cyclic steady state and transient thermal loads. The first causes thermal fatigue and 

potentially detachment between the plasma facing material tungsten and the structural Cu-based 

materials (divertor) and steel (First Wall). The latter causes surface roughening, cracking or 

even melting that could drastically increase the erosion rate. 

Employing thin flexible W wires (Ww) with a diameter of few hundred µm can reduce these 

types of stresses and we demonstrated their crack resilience against transient loads within first 

proof of principle studies [1]. Here, status and future paths towards large-scale production of 

such Ww assemblies, including techniques for realizing feasible joints with Cu, steel or W, are 

presented. These material combinations are required depending on the envisioned field of 

application, e.g. as armour at the divertor or First Wall, or as a joining interlayer. 

Using wire-based laser metal deposition, we were able to realize a homogeneous and shallow 

infiltration of about 200 µm of the Ww with steel. A high heat flux test on such a micro-brush 

(10 × 10 × 5 mm³ Ww on a ~ 0.5 mm thick steel layer) using 5 MW/m² for 2000 cycles was 

performed without loss of any wire. Microstructural examination after and IR analysis during 

the test showed no significant signs of degradation of the joint. 
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Safe use of rolled tungsten as armor of plasma-facing components in future fusion reactors 

requires their deformation-induced microstructure remaining stable during operation. At the 

high operation temperatures of a divertor, restoration processes as recovery, recrystallization 

and grain growth will occur unavoidably embrittling ductile tungsten achieved by rolling. For 

qualification as base line material for DEMO, three pure tungsten plates manufactured by 

A.L.M.T in different manner are characterized. Hardness testing after isochronal annealing in 

the temperature range from 1125 °C to 1250 °C close to the expected divertor operation 

temperatures is utilized to investigate their thermal stability. The recrystallization kinetics of 

the different plates (and different regions within them) is analyzed thoroughly to allow 

extrapolation outside the investigated temperature range to even lower temperatures. 

Significant differences between the recrystallization behavior of the three tungsten plates 

originate from the initial microstructure established by warm-rolling in different manner (uni-

directional rolling and cross rolling with different cross-rolling ratio). While two of the plates 

showed homogeneous microstructures throughout the thickness, pronounced local differences 

in their recrystallization kinetics are resolved with the core of the plates recrystallizing ahead 

of the regions in contact with the rolls during the rolling process. On the other hand, the cross-

rolled plate with pronounced microstructural heterogeneity through the plate thickness exhibits 

the best thermal stability without any significant differences in the local recrystallization 

kinetics. The thermal stability of all three investigated plates is inferior to other warm-rolled 

tungsten plates. Where the two former plates may survive operation for two full power years 

only at temperatures less than 1000 °C, the later plate could sustain 1050 °C for that time period 

before half of the volume is recrystallized.
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The Heating by Induction to Verify Extremes (HIVE) testing facility at the UK Atomic Energy 

Authority is a high heat flux experiment used to research and develop plasma-facing 

components for fusion devices, and especially those in the divertor. Induction heating delivers 

up to 20 MW/m2 of surface power to a component while high-pressure coolant passes through 

it. Experimental data for the tested component is collected via a handful of thermocouple 

sensors. If the thermocouples are placed on the component surface its internal temperature is 

estimated through interpolation, while if they are placed at artificially machined holes in the 

component the true temperature distribution is augmented by the thermal barrier introduced by 

the holes.   

Simulation data for a component is efficiently generated using the fully automated & 

parallelised package VirtualLab, which has been developed by the authors. Using this data, a 

Gaussian Process Regression (GPR) model is created which maps experimental parameters to 

thermocouple temperatures. Using an inverse modelling framework developed within 

VirtualLab, the experimental parameters which generate the thermocouple temperatures 

measured by HIVE are identified using the GPR model. A simulation is then performed using 

the inversely informed experimental parameters as inputs, producing a volumetric heating 

profile for the component with temperatures at the thermocouple locations matching those 

measured by HIVE. To ensure the volumetric heating profile is as accurate as possible the 

thermocouple locations are optimised using a gradient free optimisation algorithm. The 

locations of the thermocouples are chosen to ensure maximum certainty of the inversely 

informed experimental parameters.  

By coupling simulation with machine learning, sparse experimental data from discrete points 

is enriched into a volumetric temperature and stress profile, providing significantly greater 

knowledge of the component and its suitability for the divertor.
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COMPASS Upgrade (COMPASS-U) is a new medium-size, high field tokamak (R = 0.9 m, a 

= 0.27 m, Bt = 5 T, Ip = 2 MA) with metallic plasma-facing components which is under design 

in the Czech Republic [1]. 

The inner wall, where the plasma discharges will be started and shut down, is covered by a 

continuous first wall composed of 8 bulk tungsten guard limiters with recessed Inconel tiles in 

between. In diverted configurations, the plasma will be limited for a short duration (~0.2s-0.4s) 

during the plasma current ramp-up and ramp-down phases and high heat fluxes due to short 

power decay lengths are foreseen. An adapted shaping is therefore needed to spread the heat 

loads over a maximum area. This shaping also needs to take into account possible short wave 

misalignments. 

This contribution presents a novel method for designing the front face shape of the COMPASS-

U inner wall tiles to ensure a uniformly distributed heat flux in the toroidal direction for most 

scenarios accounting for the expected presence of the near-SOL feature (lqnear-SOL) [2]. This 

method takes into account the different magnetic equilibria, lqnear-SOL, lqfar-SOL and 

incident angle of the field lines. Calculations with the 3D magnetic field line tracing code 

PFCFlux [3] validate the design, with almost constant toroidal profiles of the deposited heat 

flux for the main foreseen scenarios within the expected large range of narrow power decay 

lengths (1.7mm<lqnear-SOL<5mm). Calculated heat fluxes are in the range of 5MW/m2 to 

35MW/m2 on the 8 guard limiters, receiving 70%-80% of the deposited power. In case of 

shortwave misalignments up to 0.5 mm in the radial direction, calculations show that leading 

edges are protected, confirming the robustness of the design. 
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In SPIDER the beam source is fully installed within a vacuum vessel and operated in the 

residual gas pressure, including 8 radiofrequency (RF) Inductively Coupled Plasma drivers 

each fed with a power up to 100 kW, their matching networks, and the set of grids to extract 

and accelerate the negative ions at 100 keV. 

SPIDER power supply system and the beam source were designed taking into account normal 

and anomalous operation, with the support of simulation tools and benefiting from the 

experimental results obtained with the most significant devices. Nevertheless, the need to 

satisfy the specific ITER requirements and the relevant complexity of the circuits led to explore 

novel conditions and encounter electrical issues during the SPIDER experimental campaigns, 

not easily predictable. 

One of the main issues encountered was the presence of RF discharges in the vacuum outside 

the ion source, limiting the operating pressure range and causing pulse interruption and source 

damages. 

The self-excited RF oscillators showed frequency instabilities intrinsic limits of the application 

of this technology to the resonant loads of Neutral Beam Injectors, assessing the technical basis 

for the final decision to replace the RF generators in SPIDER and MITICA and change the 

current ITER baseline to solid-state amplifier technology. 

Other issues faced were regarding the limitation in the operational space to be mitigated, the 

revision of the configuration of the magnetic filter field layout to avoid plasma quench, the 

effect of the mutual coupling between the RF circuits on board the source, various 

electromagnetic compatibility problems requiring significant effort to be well understood. 

The paper will describe the studies leading to the comprehension of the problems, the 

identification of solutions to mitigate them, and will discuss the effectiveness of provisions 

already applied and the actions in progress for those to be implemented during the current 

shutdown.
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The construction of JT-60SA (R = 3 m, a = 1.2 m), which is nearly half size of ITER was 

completed in March 2020 and the pump-down of the cryostat and vacuum vessel and the cool-

down of the coils were subsequently carried out as a part of the integrated commissioning (IC). 

The coil energization tests were started from January 2021 after reaching the superconducting 

state of the coils and the TF coil current successfully reached 25.7kA, which was the nominal 

operating current of the TF magnet generating toroidal field of 2.25 T. 82 GHz ECRF power 

was injected into the vacuum vessel pre-filled with He gas at BT = 2.25 T and an ECR plasma 

was produced successfully. The integrated commissioning was, however, suspended due to a 

short circuit on one of the feeders for superconducting Equilibrium Field (EF) coils. Insufficient 

voltage holding capability at the terminal joints close to the coil allowed a small arc leaded to 

helium leakage.  

The root cause was investigated and measures to recover and prevent recurrence of the incident 

were considered. Consequently, it has been determined that all of the coil feeders should be 

repaired or reinforced to obtain their performance of Paschen tightness. For instance, insulation 

of both EF and Center Solenoid (SC) coil terminal and feeder joints are removed and they are 

covered by new insulation and the additional insulation tapes are wrapped onto TF coil terminal 

joints for their insulation reinforcement. After the repair or reinforcement, the local Paschen 

test is being implemented. The repair of EF and CS feeder and terminal joints have been almost 

completed and their Paschen tightness have been confirmed. The progress of TF terminal joints 

reinforcement is 30% as of early March and their Paschen tightness was also confirmed. 

In this paper, technical challenge for the repair or reinforcement of the coil feeders, the 

instrument cables and High Temperature Superconductor (HTS) current leads toward the restart 

of IC are mainly described as lesson learned from the experience of JT-60SA operation and 

commissioning, which is also highly beneficial to the ITER Project. The status of the restart of 

IC and machine enhancement will also be presented.
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This paper presents the design of the coil power supply system to provide a pulsed current of 

the 16 kA to several coils within the DIII-D Tokamak. The Coil power supply system consist 

of 6 power supply modules and a master module controller. Each power supply module would 

be designed to produce ±450VDC and ±2.66kA (nominal) in all 4 quadrants, and single-pole 

frequency doubling PWM modulation technology and 12 times carrier phase shifting PWM 

technology was adopted to satisfy the fast response and low ripple content of the power system. 

Meanwhile, the mathematical model of the power system was established to analyze the 

dynamic relationship between the system output variables and input variables, the output 

function was optimized by compensation circuit to increase the stability of the system. At last, 

the simulation and theoretical analysis had been completed to verify the stability and fast 

response of the coil power supply system.
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Performance of the ReBCO ASTRA conductor prototypes for DEMO CS 

Nikolay Bykovskiy, Hugo Bajas, Pierluigi Bruzzone, Kamil Sedlak 
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PSI, Switzerland 

 

A novel high-current conductor layout based on Aligned Stacks Transposed in Roebel 

Arrangement (ASTRA) is proposed at the EPFL Swiss Plasma Center (SPC) for the application 

in the EU DEMO Central Solenoid designed for a fast transient operation at 5 K and up to 18 

T peak magnetic field. It is essentially made of indirectly cooled strands sandwiched between 

copper plates and transversely pre-compressed by steel jacket. The cable space is impregnated 

by aqueous glycerol in order to prevent excessive mechanical strain exerted on ReBCO tape 

during the conductor operation. Design of the two conductors, each containing six 2.6-m long 

ReBCO strands, is completed and their construction is on-going. The twelve strands made of 

21-tape stack soldered in a copper profile are preliminary tested at 77 K in self-field, obtaining 

an average critical current of 1.5 kA and n-value in the range of 24 to 27. The performance 

demonstration is planned for mid-2022 in the SULTAN test facility at SPC aiming at 80 kA 

operating current in 10.9 T background magnetic field oriented along the tape width as well as 

30 kA operation in the magnetic field oriented perpendicularly. In terms of electromagnetic 

transverse loading, the two test conditions are nearly equivalent to the DEMO CS operation in 

the central and outermost coil modules, respectively. Design of the samples, construction 

experience and test results including DC, AC and cyclic load characterizations will be presented 

in this work. 
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Next generation fusion research devices such as DONES require specialized µloss monitors for 

beam diagnostics. These monitors must operate reliably in a harsh radiation environment, large 

magnetic fields, and cryogenic temperatures. To gauge the reliability of diamond based µLoss 

monitors, the response of a diamond detector to different MeV energy ions was studied down 

to 47 K. 

The charge collection efficiency (CCE) in electronic grade, single crystal chemical vapor 

deposition (scCVD) diamond detector was evaluated using the ion beam induced charge (IBIC) 

technique, with 0.8 MeV H⁺, 3 MeV He²⁺, 5.6 MeV Li²⁺, and 12.8 MeV C⁴⁺ ion beams. The 

total accumulated charge as a function of temperature was extracted from the measured pulse 

height spectra. A similar decreasing trend of the detector CCE with temperature was observed 

for all ion species. A plateau was observed from room temperature to 145 K followed by a 

sharp, step like, decrease in the temperature range of 65 K < T < 145 K. Below 65 K, the CCE 

reaches another plateau with small variations down to 47 K. The decrease in collected charge 

was observed in the same temperature window for each ion. However, the level of the CCE 

decrease varied for the different ion species. For He, Li and C, the CCE decreased to 21 ± 1.7 

%, 22 ± 2.9 %, 24 ± 2.0 % respectively while 37 ± 1.5 % for H. The reduction of the CCE is in 

agreement with earlier reported results obtained by alpha particles which was associated with 

the changes in lifetime of excitons in diamond.
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The Vacuum Vessel (VV) structural integrity of ITER (International Thermonuclear 

Experimental Reactor) must be assured against postulated Loss Of Coolant Accident (LOCA) 

from the in-vessel components or Loss Of Vacuum Accident (LOVA) events. The VV normally 

operates at extremely low pressure conditions (vacuum) due to plasma operations. In case of 

accidental event, its maximum internal pressure must be limited to 0.15 MPa absolute. The 

relevant safety system that protects the VV from over pressurization is the Vacuum Vessel 

Pressure Suppression System (VVPSS). Its main components are four Vacuum Suppression 

Tanks (VSTs) maintained at a sub-atmospheric value of pressure which is determined by the 

saturation temperature of the water they contain. During a LOCA/LOVA postulated event, the 

burst of rupture disks allows to convey the steam probably mixed with non-condensable gases 

from the VV in the VSTs. The low pressure inside the VSTs (not exceeding 10 kPa for a water 

temperature of 30 °C) is used to permit the flux from the VV to the suppression tank. The 

pressure suppression occurs by means of the Direct Contact Condensation (DCC) of steam in a 

subcooled water pool at sub-atmospheric pressure conditions. During the DCC, pressure 

transients develop and therefore dynamic loads are applied at the surrounding structures. 

Depending on the frequencies of such pressure transients, structural integrity of the involved 

components can be endangered. In the context of experimental campaigns aimed at validating 

the correct operation of the VVPSS and conducted in two experimental rigs (a small-scale one 

and a large-scale one) at the University of Pisa, frequency and intensity of accelerations on 

components have been recorded. The pressure transients (intensity and frequency) mainly 

depend on the condensation regimes which in turn depend on water temperature, steam mass 

flow rate and downstream pressure.
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Tritium permeation barrier has been investigated using ceramic coatings for nearly a half 

century to ensure fuel efficiency and radiological safety in fusion reactor blankets. Further 

progress of the coating development has been achieved toward the practical application to the 

blankets including elucidation of irradiation and corrosion behaviors for these 15 years in 

particular. One of the remaining issues in liquid blanket concepts is to understand 

corrosion/erosion behaviors of the coatings under flowing liquid tritium breeders such as 

lithium-lead. In this study, flow effects on lithium-lead corrosion behavior for single-layer and 

multi-layer ceramic coatings have been investigated through liquid lithium-lead exposure tests 

under flowing conditions. 

Single-layer coatings using zirconium oxide and multi-layer coatings using zirconium oxide 

and erbium oxide were fabricated on reduced activation ferritic/martensitic steel F82H plate 

and columnar substrates by metal organic decomposition with the total thickness of 200‒350 

nm. Lithium-lead exposure tests under flowing conditions for the plate samples were carried 

out using a rotating impeller in lithium-lead with a relative flowing rate of roughly 6 cm/s. The 

columnar samples were exposed to flowing lithium-lead in a forced-convection loop PICOLO 

with a flow rate of 3‒10 cm/s. The exposure tests were conducted for 100‒2000 h at 550 °C. 

After exposure for 100 h, the thickness of all the coatings on the plate substrates increased by 

a factor of 1.4‒2.0 due to the formation of a corrosion product layer. After 500-h exposure, the 

rate of thickness increase was smaller than that after 100-h exposure, indicating a loss of 

thickness in the corrosion layer by lithium-lead flow. Besides, the coating surfaces showed 

cracks and bulges consisting of iron oxide, which would cause degradation of the coatings. In 

the presentation, the results of the 2000-h exposure test for columnar samples will be discussed.
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An innovative recycling process of breeding functional materials for fusion 

application 
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A demonstration (DEMO) fusion reactor requires a huge amount of advanced breeding 

functional materials (BFMs). Regarding a pebble mixture packing concept for JA DEMO 

blanket, beryllides 2 mm-pebbles with approximately 500 tons and Li₂TiO₃ 0.2 mm-pebbles 

with approximately 300 tons are loaded to approach the highest packing fraction with 80 %. 

Both materials, beryllium and 6-lithium are strategic substances and considerably costly. In 

addition, a lot of beryllium and 6-lithium in spent BFMs will remain at the replacement of 

blankets. 

The authors’ group has developed an innovative refinement process of Be from ores, which was 

successfully established by treatment combined with microwave heating and chemical reaction. 

It was clearly proved that the process has advantages with a higher energy-saving, safer and 

more simplified process than the conventional process. This novel process is expected for not 

only refinement but also recycling technology.  

The conventional refinement process for beryllium has huge issues such as high-temperatures 

treatment of approximately 2,000 °C and complicated processes including powdery beryllium 

handling with a high risk for safety. Since beryllide as intermetallic compounds and Li₂TiO₃ as 

ceramics have high stability at high temperatures, these materials should be treated using high 

energy for recycling. Owing to these reasons, the innovative refinement process should be 

established for the stable securing of resources as well as the recycling of spent BFMs, and 

these are indispensable for an early realization of fusion reactors. 

In this study, recycling processes for beryllide and Li₂TiO₃ pebbles were suggested using 

microwave heating and chemical reaction. Depending on dissolution conditions, dissolution 

ratios of materials under specific solutions were investigated at different temperature and time 

conditions and finally, the activation energy was evaluated. Furthermore, these materials’ 

dissolution and separation process will be introduced and reported focusing on recycling the 

spent materials.
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The EU has conducted the Pre-Conceptual Design Phase (PCDR) of the DEMOnstration reactor 

during 2014-2020 in the frame of the EUROfusion consortium. The current strategy of DEMO 

foresees to bridge the breeding blanket (BB) technology gaps between ITER and a commercial 

fusion power plant (FPP) by playing the role of a "Component Test Facility" for the BB. Within 

this strategy, a so-called driver blanket, with nearly full in-vessel surface coverage, will aim at 

achieving high-level stakeholder requirements of tritium self-sufficiency and power extraction 

for net electricity production with rather conventional technology and/or operational 

parameters, while an advanced blanket (or several of them) will aim at demonstrating, with 

limited coverage, features that are deemed necessary for a commercial FPP. Currently, two 

driver blanket candidates are being investigated for the EU DEMO, namely the Water Cooled 

Lithium Lead and the Helium Cooled Pebble Bed breeding blanket concepts. The PCDR has 

been characterized not only for the detailed design of the BB systems themselves, but their 

holistic integration in DEMO, prioritizing near-term solutions, in accordance with the idea of a 

driver blanket. 

This paper summarizes the status for both BB driver blanket candidates as of the end of PCDP, 

including their corresponding Tritium Extraction and Removal (TER) systems, underlining the 

main achievements and lessons learned, exposing outstanding key system design and R&D 

challenges and presenting identified opportunities to address those risks during the CDP that 

started in 2021.
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Beryllide blocks are essential components of the new Helium-cooled Pebble-Bed (HCPB) 

blanket design concept. These blocks are designed to multiply and moderate neutrons required 

to produce tritium in lithium-ceramic pebbles. In this application, the blocks replaced the 

previously proposed 1 mm beryllium pebbles due to significantly less swelling and retention of 

less tritium in beryllides at expected operating temperatures under strong neutron irradiation. 

Titanium and chromium beryllides (TiBe12 and CrBe12) are considered as reference materials 

for the production of such blocks. Despite their natural brittleness and extremely high hardness, 

both materials have been repeatedly produced in a series of full-sized blocks in industrial 

conditions. Microstructural studies have shown a high density and homogeneity of the obtained 

materials. TiBe12 and CrBe12 differ significantly in grain size and ability to deformation 

twinning during vacuum hot pressing. In addition, traces of beryllium and beryllium oxide were 

found in both beryllide structures. Both materials showed very high strength in compression 

tests. In terms of specific compressive strength, the resulting beryllides surpass all materials, 

except for diamond, in the temperature range 700–1000°C. Titanium beryllide has a high 

flexural strength, which turned out to be higher than that of most ceramics and intermetallic 

compounds. The estimated brittle-ductile transition temperature is about 800–1000°C, above 

which both beryllides can be plastically deformed. Long-term thermal cycling tests with rapid 

heating up to 950°C and cooling, simulating operation in a fusion reactor, have shown the high 

resistance of beryllides to thermal shocks. Corrosion tests revealed a high inertness of beryllides 

with respect to air and water vapor. The results obtained are supported by extensive 

microstructural investigations.
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Tritium is one of the main radioactive sources in the nuclear buildings of DEMO plant site such 

as tokamak, fuel cycle, active maintenance, and rad waste. In these, an effective tritium 

confinement strategy needs to be defined to confine hazards and minimise tritium release. Based 

on the experience of other tritium handling facilities, it can be expected that tritium confinement 

will be achieved using sequential barriers, while for the minimization of tritium release a crucial 

role is performed by the Exhaust Detritiation System (EDS). 

Main duty of the EDS is to trap any tritium from exhaust process gases and potentially 

contaminated air, in both gas and water vapor form. As in ITER, also in DEMO the EDS is 

divided into several sub-systems for handling inputs with different characteristics and 

detritiation requirements. Up to now only a rough estimation of EDS inputs is available, among 

these the major contribution is represented by the HVAC (heating, vent and air conditioning) 

of the nuclear buildings.  

The aim of this work is to give a more precise estimation of the DEMO EDS input coming from 

the HVAC operation. To do so, the activities on tritium confinement strategy are revised and 

implemented. Since the EDS operating principle is based on the conversion of tritium into 

tritiated water, being this the only viable and effective route for processing very large tritiated 

gas stream, it results that the outcomes of this work are relevant for the design of some of the 

main systems of DEMO fuel cycle such as EDS, WDS and Isotope Separation System (ISS).
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The ENEA Brasimone Research Center is supporting a research activity, in the frame of the 

EUROfusion consortium, to design and realize an experimental infrastructure called W-

HYDRA dedicated to the investigation of the water and lithium-lead technologies applied to 

the DEMO Breeding Blanket (BB) and Balance of Plant (BoP) systems. 

A high mass flow branch of the W-HYDRA infrastructure is a water loop facility dedicated to 

the experimental investigation of the DEMO Water Cooled Lead Lithium (WCLL) BB 

components and BoP Steam Generator. One of the objectives of the water loop facility is 

hosting different BB mock-ups to experimentally assess both their behaviour and design. To 

this purpose, the high mass flow branch of W-HYDRA will host a test section devoted to 

experimentally assess the hydraulic behaviour of the WCLL manifold system. 

About the WCLL BB manifold systems, the current in-Vacuum Vessel coolant systems consists 

of inlet and outlet feeding pipes, as well as the manifolds. The formers are in charge of either 

routing the cold coolant to the different BB segments (inlet pipes) or collecting the hot water to 

the steam generator (outlet pipes). The latter are devoted to distribute the water coolant to the 

different channels and tubes inside the blanket and finally recollect it.  

The present paper aims at presenting the main objectives of the experimental campaign on the 

manifold test section that led the design criteria adopted for the component. A general 

description of the test section is given and the scaling rationale from the real scale component 

is discussed. A detailed description of the instrumentation foreseen is presented, together with 

the illustration of a preliminary experimental test matrix. Additionally, the design analytical 

calculations are presented, followed by CFD numerical results for the hydraulic optimization 

of the water flow inside the test section. 
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The Disruption Mitigation System (DMS) is an essential plant system of ITER to reduce the 

deleterious effects of a disruption on in-vessel components. The design of the ITER DMS is 

based on shattered pellet injection (SPI) technology. This technique works by forming large 

cryogenic pellets of up to 28mm in diameter and firing them at high speeds towards a shattering 

section, where they fracture into showers of small fragments and sprayed into the plasma to 

provide high mass assimilation in the plasma as needed for the mitigation process. While the 

capability of SPI to meet the mitigation requirements is explored in experiments and modelling, 

also the technology itself needs further development to fulfil the requirements for a suitable and 

reliable system, while being compatible with the harsh environment in ITER. The ITER DMS 

task force has launched a substantial technology program addressing the key challenges such 

as: the desublimation of protium which requires careful design and operating conditions, such 

as the thermal environment, the mass flow and the barrel pressure, due to its low thermal 

conductivity; the design of a pellet launching unit allowing the pellet release and acceleration 

with minimum jitter and avoidance of pellet breakage; the assessment and the reduction of 

residual propellant gas flow towards the plasma to avoid the initiation of the disruption prior to 

the arrival of the fragments; the development of an optical diagnostic to assess pellet velocity 

and integrity while withstanding the neutron bombardment during fusion power operation; the 

optimisation of the shattering unit design through experiments and modelling taking into 

account the fragment size needs and space restrictions. This paper will describe the ITER DMS 

design and summarise the DMS task force activities to validate its technological concepts. 

The ITER DMS Task Force receives funding through the ITER Organization. The views and 

opinions expressed herein do not necessarily reflect those of the ITER Organization.
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The melt-based KALOS process, used for the production of advanced ceramic breeder (ACB) 

pebbles composed of Li4SiO4 and Li2TiO3, recently underwent a significant upscaling. This 

included an increase in the process capacity, as well as the installation of advanced 

instrumentation and an updated control system. As ACB pebbles are regarded as the reference 

breeder for the EU breeder blanket for ITER, it is essential that the process can provide the 

necessary amount of pebbles with the required properties. 

The generation of droplets and the solidification to pebbles are the decisive steps determining 

the size distribution and the properties of the pebbles in the melt-based process. With regard to 

the generation of droplets, it was important to make sure that the previously determined 

optimum operating pressure and driving frequency were also suitable for forming a stable jet 

with a controlled break-up in the new process set-up. As part of the upscaling, a new cooling 

tower was also erected with an increased height and four individually controllable cooling 

segments. The distribution and intensity of the liquid nitrogen cooling can affect both the 

process yield and the mechanical properties of the pebbles. On the one hand, by solidifying the 

droplets earlier, it is possible to minimise the agglomerations of droplets, which result in the 

formation of oversized pebbles. On the other hand, excessive cooling will result in a thermal 

shock, known to be detrimental to the mechanical strength of the pebbles due to an increase in 

defects such as cracks. 

The equipment of the upgraded process has successfully been tested and optimum settings have 

been determined for the jet formation and solidification of the droplets in the cooling tower. 

The effects of the process parameters and the cooling settings on the pebble size distribution 

and material properties will be presented.
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The current European Framework Program to support the DEMO project (FP9) has the goal to 

perform the Conceptual Design of the DEMO baseline selected in the Gate Review G1 among 

the options studied during the previous FP8. For DEMO-HCPB, the variant featuring an IHTS 

to decouple the plasma intermittent heat source from the PCS (the so-called Indirect Coupling 

Design, ICD) was selected as the most promising variant investigated so far. Thus, the tasks 

foreseen for this period (2021-2027) are three-fold: i) to solve issues encountered in FP8 and 

continue with the conceptual design development; ii) to evaluate the maturation of industrial 

components for the feasibility assessment of the DEMO-HCPB-ICD-BOP, and iii) to validate 

experimentally this selected variant. 

As for task (i), a deeper analysis of the HCPB-ICD-BOP is being performed seeking to further 

optimize the BOP architecture to allow operations according to the DEMO Energy Map 2021 

data and to answer to integration aspects regarding VV-PHTS HX. The design development 

includes also the plant control system to be conceived according to the DEMO plasma states 

and their operational requirements. As for tasks (ii) a close contact with the industry is pursued 

in order to select the most suited technology for the various HCPB-BOP-ICD components, such 

as the He compressor, the He-Molten Salt HX as well as Molten Salt Steam Generator coupling 

IHTS to PCS. Finally, regarding tasks (iii) the experimental demonstration of the HCPB-ICD-

BOP will be achieved thanks to the HELOKA-US project, representing a mock-up of the 

DEMO PHTS and IHTS. This facility will provide insights to the real operation of a He-MS-

HX, as well as to a scaled He compressor with similar characteristics to that dedicated for the 

DEMO-HCPB-BB-PHTS. 

This paper will describe in detail the R&D activities launched so far and the plans foreseen for 

the coming years.
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I. Fuel Cycle and Breeding Blankets 

Hydrogen adsorption and desorption performance of a large-scale 

cryogenic molecular sieve bed for blanket tritium extraction circuit 

Mu-Young Ahn, Soon Chang Park, Seok-Kwon Son, Yonghee Lee, Seungyon Cho, Yi-Hyun 

Park, Youngmin Lee 

Korea Institute of Fusion Energy, South Korea 

 

To effectively recover tritium from breeding blankets, various processes have been suggested 

for the blanket tritium extraction circuit. Among them, cryogenic adsorption is regarded as a 

candidate due to its high hydrogen adsorption performance in low hydrogen and high helium 

concentration environment as envisaged in purge gas for breeding blankets. For this process to 

be viable for the fusion application, however, performance with reasonable regeneration time 

needs to be demonstrated on a relevant-size bed. In this paper, hydrogen adsorption and 

desorption behavior is studied using a cryogenic molecular sieve bed containing 50.7 kg of 

zeolite 5A, applying three sets of adsorption and desorption. The experiment was conducted 

with full adsorption followed by desorption with different regeneration conditions in order to 

investigate operability of the large cryogenic bed. The experimental results show that the 

adsorption performance is consistent with the previous study carried out by the authors and that 

the desorption can be performed within three days, regeneration for two and a half days and 

preparation of the next adsorption for a half days, after the full adsorption. Further study is 

expected to be performed to establish operational requirements and scenarios for transition 

between adsorption and desorption. 
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J. Materials Technology 

A unified European strategic research agenda for nuclear materials 

Lorenzo Malerba 

CIEMAT, Spain 

 

Nuclear energy is presently the single major low-carbon electricity source in Europe and is 

overall expected to maintain (perhaps eventually even increase) its current installed power. 

Long-term operation (LTO) is a reality in essentially all nuclear European countries, even when 

planning to phase out. Moreover, several European countries, including non-nuclear or phasing 

out ones, have interests in next generation nuclear systems, while essentially all countries are 

contributing to the development of fusion energy. Materials and material science play in this 

framework a crucial role towards increasingly more safe, efficient, economical and overall more 

sustainable nuclear energy. This paper proposes a research agenda that combines modern digital 

technologies with materials science practices to pursue a change of paradigm that promotes 

innovation, equally serving all different nuclear energy interests and positions throughout 

Europe, by being beneficial for fission, fusion and also non-nuclear energy technology. The 

paper overviews structural and fuel materials used in current generation reactors, as well as the 

wider spectrum of them for next generation reactors, including fusion, summarizing the relevant 

issues and highlighting those that are cross-cutting between fusion and fission, as well as, in 

some cases, nuclear and non-nuclear energy. Next it describes the materials science approaches 

that are common to all nuclear materials, identifying for each of them a research agenda goal. 

It is concluded that among these goals are the development of structured materials qualification 

test-beds and materials acceleration platforms (MAPs) for materials that operate under harsh 

conditions. Another goal is the development of multi-parameter-based approaches for materials 

health monitoring, based on different non-destructive examination and testing (NDE&T) 

techniques. Hybrid models that suitably combine physics-based and data-driven approaches can 

valuably support these developments, together with the creation and population of a centralised, 

“smart” database for nuclear materials.
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Compatibility between different reduced activation ODS-EUROFER steels 

and PbLi for de WCLL concept 
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² Universidad Carlos III de Madrid, Dpto. de Física, Avda. de la Universidad 30, Leganés 28911, 
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The aim of this work is to study the compatibility between stagnant Pb(83)-Li(17) and different 

RAFM EUROFER ODS-steels reinforced by a fine dispersion of nanometric yttrium oxide. 

The materials contained 14% of Cr and variable amounts of Titanium. Such materials were 

produced by a powder metallurgy route and subsequent thermomechanical processing 

treatments.  

The ODS-EUROFER specimens were exposed to stagnant Pb-Li at 600 °C for increasing times 

of 336, 672 and 1344 hours that are relevant conditions for the WCLL concept. The experiments 

were carried out under in argon atmosphere. This study includes the performance comparison 

of the European reference RAFM (EUROFER III) with a version of EUROFER-ODS in which 

the microstructure was modified by forging. The characterization after the corrosion tests was 

carried out using advanced analytical techniques such as SEM-EDX y confocal microscopy. 

Secondary Ion Mass Spectrometry (SIMS) was used to evaluate the diffusion of lithium within 

the different materials.  

It was not possible to find a great degradation for the times studied, although the inclusion of 

lithium in the matrix was detected, which increased as a function of the test time. Of all of the 

materials, the forged EUROFER-ODS stands out above the rest.
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On the feasibility to obtain CuCrZr alloys with outstanding thermal and 

mechanical properties by additive manufacturing 
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CuCrZr alloy combines high thermal conductivity and mechanical strength together with 

stability at high temperature, which makes it a promising heat sink material for the DEMO 

divertor and limiter. In addition, Additive Manufacturing (AM) technologies have proven to be 

effective in developing complex-shaped components with almost no limitations in geometry. 

For example, AM enables to manufacture cooling channels with complicated inner structures, 

like those of hypervapotrons, with minimum machining and welding operations. AM also 

introduces an important advantage of saving material and raw materials, compared to 

conventional manufacturing methods. 

In this work, the feasibility to obtain dense CuCrZr with high thermal conductivity and 

enhanced mechanical strength compared to the conventional route is demostrated. Spherical 

CuCrZr powder with composition within ITER specifications was obtained by gas atomization. 

Completely dense CuCrZr was obtained with the apropriate selection of Electron Beam Powder 

Bed Fusion (EB-PBF) parameters. Through optimized control of process parameters, the 

oxygen concentration and the presence of large Zr oxides was minimized. SEM and TEM 

characterization demonstrated that a very homogeneous distribution of ultra fine Cr precipitates 

inside copper grains is already present in the as-built condition. A post-build heat treatment of 

Hot Isostatic Press (HIP) removes the residual porosity that might remain after EB-PBF. 

The thermal conductivity, hardness, mechanical strength at room and high temperature (250 

°C) and Charpy impact energy were measured and correlated with the parameters of EB-PBF 

and post-build heat treatments. Although as-built samples showed high thermal conductivity 

and hardness, it was found that age-hardening heat treatments performed at 400-450 °C lead to 

further improvement. The results show that it is possible to obtain CuCrZr by EB-PBF with 

improved mechanical behaviour compared to conventional manufacturing technologies 

(casting and forging), while maintaining the thermal conductivity within requirements.
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Castable nanostructured alloy steels as enhanced reduced activation ferritic 

martensitic steel 

Tim Graening¹, Lizhen Tan¹, Weicheng Zhong¹, Priyam Pataki², Kevin Field², Ying Yang¹, 

Yutai Katoh¹ 
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The ORNL development of castable nanostructured alloy (CNA) steels started in 2013, with 

the aim of improving the high temperature performance of reduced activation ferritic 

martensitic (RAFM) steels.  The goal was to enhance irradiation resistance compared to 

conventional RAFMs such as Eurofer97 and F82H. Starting with data from previous studies on 

RAFM steels, coupled with thermodynamic modeling, extensive lab-scale alloy design and 

testing were conducted. A systematic down selection based on performance factors including 

creep life, creep rupture strength, and radiation tolerance led to the current alloy chemistries 

and processing routes. When fully qualified, the CNAs will lead to less required material and 

reduced waste from structural components of reactors, and ultimately will improve the 

economics of fusion energy. Over the last decade, the importance of an optimized M23C6/ MX 

ratio was established to provide improved sink strength and irradiation resistance but did not 

evaluate in detail the role of helium transmutation on the stability of cavities and precipitates 

under elevated temperature irradiations or the effect of commercial-scale manufacturing 

processes on radiation tolerance. Currently, a multi-ton-scale heat is being manufactured to 

demonstrate scale-up, initiate code qualification, and conduct in-depth radiation tolerance 

evaluations. To foster a better understanding of the behavior of precipitates under irradiation, 

two CNAs were designed with different M23C6/ MX ratios. Single-beam (Fe3+) and dual-beam 

(Fe3+ and He+) ion irradiations were conducted at 500 °C to study the resistance of the 

precipitates to ballistic dissolution under irradiation. For comparison, dual-beam irradiations 

with He ions co-injected at 10 appm He/dpa at 500 °C were conducted to study the influence 

of the precipitates on helium bubbles distribution and to determine the role of helium on ballistic 

dissolution and cavity formation under irradiation. Detailed microstructural characterizations 

revealed the radiation-induced microstructural evolution. 
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It is known that ion beam irradiation can be used to emulate neutron irradiation effects in 

reactors if care is taken with the experimental parameters. For fusion materials applications dual 

ion beam facilities are particularly useful due to their ability to simultaneously reproduce the 

combined effects of radiation damage and helium or hydrogen formation. We present the Dual-

beam ion irradiation facility for FUsion materials (DiFU) developed at Ruđer Bošković 

Institute, along with operational practices for experiments. It allows irradiation of fusion 

materials samples by one or two ion beams. The versatile design can also be used for other 

implantation and irradiation applications. 

Significant care is dedicated to control of the dose and dose rate. Ion beam handling systems 

enable controlling the shape of the beam spot and short range scanning is used to homogenize 

the dose. Fast electrostatic scanners operate in the kHz range. Ion fluxes are measured by 

periodic insertion of two large Faraday cups in the path of the ion beam and the beam is also 

monitored continuously by two sets of XY slits which restrict the beam area. Conditions during 

irradiation are monitored by a set of thermocouples, an IR camera, a high-sensitive video-

camera, and a residual gas analyser. Gas analysis is always used along with a cold trap and 

plasma cleaning to control the issue of carbon contamination. The DiFU facility has been 

developed according to ASTM standard E521-16 with support from EUROfusion, the IAEA 

and the Croatian Ministry for Science and Education. 

Currently, ion irradiation offers a simpler and cheaper alternative to irradiation in research 

reactors. In the future of fusion materials research, IFMIF-DONES is expected to provide a 

realistic fusion neutron source, facilities such as DiFU are then envisioned to have a supporting 

role in fast pre-selection of materials before more detailed characterization.
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Eurofer97 steel is the leading candidate for DEMO first-wall/blanket (FW/B) structures. 

However, irradiation embrittlement at low temperatures and poor creep strength at higher 

temperatures limit the operating window of these steels to approximately ~350-550 °C. Further, 

uncertainties remain on the effect of transmutation products such as helium on the mechanical 

properties in the entire temperature range of the FW/B operations. The ORNL-KIT 

collaboration has evaluated the properties of Eurofer97 steel variants after irradiation in the 

High Flux Isotope Reactor (HFIR) to ITER-TBM relevant conditions (3 dpa at 300 °C). Specific 

goals were to measure the performance of the steels for low temperature hardening-

embrittlement (LTHE) and to generate irradiated property data to support the ongoing 

qualification of Eurofer97 in RCC-MRx. The implications of the generated mechanical 

property results to FW/B design research will be discussed. In addition, the underlying causes 

of LTHE will be presented using advanced characterization, that may help form the basis for 

materials design strategies to improve the irradiation performance of RAFM steels. Anticipated 

future goals of this collaboration include expansion of the engineering data base and 

quantification of the effect of helium on performance degradation of Eurofer97 type steels. 

Research pathways to effectively simulate the effect of helium on mechanical property loss will 

also be presented, especially targeting understanding the effect of helium.
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With the start of the experimental campaign OP2, Wendelstein 7-X is ready to demonstrate the 

reactor-relevant quasi-steady-state operation and to clear the path towards a stellarator-based 

future fusion power plant. The new high-heat-flux divertor and the other water-cooled plasma-

facing components (PFCs) will allow to operate the device with high-performance plasmas for 

up to 30 min, gradually increasing the energy limits to 18GJ. With heat-fluxes of 10 MW/m2, 

the protection of the divertor and baffles with the infrared imaging system is crucial to guarantee 

their integrity during operation. 

We have designed a new fully-autonomous thermal load protection system based on the infrared 

diagnostic to protect the device in real-time. The system guarantees that the temperature limits 

of the observed plasma-facing components are not exceeded, by triggering the interlock system 

and stopping the heating systems. We have implemented a real-time image processing 

algorithm that dynamically sets the alarm temperature thresholds depending on the heat-flux 

estimation and the temperature limits. Based on the current heat-flux, it computes the risk of 

overload during the processing time and adjusts the alarm temperature thresholds accordingly. 

The real-time implementation has been optimized to achieve low latency and a fast reaction 

time, allowing it to operate the device as close as possible to the PFC’s limits. 

The commissioning of the system includes the re-processing of the data from the previous 

campaign OP1.2 when the machine operated with a test divertor and the system was not yet 

connected to the interlock. The results give us confidence that the system is ready for the plasma 

commissioning phase when it will be validated with the new water-cooled plasma-facing 

components and infrared diagnostics. After the plasma commissioning, the system will be ready 

to protect the machine during the scientific phase, when the machine will progressively reach 

its operational limits.
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The ITER Real-Time Framework (RTF) is a designated software suite for implementing ITER 

Plasma Control System (PCS). However, due to its universal architecture, it can also be applied 

in other systems requiring real-time control or data processing. 

This paper presents the first application of RTF for Thomson Scattering diagnostics. The system 

was developed to validate the integration of data acquisition equipment with RTF and check it 

in real-time data processing applications. The presented system covers the whole path of data 

acquisition, processing and archiving required for a typical ITER Plant I&C diagnostic system.  

The RTF-based device support for the pulsed giga-sample A/D converter was developed for the 

system. The digitizer is based on the Switched Capacitor Array technology and enables up to 5 

GHz sampling frequency. The digitized data are processed using dedicated functional blocks 

implementing algorithms for detecting and analyzing pulses (using curve-fitting approach) and 

determining the plasma electron temperature (Te). Raw data is archived using the ITER Data 

Archiving Network (DAN) API. Measurement results (curve fitting result and calculated Te) 

are published to ITER Synchronous Databus Network (SDN) to be accessible for PCS and other 

plant systems.  

The overriding goal of the presented work was a detailed functional and performance evaluation 

of the implemented system based on RTF. The system was tested in laboratory conditions using 

simulated data and in real tokamak conditions at KSTAR. During the test campaign in KSTAR, 

the developed RTF-based application was integrated into the Thomson Scattering system and 

tested during regular operation of the tokamak with signals from a real polychromator. The 

results of measurements and performance evaluation are presented and discussed in the paper.
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We have recently demonstrated the use of Deep Reinforcement Learning (RL) for magnetic 

confinement control on a Tokamak [1]. The method allows the automated design of a controller 

for a tokamak discharge via training on a simulator. Specifications for the controller are given 

in terms of a reward function allowing one to focus on ‘what’ to control rather than ‘how’ to 

control it. We successfully tested the Deep RL-trained neural network controller for total 

plasma current and plasma shapes on the Tokamak à Configuration Variable (TCV), achieving 

a variety of different plasma configurations. To achieve this result, we had to overcome a 

number of technical and methodological challenges, which will be discussed in this work. For 

instance, we will discuss the rewards that have been used to specify the control objectives in 

order to generate successful control policies. Furthermore, we will describe the simulation code 

and scalable training architecture which allowed us to achieve zero shot transfer, i.e. the 

controllers were trained entirely against simulation before testing on the real plant. We will also 

discuss the randomization of the simulator input parameters during training that was required 

for zero shot transfer to work. Finally, some key results achieved by deploying trained policies 

on the real tokamak will be discussed in more detail. 
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The microstructural evolution of neutron irradiated tungsten (W) after annealing and its 

correlation with the corresponding mechanical properties provides a valuable insight on the 

defect interactions and their annihilation processes. This would result to the indentification of 

recovery mechanisms leading to the design of healing processes and thus, accomplishing the 

lifetime extension of fusion reactor components. Within this framework, samples from ITER 

grade forged W bar, EUROfusion reference material, were neutron irradiated to a dose of 0.2 

dpa at 600 °C in the Belgian Material Test Reactor (BR2) and subsequently isochronally 

annealed up to 1500 °C in steps of 50 °C. The evolution of the irradiation induced defects after 

annealing was assessed by positron spectroscopy, electrical resistivity, X-ray diffraction, 

transmission electron microscopy and hardness measurements. Neutron irradiation resulted in 

the formation of dislocation loops and voids.  Under annealing the evolution of the defects is 

as follows: Vacancy clusters migration occurs at the first annealing step at 700 °C. The vacancy 

clusters coalesce into voids and a considerable void growth is observed in the range 950 to 1050 

°C. Void dissolution starts at 1200 °C and after annealing at 1400 °C no voids are detectable 

by positron lifetime spectroscopy. The void contribution to hardening reaches maximum at 

around 750 °C. From 900 °C and onwards dislocation annihilation occurs. Recrystallization 

onsets after annealing at 1350 °C. Also, at this temperature W attains its pre-irradiation hardness 

value. 
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Plasma edge cooling, ion cyclotron wall conditioning and disruption mitigation techniques 

involve massive gas injection (puff or pellets) to the torus. Most gaseous species are pumped 

out and then handled by the exhaust gas analysis and separation systems. However, a certain 

fraction remains in plasma-facing components (PFC) due to co-deposition and shallow co-

implantation. An uncontrolled release/desorption of such retained species affects the plasma 

discharge stability. Therefore, the fundamental questions are: how much and where are the 

gases retained?  

The aim of this work was to determine the lateral and depth distribution of noble and seeded 

gases in PFC and wall probes retrieved from the JET tokamak with the ITER-Like Wall (JET-

ILW) after three experimental campaigns (ILW-1, ILW-2, ILW-3). The study was performed 

with heavy ion elastic recoil detection analysis (HI-ERDA), nuclear reaction analysis (NRA) 

and microscopy methods. The main results are:  

a. Nitrogen (N) is present on nearly all studied specimens from the main chamber and the 

divertor. At comparable positions on the beryllium (Be) inner wall guard limiters, the N 

retention difference between ILW-1 and ILW-2 corresponds to the differences in the campaign 

time averaged N2 feed rate. 

b. Argon is detected on most Be samples from the outer poloidal limiter and dump plates 

exposed to ILW1-3.  

c. Helium-4 (⁴He) is detected on the Be dump plate exposed to ILW1-3: 19 - 26×10¹⁵ 4He cm⁻² 

on three adjacent samples.  

d. On the bulk tungsten (W) lamellae from the JET divertor ⁴He and helium-3 (³He) has been 

mainly found on the highly loaded parts of the divertor, in amounts of up to 19×10¹⁵ ⁴He cm⁻² 

and 44×10¹⁵ ³He cm⁻², respectively. 

A comparison to the deuterium retention in the studied areas and a correlation of results with 

averaged gas flow rates for each campaign will be presented. 

 

 

* See list of authors: J. Mailloux et al, 28th IAEA Fusion Energy Conference 2020. 
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G. Plasma-facing Components 

Design of the First Divertor in the DTT Facility 
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The Divertor Tokamak Test facility (DTT) under construction in Italy aims at studying the 

power exhaust for the future nuclear fusion power plants. The tokamak is, in fact, designed to 

have conditions at the divertor comparable to those in ITER and DEMO. DTT will work 

alongside ITER, allowing with its flexibility important support for the DEMO design. DTT 

divertor design and construction has been included in the activities 2021-2027 of the 

EUROfusion consortium and is conducted within the work package DIV. 

Focusing on the divertor study, it is planned that DTT divertor will be changed several times 

during the machine life. Accordingly, huge efforts and resources are devoted to the divertor 

remote handling. In the first phase of operation, DTT will focus on the study of the most 

promising plasma scenarios for DEMO. For this reason, the first divertor was designed to 

accommodate different magnetic configurations. With this aim, the largest flexibility was 

ensured by allocating to the divertor the widest possible space, and using the design and 

technologies that ensure the highest performance in power removal capacity. For the dome, the 

same monoblock design of the inner and outer vertical targets was used giving to the dome the 

characteristics of a third target and providing the required flexibility in the plasma scenarios 

testing. The technology chosen for the plasma facing unit manufacturing is the one developed 

in the ENEA laboratory and qualified for the production of the ITER inner vertical divertor 

target. Starting from the preliminary requirements, this paper presents the compatibility of the 

various magnetic configurations with the constraints posed by the integration and the 

technological choices. The comparison between configurations in terms of power exhaust 

(performed with the 2D edge fluid-kinetic SOLEDGE2D-EIRENE code), the main results of 

the structural, hydraulic and pumping verification are reported. 
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E. Diagnostics 

REFI: THE SYNTHETIC REFLECTOMETRY DIAGNOSTIC FOR 

ITER 
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Reflectometry diagnostics at ITER are designed to measure the electron density profile and to 

provide key information of the fluctuations both at the high magnetic field side (HFS) and at 

the low field side (LFS). 

The main goal of the synthetic diagnostic (SD) for both the O- and X-mode reflectometry 

systems (REFI) is to model the reflected signals. REFI is primary used to simulate 

measurements of the core and edge density profiles at the HFS and the LFS for ITER scenario 

database. 

The REFI tasks involve evaluation of the optimum measurement parameters and techniques for 

different plasma scenarios, development & optimization of different data analysis algorithms 

and simulation of data reconstruction using the ITER modelling database. The addressed 

questions are driven by the requirements for reflectometry measurements at ITER such as ICRF 

coupling cutoff density location, the characterization of the L-H transition or advanced plasma 

control. The REFI workflow consists of modules with Input, SD measurement, Data processing, 

Data analysis and Output.  

The input includes plasma parameters from the predicted scenario, diagnostic settings from the 

machine description database and physics effects. Required plasma parameters are density and 

temperature core and edge profiles, magnetic field profile and equilibrium. Outcome are 

simulated raw and analyzed signals, being stored in Integrated Modelling & Analysis Suite 

(IMAS) for both the HFS and the LFS reflectometers for each scenario. 

A next step will involve the extension with a weak turbulence model, in order to assess phase 

fluctuations and rotation profiles. Further validation of the code will involve the extension to 

different plasma scenarios and a comparison with experimental data.  

The REFI code aims to survey the performance and efficiency of the reflectometry systems. 

Results of this code can contribute to the optimization of ITER reflectometry systems 

measurement capabilities. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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E. Diagnostics 
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The full size ITER NBI ion source SPIDER has recently produced the first neutrons generated 

by Deuterium-Deuterium beam-target fusion reactions (2.45 MeV) with Caesium (Cs) seeding 

in the ion source. A principle aim of SPIDER regarding the negative ion beam is to achieve 

better than 90% uniformity at low beam divergence. In Deuterium operation, the neutron 

diagnostic can provide an additional measurement of the beam uniformity by comparing the 

neutron flux measured in a spatially resolved manner with a 2D matrix of scintillators. The 

diagnostic consists of an array of plastic, crystal, and liquid scintillators capable of neutron-

gamma discrimination and a single NaI crystal gamma-ray spectrometer. Since the previous 

SPIDER deuterium campaign, performed without Cs, the scintillator setup has been re-arranged 

and upgraded, with the addition of three more detectors and the installation of an LED control 

and monitoring system. In this work, the new experimental setup of the neutron diagnostic is 

presented and the results of the two campaigns (with and without Cs) are compared. Despite 

some technical limitations, the system has successfully measured the first Cs enhanced D-D 

neutrons and working challenges of the diagnostics have been identified and targeted for 

improvement.
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The absolute calibration of the detection efficiency for the total neutron yield in the fusion 

plasma is one of the most important challenges in neutron diagnostics. Especially so for the in-

vessel neutron diagnostics because the uncertainty of surrounding material composition and 

geometrical factors are particularly important in these locations. In ITER, compact D-D and D-

T neutron generators will be used as neutron sources for the neutron calibration, where the 

neutron source will move in the vacuum vessel. Neutronics simulations of neutron calibration 

are important to establish the strategy and scheduling of the calibration experiments. Precise 

MCNP model of an ITER 40-degrees sector, the so-called C-model, is provided by the ITER 

Organization, however, it is very demanding to resources and takes a long time to simulate the 

neutron calibration experiments. We have established a simplified 360-degrees ITER model for 

the simulation of the neutron calibration, which includes neutron flux monitors (NFM) in an 

equatorial port, micro fission chambers (MFC), diverter neutron flux monitors (DNFM), and a 

neutron activation system (NAS). D-T and, especially, D-D neutron generators based on 

accelerator tubes have large anisotropy not only due to the scattering and absorption with the 

neutron generator body but also due to the intrinsic anisotropy of the differential cross-section. 

In the simulation, the compact neutron generator moves on the magnetic axis of ITER as the 

best possible approximation of plasma. The neutron emission anisotropy of the generator is 

taken into account. The discrepancy between detection efficiencies to be obtained by the 

neutron calibration experiment using the compact neutron generator and actual detection 

efficiencies for the plasma neutron source has been evaluated and reported in this article.
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The main objective of WEST is to study the behavior of the ITER-like divertor monobloc 

components (PFUs) and to test their resistance and ageing under ITER relevant heat loads [1]. 

For the first phase of WEST, a set of 60 thermal sensors consisting of thermocouples (TC) and 

Fiber Bragg Grating (FBG) were embedded in the inertial W-coated graphite components of 

the divertor. These two diagnostics allowed for multiple thermal measurements in the poloidal 

direction, so that the strike point position and intensity of the peak heat flux, as well as the target 

heat flux decay length (λ_q^t), could be estimated simultaneously using inverse method based 

on finite element method solvers. These two independent diagnostics showed a maximum heat 

flux on the outer strike point region about 6 MW/m², with a clear asymmetry of ¾ – ¼ 

distribution for the parallel heat flux, higher on the outer region while the target heat flux decay 

length λ_q^t is ranging from 10 to 60 mm depending on the configuration [2]. For phase 2 of 

WEST, starting this year, the lower divertor is changed for actively cooled bulk tungsten PFC, 

designed to withstand 10 MW/m² in steady state. This divertor is equipped with an enlarged set 

(103) of TC and FBG probes. 

This paper presents the new TC and FBG diagnostics as well as the associated inverse method 

to estimate the surface heat flux from the embedded measurements in the actively cooled ITER-

like divertor. The performance of each diagnostic will be evaluated with synthetics 

measurement generated for realistic heat flux intensity and distribution [2]. The goal is to define 

a confidence interval for the heat flux estimation and especially for the target decay length 

λ_q^t. Finally, a comparison of the diagnostics on experimental data from the first campaign in 

WEST phase 2 will be discussed. 
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The EUROfusion work package on the technological exploitation of deuterium-tritium (DT) 

operation at JET (WPJET3) was established to maximize the scientific and technological return 

of the recent DTE2 campaign. In particular, the aim of the NEXP sub-project was to take 

advantage of the expected significant neutron production during DTE2 to validate the numerical 

tools used for shutdown dose rate (SDR) calculation for ITER and to study the reasons of 

discrepancies between predictions and measurements. In this regard, a dosimetry system to 

measure the dose rate and based on some ion chambers (ICs) was installed in the torus hall and 

upgraded both hardware and software since 2015 by exploiting the previous DD and TT 

campaigns. Two spherical 1-liter air-vented ICs had been installed in some ex-vessel positions 

close to the horizontal ports of the tokamak in octants 1 and 2 and a third IC, suitable for higher 

dose rates, was then added in octant 1. As for numerical tools for SDR calculation, they rely on 

MCNP code for radiation transport and in this regard the MCNP models of octants 1 and 2 have 

been updated including the third detector in order to make the transport simulation as close to 

the real tokamak environment as possible. 

The present work is dedicated to the analysis of dose rate measurements carried out during 

DTE2 in the inter-pulse periods and at the shutdown. Influence quantities and error sources are 

analyzed in order to calculate the dose rate from raw signal and experimental uncertainty. Some 

experimental points are chosen and employed for a preliminary comparison with numerical 

predictions obtained from three-dimensional simulations with AdvanceD1S tool. The results 

are presented and discussed with the major objective to contribute to the optimization of the 

planned SDR code validation. 
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This work discusses the activation foil measurements performed during the JET 2021 Tritium-

Tritium (T-T) campaign within the frame of the neutron streaming and shutdown dose rate 

experiments of the EUROfusion WPJET3 program. It is a continuation of a series of such 

experiments implemented during the JET 2016-2019 Deuterium-Deuterium campaigns and 

extends the available data set to T-T plasma source neutrons. Neutron streaming and shutdown 

dose rate measurements are carried out in order to assess neutron fluence and radiation dose 

levels at positions close and far from the JET plasma source. Details are given on the design of 

the experiments, as well as the irradiation and gamma-spectrometry measurements performed. 

The experimental values are compared against neutron fluence calculations and activity 

predictions, that were performed employing computational tools such as MCNP and FISPACT 

codes. The results of the study provide a unique set of experimental data for validation of the 

neutronics and nuclide inventory product calculation codes, models and assumptions used in 

ITER nuclear analyses for T-T plasma neutrons, maximizing the scientific and technological 

exploitation of JET. 
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B. Experimental Devices and Facilities for Fusion Research 

Magnetic control of DTT plasma configurations 
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The European roadmap [1] outlined for fusion energy states the importance of heat load 

reduction on the divertor targets for next generation fusion devices. According to the roadmap, 

the "risk exists that the baseline strategy pursued in ITER cannot be extrapolated to a fusion 

power plant", hence "a dedicated Divertor Tokamak Test (DTT) facility will be necessary" as 

a milestone in view of a DEMOnstration Power Plant (DEMO).  

The objective of the DTT facility [2] will be to explore alternative magnetic configurations, 

divertor solutions and control strategies, to address the challenge of the power exhaust. While 

DTT is foreseen to be flexible towards a variety of plasma scenarios, the first phase of operation 

will prioritize Single Null (SN) and X-Divertor (XD) configurations; also, divertor 

compatibility with the Negative Triangularity (NT) is guaranteed.  

In this paper, the main magnetic control issues, such as vertical stability and shape control, are 

described for the DTT alternative plasma configurations. While robustness against vertical 

instability is addressed by the in-vessel up-down symmetric equatorial coils and stabilization 

plates, shape control - delegated to the CS/PF coil system - proves a challenging point 

particularly for the XD, which suffers from high sensitivity due to the secondary X-point in 

proximity of the divertor region.  

The possibility to implement the eXtreme Shape Controller (XSC) [3] is here proposed, both in 

the variant of plasma-wall gap and of isoflux control. The latter, based on poloidal flux and 

magnetic field regulation in specific control points and null points, proves an adequate choice 

for XD shape control. Finally, performance improvement through the DTT in-vessel divertor 

coils is proposed. 

The validation of the aforementioned control strategies is based on closed loop non-linear 

simulations featuring the most demanding disturbances for DTT, such as ELMs, minor 

disruptions and H-L/L-H transitions. 
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E. Diagnostics 
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The analysis of the initial phase of a plasma discharge is a very complex problem, influencing 

the success of the plasma formation and the current ramp-up. An effective plasma breakdown 

requires that the magnetic field lines satisfy stringent constraints with high accuracy.  

In these analyses, accurate evaluation of the 3D path of the magnetic field lines is particularly 

important. During breakdown, the distance along the field lines from the point of ionization to 

the wall is called the connection length, because it is related to the trajectory of the ionized 

particles. The length of the field lines also plays an important role for high beta plasmas for the 

heat load on the divertor and in the presence of fast transients (e.g. ELMs, H to L transitions, 

disruptions, etc.). 

The numerical tracing of magnetic field lines in 3D toroidal geometries is a tricky operation 

when the sources are numerous and complex because the calculation of the field is required 

with great accuracy at a very large number of points. 

Recently it has been shown that approximations of the magnetic field based on Chebychev 

polynomials allows to significantly reduce the computing burden in the tracking of flux lines, 

while guaranteeing high standards of accuracy [1]. The methodology is based on (i) the solution 

of a simple over-determined best-fitting problem for the computation of the coefficients of 

Chebychev polynomials in an assigned domain and (ii) on the use the approximating functions 

for the computation of the field wherever required within the domain. The results show that, in 

fully 3D fields, the computing times can be reduced by more than an order of magnitude with 

accuracies in the order of a few tens of μm per m of line integration. 

The paper will show the application of the technique to a Tokamak device. 
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Systems Engineering allows to address the design of complex systems from the early stage until 

the end of its lifetime with the aim to realize successful systems. It needs an interdisciplinary 

approach that is focused on the whole system, looking from the outside to the inside, focusing 

on its interactions with other systems and its environment. Moreover, the intrinsic complexity 

of tokamak design requires to adopt systems engineering guidelines to write correctly and 

efficiently a large set of system requirements. Well-formed requirements would make the 

downstream design, integration, and verification of a system easier. The process of 

requirements definition, conformed to Guide to System Requirements Definition recommended 

in fusion field, is far from simple and fast. Indeed, it can be described as "iterative" because it 

is reviewed and refined periodically along with other processes, and "recursive" because it can 

be applied at any system level to converge into a valid and mature requirement set. There are a 

very few papers that underlines this topic in fusion field. The requirements definition phase 

encourages the early identification of issues that can be acted early in the life cycle. This paper 

firstly highlights a new procedure to include requirements of a tokamak component in the 

requirement management tool of the whole system. This work identifies engineering 

requirements and constraints and describes their impact on the selection of the design principles 

of the divertor system. Since the Divertor Tokamak Test (DTT) facility aims to bridge the gap 

between today's proof-of-principle experiments and the power plant reactors, the identified 

procedure was applied to both DTT divertor and EU-DEMO divertor projects. This choice 

comes from the consideration that the DTT divertor is intended to be "DEMO relevant".
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The Divertor Tokamak Test (DTT) facility [1] is under construction at ENEA Frascati. DTT is 

a superconducting tokamak that will be employed to scan different solutions to the problem of 

the power exhaust in view of the EU DEMO. This asks for flexibility in magnet operation to 

allow different plasma scenarios. In this framework, the Central Solenoid (CS) is one of the 

most stressed components, thus requiring a robust design. It relies on six graded modules based 

on Nb3Sn Cable-in-Conduit Conductors and cooled by supercritical helium forced flow. 

The design of the CS is supported by numerical analyses. The thermal-hydraulic analyses are 

being carried out with the 4C code, which computes the distribution and evolution of the 

temperature in the superconducting bundle and in the jacket, and of the speed, pressure and 

temperature of the helium along each cooling channel. 

Here, the 4C model of the entire DTT CS, accounting for inter-turn and inter-layer thermal 

coupling, is described and applied to the analysis of different normal operation scenarios. The 

tool is used to investigate parametrically different cases, such as (1) the effect of an increase of 

mass flow rate on the temperature margin, (2) the effect of different current scenarios to reach 

a safe operation of the coil, (3) the impact of the variation of the number of superconducting 

strands on the AC losses and on the temperature margin. 

The off-normal operation of the most critical module is also simulated, including e.g. the 

quench propagation analysis. In this case, the evolution of the hotspot temperature and of the 

maximum pressure are discussed to provide feedbacks to the quench detection and protection 

strategy. 
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The magnet system of the Divertor Tokamak Test (DTT) facility [1] is mainly made up with 

superconducting coils. In particular, during the operation of the DTT machine, high voltages 

will appear across each Toroidal Field Coil (TFC) during fast current ramp down. A reliable 

electrical insulation is therefore essential for the operation of the TFC system in order to insulate 

the high voltage components from ground potential. It will be important, in the complex design 

procedure, to pay attention to the guidelines for a good high voltage insulation. To this aim, 

Different dc and ac electrical tests will be performed across the whole production period of the 

TF coil winding packs and the TF coil assembly process. Among these, the impedance spectrum 

test can be used to check for existing short circuits. Such short circuits, inside a TFC, could be 

produced during the high voltage acceptance tests.  

This paper focuses on analysis of the frequency response of a TFC using a modeling approach. 

The goal is to assess the impedance spectrum of a TFC over several decades of frequency. 

Starting from TFC layout, a winding pack (WP), with and without the case, has been modelled 

by a complex network of concentrated parameters in Ansys environment. The data (amplitude 

and phase angle vs frequency) obtained have been used to detect and to understand the WP 

resonance frequency variation during the different manufacturing stage. Suitable parameters 

has been also introduced in the model to simulate the short circuits. So far as the experimental 

and the simulation results will agree, the model will be able to make predictions about the 

detectability of internal short-circuit in a TFC. 
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The magnet system of the Divertor Tokamak Test (DTT) [1] facility is mainly made up with 

superconducting coils. Its magnet system consists of: 18 Toroidal Field (TF) coils; 1 Central 

Solenoid (CS) divided into 6 independent modules; 6 Poloidal Field (PF) coils; Structural and 

common components; 8 In-Vessel copper Coils (IVCs). The Toroidal Field (TF) coils, 

distributed toroidally around the vacuum vessel (VV), produce the dominant component of the 

confining magnetic field. Each TF coil is made by a winding pack (WP) that contains the 

superconducting cables, enclosed by a stainless steel casing, which is the principal structural 

component of the magnet system. During plasma operations, a time-varying magnetic field is 

coupled to VV and TF coils. This magnetic field may be resolved into poloidal (Bpol) and 

toroidal (Btor) components, tangential and normal to the structures (coil and VV), surface, 

respectively, and is the source of induced currents. The amount of Joule heat produced by the 

induced eddy currents on VV and TF casing must be removed to avoid a sudden temperature 

rise: their assessment being important for a correct design. In this paper, our focus will be on 

the power dissipated on TF casing due to the eddy currents induced by time-varying magnetic 

field due to during a fast plasma disruption (FPD). A finite element model whose geometry will 

partly be imported into Ansys SpaceClaim (TF coil casing), and partly made in Ansys 

DesignModeler (plasma and VV), will be implemented in Ansys Maxwell 3D to perform a 

transient analysis of the FPD event. The current induced on the TFC case, as well as the total 

power losses, will be the output of our computation to be used for the cooling system 

dimensioning. 
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The Divertor Tokamak Test facility (DTT) developed by the Consortium DTT S.c. a r.l. and 

currently under construction at the ENEA Research Center of Frascati, Italy, shall be an 

experimental fusion reactor that will contribute to the advancement of the EUROfusion 

roadmap to fusion energy. In a tokamak, plasma is brought to fusion thanks to the interaction 

with different types of electromagnetic coils that confine the reaction and preserve its 

conditions. The quality and accuracy of the magnetic field generated by the coils is of great 

importance for the performance of a tokamak. Due to their non-ideal winding distribution and 

inevitable assembly and manufacturing tolerances, real magnets are always responsible for what 

is referred to as error fields that, if not corrected, may compromise the fusion reaction and make 

it impracticable: dedicated in-vessel correction coils must therefore be considered to assure the 

correct tokamak operation. This work describes the dedicated 3D FEM that has been developed 

to compute the error fields caused by the non-ideal shape of the DTT superconducting magnets 

when the projected winding of the conductors and the manufacturing and assembly tolerances 

are taken into account. The results here presented are therefore a contribution to the other 

activities aimed at deriving the requirements for the in-vessel correction coils and verify the 

suitability of the developed magnet winding design as well as the foreseen manufacturing and 

assembly tolerances.
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The system for vertical stabilization and fast radial control in the Divertor Tokamak Test (DTT) 

facility [1] includes: 

• Passive stabilizing plates aimed at slowing down the vertical instability of elongated plasmas; 

• Two axisymmetric in-vessel copper coils (VSU and VSL) for vertical stabilization and fast 

radial control; 

• VS circuit including power supplies and protections from overcurrents. 

The time constant of the vacuum vessel has a time constant of about 50 ms. Without additional 

passive structures, the vertical instability growth rate of the reference 5.5 MA single null plasma 

at low beta and high internal inductance would be close to 300 s-1. The insertion of passive 

stabilizing plates reduces this value below 200 s-1 and allows DTT to safely operate also with 

elongated alternative configurations. The plates are in antiseries via a single poloidal 

connection, improving the vertical stabilization with a limited impact during breakdown and 

disruptions. 

The active coils should provide radial magnetic field for vertical stabilization as well as vertical 

field for radial control during breakdown and L-H or H-L transitions. However, they cannot be 

independently fed, due to the large induced current during disruptive events. So, a suitable 

connection scheme is considered, to have the total toroidal current limited by a suitable 

inductance in an imbalance circuit [2].  

In the full paper, we will present the functional requirements and the design criteria of the 

position control system. We will then show the solution proposed in terms of geometry, nominal 

currents/voltages, protections and power supplies. Numerical simulations will also be provided, 

showing the ability to meet the design requirements and sustain electromagnetic, mechanical 

and thermal loads. 
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The Divertor Tokamak Test (DTT) facility [1] will be equipped with in-vessel divertor coils 

able to locally modify the flux surfaces in the divertor region.  

In the four-coil configuration under analysis, with a current limit of 50 kAt, compatible with 

the technology used in [2], the strike point displacement normal to the leg in the single null 

(SN) configuration is 15 mm inboard and 25 mm outboard, without significantly affecting the 

plasma boundary. This displacement is enhanced by the target inclination. For the X-Divertor 

(XD) configuration, the strike point control is more efficient, and the secondary X-point can be 

moved closer to the active X-point reducing the distance from 400 to 260 mm, without affecting 

the upper plasma shape. The strike-point control efficiency is increased during ramp-down, 

ramp-up and X-null formation, due to the reduced value of the plasma current. 

Without protections, plasma disruptions would induce large in-vessel coil currents (more than 

400 kAt), due to an induced voltage of about 700 V/turn. So, a suitable connection scheme is 

considered, to have the total toroidal current limited by a suitable inductance in an imbalance 

circuit [3]. The maximum induced current with a 1.3 mH additional inductance is reduced to 

about 90 kAt. 

Fine control of the strike-points is also needed during L-H and H-L transitions. The required 

voltage to achieve the limit current of 50 kAt is less than 50 V/turn. 

Strike point control action, mainly applied on SN, is effective on an operative frequency of 

about 4 Hz. With a SOL power of 25 MW and a flux decay length of 0.8 mm at midplane, the 

peak power density is reduced from 40 MW/m² to less than 10 MW/m², with a periodic strike-

point motion amplitude of 35 mm inboard and 65 mm outboard. 
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The Divertor Tokamak Test facility (DTT) [1] (R0 = 2.19 m, a = 0.70 m, pulse-length = 100 s, 

Ipl = 5.5 MA, B0 = 6T, Padd = 45 MW), construction starting at Frascati, Italy, is designed to test 

different solutions for divertor in view of DEMO. 

The error fields due to construction tolerances and assembly uncertainties may yield undesirable 

effects, including mode locking, reduction of plasma confinement, uneven thermal load 

distribution on plasma facing components. A preliminary analysis assumed a simplified model 

of rigid and independent displacement and rotations in the range of 2mm for the Central 

Solenoid and 4mm for Poloidal and Toroidal field coils. 

The metric used for the error fields is the Three Mode Error Index (TMEI) [2]. A methodology 

based on the first order truncated Taylor expansion has been applied, capable of providing a 

linear model versus the displacement parameters for both fields and harmonics, within the 

required accuracies. The impact analysis was performed with a wide stochastic approach in the 

perturbed parameter space. 

A system of 27 in-vessel copper coils, distributed in three toroidal arrays, has been designed to 

correct the Fourier harmonics; then, for each possible deformation, the value of the ampere-

turns necessary to force the TMEI back within the request limits has been calculated. The 

procedure has been successfully assessed by comparison with similar analyses carried out on 

JT60SA [3]. The analysis shows that 50 kA-turns are able to guarantee an effective correction 

of the TMEI below the required threshold in 95% of cases, with a safety-factor of two. 

In the final paper, the details of the analysis will be provided together with the impact of the 

introduction of alternative metrics based on the plasma reaction. The main points of the future 

activity for the error field and its reduction in DTT will also be illustrated. 
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The Divertor Tokamak Test Facility has the important task of studying alternative configuration 

for the divertor in DEMO-like conditions. One of the most demanding tasks regarding the 

monitoring of the Vacuum Vessel and Ports of the Divertor Tokamak Test facility is the thermo-

mechanical monitoring and characterization. The vacuum vessel is composed of 18 sectors with 

D-shape, constituting a double-walled structure, which is sustained by 6 gravity supports. Each 

vessel standard sector is designed with 5 ports. Positioned on each of the 20° sectors and 6 

gravity supports, an array of temperature, displacement and strain sensors, along with 

accelerometers is needed in order to map the vessel parameters for assessment of the machine 

behaviour and for protection against cumulative damage dealt to the structures. Given the long-

life expectancy of the experiment, hardware redundancy and replaceability of the most 

important instrumentation has also been considered. The definition of measurands and the 

attribution of characteristic loads present during the machine lifetime, is based on the 

experience gained through previous Tokamak operations like those of JET and JT60-SA. The 

operating states of the Vacuum Vessel and the sensors availability during each state is also 

established. For the totality of the measurement sensors, the general requirement and 

metrological requirement, positioning and number is defined. Given the space, longevity and 

reliability requirements, different sensor technologies for thermo-mechanical characterization 

are investigated. In this paper the analysed operating states and the applied procedures are 

described in detail. Layout and position of sensors for the most interesting cases are shown 

including cable routing.
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The Vacuum Vessel of the Divertor Tokamak Test facility (DTT) is a D-shape double-walled 

torus consisting of 18 sectors of 20° each and supported by 6 gravity supports [1]. The vessel 

is made of AISI 316LN. Being the DTT construction already started and in preparation of the 

Vacuum Vessel and Ports call for tender, a large campaign of thermo-structural analyses of the 

component has been accomplished considering multiple machine operating states. In such 

context plasma operation, testing, maintenance, baking and disruptive events are included. Each 

load case, featured by specific thermal and mechanical conditions, has been evaluated 

considering severity and frequency, then verified using the principle codes, in particular the 

ASME BPVC Section III, the RCC-MRx and the ITER structural codes (SDC-IC and applicable 

rules for the Vacuum Vessel). Moreover, several combinations among the analysed load cases 

have been evaluated, including combinations with seismic events. The baking condition, 

combined with seismic effects, produced severe loading conditions at the gravity supports 

designed with spring plates that accommodate the radial thermal expansions. Vertical 

displacement events loading the divertor supports requires stiffening of the double-walled 

vessel in the region of lower ports. Buckling and creep-fatigue damage have also been verified. 

A very detailed 360° FE model of the Vacuum Vessel and Ports has been realised within the 

ANSYS environment and used to carry out the analyses campaign. In this paper the model and 

the analyses procedures are described in detail. Results for the most interesting cases from a 

structural point of view will be shown. 
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In the framework of the design base process for DTT project [1], a dedicated activity has been 

carried out to study the layout and the operating procedures of the vacuum vessel boron-water 

circuit, foreseen in Plasma Operation State, and the nitrogen gas circulation system, envisaged 

for the Baking process. During Plasma Operating State, boron-water circulates inside the double 

wall vacuum vessel (average temperature of about 60°C) acting as shield against the neutron 

radiation from the plasma. The baking process is achieved through a dedicated nitrogen 

circulation system operating in two modes: the 240°C mode, used for baking operation, and the 

60ºC mode, used for preventing sub-cooling of the vacuum vessel when the thermal shield is 

cold. The circulation of boron-water or nitrogen gas is performed by properly switching valves 

installed on the boron-water and gas lines. 

A numerical 1-D model of both boron-water and nitrogen gas systems has been developed using 

the thermal-hydraulic system code RELAP5-3D simulating also two phase blowing out. The 

model comprises, beside the piping lines and vacuum vessel, the circuits main equipment 

foreseen in operation modes (pump, circulator, heaters, heat exchangers, economizer, tanks, 

valves, etc.). 

A set of simulations has been carried out to assess the system behavior during both normal 

operation mode and baking mode, together with transition procedure from one mode to the 

other.  

Moreover, a preliminary safety analysis was addressed to investigate relevant accidental 

scenarios such a line break (LOCA) or circuit overpressure. 

The present paper aims to present the vacuum vessel systems, describing the boron-water circuit 

and the nitrogen gas circulation system, along with their operating conditions. Then, the 

numerical model used for the simulations is described and the main outcomes of the numerical 

analysis are presented and discussed. 
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Thermal state of the DTT vacuum vessel and ports (VVP) is investigated for the major operating 

conditions of the machine. Namely, plasma operating scenario and baking conditions. 

In plasma operating scenario, water is circulated through the double wall structure of the 

vacuum vessel to provide an effective shielding against the neutron flux generated inside the 

plasma. Circulation is guaranteed by a water circuit that ensures the flow rate to the vacuum 

vessel at a temperature around 60 °C. 

In baking condition instead, the water inside the vacuum vessel is drained, and a dedicated gas 

system comes into operation to feed the vacuum vessel with hot nitrogen, up to a temperature 

of 240 °C. Besides, vacuum vessel and ports loose heat power towards the surrounding thermal 

shield at –183 °C, causing extremely low temperatures along ports and bellows areas. 

Thermal analyses have been conducted using a FEM model of DTT, generated with ANSYS 

mechanical in steady state mode. The model comprises the VVP system, thermal shields and 

cryostat. Simulation, were carried out to investigate the overall temperature state of the 

components, identifying the cold zones and implementing solutions to keep temperatures 

compatible with the machine operation. The proposed solutions foresee the enhancement of the 

thermal radiation insulation towards the thermal shields, and the introducing of additional 

heating systems inside the ports, to prevent the temperature from reaching extremely low 

values. The heat loads to thermal shield are also evaluated for the different operating regimes. 

Further, the heat transfer of the high temperature in vessel components to the vacuum vessel, is 

also assessed.
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The EM loads induced by plasma disruptions and other off-normal events are among the key 

driving factors in the design of vacuum vessel and components inside or outside it. This is 

especially true in the design of the Divertor Tokamak Test facility (DTT), a nuclear fusion 

device actually under construction in the ENEA Research Center at Frascati, Italy. DTT is a 

compact medium size tokamak with superconducting coils [1,2], characterized by a high-power 

density and a substantial flexibility in the achievable magnetic configurations: these features 

pose pressing constraints to the design.  

The evaluation of the EM loads usually requires a significant effort due to the need of modelling 

the entire tokamak conductive structure and the whole transient plasma evolution. This complex 

analysis process is prone to errors, especially when the analysis process goes on simultaneously 

with the design. In order to optimize the overall analysis effort and to assure the reliability of 

the results, global DTT EM models have been developed, at different stages of project design, 

to make possible exploiting local mesh refinement for detailed assessment of single systems. 

This work describes the criteria adopted in the definition of the reference disruptions features 

and expected frequency: the worst-case events expected in DTT are Major centred Disruptions 

(MD) and upward and downward hot Vertical Displacement Events (VDE), with a current 

quench duration in the range from 5 to 40 ms. The loads combination of a disruption with a fast 

discharge of the toroidal field coils has also been analysed. The global models used for the 

subsequent EM analyses are described with the main achieved results in terms of induced 

currents and forces, as well as the estimated temporal evolution of some plasma features 

(plasma current, safety factor, plasma position, halo region extension). 

This work has been carried out within the framework of the EUROfusion Consortium, funded 

by the European Union via the Euratom Research and Training Programme (Grant Agreement 

No 101052200 — EUROfusion). Views and opinions expressed are however those of the 

author(s) only and do not necessarily reflect those of the European Union or the European 

Commission. Neither the European Union nor the European Commission can be held 

responsible for them. 
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The Divertor Tokamak Test (DTT) facility is under construction in the ENEA Research Center 

in Frascati, Italy, with the mission to study and solve some of the most complex problems on 

the implementation path of nuclear fusion as an energy source.  

The DTT system for the plasma vertical stabilization and radial control includes two 

axisymmetric in-vessel (VS) copper coils placed in the tokamak equatorial zone. 

As shown in other works, the disruption events in the 5.5 MA plasma may induce excessive 

currents in the in-vessel coils, extremely much higher than the nominal currents required by the 

plasma control in operating conditions. Therefore, the disruption effect is the main driver for 

the definition of the VS power supply (PS) specifications and requires a topology and/or 

protection system able to limit such an effect. The reference solution for DTT is based on three 

independent converters, with one converter aimed only at unbalancing the current between the 

two VS coils for radial control. 

This paper presents the analysis and topology selection for the DTT VS PS system. The physics 

requirements and assumptions are analyzed in order to identify the system specifications 

including protection issues. The configuration of the PS, based on three power converters, is 

introduced and a simplified circuital model, that considers the plasma disruption for the 

simulation of the adopted solutions, is described with a focus on the DC/AC stages of the 

converter units. The proposed PS is then defined, with two arrangements using cascaded H-

bridge converters and four converter IGBT units. The possible solutions are discussed and 

compared. The simulation models show that the vertical and radial control requirements can be 

simultaneously achieved with only two PSs using a specific common-mode loop and a 

differential-mode loop current control. Finally, the topology adopted for the VS PSs is critically 

explored.
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Tokamak plasma is mostly initiated by high overvoltages in poloidal coils. Switching network 

units (SNUs), able to divert the coil current to proper resistor banks, are the standard method to 

generate such overvoltages. The same coils require a protection system to extract the stored 

magnetic energy. This is more critical in superconducting coils, especially due to quench 

phenomena. Also this protection can be simply obtained by fast discharge units (FDUs) 

inserting proper resistors in the coil circuit. Even though SNUs and FDUs are virtually similar, 

it is difficult to merge them in a single unit. 

The adoption of voltage-dependent (varistor) instead of a linear resistor introduces several 

benefits for the tokamak operations, especially if combined with a fast power supply converter: 

• A single unit can be used to implement both the SNU and FDU functions. 

• The SNU resistors do not require to be adapted to the breakdown current at every experiment. 

• The discharge time is much shorter (even one order of magnitude) with respect to the resistor 

case for the same peak voltage, relieving the coil and quench detection requirements. 

• The insulation levels can be reduced, because it is not necessary to consider the series of the 

two units and because the voltage is not fixed by the exponential discharge time. 

• The removal of one unit and the higher density of energy dissipable by silicon-carbide 

varistors make the layout more compact, also allowing a finer control of the switching parasitic 

reactances. 

• The heat to be cooled or transferred in the environment is lower.  

The full paper will describe the application of these principles in DTT, under construction in 

Frascati, Italy, in particular, reporting the simulation models and the selected parameters, 

together with their impact on the power supply, coil and scenario design.
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The Divertor Tokamak Test (DTT) facility is expected to provide solutions for the power 

exhaust in the perspective of a nuclear-fusion plant [1]. Nevertheless, DTT could be also a test 

bench to introduce and verify novel power supply (PS) systems for ITER and DEMO. 

The DTT coil PS systems include: 

• A 44-kA 12-pulse AC/DC converter supplying the 18 toroidal field (TF) superconducting 

coils; 

• Three hybrid (electromechanical/static) fast discharge units (FDUs) to protect the TF coils; 

• Six 1-kV 32-kA H-bridge PSs for the superconducting modules of the central solenoid (CS), 

based on energy-conservation topologies to reduce the impact on the external grid; 

• Six fully-static switching network units (SNUs) for CS breakdown voltage and protection; 

• Six 3-kV 28-kA (worst cases) PSs for the poloidal field (PF) superconducting coils, partially 

based on energy storage, able to generate the breakdown voltage without a SNU; 

• Six fully-static FDUs for the PF coils; 

• Two PSs feeding the two vertical stabilization (VS) in-vessel copper coils;  

• A PS to imbalance the VS coils for radial control, including a proper protection in case of 

disruption; 

• Four PSs for the four copper coils close to the divertor; 

• An additional inductive branch to protect the four divertor coils in case of disruption;   

• A system supplying 27 non-axisymmetric (saddle) in-vessel copper coils for error field 

correction and edge-localized mode control.  

The first Calls for Tenders for the procurement of the PS systems were launched in 2021. The 

first deliveries are scheduled from 2023 to be installed in the Frascati Coil Cold Test Facility, 

where most of the superconducting coils will be tested in nominal conditions. 
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The project of the diagnostic for the Zeff radial profile measurement and for the divertor visible 

imaging spectroscopy, designed for the new tokamak DDT (Divertor Tokamak Test), is 

presented.  

To deal with the geometrical and functional constrains of DTT and to minimize the diagnostic 

occupancy inside the access pipe, an integrated and compact solution hosting the two systems 

has been proposed. The Zeff radial profile will be evaluated from the Bremsstrahlung radiation 

measurement (in a wavelength region free of line emissions) in the visible spectral range: ten 

single lens telescopes will collect the light along ten Line of Sigths (LoS) in the upper part of 

the poloidal plane, from the equatorial line up to the separatrix. The telescopes will focus the 

light on an optical fibers which will carry it to the spectroscopy laboratory. One more telescope 

will collect the light along a toroidal LoS crossing the plasma center and laying on the equatorial 

plane, to measure the ‘averaged’ Zeff on a long path.  

The divertor imaging system is designed to measure impurity and main gas influxes, to monitor 

the plasma position and kinetics of impurities, to follow the plasma detachment evolution. The 

project aims to obtain the maximum divertor region coverage and to set instruments outside the 

torus hall, in order to share light among different spectrometers/interferential filter devices and 

easily change their LoS setup. The system is composed by a head with 2 mirrors and a pinhole, 

in direct contact with the vacuum vessel, and by the image transfer optics. The head protrudes 

from the diagnostic box where the divertor image transfer optics and the Zeff telescopes are 

collocated; proper windows will separate the vessel vacuum and the imaging system head from 

the inside of the diagnostic box, which is at atmospheric pressure.
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Within nuclear fusion research, one of the key aspects is the handling of the significant thermal 

power originated in fusion reactions. The Divertor Tokamak Test (DTT) [1] is an Italian facility 

that aims to investigate innovative power exhaust configurations for the divertors, at different 

plasma edge and bulk conditions that match those planned for DEMO. 

A neutron camera is one of the planned DTT diagnostics, which will provide spatially resolved 

insights on the plasma conditions for estimating the fusion power. It consists of a multi-channel 

structure in which a series of cylindrical collimators are inserted in a concrete shielding block. 

Each collimator is equipped with a detector and has a different orientation so to resolve a 

different plasma region. The current candidates for the detectors are NE213 scintillators. 

This paper presents preliminary studies performed using MCNP simulations on a 20° sector of 

the machine and a detailled design of the neutron camera. Neutron transport simulations were 

performed coupled with FENDL nuclear data libraries, in which the study of the calculated 

neutron fluxes and spectra focused on minimizing the fraction of scattered neutrons. That 

allowed to optimize the geometrical parameters for the collimators and to select the best 

material among a list of feasible alloys. The outcomes provide additional requirements for 

investigating the feasibility of the neutron camera and for determining the best detectors to use 

depending on the required efficiency. 
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The Divertor Tokamak Test (DTT) [1] is presently in the start-up phase of construction. Among 

diagnostics, the magnetic ones are the first components that will have to be ready for installation 

and commissioning when DTT vacuum vessel and magnets will be assembled. in this paper, 

the white noise measurements characterization of DTT in-vessel and thermo-mechanical 

analysis ex-vessel pick up coils will be presented referring to 2021 probe configuration. In 

particular, the systematic error due to white noise affecting the 80 internal pick-up coil 

measurements on plasma position reconstruction has been assessed. Such plasma reconstruction 

has been done by assuming a filamentary representation of the plasma current density. The 

effect of measurements noise is characterized evaluating the mean error, mean square error and 

the standard deviation, in the reconstruction of suitable plasma-wall gap on the gap difference 

between the noisy inverse reconstruction and the ideal inverse reconstruction in the case of 

noisy inverse reconstruction with respect to the ideal inverse reconstruction. 

Moreover, a feasible design of torlon/copper pick up coils and the thermo-mechanical analyses 

using finite element codes have been performed for backing and operative conditions. The 

operative temperature results to be far from critical condition. In addition, a preliminary 

analysis on the error of the inverse boundary reconstruction due to internal pick-up coil rotation 

and displacement shows that displacements of about 1mm and rotation of a few thousandths of 

a degree can be neglected. On the contrary, the baking temperature T=220 °C presents some 

critical issues. This means that the pick-up coil mount solution needs to be defined to accurately 

evaluate the stresses on the contact region between the pick-up coils and the vacuum vessel. 
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The Divertor Tokamak Test facility (DTT), under construction at ENEA RC Frascati, is aimed 

at investigating alternative power exhaust solutions approaching as much as possible the 

conditions planned for DEMO in terms of plasma edge and bulk. As for the other fusion 

machines, the presence of a large number of interfaces, and the distribution of the working 

groups on a worldwide scale, makes the project and its realization a challenge within the 

challenge. Effective project management methods, tools and working practices should be 

deployed to facilitate the communication and collaboration among the different institutions 

involved in the project. 

This paper deals with the definition of the Configuration Management platform architecture 

enabling technical integration of the DTT project. Following the V-model and the RFLP 

approach the first step consists in the definition of main requirements the platform should 

satisfy, considering the multidisciplinary domain characterizing the nuclear fusion sector and 

the maturity of the project. Then the functional analysis of the whole system is carried out and 

alternative logical architectures are generated. Main characteristics of the most advanced 

Product Lifecycle Management (PLM) tools are identified, their limits and benefits are 

evaluated, and the suitable PLM platform is selected, satisfying requirements, functions, and 

logical architecture. A systematic approach is adopted for the definition and optimization of the 

configuration management structure of DTT ensuring the congruence of the design and the 

adoption of a proper systems engineering approach. The purpose is to control and track 

requirements and design changes and to manage the interfaces among the DTT subsystems and 

the conflicts among their functional, technical and user’s requirements. Lastly, the paper 

presents, as case study, a simplified logical and functional architecture of a peculiar DTT 

subsystem and its implementation in the collaborative platform to ensure the consistency of the 

design with requirements.
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This paper proposes a system engineering-based iterative design approach for the DTT 

HYRMAN, a hyper redundant manipulator conceived to perform remote maintenance (RM) 

and inspection tasks in the DTT vacuum vessel. According to the “RFLP” paradigm of the “V-

model” (Requirements, Functionalities, Logical and Physical architecture, with the respective 

test phases), after having defined the user’s Requirements, two RM strategies have been 

proposed for the in-vessel components, involving respectively an articulated manipulator and 

an articulated rail concepts. The selection of the latter has significantly influenced the definition 

of Technical Requirements for the Remote Handling (RH) equipment, which have been 

confirmed through preliminary simulations in terms of forces and torques, under maximum 

payload conditions. The Logical architecture of the in-vessel RH System comprises a subsystem 

destinated for the divertor and another mainly for the First Wall modules maintenance. The 

second subsystem Physical architecture consists in a hyper redundant manipulator characterized 

by twelve joints (two prismatic and ten revolute), with a planar and a dextrous arm. Once 

defined the ideal operative procedures, the HYRMAN behaviour was simulated and tested in 

virtual environment under the in-vessel geometric constraints, to evaluate the overall 

encumbrance and the remote operations feasibility. The kinematic analyses were performed 

simulating links and joints as rigid bodies, using the software Delmia in the same Dassault 

Systèmes V5 platform used for 3D CAD modelling (CATIA V5). Flexibility analyses 

performed in SIMSOFT have confirmed that the HYRMAN can be modelled using the rigid 

body assumption with sufficient confidence, as flexible effects along the length of the links are 

negligible with the current design of the manipulator. The workflow of actions implemented 

within the virtual platform and the obtained results are discussed in the paper, further to the 

evaluation of alternative design solutions in case of reachability or collision avoidance 

criticalities for the HYRMAN.
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DTT is a flexible and effective structure built and managed under the European strategy in 

fusion technology. During the life of the plant, various plasma scenarios are envisaged that 

require maintenance by replacing some components [1,2]. This maintenance is intended in 

particular for the replacement and subsequent testing of the divertor, which is the primary 

purpose of the DTT facility. Preventive maintenance will be performed mainly for the divertor 

cassettes and for diagnostics, while others in-vessel components are expected to be maintained 

only in case of failure. Due to the activation of components all the maintenance of the in-vessel 

components will be performed via remote handling. The target for the preventive maintenance 

is quite challenging, because it is expected to complete all maintenance operations within 6 

months, and as such the success depends on the DTT RH capability. According to this, a Remote 

Handling System (RHS) for the DTT has been conceptually designed. It includes the whole set 

of RH equipment and tooling for the execution of the in-vessel maintenance tasks as well as 

those for the ex-vessel operations and of the waste management. A wide range of technologies 

is involved: special robotic system for the handling of components in the VV, special cameras, 

lifting system, control system and virtual reality. In the paper an overview of the RHS of the 

DTT, including design requirements, functions and maintenance tasks to be performed, is given. 
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The realization of a specific Remote Handling (RH) Test and Training Facility is necessary for 

the development and optimization of the RH system, to demonstrate the fulfilment of all the 

design requirements, for testing and validation of the RH maintenance procedures, for the 

qualification and acceptance testing of RH equipment and tooling. Furthermore, it provides 

training and certification to the RH maintenance operators, by making available to operators 

the knowledge, instructions and experiencing of the Virtual Simulator platform, the control 

room devices, the robots and tooling to be used for RH tasks. 

In this work, the preliminary architecture of the DTT Remote Handling (RH) Test and Training 

Facility is described, with a focus on the added value of the adoption of Virtual Reality 

technologies enabling real-time alignment of virtual robots’ configuration with the real ones 

(Digital Twin). 

A first approach to the facility design is proposed, starting from the technical requirements: 

Environmental, Design, Physical, Functional, Operational, Human Factors and Product 

assurance and safety. 

The proposed architecture consists of three subsystems: 1. "the Visualization, simulation and 

interaction system", 2. "the system for the physical-virtual equipment", 3. "the system for the 

communication and data exchange collected by the sensors". The idea is to create a digital twin 

of the RH equipment mock-ups to have at disposition real-time additional information about 

the real environment. These data could be crucial for the operator’s decision-making process 

about a sudden intervention on the RH system, further to their employment for future studies 

and optimization. 

Therefore, for each subsystem of the facility, a description of the software and hardware aspects 

and the components identification is provided. In conclusion, an overview of the criticalities of 

such complex system is presented, in order to prepare the ground for future research works.
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The Divertor Tokamak Test facility (DTT) [1] is currently in the design stage and under 

construction at ENEA C.R. Frascati. The DTT facility is aimed to tackle the power exhaust 

issue with plasma performances relevant for DEMO exploitation. Another crucial aspect is 

represented by the possibility to test several advanced magnetic configurations. 

In this facility, one of the most important DTT components is represented by the divertor 

system. Within the EUROfusion Programme the DTT divertor design is pursued inside a 

dedicated Work Package (WPDIV-IDTT). The DTT divertor consists of 54 modules with a 

toroidal span of 6.4° each. A single divertor cassette is made up of a cassette body, whose 

function is to provide structural strength, support the Plasma Facing Components (PFCs) and 

to route the coolant. The PFCs are designed to guarantee the required flexibility to 

accommodate different magnetic configurations. 

One of the major concerns for the structural integrity of the divertor is represented by transient 

loads, both Electromagnetic (EM) and thermal, occurring during plasma disruptions. From 

thermal point of view the power loads coming from plasma is expected to be up to 20MW/m2, 

whilst from mechanical perspective the induced currents (i.e., eddy and halo) in the divertor 

interacting with EM field generate huge loads. In this work electromagnetic and thermo-

structural simulations are performed in order to assess the capability of the DTT divertor to 

withstand disruption loads. 
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The main mission of the Divertor Tokamak Test facility (DTT) [1] is to develop integrated 

advanced scenarios, where high plasma performance is achieved together with acceptable loads 

at the wall. Therefore, it is crucial for the First Wall (FW) of DTT to be reactor-relevant, 

providing the proper boundary conditions (e.g., plasma-facing material) expected in a fusion 

device delivering electricity to the grid.  In this contribution, an overview of the conceptual 

design of the FW of DTT is presented. The FW is made of water-cooled plasma-facing 

components (PFCs), divided in three major systems: an Inboard First Wall, an Outboard First 

Wall, and a Top First Wall. The DTT FW will have tungsten as plasma-facing material, either 

bulk (hot rolled), in the limiter regions, or plasma sprayed, where the expected thermal loads 

will be mainly attributed to the photon radiation. The heat sink material of choice is austenitic 

stainless steel, with the exception of the limiters where Copper Chromium Zirconium (CuCrZr) 

is adopted due to the high heat fluxes. Key constraints for the design are found in the 

compatibility with the remote handling system, the electromechanical loads, the water-cooling 

system requirements, the integration with the other In-Vessel Components, the compatibility 

with the different plasma equilibria foreseen in DTT and of course the power handling 

capability for both steady state and fast transient loading (disruptions/VDEs). Focus will be put 

specifically on the thermohydraulic and thermo-mechanical analysis of the PFC modules, 

carried out through ANSYS CFX and ANSYS Mechanical respectively, reporting the results 

for the most critical operating conditions. This work is part of the activities program granted by 

the EUROfusion Consortium. 
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The Divertor Tokamak Test (DTT) facility [1] is the tokamak under construction at ENEA C.R. 

Frascati. Within the roadmap of the EUROfusion programme, steel-based actively cooled-

plasma facing components have been chosen for the First Wall (FW) of DTT aiming at 

assessing design and manufacturing solutions that could be relevant in view of EU-DEMO. 

This work focuses on the research activities for the outboard FW (OFW). The conceptual design 

of the OFW modules consists of water-cooled steel plates coated with tungsten (W) armour 

deposited by means of high-power plasma spray process. The cooling circuits are obtained with 

square section coils made inside the steel plate. The radiative heat load of design on the OFW 

is 0.5 MW/m². Water enters the cooling circuits at 60 °C, with a pressure of 4 MPa. 

The optimized layout of a OFW module is presented, together with the results of thermo-

hydraulic and thermo-mechanical simulations that have been carried out in ANSYS Workbench 

at the steady state operating conditions. These analyses allowed us to evaluate the thermal 

behaviour of the component, the pressure drops in the circuits and the entity of primary and 

secondary stresses, which are due to water pressure in the channels and the heat load, 

respectively. An assessment of structural integrity has been performed with the allowable limits 

from the ITER SDC-IC. 

As a further step, a medium-scale prototype has been designed and realized for the purpose of 

testing the technological viability of the manufacturing process. The qualification results are 

discussed focusing on the welding route in the steel plate and the W plasma spray deposition. 
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Divertor TOKAMAK Test facility (DTT) is conceived for operating with attention to key-issues 

like R&D on plasma-facing components. In particular, it will be essential that the First Wall 

(FW) can cope with thermal and electromagnetic loads, resulting from both normal and off-

design operating conditions, according to various plasma scenarios. Therefore, the FW limiter 

module will be adopted (other than the standard one), whose role is to cope with plasma limited 

phases, i.e. when the plasma touches the wall. 

In this contribution, an overview of the conceptual design and the manufacturing of FW-limiter 

prototypes of DTT is presented. 

The layout of the limiter module (LM) presented through CATIA-3D model is stretched out 

towards the plasma in radial direction, compared to the standard module, and its plasma facing 

surface has a toroidal shaping, to uniform the incident steady-state thermal load (15 MW/m2), 

applied in a parametric way by a VB-script suitably developed. 

Each unit of the LM has an heat sink made by a coaxial pipe of Copper-Chromium-Zirconium, 

due to the high heat fluxes, where the coolant water flows. The outer pipe is joined to the 

surrounding armour by an Hot-Radial-Pressing process. The plasma-facing material of the 

surrounding armour will be dense tungsten and a soft interlayer of copper will be also placed 

between them – for accommodating the stresses due to differing thermal expansions – by means 

of a former vacuum-casting process. 

Focus will be given specifically on the results of thermo-mechanical analysis carried out 

through ANSYS Workbench, in order to assess the structural integrity of the conceptual design 

against various damages and failure modes, and on the manufacturing processes of the 

prototypes described, by the related ENEA patented equipment, followed by the related 

ultrasonic non-destructive tests. 
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The Divertor Tokamak Test facility (DTT), under construction on the ENEA C.R. Frascati site, 

is a machine whose objective is to investigate on power exhaust alternative strategies relevant 

for the DEMO reactor. 

The DTT divertor is composed of 54 modules cooled by water with inlet temperature which 

can vary from 30°C to 130°C. The modules are fed in parallel with a total mass flow rate of 570 

kg/s in the whole divertor. In each module, the water enters in a manifold integrated in the 

cassette, located in the outboard side, and distributes among 9 tubes of the Outer Vertical Target 

(OVT). The 2 OVT external pipes go directly to the outlet manifold, whereas the remaining 7 

pipes continue their route through the dome, the Inner Vertical Target (IVT) and collect in 

another manifold located in the inboard region. Then, the flow goes through the cassette and 

finally collects into the outlet manifold together with the two external OVT pipes. A localized 

reduction of the diameter (i.e., a calibrated orifice) is necessary in these latter to evenly 

distribute the mass flow rate among the 9 OVT channels. 

In this work, the CFD model of the divertor module and related hydraulic assessment are 

presented. The analysis allowed to calibrate the size of the orifice, verifying that a balanced 

flow distribution is achieved in the different tubes. A sensitivity analysis to the water bulk 

temperature as well as to the orifice manufacturing tolerance was also performed. Further, the 

model was used to evaluate the total pressure drops in the divertor module, with particular focus 

on the localized losses due to twisted tapes used to swirl the flow in some regions. All the 

simulations were performed with the commercial CFD software ANSYS Fluent. 
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The Divertor Tokamak Test facility (DTT) [1] under construction in the research center ENEA 

Frascati, will have to search innovative and advanced solutions to the challenge of power 

exhaust in future fusion reactors. The divertor is the key component of a tokamak with the 

function of exhausting the heating power coming from the plasma. The current DTT divertor 

design foresees the presences of three main plasma-facing components: an Inner Vertical 

Target, an Outer Vertical Target and a Dome. A specific constraint on the first DTT divertor is 

to accommodate several magnetic equilibria, and therefore divertor configurations having 

different strike point positions. For this reason, it is mandatory for the Dome to have a power 

handling capability comparable to the ones of the IVT and the OVT. 

In such a context, a R&D activity must be carried out and supported by both experimental and 

numerical studies. In the framework of the research scope of the WPIDV-IDTT group, several 

qualification activities of the divertor plasma facing units have been planned for 2022. These 

activities concern the assessment of the critical heat flux margin and of the thermomechanical 

performance under cyclic thermal load of a monoblock with reduced thickness. Furthermore, 

the qualification of the technological solution for the dome which, due to its flattened shape, 

requires that one of the extremities is protected with W flat tiles, is also planned. The flat-tile 

segment covers only a small length of the PFC (~ 40 mm), which has the function of allowing 

a 90° turn of the cooling pipes. The joining of both monoblock and flat-tile segments is fully 

integrated in a single step. The technique used is the Hot Radial Pressing, which has been 

developed in ENEA and qualified for the manufacturing of the ITER IVT. 
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In the final configuration of the Divertor Tokamak Test (DTT) facility [1], 32 ECRH front-

steering launchers will be distributed in 4 sectors of the machine. Two different antennas are 

hosted in the equatorial and in the upper port of each ECRH sector, with 6 and 2 single launchers 

respectively [2]. This setup will deliver up to 35.2 MW installed power to the plasma, making 

such ECRH system the most powerful ever implemented at the time of its completion. To 

comply with compactness and performance requirements, a fully in-vessel driving system has 

been proposed for the steering mirrors. The system relies on UHV-compliant piezoelectric 

walking drives to provide biaxial steering capability. The main drawback of piezoelectric drives 

is their low driving force, in an environment where magnetic torques can be very high because 

of variable magnetic fields, as those induced by the non-axisymmetric in-vessel coils for plasma 

control, and especially in case of disruption events. Therefore, the materials of the water-cooled 

steering mirrors must be chosen in such a way as to minimize magnetic torques while 

guaranteeing adequate heat conduction. Numerical and analytical models of the magnetic 

torques acting on the steering mirror have been developed. The models have been applied to 

the steering mirror to quantify magnetic torques due to various sources and dynamic regimes. 

The currently proposed full-copper mirror was proven to be critical. Therefore, compliance 

requirements for the mirror have been computed, and different solutions have been numerically 

evaluated for magnetic torque mitigation and heat conduction capability, including 

modification of mirror geometry, combination of different materials and implementation of a 

tungsten-coated ceramic mirror. The set of numerically feasible solutions has been defined, and 

qualification tests for future prototypes have been identified. 
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One of the main goals of the Divertor Tokamak Test (DTT) facility is to reach a ratio of power 

crossing the separatrix over the major radius of about 15 MW m-1, as the one expected in 

DEMO [1]. For this purpose, up to 45 MW of external additional heating shall be coupled to 

the plasma, provided by Electron Cyclotron Resonance Heating (ECRH), Ion Cyclotron 

Resonance Heating and Neutral Beam Injection. The foreseen total ERCH power installed at 

full power shall be 32 MW, generated using 1 MW/170 GHz gyrotrons, for 100 s, with the 

option to reach a total power of 35.2 MW in view of possible future upgrade of these sources 

(using up to 16 gyrotrons of 1.2 MW RF power). The present ECRH system foresees two 

launching antennas per sector, based on the front-steering concept. The equatorial antenna is 

dedicated to plasma heating and current drive and the upper antenna to the stabilization of MHD 

instabilities. This paper focuses on the latest conceptual design for these two antennas and the 

definition of the ex-vessel matching optics unit of the last section of the Evacuated 

Transmission Line (ETL). The design has been updated to be compatible with the insertion of 

the CVD diamond windows, to separate the vacuum environment of DTT from the ETL. This 

choice requires adding corrugated waveguide sections between the last mirror of the ETL and 

the first mirror inside the port, requiring some adaptation of the in-vessel optics and an update 

of the supporting structure. The possibility to modify the steering range for the launching mirror 

has been also investigated to be compatible with the new design of the first wall and for the 

upper antenna, to reach the q = 2 surface in the new plasma scenario. 
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The Divertor Tokamak Test facility (DTT), under construction in Italy, aims at testing standard 

and alternative divertor solutions with DEMO-relevant power exhaust conditions [1]. The 

ECRH [2] is crucial to achieve such conditions and will provide at least 28.8 MW out of the 

total 45 MW of input power expected for DTT plasma. 

The ECRH system is composed of four multi-beam Transmission Lines (TL) enclosed in a 

metallic envelope in which the vacuum level of 1x10⁻⁴ Pa will be maintained by a dedicated 

pumping system to reduce the overall transmission losses below the target of 10%, avoid the 

risk of arcs and prevent microwave leaks. The total volume of the TL duct is about twice as 

large as the DTT main chamber which will operate with a neutral pressure in the far Scrape-Off 

Layer (SOL) more than 200 times higher than that of the TL. A gate valve, normally closed, 

separates the TL vacuum from the DTT main chamber vacuum. 

This study aims at verifying the compatibility of the vacuum system of the TL and DTT main 

chamber conditions. The mutual influence of the two environments was analysed in steady-

state conditions and at the aperture of the gate valves during an ECRH pulse. Neutral dynamic 

in the TL was estimated by using the neutral kinetic code AVOCADO [3], the influence of 

ECRH duct opening on main chamber neutrals and plasma was evaluated with the edge code 

SOLEDGE2D-EIRENE [4]. 

It was proven that the neutral loss in the main plasma could be compensated by the available 

puffing system and that the modification of launchers geometry could maintain the operating 

pressure in the TL. 
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For the DTT Tokamak in Frascati, Italy, an ECRH system with power of 16 MW will be 

available for the first plasma and 32 gyrotrons are foreseen in a later stage [1]. Given the 

location of the building hosting the ECRH sources, the Transmission Line (TL), designed for 

1.5 MW beams, will be long between 77 m and 124 m and will transfer power from the Gyrotron 

Hall to the Torus Hall Building. The main section runs in a straight elevated corridor at a few 

meters above the ground level. In order to have low power losses and a simpler and manageable 

system, the long TL run is realized by four Quasi-Optical multi-beam lines transmitting each 8 

beams via shared mirrors, similar to the W7-X Stellarator TL. Avoidance of losses in air and 

microwave leaks is assured by a vacuum enclosure with the use of metallic gaskets. Single-

beam transmission sections cover the distance from the gyrotron to a beam-combining mirror 

unit and from a splitting mirror unit, located after the multi-beam line, to the launcher. The 

optical design has to cope with space constraints in the buildings and aims to minimize ohmic, 

spillover and mode-conversion losses due to mirror reflections. Evaluations with the 

electromagnetic code GRASP and possible suited concepts for the multi-beam mirror cooling 

are reported. 
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In the Divertor Tokamak Test facility (DTT), a new superconducting tokamak (B0 = 6 T, Ip = 

5.5 MA, R0 = 2.19 m, a = 0.7 m, pulse length = 100 s) under realization at the ENEA Frascati 

Research Centre, an efficient first wall conditioning technique suitable for the use in presence 

of a magnetic field must be used [1]. Ion Cyclotron Wall Conditioning (ICWC), based on 

Radio-Frequency (RF) discharges, is one of the most promising techniques [2] and foreseen in 

ITER too. ICWC discharges in DTT will be performed using the Ion Cyclotron Resonance 

Heating (ICRH) system, whose frequency range is (60-90) MHz. This paper investigates the 

electromagnetic waves excited inside the vacuum DTT volume delimited by tungsten first wall 

in the frequency range 60-130 MHz, using the HFSS and CST-MS codes, with the aim to check 

the presence of E and H resonant modes.  Full-wave simulations have been run for the entire 

DTT torus with the three–strap antenna currently in the design phase for DTT, to perform a 

careful analysis of the parallel electric field (E//), responsible of the initial gas breakdown. On 

this basis the most appropriate choice for the RF feeding of central and lateral straps as well as 

for the frequency in order to maximize E// has been identified and is presented in the paper. 

The analysis of E// at the resonant frequency of a H mode and at the lowest value of the ICRH 

frequency range of DTT demonstrates, for the first time, the usefulness of using a H mode to 

minimize the RF power required during the most critical phase of ICWC discharges. Finally 

the operational parameters (TRFon, TRFoff, RF power, etc.) for DTT, extrapolated by the 

analysis of ICWC experiments documented in literature, will be presented.
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The Divertor Tokamak Test (DTT) facility [1] (B0=6T, Ip=5.5MA, R0=2.19m, a=0.7m, pulse 

length=100s), aims at validating an integrated solution for the power exhaust in view of DEMO. 

It will be powered by 45MW of additional heating power, mostly EC at 170GHz, and has now 

entered the realisation phase at the ENEA Frascati Research Centre. 

The ICRF system shall couple to the plasma 6 MW in the 60 90 MHz frequency range by means 

of four launchers, to be assembled on DTT in two different phases of its completion. The 

conceptual design of this system has been already completed. Significant effort has been 

dedicated to the identification of the most suitable launcher concepts for mitigating the input 

reflection coefficient of strap arrays and the high electric fields within the launcher box and 

immediately in front of it. 

The launcher dimensions are mainly conditioned by those of the DTT toroidal ports. Two main 

launcher approaches have been studied taking into account geometric constraints, assembly and 

maintenance issues: a plug-in and an in-vessel approach. The plug-in approach implies a 

maximum of two straps’ columns per launcher, while the in-vessel one allows up to four straps’ 

columns. 

On these basis several possible array’s typologies (conventional and self-resonant) have been 

analysed and optimised from the coupling point of view. 

This paper reports the main results obtained for the different launcher typologies, in particular 

with the ANSYS/HFSS code. Because this code does not include a plasma model, a dummy 

load made by an ideal homogeneous dielectric, with suitable characteristics, has been adopted. 

The paper also includes considerations on the effective use of each launcher on DTT. 
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The Divertor Tokamak Test (DTT) aims at studying possible solutions to the power exhaust 

issue to pave the path to DEMO. In this paper, we present the numerical design and optimization 

of a three-strap ICH antenna suitable to deliver Ion Cyclotron RF Power for the DTT facility 

[1,2]. The structure, operating in the frequency range 60 - 90 MHz, has been studied and 

optimized by using the commercial RF simulation software CST Studio Suite. Here the plasma 

is considered as an equivalent, high permittivity, lossy dielectric. Taking into account the 

mechanical and operational severe constraints of DTT, we firstly explored various antenna 

configurations, starting from single flat strap, then evolving to the three-straps of the antenna 

currently in the design phase. The objective was to optimize the antenna structure in order to 

couple a power ≥ 1.5 MW to the dielectric load with a progressive phase shift of 180° between 

toroidally adjacent straps, while at the same time minimizing the detrimental electric fields 

component parallel to the tokamak magnetic field. 

The CST results have been compared, cross-checked and validated with the TOPICA code, 

with a simpler COMSOL-based tool [3] and with ANSYS/HFSS simulations [4]. 
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The Divertor Test Tokamak (DTT) will be a new experimental facility located in Frascati, 

Rome, Italy, whose main goals will be improving the understanding of plasma-wall interactions 

and supporting the development of ITER and DEMO. DTT will be equipped with a Neutral 

Beam Injector (NBI) based on negative deuterium ions, designed to provide 10 MW of power 

to the tokamak. 

A fundamental system for the good operations of the DTT NBI will be its Gas injection and 

Vacuum System (GVS). Indeed, the efficiency of the entire NBI strongly depends on the good 

performance of its GVS. 

The GVS for DTT NBI will be composed of a grounded part connected to the main vacuum 

vessel, and a high voltage part connected to the ion source vessel and working at -510 kV 

voltage. The grounded part will feature a fore vacuum system (given by screw and roots pumps) 

plus a Ultra-High Vacuum (UHV) system based on turbo-molecular pumps located on the side 

walls of the vessel and Non-Evaporable Getter (NEG) pumps located inside the vessel on the 

upper and lower surfaces. On the other hand, the high voltage part will feature a fore vacuum 

system (given by two compact screw pumps mounted on the external surface for the ion source 

vessel) plus a UHV system based on turbo-molecular pumps also located on the sidewalls of 

the ion source vessel. 

This paper gives a description of the conceptual design of the GVS for DTT NBI, and of the 

procedure followed to optimize this system considering the operational requirements and the 

other constraints of the DTT NBI.
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The Divertor Tokamak Test (DTT, R = 2.19 m, a = 0.7 m, vacuum toroidal field BT ≤ 5.85 T, 

Ip ≤ 5.5 MA) is a new super-conducting device, being constructed in Frascati, Italy. DTT will 

be capable of plasma operations at high density and high heating power, in conditions relevant 

to address the power exhaust issue in support of ITER operation and DEMO design. DTT 

foresees the installation of a mix of auxiliary heating systems to couple up to 45 MW to the 

plasma, including Neutral Beam Injection (NBI). The neutral beam injector is currently being 

designed, aiming at delivering tangentially to the plasma neutral particles at energy of 510 keV, 

with a total power of ~10 MW. 

In the present contribution we first present the results of a simplified METIS 0.5D transport 

simulation for a DTT reference discharge at full power, focusing on the NBI contribution to the 

plasma scenario. 

We then apply, for the first time, the orbit-following Monte Carlo code ASCOT to DTT, in 

order to analyse with more details the interaction of the high-energy beam, described with real 

geometry beamlet by beamlet, and the plasma. The results of the simulation give an insight of 

the behaviour of beam energetic particles in DTT, with particular attention to possible particle 

losses to the first wall. This investigation is crucial to provide feedback and suggestions to DTT 

design and to assess the beam fast ion physics for plasma scenario developments. This ongoing 

work has started with the simplest case of a reference flat-top plasma in axis-symmetric 

magnetic fields. The contribution will also give updates on the investigation of different DTT 

plasmas at e.g. lower density and the interaction of the beam with non-axial-symmetries in the 

magnetic field.
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The Divertor Tokamak Test facility (DTT) is the new tokamak under construction in Frascati 

(Italy), with the main aim of testing different divertor magnetic configurations and technologies 

in view of DEMO. The Heating and Current Drive function will be provided by one Neutral 

Beam Injector (NBI), accelerating negative Deuterium ions with an energy of 510 keV, giving 

an output power of 10 MW maximum. The Acceleration Grid Power Supply (AGPS), with 3 

stages rated 167 kV each, will feed the NBI accelerator. For optical reasons, the insulating gap 

among the acceleration grids is at the limit of the voltage holding in vacuum, therefore frequent 

arc breakdowns (BD) among the grids will occur, requiring the quick switch-off of the AGPS 

to limit the arc energy. For the AGPS, beside the ITER-like scheme including gas-insulated HV 

components, an innovative approach based on the Modular Multilevel Converter (MMC) 

technology is being considered. This would include air-insulated HV converters, requiring a 

huge building volume, which at present cannot be obtained in close proximity to the tokamak 

building. It is under study the possibility to install the MMC converters in a new building to be 

erected in an available area located far from the tokamak, and connecting the AGPS to the load 

with HV coaxial cables. This paper presents the studies carried out to verify the impact of the 

cables length on the arc energy, in case of breakdown among the grids, and to estimate the 

magnitude of the voltage oscillations due to resonance effects. These oscillations can occur not 

only between each hot pole and the return conductor, endangering the cable insulation, but also 

between the return conductor and local ground, with potential consequences on the laying 

method, the human safety and the electromagnetic compatibility with sensitive apparatus 

nearby, which have been evaluated.
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The Divertor Test Tokamak (DTT) is a new experimental facility whose construction is starting 

in Frascati, Rome, Italy; its main goals are improving the understanding of plasma-wall 

interactions and supporting the development of ITER and DEMO. DTT will be equipped with 

a Neutral Beam Injector (NBI) based on negative deuterium ions, designed to provide 10 MW 

of power to the tokamak. 

A design with an air-insulated beam source is adopted for DTT NBI. In this scheme, the ion 

source and accelerator are cantilevered from the Vacuum Vessel of the DTT NBI. The 

accelerator is being conceptually designed to accelerate 40 A of negative deuterium ions (D-) 

to an energy of 510 keV. It is made by means of a set of five grids biased at different potentials. 

Each grid is mounted on a stainless steel support frame, which in turn is connected to its external 

flange (also made of stainless steel). The external flanges are separated by insulating rings made 

of Fiber Reinforced Plastic (FRP) having an external diameter of about 3 m and designed to 

hold the potential difference of up to 166 kV between two adjacent flanges. At the same time, 

these rings must support the weight of the whole beam source assembly, while being perfectly 

leak tight and providing a vacuum compatible surface on the internal side. 

Due to the unprecedented size of these FRP rings and considering that they must fulfil various 

fundamental functions of the accelerator, the development of their design was supported by a 

comprehensive R&D campaign aimed at choosing the most suitable materials, construction 

techniques and design solutions. 

This paper gives a description of the current conceptual design of the insulating rings and of 

the main results obtained so far in the related R&D campaign.
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The Divertor Tokamak Test (DTT) facility [R. Martone, et al. “DTT Divertor Tokamak Test 

facility Interim Design Report, April 2019, https://www.dtt-

dms.enea.it/share/s/avvglhVQT2aSkSgV9vuEtw] is currently under construction at ENEA 

Frascati. DTT is a tokamak that will study different solutions to help addressing the issue of 

power exhaust in EU DEMO perspective. This will require to test several plasma 

configurations, asking for a significant amount of auxiliary heating power to reach a relevant 

heat flux to the divertor. Electron Cyclotron Resonant Heating (ECRH), Ion Cyclotron 

Resonant Heating (ICRH) and a Neutral Beam Injector (NBI) are foreseen for this purpose. 

The latter is composed by the ion source and the accelerator, connected to a vacuum vessel 

(VV) containing the Beam Line Components (BLCs), i.e. the neutralizer, the residual ion dump 

and the calorimeter. The VV is then connected to the tokamak vacuum vessel through an 

absolute valve. All these components are currently in their conceptual design phase, and their 

performance needs to be verified by means of detailed numerical analyses before moving to the 

engineering design. 

In this work, suitable numerical models have been developed for each of the three BLCs and 

some of their submodules. First, hydraulic analyses have been carried out to assess the 

compliance of the flow characteristic with the constraints prescribed by the cooling system. The 

need of a first design optimization is reported, especially in the inlet/outlet manifolds processing 

the entire mass flow, and in some pipes featuring turbulence promoters. Then, the heat loads 

estimated in the different components are used to perform thermal-hydraulic simulations, 

highlighting the regions close to (or beyond the) boiling point, especially in the calorimeter. 

Finally, the computed temperature map is used as input for a preliminary thermo-mechanical 

analysis of the neutralizer, also requiring further optimization. 

The mechanical analysis of the VV is also presented. 
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The Divertor Tokamak Test facility (DTT) is an Italian fusion project whose aim is to 

investigate alternative power exhaustion solutions designed for DEMO and ITER experiments. 

Several components of the DTT NBI beamline have complex geometry and are difficult to 

manufacture. The production of such components could greatly benefit from the 

implementation of Metal Additive Manufacturing (MAM) technology. Laser Powder Bed 

Fusion (LPBF) is a MAM technique that melts the powder bed selectively using a laser beam 

as an energy source. Components with complex designs, e.g. the grids for the accelerator, might 

be manufactured in fewer stages, with reduced cost, and with improved heat transfer efficiency. 

However, the fabrication of such copper components is difficult due to pure copper's high 

reflectivity and thermal conductivity. This work presents the thermo-mechanical 

characterization of pure copper and the CuCrZr alloy produced using different laser sources. A 

low power (<400 W) infrared laser source led to pure copper parts with high residual porosity 

(>2% depending on the purity and granulometry of copper), and low thermal conductivities. 

The CuCrZr alloy, on the other hand, yielded dense samples with a relative density of more 

than 99.5%. Furthermore, heat-treating the samples can improve their conductivity and 

mechanical properties. The heat-treated parts had a thermal conductivity of more than 300 

W/mK and tensile strength of over 300 MPa. LPBF machines equipped with 1 kW laser power 

with green (515 nm) and infrared (1080 nm) wavelengths enabled the production of dense pure 

copper components with porosity lower than 0.2%, high ductility, and high conductivity. 

Extraction Grid (EG) prototypes with conformal cooling channels were successfully 

manufactured as a result of the given R&D characterization, proving that the LPBF process is 

a dependable option for the realization of copper components when employing high power laser 

sources.
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Additive Manufacturing (AM) is an innovative technology that allows to realize complex and 

unconventional shapes of cooling channels integrated in mechanical components. The recent 

developments on high power laser technology provide the manufacturing of extremely high 

density and high thermal conductivity properties, also for materials as pure copper and copper 

alloys, adopting the Laser Powder Bed Fusion (LPBF) process. AM materials properties 

achieved are comparable with the ones obtained by conventional technologies. In the Neutral 

Beam Injection for the Divertor Tokamak Test (DTT) facility, the beam acceleration 

components are submitted to extremely high-power loads: high thermal conductivity and 

mechanical resistance, combined with a very efficient cooling system, are required. AM 

technology allows for an unconventional morphology of the integrated cooling ducts: we 

designed tailored cooling channels geometries to cope with the specific power maps of each 

grid plane. We manufactured several samples in pure copper powder, with different LPBF 

machines (instrumented with red or green laser), performing pressure drop tests to calibrate 

CFD simulations. The samples have been internally smoothed via a microwave based chemical 

process, to cope with the maximum pressure drop allowed in the cooling circuit. The pressure 

tests performed after the smoothing process of the cooling ducts, showed that the roughness 

reduction was such as to consider the hydraulic behaviour of the channel very close to the ideal 

‘smooth duct’ and in agreement with the design parameters. A design optimization of the 

smoothed cooling channels for the Extraction Grids has been performed with Ansys Fluent 

software, obtaining the most performant cooling ducts shape via AM technology. We 

implemented the simulated and experimental results in the final design of some reduced scale 

prototypes, that we manufactured and test with a thermal power map, very close to the nominal 

designed one.
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The Divertor Tokamak Test (DTT) facility, under construction in Frascati, Italy, represents a 

fundamental stage of the European Roadmap for fusion with the main scope of exploring 

different solutions for the DEMO divertor. The most power-consuming systems in DTT are the 

Heating and Current Drive (HCD) systems, delivering up to 45 MW to the plasma, and the coil 

Power Supply System (PSS), with a total installed power exceeding 300 MVA.  

An Electrical Distribution System (EDS) was designed for this purpose, fed at 150 kV by the 

National Electrical Grid (NEG) and requiring a power up to 300 MVA. The EDS network is 

divided in two main sections: the High Voltage System (HVS) and the Electrical Network 

System (ENS). A simulation model of the network has been implemented in the DIgSILENT 

PowerFactory software.  

This paper presents the results of a parametric analysis on all the EDS nodes and voltage levels 

as a function of the possible fluctuations in the NEG. This issue will be more and more critical 

in future grid developments with the massive penetration of renewable energy sources (RESs). 

The high power gradients in a very short time, peculiar of the HCD and PSS loads, hardly 

allows the adoption of solutions to stabilize the voltage. On the other hand, such loads are 

controlled by electronic converters with specific needs on the waveform quality, but also with 

the capability to partially compensate the voltage fluctuations. For this reason, they are grouped 

in a sub-network with requirements less stringent with respects to the other loads. 

The purpose of the analysis is to identify the operating limits of the EDS that can guarantee the 

correct DTT operations and to define adequate design specifications to be considered in the 

commissioning phase.
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Virtual Reality (VR) simulations have become an essential tool during the design and operation 

of the main industrial and scientific infrastructures. Purpose of the research. This research aims 

to provide custom-made virtual reality simulations of the main maintenance and logistics tasks 

in DONES.  

During the design of DONES, virtualization has been applied to Remote Handling maintenance 

procedures of the High Flux Test Module and the Target Assembly in the Access Cell, 

furthermore to the procedures for the replacement of the High-Energy Beam Transport Scraper 

in the Accelerator System. Our methodology is intended to convert CAD designs, physical 

attributes, and textual description of the procedures into a visual reconstruction of the 

operations. However, as DONES design is constantly evolving, these tools have been designed 

to allow straightforward adaptation of the designs and procedures.  

The execution of the virtualization process is segmented into three phases. Preparatory phase 

where relevant information of the procedures had to be compiled into one document 

(Virtualization Task Documentation). Processing phase that transforms the descriptions into a 

visual reconstruction of the tasks by our own sequencer system. Delivery phase, where the 

simulations are exposed to the end-user through a user-friendly interface that facilitates the 

analysis of extracted data. This interface has been extended with additional features such as 

multiple and interactive cameras, direct jump to specific subtasks, distance measuring system, 

task-duration estimation. 

The simulations generated in the Access Cell and the Accelerator System have shown useful to 

refine the maintenance and logistics procedures, detecting small inconsistencies between some 

of the equipment as well as to provide improvement suggestions for the design of the 

equipment. In the next years, the virtual reality simulations will be extended to other tasks in 

the accelerator and the lithium systems in DONES.
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The devices used to carry out remote manipulation tasks in radiation environments address 

requirements that are significantly different from common robotic and industrial systems 

including radiation hardening, haptic capabilities for teleoperation and dexterous operation, 

smooth coordination and integration with other plant systems and well controlled reaction 

times. To reach this conclusion is necessary to find the best approach towards a standard control 

framework capable of providing a set of functionalities (tools, interfaces, communication and 

data format) to the different types of mechatronic devices that are usually considered for 

Remote Handling tasks. Current approaches trend to be costly and time consuming, requiring 

tailored solutions that depend on the manufacturer and the interfaces provided by each specific 

device. 

IFMIF-DONES facility is currently on the design stage when RH Control System need to be 

defined from a high-level perspective, including different experimental set-ups, to meet the 

needs of the facility. A preliminary approach to the IFMIF-DONES RH Control framework 

based on OPC UA has been described and validated trough an experimental setup. Includes a 

set of physical devices (PLC, conveyor belt and computers) and a set of OPC UA compatible 

software tools, configured and operable from any node of the University of Granada network. 

This proof-of-concept mock-up uses XIL methodologies to increase the dimension and 

complexity of the setup with new virtual or physical devices, different control schemes, failure 

injection, network modelling, predictive maintenance studies, train operators on simulated/real 

scenarios, study usability and ergonomics of the user interfaces prior to the deployment. Some 

preliminary results are described and illustrated by means of real operation of a conveyor belt 

set up, showing the benefits of having a flexible test platform capable of taking advantage of 

technological advances such as VR or the use of web services through OPC UA. 
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IFMIF-DONES is an accelerator based neutron irradiation facility which aims at providing the 

irradiation data for the construction of a DEMO fusion power plant. It is a deuterium-lithium 

(d+Li) neutron source driven by a deuteron accelerator (40 MeV and 125 mA) striking at the 

liquid Li target, and produces neutrons through stripping reactions. The target back-plate which 

is made of EUROFER is located immediately behind the Li flow. It is subjected to strong 

neutron irradiation of up to 1×10¹⁵ n/cm²/s in neutron flux and 30 dpa/fpy in DPA (displacement 

per atom, Norgett, Robinson and Torrens model). Although IFMIF-DONES has a High Flux 

Test Module (HFTM) housing material specimens for irradiation testing, the available test 

volumes with high DPA are still limited. Therefore, the potential use of the target back-plate as 

material sample is attractive to provide valuable complement, which has so far not been fully 

investigated.  

The back-plate has a material volume of 8770 cm³, and the footprint region has a volume of 68 

cm³ under a 20 cm × 10 cm beam footprint, with a minimum thickness of 1.8 mm. The back-

plate material will be irradiated close to the flowing Li temperature at about 300 °C, which is 

within the working temperature range of the EU-DEMO blankets. In this work, the DPA map, 

gradient distribution, gas productions are evaluated using Monte Carlo particle transport code, 

with the latest EUROFER damage dose and gas production cross section data. The specimen 

extraction possibilities based on typical specimen dimensions of the small specimen test 

technology (SSTT), and the DPA for specific specimens, are estimated and compared with the 

high DPA irradiation capsules of HFTM. The impacts on the post-irradiation material flow are 

assessed in order to extract the back-plate and produce material samples from it. 
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The Test Cell (TC) serves as irradiation chamber in the IFMIF-DONES facility, which aims to 

irradiate material samples with a highly energetic Deuterium-Lithium based neutron source to 

contribute to the development of candidate materials to be used in the first wall components of 

future fusion reactors. The containment structure of the TC was defined in the past as a 

monolithic concrete shielding wall covered by stainless steel liner. This concept was changed 

recently to the so-called Maintainable TC Concept (MTCC). The main motivation of this 

change was to give maintainability to the actively cooled TC concrete walls and TC liner so 

that they can be removed and/or replaced in the unlikely, but possible case of damage. However, 

this design change altered and expanded the original function of the TC liner, which is acting 

now as a real vacuum vessel contrary to a simple liner. The aim of this paper is to describe the 

evolution of the conceptual design of Test Cell vacuum vessel. The design criteria, the main 

structural elements and supporting design analyses are discussed. 
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The International Fusion Materials Irradiation Facility - DEMO Oriented Neutron Source 

(IFMIF-DONES) is a facility which is designed under the framework of the EU fusion roadmap. 

It is going to be an essential irradiation facility for testing and qualifying candidate materials 

under severe irradiation condition of a neutron field having an energy spectrum like the one 

present in a fusion power reactor. The material specimens are irradiated in a containment 

structure named Test Cell (TC), which is part of the Test Systems (TS). The TC is also housing 

a part of the other major system (Lithium system, LS), which provides the liquid lithium for the 

reaction through a piping system. At a point, the lithium piping needs to exit the TS, but the 

primary safety boundary must be continuous around these penetrations. Therefore, a special 

barrier, called the Test Systems Lithium Systems Interface Cell (TLIC) has been developed 

around the piping system to provide a safety approved and remotely maintainable vacuum 

boundary envelope. In this paper, the integrated design development of the TLIC is described, 

consisting of the design development according to RCC-MRx code, the remote handling needs, 

and procedures and the safety related special needs of the design.
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Modern-day critical infrastructures require the deployment of complex networks able to provide 

high data bandwidth, low latency and high determinism. It combines the requirements of a 

mixed-criticality system with traffic flows produced by different control systems including real-

time constraints as well as best-effort traffic. This problem is solved nowadays with very 

specific solutions which usually involve the use of multiple networks in parallel for each type 

of data flow. This causes a big overhead on design and operation costs. Time-Sensitive 

Networking (TSN) presents itself as an extension of standard Ethernet capable of handling 

multiple data streams with both real-time and best-effort requirements on a single network 

fitting very nicely the previous requirements. It looks like a promising solution to integrate all 

in one network. In contrast to current networks, this approach aims to be simpler to deploy and 

easier to maintain. 

For new facilities such as IFMIF-DONES to be able to deploy TSN, these networks need to be 

integrated into their control software for monitoring and configuration. Furthermore, network 

observability and monitoring are crucial in TSN networks in order to ensure that latency 

restrictions and data delivery guarantees are met for the critical traffic they need to support. 

This work presents a preliminary integration of TSN centralized configuration schemes and the 

EPICS control system, which has been developed at University of Granada applying the 

principles of Software-Defined Networks and the IETF NETCONF/YANG standards to 

monitor and control the scheduling of data streams passing through the network. This 

implementation has been tested on an experimental setup consisting of a TSN network built 

with commercial hardware and illustrates how TSN can be an operational solution to simplify 

the deployment of complex networks on very demanding and complex scenarios like IFMIF-

DONES. 
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IFMIF-DONES is made up of multiple communications systems with different real-time 

constraints. The information generated by the local or central control systems is transmitted 

over three main networks: CODAC for control, machine protection network for distribution of 

interlock signals and a third one for safety functions. Additionally, a synchronization network 

must be implemented to keep all the systems of the infrastructure locked to a common time 

reference, which oversees the distribution of data. In particular, the machine protection network 

includes slow and fast controllers that manage different types of signals to be distributed with 

strong constraints on the maximum time interval in which they must be processed at the other 

end of the communication (from hundreds of milliseconds to few microseconds). The 

implementation of this protection network typically leads to the utilization of field buses or 

complex and extensive dedicated wiring, difficult to scale and maintain, but key to keep 

latencies in the microsecond range. 

In this contribution, the integration of the Time-Sensitive Networking (TSN) technology, a 

deterministic Ethernet technology for mixed-criticality applications, is proposed as a feasible 

solution for the integration of the machine protection and the synchronization networks: 

guaranteeing the real-time constraints, ensuring the delivery of the data, and simplifying the 

deployment and maintainability of the networks. TSN technology is becoming more popular in 

real-time applications where different types of traffic are generated and transmitted over the 

network. It has the capability to aggregate traffic flows of different priorities and criticalities 

from different systems. With this approach, machine protection and synchronization signals can 

share the same network infrastructure, with each data flow being assigned a certain priority 

within the network. In this contribution we will illustrate how such approach can be 

implemented for IFMIF-DONES, showing the design alternatives and trade-offs of the 

utilization of this new concept. 
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Reduced Activation Ferritic-Martensitic (RAFM) steels such as Eurofer97 have been developed 

to avoid long term radiative decay. This is a major motivation for their selection as the structural 

material for fusion reactors e.g. for the test blanket module in ITER. The application of 

Eurofer97 still requires the completion of the qualification tests, validation of the design rules 

and full integration in the RCC-MRx design code, selected for the construction of ITER and its 

in-vessel components, which will operate during the nuclear phase. A particular attention is 

drawn to the assessment of the neutron irradiation effects, which must be accounted for in the 

course of the ageing of in-vessel components. 

Due to extensive costs and limited volumes available in the material test reactors or dedicated 

fusion irradiation facilities (IFMIF, DONES), the development of miniaturized specimen 

standards/protocols dedicated specifically for fusion materials is on the agenda of European 

fusion programme. This contribution focuses on the usage of a flat mini-tensile sample 

geometry, as it offers much better payload, hence poses a direct economical gain. However, due 

to the flat geometry such important properties as total elongation and stress at fracture depend 

on the particular cross-section (which affects during necking the magnitude of the local stress 

triaxiality) and on the hardening law of the test material. Correspondingly, the equivalence and 

conservatism of the test data obtained with flat geometry (vs. cylindrical) needs to be 

demonstrated in as-fabricated and irradiated state. Here, we develop a procedure by combining 

experiments and FEM simulation (including the post-necking deformation, void damage and 

fracture regime) to process tensile data in order to extract the true stress-strain response and the 

standard output tensile characteristics using rectangular specimens and to demonstrate its 

conservativeness. The method is applied to Eurofer97 batch 3 and 4, including the samples 

exposed to neutron irradiation.
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The International Fusion Materials Irradiation Facility-DEMO-Oriented NEutron Source 

(IFMIF-DONES) is an accelerator-based neutron source that generates high-energy neutrons 

via stripping processes by focusing a high- energy deuteron beam on a fast-flowing liquid 

lithium jet. The neutrons thus produced are used for the irradiation of materials used in DEMO, 

thus providing relevant data for the design and licensing of the future fusion reactor. The 

complexity of such a plant is managed by a central control system that guarantees the safe 

supervision and control of all operations. This paper summarizes the most recent developments 

in the design of the IFMIF-DONES plant's Central Instrumentation and Control Systems 

(CICS) after the completion of the preliminary design phase. In particular, the architecture of 

the three main systems (CODAC, MPS and SCS) is described in detail, focussing on the specific 

design choices recently proposed. For each system, the current status of design is presented, as 

well as the existing and future plans for their integration in a unique control framework. 
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DONES project is aimed at building a neutron source facility for fusion materials development 

and qualification. DONES facility will provide a database of materials exposed to similar 

irradiation conditions as in DEMO. Neutrons are obtained by means of a deuteron beam 

impacting onto a liquid lithium film target provided by the Lithium System (LS). 

An important aspect of project design activities is to assess the system reliability at all phases 

of the facility life cycle to support a reliability growth during the ongoing design phase and to 

monitor the compliance with the stated availability targets. 

Following RAMI methodology, first a FMEA (Failure Mode Effect Analysis) is done in order 

to point out all the relevant unavailability conditions in the Lithium Systems’ subsystems (e.g. 

main loop and related heat removal systems, impurity control system, target system, etc.). Then, 

RBDs (Reliability Block Diagram) are derived from FMEA by implementing a reliability-wise 

representation of system component behavior and simulate the system performance under due 

operating conditions. Current design detail level and functioning logic is taken into account also 

considering the foreseen Instrumentation & Control diagnostics. Performance compliance with 

the availability target of 0.94 attributed to the Lithium System during its operation time is 

verified.
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The purpose of this research consists in performing neutronics analysis and proposing the 

radiation shielding for the Radiation Isolation Room-1 (RIR-1) and Target Interface Room 

(TIR). The shielding was designed to reduce the neutron and photon streaming along the 

secondary beam duct during the operation of the IFMIF-DONES materials irradiation facility. 

The radiation is generated by the neutron source of the deuterium-lithium (d-Li) target located 

inside the Test Cell (TC) of IFMIF-DONES. A deuteron beam impinging a liquid Li target 

causes radiation of neutrons with energy up to 55 MeV. Neutrons, in turn, produce secondary 

photons in nuclear reactions. Thick concrete walls protect the most intense radiation inside TC, 

with the exception of radiation streaming to TIR by two Through Wall Beam Ducts (TWBDs). 

The primary TWBD-1 conveys deuterons, while the secondary TWBD-2 serves liquid Li 

diagnostics. To measure stable waves on the Li surface, the In-Vessel Viewing System (IVVS) 

previously designed for ITER is considered. Neutronics analysis is performed with the Monte 

Carlo McDeLicious radiation transport code to assess the impact of the TWBD-2 shielding on 

the radiation environment inside TIR and farther room RIR-1. This work provides neutronics 

results for designing the IVVS diagnostics, which is integrated with the shield box at the end 

of TWBD-2 inside TIR. The results include neutron and photon fluxes, biological dose rate, 

absorbed dose, nuclear heating, and neutron damage. The presented photon absorbed dose of 

0.6 MGy/FPY in the IVVS prism allows estimating the possible IVVS operation for ~10 years 

based on the available experimental data, indicating that IVVS could withstand severe radiation. 

Low nuclear heating of the TWBD-2 shield box avoids its active cooling. In conclusion, the 

proposed integrated design of IVVS and shield box permits at least one order of magnitude 

reduction of the biological dose rate in the RIR-1.
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In IFMIF-relevant Fusion Neutron Sources (FNSs) such as A-FNS and IFMIF-DONES, 

circulating liquid lithium with high flow rate will be used as a self-cooling target of deuteron 

beams to produce a large amount of 14 MeV neutrons. The nitrogen impurity in lithium 

enhances corrosion. Tritium will be also collaterally generated by the above deuteron-lithium 

nuclear reaction. To remove such impurities, FNSs need a lithium purification system, which 

has not yet been validated, and its validation has been set as one of the IFMIF/EVEDA project 

R&D tasks during 2021 to 2025. In the present study, a pilot plant of the lithium purification 

system, which mainly consist of a cold trap (CT), a nitrogen trap (NT) and a hydrogen trap 

(HT), was designed. 

The base scale of the pilot plant was set to be 1/10 of that of FNSs to demonstrate not only the 

purification performance but also the lifetime of NT and HT, since the latter takes much time 

as several years or more that would be the same as the operation time in FNSs. Superficial 

velocities in NT and HT, and the temperature of each trap are set as the same FNSs parameters. 

The trap materials for NT and HT are also the same as in IFMIF and A-FNS to be 5%Ti/Fe 

alloy and flake-shaped yttrium, respectively. Based on these fixed parameters, the pilot plant 

was designed. Main components can fit within a 6 m high cube container, except for electrical, 

monitoring, and gas components. Gas lines to feed and circulate lithium, including gas reservoir 

tank and vacuum lines, are also attached to introduce and to drain the liquid lithium, and to add 

hydrogen and nitrogen impurities. The presentation will provide the detailed design with the 

test plan of the pilot plant.
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For the demonstration of Fusion power plant technology, DEMO dedicated materials are 

necessary to cope with the harsh environment of high-energy neutrons. For this purpose, the 

international neutron irradiation facility for fusion materials IFMIF/DONES (DEMO oriented 

neutron source) is planned to be built in Granada, Spain. A deuteron beam hitting the lithium 

target produces a high energy neutron flux. Due to the high-power density, the windowless 

target is a free surface liquid lithium flow on a concave backplate. In order to keep the heat 

released by the beam within the liquid lithium and to avoid its introduction in the backplate a 

stable configuration of the free surface flow with a setpoint layer thickness of 25 ± 1 mm is 

crucial. Especially stable wave structures, so called wakes, which occur from accumulated 

impurities at the nozzle edge, can cause a critical local decrease in the layer thickness of more 

than one mm. Therefore, it is necessary on the one hand to better understand the nature of these 

wakes and on the other hand to be able to monitor the surface profile to shut down the beam in 

case of a critical thickness loss but to avoid unintended shut-down. 

The focus of this work are lab experiments with GaInSn and simulations in Blender of two 

selected optical sensors for their capability of measuring distances on liquid metal. The results 

showed a significant dependency of the measurement result and the waviness of the liquid metal 

surface. Nevertheless, it was possible to resolve the wavy liquid metal surface with a sufficient 

resolution to detect critical wake structures.
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C. Plasma Heating and Current Drive 

Feasibility study of neutral beam injection in Thailand Tokamak-1 

Siriyaporn Sangaroon¹, Kunihiro Ogawa², Mitsutaka Isobe², Apiwat Wisitsorasak³, Worathat 

Paenthon³, Jiraporn Promping⁴, Nopporn Poolyarat⁴, Arlee Tamman⁴, Somsak Dangtip⁴, 

Thawatchai Onjun⁴ 

¹ Mahasarakham University, Thailand 

² National Institute for Fusion Science, Japan 

³ King Mongkut’s University of Technology Thonburi, Thailand 

⁴ Thailand Institute of Nuclear Technology, Thailand 

 

Among auxiliary heating, the neutral beam injection (NBI) plays a major role in existing fusion 

devices. Understanding of NBI-produced fast ion behaviour is one of the important issues for 

obtaining high performance plasmas. From 2015, Thailand Institute of Nuclear Technology 

(TINT) is developing small-size tokamak named Thailand Tokamak-1 (TT-1) from a former 

device HT-6M of Institute of Plasma Physics Chinese Academy of Sciences (ASIPP). 

Operation of such compact size tokamak like TT-1 allows more flexibility for better 

understanding fast ion transport and in turn more effective plasma heating. In the first phase of 

plasma operation in 2022, the hydrogen plasma will be performed. The high-temperature and 

high-density plasma in TT-1 is expected to achieve in the future operation with the additional 

heating by fast-ions created by the NBI. Therefore, the feasibility study of the NBI heating on 

TT-1 is investigated in this work. The dynamics and performance of synthetic NBIs of hydrogen 

beam ion (H+) with different beam injection energies between 5keV and 30 keV were surveyed 

in various plasma scenarios using collisionless Lorentz orbit code (LORBIT) of National 

Institute for fusion Science (NIFS). On account of the engineering and design constraints, 

different beam injection direction, angles, and tangency radii are considered. The obtained 

results show that the co-NBI provide beam effectiveness due to low first orbit loss fraction of 

approximately 5%. The first orbit loss fractions are significantly affected by the change of 

plasma current and magnetic axis. In order to avoid large amount of loss ions, the obtained 

results provide the suggestion of tangential beam injection in the co-NBI. The obtained results 

in this work will directly support the experimental plan of the high-performance plasmas and 

the enhancement systematic understanding fast ion transport of the TT-1.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 197 

P-1.62 Poster 

C. Plasma Heating and Current Drive 

2D simulations of inductive RF heating in the drivers of the SPIDER device 

Roman Zagorski¹, Daniel López², Emanuele Sartori³, Gianluigi Serianni³ 

¹ National Centre for Nuclear Research, Poland 

² Centro de Investigaciones Energéticas Medioambientales y Tecnológicas, Spain 

³ Consorzio RFX (CNR, ENEA, INFN, UNIPD, Acciaierie Venete SpA), Italy 

 

The ITER fusion reactor will be heated by fast neutral beams generated by accelerating and 

neutralizing negative ions, produced in a RF inductively-coupled plasma and expanding 

through a region featuring a magnetic filter. This contribution presents the physical and 

numerical principles of a fluid model giving qualitative but self-consistent two-dimensional 

description of the source, including neutral gas flow, plasma chemistry, RF-plasma coupling in 

the driver and plasma transport through the magnetic filter. The different particle species 

(electrons, H⁺, H₂⁺, H₃⁺, H⁻, atoms and molecules) are described by continuity equations; the 

electron temperature is governed by the electron energy balance equation. Particle fluxes are 

found from momentum equations neglecting inertia (drift-diffusion approximation). Electrons 

and ions are coupled by the Poisson equation.  

RF-plasma coupling determines the characteristics of the plasma at the beginning of the 

expansion region. The paper details the RF model and the initial code developments simulating 

the currents in the source induced by the RF coils. The RF electrical field is split in a plasma 

and a vacuum part, E = Ep + Ev. This simplifies the boundary conditions for Ep; Ev is obtained 

from a theoretical formulation for the field generated by a current loop; such fast flexible 

algorithm provides converging RF field solution after a few iterations, even with high plasma 

conductivity. 

The numerical method is based on finite volume approximation; 9-points discretization 

accounts for anisotropy due to magnetic field. Semi implicit numerical solver allows for large 

time steps (> 1000 x explicit time step) producing steady-state solution in a reasonable time 

(few hours for a typical mesh). 

The RF model was successfully coupled to the fluid equations of the source; self-consistent 

solutions are analysed to verify driver parameters and RF model assumptions (e.g. stochastic 

conductivity, induced magnetic field) in terms of heating efficiency and plasma dynamics.
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J. Materials Technology 

Effect of ball diameter on Mechanical Alloying Process for the Production 

of Dispersion Strengthened Tungsten 

Hiroyuki Noto, Yoshimitsu Hishinma, Takeo Muroga 

National Institute for Fusion Science, Japan 

 

One of the critical issues of Tungsten (W) alloys for application to divertor components is 

degradation of the mechanical properties by recrystallization-embrittlement at high 

temperature. As a possible solution of this issue, we have developed a new oxide dispersion 

strengthened tungsten (ODS-W) including titanium Oxide as strengthening particles, fabricated 

by mechanical alloying (MA)-hot isostatic pressing (HIP), which can inhibit the decrease of 

mechanical property even after recrystallization occurs. Our past studies showed that the 

condition of MA process affects the mechanical and the thermal properties of the products. 

Thus, the research into the MA process is crucial for material design of DS-W. The purpose of 

this study is to elucidate the influence of MA process parameters on the ODS-W products by 

characterizing evolution of the milled particles during MA.  

 In the production of the MA powder of ODS-W, the initial elements were mixed and 

mechanically alloyed in a planetary-type ball-mill using tungsten-carbide balls of 1.6, 3.0 and 

5.0 mm. The alloying was carried out with a rotating rate of 360 rpm for 64 hrs in a pure argon 

atmosphere.  

 In the case of 3.0 or 5.0 mm MA balls, the lattice constant of the powders increased, more 

rapidly than those in the case of 1.6 mm MA balls. These microstructures with MA using 3.0 

or 5.0 mm finally reached homogenization state after laminate state even though the 

microstructures with MA using 1.6 mm could not reach laminate state. Considering the ball 

diameter, the differences of the lattice constant and microstructure directly indicate the progress 

rate of mechanical alloying. The effect of the ball size was interpreted as that of collision energy 

delivered by the MA balls.
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E. Diagnostics 

Cooled in-vessel immersion tube for the Gas Puff Imaging (GPI) diagnostic 

on W7-X 

Christoph von Sehren¹, Olaf Grulke¹, Adrian von Stechow¹, Jim Terry², Ralph Laube¹, the 

W7-X Team 

¹ IPP Greifswald Max-Planck-Institut für Plasmaphysik, Germany 

² MIT Massachusetts Institute of Technology, Boston, USA 

 

For the GPI diagnostic, which collects light emitted from the edge region of the plasma, a 

turning mirror is positioned at the end of an immersion tube. Due to the thermal load, the 

immersion tube and mirror have to be actively cooled. The immersion tube cooling design 

performance is investigated here using a Plexiglas model. 

To keep production simple, six cooling tubes with a diameter of 12 mm and a length of 900 mm 

are welded onto the immersion tube with diameter of 150 mm. These are connected to two 

headers, one which distributes the coolant (water) in parallel through the six tubes, and another 

at the opposite end. The respective coolant flow is not actively regulated by the system but 

should be balanced by the symmetric design. 

In practice, however, turbulence occurs at the hole edges and coolant flow may be unequal 

through the respective tubes. In order to represent and measure the flow conditions, a 1:1 

Plexiglas model is constructed in which mini-turbine flow meters are located in the six cooling 

strands. The flow meters are simple electronic volume flow measuring instruments for liquids 

in pipes. The heart of the instrument is a precision turbine that rotates freely on robust sapphire 

bearings and contains magnets that are detected by a Hall effect detector through the chamber 

wall. 

Simulated (Computational Fluid Dynamics Software) flow rates are compared with the results 

obtained in practice. The results are used to adapt the design so that a regular flow takes place 

and that future cooled structures in diagnostics can be constructed following this principle.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Validation of the W7-X central safety system 

Sven Degenkolbe, Erik Scharff, Jörg Schacht, Reinhard Vilbrandt, Axel Winter, Georg 

Kühner, Hans-Stephan Bosch, the W7-X Team 

Max Planck Institute for Plasmaphysics, Wendelsteinstr. 1, 17491 Greifswald, Germany 

 

The central safety system (cSS) of the Wendelstein 7-X is designed following the safety life 

cycle according IEC 61511. Based on the safety analysis of each component and whole 

Wendelstein 7-X the requirements are collected in the Safety Requirement Specification (SRS). 

The SRS contains all definitions for Safety Integrated Functions (SIF) and important 

informations necessary to design and realize the Safety Instrumented System (SIS). 

For the next operation campaign OP 2.1 with a completely water-cooled divertor and over 45 

components about 50 different SIF for the cSS were defined. Components provide sensor 

functionality for safety functions, or they are actors for safety functions. A single sensor can 

trigger many different components. 

The procedure originally used in earlier operation phases (until 2017) was based on individual 

tests of each SIF in all different operational states was very time consuming. For instance, water 

circuits serve for both cooling and heating.  

Even before the 2018 operational phase, the methodology for creating the validation plans was 

changed. All SIFs were analyzed and all sensor – actor relations were sorted. With these 

relations, it was possible to generate test plans, which are some kind process or component 

related, and contain all sensors, which trigger functions in one component.  

With the more component related validation plans, it is possible to split the validation process 

into several parts and develop plans, which only include a single component (e.g vacuum 

system). The paper will describe the validation process for the central safety system and the 

workflow of the generation of the test plans for OP 2.1.
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J. Materials Technology 

Brazeability study of CuCrZr alloy produced by additive manufacturing to 

tungsten using different Cu-based filler 

Javier de Prado¹, Nerea Ordas², Igancio Izaguirre¹, Maria Sanchez¹, Alejandro Ureña¹ 

¹ Materials Science and Engineering Area, ESCET, Rey Juan Carlos University, Spain 

² Ceit-BRTA and Tecnun (University of Navarra), Spain 

 

Additive manufacturing technologies have arisen as potential processing technology for 

components of the DEMO reactor that present complex geometries. This technology allows to 

fabricate layer by layer complex forms that are difficult to achieve by conventional processing 

routes. One example of them are the divertor and the limiter components, where tungsten 

monoblocks act as plasma facing material joined to an inner tube of CuCrZr alloy, through 

which coolant circulates and refrigerates the component. It is important to analyze the 

weldability of those new materials for the component production and to ensure a quality joint 

between different parts of it. 

This study analyzes the brazeability of tungsten to additively manufactured CuCrZr alloy using 

Electron Bean Melting technology (EBM) and the effect of the thermal process on the 

microstructural and mechanical properties of the braze and base material. 

Three different compositions were selected as filler material (Cu-20Ti, Cu-19Ge and Cu-33Ge) 

with the objective of varying the brazing temperature and the microstructure of the braze to 

enhance operative brazeability. Brazing parameters were optimized and found that the optimal 

temperatures and dwell times were 960 ºC for both Cu-20Ti and Cu-19 Ge and 775 ºC for Cu-

33Ge maintaining, in all cases, 10 min the brazing temperature in a high vacuum furnace.
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I. Fuel Cycle and Breeding Blankets 

Integrated Simulation for the Pre-Conceptual Optioneering of the STEP 

Breeder Blanket Design 

Sam Merriman¹, Jeevan Abraham¹, James Bailey¹, Bruce Edwards¹, John Billingsley¹, James 

Hagues¹, Daniel León Hernández¹, Nicolas Mantel¹, Nicholas Otway¹, Anurag Saigiridhari¹, 

Saskia Sherwood¹, Priscilla Ting¹, Patricio Andrés², Andreu Bernad², David Catalán², Sara 

Haouala², Jorge Fradera², Sergio Sádaba², Beatriz Echeveste², Samuel Ha¹ 

¹ United Kingdom Atomic Energy Authority, United Kingdom 

² IDOM, Spain 

 

The UK Spherical Tokamak for Energy Production (STEP) program is currently progressing 

the conceptual engineering design of a Spherical Tokamak-based fusion reactor. The program 

includes a project concerned with design of the reactor breeding blanket. The objective of this 

work was to develop a low fidelity, integrated simulation approach to support pre-conceptual 

optioneering and exploration of the breeder blanket technologies design space. This simulation 

approach allowed for parameter sweeps of different Tokamak design points to take place by 

varying key inputs. The objective of the simulation approach was to enable designers to assess 

the impact of these parameters on blanket performance. 

This research resulted in development of a workflow internally within the project team and 

externally through a design service contract. A variety of tools were integrated into a modelling 

framework including a bill of materials-like object orientated data structure, open-source 

Tokamak neutronics workflow, and parametric blanket geometry tools capable of outputting 

material volume fractions and flow layouts. The research concluded with results produced from 

the integrated simulation feeding into a wider qualitative assessment of blanket technologies 

for chosen Tokamak design points and with further development of the workflow.
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C. Plasma Heating and Current Drive 

Integration of new sets of magnets for improved plasma confinement in the 

SPIDER experiment 

Nicolò Marconato¹,², Valeria Candeloro¹, Emanuele Sartori¹,³, Beatrice Segalini¹, Gianluigi 

Serianni¹ 

¹ Consorzio RFX, CNR, ENEA, INFN, Università di Padova, Acciaierie Venete SpA, Corso Stati Uniti 

4, 35127 Padova, Italy 

² Department of Industrial Engineering (DII), University of Padua, 35131 Padova, Italy 

³ Dept. of Engineering and Management, Univ. of Padova, Strad. S. Nicola 3, 36100, Vicenza, Italy 

 

SPIDER is the full-scale prototype of the plasma source of the negative-ion driven neutral beam 

injector for the heating and current drive of the ITER plasma. The uniqueness and complexity 

of the system requested this ad hoc test stand aiming at optimizing the performance of the RF 

inductively generated plasma, negative ion production and extraction, electron filtering, and 

robustness and controllability of all systems required to work together. Since the beginning of 

SPIDER operation in 2018, many issues have been solved, lessons learned and objectives 

reached, but fixing several major problems requires a long shutdown, which started at the end 

of 2021, in which the whole plasma source and accelerator will be dismounted. In this phase, 

additional modifications with respect to the original design will be introduced to improve the 

system performance, driven by the experience acquired in the last years. These include the 

addition of further sets of permanent magnets in the plasma source expansion chamber and 

around the RF drivers, with the aim of improving the plasma confinement and consequently its 

density and possibly its uniformity. The present paper reports the study and the analyses behind 

this modification, which impacts on the original already complex magnetic configuration, made 

particularly difficult by the limited space available and the high voltages. The use of 

ferromagnetic shields, necessary to limit stray fields possibly increasing the breakdown 

probability, make the design particularly complex because of the greater impact on the previous 

configuration. An iterative process between analyses to determine the ideal configuration and 

CAD verifications was required. The analyses had to take into account the new magnetic 

configuration to be created in the particular area of interest, and the overall configuration in 

order to not compromise its efficacy.
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I. Fuel Cycle and Breeding Blankets 

Testbed for the Pellet Launching System for JT-60SA 

Bernhard Ploeckl¹, Peter T. Lang¹, Christian Day², Thomas Giegerich², Guy Phillips³, Carla 

Piccinni¹ 

¹ IPP Garching, Germany 

² KIT Karlsruhe, Germany 

³ F4E Garching, Germany 

 

As part of the European contribution to the large size tokamak project JT-60SA, a new Pellet 

Launching System (PLS) is being designed and built.  

The aims of the PLS are to provide efficient fuel to the plasma and to control Edge Localised 

Modes (ELMs). Two pellet sources, one for fuelling pellets, one for pacing pellets, are 

delivering pellets to a centrifuge launcher. The centrifuge enables precise launch of pellets 

according to already proven control schemes. Furthermore, this system opens a way towards a 

test bed for the EU-DEMO fuelling system. 

The PLS is to be completed and commissioned first at IPP Garching pellet lab and then to be 

shipped to QST Naka site after having demonstrated its performance. A dedicated test bed is 

set up, providing suitable vacuum conditions to operate the PLS in similar conditions (except 

magnetic field and radiation). Maximum hydrogen throughput is about 400mbarL/s per pellet 

source. 

Safety issues must be considered for hydrogen inventory of pellet sources (~100barL each). In 

a first step, the pellet sources are put on a test vessel providing inherent safety by a huge volume 

(10m³) which makes sure that the hydrogen concentration is below 1% under all circumstances. 

A hydrogen safety survey prior to assembly confirmed the concept to be followed by an 

assessment after the installation in order to get the required license for operation. 

The PLS as a whole, for the time being consisting of two pellet sources, is to be certified 

according to explosion prevention rules (ATEX) as a product to be shipped to Naka site. To 

obtain this, an appropriate declaration of explosion zones inside the vacuum system and the use 

of suitable and certified equipment is mandatory. Doing so, the integration of this system can 

be planned and assessed on a clear technical and regulatory basis.
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D. Plasma Engineering, Plasma Control, and CODAC 

Concept for a multi-purpose EU-DEMO pellet launching system 

Peter Lang¹, Thomas Bosman², Christian Day³, Thomas Giegerich³, Michael Kircher¹, Ondrej 

Kudlacek¹, Marc Maraschek¹, Guy Phillips⁴, Bernhard Ploeckl¹, Bernhard Sieglin¹, Joerg 
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³ Karlsruhe Institute of Technology, Germany 
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⁵ National Institutes for Quantum and Radiological Technology, Japan 

 

Pellets - mm-size solid bodies produced from frozen fuel – are mainly destined for fuelling 

purposes in the fusion reactor EU-DEMO. However, pellets have been proven capable tools for 

further tasks too, e.g. ELM frequency control and the efficient delivery of seeding gases have 

been already demonstrated. Here, a concept is presented for a single pellet launcher based on a 

stop-cylinder centrifuge accelerator equipped with multiple pellet sources. The sources can 

deliver pellets with different sizes and composition, finally combined into one single compound 

pellet train. Thus, the pellet launching system (PLS) is capable to control simultaneously 

different plasma parameters with a minimized cross talk between these different actuations. 

Currently, a new PLS is under development for the new large superconducting tokamak device 

JT-60SA which can be potentially regarded as a prototype for the envisaged EU-DEMO system. 

Its initial configuration will be capable to control plasma density and ELM pacing 

simultaneously; optionally a source for doped pellets can be added. Status and recent 

achievements of this systems will be reported. 

At the full metal wall mid-size tokamak ASDEX Upgrade (AUG), work is ongoing developing 

a versatile control strategy and according tools. Capable to inject pellets with high speed 

through a guiding tube from the torus inboard side, AUG represents a fully reactor relevant 

configuration. While all demonstrations have been performed with a single pellet source hence 

bound to actuation prioritizing one actuation parameter, all tools developed can be expanded 

straightforward to multi-purpose control. For example, one novel tool optimizes real-time 

feedback pellet flux control taking into account the discrete nature of the pellets. As well, a 

solution is worked to handle the issue of missed-out pellets. Such failed pellets are considered 

unavoidable due to the fragile nature of the solid fuel but identified as significant hazard for 

reactor burn control.
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F. Magnets, Cryogenics and Electrical Systems 

Comparison of Maximum Temperature Analysis Methods for Water-

Cooled Busbar Connector with Contact Resistance 

Zhongma Wang, Chaoyi Shi, Xianhe Gao, Sheng Zhang, Jun Lu, Zehua Zhou 

Hefei University, China 

 

Due to the electro-magnetic-fluid multi physical field coupling working environment of water-

cooled busbar connector of fusion power supply, it is necessary to quickly determine the 

reasonable working parameters of the connector under temperature limit. In this paper, 

considering the influence of contact resistance, the connector maximum temperature under 

same working conditions is studied by two kind of methods (fluid analysis method, combination 

method of heat transfer theory and Thermal-Electric module), respectively. It is found that the 

simulation time of the latter is increased by an order of magnitude, and the simulation accuracy 

is slightly lower than that of fluid analysis. Based on this rapid analysis method, the reasonable 

parameters and working range of busbar connector used in Comprehensive Research Facility 

for Fusion Technology (CRAFT) are determined. This method can be applied to the rapid 

analysis of fusion power busbar connector, which greatly reduces the design cycle.
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G. Plasma-facing Components 

Chromium-Tungsten Alloy Formed by Compression Plasma Flows for 

Plasma-Facing Component Material in Fusion Reactor 

Shamma Al Mazrouei¹, Antaryami Mohanta¹, Vitaliy Shymanski², Guillaume Matras¹, 
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² Belarus State University, Minsk, Belarus 

 

Tungsten (W) is considered as a main candidate for the plasma-facing component (PFC) 

materials in magnetic confinement fusion reactors. However, its acute brittleness and high 

brittle-to-ductile transition temperature (BDTT) causes radiation damage that results in 

dislocation loops and other defect structures. Moreover, use of pure W in a fusion reactor could 

result in radioactive and highly volatile WO3 compounds. Oxidation of W can be suppressed, 

and hardness can be improved by alloying with chromium (Cr). In this study, Cr - W alloys 

were prepared by compression plasma flows (CPF) treatment at different energy densities (20–

50 J/cm2), and were characterized by x-ray diffraction (XRD), scanning electron microscopy 

(SEM), energy dispersive x-ray microanalysis (EDX), and Vickers hardness test. XRD analysis 

reveals reduction in the lattice parameter indicating compressive stress due to Cr doping. In 

addition, the dominant crystal orientation changes from (110) to (200) after CPF treatment, and 

the intensity ratio (I200/I100) increases with increase in energy density. SEM and EDX 

analyses betoken spatial inhomogeneity at 20 J/cm2, improved uniformity at 30 J/cm2, and 

cracks at higher energy density. The hardness of Cr-W alloy varies with energy density and has 

maximum value of 379 ± 27 HV at 20 J/cm2. The detail investigation on CPF treated Cr-W 

alloys will be helpful to make them suitable for PFC materials.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

A Time-Dependent Power Cycle developed for Multi-Timescale Systems 

Codes to study technology integration in advanced Fusion Power Plants 

Tiago Pomella Lobo, Ivan Alessio Maione, Lorenzo Virgilio Boccaccini 

Karlsruhe Institute of Technology, Karlsruhe, Germany 

 

Systems Codes (SCs) are fundamental tools in Fusion Energy research that allow for parameter 

space exploration during conceptual design phases of Fusion Power Plants (FPPs). They may 

also be used to discover relevant dependencies through parametric studies, which are especially 

important to evaluate technology integration in reactors. However, current state-of-the-art SCs 

do not to address this concern on a power plant level, in part due to the inherent difference in 

timescale in which each plant system predominantly operates. Thus, a novel Multi-Timescale 

SC approach is currently under study. 

Preliminary assessments identify three timescales that must be prioritized: the Plasma Physics, 

the Reactor Pulse and the Lifetime of the FPP. To this end, new SC modules are being 

developed at the Karlsruhe Institute of Technology (KIT) to model the major systems that 

operate in these timescales. One module simulates Fuel Cycle (FC) scenarios, to study the 

consequences of design choices to the fuel balance of the plant in its Lifetime. Another module, 

the Power Cycle (PC), studies the consequences to the energy balance of the plant during a 

tokamak Pulse. Coupling both modules to a Plasma Transport solver will ensure the 

representation of the Plasma Physics timescale. 

This work shows the implementation of the PC. In the chosen code architecture, the module is 

com- prised of two models: a steady-state one (ss), used to collect design 

assumptions/requirements and char- acterize encompassing technologies; and a time-dependent 

one (td), which uses this characterization to simulate their dynamics. The completed module 

was verified by building and running a Demonstration Power Plant (DEMO) PC model, and 

comparing its results to simulations from a commercial power plant design software. Future 

coupling of this module to a SC aims at determining inter-dependencies that can meaningfully 

affect the power balance, in particular the net power production.
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G. Plasma-facing Components 

Pre-conceptual design of a PFC provided with a W lattice armor for first 

wall sacrificial limiter applications in the EU-DEMO fusion reactor 
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Among the greatest engineering challenges of power exhaust in DEMO and future reactors, an 

effective wall protection strategy is required to strongly mitigate the excessive degradation of 

conventional plasma-facing components (PFCs) during plasma transients and disruptions. 

Among the options of EU-DEMO reactor, sacrificial first wall limiters provided with innovative 

W lattices are proposed as the last protection resource of the otherwise un-shadowed wall during 

such events. Their design must be compliant with conflicting requirements, e.g. adequate heat 

exhaust during normal operation but acceptable lifetime, thus thermal insulation of the heat 

sink, during transients. For this purpose, porous W lattices were preferred to dense armors, as 

the former provide larger design flexibility and promoted vapor shielding. Additive 

manufacturing was employed to realize samples with the envisaged properties for material 

characterization and testing. 

In this work, we present the recent research activities towards the development of a pre-

conceptual design of a small-scale prototype of the sacrificial limiter. Above all, thermo-

mechanical finite element (FE) analyses, implemented in support of the design phase, helped 

to assess and optimize parametrically the response of the lattice armor and component layout. 

In this context, an original MAPDL routine was employed to account for armor degradation 

and phase change of W during extreme events. Results suggest that a PFC provided with an 

optimized lattice armor could promote vapor shielding and prevent heat sink overloading during 

transients, at the same time ensuring adequate heat exhaust and acceptable thermal stresses 

during normal operation. Accurate measurements of thermo-physical and mechanical 

properties of W lattices helped improve our simulations. Dipping tests highlighted the technical 

viability of producing composite interlayers through infiltration of lattices with the heat sink 

material. This might significantly ease mock-up fabrication, as one could rely on conventional 

joining methods, industrially available and well-established for fusion applications.
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H. Vessel/in-vessel Engineering and Remote Handling 

Development of the optical remote handling connector for ITER Divertor 

Operational Instrumentation 

Janne Lyytinen¹, Petri Tikka¹, Jukka Koskinen¹, Mikko Karppinen¹, Jyrki Ollila¹, Daria 

Nikolaeva², Sergey Bender² 

¹ VTT Technical Research Centre of Finland Ltd, Finland 

² ITER Organization, France 

 

Divertor Operational Instrumentation (DOI) measures mechanical, electromagnetics and 

temperature of the ITER Divertor cassettes. The maintenance of the cassettes requires their 

periodic removal by remote handling tools. The Optical Remote Handling Connector (ORHC) 

of the DOI cassettes includes electrical and optical connections, which must be disconnected 

during maintenance. The operating space is limited and the environmental conditions inside the 

Vacuum Vessel include high vacuum 10–5 Pa, high temperature 350 °C and neutron and 

gamma-ray irradiation up to 1 GGy. A study of existing connectors designed for plasma 

diagnostics electrical cables indicated that the concepts could not be adapted as such for the 

DOI ORHC. The main concerns were related to the increased limitation of space, and the need 

to incorporate optical contacts for the fibre-optic cables that should be aligned with high 

precision to minimize optical losses. A dedicated design was required and developed. A novel 

extending DOI ORHC concept was selected as it minimizes the required design changes to the 

surrounding systems. The concept consists of a cassette socket with an extending link located 

on the divertor cassette and a permanently installed vacuum vessel socket. The concept relies 

on the actuation of linear motion by the bolting tools of Cassette Toroidal Mover (CTM) 

manipulator and the flexibility of the cabling during the actuation. A physical full-size mock-

up of the ORHC was manufactured. The functionality of the mechanical structure in regards to 

remote handling operations were tested at Remote Handling Connector Platform (RHCP) at 

VTT Tampere Finland. Suppliers of optical connectors and ferrules were contacted. Since there 

is no commercially available solution for attaching the fibre to the ferrule which would meet 

the aforementioned requirements, initial soldering tests were performed. The developed ORHC 

design provides input to the following design phases.
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I. Fuel Cycle and Breeding Blankets 

Direct Simulation Monte Carlo of Mercury Driven Linear Diffusion Pumps 

for EU-DEMO Torus Exhaust Pumping 

Tim Teichmann, Thomas Giegerich, Christian Day 

Karlsruhe Institute of Technology, Karlsruhe, Germany 

 

One of the main design drivers for the EU-DEMO torus exhaust pumping system is the 

reduction of the tritium inventory. This will be achieved by replacing discontinuous cryopumps 

with diffusion pumps for high vacuum pumping. Due to its tritium compatibility, mercury is 

being suggested as the operating fluid for the diffusion pumps. Additionally, they are currently 

foreseen in a linear shape due to superior scalability. 

Over the last years a 2d simulation tool based on the Direct Simulation Monte Carlo (DSMC) 

method has been established in order to simulate these linear diffusion pumps (LDPs). This 

allows a prediction of their performance and facilitates the design process. In the present work 

this tool has been used to simulate our current baseline design of the DEMO LDPs. The 

pumping speed is calculated for the most abundant gas species in the exhaust gas mixture, 

namely DT, D2, T2 and He. Additionally, we investigate the LDP performance for different 

operating conditions (dwell and burn phase) and designs.
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I. Fuel Cycle and Breeding Blankets 

EU-DEMO fuel cycle performance metrics and tritium self-sufficiency 

criteria 

Jonas Caspar Schwenzer, Christian Day 

Karlsruhe Institute of Technology, Karlsruhe, Germany 

 

To ensure the tritium self-sufficiency of DEMO and future fusion power plants, the use of a 

closed and self-sufficient fuel cycle is essential. One of the primary tasks of the fuel cycle 

hereby is to process the pumped exhaust gas of the torus and tritium bred in the blankets to 

make it reusable for fueling. This has to be achieved under the constraint of minimal tritium 

inventory. To this goal, the EU-DEMO fuel cycle will utilize an architecture based on Direct 

Internal Recycling (DIR). Key differences to existing and ITER-like fuel cycles are its 

predominant steady state operation and only partial isotopic separation of the recycled fuel. 

This contribution presents performance metrics for this fuel cycle configuration that relate fuel 

cycle parameters - such as the fueling efficiency and fuel imbalance - as well as global plant 

parameters - such as the Tritium Breeding Ratio (TBR) - to the resulting processing load in the 

fuel cycle. Based on the pre-concept design points technology selections and tritium inventory 

estimations, scaling relationships will be presented that allow the prediction of the fuel cycle 

operational inventory for a wider range of these parameter values. 

The fuel cycle operational tritium inventory is of especial importance for the start-up inventory 

of the plant. By also utilizing models for the plant availability and tritium sequestration, 

predictions for the lifetime tritium inventory evolution of the plant are made and used to explore 

the parameter space in which tritium self-sufficiency is achievable for EU-DEMO. We find 

self-sufficient start-up with an inventory of 3 kg tritium and a TBR of 1.05 to be possible. 

Tritium self-sufficiency becomes unfeasible when encountering low plasma availabilities, 

especially at early plant life, coupled with high operational inventories. Future work will expand 

the fuel cycle scaling to also consider its energy consumption.
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G. Plasma-facing Components 

China's Progress on Hot Helium Leak Test of ITER Shield Blocks 
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¹ China International Nuclear Fusion Energy Program Execution Center, China 
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³ Dongfang (Guangzhou) Heavy Machinery Co., Ltd., China 

 

Shield blocks (SBs) are large and actively water-cooled components attached to the inside of 

the ITER vacuum vessel,and their leak tightness attracts particular attention.The SB's leak rate 

must be lower than 1*10^(-10) Pa∙m^3/s at 250C,and only a hot helium leak test (HHLT) 

approach can testify to their tightness. 

Preparing to procure 220 SBs for ITER, the China Domestic Agency started investigating 

HHLT technology while fabricating a SB full-scale prototype (FSP) in 2016 and 2017; as part 

of the factory acceptance tests, HHLT needs to be performed following acceptable results from 

the non-destructive inspection of all welds, as well as from a 7-MPa hydraulic pressure test. 

A HHLT facility was specially developed in 2017.In commissioning the facility, the 

background leak rate was found to be as low as 1.8*10^(-10) Pa∙m^3/s at 250C.The 3-thermal-

cycle HHLT of the FSP in the facility was carried out in February 2018.The results showed 

that:1) the system sensitivity could reach 1*10^(-10) Pa∙m^3/s at 235C,while stainless steel 

outgassing restricted reaching a higher performance;2) FSP's leak tightness reached 1.74*10^(-

10) Pa∙m^3/s at 250C and 3.1*10^(-12) Pa∙m^3/s at 80C;3) the facility background leak rate 

increased following a rise in temperature;4) vacuum baking can effectively decrease the 

background leak rate at temperatures lower than 150C, but not above it. 

Based on these experimental results,a treatment was adopted on the inner surface of the facility's 

vacuum chamber.The treatment was effective as another HHLT experiment in mid of 2018 

demonstrated that the facility sensitivity reached 3*10^(-11) Pa∙m^3/s at 250C.Such an 

optimization was also adopted when developing the 2nd HHLT facility,with an even better 

performance of the sensitivity down to 9.37*10^(-12) Pa∙m^3/s. 

The success of the 2 facilities manifests the HHLT capacity in China.By end of 2021,30 SBs 

have been fabricated and hot-helium-leak tested,and the leak tightness of them was found to be 

below 1*10^(-10) Pa∙m^3/s at 250±20C.
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I. Fuel Cycle and Breeding Blankets 

Review of Wet Scrubber Columns technology and preliminary 

dimensioning for Exhaust Detritiation System in DEMO 

Gessica Cortese¹, Alessia Santucci¹, Jonas Caspar Schwenzer², Silvano Tosti¹ 
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² Karlsruhe Institute of Technology, Karlsruhe, Germany 

 

The Outer Loop (OUTL) of DEMO comprises several systems, one of these is the Exhaust 

Detritiation System (EDS) that must process tritiated streams arising from different sources 

before discharge to environment. To accomplish its function EDS uses different technologies 

such Wet Scrubber Columns (WSCs). WSCs have been identified for the final purification 

stage, the only one directly connected to the stack, because of their high detritiation 

performance. 

WSCs can be operated in isothermal mode with presaturated feed air or in adiabatic mode with 

air humidification occurring directly in the column. For the DEMO conceptual design phase, 

there is the need of dedicated simulations to investigate the impact of several parameters and 

operation mode on WSCs performance and dimension.  

This paper gives a description of WSC technology, compares the different operating mode and 

main achievement obtained, in term of efficiency of the process, with different packing 

materials. In addition, by using the experimental parameters available in literature, a 

preliminary dimensioning of the WSC unit is proposed, with the aim to meet the EDS DEMO 

requirement. For a first dimensioning, based on input parameters such as packing material, 

operating temperature, and flow rates to treat, it is possible to evaluate the geometric features 

of the columns, like height and diameter, required for a fixed detritiation factor (DF).
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Molten Salts Evaluation for Balance of a Fusion Power Plant’s  

Intermediate Heat Transfer Loop 
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One of the challenges of fusion power plants integration into power energy is the pulse 

operation of the first fusion power reactor, which poses critical requirements for construction 

materials, power conversion systems, power grids, and energy storage systems. There are 

different ways and approaches which aims to solve this pulse operation issue. Among the many 

proposed solutions is an intermediate heat transfer loop with molten salts acting as energy 

storage and pulse balancing technology. 

This article aims to evaluate different molten salts, their advantages, disadvantages, the 

possibility for application, and costs. In the first part, the properties such as boiling and freezing 

temperature, heat capacity, density, and more are compared for various salts. In the second part 

of the paper, the cost of the energy storage systems with chosen salts is estimated. The results 

provide a basis for comparison of the molten salt intermediate heat transfer loop for the balance 

of the fusion power plant with a pulse-operated reactor with other approaches and proposals.
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H. Vessel/in-vessel Engineering and Remote Handling 

Overview of Recent ITER TBM Port Plug R&D Activities 
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A Tritium Breeding Blanket (TBB) ensuring tritium breeding self-sufficiency is a compulsory 

element for a demonstration power reactor (DEMO), the next step after ITER. To achieve these 

objectives, mock-ups of breeding blankets, called Test Blanket Modules (TBMs), are to be 

tested in two ITER equatorial ports during the ITER operation campaign. Each TBM Port Plug 

(TBM-PP) consists of a TBM-Frame and two TBM-Sets (or two Dummy-TBMs).  

Some required R&D activities were identified during the design of TBM-Frame and Dummy-

TBM. This paper summarizes the achievements on the two most relevant R&D topics as 

described herewith.  

Several TBM-PP components (i.e., back parts of the TBM-Frame, the Dummy-TBMs, and the 

TBM-Shields, and the TBM feeding pipes) are part of the vacuum boundary implying that these 

components are Vacuum Quality Classification (VQC) 1A. To test and develop high vacuum 

sealing for both the TBM-Frame flange and the TBM-Set or Dummy-TBM flange, the ITER 

Large Seal Test Rig (LSTR), and metallic gasket seals for the TBM application have been 

manufactured and installed in ITER site. The helium leak tests were performed at different 

operating temperatures to investigate the vacuum performance of metallic gasket seals with 

VQC 1A. 

The TBM-Frame design shall guarantee the feasibility of a rapid replacement and refurbishment 

compatible with ITER Remote Handling (RH) operations. Several replacements of the TBM-

Sets and/or the Dummy-TBMs are planned by using RH tools in the Hot Cell Facility during 

the ITER lifetime. Therefore, an experimental program has been performed to demonstrate the 

feasibility of the critical RH refurbishment tasks including the insertion and removal of TBM-

Set/Dummy-TBM and the RH bolting. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Architectural development of an ST fusion device 

Thomas Brown, Jonathan Menard 
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A recent U.S. National Academy study recommended the development of a next-step Sustained 

High Power Density (SHPD) facility. Several papers have been written describing the physics 

[1], design [2] [3] and engineering analysis [4] [5] performed in developing this design. This 

paper places emphasis on the continued evolution of the architectural development of the 

machine concept to meet the requirements of a ST fusion pilot plant or power plant design. 

The architectural development centers on meeting basic physics and component requirements 

in a machine design that can achieve fission level availability (95 %) within an arrangement 

that promotes design simplicity and lower-cost offsite component construction with on-site 

modular assembly.  

Basic 2.0 AR Spherical Tokamak design features 

▪ A small major radius OH for startup, 

▪ 10 enlarged TF coils sized for 0.30% ripple with high CD HTS windings and bolted TF 

inboard interfaces, 

▪ A lightweight VV shell defined with elongated vertical ports and reinforced lower ports to 

support 24 interconnected in-vessel sectors from a lower machine support system 

▪ All in-vessel system piping emanates from and returns to lower ports, not to interfere with 

maintenance at upper vertical port. 

▪ For an ST pilot plant or power plant design a thin inboard blanket is included to enhance 

breeding values of the much larger outer blanket. At this time only LM breeding blankets are 

considered. 

▪ A machine assembly hierarchy is based on Russian nesting dolls: TF assembly on Cryostat 

thermally insulated base, added TF MLI thermal insulation followed by the installation and 

welding of all VV segments,    

▪ Other than the outer most ring coils all core components are sized to be fabricated off site. 

The design details identified and supporting analysis will be presented that covers a SHPD 

design and an A = 2.0, 4 m 500 MW ST FPP. 
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G. Plasma-facing Components 
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properties 

Daniel Schwalenberg¹, Jan Willem Coenen¹, Johann Riesch², Yiran Mao¹, Alexander Lau¹, 

Hanns Gietl³, Till Höschen², Philipp Huber⁴, Leonard Raumann⁵, Christian Linsmeier⁵, Rudolf 

Neu² 

¹ Forschungszentrum Jülich GmbH, Institut für Energie- und Klimaforschung, 52425 Jülich, Germany 

² Max-Planck-Institut für Plasmaphysik, 85748 Garching, Germany 

³ Oak Ridge National Laboratory, Oak Ridge, TN, USA 

⁴ Institut für Textiltechnik (ITA) der RWTH Aachen University, Aachen, Germany 

⁵ Forschungszentrum Jülich GmbH, Germany 

 

Materials are most critical for a viable future fusion reactor. Tungsten (W) with its 

thermomechanical properties and erosion resilience is the primary option. Advanced tungsten 

concepts are being developed to overcome the intrinsic brittleness of tungsten and mitigate the 

neutron induced embrittlement issues in a fusion reactor. 

Tungsten fibre-reinforced tungsten (Wf/W) is designed utilizing extrinsic toughening 

mechanisms allowing its use under high thermal and mechanical loads without catastrophic 

failure even after neutron irradiation. 

In this contribution the recent success in the upscaling of Wf/W produced by chemical vapour 

deposition (CVD) will be presented. While in the past, material up to 60x60x5 mm³ was 

produced, the new process allows to produce samples up to 150x150x10 mm³. 

Utilizing the standard CVD process including tungsten wire based weaves (wire diameter 150 

µm), a layer wise process was employed in order to produce large samples for mechanical 

characterisation. Here, the mechanical properties of samples 84x20x10 mm³ down to KLST 

(27x4x3 mm³) type samples will be presented and compared to assess the overall size effects 

of the composite material. In addition, the results are presented in context to recent work on 

high heat flux tests as well as neutron irradiation. 

Despite defects during manufacturing, in total a set of one large scale sample, four medium 

sized samples (42x10x5 mm³), and five KLST type samples were tested successfully, all 

showing extrinsic toughening even at room temperature. 

The fracture mechanical analysis are performed utilizing the classical plain strain fracture 

toughness approach as well as the J-Integral procedures. Particularly the tests of the new large-

scale samples reveal that pseudo-ductile material can be produced with a maximum force during 

the test of 4334,06 N and a Kq value of ~380Nm0.5. 

These results allow for the first time to assess mechanical properties of Wf/W up to a component 

relevant scale.
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E. Diagnostics 
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ITER is expected to achieve new milestones on the way to commercial fusion energy. This will 

be still a research machine where various diagnostic systems will be deployed, both already 

used on existing tokamaks and developed specifically for burning plasma operation. One of 

innovative diagnostics is the Fibre Optics Current Sensor (FOCS). In industry FOCSs are used 

for several decades. However, existing designs must be modified to cope with effects of 

radiation, elevated temperatures, and vibrations combined with the requirement of vacuum 

compatibility and installation constrains. These requirements present a significant challenge for 

the ITER FOCS.  

In the presentation we will describe recent results of the ITER FOCS R&D and also provide 

suggestions for the future developments. We compare two FOCS detection schemes – based on 

interferometric and on polarimetry. The former is the preferable solution for industrial FOCSs. 

We demonstrate why the deployment of this scheme in ITER is problematic and the preference 

should be given to the polarimetry. The essential feature of FOCS is the use of spun fibres. We 

analyse how ionising radiation and high temperatures may influence the performance of such 

fibres. During operation the FOCS sensing fibre will be exposed to temperatures of 100-120°C 

and MGy-level radiation doses. We provide evidence that standard acrylate coated fibres can 

survive such conditions and attribute this to the use of an inert gas atmosphere. We also address 

radiation-induce transmission degradation and Verdet constant changes in spun as compared to 

non-spun fibres. Since the ITER environment cannot be reproduced in laboratory conditions, 

numerical simulation play an essential role in the assessment of the ITER FOCS performance. 

Those simulation are based on the Jones matrix approach. Most recent results will be discussed 

in the presentation.  

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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B. Experimental Devices and Facilities for Fusion Research 

Study, design and thermal-hydraulic simulations of Vacuum Enhancement 

Module shell cooling circuit 
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SPIDER is the 100 keV full-size Ion Source prototype of the ITER Neutral Beam Injectors and 

it is operating at Consorzio RFX in Padova, Italy. 

The current SPIDER Vacuum pumping system, designed to operate with a nominal pressure 

inside the Beam Source (BS) of 0.3 Pa, is composed of two primary pumping groups, four 

turbopumps and eight cryogenic pumps [1].  

The first three years of SPIDER operations revealed that the Beam Source pressure needs to be 

increased to reach the nominal performances. Furthermore, in 2019, a specific experimental 

study highlighted the existence of a SPIDER Vacuum Vessel (VV) pressure limit to reduce 

Radio Frequency breakdown probability. These two reasons have led to the necessity of 

upgrading the current vacuum pumping system. 

Due to the constrain on the available space for the installation of new pumps, a new portion of 

vessel, called Vacuum Enhancement Module (VEM), will be added to the existing SPIDER  

VV. The VEM will host up to 512 Non Evaporable Getters (NEG) pump cartridges in 16 x 32 

modules. The pumps need to be properly regenerated at 600 °C for up to 72 hours to extract the 

hydrogen isotopes absorbed during operation. A dedicated cooling system is required to cool 

down the VEM components during the NEG regeneration process avoiding also the heating of 

all the other parts surrounding the VEM, such as SPIDER BS and electrical connections [2].  

In this paper, the thermal-hydraulic study, design and analyses of the cooling system of VEM 

are reported. 
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The stellarator Wendelstein 7-X (W7-X) will start operation with an actively water cooled 

divertor in 2022. The 19 m² highly heat loaded divertor surface is made of 890 target elements 

(TEs) and designed to remove a stationary heat flux up to 10 MW/m². Each TE is made of a 

CuCrZr alloy heat sink armored with CFC NB31 tiles.  

In order to investigate the HELIAS performance with reactor relevant plasma facing material 

the installation of all-metallic plasma facing components is foreseen in W7-X after the 

extensive exploitation of the presently installed divertor (> 2030). Considering the required 

efforts to validate technological solutions to produce a metallic water cooled divertor, research 

activities have been launched within EUROfusion to develop the next TEs. The specification 

of hydraulic conditions (Tin = 20 °C, Pstat = 1 MPa, Vaxial = 9 m/s) and loading in operation (10 

MW/m² stationary) are unchanged. Presently, the conceptual design is a straightforward 

adaptation of the CFC elements based on the flat tile design.  

The contribution presents the results of this phase of design activities. Thermal-hydraulic and 

mechanical simulations have been performed to define the main characteristics to specify 

prototypes. Similar to the current divertor, CuCrZr alloy is foreseen for the heat sink. The 

consequence of the cooling channel design with or without a twisted tape (twist ratio: 2, 1 mm 

thickness) has been investigated. Two kinds of armor materials are presently considered: pure 

tungsten and W3.5Ni1.5Cu heavy alloy. The tile thickness is 2-3 mm to reach a maximal surface 

temperature in stationary loading conditions < 1000 °C. One of the main constrains is to keep 

a weight similar to the CFC design to limit the weight of the target modules for assembly in the 

plasma vessel. In addition to modelling, first trials for the industrial manufacturing of the 

CuCrZr heat sink, armor, bonding procedure have been launched.
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E. Diagnostics 

LabVIEW Programming for the KSTAR XICS towards Real-Time Ion 

Temperature Measurement 
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The X-ray Imaging Crystal Spectrometer (XICS) for Korea Superconducting Tokamak 

Advanced Research (KSTAR) provides ion temperature and toroidal rotation velocity from He-

like argon spectra. Those can be calculate through Doppler broadening and Doppler shift, 

respectively. A matlab based XICS data analysis program has been use since 2009 in KSTAR. 

This analysis program utilizes a least-squares fit to provide spatially resolved X-ray spectra so 

that it takes relatively long time for image processing and binning procedures. To shorten theses 

time consuming processes, we developed a new LabVIEW-based program with focusing in the 

plasma core region without complicated binning process. The program also integrates the 

detector control, transportation of the collected images to the analysis server, and image 

processing for spectral analysis by reading the transmitted images. By using this program, it is 

shown that the ability to acquire the measured images directly from the detector allows quasi-

real-time measurements of ion temperature and rotational velocity also. In this presentation, we 

will describe detail process of the image analysis performed on the new program.
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The plasma control system (PCS) forms the backbone of safe and high performance plasma 

operation in all tokamaks. The ITER tokamak will be significantly larger than its predecessors 

and will become a nuclear environment at a later stage of its operation. Therefore, new control 

algorithms for the ITER PCS have to follow a systematic, rigorous and formal design and 

testing procedure. Then, controllers have to be formally commissioned preceding their ultimate 

deployment on the PCS for real-time operation. Considering the significant cost of operating 

the ITER machine and its tight operational schedule, limited time is available for controller 

commissioning. Therefore, the design team for the ITER PCS is implementing a model-based 

design and testing approach to exploit models not only for the design and tuning of controllers, 

but also the verification and validation (V&V) tests. To this end, controllers are first designed 

in the Plasma Control System Simulation Platform (PCSSP) in Simulink. The PCSSP has been 

deployed on a continuous integration (CI) server on which V&V and functional performance 

tests are automatically run and analysed to scrutinize the design. Once controllers have passed 

the design phase in PCSSP, automatic code generation or manual coding allows implementation 

on the real-time framework (RTF) forming the real PCS. Components on the RTF are 

continuously validated against their PCSSP counterparts to make sure the implementation is 

bug-free. The increasing complexity of system requirements, modules, controllers, and tests 

results is managed in a structured Plasma Control System Database (PCSDB). This PCSDB is 

linked to the CI test platform, ultimately allowing the monitoring of the PCS design and 

implementation progress. In this work, we present the stages ITER controllers have to pass and 

the new tools that are being implemented to facilitate and structure this model-based design and 

testing workflow.
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E. Diagnostics 

Characterization of cesium and H⁻/D⁻ density in the negative ion source 

SPIDER 
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² École Polytechnique Fédérale de Lausanne (EPFL), Switzerland  
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The Heating Neutral Beam Injectors (HNBs) for ITER will have to deliver 16.7 MW beams of 

H/D particles at 1 MeV energy. The beams will be produced from H-/D- ions, generated by a 

radiofrequency plasma source coupled to an ion acceleration system. It is required to deliver an 

extracted current density of 355 A/m2 (H⁻)/285 A/m2 (D⁻), with a ratio between co-extracted 

electrons and negative ions lower than 0.5 (H)/1 (D). A prototype of the ITER HNB ion source 

is being tested in the SPIDER experiment, part of the ITER Neutral Beam Test Facility at 

Consorzio RFX. Reaching the mentioned current targets is only possible by evaporating cesium 

in the source, in particular on the plasma facing grid (PG) of the acceleration system. In this 

way the work function of the surfaces decreases, significantly increasing the amount of surface 

reactions that convert neutrals and positive ions into H⁻/D⁻. Therefore, it is possible to 

significantly exceed the negative ion production rate given by volume reactions. It is then of 

paramount importance to monitor the density of negative ions and the density of Cs in the 

proximity of the PG. Monitoring the Cs spatial distribution along the PG is also essential to 

guarantee the uniformity of the beam current. In SPIDER, this is possible thanks to the Cavity 

Ringdown Spectroscopy (CRDS) and the Laser absorption Spectroscopy diagnostics (LAS), 

which provide line-integrated measurements of negative ion density and neutral, ground state 

Cs density, respectively. The paper discusses the CRDS and LAS measurements as a function 

of several source parameters, in order to better understand the plasma and source conditions 

during Cs evaporation. The measurements are also compared to the results of the previous Cs-

free experimental campaigns. The best source settings are identified to reach the ITER targets 

for the ion source.
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C. Plasma Heating and Current Drive 

Functional Optimization for a Beam Driven Plasma Neutralizer in DEMO 

Neutral Beam Injector 
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² Max-Planck-Institut für Plasmaphysik, Germany 

 

A DEMOnstration fusion power plant will be the next step after ITER, with the objective of 

developing a reliable and cost-effective power plant to demonstrate its usefulness in baseload 

power production. The current pre-conceptual design proposed additional power mix assumes 

approximately 50 MW from Neutral Beam Injector (NBI) heating power, from two or three 1 

MeV beamlines with an accelerated ion current of 40 A. 

To improve the injector efficiency, the concept of plasma-enhanced neutralization was 

proposed in place of simple gas neutralization: in the Beam Driver Plasma Neutralizer (BDPN) 

case, the beam itself ionizes the background gas, and high plasma density is ensured by an 

efficient magnetic confinement. The physics of this device have already been the scope of 

several papers, but the assumed geometry was never adapted to fit a realistic, divergent DEMO 

NBI beam. 

The conceptual design of the BDPN for DEMO NBI has been developed using an integrated 

approach, taking into consideration at the same time all the relevant physics and engineering 

aspects. Among these, the most important have been the operating efficiency of the BDPN, its 

dependence on beam optics, the amount of gas injected into the device, the heat loads expected 

on the BDPN panels and on the NBI components located downstream of it, and the role of the 

magnetic configuration and of the slit width on plasma confinement. Particular care has been 

taken to support and validate the conceptual design on the basis of the studies carried out by 

CCFE and IPP. 

This paper describes the conceptual design of the BDPN and the procedure followed to optimize 

this device considering the operational requirements and the other constraints of the DEMO 

NBI.
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G. Plasma-facing Components 

The Design and Construction of Divertor Primary Heat Transfer System 

for EAST Tokamak 
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² Suzhou Nuclear Power Research Institute, China 

 

The Experimental Advanced Superconducting Tokamak (EAST) had been under major 

upgrading from 2020 to 2021. In this campaign of major upgrading, the new lower tungsten 

divertor is successfully installed to achieve the targets of long pulse and high β H-mode plasma 

operation. High temperature and high pressure Divertor primary heat transfer system (DIV 

PHTS) is also developed to remove the plasma deposition heat load on the Divertor. This paper 

presents a description of the design and construction of DIV PHTS for EAST Tokamak. Starting 

from the requirements specified in the Technical Specifications of DIV PHTS, the process to 

meet the Divertor cooling and baking requirement is designed and validated by the supported 

thermal-hydraulic analysis. Then, the piping stress analysis under different types of load 

combinations is performed to verify the structural design requirements. General layout design 

is also performed based on the component size requirement and the allocated space in the EAST 

room. Finally, the procurement and test of the system main equipment is also given.
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SPIDER (Source for the Production of Ions of Deuterium Extracted from a Radio frequency 

plasma), hosted at the Neutral Beam Test Facility (NBTF) in Padova, Italy, is the full scale 

prototype for the ITER Heating Neutral Beam (HNB) source. The behavior of the beam must 

be thoroughly investigated to bring the machine’s performance in line with ITER’s 

requirements. In particular, ripples in the beam can affect the beam divergence. Measuring the 

AC component of the beam current can therefore help to understand the repercussions of the 

oscillations of the plasma, source power supplies or RF generators on the beam optics. 

To minimize the occurrence of electrical discharges, SPIDER was recently operated with a 

mask designed to close a large number of extraction apertures thus reducing the gas flow 

conductance between source and vessel. As a consequence, the space between each beamlet 

was substantially increased, allowing for the installation of the Beamlet Current Monitor 

(BCM). This non-invasive diagnostic enabled a direct measurement of the DC and AC 

components of the currents of 5 individual beamlets. 

A first assessment of the beamlet currents’ AC component (up to 10 MHz) was performed in 

volume and surface operation. Recurring oscillations were identified in various frequency 

ranges and, when possible, linked to oscillations observed in the plasma or in SPIDER’s power 

supply systems.
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For DEMO reactor, tungsten is considered as armor material. Eurofer is planned to be used as 

structural material for the first wall. Up to now some joining solutions between W and Eurofer 

has been developed (copper brazing, W and Eurofer functional gradient material (FGM)…). 

Each existing joining solution has its own advantage (joining material, improved manufacturing 

process). In the present study the choice of the joining material is driven, among other 

constrains, to minimize the thermal stresses at materials interfaces, with the minimization of 

thermal dilatation coefficients (α) between materials (W(α = 4.5E–6 K⁻¹), Eurofer(α = 12E–6 

K⁻¹)). In this regard, FGM represents a real asset. Another constraint concerns the 

manufacturing process involved which should be an improved industrial process.  

The present study proposes a joining solution, based on FGM, which, additionally to the 

advantages of the existing solutions, could: reduce the long term activation of the joining 

material and insure the metallurgical compatibility of the joint.  

Recent development of a joining solution via Ti (α = 8.5E–6 K⁻¹) and Ta (α = 6.5E–6 K⁻¹) as 

materials constituting the FGM (called later Ti/Ta FGM) is presented in this paper. Due to the 

achieved density (>94%), composition’s accuracy (±5 %) and thickness tolerances (±50 µm), 

cold spray process is shown to be adapted to the fabrication of the Ti/Ta FGM. Based on a 

feedback experience of joining between W, W/Cu FGM and CuCrZr (Richou, 2020) the final 

joining between W, Ti/Ta FGM and Eurofer is achieved using hot isostatic pressing (1040 

°C/1400 bar/2 h), followed by a thermal treatment to recover Eurofer mechanical properties. 

The study will present the good joining quality (no crack at interfaces after joining) and also 

emphasize an adapted exhaust capability of an actively cooled mock-up (150 x 25 x 25 mm) 

manufactured with the developed joining solution.
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G. Plasma-facing Components 
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sintering 
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Tungsten is the most promising candidate for plasma facing components (PFCs) in nuclear 

fusion reactor because of its unique properties such as high melting point, high thermal 

conductivity, and high strength. Tungsten is generally manufactured by powder metallurgy, but 

fully densified tungsten is hard to be achieved by only sintering due to its low self-diffusion 

coefficient. It is known that relative density and sintered tungsten can be improved by addition 

of Y2O3, however, excessive amounts of Y2O3 in tungsten degrade its toughness. Therefore, 

in this study lower than 0.05wt% of Y2O3 was dispersed in tungsten by mechanical alloying 

and the mixed powder was sintered by sparks plasma sintering (SPS) process. Then, the Y2O3-

doped tungsten was compared with pure tungsten in order to investigate the effects of Y2O3 

doping on sinterability and mechanical properties. TEM observations revealed that tens of 

nanometer sized Y2O3 particles are dispersed within tungsten grains and at grain boundaries. 

The relative density of Y2O3-doped tungsten (99.97%) was higher than pure tungsten (97.71%) 

sintered at even higher temperature. The densification curves showed that the relative density 

of Y2O3-doped tungsten was lower than that of pure tungsten under 1200 °C but overtaking 

occurred around 1400 °C, where grain growth of tungsten prevailed. It is because the Y2O3 

particles hindered grain growth and expedited grain boundary diffusion of tungsten at that 

temperature region. In addition, the effects of Y2O3 on mechanical properties of tungsten were 

examined by nano-indentation test. It is found that Y2O3 in grain interior increased the 

nanohardness and reduced the maximum shear stress required for the onset of plasticity of 

single grain.
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Injection of Ar-doped pellets: towards a multifaceted plasma actuator 
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The noble gas argon is a potential candidate for pedestal and edge radiative cooling power on 

fusion plasmas. Ar delivery by pellets may allow for a faster radiation increase compared to gas 

puffing due to its deposition located where radiation is highest. This might help for the problem 

of transient reattachment in a reactor device. Successful pellet doping and efficient delivery 

have already been demonstrated for other elements (such as xenon and nitrogen). Hence, studies 

were performed at ASDEX Upgrade to demonstrate the possibility of injecting Ar in the plasma 

through pellets.  

Using a gas with around 2%mol Ar in D2, doped pellets were successfully produced. The 

general extrusion process for Ar-doped ice is quite similar to the standard process required for 

the production of pure D2 pellets.  

For characterisation purposes, at first pellets were injected in the non-pumped empty torus. 

Here, the composition of the gas coming from sublimated pellets was measured through a 

calibrated Quadrupole Mass Spectrometer. The presence of Ar in the pellets was detected with 

a concentration of approximately 0.5%mol. The admixed pellet is thus a valuable actuator of 

argon injection.  

Similar investigations were performed by injecting Ar pellets into the plasma. A series of H-

mode plasma discharges were carried out in the ASDEX Upgrade tokamak to study the 

deposition efficiency of the Ar pellet and the impact on the radiative cooling power. Hereby, 

the efficient delivery of argon in plasma was successfully demonstrated.  

These results are a valuable starting point for deeper investigations dealing with the comparison 

with Ar-gas puffing technique and further transport studies. 

Furthermore, this proven and efficient doped-pellets injection process can be properly 

implemented in the innovative design developed for the new JT60-SA Pellet Launching 

System, which already allows for the supply of pellets in parallel from different multiple gas 

sources.
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G. Plasma-facing Components 
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with Subcooled Boiling Flow 
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For efficient cooling of plasma facing components subjected to high heat fluxes, it is necessary 

to use advanced cooling methods and to optimize the geometry of the cooling channels as well 

as the flow regime leading to an increase in the heat transfer coefficient. One such geometry is 

the Hypervapotron, which allows stable operation with subcooled boiling flow. However, the 

combination of turbulence and subcooled boiling is very difficult to simulate and predict the 

operational behavior.  

The aim of this study is to model the subcooled boiling flow using the CFD code Star-CCM+ 

and validate this model with experimental results for various geometrical and operational 

parameters. The technical specification and first results of the new low-pressure experimental 

loop designed for subcooled boiling flow testing are presented.
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The field of potentiometric sensors is experiencing solid growth. Potentiometric sensors are 

broadening their application scope because they are affordable and scalable devices capable of 

being used in-field and online. Potentiometric sensors based on proton-conducting solid-state 

electrolytes have been proved to be able to operate at high temperatures, with high physical and 

chemical stabilities. An interesting application for this kind of sensors is the tritium monitoring 

in the future fusion reactors. First steps towards the development of this analytical tool will be 

devices capable of measuring hydrogen in harsh environments. 

In the present work, a potentiometric sensor based on BaCe0.6Zr0.3Y0.1O3-α (BCZYO) solid-

state proton-conductor was prepared for monitoring hydrogen at high temperature. BCZYO was 

synthesized by the solid-state method and characterized using XRD and SEM. Sensors linear 

range and sensitivity were evaluated at 400 C and 500 C. In operation temperature range, 

hydrogen detection limit was 2 ppm. Moreover, sensors presented a very short response time 

and high potential stability. Accuracy and precision were also evaluated at different hydrogen 

concentration levels.
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The modular multilevel converter (MMC) has become one of the most attractive converters for 

high-power applications such as high voltage DC (HVDC) converters, but also fusion devices 

power supplies. The combination of this technology with a high power density energy storage 

system such as supercapacitors (SC) represents a promising alternative to power the toroidal 

fields (TF) magnets of the ASDEX Upgrade experiment ("axially symmetric divertor 

experiment") operated at the Max-Planck-Institute for Plasma Physics (IPP) research center. 

After a first feasibility study, a single MMC submodule (SM) composed by four insulated-gate 

bipolar transistors (IGBTs), a SC module and a power stage filter has been developed and 

successfully tested. Therefore, three additional identical modules have been built to test their 

series and parallel operation in order to prove their capability to be scaled up.  

This work shows the step-by-step development of the MMC demonstrator, highlighting the 

results of the SMs synchronized operation which is fundamental for the scalability of the 

system. The outcome of this tests are relevant not only for the specific application of ASDEX 

Upgrade TF coils, but also for many other applications due to the flexible four-quadrant 

operation of the converter.
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Fluctuation beam emission spectroscopy (BES) is an active plasma diagnostic system mounted 

on dedicated diagnostic or heating beams and used mainly for the measurement of plasma 

density and related fluctuations. The high energy beam atoms get into excited states following 

collisional events with plasma particles and subsequently emit characteristic photons, which 

are used for the inference of plasma density. A previous work assessed the viability of proposed 

BES observation geometries finding that alkali BES observation was suitable, while the 

proposed geometry on a heating beam was suboptimal [1]. 

Our current effort focuses on the methodology for the identification of observation geometries 

optimized for spatial resolution by minimizing the radial and poloidal emission spread caused 

by diagnostic arrangement with respect to the magnetic geometry. Further aspects considered 

are the signal to noise and signal to background ratios which were assessed using the RENATE 

[2] and Simulation of Spectra [3] BES modelling codes. 

BES synthetic diagnostics were coupled to the first principle plasma physics codes [4] to 

showcase the proposed diagnostics capabilities, and to resolve various plasma physics 

phenomena. The HESEL scrape-off layer turbulence code [5] was used to highlight the 

diagnostic system’s ability to identify and characterize filaments in the scrape-off layer. The 

JOREK non-linear MHD code [6] was used to model the observation of ELM bursts and 

determine their various properties such as preceding mode numbers and ELM filament velocity. 
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The target elements of the actively water cooled divertor presently installed in the stellarator 

Wendelstein 7-X (W7-X) have been designed to remove a stationary heat flux up to 10 MW/m². 

The target elements are made of CuCrZr alloy heat sink with cooling channels equipped with a 

twisted tape and are armored by CFC NB31 tiles. However, CFC is not a plasma facing material 

relevant to a reactor and the next generation of W7-X divertor target elements is planned to be 

armoured with metallic tiles. The conceptual design of next-generation target elements thus 

considers the replacement of CFC tiles by tungsten or heavy alloy tiles, while keeping the same 

heat sink design. In this paper, thermal-hydraulic analyses of the reactor-relevant target element 

will be presented.  

Water cooling conditions in operations are: Tin = 20 °C, Pstat = 1 MPa, Vaxial = 9 m/s. The 

diameter of the cooling channel is 9 mm. The thermal hydraulic response is analyzed using 

Computational Fluid Dynamics (CFD). The analysis provides the flow velocity distribution in 

the channel and focuses on the effects of water flow on the wall temperature distribution in the 

cooling channel. 

First, the single-fluid modelling approach is used. The wall temperature profile is compared 

with the local water saturation temperature, which allows the detection of locally superheated 

regions that may indicate that a further two-phase modelling is needed. Second, the Eulerian 

two-fluid framework, using the standard wall boiling model is applied to realistically simulate 

the occurrence of boiling flow. Prior to its implementation on the target element geometry and 

W7X loading conditions, the results of the two-fluid boiling model are validated against the 

relevant experimental data from the literature. Finally, the prediction capability of both 

approaches, single-fluid and two-fluid, is assessed by comparison of wall temperature 

distributions on the cooling channel.
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In this paper, we propose a perceiver autoregressive model-based KSTAR PF superconducting 

coil temperature forecasting model to protect PF coil while PF coil operation. In this work, we 

developed the transformer model that can recurrently forecast output using the current time 

input data and the hidden state of the previous step based on the perceiver autoregressive model. 

The amount of computation and memory overheads of running the recurrent transformer model 

is lower than the standard transformer model. because the model computes forecasting output 

using a subset of input sequence data without computing the entire sequence of time windows. 

The recurrent transformer model has been trained using the KSTAR PF coil temperature dataset 

acquired from the PF coil monitoring system. The performance of the proposed recurrent 

transformer model was compared with LSTM and standard transformer model in terms of r2 

score, mean absolute error (MAE), root mean squared error (RMSE), mean absolute percentage 

error (MAPE), and quantile loss. And we also compared the inference time for each model. The 

experiment results show that the error of the proposed recurrent transformer model is lower 

than those of other deep learning methods. And the inference time of the proposed model is 

lower than the standard transformer model.
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For the EU-DEMO plant a closed fuel cycle is envisaged, including a processing unit for Isotope 

Rebalancing and Protium Removal (IRPR). This system establishes the desired DT fueling ratio 

and the stripping of protium. The latter is necessary to counteract the unavoidable protium 

build-up due to outgassing and isotope exchange reactions. As a possible technology a 

membrane-coupled temperature swing absorption (MC-TSA) process is being developed at 

KIT. 

It is based on using isotope-dependent gaseous diffusion and metal-hydrogen-interactions, 

enabling semi-continuous operation without cryogenic temperatures. Furthermore, unnecessary 

isotopic separation of the torus exhaust gas stream and high tritium inventories are avoided. 

The process performance depends on the operation parameters, i.e. temperature, pressure, gas 

composition and number of cycles as well as on the selection of the absorbing materials. 

Objective of this study is to identify efficient operation limits and suitable materials using the 

test facility HESTIA (Hydrogen Experiments for Separation with Temperature Initiated 

Absorption). 

This poster will give an overview of the developed MC-TSA technology and the current status 

of the investigations. Additionally, an outlook is given to discuss the next optimization 

possibilities.
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Until 2019, the thermo-hydraulic development of the EU-DEMO divertor was based on the 

“double-circuit” concept, in which two independent cooling circuits served by two different 

Primary Heat Transfer Systems were used to cool the Plasma-Facing Components (PFC) and 

the Cassette Body (CB). During the Divertor Final Design Review Meeting, held in May 2020, 

the possibility to adopt a single cooling circuit to serve both components was suggested. This 

new cooling circuit concept has multiple advantages, mainly in terms of remote maintenance, 

safety and balance of plant design and integration. During the years 2020 and 2021, in the 

framework of the Work Package DIV 1 - “Divertor Cassette Design and Integration” of the 

EUROfusion action, the University of Palermo, in collaboration with ENEA, carried out a 

research campaign focussed on the preliminary thermo-hydraulic assessment of this new 

concept, highlighting its strengths and weaknesses. 

The research campaign was carried out following a theoretical-computational approach based 

on the finite volume method and adopting the commercial Computational Fluid-Dynamic code 

ANSYS-CFX. The steady-state thermal-hydraulic performances of the single-circuit DEMO 

Divertor concept were assessed in terms of coolant pressure drop and flow velocity distribution, 

mainly in order to check coolant aptitude to provide a uniform and effective cooling to CB, 

Liner, Reflector Plates, PFCs and the newly introduced neutron shields to improve the shielding 

of the vacuum vessel. Moreover, the margin against Critical Heat Flux distributions among the 

plasma-facing channels were assessed by adopting appropriate correlations, to check the 

compliance with the applicable constraints. 

Models, loads and boundary conditions assumed for the analyses are herewith reported and 

critically discussed, together with the main results obtained.
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I. Fuel Cycle and Breeding Blankets 

HERMESplus Experimental Campaigns with Nb and V as Membrane 

Materials 

Alejandro Vázquez Cortés, Yannick Kathage, Stefan Hanke, Thomas Giegerich, Christian 

Day 

Karlsruhe Institute of Technology, Karlsruhe, Germany 

 

Superpermeation can allows hydrogen fluxes through metal foil membranes at rates unfeasible 

for pressure driven permeation. This process is hydrogen-selective, and it can work against a 

pressure gradient, implying pumping capabilities. These characteristics allow the use of 

superpermeation in Metal Foil Pumps (MFPs), which allows a very efficient separation of the 

unburnt fuel in regions of low density downstream the divertor. This recirculation of DT is the 

cornerstone of the fuel cycle in future nuclear fusion power plants, the Direct Internal Recycling 

(DIR) concept. 

However, superpermeation has currently not been implemented at a technical large scale yet, 

and several points must be addressed before developing the detailed engineering design of such 

pump. One of those points is which foil material will act as superpermeable membrane. The 

two main candidate materials considered for EU-DEMO are the group 5 metals V and Nb. In 

our setup HERMESplus at Karlsruhe Institute of Technology (KIT) both materials were tested 

in conditions relevant for DEMO. 

We present experimental results for the plasma driven permeation of protium and deuterium 

and extract the isotopic effect. The membrane temperature dependence is reported and 

compared with gas driven permeation.  The experimental results provide an important input for 

the future down-selection of the metal foil material.
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H. Vessel/in-vessel Engineering and Remote Handling 

Varistor development for in-vessel magnetic field coils in nuclear fusion 

devices 

Markus Teschke¹, Irene Zammuto¹, Fabian Firmbach², Thomas Hutzler², Hans-Peter Martin², 

Katrin Schönfeld² and the ASDEX Upgrade Team 

¹ Max Planck Institute for Plasma Physics IPP, Garching, Germany 

² Fraunhofer Institute for Ceramic Technologies and Systems IKTS, D-01277 Dresden, Germany 

 

Upcoming high magnetic field nuclear fusion experiments like SPARC [1], DTT [2] or 

COMPASS Upgrade [3] are expected to be much more vulnerable for vertical displacement 

events (VDE), runaway beam (RB) induced damages and loss of first wall tiles due to Halo 

current forces. Therefore, passive in-vessel coils positioned close to the plasma column were 

identified to provide improved safety and operation stability by help of counter or dissipative 

magnetic field generation. The coil energy is directly extracted from the loop voltage of the 

plasma and transferred to the coil by magnetic induction. Unfortunately, these coils hamper all 

kind of high-dynamic plasma events, not only the unwanted but also the required ones like 

plasma breakdown and plasma current ramp-up. This results in the undesirable situation, that 

these in-vessel coils need to be switched of while such periods. This dramatically increases 

technical effort because electric feed-in and out of the expected very high coil currents (several 

100 kA...1 MA) seem to be almost unfeasible due to extreme Lorentz forces in the high 

magnetic field environment. An elegant solution would be to introduce active electrical in-

vessel components which turn-on the coils only in case of plasma loop voltage exceeding a 

specific voltage threshold. So called “varistors”, based on doped ceramic materials [4,5] could 

provide the desired functionality. Due to the special high vacuum, high radiation environment 

of a nuclear fusion device, commercially components are not sufficient in available parameter 

range. The IPP decided to start a technology development project in cooperation with the IKTS 

to improve parameter space and to demonstrate feasibility of the concepts described, here. Also, 

very first results of already developed low-voltage, high current-density varistors are given. 
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I. Fuel Cycle and Breeding Blankets 

Tritium release behavior from neutron-irradiated FLiNaK mixed with Ti 

powder 

Kazunari Katayama¹, Kaito Kubo¹, Toru Ichikawa¹, Makoto Oya¹, Satoshi Fukada¹, Yuto 

Iinuma² 

¹ Kyushu University, Japan 

² Kyoto University, Japan 

 

FLiNaK is used as a simulant molten salt of FLiBe and FLiNaBe which are a promising liquid 

blanket material for a fusion reactor but include Be having the high toxicity. FLiNaK is 

expected to be used in the demonstration test for circulation technology and purification 

technology of molten salt in nuclear reactor facilities in the future. In a neutron irradiation 

environment, tritium is generated by a nuclear reaction between Li and neutrons. From the 

viewpoint of safety, it is necessary to understand the tritium release behavior from the molten 

salt. In order to increase effective solubility, the addition of Ti powder was proposed. In this 

study, we investigated tritium release behavior from the FLiNaK with and without Ti powder. 

The solid-state samples of FLiNaK and that mixed with 0.5 and 2.5 wt% Ti were irradiated by 

thermal neutrons with the total fluence of 1.7×10¹⁵ cm⁻² at Kyoto University Research Reactor. 

After neutron-irradiation, the samples were separately heated in a Mo crucible to 500 ~ 700 °C 

in Ar gas flow. The released HTO was collected in a cold trap, TF was collected in a first water 

bubbler and HT was collected in a second water bubbler after conversion to HTO by a CuO 

bed. FLiNaK without Ti and that with 0.5 wt% Ti were unintentionally exposed to air after 

neutron-irradiation. 

The release ratios of each chemical form were TF:HT:HTO = 2:3:95 from FLiNaK without Ti 

and TF:HT:HTO = 9:25:66 from with 0.5 wt% Ti, respectively. It was found that most tritium 

is released as HTO from FLiNaK exposed to air and a part of HTO is reduced by Ti. From 

FLiNaK with 2.5 wt% Ti, the release ratio was TF:HT:HTO = 4:71:25. Contact with air and the 

presence of Ti strongly affect the chemical form of released tritium.
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E. Diagnostics 

Bolometer sensor holder suitable for ITER-relevant conditions 
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The ITER bolometer diagnostic shall provide the measurement of the total radiation emitted 

from the plasma, a part of the overall energy balance. Up to 550 lines-of-sight will be installed 

in ITER in 71 cameras of various sizes and types. The sensor holder, the component inside 

those cameras to provide attachment and signal connections to the sensor itself, might vary in 

shape within each camera. However, concepts for implementing signal connections and 

handling of loads are very similar if not identical. 

The main challenge is a reliable signal connection within the confined construction space and 

at the high environmental temperatures, which reach 350°C during bake-out in the divertor. 

Furthermore, the sensor and its signal connections need protection from mechanical loads and 

the materials have to be compatible with the nuclear environment. 

Taking the current design of port mounted bolometer cameras and the corresponding space 

restrictions as a basis, a concept for the sensor holder is proposed. This concept can be 

implemented in every port camera and is expected to be easily adaptable to other camera 

locations as well. The sensor holder is made of a ceramic with a coefficient of thermal expansion 

similar to the one of the sensor material to avoid thermal stresses. Wire-bonded connections are 

used between the sensor and contacting pads on the front plate of the sensor holder. The 

camera’s internal signal cables are welded to these contacting pads to complete the electrical 

circuit. The bond wires and the contacting pads may be covered by a ceramic paste for 

protection against mechanical loads.  

Prototypes of this concept have been built to prove the feasibility of manufacturing and 

assembly. Furthermore, it gives valuable input for design improvements. Thermal cycling tests 

as well as electrical tests are foreseen to validate the mechanical stability and functionality 

under ITER-relevant conditions.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

How can effective dose to the public be minimised in the event of an 

accident at a fusion power plant? 

Gowri Karajgikar, Rachel Lawless, Tim Xu, James O'Callaghan, Barry Butler 

United Kingdom Atomic Energy Authority, Culham Science Centre, Abingdon, OX14 3DB, United 

Kingdom 

 

An investigation was conducted into minimising effective dose to members of the public in the 

unlikely event of an accident by optimising design parameters and site locations of future fusion 

power plants. This is part of our defence in depth approach for tritium safety that also includes 

significant work on the prevention of accidents. Calculations were performed using 

Atmospheric Dispersion Modelling System (ADMS5), a validated software package that 

models plume dispersion with editable inputs including multiple buildings, stack height, terrain 

topography and meteorological data. To decrease the effective dose to on-site workers and the 

public, stack height, release duration and site boundary should be maximised. The minimum 

recommended stack height and site boundary distance are 60 m and 250 m, respectively. It was 

also found that very unstable weather conditions that cause enhanced vertical mixing, Pasquill-

Gifford Stability Class A, minimise effective dose to members of the public. The impact of 

these changes on effective doses are demonstrated quantitatively. Analysis of tritium dispersion 

and dose rates provides upper bounds on releasable tritium inventories that can be stored on 

site. It is envisaged that future fusion power plants such as DEMO can use this information 

when designing and choosing a location for their site.
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E. Diagnostics 

Developments of W7-X alkali metal beam diagnostic observation system for 

OP2 
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Ralf Koenig², Daniel Dunai¹, Gabor Anda¹, Sandor Hegedus¹, Barnabas Csillag¹, Imre 

Katona¹, W7-X Team² 

¹ Centre for Energy Research, Budapest, Hungary 

² IPP Greifswald, Germany 

 

On Wendelstein 7-X an alkali beam emission spectroscopy (BES) diagnostic system has been 

installed in order to measure plasma edge electron density profiles and turbulence transport. 

Sodium beam is injected in the plasma and the light emission is observed by an optical system. 

During the last operational phase OP1.2b campaign trial spectral measurements were performed 

with a dedicated optical branch. Results showed the emergence of potential CX lines in the light 

spectra during sodium injection. The lines were identified as Carbon III, which were the 

dominant lines observed by other diagnostics at the edge plasma. 

Based on these results an additional dedicated optical system has been developed and installed 

in 2021 for the upcoming operational phase OP2. The optics is designed for multiple purposes: 

spectral measurements for the ABES system and for a He/Ne gas jet. The system is designed to 

allow implementation of further diagnostics on this port later (e.g. Coherence Imaging). 

The details of the implementation of design requirements, main challenges of the manufacturing 

process and installation are discussed in this paper.
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I. Fuel Cycle and Breeding Blankets 

Hydrogen plasma simulation results and their experimental validation via 

optical emission spectroscopy 

Yannick Kathage, Alejandro Vázquez Cortés, Thomas Giegerich, Stefan Hanke, Christian 

Day 
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The Direct Internal Recycling (DIR) concept for the fusion fuel cycle aims at reducing tritium 

inventories in future fusion power plants. It introduces a bypass to the tritium plant for a 

majority of unburnt fuel from the torus exhaust. To this end, a hydrogen-selective fuel 

separation technology is required, which can operate at the low pressure regime in the sub-

divertor region. The prime candidate to fulfil this duty is a metal foil pump (MFP), which 

operates based on the principle of superpermeation. Using a plasma, large quantities of 

hydrogen can be pushed through a group 5 metal foil and thereby separated from the torus gas 

mixture. 

Designing a large-scale MFP in a first-of-its-kind application asks for a detailed 

characterization of the plasma. Owing to its scalability and industrial availability, an 

axisymmetric, linearly extended microwave plasma source is investigated for this purpose. We 

present simulation results for the plasma in question and address its most important 

characteristics in view of this application. The simulation data is experimentally validated on 

the basis of the atomic hydrogen concentration in our experimental setup HERMESplus by 

using optical emission spectroscopy. A detailed description of the plasma reactions considered 

in the actinometric method is given. We conclude the analysis with an outlook to how the results 

are used in the design of a MFP for the fusion reactor DEMO.
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C. Plasma Heating and Current Drive 

New ASDEX Upgrade ICRF antenna vacuum feedthrough: optimization 

status 

Oleksii Girka¹, Walid Helou², Helmut Faugel¹, Gerhard Siegl¹, Wouter Tierens¹, Volodymyr 

Bobkov¹ 

¹ Max Planck Institute for Plasma Physics, Boltzmannstraße 2, D-85748 Garching, Germany 
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Ion Cyclotron Range of Frequency (ICRF) heating is an efficient tool to heat nuclear fusion 

plasmas and is a candidate for implementation in the future EU-DEMO reactor. The key 

parameters for fusion power plant operation are reliability and efficiency of heating and current 

drive systems. Vacuum feedthrough or RF window is one of the most important parts, which 

contribute to the reliability of ICRF system. It transmits RF power, keeps torus under high 

vacuum conditions, supports antenna elements against electromagnetic forces, experiences 

thermal and mechanical stresses. This work shows the results of RF simulations of a new ICRF 

antenna vacuum feedthrough for ASDEX Upgrade. The current design [1] proved it`s 

robustness and long-life stability. However, the relatively small 6-inch ceramics and its 

contamination with conductive film deposition from the region of the potential rings where 

arcing is localized, imposes limits on voltage stand-off and thus on ICRF power. The new 

design aims at improved voltage stand-off by using two repositioned 9-inch Al2O3 windows 

and by optimizing the shape of the conducting structures. Power losses are calculated on 

ceramic windows as well as on inner conductor bellows and compared to the existing 

feedthrough design. Standing wave patterns are extracted using S-matrices from 

RAPLICASOL and are used to assess the field distribution in the vacuum transmission line. 

Uniformity of wave impedance as well as optimized electric field intensity and distribution are 

improved. Described design of vacuum feedthrough is relevant for DEMO ICRF system in 

terms of dimensions, E-field values/distribution and ceramic windows position further back 

behind the antenna to avoid/reduce neutron impact. 
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C. Plasma Heating and Current Drive 

Measurement of stripping losses in the negative ion source SPIDER 
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The ITER Heating Neutral Beam (HNB) injectors will have to operate at low source pressure 

(<0.3 Pa) to minimize negative ion losses along the beamline components due to stripping 

reactions with the residual background gas. SPIDER, the full scale source prototype of the HNB 

injectors for ITER, has recently accomplished the first experimental campaign at intermediate 

power (50 kW/driver) and acceleration voltage (45 kV), with relevant achievements in the 

increase of the total extracted ion current, the minimization of co-extracted electron current, the 

optimization of beam spatial homogeneity and the characterization of beamlets divergence.  

Another critical issue investigated in SPIDER, central for the overall efficiency of HNB 

injectors, is that of stripping losses, caused by partially accelerated H⁻/D⁻ ions, whose control 

should be carefully monitored to optimize beam transmission, and, therefore, minimize heat 

fluxes on beam ducts. Among beam diagnostics, Beam Emission Spectroscopy (BES) is 

employed to evaluate stripping losses by analyzing the part of the spectrum between the un-

shifted and the Doppler-shifted H_α peak, showing a clear stripping component since caesium-

assisted operations. In BES spectra, the stripping losses contribution is the result of the 

combination between beam angular velocity and kinetic energy distributions. Since SPIDER 

has been operated with only a few apertures (28 instead of 1280), it is possible to measure the 

stripping losses on the scale of the single beamlet, which, in turns, contributes to the 

transmission of the overall negative ion beam along the beam line components. These 

investigations, therefore, pave the way for MITICA, the full-scale prototype of ITER NBH 

injector, currently under construction.  

In this contribution we show the dependence of stripping losses on source parameters and apply 

numerical tools to simulate BES spectra; this step is required for a thorough interpretation of 

beam-gas interaction phenomena. 
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I. Fuel Cycle and Breeding Blankets 

Water Distillation for DEMO WCLL BB Coolant Purification System 

Vincenzo Narcisi, Alessia Santucci 
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During the DEMO pre-concept design phase, two strategies were identified for the Coolant 

Purification System (CPS) of the Water-Cooled Lithium Lead (WCLL) Breeding Blanket (BB), 

named in-line and off-line. The in-line concept relies on the by-pass of a certain primary coolant 

fraction, which is continuously routed and treated in the CPS. In the off-line strategy, the whole 

primary water inventory is discharged after one year of DEMO operation and treated in an 

external facility inside the tritium plant. Among these, the in-line strategy has been recently 

recommended as the most suitable for lowering the tritium inventory within BB and Primary 

Heat Transfer System (PHTS). For water detritiation, the process identified for DEMO water 

detritiation system (WDS) is the Combined Electrolysis Catalytic Exchange (CECE) process, 

while Water Distillation (WD) is under investigation as additional pre-treatment unit.  

Referring to the in-line CPS concept, the present activity deals with the assessment of the WD 

technology in EU DEMO WCLL BB CPS. The scope is to investigate the capability and the 

feasibility of the WD unit to meet water CPS duty. As matter of fact, the in-line CPS works in 

a closed loop with the primary system by redirecting the treated water in the PHTS, thus a very 

high decontamination factor could not be required.  

The paper presents a simulation activity in which parametric studies have been carried out to 

investigate the effect of selected parameters (e.g., tritium concentration at CPS inlet, tritium 

concentration in the enriched stream, permeation reduction factors, and operative conditions) 

on the WD sizing and capabilities.
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J. Materials Technology 

Status of JADE, an open-source software for nuclear data libraries V&V 
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In the last couple of years, a combined effort between NIER, Università di Bologna and Fusion 

For Energy led to the development of JADE, a python-based open-source software for the 

Verification and Validation of nuclear data libraries. Nuclear data is fundamental for particle 

and radiation transport simulations which, in turn, are responsible for the evaluation of key 

quantities for fusion-related machines design such as nuclear heating, DPA, particles 

production and dose rates. The aim for the project is to offer standardization and automation to 

the V&V process of data libraries in order to speed up their release cycles and, at the same time, 

improve the quality of the data. JADE takes advantage of MCNP for the particles and radiation 

transport simulations and, even if it is potentially applicable to the whole nuclear industry, a 

particular focus on fusion applications is obtained through the selections of the default 

benchmarks that have been implemented. The code was recently made publicly available to the 

community and the status of its development is summarized in this work. The more important 

features and benchmarks (both computational and experimental) are described, together with a 

brief discussion on the major case studies where JADE has been recently used. Lastly, the 

current strength and limitations of the tool are evaluated and the foreseen future developments 

for the project are outlined.
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D. Plasma Engineering, Plasma Control, and CODAC 
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A Vertical Stabilization (VS) system is needed to run diverted plasma discharges with an 

elongated poloidal cross-section. Besides stabilizing the plasma, the objective of any VS system 

includes also the rejection of all the relevant disturbances, such as fast disturbances modeled as 

Vertical Displacement Events. 

Several approaches have been proposed in the literature to solve the VS problem, including 

nonlinear adaptive control, model predictive control and AI-based techniques. As a matter of 

fact, algorithms with few control parameters are usually preferred since they enable the 

deployment of effective adaptive algorithms. Indeed, despite the different proposed solutions, 

the tuning of any existing VS algorithm depends on the plasma growth rate.  

We investigate the applicability of Deep Reinforcement Learning (DRL) approaches to the VS 

problem. The objective is to obtain a VS system that is capable of robustly dealing with different 

plasma operating conditions by exploiting the capability of DRL to learn from data.  To perform 

this goal, we focus on the definition of the observation space of the VS system and we develop 

a training procedure based on the use of data obtained from different operating scenarios. 

In a preliminary attempt to solve the VS problem with a tabular approach based on the Q-

learning algorithm was proposed. We aim at extending that solution in several directions: first 

we substitute the tabular approach with a DRL one, which is more suitable when dealing with 

continuous state and actions spaces as required by the considered application. Then, we 

explicitly account for the presence of the other magnetic control systems during the training of 

the VS agent. Finally, we extend the observation space to let the agent consider variations of 

the plasma parameters. 

The effectiveness of the proposed solution is shown through numerical simulations carried out 

on the case study of the ITER tokamak.
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B. Experimental Devices and Facilities for Fusion Research 

The neutron shielding project for the TCV tokamak 
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The TCV tokamak is equipped with two Neutral beam Injection (NBI) systems delivering up 

to 1.2 MW each for pulse durations of up to 2 second. These two systems, with injection 

energies of E ~ 27 keV and E ~ 55 keV are tangentially oriented in opposite directions, leading 

to an exceptionally high contribution from DD beam-beam reactions. Calculations with the 

TRANSP and ORBIS heating codes show that neutron rates may be as high as 10^14 n/s, up to 

10 times higher than with the lower energy beam only. The radiation protection policy at SPC 

is that all staff members be considered as members of the general public, limiting the daily 

personal dose to 4 µSv. This is also the maximum admissible daily dose in any publicly 

accessible zone. Currently, with just the 27 keV beam, this limit is attained in the control room 

adjacent to the device hall after only 5-6 NBI pulses out of a possible ~30 daily pulses. 

The paper describes the engineering that makes the entire building compliant with radiation and 

fire safety regulations, allowing exploitation of the two beams at full specifications. It involves 

covering the existing barite concrete walls of the 15x20x8 m large TCV hall with 20 cm thick 

polythene (PE) cladding and adding a ceiling made of 35 cm thick polythene, totalling 220 tons 

of PE. The usage of PE at this scale for neutron shielding is unprecedented at any fusion 

research facility.  MCNP calculations show that a radiation dose reduction better than a factor 

200 can be achieved in the control room.
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E. Diagnostics 
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The ITER Edge Thomson Scattering system (55.C2.ETS) provides measurements of the 

electron temperatures and density profiles at the periphery of the ITER tokamak for advanced 

plasma control. At the input of the collection optics, it uses relatively large metal mirrors: 23 

cm x 25.8 cm and 20 cm x 24 cm. It is likely that the mirrors become contaminated with deposits 

such as beryllium, tungsten and their oxides produced during the tokamak operation. A layer of 

contaminants as thin as 5-nm degrades the mirror optical reflectivity. To restore the mirrors 

performance, plasma cleaning may be implemented. A candidate in-situ technology uses a high-

frequency discharge at 40.68 MHz at 1-10 Pa with the mirrors used as the RF-electrodes. It is 

expected that the discharge produces ion fluxes in inert gases capable of sputtering all 

contaminants. In experiments in argon and helium, ions with energies 100-150 eV and fluxes 

up to 1.3·10¹⁹ ions·m⁻²s⁻¹ were measured with a retarding field ion energy analyzer. In 

prototyping experiments, powers up to 400 W transmitted to the plasma load from a 1-kW 

generator were measured with the MKS V/I probe. The cable-based quarter-wavelength notch-

filter unit for 40.68 MHz was used to emulate plasma conditions of a real system. RG-393 

cables together with 7-16 DIN RF connectors were used to transmit power in vacuum and at 

open air. To optimize power transmission, a passive L-C vacuum pre-matcher circuit is being 

developed. Results of the circuit analysis are presented. A quarter-wavelength notch filter was 

proposed for the ETS water-cooled first mirror. The designs will be verified in next-stage 

experiments to determine cleaning scenarios of the ETS front-end mirrors at kilowatt input 

powers. This work may also be applicable for large diagnostic systems, where gas-discharge 

plasma is considered for front-end metal mirrors cleaning.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Operations Knowledge Management in the EUROfusion Operations 

Network 
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The know-how and experience of operating fusion devices such as tokamaks and stellarators 

are often only in the memory of dedicated experts acquired on the job over multiple decades. 

From small tokamaks with a handful of operators to large tokamaks having 50+ different 

operational roles rostered for each shift, the know-how and experience is often unpublished, 

even undocumented and learned through shadowing other experts or on the job over multiple 

years. In order to improve the knowledge capture and transfer in operational environments, the 

EUROfusion Operations Network (EON) was established in 2021 as a network of experts from 

EUROfusion Beneficiaries with the aim to a) facilitate stronger connection between the 

operational groups of European facilities to capture and share operational know-how and 

experience on the operation of tokamaks and stellarators, b) support development and training 

of operators, and c) contribute to EUROfusion’s preparation for the (integrated) commissioning 

and operation of ITER. 

When facing a question, experts often 1) turn to their own experience, 2) look for someone they 

know who has the relevant experience, finally 3) look for reference material. EON is thus 

planning events starting in 2022 in the form of regular seminars (starting with the operation of 

negative and positive NBI systems), advanced workshops (starting with vacuum conditioning) 

and training opportunities (starting with a foundation course on session leading and operations) 

in order to connect people with similar expertise from various fusion devices creating 

subnetworks, material, training and discussions on previously unpublished operational know-

how and experience.  

This contribution will describe the best practices and experience in knowledge capture, 

preservation and transfer in the EUROfusion Operations Network. The EON network activities 

are part of a set of pilot studies for the new EUROfusion Knowledge Management policy and 

aim to contribute to a future EUROfusion Operations Knowledge Base.
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C. Plasma Heating and Current Drive 

The double-disk diamond window as backup broadband window solution 

for the DEMO electron cyclotron system 

Gaetano Aiello, Gerd Gantenbein, John Jelonnek, Andreas Meier, Theo Scherer, Sabine 

Schreck, Dirk Strauss, Manfred Thumm 

Karlsruhe Institute of Technology (KIT), Germany 

 

The second variant of the Electron Cyclotron System (ECS) in DEMO considers the 

deployment of 2 MW power Gaussian microwave beams to the plasma by frequency steering, 

i.e. by tuning the gyrotron frequency (in contrast to the mirror steering of the first ECS variant). 

Broadband optical grade chemical vapor deposition (CVD) diamond windows are thus required 

both at the torus and gyrotron side, allowing for confinement and transmission at different 

microwave frequencies. The Brewster-angle window represents the primary choice with 

promising results obtained in the ongoing 180 mm diameter disk development path. However, 

in case of showstoppers, the double-disk window is the backup solution. This window concept 

was used in ASDEX Upgrade for injection of up to 1 MW at four frequencies between 105-140 

GHz, by changing the gap distance between two parallel disks in order to tune the system to 

reflection-free resonance. 

This paper shows computational fluid dynamics (CFD) conjugated heat transfer and structural 

analyses of such a circumferentially water cooled window design aiming to check whether it 

might be used for DEMO beam scenarios, like the 2 MW/204 GHz one. This design was then 

characterized with respect to different water mass flow rate, loss tangent, frequency and radius 

of the Gaussian microwave beam. 

Temperature and thermal stress results showed that, from this perspective, it is a feasible 

window solution for DEMO, but safety margins against limits shall be increased by introducing 

design features able to make the fluid more turbulent. This would allow counteracting factors 

like a potential loss tangent degradation in the disk. A first design change is proposed, showing 

that, in combination with e.g. a higher inlet mass flow rate, the maximum temperature in the 

diamond disks can be reduced from 238 °C to 186 °C, leading therefore to lower thermal 

gradients and stresses in the window.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Development of a HELIAS-type fusion reactor with Dual Coolant Lithium 

Lead Breeding Blanket: Status and prospects 
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Fernando R. Urgorri¹, Felix Warmer³ 
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The renewed interest on Helical-Axis Advanced Stellarator (HELIAS), following the start of 

Wendelstein 7-X operation, has been concretized in the constitution, among the recent FP9 

Eurofusion Programme, of the Stellarator Power Plant Studies (SPPS) Prospective R&D Work 

Package (WPPRD), covering the engineering activities for the development of an HELIAS-

type fusion reactor. 

Under such ambitious programme and exploiting previous experience in Breeding Blanket (BB) 

designs for DEMO tokamak reactors, CIEMAT is leading the development of a conceptual 

design of a Dual Coolant Lithium-Lead (DCLL) BB for HELIAS. Such BB concept has high 

potentialities to answer the specific challenges posed by the complex HELIAS configuration, 

being the breeder in liquid form and having decoupled first wall and breeder cooling circuits.  

Previous activities (under FP8) for a preliminary DCLL BB HELIAS, adapted and taken in its 

essential features from DEMO, have demonstrated that the coupling of modelling with 

neutronic design/analyses is very tedious, time-consuming and unviable for a deep iterative 

optimization process, due to intrinsic HELIAS 3D geometry complexity. Nonetheless, the 

potentialities of the DCLL concept were confirmed by the neutronic results. 

To overcome such a challenge, different strategies have been followed developing ad-hoc tools 

for the parametrization of the models and the convergence toward a viable design, speeding-up 

the coupling of the computer-aided design (CAD) modelling with the neutronic and thermo-

hydraulic analyses. 

Thus, the development of a dedicated DCLL BB for HELIAS has started. For that, systems 

engineering, magneto-hydro-dynamics, thermal-hydraulic and neutronic studies have been 

performed. According to that, different segmentations for the BB have been proposed and 

general routes of the PbLi have been settled based on minimizing the pressure drop due to the 

magnetic field effect on the metal liquid. Corollary to that, some integration activities, 

identification of problems and advanced solutions have been proposed and addressed. 
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C. Plasma Heating and Current Drive 

Variable Grid Gap for a wider operational space of NBI-Heating at ASDEX 

Upgrade 
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A novel extraction system with variable grid gap has been developed for the Neutral Beam 

Injection (NBI) at ASDEX Upgrade to be able to adjust beam energy and power independently. 

The ASDEX Upgrade NBI is composed of two beamlines (one operating at 60 kV, one at 93 

kV) with four ion sources each, delivering a total heating power up to 20 MW. To achieve low 

beam divergence and to reduce transmission losses in the duct region the system has to be 

operated, like any NBI, at the perveance optimum Πopt which is proportional to Iext/Uext
3/2, (Iext 

= extracted current, Uext = extraction voltage). The extracted beam power Pex = Iex Vex = Πopt 

Vex
5/2 has therefore a strong dependence on the extraction voltage. If beam energies lower than 

the nominal values are required, the extracted current has to be reduced accordingly leading to 

a drastic reduction of the heating power.  

The optimum perveance Πopt is specific for each extraction system and defined by its 

geometry, approximately by the ratio of the grid aperture diameter to the gap between the first 

and the second grid (extraction gap).  

We have developed an extraction system with a “variable gap” between those grids which can 

be changed in situ and remotely between shots. Varying this gap modifies Πopt which allows to 

set beam energy and beam current independently in a wide range while maintaining minimum 

divergence. This extends the operational space of NBI significantly and adds experimental 

versatility for ASDEX Upgrade. 

A conventional extraction grid system was modified while maintaining interchangeability with 

the existing systems and keeping the impact on beam optics minimal. The paper discusses the 

consequences of such variable gap for beam optics and describes the technical boundary 

conditions, the final design and first experiments on ASDEX Upgrade with a prototype.
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C. Plasma Heating and Current Drive 

A double-ended helicon source to symmetrize RAID plasma 
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Neutral Beam Injectors (NBI) for DEMO-like reactors will need to be able to produce 

deuterium neutrals at high energy (> 1 MeV) and fair injector overall efficiency (> 50 %) for 

plasma heating and current drive. Neutralization efficiency of positive ions drops for energies 

required to achieve penetration depth in large reactor (100 keV/nucleon) and NBIs based on 

negative ions are necessary. In this context, RAID (Resonant Antenna Ion Device), a helicon 

plasma machine, located in the Swiss Plasma Center in the École Polytechnique Fédérale de 

Lausanne, aims to study the production of negative Hydrogen ions (H⁻), in volume. 

RAID is routinely operated with a single resonant antenna in a birdcage geometry, located on 

one end of the vacuum chamber (1.4 m long and 40 cm diameter) at 0.3 Pa of pressure. This 

antenna, excited at 13.56 MHz with a RF power up to 10 kW, generates an inductive plasma 

which enables the propagation of a helicon wave in the chamber when a DC magnetic field of 

typically 100 G is applied. Usual electron densities in H₂ and D₂, at the center of the column 

are 1-2.5 x 10¹⁸ m⁻³ and electron temperature of 4-6 eV. 

Although axial transport is enhanced by the applied DC magnetic field along all the RAID 

chamber, to symmetrize the system and to have a more homogeneous and dense plasma, another 

antenna at 13.56 MHz was located at the opposite end, 1.85 m away and an additional coil was 

installed to symmetrize the on-axis B-field. A clear improvement of homogeneity of plasma 

density and temperature has been highlighted with Langmuir probes. Interestingly, there is an 

influence of RF phase on plasma parameters with plasma beatings. Next step is to perform B-

dot measurements to have more investigation on wave propagation in RAID with two antennas.
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G. Plasma-facing Components 

Heat Pipe-based DEMO Divertor Target concept: high heat flux 

performance evaluation 

Wen Wen¹, Bradut-Eugen Ghidersa¹, Wolfgang Hering¹, Jörg Starflinger², Robert Stieglitz¹ 

¹ Institute for Neutron Physics and Reactor Technology, Karlsruhe Institute of Technology, Germany 

² Institute of Nuclear Technology and Energy Systems, University of Stuttgart, Germany 

 

Heat pipes (HP) are considered being used for the DEMO in-vessel plasma facing components 

(PFCs), because of their high capacity to effectively transport the heat from a heat source to a 

heat sink by means of vaporization and condensation of working fluid inside and their capability 

to substantially enlarge the heat transfer area to the cooling circuit. Recent engineering studies 

done under EUROfusion work package Divertor [1] indicate that, by using a mixed capillary 

structures (axial grooves at adiabatic and condenser and sintered porous material at evaporator), 

it is possible to design a heat pipe with a capillary limit above 6 kW. This power level would 

correspond to an applied heat flux of 20 MW/m² making such a design interesting for a divertor 

target concept.  

To validate the results of the initial engineering analysis, several experiments have been 

designed to evaluate the real performances of the proposed heat pipe concept. The present 

contribution summarizes the results of the experiment looking into the operating limits of two 

different designs for the evaporator: one featuring a plain porous structure and one featuring 

ribs and channels for a higher performance. 
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G. Plasma-facing Components 

NUMERICAL STUDY OF THE DYNAMIC RESPONSE OF A LIQUID 

METAL IN A PORE IN THE PRESENCE OF A MAGNETIC FIELD 

AND A HEAT LOAD 
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The unsteady flow arrangement of a liquid metal inside a single pore in the presence of a 

magnetic field is investigated numerically in order to determine the dynamic behavior when 

external heat and electric loads are applied on its interface. In the case of an azimuthal magnetic 

field and in the absence of a thermal load, a critical magnetic number is found (Bondm = 4.5) 

below which the flow reaches a steady state with mild rotational patterns. Above this threshold, 

the interface exhibits saturated oscillations. For Bondm ≥ 5.8, a Rayleigh–Taylor instability 

develops that leads to drop formation. In the presence of a thermal load, the interface is 

stabilized since the onset of evaporation tends to suppress drop ejection. It is also found that 

due to its higher surface tension Tin can withstand higher electric currents than Li in the absence 

of a thermal load or for thermal loads that do not cause boiling. In the case of an axial magnetic 

field and in the absence of a thermal load, there is a critical magnetic number Bondm≈3600 

above which the flow exhibits a poloidal component at steady state besides the azimuthal 

swirling motion. The onset of interfacial instability is observed near the pore walls where 

intense swirling and poloidal motion are captured. In the presence of a heat load the instability 

is attenuated due to evaporation. The effect of spreading on the pore walls is also examined in 

order to assess its effect on the stability of the liquid metal layer. For complete wetting the Cox-

Voinov theoretical prediction for the dynamic contact angle as function of spreading speed is 

recovered. The impact of such a flow arrangement on the stabilization of plasma reactors 

against drop ejection by using a capillary porous system as plasma facing component, is 

discussed.
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D. Plasma Engineering, Plasma Control, and CODAC 

Plasma Pressure Effect on Weakly Damped TAEs in Spherical Tokamaks 
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High field Spherical Tokamaks (STs) enabled by advances in high temperature superconducting 

magnet technology present an attractive pathway for commercial fusion. Tokamak Energy (TE) 

is currently operating ST40, the world’s highest field ST (2.2 T) with neutral beam injection 

(NBI). This provides a unique operating space to investigate toroidal Alfvén eigenmodes 

(TAEs) and other instabilities excited by beam ions. Since TAEs are expected to interact in 

burning DT plasmas with alpha-particles born at super-Alfvénic energy via wave-particle 

resonances [1], STs with beams can serve as a testbed for energetic particle-driven instabilities. 

The resonant interaction between alpha-particles and TAEs causes a radial re-distribution of 

alpha-particle orbits, affecting their plasma heating efficiency and potentially increasing losses 

to the first wall. Plasma scenarios with high pressure gradients have been shown to suppress 

TAEs [2–4] and the relatively high plasma β_T attained by STs facilitates access to this TAE 

free regimes. However, the reduced magnetic shear inherent to STs leads the formation of 

multiple TAEs, which may increase the AE-induced transport due to the larger resonance area 

of the alpha-particle phase space. HELENA, MISHKA1 and CSMISH [5] are used to identify 

TAEs for an experimental ST40 equilibrium and then extrapolated towards burning plasma STs. 

Through varying β_T and the current density profile the suppression of TAEs was investigated. 

The critical β_T (above which no TAE modes are found) was shown to decrease with increased 

elongation, increased toroidal field (relative to a fixed plasma current) and a flatter current 

density profile. All three factors are favourable for supressing TAEs in high field STs, with 

shaped plasma equilibria. Despite the increase in discrete modes at low magnetic shear, the 

modes appear more sensitive to increases in β_T and disappear at lower thresholds.   
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J. Materials Technology 

Linear friction welding of tungsten to steel 
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The high melting point and high strength properties of tungsten make it a highly desirable 

armour material for Plasma Facing Components (PFCs). However, these same properties also 

make joining of tungsten to other materials challenging. Current PFC designs typically use 

brazing or diffusion bonding to join tungsten to copper alloy or steel substructures. These 

methods have the disadvantage of needing to include additional braze or interlayer materials 

which typically have lower operating temperatures and thereby reduce the overall operating 

temperature of the PFC. Linear Friction Welding (LFW), a solid-state dynamic welding process 

involving plastic deformation, was identified as a potential method for joining tungsten to steel. 

LFW trials were performed between tungsten and grade 91 steel, and suitable welding 

parameters were identified. The trials found that good joining could be achieved by texturing 

the surface of the tungsten prior to welding. 

Here, we will introduce the LFW process, the texturing of the tungsten surface, the results of 

the LFW trials and material analysis of the as-welded materials. The LFW process require high 

forces and specific mounting geometries which are significantly different to the current 

manufacturing methods (brazing and diffusion bonding). As such, we will propose how LFW 

could incorporated into future PFC designs.
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E. Diagnostics 

Implementation and Performance Evaluation of the Real-Time Algorithms 

for Wendelstein 7-X Divertor Protection System for OP2.1 
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A new Infrared (IR) image analysis system will be deployed for real-time divertor protection 

during the upcoming Operational Phase (OP) 2.1 in the Wendelstein 7-X (W7-X) at the end of 

2022. The primary objective of the system is to prevent thermal overloads that could 

permanently damage Plasma-Facing Components (PFCs), resulting in machine downtimes and 

significant repair costs. Therefore, the protection system has to conform to real-time 

requirements as well as provide robust operation to effectively protect the stellarator. The real-

time constraint is 110 ms [2], which is the maximum tolerable delay to terminate a discharge 

with the interlock before any damage is incurred to the PFCs. However, the faster the processing 

performance is, i.e. the shorter the interlock delay time, the closer we can operate to the limit 

imposed by the physical properties of the PFCs. 

12 IR cameras are utilised to monitor the PFCs, mainly the divertors and baffles, producing a 

remarkable amount of two-dimensional data at a frame rate of 100 Hz. Acquired images are 

transferred through Direct Memory Access (DMA) to Control, Data Acquisition and 

Communication (CoDaC) Fast Control Stations (FCSs) for processing. The image processing 

pipeline entails calibration, correction, filtering procedures, overload detection and calculation 

of risk factors. The system was implemented and accelerated using parallelised algorithms on 

a Central Processing Unit (CPU) and Graphics Processing Unit (GPU). The primary processing 

hardware is the NVIDIA Tesla T4 GPU and AMD EPYC 7402P 24-core CPU. 

The selection, implementation and optimisation of image processing algorithms that fulfil the 

real-time requirements of W7-X are discussed. Moreover, the workload distribution and data 

migration overhead reduction are outlined. Presented results confirm the feasibility of 

protecting W7-X divertors and comprise fundamentals for further advanced image analysis for 

feedback control of thermal loads in nuclear fusion devices, ultimately also in ITER.
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G. Plasma-facing Components 
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The effective and efficient management of power and particle exhaust in a tokamak is 

undoubtedly one of the fundamental steps towards achieving the control of the nuclear fusion 

process. At the same time, ensuring adequate lifetime of plasma-facing components (PFCs) is 

a challenging task due to the harsh operating conditions to which they are subjected. Despite 

the high performance exhibited by tungsten, reference armor material in PFCs state-of-the-art, 

no material seems able to withstand the huge loads expected during extreme plasma transients 

in DEMO and future reactors, where the installation of sacrificial first wall limiters seems 

indispensable to prevent excessive wall degradation. The integration of tungsten lattices in the 

architecture of such components can allow to meet their conflictual requirements: indeed, they 

must ensure effective exhaust of the nominal thermal load during stationary operation, while 

during transients they must thermally decouple the surface from the heat sink.  

Starting from optimized layouts highlighted in a previous study, in this work a detailed 3D finite 

element model was developed to analyse in depth the influence of the actual features of the 

latticed metamaterial on the overall performance of the DEMO limiter PFC, based on a flat tile 

configuration. Its main goal is to help identify the most promising layout as pre-conceptual 

design for the fabrication of small-scale mock-up. For this purpose, the complex micro-

engineered geometry of the W-lattices is integrated in the armor and faithfully reproduced in 

the model. This allowed a detailed assessment of the thermally induced stresses that develop in 

the component because of the temperature field during normal and off-normal operations. The 

effects of different boundary conditions corresponding to various fixation solutions between 

adjacent plasma-facing units have also been investigated. Structural integrity was verified 

through acceptance criteria established for ITER.
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I. Fuel Cycle and Breeding Blankets 

Progress towards the Validation of SIMMER III code model for Lead-

lithium water chemical interaction 
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Research activities are continuing between the University of Pisa and ENEA Brasimone 

Research Center to better understand the phenomena and processes that occur during a 

postulated in-box LOCA in the Water-Cooled Lead Lithium Breeding Blanket (WCLL BB) and 

during the system's safety response. Various activities are also going on to strengthen the 

reliability of numerical tools and validate computer models, codes, and procedures for their 

implementations.  

The study presented here aims to assist in the validation process of the SIMMER III code model, 

to simulate the Lead-lithium and water interaction under conditions like those expected for the 

WCLL BB during accident conditions. In particular, the current work has been performed by 

numerically reproducing the experimental Test E5.2, executed in the separate effect test facility 

LIFUS5/Mod3 (installed at ENEA Brasimone Research Center). The code used for the 

simulation was SIMMER III computational code, in a version modified by the University of 

Pisa in order to take into account also the chemical interaction between the two fluids.  

A comparison of significant parameters computed by the SIMMER code with those obtained 

in the experimental test during the transient has been carried out and it is presented and 

described in this paper.
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G. Plasma-facing Components 

Parametric FE model for the thermal optimization of a Plasma Facing 

Component equipped with sacrificial lattice armors for First Wall limiter 

application in EU-DEMO fusion reactor 
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In EU-DEMO fusion reactor, components exposed to burning plasma are subject to extreme 

conditions due to short and extremely strong thermal transients, which impact their lifetime and 

functional integrity. Due to this energy, surface vaporization, melting and resolidification may 

lead to excessive degradation and frequent extraordinary maintenance. For this reason, in view 

of DEMO and future reactors, one of the most challenging aspects of fusion reactor technology 

is to devise FW (First Wall) sacrificial limiters that will prevent excessive damage of the 

otherwise un-shadowed FW modules during extreme plasma transients.  

In the stationary state, these sacrificial limiters must act as good thermal conductors between 

the plasma and the coolant that flows behind the first wall armor. During transients, they must 

instead thermally decouple the plasma and the heat sink, to avoid a possible refrigerant loss 

problem, with considerable risks in terms of safety and operation continuity. Rather than dense 

armors, W-lattice structures can help meet these requirements, since they have a thermal 

conductivity that ensures, at steady state, effective heat dissipation and at the same time a 

thermal diffusivity that, in transients, maximizes the vapor shielding effect. 

The objective of the research activity here presented was to identify, through a parametric 

model, the optimized component configurations to be considered for this sacrificial limiter, in 

order to maximize its functional effectiveness. Based on the two elementary cell morphologies 

developed in previous studies, the parametric model allowed to investigate the combinations of 

relevant parameters, above all component size and geometries, armor/heat sink materials and 

thicknesses. Thermal optimization regarded both normal operation and two possible transient 

scenarios: an unmitigated plasma disruption or the ramp down phase. By scanning all possible 

combinations of parameters, those able to provide the best performances thus satisfying the 

user-defined functional requirements of the limiter have been identified.
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B. Experimental Devices and Facilities for Fusion Research 

Development of a Shattered Pellet Injector Test Bench for the ITER DMS 

Support Laboratory 
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Relatively large cryogenic pellets have to be created and preserved in a barrel, until the control 

system detects a forthcoming disruption event and triggers the propellant gas valve of the SPI. 

The high pressure propellant gas accelerates the pellet, which shatters on an angled plate near 

the edge of the plasma. The ablation of the resulting pellet fragments is intended to mitigate the 

consequences of the disruption and to prevent the generation of runaway electrons. 

To validate the Shattered Pellet Injector (SPI) technology for the ITER Disruption Mitigation 

System (DMS), a new support laboratory has been built at Centre for Energy Research. The 

aim of the laboratory is to develop a test bench with ITER relevant dimensions, produce d = 

28.5 mm pellets, observe the pellet acceleration and shattering with automated control. 

One of the most complex parts of the test bench is the injector, where the pellets are formed. A 

vacuum chamber has been designed for the challenging requirements of maintainability, 

exchangeability and different thermal expansions of inner components, meanwhile it is 

optimised to provide the maximum flexibility for foreseen modifications. The barrel is 

exchangeable in the injector to test the pellet formation and launching with different 

dimensions. The cooling of the barrel to 5K temperature is ensured by a Continuous Flow 

Cryostat (CFC), where liquid helium evaporates in the cold head. To maximize the cooling 

power of the liquid helium and minimize the operation cost, a dual-function counter-flow heat 

exchanger has been modeled and designed for the injector in which the evaporated helium gas 

removes the heat flow along the barrel and cools the pellet gas during pellet freezing. 
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Modelling LOFA scenario for WCLL BB concept using MELCOR1.8.5 

code 

Samad Khani, David Scraggs, Lois Roberts, David Perry 

UKAEA, United Kingdom 

 

In the framework of the EUROfusion activities for the DEMO project, the evaluation of the 

Breeding Blanket (BB) performance and its ancillary systems is a compulsory activity. The 

European liquid BB concept, named Water Cooled Lithium Lead (WCLL), makes use of the 

liquid metal alloy PbLi as a tritium breeder/neutron multiplier and water as a coolant.  

In the present work an analysis of the Loss Of Flow Accident (LOFA) in the PbLi ancillary 

loop of the WCLL BB is conducted. This numerical analysis is performed by employing the 

fully integrated code MELCOR1.8.5, the release for fusion application. A LOFA scenario is 

considered by assuming the electromagnetic pump, which provides forced circulation to the 

PbLi, stops working. The nodalisation and numerical models are performed to develop a 

suitable numerical model, which simulates transients by studying several factors such as: 

tritium mobilization and transport inside the loop, fast plasma shutdown leading to pressure and 

temperature transients, and maximum temperatures inside the First Wall (FW).  

The preliminarily results demonstrate the maximum temperature inside the FW does not exceed 

the defined temperature thresholds for Tungsten and EUROFER (1000°C and 500°C, 

respectively). Furthermore, the pressure transient is appropriately accommodated within the 

ancillary loop. The initial tritium inventory in breeding modules is relocated and accrued in the 

tritium extraction system’s free volume.  

Further investigations are ongoing to improve/refine the numerical model and a more detailed 

analysis is planned to investigate the likelyhood and consequences of such an accident on the 

FW and Primary Heat Transfer System (PHTS) boundary condition. However, further 

extensions of the code-in particular, a tritium transport model allowing the diffusive/advective 

relocation of tritium gas between liquid/atmosphere and structural material-are also necessary 

to improve the investigation concerning the transport of tritium inside liquid metals. is 

necessary to investigate a more realistic scenario.
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E. Diagnostics 

Final design and testing of ITER diagnostic pressure gauges 

Felix Mackel¹, Alexey Arkhipov¹, Warchin Asad¹, Hans Meister¹, Philip Andrew² 

¹ Max-Planck-Institute for Plasma Physics, Boltzmannstr. 2, 85748 Garching, Germany 
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Hot cathode ionization gauges will measure neutral gas pressures in the vacuum vessel of ITER 

[1]. Overall, 52 gauge heads are located in the divertor, the equatorial ports and pumping ducts. 

The design development started from the well-established ASDEX pressure gauge, which is 

used successfully in many experimental fusion devices worldwide [2]. However, ITER imposes 

greater demands on the diagnostic: the gas pressure range extends to 20 Pa, the neutron fluence 

exceeds 10²⁰ cm⁻² and the magnetic flux density reaches 8 T in discharges of up to 30 minutes 

duration. These result in design changes necessary to extend the lifetime of in-vessel 

components. The reliability and availability goals in conjunction with the inaccessibility of the 

gauge heads after installation are particularly challenging to achieve.  

The final design of the DPG system is presented with an emphasis on the significance of single 

components in view of requirement validation by tailored prototype tests. Focus is on the 

development of a novel type of cathode, which is able to overcome major issues that emerged 

during the preliminary design phase. In comparison with the formerly employed yttria coated 

tungsten-rhenium filament, the operational stability of the present cathode, which uses an 

indirectly heated plate of zirconium carbide as the electron emitter, is enhanced in terms of 

needed heating current and accuracy. A major issue of filament deflection by electromagnetic 

forces was overcome through the rigid setup, which still allows for the compensation of 

differential thermal expansion and provides a high reproducibility in manufacturing. Reliable 

functioning for long periods was proven successfully in a superconducting magnet, covering 

the required pressure range of relevant gases. 
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B. Experimental Devices and Facilities for Fusion Research 

Assessment of impurity production upon 14 MeV fusion neutron 

irradiation of natural and isotopic 100Mo samples 
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The research and development 99Mo production methodologies that are alternative or 

complementary to fission reactors is strategic in the mid-to-long term. Indeed after the global 

Molybdenum crisis of 2009 induced by issues related to the aging of the main fission reactors 

dedicated to 99Mo production, the scientific community was asked to provide a series of 

alternative routes, not only to reactors (because of aging) but also to the use of 235U for non 

proliferation of nuclear weapon grade materials. 

I this regard, a series of experiments and calculations were carried out about the use of 14 MeV 

fusion neutrons to produce 99Mo via the 100Mo(n,2n)99Mo reaction. The methodology relying 

on this reaction is defined b the OECD as a long-term solution for 99Mo production . At ENEA 

(The Italian National Agency for Energy, Environment and Sustainable Economic 

Development), a series of investigations were carried out, by means of a synergic activity 

between the Frascati Neutron Generator (FNG) facility and the Italian National Institute for 

Ionizing Radiation Metrology (INMRI), where irradiation experiments on natural and 100Mo-

enriched samples and 99Mo activity and impurities recognition measurements were conducted, 

respectively. 

In this paper, it is presented a thorough study about the impurities produced in both natural 

Molybdenum and 100Mo enriched samples upon 14 MeV neutron irradiation. The 

measurements were used to benchmark numerical calculations that in turn were used to provide 

the impurity level at a high intensity 14 MeV fusion neutron source.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

The applicability of remote field eddy current testing to outer flaws on 

cooling tubes in the blanket of a fusion DEMO reactor 
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A previous study of the authors confirmed that eddy current testing is effective in detecting 

cracks on the inner surface of F82H tubes. However, it also revealed that eddy current testing 

was insensitive to flaws on the outer surface of the tubes due to the skin effect and magnetic 

noise. Thus another or additional non-destructive testing method is necessary to assure the 

integrity of the tubes. Based on this issue, this study investigated the applicability of remote 

field eddy current testing to outer flaws on the cooling tubes as remote field eddy current testing 

is an effective non-destructive testing method to inspect the outer surface of ferromagnetic 

tubes. First, the critical flaw size on the outer surface of the cooling tube was investigated by 

fracture mechanics analysis using commercial 3D finite element method software, COMSOL. 

This study assumed that the inner diameter and thickness of the tube were 9 mm and 1 mm, 

respectively. Other parameters such as the internal pressure of the tube, were decided based on 

those of the pressurized water reactors. Subsequently, numerical simulations were performed 

using COMSOL to evaluate the relationship between flaw size and remote field eddy current 

signals. The results of the simulations were confirmed by experimental verifications using short 

pipes made of F82H steel.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

External control of three-dimensional magnetic field applicable to DEMO 
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We have proposed a new concept of external control of three-dimensional magnetic field, that 

is applicable to DEMO. This concept uses toroidal magnetic field coils (TFCs) with spatially-

modulated coil currents, that is called ‘toroidal magnetic field modulation (TFM)’. Resonant 

components of the magnetic field by a few percent of the TFM can produce magnetic islands, 

at the rational surfaces. Overlapped, the magnetic islands could make a stochastic region at edge 

region, that is expected to be useful for ELM control. The TFM field also changes magnetic 

structure in the SOL/divertor region, where the heat load on the divertor target could be 

dispersed. We have applied this idea to JA-DEMO, that has sixteen TFCs. The magnetic field 

line tracing shows the stochastic behavior at the edge region and periodic robe structure at the 

divertor region. This idea can be expanded additional perturbation coil along an inner 

circumference of each the TFCs. This TFC-like perturbation coil enables dynamic operation for 

rotating field to avoid toroidal localization of the heat load. The perturbation coil is also useful 

for n=1 error field correction. In this paper, the detailed results obtained from the calculation 

assuming an application to JA DEMO are reported, including magnetic field line tracing, 

plasma response and an effect of alpha particle confinement.
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B. Experimental Devices and Facilities for Fusion Research 

Study on A-FNS Shielding Analysis with Variance Reduction Parameter 

Generation Code 
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We have designed the advanced fusion neutron source A-FNS to perform the irradiation tests 

for fusion reactor materials. In the A-FNS shielding design, it is necessary to evaluate the dose 

rate in the adjacent room where the neutrons are attenuated by ten orders of magnitude or more 

by the shielding concrete. These evaluations are calculated using the Monte Carlo particle 

transport calculation code MCNP 6.2 and the source subroutine McDeLicious-17 for the d-Li 

reaction. In the calculation, a variance reduction method using an effective bias data is 

necessary to reduce statistical errors. We had analyzed the weight window generation (WWG) 

function in the MCNP code. However, there are some problems in the usage of WWG such as 

a large amount of iterative calculation required to obtain appropriate bias data. Recently, the 

automatic variance reduction parameter generator ADVANTG is used widely in the radiation 

calculations. However, the McDeLicious subroutine cannot be used in the ADVANTG code. 

To solve this problem, the shielding analysis was carried out as follows: (1) The source 

description in the general source definition (SDEF) of MCNP was created by approximating 

the neutron generation of the McDeLicious subroutine. (2) Using the source description in (1), 

processing was performed with the ADVANTG code to create variance reduction data. (3) The 

source description in (1) was replaced with that for the McDeLicious. (4) Using the obtained 

variance reduction data, the A-FNS shielding calculation was performed by the MCNP code 

with the McDeLicious subroutine. We analyzed the A-FNS shielding calculations following 

the procedure above. The procedure was easy to apply to the calculation, and the detailed dose 

rate distribution of the access cell which was the adjacent room was obtained with small 

statistical errors by one calculation.
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J. Materials Technology 
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Fusion relevant heat and particle loads on plasma facing materials can be simulated by electron, 

laser and plasma beams. All methods are in principle able to expose samples to fusion relevant 

conditions but the interactions of electrons, photons and ions with the tested material are 

different. Goal of this work was to use and compare these different experimental methods to 

simulate transient as well as stationary loads on tungsten and to analyze, compare and interpret 

differences and similarities in the induced surface modifications and damages. 

The linear plasma device PSI-2 was used to expose tungsten samples to stationary H, D and He 

plasmas with N seeding impurities. The electron beam facility JUDITH 2 as well as the 

Nd:YAG laser at PSI-2 were used for the transient heat loads. Transient power densities were 

between 0.19 and 0.76 GW/m², at base temperatures of up to 1000 °C and a mixed D/He/N 

plasma with a flux of around 8 × 10²¹ m⁻²s⁻¹. Low and high pulse number tests were performed 

in order to investigate the influence on the long-term damage evolution. 

The results indicate that the comparison of electron and laser beam techniques generally show 

a similar damage behavior and the same damage thresholds. Particle induced nano-structures 

on the laser/plasma and, less pronounced, on the only plasma exposed surface show that N leads 

to the formation of lamella-like structures as well as a reduced bubble formation below the 

surface. The observed differences might be a result of material inhomogeneities and/or 

geometric effects (different loaded areas) as well as a higher erosion rate of N seeding impurities 

compared to pure H/He exposure. However, additional particle background led to an 

accelerated degradation of the material performance and damage formation.
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G. Plasma-facing Components 

The GIRAFFE Experiment – Current Status and Future Developments for 

Material Testing under Fusion-Relevant Loads 
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One of the major challenges in the realization of a nuclear fusion power plant is the development 

of suitable materials for the highly loaded plasma facing components (PFCs). In addition to a 

high heat flux, the PFCs in such a reactor are also exposed to a high particle flux of hydrogen 

(H) and helium (He) and significant irradiation with fast fusion neutrons. Both neutron 

irradiation and the implantation of H and He can lead to a deterioration of the mechanical 

properties of the PFC materials. 

Since there is no sufficient source for 14.1MeV fusion neutrons for material testing available, 

the displacement damage can be produced with high-energy ions. Due to their very low 

penetration depth in the range of a few µm, only very small sample volumes can be irradiated. 

To investigate the synergistic effects between irradiation damage, implantation of H/He, and 

mechanical stress, the General-Purpose Irradiated Fiber and Foil Experiment (Giraffe) was 

built. Thin wires with a very fine grain structure are used as samples, so that the test volume 

consists of about 10,000 grains to mitigate size effects. 

In this work we present the current status, regarding the relation to the study of the mechanical 

behavior of tungsten during irradiation and the planned upgrades for the machine to increase 

the scope of possible studies. 

The experiment will allow us to study the synergistic effects from fusion-relevant loads by 

exposing the samples to all three loads simultaneously while they are being tested, e.g. 

damaging the samples with 20MeV W while loading them with 10keV H under mechanical 

stress. First stress relaxation experiments with 4MeV He have already been performed. 

Planned enhancements include a plasma source for H/He loading, improvements in the strain 

and beam current measurement to increase the accuracy, and a sample heating system to provide 

fusion-relevant temperatures.
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D. Plasma Engineering, Plasma Control, and CODAC 

Demonstration of ITER Real-Time Framework with Application of PF Coil 

Control in KSTAR 
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ITER real-time framework (RTF) is a middleware for developing fast real-time control 

applications such as plasma control system (PCS). In this framework, applications are built by 

creating and assembling function blocks (FBs) as atomic components of the application. The 

RTF can easily configure the application to be operated with multi-thread, multi-process, or 

multi-node processing under hard real-time mode. In this paper, we demonstrated capability of 

the RTF on the poloidal field (PF) coil power supply (PS) system of KSTAR. First, we fully 

implemented the KSTAR PF coil control logic from the KSTAR PCS into an independent RTF 

application. By configuring the hard real-time mode and multi-thread processing, 11 PF coils 

can be simultaneously controlled with a 20KHz execution cycle. Second, we applied a built-in 

exception handler in the RTF to implement protection from specified off-normal events such 

as PF power supply fault (PSF) and PF over current fault (OCF). Third, we integrated the 

standard real-time network interfaces of the KSTAR, the reflective memory (RFM) network, 

with the RTF application. Finally, we made a shot automation interface in order to run the RTF 

application following the KSTAR standard shot sequence. In this interface, there is a snapshot 

function that stores and loads all experimental parameters for each shot number. We evaluated 

the effectiveness of the RTF application through a single PF PS test connected with a 40 mH 

dummy load.
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G. Plasma-facing Components 

Lorentz Force Propulsion on Free-Surface Liquid Metal Channel Flow 
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Fast-flowing liquid metal divertor concepts are promising for solving problems imposed on 

solid divertor components such as melting and erosion. However, the fast-flow operating 

regime for liquid metals is characterized by severe MHD drag that decelerates the flow, causing 

excessive liquid-metal evaporation and possible plasma disruptions.  

In this scenario, the Lorentz force represents a useful tool to counter MHD drag. The injection 

of an electric current through the liquid metal combined with a transverse magnetic field B, can 

generate an accelerating force jxB in the flow direction.  

For ease of manufacture, a liquid metal concept in the divertor region could consist in an 

arrangement of separate chutes. In a reactor scenario, this configuration would allow the 

installation of electrodes to apply external currents on liquid metal flows. In combination with 

the magnetic field from the reactor, Lorentz-force propulsion could be achieved.  

Liquid metal flow experiments were performed with the LMFREX channel from Kyoto 

University. Tests were executed at the National Institute for Fusion Science (NIFS). The 

operating liquid metal for experiments was the commercial alloy known as galinstan (67% Ga, 

20.5% In and 12.5% Sn). 

MHD thrust successfully accelerated the free-surface flow. With modest electric currents 

densities (j ~ 50 kA/m²), flow acceleration was observable. Moreover, hydraulic jump was 

observed, showing the need for countermeasures in a reactor [1].  
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D. Plasma Engineering, Plasma Control, and CODAC 

STRIKE beam characterization by means of machine learning tecniques: 

application on experimental data 
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The calorimeter STRIKE (Short-Time Retractable Instrumented Kalorimeter Experiment) is a 

diagnostic aimed to characterize SPIDER negative ion beam in terms of beam uniformity and 

divergence. To know the energy flux profile hitting the front STRIKE surface, and consequently 

the beam current profile, it is necessary to solve a well-known inverse non-linear problem, 

mathematically ill-posed, upon knowing the 2D temperature pattern measured on the rear side 

of the calorimeter. A first attempt to solve the problem was faced using a Neural Network (NN) 

model. The method showed good result, but the approach demonstrated to be affected by the 

calorimeter emissivity characteristics which tend to change along the surface. For this reason, 

the robustness of the method needs to be enhanced. In this work the simultaneous thermic 

characterization of the calorimeter parameters while evaluating the impinging heat flux on the 

front surface is proposed. The method is then applied to experimental STRIKE data from the 

subsequent beam campaigns, the dependence of the beam features on the calorimeter 

operational parameters is investigated.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 278 

P-1.144 Poster 

B. Experimental Devices and Facilities for Fusion Research 
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The SPARC tokamak is being designed to demonstrate significant fusion gain using a modestly 

sized device (major R = 1.85 m and minor, a = 057 m radius) with high magnetic field enabled 

by recent advances in high-temperature superconductor technology. This work describes 

integrated numerical modelling applied to SPARC v2 H-mode scenario with tungsten wall and 

single null (SN) divertor configuration. Simulation are peformed with the COREDIV code, 

which self-consistently solves 1D radial transport equations for plasma and impurities in the 

core region and 2D multi-fluid transport in the SOL. The effect of the plasma density on fusion 

performance and SOL/divertor parameters is investigated for baseline scenario characterised 

by Ipl = 8.7 MA, Btor = 12.2 T, with different auxiliary heating: 11 MW and 15 MW and neon 

seeding. The confinement in terms of the H-factor (IPB98(y,2) is equal to 1.0. The heating due 

to alpha power is calculated self-consistently considering the dilution effect due to helium and 

impurities accumulation. It is assumed in the simulations that 71.6% of the alpha power heats 

electrons and 28.4% goes to ions. In order to reduce power flowing to divertor plates to the 

technological limits, the impurity seeding is obligatory. For this purpose, we investigate the 

effect of neon seeding to plasma. 

Simulations show that the temperature of the divertor without impurity seeding is relatively low 

about 6 - 9eV. It is found that for high neon seeding levels, bremsstrahlung and synchrotron 

radiations are the dominant source of plasma radiation in the core, which amounts to about 7 ÷ 

9 MW. For the case with plasma density ne = 3.1 × 10²⁰ m⁻³ the L–H power threshold is PLH 

≈ 31 MW and it is possibility the work in H – mode only when auxiliary heating is higher than 

12 MW.
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F. Magnets, Cryogenics and Electrical Systems 

Introduction of an inventory tool for the utilities and diagnostics of ASDEX 

Upgrade 

Claus-Peter Käsemann, Isabell Hofer-Maksymiw, Andreas Kreuzeder, ASDEX Upgrade 

Team 

MPI für Plasmaphysik, Germany 

 

Until now, more than 40,000 plasma discharges have been carried out at the Tokamak 

experiment ASDEX Upgrade of the Max Planck Institute for Plasma Physics (IPP) at Garching 

/ Germany. In order to achieve the scientific objectives, the power supply and additional heating 

systems as well as the plasma diagnostics have been continuously expanded and a huge variety 

and quantity of facilities is available in the torus hall. Over time, it becomes increasingly 

difficult to keep an overview of all components, their physical location and to identify 

relationships and dependencies between individual plants. In particular, the mutual interference 

and a correct grounding of the installation are of essential interest in order to guarantee good 

signal quality of the diagnostics. On the other hand, current regulations for plant safety and 

personal protection must be complied with. 

In order to meet these requirements and to obtain a better overview, a new inventory tool has 

been introduced. Essential information about the current conditions, parameters, maintenance 

intervals, contact persons, overview diagrams, the physical location shown in a room plan and 

plant pictures can be stored. Successively, all these data will be accessible at a single place. 

Further on, the system can send automated notifications to the users. 

The paper will describe the adaptation of a database system designed for IT applications 

towards an inventory tool of a matured research facility. It presents the scope of services and 

first experiences of the users applying the new tool.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 280 

P-1.146 Poster 

C. Plasma Heating and Current Drive 

Upgrade of the neutral beam heating system on the TCV tokamak – second 

high energy neutral beam 

Alexander N. Karpushov¹, Filippo Bagnato¹, Marcelo Baquero-Ruiz¹, Stefano Coda¹, Claudia 

Colandrea¹, Frederic Dolizy¹, Jeremie Dubray¹, Vladimir I. Davydenko², Alexandr N. 

Dranichnikov², Basil P. Duval¹, Damien Fasel¹, Ambrogio Fasoli¹, Alexandr A. Ivanov², 

Remy Jacquier¹, Vyacheslav V. Kolmogorov², Pierre Lavanchy¹, Ivan D. Maslakov², Blaise 

Marletaz¹, Yves Martin¹, Lorenzo Martinelli¹, Dmytry Mykytchuk¹, Marta Mariarmanda 

Pedrini¹, Vladimir V. Oreshonok², Jesus Poley¹, Holger Reimerdes¹, Umar Sheikh¹, Igor V. 

Shikhovtsev², Ugo Siravo¹, Evgeny I. Shubin², Alexey V. Sorokin², Matthieu Toussaint¹, 

Matteo Vallar¹, Roman V. Vakhrushev², the TCV Team* 

¹ École Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015 

Lausanne, Switzerland 

² Budker Institute of Nuclear Physics, Siberian Branch Russian Academy of Sciences (BINP SB RAS), 

Russia 

 

The TCV tokamak contributes to physics understanding in fusion reactor research by harnessing 

a wide experimental tool set: in particular flexible shaping and high-power heating systems 

(neutral beams and electron cyclotron). Plasma regimes with high plasma pressure, a wider 

range of temperature ratios and significant fast-ion population are now attainable on TCV. A 1 

MW/25 keV heating beam (NBI-1) operates on the TCV from 2015 and introduces the direct 

ion auxiliary heating. 

A second 1MW/50-60keV high-energy neutral beam (NBI-2) is being procured, manufactured 

and installed on the TCV in July 2021. It addresses plasma physics issues with higher density, 

in particular fast ion interactions with static and dynamic fields and plasma rotation. The higher 

NBI-2 energy will greatly enhance the operating space for fast ion studies. The commissioning 

of the NBI-2 is ongoing in parallel with TCV experiments using both NBIs.  

The dedicated measurement of 2-D beam power density distribution in the NBI-2 beam duct 

has been done with the device featuring a tungsten target and target surface temperature 

measurement by an IR camera; the power density estimated from the temperature rise. The 

measured divergence of NBI-2 (0.79/0.30 deg. across/along slits of ion optics) is significantly 

lower in comparison with the NBI-1 (1.35/0.57 deg.). 

A new beam duct, connecting injectors with TCV, has been designed in order to resolve the 

overheating of beam-facing components encountered in the previous version. Thermo-

mechanical modeling of the CuCrZr duct with B4C coating confirm the capability for extension 

of maximal beam energy per shot delivered in the TCV from the present maximum of 1.3MJ to 

2.0 MJ. The new beam duct has been installed for NBI-2.  

The Fast Ion Loss Detector has been updated and a new Solid Neutron Detector has been 

installed on the TCV in order to extend the diagnostic capabilities for NB-heated plasma. 
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H. Vessel/in-vessel Engineering and Remote Handling 

Remote maintenance system dynamic simulation – understanding model 

uncertainty and robust design of operation 

Jacob Eldred, Tom Deighan, Roger Powell, Stuart Budden 

UKAEA, Culham Science Centre, Abingdon, OX14 3DB, United Kingdom 

 

Successful component design and motion planning of remote maintenance (RM) systems 

require a simulation of the system and payload, capable of providing robust design assessment 

with uncertainty quantification. Additionally, successful control of such a system in operation 

requires a digital-twin to provide the control system with simulated diagnostic data in real-time, 

to process along with physical measurements to inform control decisions. For such a simulation 

to be useful it must be time-efficient and considered in a probabilistic framework and allow 

continual updating of the model parameters. A critical step in developing this capability is 

therefore a fundamental understanding of the model parameter sensitivities and therefore the 

fidelity of models needed within the twin. 

Multi-body dynamics simulation provides a key part to the system model. This paper presents 

the development of a process to conduct a multi-body dynamics simulation of the DEMO 

Blanket Transporter and payload to understand the model sensitivities and demonstrate robust 

design evaluation through uncertainty quantification. The process demonstrates a novel 

application of existing software solutions to provide a template for conducting future design 

work. The model sensitivities are discussed in detail forming the foundation for establishing 

the fidelity of model needed within a system digital-twin. 
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D. Plasma Engineering, Plasma Control, and CODAC 

Virtualization of accelerators in embedded systems for mixed-criticality: 

RPU exploitation for fusion diagnostics and control 
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The need for computing systems featuring high performance, safety, security, and predictability 

requirements, have become essential for fusion diagnostics and control. In this scenario, the 

next generation Multiprocessors System-On-Chip (MPSoCs) [1] characterized by modern 

processors and hardware accelerators can expand the potential of control infrastructure. To 

enhance the usability, performance, and dependability of these new technologies and to reduce 

the deployment cost, the concept of virtualization sees its first application in embedded systems 

[2]. 

This work aims to propose a high-level architectural solution that leverages virtualization to 

exploit accelerators present on MPSoCs to realize Mixed-Criticality Systems (MCSs) [3]. That 

is, systems capable to manage on a single chip real-time tasks for critical automatic control 

together with other value-added services on the same hardware. 

A significant scenario is the Vertical Stabilization (VS) problem for stabilizing elongated 

plasmas in the ITER tokamak [4].  VS is characterized by strict temporal constraints, and its 

performance strongly depends on the growth rate γ of the plasma. Hence, a possible approach 

is to adapt the control gain to the value of γ. The problem is that the real-time estimation of γ is 

a compute-intensive task, too heavy compared to the reaction time within which the VS control 

system must act. 

We propose a solution consisting of an MCS where the model-based real-time VS algorithm 

runs together with a less critical and compute-intensive data-driven task without causing 

interferences. The computation load attached to the former task is representative of the one 

typical needed for the identification of the plasma dynamic. To further ensure real-time 

requirements of the critical part, the critical component is deployed on a Real-Time Processing 

Unit (RPU). A first experimental campaign concerning the communication latencies between 

heterogeneous processors is conducted to show the feasibility of this innovative approach.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Water chemistry impact on activated corrosion products assessment in 

tokamak reactors 

Martina Molinari¹, Matteo D'Onorio¹, Giovanni Mariano², Nicholas Terranova², Gianfranco 

Caruso¹ 

¹ "Sapienza" University of Rome, Italy 

² ENEA, Italy 

 

Activated Corrosion Products (ACPs) formation and deposition pose a critical safety issue for 

high-performance fusion facilities and tokamaks: the 14 MeV neutron flux activates the ducts 

and the corrosion products flowing through the water-cooling loop. The activated materials, 

transported by the working fluid, reach the out-of-flux regions accessible to the worker 

personnel. For this reason, the quantification of ACPs activity is fundamental for source term 

identification, optimization of occupational radiation exposure, waste management and 

maintenance plan definition. 

Several computational tools have been developed to study and predict the behavior of ACPs, 

and some of them are widely applied in the fusion reactors framework. In particular, the French 

code OSCAR-Fusion (tOol for Simulating ContAmination in Reactors) has been developed by 

CEA to estimate the radioactive contamination in closed loops of tokamak type reactors. 

The ACPs formation and contamination of a cooling loop is a multi-physics phenomenon that 

involves neutronics, thermal-hydraulic, geometry, materials and water chemistry aspects. 

Sapienza University of Rome and ENEA recently developed a OSCAR-Fusion/RAVEN code 

coupling to assess the uncertainties related to ACPs production and transport and solve 

optimization problems. 

The main purpose of this work is to present the preliminary results about the evaluation of water 

chemistry impact on transport, precipitation and deposition of corrosion products obtained for 

the EU-DEMO divertor cassette Primary Heat Transfer System. The ACPs inventory in both 

under-flux and out-of-flux regions is strongly correlated to water chemistry and structural 

material definition. Therefore, the choice of the coolant chemistry will be fundamental to 

control the ions’ release in the under-flux regions and their precipitation and deposition in the 

out-of-flux regions. 
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Thermal-hydraulic optimization of a proposed EU-DEMO hydrogen 

passive removal system 

Tommaso Glingler, Matteo D'Onorio, Gianfranco Caruso 
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Nuclear fusion power plants face important challenges regarding safety and environmental 

concerns. One of these challenges involves the confinement of radioactive substances during 

normal operation and accidental conditions. Hydrogen build-up and subsequent ignition inside 

tokamak vessel or pressure suppression systems could threaten the structural confinement 

integrity. In the framework of the EUROfusion consortium, the Safety and Environment work 

package is considering possible solutions to mitigate the hydrogen explosion risk. One of the 

approaches is based on limiting the hydrogen concentration that could reach flammable gas 

mixture conditions. The research aims to analyze the technology based on passive autocatalytic 

recombiners installed into the atmosphere of the vacuum vessel pressure suppression system 

tanks. 

This paper examines the theoretical effectiveness of the PARs intervention during an in-vessel 

loss of coolant accident without the intervention of the decay heat removal system for the Water 

Cooled Lithium Lead (WCLL) concept of EU-DEMO. The involved systems have been 

modelled in MELCOR to estimate the PARs recombination capacity as a function of the 

thermal-hydraulic parameters of the suppression tanks. Furthermore, the Optimizer entity of the 

uncertainty calculation tool RAVEN is applied to perform sensitivity studies on the hydrogen 

recombination system design parameters. The goal is to obtain the best geometrical and 

thermal-hydraulic parameters that maximize the capacity of the hydrogen removal system for 

the WCLL concept. 
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C. Plasma Heating and Current Drive 

EMC and earthing concept of the ITER EC-system 
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It is well known that gyrotrons and High Voltage Power Supplies (HVPS) used on EC-system 

are responsible for large electromagnetic noise. Arcing events inside gyrotrons is by far the 

most frequently cited issue, even though fast shutdown of a HVPS could produce similar effect. 

In the part dealing with electromagnetic compatibility (EMC), the ITER electrical design 

handbook (EDH) focuses only on the ITER tokamak complex, and thus does not report on the 

gyrotrons and HVPS located in ITER Building-15 (EC & IC) as potential sources of 

electromagnetic interference (EMI). 

An EMC analysis has been performed on the ITER EC-system by SPC in collaboration with 

F4E and IO. The analysis is based on lessons learnt on the EC-system providing Heating and 

current drive to the TCV tokamak, and on the 1MW EC test facility for ITER gyrotrons and 

microwave components in SPC's Falcon test facility as well. A conceptual design for the 

earthing/grounding system in the ITER Building-15 is proposed, and a list of requirements 

relevant for the EMC and the earthing of the complete EC equipment has been established. 

The present article summarizes this work, presenting the key elements required to provide an 

optimal EMC environment for the ITER EC-system, including coherent figures and some 

relevant test results. Clear statements for a proper electrical installation of an EC-system in a 

fusion facility are issued, allowing for an effective EMI mitigation and a reliable operation of 

the gyrotrons. 

This work has been carried out in the context of the contract F4E-OPE-0868, which has been 

funded with support from Fusion from Energy. The views and opinions expressed herein do not 

necessarily reflect those of the European Commission, Fusion for Energy or the ITER 

organization.
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J. Materials Technology 

Fabrication of W/RAFM steel joint with copper intermediate layer by using 

combined joint method 
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Reliable joint technique between tungsten (W) and Reduced Activated Ferritic/Martensitic 

(RAFM) steel with a pure-Cu/Cu-alloy intermediate layer has been explored by using the 

combined joint method of brazing and diffusion bonding. The first joint test of the flat-plate 

W/pure-Cu/RAFM steel with the joint area of 20×20 mm² was performed, in which the 5 mm 

thick W and the 1 mm thick pure-Cu intermediate layer was jointed by brazing with Ni-11%P 

filler material at 960 °C, 10 min, as a primary process. Then, pure-Cu and the 3 mm thick 

RAFM steel were jointed by simple diffusion bonding with 20MPa uniaxial compressive load 

at 800 °C, 1 hour, as a secondary process. Although the joint structure of W/pure-Cu/RAFM 

steel was successfully obtained, macro-cracks were induced on the W plate during the 

subsequent shaving process of all side surfaces. This means that the accumulated residual stress 

was released as the crack formation. The fact that the cracks were formed not at the joint 

interfaces but in the plate implies that the joint strength of the interfaces was stronger than that 

of the W matrix with respect to the fracture toughness. In particular, the joint strength of the 

pure-Cu/RAFM steel interface was one of the notable points. To understand the joint 

mechanism of the pure-Cu/RAFM steel interface, microstructural analyses were carried out by 

transmission electron microscope. According to the results, though the joint interface was very 

fine and without obvious joining failures at a nanometer level, the notable finding was that the 

dense cavities with a size of 5-20 nm were formed in a pure-Cu matrix in the vicinity of the 

joint interface. The combined joint method of brazing and diffusion bonding was demonstrated 

as one of the possible ways to joint W and RAFM steel. Some improved methods will be 

presented at the conference.
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F. Magnets, Cryogenics and Electrical Systems 

Commissioning and first operational experience with the new thyristor 

converter Group 7 of ASDEX Upgrade 
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Due to the continuously expanding experimental program of ASDEX Upgrade (AUG), the high 

current converters came to their limits. At the same time, the risk of failure increased because 

of the equipment ageing. In order to reduce this risk and to extend the area of operation, a new 

thyristor converter called "Group 7", equipped with a recently developed digital control 

platform, was installed. 

While the design was already published on SOFT 2018, this paper will describe in detail the 

commissioning results and the first operational experience of the new thyristor converter. 

The manufacturing and on site installation of Group 7 started in 2018 and was finished in spring 

2021 by the delivery of the transformers. In parallel to the construction process the main 

components were type-tested. One of four converter modules was extensively verified during 

the factory acceptance tests. 

In order to be able to test the digital control platform independently on the construction of the 

power converter, a scale model was built. All functions of the control system were here on 

tested. It was also useful to investigate the problems arising during commissioning and to verify 

firmware fixes. 

After finishing the site installation work, the converter was proved in all possible configurations 

on a test coil. These tests were performed in local and remote control. Attention was also paid 

to the effect of power factor improvement by neutral-point vs. regular bridge (B6) thyristor 

configuration. For this reason all tests were performed with and without operation of the 

neutral-point thyristors. 

The next step will be to operate the converter on the magnet coils of AUG. For the months to 

come an intensive testing of the converter is scheduled, where every coil of AUG should be 

operated for at least one week with the appropriate configuration of the new converter.
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D. Plasma Engineering, Plasma Control, and CODAC 

Development of a fast low-resolution inversion method for the detection and 

classification of anomalous radiation patterns and disruption prediction 
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The prediction of a disruptive event is a fundamental task for future fusion reactors. Even a 

single non-mitigated full plasma current disruptive event on DEMO could bring unrepairable 

damage to the machine. On current Tokamaks, most of the actions have the aim to mitigate the 

effect of disruptions, but in future machines avoiding such events will be necessary also for 

guaranteeing the continuity of the energy production. From the literature, especially for metallic 

machines, electron temperature anomalies (profile hollowing and edge cooling) play a 

significant role in the destabilisation of MHD modes, leading to disruptions. So, predicting the 

rising of electron temperature anomalies may be useful to develop a predictor for disruption 

avoidance. In this perspective, radiation plays a crucial role. However, the plasma radiation is 

measured by bolometers integrating along viewing cones and therefore tomographic methods 

are required to obtain local radiation information. Unfortunately, tomographic methods are 

usually slow and not applicable in real-time, implying that they cannot be used for disruption 

prediction. In this work, we propose a simple, low spatial resolution but fast inversion method 

that allows calculating the radiation power in the most important regions of the vessel. The 

method proposed is compared with different algorithms of tomographic inversions and 

radiation peaking factor-based indicators. Then, the electron temperature and mode locking 

prediction performances are compared with this new approach for an entire JET campaign. It 

is shown that, with this low-resolution tomographic algorithm, it is possible to detect and 

classify anomalous radiation patterns, such as core radiation and MARFEs, and predict 

upcoming electron temperature anomalies. 

 

 

*See the author list of “Overview of JET results for optimising ITER operation” by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France, 10–15 May 2021). 
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In metallic devices, various forms of radiation collapse are one of the major causes of plasma 

properties degradation leading to disruptions. Some of the most advanced scenarios, with 

impurity seeding or detachment for example, are prone to develop excessive edge cooling, 

which very often end with the collapse of the discharge. This type of disruption is also typically 

preceded by the formation of an instability called Multifaceted Asymmetric Radiation From the 

Edge (MARFE), which manifest itself as a blob of radiation above the X point or in various 

other regions of the plasma edge. Given the low temperature of the local regions of the plasma 

interested by the MARFEs, their emission is also strong in the visible and therefore they leave 

a clear signature in the videos of wide-angle cameras. This work reports on the development of 

image processing algorithms to detect MARFE as early as possible, to contribute to disruption 

prediction. Particular attention has therefore been devoted to general techniques, which can 

identify the features typical of MARFEs in any region of the plasma cross-section. The 

developed tools are sufficiently flexible to allow selecting a good trade-off between sensitivity 

and specificity. The solutions adopted are also all compatible with the implementation in real 

time networks. The examples provided have been collected using JET cameras during high 

power DD discharges, run in preparation of the recently concluded JET campaign in D-T.  

Given the time scales involved, it is expected that the early and accurate detection of MARFE 

can contribute significantly to the prevention of the disruptions affected by MARFE 

instabilities. 

 

 

* See the author list of “Overview of JET results for optimising ITER operation” by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France, 10–15 May 2021). 
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Scaling of the mode n=1 slowing down detection in Tokamaks for 

disruption prediction and instability control 
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Disruptions are still a major threat to the achievement of magnetically confined nuclear fusion 

energy. Most of these events are preceded by the slowing down of resistive magneto-

hydrodynamic (MHD) instabilities, It has been already proved both experimentally and 

theoretically that their interaction with the conductive wall can lead first to their slowing down 

and then to their locking, which then triggers in most cases a disruption. The development of 

simple, fast, multimachine, and physically informative indicators to monitor the fundamental 

evolution of these MHD instabilities can contribute significantly to the understanding of the 

chain of events leading to the disruptions in terms of improving the mitigation, prevention, and 

avoidance strategies. This work describes the scaling of the mode n=1 slowing down indicator, 

that has been previously developed for ASDEX-Upgrade, to the Joint European Torus. The 

indicator has been also tested on a deuterium experimental campaign of JET, namely the C38, 

devoted to the preparation of the recently performed DT campaign, and its possible applications 

for prediction, mitigation and avoidance are discussed. In particular, the combination of the 

locked mode amplitude with the slowing down indicator is analysed, and the improvements of 

the performance are presented and quantified. The results obtained can provide physical and 

engineering hints to both guide the scaling of the indicator to other machines and to help the 

design and positioning of the MHD sensors for instabilities detection in future devices. 

 

 

* See the author list of “Overview of JET results for optimising ITER operation” by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France, 10–15 May 2021). 
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F. Magnets, Cryogenics and Electrical Systems 

High voltage power supply for steady state operation of the neutral beam 

test facility ELISE 

Matthias Peglau, A. Benjamin Schmidt, Frederik Koerner, Ursel Fantz, Bernd Heinemann, 

Christoph Haindl, Claus-Peter Käsemann, Alexander Oswald, Rudolf Riedl, Dirk 

Wuenderlich, the ASDEX Upgrade Team* 

Max Planck Institute for Plasma Physics, Boltzmannstr. 2, 85748 Garching, Germany 

 

The Neutral Beam Injection (NBI) system of ITER shall provide 33 MW heating power to the 

plasma for up to one hour by two injectors. The test facility ELISE at IPP Garching is supporting 

the ion source development for ITER with an ion source of 1 x 1 m² (half the size of the ITER 

source). While plasma operation of the ELISE source is possible for one hour, the extraction 

and acceleration of a negative ion beam (up to 60 kV) was only possible for ≈10 s every ≈150 

s. A temporal instability was observed, mainly for the electrons which are co-extracted with the 

negative ions. In order to better understand the physical processes of the instability and to 

achieve the ITER requirements a steady state power supply for beam extraction is mandatory. 

The new power supply consists of two stages which are connected in series: a first stage with 

12 kV / 70 A is able to provide 35 A for the extracted ion current, with a 35 A overhead for co-

extracted electrons. The second stage of 50 kV / 35 A is used for the further acceleration of 

only the ions to a total potential of 60 kV. The two stages have an electrical active power of 

1.75 MW and 0.84 MW respectively.  

The power supply operates with pulse step modulation. Bipolar transistors with insulated gate 

electrodes (IGBT) are used as electrical switches on the DC side. The 50 kV stage consists of 

64 modules in series and the 12 kV stage has 24 modules. Both stages are controlled 

synchronously and must detect breakdowns between the grids in a µs range. 

The paper describes the electrical setup, the commissioning and first operational experiences of 

the power supply with the ion source of ELISE. 

 

 

* See the author list of H. Meyer et al. 2019 Nucl. Fusion 59 112014. 
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F. Magnets, Cryogenics and Electrical Systems 

Optimization of the power deposition profile on a gyrotron collector 

Jérémie Dubray¹, Stefano Alberti¹, Damien Fasel¹, Pierre-François Isoz¹, Jean-Philippe 

Hogge¹, Miguel Silva¹, Ugo Siravo¹, François Legrand² 

¹ École Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015 

Lausanne, Switzerland 

² Microwave Imaging Solution, THALES Vélizy-Villacoublay, F-78141, France 

 

Electron Cyclotron (EC) RF power sources will play a major role in the future operation of 

large scale tokamaks (ITER, DEMO). 1MW/170GHz gyrotron is the standard RF power unit 

considered for ITER. Even though the efficiency of such devices increased along the past years, 

the power of the spent electron beam is still above 1MW. As a result, the power deposition 

along the collector walls is a critical design issue which can be partly solved by a homogenous 

power spread. 

The most common method used to spread the spent electron beam power along the collector 

walls is based on the Vertical magnetic Field Sweeping (VFS) principle. A drawback of this 

technique lies in the non-homogenous power distribution at the extremities of the swept area. 

To smoothen this distribution, SPC has used in the past the Transverse Field Sweeping (TFS) 

solution, which requires to accommodate voluminous coils around the collector connected to a 

3-phases/50Hz power supply. 

A novel solution to flatten the power deposition profile is described in this paper. Based on an 

Amplitude Modulation (AM) of the vertical collector sweeping coil current, it allows for a more 

homogeneous power deposition profile and a substantial decrease of the peak load below the 

500W/cm² limit. Using a commercial off-the shelf (COTS) power supply and a small controller, 

it is a potentially effective solution for all MW-class gyrotrons presently in operation and for 

future applications. 
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F. Magnets, Cryogenics and Electrical Systems 

CICC-STREAM Quasi 1-D Quench Model Applied to JT-60SA Toroidal 

Field Coil in Tokamak Conditions 
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A simplified thermohydraulic code dedicated to the quench propagation in superconducting 

magnets was developed. It models 1-D flow and heat transfer in Cable In Conduit Conductor 

(CICC) as well as in the helium hydraulic network (manifold, tank, valve and pipe). Numerical 

codes that simulate the quench event with satisfying accuracy exist in literature but require large 

computational resource and their use is rather complex and time consuming. The CICC-

STREAM (CICC-Superconductor Thermohydraulic and Resistive Electrical Analytical Model) 

code relies on well-justified assumptions for engineering design purposes and system 

performances assessment. The CICC is split in two parts, namely resistive and superconducting 

regions, where simplified energy, momentum and mass balances equations are solved 

separately in 0-D in the resistive zone and in 1-D in the superconducting ones. The helium 

pressure and velocity continuity on the moving quench front are simultaneously enforced. It 

could simulate the quench development for both, the early stage before primary quench 

detection as well as for the current discharge stage. The model is implemented within Matlab 

environment and its robustness and accuracy are investigated on quench simulations of JT-

60SA toroidal field coil in nominal tokamak conditions. The normal zone propagation velocity 

is found at nearly 5.5 m/s. Temperature and pressure in the resistive region reach maximal 

values of 54 K and 3.5 MPa respectively. The maximal expulsed helium mass flow of 0.17 kg/s 

is calculated inside the CICC, thus allowing an evaluation of mass flow at its extremities, 

providing information for a potential secondary quench detection. The quench relief valves 

pressure threshold of 20 MPa is reached, releasing helium into the quench tank across relief 

pipes. Furthermore, the model is benchmarked with the widely used SuperMagnet code and 

results depicting maximal conductor temperature and pressure of 47 K and 4.1 MPa are 

consistent and confirm the simplified assumptions.
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F. Magnets, Cryogenics and Electrical Systems 

Combined analytic and experimental approaches for CICCs coupling losses 

prediction with COLISEUM model 
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Tokamaks coils are wound with long lengths of cables including hundreds of superconducting 

and copper strands twisted together into multiple stages. Coupling losses induced by magnetic 

field variations dissipate power in the coils during machine operation. They can be critical for 

being source of resistive transitions and possible damages. Thus, they should be accurately 

predicted. 

CEA developed since several years the analytical model COLISEUM (COupling Losses 

analytIcal Stages cablEs Unified Model) [1,2] to predict coupling losses at various conductor 

scales. Geometrical (cabling radii, twist pitches) and electrical (inter-strand and inter-bundle 

conductances) parameters of each stage are the model inputs. The most recent model version 

addresses the coupling losses for a full Cable in Conduit Conductor (CICC), accounting 

contributions from the strand to the nth-stage of the cable. 

This work is about the use of CICCs tomographic examinations to evaluate the realistic 

geometrical and electrical parameters. Stages conductances are especially targeted as driving 

currents and therefore coupling power. Conductances being numerous, using them as free 

parameters for COLISEUM fitting with experimental data is highly demanding. Our original 

tomographic analyses simplified the approach and provided one fitting parameter for all the 

conductances. 

We then measured by magnetization method in JOSEFA facility, at CEA Cadarache, the AC 

losses of all samples that underwent tomography. We present and interpret the experimental 

results. Using the COLISEUM one-parameter fitting method, we deduced conductances, which 

are compared to literature. We applied this process on various CICCs of different aspect ratio, 

void fraction and size to explore a broad range of configurations. We draw associated lessons 

and assess our conductance calculation method. 

Finally, some predictive cases with various signals are exposed and discussed. 
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I. Fuel Cycle and Breeding Blankets 

Instrumented Fast Valve for the ITER DMS Support Laboratory test bench 
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The ITER Disruption Mitigation System (DMS) is based on Shattered Pellet Injectors [1] (SPI), 

which accelerates a large Hydrogen pellet and shatters it prior to the entrance into the plasma, 

creating a plume of smaller pellet shards. The ITER DMS Support Laboratory [2] at the Centre 

for Energy Research aims at the characterization of the pellet formation, acceleration, and 

shattering processes through an extensive experiment series on a purpose designed SPI system 

[3]. 

A key component of the SPI system is a fast, high-pressure gas valve, capable of opening a gas 

reservoir of approximately 1 litre volume, filled with gas up to 15 MPa pressure, within a few 

milliseconds after the arrival of the control signal. An instrumented fast valve, using eddy 

current principle has been developed fulfilling these requirements. The valve is equipped with 

several diagnostic tools, measuring the capacitor voltage, the primary coil current, the pressure, 

and the valve position. This also enabled us to compare the measurements with gas dynamics 

simulations [4] showing that the model can catch the main characteristics of the gas flow. 

This contribution shows the development process of the fast valve from the physics design, 

through the electromechanical prototyping and the model validation, up to the mechanical 

design of the system. The final system’s capabilities are demonstrated through the results of a 

comprehensive testing procedure on a purpose-designed test bed. 
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G. Plasma-facing Components 
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For ITER and future fusion machines, it is important to know how plasma-facing units (PFUs) 

will perform during their lifetime. In particular, the divertor PFUs need to withstand demanding 

stationary and transient heat and particle loads. In the framework of the EUROfusion program, 

WEST ITER-like tungsten PFUs have been pre-damaged by electron beam loading in the 

JUDITH 2 facility to simulate different degrees of surface damage caused by transient heat 

loads. Selected monoblocks were subjected to 105 transient heat load pulses of 0.48 ms duration 

and an intensity of up to 0.55 GW/m² (roughening, small cracks, crack network). After 

installation and plasma exposure during the C3 WEST campaign (2018) the PFU WCAT004 

was investigated by profilometry and in a large chamber scanning electron microscope [1]. It 

was then reinstalled in WEST for the C4 campaign (2019) [2]. 

After the C4 campaign, the investigation was repeated using the same characterization methods. 

Many small cracks were found on monoblock #26 (outer strike point region) mostly in the area 

that was pre-damaged by transient heat loads. These cracks were observed neither after pre-

damaging nor after the C3 campaign. Hence, they originate in the C4 campaign, during which 

the PFU was installed at a different toroidal position (higher heat fluxes due to ripple effect and 

higher heating power). Considering the non-detrimental effect of this level of pre-damage on 

the WEST operation, it was decided to install a new PFU with a higher level of pre-damage 

(crack network with occasional melt droplets) for the C6 campaign (2022). 

This work presents and discusses the post-C3 and post-C4 investigations performed on 

WCAT004 and the differences found. Additionally, the investigation of the second PFU with 

higher level of pre-damage is presented. 
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B. Experimental Devices and Facilities for Fusion Research 
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Wendelstein 7-X is a modular advanced stellarator, combining the modular coil concept with 

the optimized properties of plasma (high quality of vacuum magnetic surfaces, good finite beta 

equilibrium and MHD-stability properties as well as a substantial reduction of the neoclassical 

transport and bootstrap current in comparison to classical stellarators). The machine went into 

operation in December 2015 at the MPI for plasma physics in Greifswald, Germany, and in 

October 2018 successfully finished its latest third experimental campaign, mainly devoted to 

the exploration of the Test Divertor Unit in different magnetic configurations. Analysis of 

various experimental diagnostic data requires to map their real space coordinates onto the 

Wendelstein 7-X flux surfaces in each specific magnetic configuration. Usually as a first step 

pre-calculated equilibria with theoretical pressure profiles are employed for this purpose. To 

assess the quality of such a preliminary mapping, equilibrium calculations with experimental 

pressure profiles were performed with help of the Variational Moments Equilibrium Code 

(VMEC). These calculations include radial plasma profiles of electron density and electron 

temperature measured by means of the Thomson Scattering system, the ion temperature profile 

measured with the high resolution X-ray imaging spectrometer and Zeff values measured 

spectroscopically (line integrated measurements assuming a constant value over the profile). 

Pressure profile reconstruction and corresponding mapping analysis were performed with the 

experimental data obtained in the latest Wendelstein 7-X campaign. The mapping sensitivity 

studies include the evaluation of the mapping differences w.r.t. the variation of the pressure 

profile shape, different beta and Zeff values as well as the coils current adjustment in order to 

compensate for as-built coil geometries. The comparative analysis of equilibrium calculations 

based on the mentioned above different input assumptions is presented and discussed.
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I. Fuel Cycle and Breeding Blankets 
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The ITER Disruption Mitigation System is designed to mitigate the large thermal and electro-

mechanical loads which may occur during an unmitigated disruption. For this purpose, large 

amount of material is injected into the plasma with shattered pellet injectors (SPI). The injection 

occurs within milliseconds, and it dissipates plasma energy through radiation while avoiding 

the production of runaway electrons.  

Before shattering the pellet, it is accelerated by a high-pressure gas pulse up to velocities of 

several 100m/s. This is performed with a fast high-pressure gas valve [1] opening in a few 

milliseconds. After the pellet has reached sufficient velocities, most of the remnant gas expands 

into a large tank to minimize the effect of the gas on the shattering process and on the velocities 

of the pellet fragments. The current study presents simulation results for the gas flow at the 

ITER DMS support laboratory at the Centre for Energy Research [2, 3]. The time evolution of 

the turbulent flow field during the opening of the fast valve, as well as a discussion of the 

expansion of the gas is presented. 

The simulations have been performed with OpenFOAM using a simplified 2D geometry in 

order to obtain an overview of the expected phenomena. The initial calculations have been 

performed for stationary geometries. Nevertheless, they have been expanded to estimate the 

flow field for the moving valve as well. Additionally, experimental pressure measurements have 

been performed at the facility to validate the results. The results show a good agreement with 

the expectations, e.g. the appearance of compressional waves at the fast valve have been 

observed in both cases. 
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I. Fuel Cycle and Breeding Blankets 

A simple MHD model for coupling poloidal manifolds to breeder units in 
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The decisive role of liquid metal manifolds in affecting the feasibility of a breeding blanket 

concept for fusion reactors has been identified in previous experimental and theoretical works 

related to helium-cooled lead lithium (HCLL) blankets, where the movement of the electrically 

conducting breeder is subject to the interaction with the plasma-confining strong magnetic field. 

On one hand, the magnetohydrodynamic (MHD) pressure drops in the manifolds produce the 

major contribution to total pressure drop. On the other hand, the manifold design has a 

significant impact on liquid metal flow partitioning among breeder units [1]. Experience gained 

in these prior works is relevant also for the water-cooled lead lithium (WCLL) blanket that is 

considered as reference liquid metal blanket concept to be tested in ITER and to be used in a 

DEMO reactor [2]. While detailed numerical analyses of entire blanket systems is a future 

target, current design activities require right now estimates of pressure drop and flow 

distribution.  

In the present work a simple model for determining pressure loss and flow partitioning in the 

whole blanket is derived and the resulting set of coupled governing equations is solved 

iteratively. The model is validated using existing literature data. Since the derived model is 

robust and efficient, it provides a perfect tool for simulations of large-scale structures such as 

banana-shape DEMO breeding blankets that may extend along the full poloidal length. 
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H. Vessel/in-vessel Engineering and Remote Handling 

Concept of contamination control door for DEMO and proof of principle 

design 
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During the maintenance period of DEMOnstration Power Plant (DEMO) remotely handled 

casks are required to confine and handle DEMO in-vessel components during their 

transportation between the reactor and the active maintenance facility. In order to limit the 

dispersion of activated dust a Contamination Control Door (CCD) is designed to be placed at 

an interface between separable containments (e.g. vacuum vessel and cask) to inhibit the release 

of contamination at the interface between them. 

The remotely operated CCD, technically a double lidded door system, consists of two separable 

doors (cask door and port door), and three different locking mechanisms (i) between cask door 

and cask; ii) between cask door and port door; iii) between port door and port). The locking 

mechanisms are selected and assessed according to different criteria, and the structure of CCD 

is optimized using Abaqus Topology Optimization Module. Due to the elastic properties of 

CCD deflections will occur during the lifting procedure, which may lead to malfunction of 

CCD. A test rig is developed to investigate the performance of high risk components in the 

CCD in case of deflections and also malpositioning. Misalignment can be induced along three 

axes and three angles on purpose to test the single components and items. The aim is to identify 

a possible range of operating in case of misalignments. 
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The ITER bolometer diagnostic provides the absolutely calibrated radiation emitted by the 

plasma, which is a part of the total energy balance. The development of its components is 

especially challenging because of the extreme environmental conditions within the vacuum 

vessel during plasma operation. Reliable measurements have to be assured while being 

subjected to high neutron fluxes as well as plasma radiation resulting in temperatures of the 

components exceeding 200 °C. In addition to the thermal loads, the bolometer camera housing 

is exposed to mechanical loads caused by electromagnetic forces (EM) during transient events 

of the plasma operation, called disruptions. The time dependent evolutions of the plasma 

currents and magnetic fields during such events are the cause of EM forces by inducing eddy 

currents in the components surrounding the plasma. Temporal distributions of these magnetic 

fields and associated currents for eight representative disruption scenarios are available from 

simulations by the DINA code.  

Bolometer cameras are positioned all over the plasma vacuum vessel including two upper ports 

and one equatorial port. These port mounted cameras vary in location and dimension, resulting 

in five different camera housing types. Subsequently, the output from DINA code is used as 

input to a general electromagnetic model of a 20° sector of the ITER vessel, taking into account 

the contribution of all structural parts, in order to calculate eddy currents induced inside the 

bolometer components. To investigate the worst load case per camera type and position six 

representative disruption scenarios are analysed. In a second step, the Lorentz-forces resulting 

from the interaction of these eddy currents with the main magnetic field are deduced. They are 

an essential input for the structural assessment of the camera housing.  

This paper describes the whole procedure of such an electromagnetic analysis using as example 

a representative port mounted bolometer camera.
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C. Plasma Heating and Current Drive 
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BATMAN Upgrade (BUG) is the testbed for the prototype RF-driven negative ion source, 

operated at IPP Garching in support of the Neutral Beam Injection (NBI) development for 

ITER. The extraction system corresponds roughly to one beamlet group of ITER (1/16th of 

ITER NBI extraction surface) with 5 H × 14 V apertures of 14 mm in diameter. Through each 

aperture, a beamlet of negative particles (H-/D- and electrons) is extracted electrostatically from 

the plasma with a voltage difference of up to 10 kV between the first two grids, the plasma grid 

(PG) and the extraction grid (EG). The amount of undesired co extracted electrons can be 

reduced by, among other means, applying a transversal magnetic filter field (MFF) to the 

plasma, created by a multi-kA current flowing vertically through the PG. The remaining co 

extracted electrons are deflected out of the beam and dumped onto the EG by a set of permanent 

magnets (co extracted electron suppression magnets, CESM) embedded in the EG. Two 

different configurations of CESM are currently under investigation in the top and bottom halves 

of the EG. A special device with five 3D Hall sensors has been developed and calibrated to 

measure the magnetic field along each aperture axis in the grid system. The results have been 

compared with calculations by FEM models revealing agreement within the geometrical and 

material tolerances for the CESM, but for the MFF a large discrepancy has been observed. The 

issue has been identified with a bad electric contact between components in vacuum. The 

electrical contact has been improved and new measurements confirm a MFF topology closer to 

the calculated one. Finally, the impact of the two different MFF topologies on the source 

performance in operation is discussed.
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An ITER DMS support laboratory has been built at the Centre for Energy Research. This 

experiment needs high level of industrial control and automation solutions for which a multi-

layer control system has been developed. The pellet injector has a National Instruments based 

real-time control environment taking care of the pellet freezing and its observation, the pellet 

launching with recently developed fast valve. This system includes monitoring and controls 

over 200 signals from the gas handling subsystem, high voltage signals, fast data acquisition 

with ms time resolution and vacuum subsystem as well. 

On the top of the real-time control system resides a Labview software with graphical user 

interface which is capable to control the whole system. This connects to a top level system 

control software running on Windows through an EPICS (Experimental Physics and Industrial 

Control System) interface. 

The System control software is responsible to control the complete measurement sequence 

including control of mass flow replicate pellet freezing, triggering the diagnostics system 

including several fast cameras, lights, laser curtains. The control system assigns a unique shot 

numbers and also collects measurements data after a measurements and uploads to a local server 

where scientists can post process the data. In addition, all signals of the test bench are logged 

for every ~15 seconds which also automatically uploads the server.
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C. Plasma Heating and Current Drive 

8.56-GHz quasi-optical launcher system with incident-mode controllability 

in the QUEST spherical tokamak 

Hiroshi Idei¹, Masatsugu Sakaguchi², Kishore Mishra³, Takumi Onchi¹, Ryuya Ikezoe¹, 

Osamu Watanabe⁴, Tetsuji Saito², Takeshi Ido¹, Kazuaki Hanada¹ 

¹ Research Institute for Applied Mechanics, Kyushu University, Kasuga 816-8580, Japan 

² FURUKAWA C&B CO., LTD, Hiratsuka 254-0016, Japan 

³ Institute for Plasma Research, Gandhinagar, 382428, India 

⁴ Department of Complexity Sci. and Eng., The Univ. of Tokyo, 277-8561, Kashiwa, Japan 

 

High plasma current up to 80 kA has been non-inductively ramped up with a 28-GHz wave in 

the QUEST. A launcher system following circular corrugated waveguide transmission line was 

developed. The launcher has focused the beam into 5-cm size at the second (2nd) harmonic 

resonance layer near the center post. The incident polarization or mode has been controlled by 

using developed quasi-optical polarizer system. As the inboard distance between the 2nd 

resonance layer and the center post is only 0.1 m at maximum central field of 0.25 T, only off-

axis ECHCD experiments are available with the 28-GHz wave.  

Other 8.56-GHz system is being developed to conduct the central ECHCD experiments. 

Although beam focusing in low-frequency application is difficult with quasi-optical concept, a 

large-sized quasi-optical mirror has been developed with an in-house code based on the 

Kirchhoff integral which was used for the 28-GHz launcher design. A 15-cm small-sized beam 

would be attained near the center, and its focusing-property is confirmed at low power test-

bench. The developed launcher system will be applied for fundamental (1st) and 2nd harmonic 

ECHCD experiments with ordinary(O) and extra-ordinary(X) mode waves. Water-cooled and 

pressurized four rectangular-waveguide (WR137) lines are used to transmit the 250-kW power 

in CW. First two waveguide lines are combined in a vacuum chamber following the sapphire 

vacuum windows. Combined two lines are merged at a four-port (two inlets and two outlets) 

magic-tee in the chamber with [0,0] and [0, pi] phasing to select an output waveguide with the 

O- or X-mode field. The mode selectivity is also confirmed at the low power level. Single pass 

absorptions of the incident beam are evaluated for the 1st X-mode, 1st O-mode and 2nd X-

mode ECHCD scenarios. The developed launcher system and the experimental scenarios with 

the system are discussed.
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I. Fuel Cycle and Breeding Blankets 

Progress in the Design of the Supercritical CO2 Cooled Lithium-Lead 

Blanket for CFETR 

Songlin Liu¹, Ming-Jiu Ni², Lei Chen¹, Xuebin Ma¹, Xiaoman Cheng³, Xiaokang Zhang¹, 

Kecheng Jiang¹, Long Chen², Juancheng Yang⁴, Nianmei Zhang², Qiuran Wu¹, Yi Yu¹, Xueli 

Zhao¹, Wenjia Wang¹, Peng Lu³, Qingjun Zhu¹ 

¹ Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP), China 
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A design of the supercritical CO2 cooled Lithium-Lead (COOL) blanket has been proposed as 

one advanced blanket candidate for the Chinese Fusion Engineering Testing Reactor (CFETR). 

In the current design, the Reduced Activation Ferritic/Martensitic steel is selected as the 

structural material, Lithium-Lead (PbLi) as the tritium breeder and neutron multiplier, and 

tungsten as the armor material for the first wall (FW). Besides, self-cooled PbLi with an outlet 

temperature of 600–700 °C is also used as the coolant for the breeder zone while the 

supercritical CO2 of 8 MPa cools the FW and the structures with 350 °C inlet/400 °C outlet. 

The electric and thermal insulating Flow Channel Inserts (FCIs) of SiC composites are utilized 

to isolate the high-temperature corrosive PbLi and decrease the MHD effect. 

The single-module segment approach is applied at present, which means each blanket segment 

features an entire poloidal RAFM steel box with several sub-breeding zones. The blanket 

performance is assessed from aspects of the neutronics, thermo-hydraulics, and thermo-

mechanics. Nuclear analyses show that the current design can achieve a global TBR of 1.183 

and is able to provide enough shielding for magnet coils. Thermo-hydraulic analysis proves that 

the thermal insulating FCIs enable the PbLi coolant to reach 600–700 °C at the outlet. Thermo-

mechanical analysis for typical breeding units proves that all components do not exceed their 

allowable temperature limit and the structure stress meets the ITER SDC-IC standard. In 

addition, preliminary 2D tritium transport analysis shows that tritium permeation by one 

inboard/outboard segment is 0.46/0.48 g/y when assuming a Permeation Reduce Factor of 100. 

Finally, a preliminary scheme of the PCS based on the S-CO2 recompressing cycle is proposed 

for the blanket and the gross thermal efficiency is estimated to be 39%–46% at a turbine outlet 

temperature of 550–650 °C.
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E. Diagnostics 

Improvement of SPIDER diagnostic systems 

Roberto Pasqualotto, Emanuele Sartori, Gianluigi Serianni 

Consorzio RFX (CNR, ENEA, INFN, Università di Padova, Acciaierie Venete SpA), C.so Stati Uniti 4, 

35127 Padova, Italy 

 

The two ITER Neutral Beam Injectors (NBI) will provide 33MW hydrogen/deuterium particles, 

electrostatically accelerated to 1 MeV. For efficient neutralisation, negative ions are required, 

obtained by conversion of atoms and positive ions at a caesiated surface. The challenging ITER 

NBI requirements, including extracted beam intensity uniform within 10%, negative ion current 

density 355/330 A/m² in hydrogen/deuterium for 1000/3600 s, beam divergence <7mrad and 

beam aiming direction within 2mrad, have never been simultaneously attained and are expected 

to be demonstrated at the ITER Neutral Beam Test Facility (NBTF), at Consorzio RFX (Italy). 

NBTF includes the MITICA experiment, full-scale NBI prototype with 1MeV particle energy, 

and SPIDER, with 100 keV particle energy, devoted to test and optimise the full-scale ion 

source. 

SPIDER started operation in June 2018. The experimental programme involved some years 

without caesium, to assess the capabilities of the various plants. In 2021, caesium was injected 

for the first time and high current density beams were accelerated. The experimentation 

evidenced that the non-uniformity and divergence of the beam are larger than the requirements 

for ITER NBIs and that the current density is lower; moreover, these findings can be traced 

back to the plasma where negative ions are produced. SPIDER then entered a shutdown 

dedicated to the improvement of the various plants; this contribution is specifically devoted to 

the enhancement of the set of diagnostics. 

The proposed additional diagnostic systems are integrated with the existing ones and essentially 

aim at increasing the spatial resolution of the plasma measurements (e.g. Langmuir probes 

exploring the extraction region), at adding profiles in other directions (e.g. moveable Langmuir 

probes along the RF driver axis) and at measuring other parameters (e.g. temperature of the 

positive ions in the source; distribution of electrons across the extraction grid). In parallel, most 

of the already existing diagnostics will be refurbished or improved.
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H. Vessel/in-vessel Engineering and Remote Handling 

Analyses and measurements of the temperatures on the JT-60SA vacuum 

vessel ports 

Shinnosuke Matsunaga, Yusuke Shibama, Yasuhiko Miyo, Tomokazu Nishiyama, Junnichi 

Yagyu, Go Matsunaga 

National Institutes for Quantum Science and Technology, Japan 

 

JT-60SA superconducting tokamak has more than seventy vacuum vessel ports (VPs), which 

penetrate into the cryostat to the vacuum vessel (VV), for diagnostics, heating devices and so 

on. The VV is baked out at a temperature of ～200 ℃ to realize a high vacuum of ～10–5 Pa, 

and kept at a temperature of ～50 ℃ during plasma operation. The cryostat is at room 

temperature, so that the VPs have a temperature gradient. Furthermore, the VPs are surrounded 

by the thermal shields at ～－200 ℃. Consequently, the thermal distributions on the VPs would 

be complicated. 

The temperatures of the VPs could influence the performance of JT-60SA. For example, the 

colder inner surface of the VPs acts as a cold trap for impurity gasses; the VV impurities would 

be trapped and not be desorbed by baking. To obtain the thermal distributions on the VPs, the 

thermal analyses were carried out by using the FEM analysis tool. We focused on the upper 

vertical VPs of over 4m length, which are longest among the JT-60SA VPs. Considering the 

radiation cooling in the analysis, it resulted in the coldest part at ～－150 ℃ on the bellows 

located in the middle of the upper vertical VP. To validate the analysis results, the temperature 

measurement system based on thermocouples is being prepared for the coming operation. The 

measurement points are near the welding part with the VV and on both-side flanges of the 

bellows, that is, three thermocouples are with one upper vertical VP. The system is installed on 

three upper vertical VPs located every 120 degrees in the toroidal direction. In this paper, the 

results of the thermal analyses and the temperature measurements are reported.
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B. Experimental Devices and Facilities for Fusion Research 

Analysis and Design of the Central Stack for the SMART Tokamak 
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The SMall Aspect Ratio Tokamak (SMART) is a new spherical machine that is currently under 

construction at the University of Seville aimed at exploring Negative Triangularity prospects in 

Spherical Tokamaks. The operation of SMART will cover three phases, with toroidal fields Bϕ 

≤ 1 T, inductive plasma currents up to Ip = 400 kA and a pulse length up to 500 ms, for a plasma 

with R = 0.4 m, a = 0.25 m and a wide range of shaping configurations (aspect ratio, 1.4 < R/a 

< 3, elongation, κ ≤ 3, and triangularity, -0.6 ≤ δ ≤ 0.6). The magnet system of the tokamak is 

composed by 12 Toroidal Field Coils (TFC), 8 Poloidal Field (PF) coils and a Central Solenoid 

(CS). With such operating conditions, the design of the central stack, usually a critical part in 

Spherical Tokamaks (ST) due to space limitations, presents notable challenges. The current 

SMART central stack has been designed to operate up to phase 2 and it comprises the inner 

legs of the TFC, surrounded by the CS, two support rings, a central pole and a pedestal. To 

achieve the parameters of this phase (Bϕ = 0.3 T with inductive Ip up to 400 kA), the high 

currents needed, combined with the low aspect ratio of the machine lead to high forces on the 

conductors that represent an engineering challenge. The loads expected in the central stack are 

1.2 MN of centering force and 3 kNm of twisting torque. This work describes the design of the 

central stack and its mechanical validation with a multiphysics finite element assessment. By 

coupling an Electromagnetic with a mechanical assessment, the ability of the central stack to 

meet the physics requirements of SMART phase 2 is ensured.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Evaluation of neutron dose rates at the TCV tokamak facility 
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To evaluate the neutron doses from neutral beam heated (NBH) plasmas within the TCV 

tokamak building, a series of measurements were performed using three available Lupin 

neutron dosimeters. The results were compared to MCNP calculations for an initial, simplified 

model of the TCV building. The TCV neutron source was evaluated from the measured plasma 

and NBH parameters using the TRANSP code. At all locations the calculated doses exceeded 

the measured doses; at one location by a factor 10. This was mainly due to the fact that the 

initial model lacked many structures, e.g., experimental equipment, support structures, around 

the TCV tokamak, as well as details of the building, in particular of the roof. An overestimation 

of the neutron rates by TRANSP is also possible. 

The objective of this work was to improve the MCNP model of the TCV reactor building by 

adding missing massive structures that affect neutron and photon transport. These structures 

were modelled as homogeneous boxes with the correct dimensions, masses, positions, and 

approximate material composition of the real equipment. Smaller objects, such as cables and 

small equipment, were modelled as a homogeneous low-density "fog" surrounding the 

tokamak. An improved model of the concrete building roof was also implemented. 

After implementation of the new structures, the difference between measured and calculated 

neutron H*10 doses decreased significantly at all locations. For several locations, the 

calculated/experimental ratio (C/E) is now within the uncertainties. Now, discrepancies 

exceeding a factor 2 are only obtained at 2 locations. Further experiments with a collimated 

dosimeter and further model improvements are planned to quantify the importance of scattered 

neutrons, in particular from the building roof. 

These experiments, together with an evaluation of uncertainties, can serve as benchmark 

experiments and guidance for validating neutron transport codes for fusion reactors.
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I. Fuel Cycle and Breeding Blankets 

Tritium transport velocity on a LiPb blanket loop 

Fumito Okino¹, Yukinori Hamaji², Teruya Tanaka², Juro Yagi¹, Satoshi Konishi¹ 

¹ IAE, Kyoto University, Japan 

² NIFS, Japan 

 

The tritium transport velocity on a circulating liquid lithium-lead (LiPb) was analyzed and 

verified experimentally using deuterium. 

In previous studies, the tritium transport velocity was assumed to be the same as the LiPb flow 

rate a priori. The tritium residence time was also used, but the data source was opaque. In 

contrast, the Taylor dispersion theory shows a conflicting result, exhibiting transport 

enhancement via convective flow. 

The circulating LiPb was modelled as a chain of 10 blocks, and the tritium performance was 

simulated with the dissolved tritium confined to a block. The obtained time constants of startup 

and shutdown were both between 0.5Tc and 4Tc depending on the extraction efficiency, where 

Tc is the circulating time on a LiPb loop. 

The experimental setup consisted of a deuterium dissolving tube assuming a tritium breeding 

(ϕ17.1mm×L1000mm×t1.0mm low-carbon material), a deuterium extraction unit of LiPb 

droplets in a vacuum with ϕ0.6×7 and ϕ1.0mm×7 nozzles, and two deuterium concentration 

monitors integrated before and after the extraction unit. The mass flux from the extraction unit 

was measured using QMS. Sixty liters of LiPb at 350 ℃ were circulated at 0.12, 0.2 and 0.4 

liter per minute (Lpm). The corresponding Tc was 500 min at 0.12Lpm. 

The experimentally obtained time constants for 0.12 Lpm were 5.8 min and 8.4 min, 

respectively, which were two orders of magnitude greater than the simulated results. This 

discrepancy is attributed to the inappropriate assumption that the tritium transport velocity is 

the same as LiPb. Transport velocity enhancement by convection has been suggested; however, 

further verification is required. 

This result might have affected the T transport analysis and startup scenario of the fusion reactor 

with a LiPb blanket loop.
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G. Plasma-facing Components 

High frequency ultrasonic inspection of the bonded interface between a 

divertor monoblock and a cooling pipe 

Noritaka Yusa¹, Ryouji Suzuki², Takashi Furukawa², Masayuki Tokitani³ 
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This study proposed the application of high-frequency ultrasonic tests to the inspection of the 

bonded interface between a divertor monoblock and a cooling pipe. This study prepared 

samples made of ITER-grade tungsten block bonded with 1 mm oxygen-free copper and 1.5 

mm CuCrZr using a high-temperature vacuum furnace for diffusion bonding. High-frequency 

ultrasonic test was performed using an acoustic microscope operated in pulse-echo mode with 

frequencies up to 50 MHz. The measurements were performed twice with different signal 

amplifications, a small amplification to evaluate the signal from the surface and a large 

amplification to evaluate that inside the sample, to normalize the former using the latter based 

on an earlier study of the authors. The time-of-flight of the measured ultrasonic signals was 

converted into the distance from the CuCrZr based on the assumption that the samples had a 

uniform and isotropic sound speed. The C-scan images of the measured signals clearly showed 

an artificial flaw introduced on the surface of the tungsten block. Using a frequency around 30 

MHz provided the best signal-to-noise ratio. The results of the experiments also revealed that 

the grain growth of Cu, which deteriorates the structural integrity of the interface, was 

confirmed in the C-scope image.
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I. Fuel Cycle and Breeding Blankets 

Study on T production using high temperature gas cooled reactor for 

DEMO fusion reactor − Li-rod structure for initial irradiation test on 

HTTR − 
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For the start-up of an initial DEMO fusion reactor and for technical testing of related tritium 

circulation systems, it is necessary to prepare an adequate amount of tritium. For this purpose, 

tritium production using a high temperature gas cooled reactor was proposed [1]. It was reported 

that the production of 500 to 800 g of tritium is possible in one year of operation of a 600 MW 

high temperature gas cooled reactor [2]. At this stage, the tritium containment in Li-loading 

rods during operation is one of the most critical issues. So far, we have obtained several data 

concerning permeation and absorption of hydrogen in the high temperature gas cooled reactor 

environment for structural materials that make up the Li-loading rods, i.e., Al₂O₃, LiAlO₂, Zr. 

We are in the process of planning an irradiation test with the High Temperature engineering 

Test Reactor (HTTR).  

In this paper, a procedure for the irradiation test on HTTR and the structure of the test modules 

(Li-loading components) were studied. The hydrogen absorption performance of the Zr sphere 

with Ni coating in the environment coexisting with oxides, namely Al₂O₃ and/or LiAlO₂, was 

measured experimentally in the standard irradiation environment with 600 °C temperature. 

Using the data obtained, Li-loading components for the irradiation test were designed using the 

continuous-energy Monte Carlo transport code MVP-BURN [3] considering the self-shielding 

effect of neutrons. Tritium containment property was also estimated using pressure balance and 

the diffusion equation. In this paper, an outline of the irradiation test is presented, and structures 

of the designed Li-loading components are reported. 
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C. Plasma Heating and Current Drive 

A versatile power supply system for the central solenoid of the QUEST 

spherical tokamak 
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To energize the Central Solenoid (CS) flexibly, a versatile system consisting of two DC power 

supplies and a capacitor bank is installed on the QUEST spherical tokamak. The two DC power 

supplies, Positive Supply (PS) and Negative Supply (NS), are powered by three-phase ACs 

controlled by six thyristors. The maximum current and voltage of the DC power supplies are 8 

kA and 375 V, respectively. The PS and NS are combined through two 2x2 Insulated Gate 

Bipolar Transistor (IGBT) stacks which change the polarity of the current through the CS coil. 

The capacitor circuit, that is triggered by ignitrons, mainly comprises a 55 mF. The bank is 

connected to the NS side through a diode. The maximum voltage at the bank is limited to -2 kV 

due to the withstand voltage of the CS coil. 

The power supply system can be applied in both operations of short and long pulses. Using PS 

or/and NS, ohmic heating assisted by electron cyclotron heating (ECH) is performed through 

the single or double flux swing. The capacitor bank is optional for providing higher loop voltage 

up to 5 V in the plasma start-up, where toroidal electric field ≈ 1.24 V/m at the plasma center. 

In addition, plasma current control is applicable to the tokamak operation. Detecting the loop 

voltage and plasma current with feedback control, the phase angle of the thyristor three-phase 

power supplies can be adjusted to flatten the plasma current waveform and extend the duration. 

Increase of electron temperature by 200 eV during the ECH was observed when the rippled 

current was applied to the CS. The ECH and the ripple heating would be effective cooperatively. 

In steady state tokamak operation, the CS current is adjusted to control plasma position.
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J. Materials Technology 

Multi field coupling simulation and structure design of RF cavity for 

complex boat shape 1/4 prototype 
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Proton beam accelerators with an energy of 2GeV and a power of 6MW have been developed 

In order to expand the application of protons in basic physics, the nuclear industry, family safety 

and so on. The high-power radio frequency (RF) cavity is an extremely important component 

of proton accelerators. Research and Development (R&D) on a 177.6 MHz 1:4 scale boat shape 

prototype RF cavity is being conducted to study all aspects of such a high-power RF cavity. For 

this prototype RF cavity, ~100 kW RF power dissipated on the copper cavity walls needs to be 

brought away by the cooling water, ~±170 kHz tuning range needs to be reached by deforming 

the RF cavity walls with the electric cylinders. In this scenario, self-consistent multi-physics 

coupled simulation study (i.e., RF-thermal-structural-RF analysis) with ANSYS HFSS and 

Workbench was carried out during the R&D process. This paper describes the method of how 

to deal with a mechanical model at ~m×~m×~m scale including hundreds of bodies in the Finite 

Element Method (FEM) analysis and shows the preliminary simulation results. In order to keep 

the Von Mises stress below the material stress limit and consider the application of the punch 

forming technology in the prototype cavity fabrication, semi-Y-state Oxygen free copper (Y/2 

OFC) was selected as the material.
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F. Magnets, Cryogenics and Electrical Systems 

ITER PF in Series AC/DC Converters Starting Mechanism Assisted by 

External Bypass 

Xiuqing Zhang¹, Liansheng Huang², Xiaojiao Chen¹, Shiying He¹, Zhiquan Song³, Zhicai 

Sheng¹, Lingpeng Li¹, Zhenshang Wang² 

¹ Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, Anhui Province 230031, China 

² Institute of Plasma Physics, Chinese Academy of Sciences, University of Science and Technology of 

China, China 

³ ITER Organization, Route de Vinon-sur-VerdonRoute de Vinon-sur-Verdon, CS 90 046, 13067 St. 

Paul Lez Durance Cedex, France 

 

The International Thermonuclear Experimental Reactor (ITER) Poloidal Field (PF) in series 

AC/DC converters are composed by three converter units in series to supply megawatt energy 

to PF coil. With the characteristics that high power, complex operating mode, large amount of 

snubber capacitors and thyristor branch busbar inductances, starting failure could give rise to 

overvoltage and damage the converter. Therefore, it is imperative to analyze the starting 

mechanism of ITER PF in series AC/DC converters. In this paper, assisted by the external 

bypass the starting mechanism is proposed to activate the ITER PF in series AC/DC converters 

securely and reliably. The starting failure overvoltage of three starting mechanisms including 

the impact of resistance-capacitance absorption is analyzed. According to the analysis results, 

a starting mechanism that starts two converter units firstly and then start the third one is optimal 

for ITER PF in series AC/DC converters. The effectiveness and superiority of the proposed 

starting mechanism is testified by the simulation and the feasibility is verified by experiment 

on the ITER PF converter sequential test facility.
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J. Materials Technology 

High-temperature bonding of chromium and F82H steel: interface 

microstructure and chemical composition 

Reuben Holmes, Bo Li, Lijuan Cui, Sho Kano, Huilong Yang, Hiroaki Abe 
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The reduced activation ferritic-martensitic (RAFM) steel F82H has been developed as the 

structural material for breeder blanket modules of demonstration fusion reactors in Japan. 

Further optimisation of F82H is required for certain environments, such as the water coolant 

system piping surfaces exposed to high-temperature, high-pressure water (~325 °C, ~15.5 

MPa). Recent developments in accident tolerant fuels (ATF) for water-cooled fission reactors 

have shown that applying a thin Cr coating to zircaloy fuel cladding provides excellent 

corrosion protection under high temperature water coolant conditions. 

This research covers the application of Cr metal to the RAFM steel F82H via diffusion bonding. 

The effects of bonding temperature in the range 1114-1323 K on the F82H-Cr interface 

diffusion characteristics are examined, including analysis of microstructure and chemical 

composition via SEM, EDS, TEM and EBSD. 

At all diffusion bonding temperatures in the range 1114-1323 K and duration 1 h, bonding 

between F82H and Cr was achieved. Common characteristics included an interface layer rich 

in M23C6 on the Cr side of the joint, and a Cr-enriched interdiffusion zone on the F82H side. 

The thicknesses of the interface layer and interdiffusion zone both increased with time and 

temperature, and the diffusion coefficient for Cr in F82H was calculated. Upon cooling, ferrite 

grains formed in the Cr-enriched zone of F82H at all temperatures except 1114 K, with the 1114 

K diffusion bonded joint retaining the martensite microstructure in all regions of F82H. A final 

characteristic was the presence of small voids throughout the M23C6-rich layer. 

Results have been used to propose a simple diffusion model for solid state bonding. Next steps 

include assessment of the joint’s mechanical properties, impact of heavy ion irradiation on 

interface chemical composition and microstructure, and investigation of low-temperature 

bonding methodologies.
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G. Plasma-facing Components 

Bubble formation in ITER-grade tungsten after exposure to stationary 

D/He plasma and ELM-like thermal shocks 

Mauricio Gago, Arkadi Kreter, Bernhard Unterberg, Marius Wirtz 

Forschungszentrum Jülich, Germany 

 

The tungsten divertor in ITER is expected to be exposed to slow transient loads of up to 20 

MWm⁻² as well as over 10⁶ fast transient loads from edge-localized modes (ELMs) of up to 1 

GWm⁻² [1]. Aside from the cracking and surface modification these loads can cause on the 

material, the formation of bubbles in the micrometer size-range have been detected under the 

material surface after simultaneous exposure to ELM-like thermal shocks and plasma loads. 

These bubbles could lead to a reduced thermal dissipation in the PFMs, as well as an increased 

fuel retention and erosion [2]. Therefore, this phenomenon was studied further by exposing 

samples of ITER-grade tungsten in the linear plasma device PSI-2 to varying plasma and 

thermal shock conditions in order to simulate the effects of the loads expected on the PFMs. 

105 laser pulses of 0.6-1.0 GWm⁻² and a D/He(6%) plasma flux of 3.3 m⁻²s⁻¹ were used to 

simulate the effects of the ELMs on the surface of the PFMs and study the effects the power 

density and surface temperature increase caused by the thermal shocks can have on the bubble 

formation. It was observed that an increase in the power load leads to a significant increase in 

the bubble formation. Reducing the laser frequency, thus increasing the plasma exposure time 

and fluence, also caused a considerable increase in the bubble size. 

These results indicate that the performance of PFMs in the ITER divertor might be affected by 

bubble formation. Thus, ELMs should be mitigated as much as possible to prevent their 

formation. 
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E. Diagnostics 

Integrating EDICAM into the MARTe framework 
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The Event Detection Intelligent CAMera (EDICAM) developed by the Centre for Energy 

Research is operated successfully in multiple fusion devices (e.g., COMPASS, Wendelstein-

7X). The camera capabilities are not fully exploited as of now, because the control of other 

cameras (or other diagnostics) and signaling the central control system of a fusion device is not 

used yet, which is a vital feature of the camera from both scientific and machine safety point of 

view. Moreover, even within the EDICAM framework the real-time processing algorithms are 

running on an FPGA card. Programming an FPGA card is a time-consuming and challenging 

task, leaves only a moderate possibility to experiment with new real time algorithms for the 

camera system. Another point is, that in the future, the plasma discharges in many devices will 

be longer, even in the range of tens of minutes, which makes necessary to decide real-time what 

to save from the incoming data and what to discard.  

To address the aforementioned problems, a process has started to integrate the EDICAM camera 

and its software API into the Multithreaded Application Real-time executor (MARTe) real-time 

framework. This framework is developed for and widely used in the fusion community (e. g. 

JET, MAST, COMPASS, ISTTOK etc.) and it is compatible with EPICS, which is the control 

system e. g. on what ITER’s own control system will be based on.  

Throughout this contribution we integrated the basic real-time image processing functionality 

into MARTe by implementing multiple General Application Modules (GAMs) for EDICAM 

data processing, an IOGAM for the offline testing of new and improved algorithms (using 

HDF5) and one for the live, real-time operation (using the raw camera data), which otherwise 

uses the same software stack. The implementation and performance measure of the 

aforementioned components is discussed with an emphasis on the image processing algorithms.
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I. Fuel Cycle and Breeding Blankets 

Status, features, and future development of the LIFUS5/Mod4 experimental 

facility design 
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The Water-Cooled Lithium-Lead (WCLL) is one of the most promising technologies for power 

conversion and tritium production in future fusion-powered reactors, and it will be implemented 

in one of the Test Breeding Modules (TBM) inside ITER reactor. However, the simultaneous 

presence in the system of high-temperature PbLi and high-pressure water poses significant 

safety issues in the event of an in-box LOCA (Loss Of Coolant Accident). For this reason, a 

complete understanding of the system response is crucial to avoid extensive damage in such 

scenario. 

This paper describes the status and design features of the LIFUS5/Mod4 facility, an 

experimental plant which is currently being designed and constructed at ENEA CR Brasimone 

in the framework of the FP9 EUROfusion Horizon Europe to address these issues. The aim of 

this facility is to be representative of the geometry and operational conditions of the Test 

Breeding System (TBS) to allow the precise reproduction of its behaviour under simulated 

incidental scenarios. For this reason, peculiar design choices have been made, that will be 

extensively discussed throughout this work, which will allow the generation of high-quality 

data crucial for understanding the best design strategy for the TBS. Moreover, the facility is 

expected to become a test stand for the implementation of different safety functions, with the 

aim of mitigating as much as possible any side effect caused by the accidents.  

Possible upgrade plans for the facility are describes as well, with the chance for it to become a 

fully functional test stand for any component of the TBS in their operative conditions.
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E. Diagnostics 

In-situ pellet growth and quality monitoring diagnostics for the ITER DMS 

Support Laboratory 
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The ITER disruption mitigation system is based on shattered pellet injection. The ITER DMS 

requires the use of large, 19x38 and 28.5x57 mm (diameter x length) cryogenic pellets, made 

of Hydrogen (Protium or Deuterium), Neon, or a mixture of those. The production of such large 

pellets, especially Protium, is not straightforward, therefore the quality (homogeneity, fragility, 

shape, size etc.) needs to be thoroughly monitored in order to develop a good freezing recipe. 

A barrel view camera diagnostic was developed at the Centre of Energy Research, in the 

framework of the ITER DMS Support Laboratory, for in-situ monitoring the status of pellet 

freezing process. The basic idea of the diagnostic is to illuminate the growing pellet from one 

side of the barrel, while observing it from the other side using a digital camera. This requires 

the use of a special gate valve with a window inset, allowing the camera to look into the barrel 

also when the gate valve is closed, hence without interrupting the freezing process. 

Once the pellet is launched, it can be diagnosed in a ca. 20-cm-long free flight region ("gap 1"), 

where the pellet flight tube is interrupted for removing the propellant gas. A shadowgraphy 

diagnostic was installed in gap 1, with two fast cameras measuring the size, shape, speed and 

quality of the pellet. 

In this paper modelling and measured results for the barrel view camera are compared, 

presenting how the pellet size and quality can be inferred using this diagnostic, and how these 

are related to the results of the gap 1 shadowgraphy.
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H. Vessel/in-vessel Engineering and Remote Handling 

DEMO Vacuum Vessel Port Closure Plate Sealing activities 
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The DEMO baseline design currently provides for a large number of openings in the vacuum 

vessel (VV) on several vertical levels. Some of them containing port plugs for passive or active 

components, like diagnostic front ends, heating and current drive launchers or all type of first 

wall protection limiters. Others allow access to the inside of the VV to maintain components 

such as breeding blanket (BB), divertor or vacuum pump components. Especially the huge 

upper vertical port openings necessary for the handling of the BBs are significantly different 

from the design of ITER. 

DEMO should already be generating electricity. For this reason, the downtime for maintenance 

of components generally should be kept as short as possible. In this regard, also the specially 

developed concepts for ITER considering the use of remote maintenance tools for mounting 

and sealing the vacuum tight port closure plates (PCP) should be re-examined for the use in 

DEMO. 

Classical screwed joints, as they are often used to connect the PCPs and the VV,increase both 

the complexity and the time required for the work.  

For this reason, initial examination have begun in order to better understand the given problem. 

The aim here is to investigate seals that require less compression to achieve sufficient tightness, 

to test the possible applications of welded lip seals and to develop locking devices that do not 

require as many screw connections or work even without screws. 

This paper describes the current situation and summarises the activities to minimise this 

problem with a plan for the future.
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J. Materials Technology 

High heat flux testing results of various W-FGM-steel joints 
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Jan Willem Coenen¹, Marius Wirtz¹, Gerald Pintsuk¹, Christian Linsmeier¹ 

¹ Forschungszentrum Jülich GmbH, Germany 

² Institute of Plasma Physics of the Czech Academy of Sciences, Czech Republic 

 

For a future fusion reactor the First Wall of the breeding blanket will require a joint between 

the structural steel and tungsten armour. However, the difference in the coefficient of thermal 

expansion between them results in thermal stresses at their interface during operation and this 

could result in premature failure of the joint. A functionally graded material (FGM), as an 

interlayer between them could reduce these stresses. In this study two processes, atmospheric 

plasma spraying (APS) and spark plasma sintering (SPS), are utilized to manufacture four 

different kinds of W-FGM-steel stacks: the first two include FGMs prepared by APS; W-V-

75W-50W-25W-steel and W-50W-25W-steel, the other two include FGMs made by SPS; W-

75W-50W-25W-steel and W-50W-25W-steel. This investigates: i) the influence of an 

additional V-interlayer; ii) the comparison of APS- and SPS-FGMs; and iii) the influence of 

FGM composition and thickness. In all these W-FGM-steel stacks, with a surface area of 12 

mm x 12 mm, the thickness of each FGM sublayer (75 W, 50 W, 25 W) is about 0.5 mm, 

whereas the bulk-W and bulk-steel are 3 mm thick. A sample of direct diffusion bonded W-

steel joint is used as a reference. A high heat flux benchmark test was performed to investigate 

and compare the potential of the different joining technologies. For this, the stacks were 

soldered on a copper cooling module and exposed to high stationary loads at the JUDITH-2 

facility. At each power level of 1 MW/m², 2 MW/m², 3 MW/m² and 4 MW/m² the samples were 

subjected to a component screening cycle to determine the component quality followed by up 

to 200 on/off cycles (30/30 s). By monitoring the surface temperature using an IR camera, the 

cooling capabilities of each sample and any local overheating as indication of bond failure can 

be determined.
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D. Plasma Engineering, Plasma Control, and CODAC 

Control System of High-Voltage Pulse Power Supply for Compact Torus 

Injector based on EPICS 
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² University of Science and Technology of China, Hefei, China 

 

The Compact Torus Injector (CTI) is a magnetic confinement fusion device feeding system, 

which injects the excited compact toroidal plasma into the target device at high speed, and 

controls the fuel injection and injection speed to achieve optimal control of the density pressure 

profile of the magnetic confinement fusion device. The CTI High-Voltage Pulse Power Supply 

(HVPPS) system is one subsystems of the CTI which consists of five sets of HVPPS. This paper 

uses EPCIS as a development platform to design the control system of the CTI HVPPS, which 

realizes timing sequence control, status detection, parameter setting and read-back of five sets 

of CTI pulse power with different communication interfaces and protocols. The discharge 

experiments are performed on the CTI. The experimental results prove that the control system 

meets the real-time control requirements of CTI devices for HVPPS.
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I. Fuel Cycle and Breeding Blankets 

Development of a Thermal-hydraulic model of the EU-DEMO Water 

Cooled Lithium Lead Breeding Blanket Primary Heat Transport System 
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¹ Università degli Studi di Palermo, Italy 
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The EUROfusion consortium is developing the project of a DEMOnstration Fusion Reactor 

(EU-DEMO) which would follow ITER in the pathway towards the quest for the exploitation 

of fusion energy. EU-DEMO has been conceived to deliver net electric power to the grid. 

Therefore, proper critical evaluations on the tokamak cooling and power conversion systems 

are needed because they play a pivotal role in the design and licensing of the overall plant. 

The EU-DEMO reactor will be based on the tokamak concept and, as such, it is supposed to 

undergo a pulsed duty cycle under normal conditions, which might challenge the qualified 

lifetime of the main equipment inducing undue thermal and mechanical cycling. Moreover, the 

EU-DEMO plasma control strategy postulates the possible occurrence of planned and off-

normal plasma overpower transients that might jeopardize the structural integrity of the plasma 

facing components. It is, therefore, of paramount importance to have appropriate tools to 

reproduce the thermal-hydraulic behaviour of tokamak cooling systems during major 

operational and accidental scenarios in a realistic and reliable way. 

In this context, University of Palermo in cooperation with EUROfusion has developed a finite 

volume model of the Primary Heat Transport System (PHTS) feeding the EU-DEMO Water 

Cooled Lithium Lead Breeding Blanket (WCLL BB). The activity has been led following a 

theoretical-computational approach based on the adoption of the TRACE thermal-hydraulic 

system code. Particular attention has been paid to capturing all the main geometrical, hydraulic 

and heat transfer features characterizing both in-vessel and ex-vessel components. Preliminary 

analyses have also been carried out to check the code’s predictive potential in fusion relevant 

applications. Models, assumptions, and outcomes of the analyses are herewith reported and 

critically discussed.
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E. Diagnostics 

Design of a movable electrostatic diagnostic for the investigation of plasma 

properties in a large negative ion source 

Valeria Candeloro¹, Emanuele Sartori¹, Luca Calciolari², Francesco Gnesotto¹, Gianluigi 

Serianni¹, Lauro Trevisan¹, Roberto Pasqualotto¹ 

¹ Consorzio RFX, Italy 

² University of Padova, Italy 

 

The ITER tokamak will employ two Neutral Beam Injectors (NBI) which will need to provide 

33 MW of heating power. In order to satisfy this requirement, giant negative-ion sources with 

very large extraction area will be employed. The SPIDER experiment, which is part of the 

Neutral Beam Test Facility (NBTF) program, is devoted to optimisation of the negative ion 

source of the ITER injectors. The SPIDER plasma is generated via inductive coupling inside 

the eight drivers; the plasma expansion is characterised by the presence of a magnetic filter 

field, which causes the plasma properties not to be uniform along the beam axis. The present 

contribution describes the design of a movable Langmuir probe that will enter the source 

volume from the backplate of one of the drivers, and will be capable of measuring the axial 

profiles up to the extraction region of plasma density, electron temperature and floating 

potential. Furthermore, an estimation of the Electron Energy Distribution Function (EEDF) 

inside the driver can be obtained, providing further information on the plasma formation 

mechanism and on the RF coupling. The probe design is challenging as the sensor needs to 

survive in a harsh environment (ne = 1~5×10¹⁸ m⁻³, Te > 10 eV), therefore the manipulation 

system needs to be fast enough so as to prevent damages on any part of the probe; for this 

reason, a linear motor is envisaged. As the SPIDER source case is contained in a vacuum vessel, 

it will need to be vacuum-compatible and over-heating has to be avoided. In addition, particular 

care must be taken when operating the probe during the beam extraction, as both the 

manipulation and acquisition systems will operate at the source potential. Furthermore, it will 

be required to cut off the electronic noise introduced by the RF generators and to perform fast 

measurements.
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The EU-DEMO reactor is supposed to undergo a pulsed duty cycle under normal conditions, 

which might challenge the qualified lifetime of the main equipment inducing undue thermal 

and mechanical cycling loads. Moreover, the EU-DEMO plasma control strategy postulates the 

possible occurrence of planned and off-normal plasma transients overpower that might 

jeopardize the structural integrity of the plasma-facing components. 

In this context, the University of Palermo in cooperation with ENEA has launched a research 

campaign within the framework of the EUROfusion action to investigate the thermal-hydraulic 

behaviour of the Primary Heat Transport System (PHTS) of the EU-DEMO Divertor Cassette 

Body (CB) during the typical DEMO duty cycle. The study was primarily intended to start the 

definition of the strategies to be followed to minimize thermal fluctuations due to the pulsed 

operation. In particular, the attention has been focussed on the assessment of the DIV CB PHTS 

temperature behaviour during the pulse-dwell transition so to check the potential effectiveness 

of a direct coolant temperature control by properly tuning the feedwater mass flow rate. 

The activity has been led following a computational approach based on the adoption of the 

TRACE thermal-hydraulic system code. Models, assumptions, and outcomes of the analyses 

are herewith reported and critically discussed. 
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Disruption-free tokamak operation and the achievement of high plasma performance requires 

magnetic fields with a high degree of toroidal symmetry. Manufacturing and assembly 

inaccuracies can cause field asymmetries leading to increased first wall heat loads, a loss of 

core confinement and an increase in Tokamak disruptivity. ITER is equipped with a set of error 

field correction coils to correct for such inaccuracies, but their capabilities are limited. 

Limitations on the number and current capability of these coils restrict corrections to the first 

three toroidal harmonics and with a limited magnitude. Moreover, the error field correction 

coils, located on the outboard side of the tokamak, cannot effectively correct magnetic field 

asymmetries on the inboard side of the first wall (high-field side) caused by misalignments of 

the inboard legs of toroidal field coils. It follows thus that asymmetries introduced during the 

manufacturing and assembly process must be kept as low as possible and mandatorily within 

the correction coils’ capabilities. 

We present an assessment of toroidal field symmetry with respect to limits placed on the 

magnitude of the overlap error field [1] and on the permissible deviation from circular of the 

first wall field line on the high-field side [2]. This assessment requires a full geometrical 

description of the as-built coil set in its final operational state, including the effects of assembly 

pre-loads, cool-down and coil energization. We use the Minerva framework [3] to apply Bayes’ 

theorem to the assembly process, in particular the actuation of individual coils on the Sector 

Sub-Assembly Tool and the alignment of each sector within the Tokamak pit. Uncertainties 

placed on the actuation or measurement of the sectors propagate through the model, producing 

posterior distributions of the overlap error field and field line deviations which are used to 

provide fast feed-back to questions raised during the assembly process. 
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ITER plasma control system 
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ITER CODAC is in the process of developing a tailored software solution to carry out necessary 

control functions for tokamak operation. The CODAC has successfully completed the final 

review of the implementation of the ITER Plasma Control System (PCS) for the first plasma 

(FP) and formally transitioned from the design phase to the software program instance in 

accordance with the conversion mechanism of the Real-Time Framework (RTF) software suite. 

Rich functionality of RTF built-ins and its flexibility of reconfigurable applications facilitates 

the development and deployment of complex real-time applications such as commonly found 

within PCS and the ITER diagnostics. 

In the practical application of the framework, CODAC has prototyped PCS architecture 

components to verify how actual operation complies with the design-intended function. 

Prototyping is an initiation of the CODAC preparation for system validation and verification, 

and its commissioning. Agile production is based on the model presented in the PCS Simulation 

Platform (PCSSP). Several fundamental functions such as exception handling, quality tag 

controlling, and signal watchdog functionality have been implemented and continue to evolve. 

CODAC demonstrated a mechanism by which individual function models coordinate and 

cooperate with each other to achieve desired higher-level functions. Operation of prototype and 

real-life experiments verified the application is compliant with the design input and even 

adaptable and extendable in various system attributes. 

In this paper, we will introduce the PCS prototyping and its execution as well as integrated 

operation function in the ITER environment.
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E. Diagnostics 

Manufacturing of a new Manipulator for the laser blow-off system for 

Wendelstein 7-X 
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For the use of impurity transport studies a new manipulator for the existing laser blow-off 

(LBO) was designed and will be installed on the Wendelstein 7-X (W7-X) stellarator for the 

next operating phase OP2. With the LBO system a sufficient amount of impurity tracer ions 

can be injected into the plasma which start to radiate and can be observed by spectrometers. 

A laser hits a coated glass target inside the plasma vessel from behind, evaporates the coated 

material and injects this into the plasma. For OP2 the LBO system will operate on a new port 

with different boundary conditions. Therefore, a new manipulator is necessary. 

The new manipulator is designed to position the glass targets inside the plasma vessel 600 mm 

far away from the last closed flux surface. Therefore, the target is mounted on a lightweight 

arm and has to move with a carrier 1800 mm from the exchange chamber to the ablation 

position. 

A lot of challenging requirements on the design exist. Especially, the proper choice of suitable 

materials in combination with a sophisticated structure that can resist the heat load, do not affect 

the magnetic field and are resilient enough, was an important development step for the whole 

design. 

The poster provides information about the entire technical design of the LBO system and special 

technical solutions, e.g. for statics, kinematic and revision. 
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Wendelstein 7-X (W7-X) is currently the largest optimized stellarator in operation in the world. 

Its main objective is to demonstrate long pulse operation and to investigate the suitability of 

this type of fusion device for a power plant. Maintaining the safety of the first wall is critical to 

achieve the desired discharge times of approximately 30 minutes, while keeping a steady-state 

condition. We present a deep learning-based solution to detect the unexpected plasma-wall and 

plasma-object interactions, so-called hot-spots, in the images of the Event Detection Intelligent 

Camera (EDICAM) system. These events can pose a serious threat to the safety of the first wall, 

therefore to the operation of the device. With the help of our method, the hot-spots can be 

accurately detected and their positions determined, even in real-time. Visible cameras can detect 

and provide information on hot-spots even when no significant heat load is produced; this 

allows for a potential early detection and warning system. 
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The use of controlled nuclear fusion reactions as an earth-bound and location independent 

energy source holds considerable potential and could provide an important contribution to 

address the rising global electricity and energy demand of the future. However, fusion power 

plants are still not considered specifically in the European long-term energy system studies. 

Tokamak type magnetic confinement fusion reactors are the best studied devices to date and 

are at present primarily considered for the design of commercial fusion power plants. 

Nevertheless, the stellarator concept is considered as a possible (long-term) alternative due to 

some inherent advantages compared with the tokamak. Since the operating performance of 

power plants significantly affects the unit commitment and dispatch, and the fusion reactor 

design and development is an ongoing effort, the parametrization of fusion power plants is an 

active area of research. 

The goal of the present paper is to specify and energetically represent the operation and 

dynamics of fusion power plants from an energy system perspective. Special focus is given on 

time and operation mode dependent self-consumption. The basis of the parametrization is a 

1GWe power output plant. As a result, we propose the representation of fusion power plants in 

energy system modelling as a system with three main components: fusion reactor, thermal 

energy storage and power conversion system. Five different operation states are defined for a 

fusion power plant, depending on the active auxiliary subsystems. A generalized set of 

parameters for all components of both tokamak and stellarator type power plants with respect 

to their modelling in energy systems is introduced. In order to evaluate the operational dynamics 

and to identify particular requirements of fusion power plants, a comparison with conventional 

power plants is conducted. It shows main differences in heat production states, part load 

behavior, qualitative as well as quantitative electrical self-supply behavior.
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At the Wendelstein 7-X (W7-X) stellarator a 175 GHz Collective Thomson Scattering (CTS) 

diagnostic will be implemented. One of the 140 GHz Electron Cyclotron Resonance Heating 

(ECRH) gyrotrons will be operated at 175 GHz, using it as source for the CTS probing beam. 

To prevent any damage to the CTS receiver, a notch filter cuts out the high-power gyrotron 

signal at the entrance of the receiver. The bandwidth of the gyrotron signal determines the notch 

filter bandwidth. A narrow bandwidth of the gyrotron millimeter-wave output allows removing 

less information of the received CTS spectrum and improves CTS measurements. To reduce 

the wall loading on the plasma vessel, the CTS gyrotron shall be operated short pulses with an 

appropriate duty cycle and pulse length. 

First proof-of-principle short-pulse experiments on frequency stabilization were conducted on 

a gyrotron from manufacturer CPI employing Phase-Locked Loop (PLL) techniques. The 

gyrotron was operated at its nominal frequency of 140 GHz. The gyrotron output frequency 

was controlled with the accelerating voltage, which is applied between the anode and cathode 

of the gyrotron diode-type Magnetron Injection Gun. The main challenge for a short-pulse 

frequency stabilization is the frequency drop at the beginning of a pulse due to the gyrotron 

cavity expansion caused by heating and electron beam space charge neutralization. During the 

experiments, the maximal accelerating voltage change was 5 kV, which determines the maximal 

frequency change that can be counteracted by the PLL. This translates into a maximal time for 

which the gyrotron frequency is stable at the beginning of a pulse. It is concluded that the 

gyrotron frequency could be stabilized for 3 ms at the beginning of the pulse, resulting in a full 

-20 dB bandwidth of below 300 kHz. Experiments of an ECRH gyrotron operating at 175 GHz 

will be conducted in the future. 
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The power conversion system will be an important part of the DEMO power plants. One 

possible way to convert heat from a helium-cooled fusion reactor to electricity is by Brayton 

cycle with supercritical carbon dioxide (sCO2) as a working fluid. This approach offers a 

smaller footprint and smaller initial cost of the system than the Rankine cycle does, mainly due 

to the small size of turbomachinery and simplicity of the Brayton cycle. Heat exchangers 

(heaters, coolers, and recuperators) play a major role in the overall size and cost of the system. 

One of the most promising heat exchanger types for heaters and recuperators is printed circuit 

heat exchangers (PCHE). PCHE are suitable for this application because of their compactness, 

good mechanical properties, low achievable pressure drop, and close temperature approach. In 

this work, the size of heaters is computed for various parameters, such are outlet helium 

temperature from the reactor and temperature of sCO2 at the entrance of PCHE. Presented 

results show, that heaters play a major role in the size of the secondary circuit of the DEMO.
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Advanced ceramic breeder (ACB) pebbles consisting of lithium orthosilicate with additions of 

lithium metatitanate are accepted as a reference candidate material for tritium breeding in the 

Helium Cooled Pebble Bed (HCPB) blanket design. In this study, the formation and 

accumulation of radiation-induced defects and radiolysis products in the ACB pebbles were 

investigated under the influence of separate and sequential irradiation with 9 MeV helium and 

2.25 MeV hydrogen ions in order to simulate effects of neutron-induced nuclear transmutation 

products of lithium isotopes. To avoid non-uniform distribution of high-energy ion beams on 

the surface and affect ion projected ranges, pressed pellets were used instead of pebbles in the 

irradiation experiments. The ionisation losses of high-energy ions are induced along several 

microns in-depth of the pellets, while matrix distortions due to atomic displacements are mainly 

at the stopping range of the ions. The stopping depth of the ions is approx. 50 μm (SRIM data). 

The irradiated pellets were analysed using electron spin resonance (ESR) spectrometry and 

thermally stimulated luminescence (TSL) technique. The shape of the obtained ESR spectra 

indicate the existence of several groups of paramagnetic radiation-induced defects and 

radiolysis products containing unpaired electrons with g-factors at about 2.018, 2.013, 2.006, 

and 1.935. The accumulated paramagnetic radiation-induced defects and radiolysis products 

recombine up to 580 K in air. In the TSL glow curves (heating rate: 2 K/s), at least 4 highly 

overlapping peaks with maxima at about 440, 470, 515 and 580 K are detected due to radiative 

recombination of radiation-induced defects and radiolysis products. The obtained results also 

indicate that the pellets after sequential irradiation with high-energy ions are consistent with 

separately irradiated pellets. 
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First wall panels of the ITER tokamak are beeing designed for a "normal heat flux" of the order 

of 1-2 MW/m², some panels in the upper and equatorial region of the reactor will be required 

to withstand an "enhanced heat flux" up to 5 MW/m². The exhaust of this high heat flux can be 

(on a specific liquid parameters) achieved by subcooled boiling in a hypervapotron cooling 

channel. The highest heat load up to 15 MW/m² will be on the divertor targets, where the swirl 

tube geometry will be applied. 

Hypervapotron and Swirl Tube are two main channel geometries providing enhanced heat 

transfer, both are present in the design of the ITER tokamak. The paper is focused on the CFD 

simulation and experimental measurements on the hypervapotron cooling channel sample to 

find the optimal geometry and water parameters for maximal heat transfer. Different types of 

models using ANSYS Fluent, CFX and Simcenter STAR-CCM+ software are compared to find 

the most accurate simulation correlated with the experimental results. The next part of this work 

is focused on new channel geometries to achieve even higher heat transfer.
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Micro-channel heat exchangers are promising variants of thermal energy transfer solutions 

within the cooling of the first wall of fusion power plants. The DEMO HCPB concept assumes 

heat removal from the blanket via a helium circuit and its subsequent transfer via a heat 

exchanger to the secondary circuit. The design of the exchanger itself is strongly dependent on 

the overall concept of the primary circuit. Therefore, it is necessary to find a suitable solution 

according to required parameters, such as the geometry of the exchanger or operating 

parameters of the primary and secondary circuit. For that, CFD codes for the analysis of a 

proposed micro-channel exchanger can be advantageously used. This work aims to validate a 

CFD model of a micro-channel exchanger on the available measured data. For validation, data 

from an experiment performed on a micro-channel exchanger in the AHELLO loop are used.
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Margherita Ugoletti¹, Matteo Agostini² 

¹ INFN-LNL, Italy 

² Consorzio RFX, Italy 

 

Homogeneity and low divergence are required for high energy negative ion beams that will be 

used to heat and sustain the plasma of future nuclear fusion reactors. To characterize these large 

size negative ion beam properties, for future ITER Heating Neutral Beam, non-invasive and 

high temporal and spatial resolution diagnostics are fundamental.  

A tomographic diagnostic consisting of 15 visible cameras is installed on SPIDER, the full-size 

prototype of the ITER negative ion source. It allows reconstructing the entire 2D emissivity 

pattern of SPIDER negative ion beam, from the visible light emitted by the beam particles 

propagating in the background gas. Several inversion algorithms as well as a priori assumptions 

can be investigated to improve the tomographic reconstruction technique. 

In this work, the Simultaneous Algebraic Reconstruction Technique (SART) already used to 

characterize SPIDER beam is improved, to increase the information obtained through 

tomographic inversion, as the position and width of the beamlets. 

Different inversion algorithms are also tested, by comparing the results obtained from all of 

them. The performance in terms of spatial resolution, RMS reconstruction error and number of 

iterations required to converge of the SART algorithm is compared with that of Maximum-

likelihood expectation-maximization (ML-EM) and Algebraic Reconstruction Technique 

(ART) algorithms.
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Tungsten is the privileged option as plasma facing material for the divertor region of ITER and 

DEMO tokamaks. On the divertor target region, tungsten will have to endure high thermal 

fluxes (10 MW/m² in steady state and 20 MW/m² in quasi- steady state). These high thermal 

fluxes will generate high temperature in tungsten (> 1500 °C) and therefore induces a 

recrystallization process. Recrystallization corresponds to an evolution of the microstructure, 

which induces tungsten softening. In order to predict correctly the lifetime of plasma facing 

components made in tungsten, it is therefore required to assess their recrystallization kinetics 

at high temperature. In this article, it is proposed to investigate the effects of tungsten initial 

microstructure (grain size and energy stored in dislocations) on recrystallization and softening 

using the already developed mean field model [1]. Mean field model is a grain-based model 

that allows discriminating the respected contributions of recovery and recrystallization for the 

estimation of the mechanical properties loss during annealing. It is based on the evolution of 

the radius and the dislocation density of each grain via interactions with an equivalent 

homogeneous matrix. The initial microstructural state can be taken into account through the 

grain size distribution and the stored energy in each grain. In this paper it is clearly quantified 

how a higher stored energy can lead to a drastic increase of the recrystallization rate. It is also 

shown how a prior recovery stage can help to slow down recrystallization. 
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In the recent European roadmap for realising commercially viable fusion power generation, 

reliable power exhaust handling was defined as one of the most critical missions. One system 

dedicated to it is the divertor which comprises 48 assemblies; each includes a cassette 

supporting the vertical target and its cooling circuit, the shielding liner and two reflector plates. 

It is restrained by two shear keys on the inboard and a flexible component on the outboard. 

A reliable structural assessment of a tightly integrated system such as the divertor, requires the 

response from the interfacing components; costly in computational time. To reduce this cost 

while maintaining the interfaced components response, a Component Mode Synthesis (CMS) 

model of the divertor cassette was created to compare its behaviour with a solid elements model 

under various loads: thermal, volumetric force (electromagnetic), pressure, acceleration, and 

displacement. 

CMS has been available in ANSYS Mechanical APDL, although under development, it is 

available as a beta in ANSYS workbench 2020. A good understanding of the CMS advantages 

and limitations will allow: a faster exploration of the design space and improved model 

accuracy with the capture of interfaces behaviour, therefore, maximising the chance of 

achieving an optimum design in a reduced time. 
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The main function of the Collective Thomson Scattering (CTS) diagnostic system for ITER is 

to diagnose the alpha particles resulting from Deuterium-Tritium fusion reactions. It consists 

of a microwave scattering diagnostic with a probing frequency of 60 GHz and emitted power 

of 1 MW from the gyrotron, with one launcher and nine receiver transmission lines. 

The CTS will be installed in the equatorial port EP#12, which is one of the ports that have to 

be operational for the ITER First Plasma. The transmission lines outside the Port Plug (Ex-PP) 

are routed through the Interspace, Port Cell, Gallery, Assembly Building and Diagnostic 

Building, reaching more than 100 m in length. The preliminary design of the ex-PP components 

is currently being undertaken in the framework of an Implementing Agreement between ITER 

Organization, the Instituto Superior Técnico (IST) and CIEMAT. Within this collaboration, 

CIEMAT is responsible for the structural analyses and calculations required to ensure the 

structural integrity and performance of the preliminary design of the Ex-PP transmission line 

components, which will be summarized in this paper. 

In this work, the required analysis and calculations will be presented together with the redesign 

performed for the transmission lines in order to guarantee that their components will withstand 

the loads defined in the Ex-PP CTS Load Specifications. The evaluation of the structural 

integrity of the CTS Ex-PP components will be carried out in accordance with the 2007 RCC-

MR Code for mechanical components in nuclear installations. 
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The JT-60SA research plan is divided into three phases. From the initial research phase (Phase 

2), the impurity transport study is one of the essential research topics. The detailed (quantitative) 

research on the impurity transport in the magnetically confined high-temperature plasmas can 

be realized with a method to inject a known number of impurities into such plasmas. The Tracer-

Encapsulated Solid Pellet (TESPEL), developed at the National Institute for Fusion Science 

(NIFS), is suitable for such research. The TESPEL enables us to produce a 3-dimensionally 

localized “tracer” impurity particle source in the plasma and determine the total number of 

deposited tracer impurities. The typical number of impurities injected into the JT-60SA plasma 

was estimated as 3E18 particles, based on the results of the TESPEL injection experiments on 

the Large Helical Device (LHD) and Wendelstein 7-X (W7-X). In this case, the impurity 

contamination rate by the TESPEL is about 0.03 % when the average density of the JT-60SA 

plasma is 8E19 m^-3. The typical size of the TESPEL for the JT-60SA would be 1.2 mm by 

assuming that the perturbation does not exceed the perturbation by a solid hydrogen pellet 

injection. To penetrate the TESPEL beyond the SOL region of the JT-60SA plasmas, the typical 

speed of TESPEL should be around 600 m/s, which can be achieved with the acceleration gas 

pressure of 4 - 5 MPa and the barrel length of about 50 cm. By utilizing a three-stage differential 

pumping system like the injection system installed in LHD and W7-X, the helium gas used for 

the acceleration of the TESPEL would hardly enter the JT-60SA device. Therefore, the vacuum 

level in the final expansion chamber near the JT-60SA device can be kept below 1E-5 Pa.
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Heat transfer performance of helium gas flow in unidirectional porous tubes is evaluated by 2-

D CFD simulation for divertor cooling. The unidirectional porous tube fabricated by explosive 

welding technique has straight pore channels and is easy to adjust the porosity and pore size. 

Before the demonstration experiments, we evaluate the heat transfer performance by 2-D CFD 

simulation with varying the pore size, the porosity, and the heat transfer coefficient at the pore. 

The simulation verifies that the heat transfer performance of the helium gas flow in the porous 

tubes is equivalent to or higher than that of the other conventional heat transfer promoters. The 

simulation also reveals the suitable pore size and the porosity for high heat flux removal of 

divertor, also taking into account the pumping power.
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Enrichment of Lithium-6 (6Li) is one of the necessary conditions to produce tritium as a fuel 

of fusion reactors by the neutron capture reactions. In previous studies, we have established the 

Li extraction technique using a fast ionic conductor Li0.29La0.57TiO3 (LLT) technique—

Lithium Separation Method by Ionic Conductor (LiSMIC). The use of the lithium ionic 

conductor allows for enrichment of 6Li via permeations of Li ions through the LLT owing to 

the lighter mass of 6Li than 7Li. In the LiSMIC Electrodialysis, property of the applied voltage 

plays a key role because it gives a driving force for migration of Li ions. For instance, it was 

pointed out that using a pulsed voltage can enrich 6Li in an efficient way. In order to realize the 

enrichment of 6Li up to 90% from its natural fraction 7.8%, understanding the effects of the 

applied voltage is necessary.  

In this work, we explore effects of applied voltage on the 6Li enrichment from a 3 mol/L LiOH 

solution when a LLT plate with 16 cm2 electrode area and 0.5 mm thickness was employed. 

Specifically, we examined the Li extraction speed and 6Li enrichment when a pulsed and AC 

voltage of maximally 5V with 1Hz frequency were applied, then compared them with the case 

of 5V DC voltage. We found that the 1Hz pulsed voltage achieved the highest 6Li enrichment, 

1.086, until 40% of Li was extracted from the source solution of 400ml. Instead, the Li 

extraction speed was lower than the DC voltage case owing to the reduction of the application. 

In the DC voltage case, a high enrichment factor 1.06 was obtained at early stage of the 

electrodialysis but it gradually decreased. The AC case was in between. Our results indicate 

that carefully choosing the applied voltage will accelerate the 6Li enrichment process.
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Energy conversion and heat transport are essential for developing a commercial fusion reactor. 

In particular, plasma-facing components are a key for safety and effective operation. Namely, 

demand for improving the heat transfer performance in plasma-facing components exists. 

Boiling heat transfer is a promising method to remove a high heat flux economically because 

the latent heat of vaporization is large, resulting in a high heat transfer coefficient. As a result, 

the pumping power could be reduced compared with single-phase flow cooling. Moreover, in 

the event of a loss of power, thermosiphons using pool boiling could be used for emergency 

cooling as one possibility. On the other hand, in fusion reactors, copper alloy [copper-

chromium-zirconium (CuCrZr)] is expected to be used as heat sink material for plasma-facing 

components. It is well known that the surface property of heat transfer surface affects boiling 

heat transfer. For cooling fusion reactors with boiling heat transfer, the boiling characteristics 

on CuCrZr must be investigated, including critical heat flux (CHF). In order to reveal the 

difference in boiling heat transfer between copper and CuCrZr, in this study, subcooled pool 

boiling was performed using water at atmospheric pressure by varying the degree of liquid 

subcooling. The experiment result shows that the CHF of the CuCrZr surface is not deteriorated 

compared with the copper surface.
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The development of compact fusion devices using high confinement magnetic fields is being 

globally promoted facilitate the early realization of a fusion power plant. A superconducting 

magnet system with a high current density as well as a large amount of stored energy is required 

for this purpose. To guarantee the safety of superconducting magnets, a detailed structural 

integrity assessment of component materials, such as a superconducting wire, jacket, insulator, 

and coil support structure, under normal operation and abnormal loads is required. The 

dimensions of these components range from millimeters to meters, making it difficult to analyze 

them with a single model. Consequently, a multiscale analysis method is used to clarify the 

overall structure of the superconducting magnet and the stress/strain distribution generated in 

the superconducting wires and insulators. 

Although several no-insulation methods have been proposed in which no insulator is placed 

inside the coil winding part, many fusion reactor designs have used insulators between 

superconducting conductors such as fiber-reinforced composites (FRP). Interlaminar shear 

strength is often applied as a stress criterion for FRP strength. It is known that when both normal 

(vertical) and shear (transverse) stresses act on the layer stacking direction simultaneously, the 

interlaminar shear strength changes significantly, and a soundness criterion based on this is 

adopted. However, the stresses in coil windings are not uniform, and it is preferable to use 

materials with optimum strength for each stress state, both in terms of strength and cost. This 

study shows how multiscale analysis is used to clarify the combined stress distribution in coil 

windings, and it also demonstrates how strength is used as a criterion for the soundness of coil 

constituent materials.
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H. Vessel/in-vessel Engineering and Remote Handling 

Development of Mechanical Pipe Connection Design for DEMO 

Azman Azka, Viktor Milushev, Martin Mittwollen 

Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany 

 

Maintenance of DEMO breeding blanket includes the removal and replacement of plasma 

facing components. To access the breeding blanket, multiple coolant pipes needs to be removed 

to allow access to the tokamak. As a means to reduce downtime and increase maintenance 

speed, pipe connection concept is developed to allow removal of multiple pipes at the same 

time using remotely operated mechanical connection.  

The remotely operated Multi-Pipe Mechanical Pipe Connection (MPC) needs to fulfil multiple 

requirements such as high operating temperature and high external forces while at the same 

time maintaining an acceptable level of sealing between the high pressure fluid and the vacuum 

surroundings. In addition to the external conditions, the pipes of multiple size and fluids are 

connected together in a manifold configuration. While this will reduce the overall time required 

to operate the mechanical pipe connection when compared to multiple single-pipe connections, 

this would introduce additional forces and stresses due the interaction between pipe flowing 

through the manifold flange. The requirement and the boundary conditions of the multi-pipe 

MPC is taken into consideration during design process of MPC. Design process is carried out 

to find the optimum form and size to allow the mechanical function of the pipe connection 

during maintenance phase while withstanding the extreme operating condition that the MPC 

will face during operational phase. The resulting design will then be analysed using numerical 

methods to assess the capability of the MPC designs. 
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I. Fuel Cycle and Breeding Blankets 

Neutron irradiation programme for the EU reference ceramic tritium 

breeder material 

Julia M. Leys¹, Oliver Leys¹, Mihaela Ionescu-Bujor², Regina Knitter¹ 

¹ Institute for Applied Materials (IAM), Karlsruhe Institute of Technology (KIT), 76021 Karlsruhe, 

Germany 

² Nuclear Fusion Programme, Karlsruhe Institute of Technology (KIT), 76021 Karlsruhe, Germany 

 

For the success of ITER and DEMO, it is essential to test the tritium breeder materials under 

conditions as close to reality as possible. Therefore, advanced ceramic breeder (ACB) material 

that serves as the EU reference material for the ITER TBM and the DEMO HCPB concept are 

being investigated in a long-term irradiation campaign.  

Neutron irradiation experiments will be performed in the IVV-2M reactor at the Institute of 

Nuclear Materials (INM) in Russia. In-pile irradiation of materials will be performed in three 

rigs: one for in-situ studies up to 2.4 dpa and two for further post-irradiation examination (PIE) 

at higher and lower temperatures up to 3 dpa. 

ACB pebbles consisting of Li₄SiO₄ (LOS) and additions of Li₂TiO₃ (LMT) were produced using 

the KALOS process. Two different compositions (30 and 35 mol% LMT) and two different Li-

6 enrichments (60 and 90 at%) were selected, resulting in three different samples: 30-LMT-90, 

30-LMT-60, and 35-LMT-60. 

The majority of the ACB material will be tested in the form of pebble beds that will be partly 

pre-compressed. Radiation-induced material properties, as well as the tritium release behaviour, 

will be analysed during PIE. The tritium release behaviour, including the tritium residence time, 

will also be investigated in in-situ experiments. Furthermore, pellet stacks of ACB and 

Eurofer97 will be included in order to study the corrosion behaviour and compatibility of the 

two materials. 

A detailed plan of the irradiation campaign and the characterisation of the included Li-6 

enriched ACB samples will be presented.
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E. Diagnostics 

FEASIBILITY EVALUATION AND PRE-CONCEPTUAL DESIGN OF 

THE ITER TOKAMAK SYSTEMS MONITOR 
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⁴ ITER Organization, Route de Vinon sur Verdon, 13115 Saint Paul Lez Durance, France 

 

Several thousands of sensors will be fitted in the main tokamak systems to oversee the 

behaviour of the ITER machine. This engineering instrumentation will measure key parameters 

related to availability, prediction of failures, as well as schedule and needs related to their 

maintenance. However, despite the large amount of instrumentation envisaged, the Tokamak 

operator needs more refined measurements than those that are solely based on direct 

measurements, as it is not feasible to install sensors in every single location expected to be 

critical during the different operational modes. 

The "Tokamak Systems Monitor (TSM)" is a software suite specifically designed aiming at 

overcoming these limitations. By making use of the available measurements, it will provide an 

integrated view of the overall hydraulic, thermal, structural and electromagnetic response of the 

main Tokamak systems (Magnets, Vacuum Vessel, Blankets, Divertor, Cryostat, Thermal 

Shields and the Port Plugs). Near real time processing allows an online evaluation with a few 

seconds latency. Offline refinements expand the online calculations for in-depth detailed 

analysis after the plasma discharges. Sensor measurements can be used directly (e.g. the 

calculation of electromagnetic loads from measured currents and magnetic fields) or indirectly, 

through the resolution of ill-posed, inverse problems. The operator will receive all this 

information within the control room for managing scarce resources, operational limits, and 

decision-making. Eventually, the TSM will contribute to optimize the trade-off between 

maximal performance and equipment lifetime. 

This paper attempts to summarize the initial feasibility and concept design efforts towards the 

development, validation and practical implementation of reconstruction and Tokamak 

simulation algorithms.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Preliminary Design of sCO2 Axial Compressor for Fusion and Nuclear 

Power Plants 

Jan Syblík¹, Slavomír Entler², Jan Štěpánek¹, Ladislav Veselý³, Václav Dostál¹ 
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Modern demands for the production of electricity and heat require such energy sources that 

meet low-emission operation without a carbon footprint. Such sources are, for example, today's 

nuclear power plants or fusion power plants expected in the future. One of the key parameters 

of these facilities are the efficiency and investment costs of the secondary circuit. This article 

deals with the possibility of using supercritical carbon dioxide as a heat transfer medium in the 

power conversion system. The actual state of the research in this field is described, followed by 

the preliminary design of a compressor for such a connection. The price of the power conversion 

system represents about 6 % of the total price of the fusion power plant, of which about 6 % 

falls on the compressor. By using a suitable optimization method, it is possible to increase the 

efficiency of the compressor compared to existing low-performance designs by up to 20 % and 

at the same time reduce the investment costs at a specific power level.
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I. Fuel Cycle and Breeding Blankets 

Nuclear Data Sensitivity/Uncertainty Analysis of FNG WCLL Fusion 

Benchmark 

Ivan Alexander Kodeli¹, Maurizio Angelone², Davide Flamini² 

¹ UKAEA/CCFE, Abingdon, United Kingdom 

² ENEA, Frascati (Rome), Italy 

 

Since 20+ years a series of neutronics benchmark experiments have been performed at the 

Frascati neutron generator (FNG) of ENEA Frascati in the scope of the European fusion 

programme. Nuclear data sensitivity and uncertainty (S/U) analyses were integral part of the 

benchmark experiment analysis since the very beginning of this experimental programme, and 

were used both for the pre- and post-analyses of the experiments for the opmimisation of the 

benchmark set-up and the interpretation of the measured results, respectively. Examples of the 

successful use of deterministic and Monte Carlo sensitivity methods for benchmark analysis 

include FNG-ITER Blanket Bulk Shield (1995), FNG-ITER Streaming (1997/98), FNG Silicon 

Carbide (2001), FNG Tungsten (2002), FNG HCPB Tritium Breeder Module Mock-up (2005), 

FNG-HCLL Tritium Breeder Module Mock-up (2009) and FNG-Copper (2015). 

A new experiment on the Water Cooled Lithium Lead (WCLL) mock-up was performed at the 

FNG facility in 2020/2021. The experimental mock-up consists of LiPb bricks, EUROFER 

plates and Perspex substituting water. To determine the sensitivity of the reaction rates to be 

measured to the nuclear cross section data and the corresponding uncertainty, the design of the 

WCLL neutronics experiment was analysed using the SUSD3D S/U code system. The results 

reveal that the measurement uncertainties are considerably lower that the computational 

uncertainties due to nuclear data which suggests that the benchmark experiment is expected to 

contribute to the validation and improvement of nuclear cross sections. S/U analysis also helped 

to partly resolve some inconsistences observed between the measured and calculated reaction 

rates of the dosimeters.
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F. Magnets, Cryogenics and Electrical Systems 

Failure analysis of a heavy gauge fastener of the ITER Toroidal Field 

Gravity Support system 
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The Gravity Supports (GS) of the ITER Toroidal Field (TF) coils are positioned at the bottom 

of the machine and are situated under the 18 toroidal field coils. Each support includes 26 high 

strength bolts with M60 and M85 gauge. The TFGS will sustain a total load of about 11,000 

tonnes of dead weight of the magnet system. Moreover, they will be exposed in operation to 

large electromagnetic forces and possible seismic dynamic loads.  

The bolts are manufactured from forged rods of double aged UNS N07718 (also known as 

Inconel® 718), a high strength nickel base superalloy. Stringent material specification and 

quality controls requirements apply to the threaded bolts and the other components of the GS.  

A complete break of one M85 bolt was discovered, that occurred about 40 days after its 

installation and preloading, prior to the application of any operating stress. Half of the part blew 

out from the bolthole and was found lying horizontally on the GS top area. Following the 

incident, a comprehensive failure analysis was carried out, based on a combination of non-

destructive and destructive examinations including advanced techniques such as computed 

microtomography, immersion ultrasonic testing (UT) and fracture mechanics. The delayed 

rupture was understood as due to a combination of improper steel remelting, insufficient forging 

reduction and non-optimised composition, resulting in flaws, continuous network of brittle 

secondary phases, local lack of ductility, poor impact toughness and mechanical properties 

locally lower than specified. 

As a consequence of the incident, UT procedures were developed to confirm that the remaining 

bolts, including the installed ones, are fit for purpose prior to operation. In particular, 

sufficiently conservative in-situ axial inspections allowed installed bolts that could contain 

relevant imperfections to be identified and replaced. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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E. Diagnostics 

Custom thermocouple input module for sensors on the Grounded Grid of 

SPIDER 

Matteo Brombin¹,², Bruno Laterza¹, Federico Molon¹, Tommaso Patton¹, Carlo Poggi¹, 

Roberto Pasqualotto¹,² 

¹ Consorzio RFX, (CNR, ENEA, INFN, UNIPD, Acciaierie Venete SpA), Corso Stati Uniti 4 –35127 

Padova, Italy 

² CNR- ISTP Padova, Italy 

 

In SPIDER, the prototype of the ITER HNB Ion Source (IS), where a 100 keV ion beam is 

accelerated by an electrostatic accelerator, Thermocouples (TCs) are installed on the 

components of the IS, embedded on the grids, and on the Beam Dump water cooled elements. 

These measurements are important to monitor the level and the uniformity of heat loads and to 

protect components under operating conditions that include breakdown events, expected every 

10s or even less. In particular for TCs on the Grounded Grid and for the calorimetry of the 

Beam Dump, a custom conditioning and acquisition module with isolated power supply and 

optical signal transmission has been designed and realised. This solution provides electrical 

insulation during high voltage breakdowns expected up to 20 kV. 

This paper deals with the description of the developed custom electronic front end for the 

thermocouples embedded on the Grounded Grid, its commissioning during the start of the 

operations with SPIDER and some experimental results.
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G. Plasma-facing Components 

Neutronics analysis of the nuclear loads distributions on the DEMO 

divertor Low Activation Chromium PFC concept 
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The Plasma Facing Components (PFCs) of DEMO divertor play a fundamental role for the heat 

removal and particle exhaust functions, during fusion plasma. This implies a very harsh 

operation environment characterized by the combination of complex loading and stress 

conditions, intense particles bombardment, high heat flux deposition and a significant neutron 

irradiation. Therefore, the choice of the first wall materials, as well as of the main design 

solutions, represents a crucial step for the operation and lifetime of the DEMO divertor targets. 

In this regard, one of the principal PFC designs, alternative to the ITER-like solution, under 

evaluation within the WPDIV of EUROfusion Consortium, is the Low Activation (LA) PFC 

concept. It is a very attractive configuration, especially from a nuclear point of view, thanks to 

the use of Chromium as LA armour material, thus minimizing the levels of induced activation 

by irradiation and the consequent drawbacks related to waste management. However, nuclear 

loads due to neutron irradiation can also lead to the variation of the plasma facing materials 

thermo-mechanical and physical properties, thus affecting thermo-structural performance and 

lifetime of the PFCs. Therefore, the assessment of the most impacting nuclear quantities for the 

PFC design is a pivotal aspect for DEMO divertor R&D programme and this study is fully 

devoted to the comprehension of the distributions of the main nuclear loads (radiation damage, 

He-production and nuclear heating density) on the overall divertor targets. Neutronics analyses 

have been performed with MCNP5 Monte Carlo code using both DEMO MCNP Water Cooled 

Lithium Lead (WCLL) and Helium Cooled Pebble Bed (HCPB) blanket models, with a fully-

heterogeneous representation of the divertor cassette and LA Chromium PFCs geometry to 

assess the nuclear quantities of interest in PFC. The results and implications for potential use 

of Chromium in the divertor design are reported and discussed.
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I. Fuel Cycle and Breeding Blankets 

Numerical analysis of extreme magnetoconvective phenomena in the 

WCLL blanket 

Simone Siriano¹, Alessandro Tassone¹, Lorenzo Melchiorri¹, Gianfranco Caruso¹, Pietro 

Arena² 

¹ Sapienza University of Rome, DIAEE Department, Italy 

² ENEA, C.R. Brasimone, Department of Fusion and Nuclear Safety Technology, Italy 

 

The Water-Cooled Lead-Lithium (WCLL) is one of the breeding blanket concepts currently 

being developed for implementation in the fusion reactor demonstrator DEMO. The liquid 

breeder, lead-lithium, is circulated at velocities lower than 1 mm/s to minimize 

magnetohydrodynamic (MHD) pressure losses, whereas the power extraction is delegated to 

water flowing in double-walled pipes immersed in the breeder and square channels drilled in 

the first wall. Intense and spatially varying volumetric heating combines with a strong magnetic 

field and complex geometry in generating significant temperature gradients that, in turn, cause 

the onset of a magnetoconvective flow regime which effects on blanket performances have only 

been partially explored so far. 

The aim of this study is to contribute to the numerical characterization of the 

magnetoconvective effects present in the WCLL blanket. The attention is focused on the 

elementary cell placed on the outboard equatorial plane. A realistic representation of the blanket 

geometry, derived by the most recent design iteration, is adopted featuring bounding walls of 

uneven thickness. A toroidal-poloidal magnetic field is imposed on the computational domain 

to investigate the effect of a skewed magnetic field on the magnetoconvective regime. Heat 

removal by the cooling system is simulated directly to improve the prediction of the thermal 

field. Time-dependent distribution of the temperature and velocity field is obtained by a 

transient analysis and analysed to identify potential harmful fluctuations. Particular attention is 

given to the temperature distribution in the Eurofer and at the structure/breeder interface to 

demonstrate that a safe operative temperature (<550 °C) is maintained during normal operation 

with consistent safety margins.
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D. Plasma Engineering, Plasma Control, and CODAC 

CNN disruption predictor at JET: early versus late data fusion approach 

Enrico Aymerich, Giuliana Sias, Alessandra Fanni, Fabio Pisano, Barbara Cannas, JET 

Contributors* 

Dept. of Electrical and Electronic Engineering-University of Cagliari, Cagliari, Italy 

 

In [1] a Deep-Convolutional Neural Network (CNN) is proposed as a predictor for the real-time 

detection of disruptive events at JET. The predictor exploits the ability of CNNs in learning 

relevant spatio-temporal information straight from 1D plasma profiles, avoiding hand-

engineered feature extraction procedures. In particular, the use of temperature, density, and 

radiation (from bolometer horizontal camera) profiles as input allows the CNN model to 

identify the localized destabilizing phenomena composing the disruptive chain of events. The 

CNN predictor has been trained and tested using hundreds of disruptions and regularly 

terminated discharges from 2011 to 2020 JET experiments. Although the algorithm is robust in 

the identification of the different disruptive mechanisms, the performance can be further 

improved. In particular, some false alarms were triggered because of high radiation seen by the 

central lines of sight of the bolometer horizontal camera and not correlated to the onset of any 

disruptive behavior. In this paper, the radiation profile from the bolometer vertical camera has 

been added among the predictor inputs, with the aim of discriminating between the core 

radiation due to impurity accumulations and the outboard radiation phenomena, which in some 

cases resulted to be the only responsible of the false alarms. Moreover, a new predictor 

architecture is proposed where a separate CNN encoder is trained for each plasma profile, and 

the extracted features are then concatenated prior to the fully connected layer. This allows an 

easier predictor training, avoiding the network to learn the discontinuities at the different 

diagnostic boundaries of the stacked image of plasma profiles. The advantages of the new data 

fusion approach will be discussed. Preliminary results show that the bolometer vertical camera 

profile plays a crucial role in the correct detection of, e.g., the regularly terminated pulse 

#94785, erroneously labeled in [1] as disruptive. 

 

References 

[1] E.Aymerich et.al, https://doi.org/10.1088/1741-4326/ac525e. 

 

 

* See the author list of “Overview of JET results for optimising ITER operation” by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France, 10–15 May 2021). 
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E. Diagnostics 

Antimony Hall sensors testing at DEMO relevant temperatures 
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The Hall sensors are proposed as a part of the DEMO magnetic diagnostics performing an 

absolute measurement of the steady-state magnetic field. The Hall sensors will contribute to the 

measurement of the plasma current, plasma-wall clearance, and local perturbations of the 

magnetic flux surfaces near the wall.  

The paper presents information on a new temperature and radiation resistant ceramic-metal Hall 

sensors design based on the antimony sensitive nanolayer and the TPC technology. A sensitive 

layer with a thickness in the range of tens to hundreds of nanometres is deposited on alumina 

and sapphire substrates with thick printed copper contact pads. A new test setup allowing testing 

of the sensors at high temperatures under a magnetic field up to 1 T is described. The first test 

results of the sensors at the DEMO relevant temperatures are given.   
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G. Plasma-facing Components 

CFD analysis and optimization of the DEMO WCLL central outboard 

segment bottom-cap elementary cell 
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In the design of magnetic confinement nuclear fusion power plants, the Breeding Blanket (BB) 

plays a crucial role, since it must fulfil key functions such as tritium breeding, radiation-

shielding of Vacuum Vessel (VV) and magnets and removing of the heat power generated by 

the plasma. The latter task is achieved by the First Wall (FW) and Breeding Zone (BZ) cooling 

systems, that in the Water-Cooled Lithium-Lead (WCLL) BB employs pressurized water as 

coolant. Different arrangements of BZ coolant conduits have been investigated in the recent 

past to identify an efficient layout, which could meet the structural materials (EUROFER) 

operational temperature constraint, set below 550 °C, and that could provide the optimal coolant 

outlet temperature (around 328 °C for water at 15.5 MPa). However, most of the Computational 

Fluid-Dynamic (CFD) analysis carried out until now have been focused on the equatorial 

WCLL elementary cell of the Central Outboard Segment (COB). 

The aim of this work is to broaden the analysis to other relevant locations in the blanket. An 

assessment of the design of the cooling system of the COB bottom-cap elementary BZ cell has 

been identified as the top design priority due to its different geometry and thermal loads. The 

cooling efficiency of the BZ and FW systems is investigated to assess if the coolant appropriate 

design conditions are matched and the temperature distribution in the cell is analyzed to identify 

the onset of hot spots. Different layouts of the cooling systems are proposed and compared in 

terms of thermal-hydraulics reliability. The numerical analysis of the cell is performed 

employing the commercial CFD code ANSYS CFX, which uses a three-dimensional finite 

volume model to simulate the component. Many steady-state analyses have been carried out for 

each layout, to characterize the EUROFER structures temperature field and thermal-hydraulics 

features under different boundary conditions.
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G. Plasma-facing Components 
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Wendelstein 7-X (W7-X) is the largest fusion device of the stellarator type. W7-X successfully 

completed its operation with inertially cooled test divertor unit (TDU) made of fine grain 

graphite. A set of plasma-facing components was retrieved from the W7-X vessel after OP1.2b 

campaign and analysed post mortem to provide data on the plasma-surface interactions 

processes in the complex device geometry [1]. 

The aim of this work was to: (i) determine surface modification of the material caused by the 

plasma–wall interactions (ii) study the co-deposits formed and (iii) analyse the dust particles 

found in the lower TDU horizontal target (HT) tile HM19TM400hTE2. The surface chemical 

composition and morphology were examined with the use of several microscopy methods 

including SEM, EDS, FIB, TEM and surface profilometry. The experimental results will be 

utilized for predicting carbon migration in the next campaigns. The main results are: 

• Distinct erosion zone is located in the region located close to the pumping gap, in the inner 

HT strike line position. The surface is smoothed, however small amounts of impurities were 

revealed in the shallow cavities present on the surface. 

• The area covered by a distinct deposit is located just next to the erosion zone. The main deposit 

constituents are carbon and oxygen. The deposit includes also a small amount of iron and other 

steel components. It has an amorphous structure with clearly visible sublayers. In the examined 

area, its thickness was up to 2.7 μm. 

• Two transition zones were localized: (i) on the left from the erosion zone, towards the pumping 

gap side and (ii) on the right from the region with strong re-deposition. 

• The target finger substructures located close to the outboard side do not show any evidence of 

re-deposition. 
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D. Plasma Engineering, Plasma Control, and CODAC 

SPIDER real-time data visualization tool 
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SPIDER (Source for Production of Ion of Deuterium Extracted from Radio Frequency plasma), 

has been operating in Padova since May 2018, with the aim of testing and developing the ITER-

scale radio-frequency negative ion source, of studying the beam characteristics and of verifying 

the source operation. The source produces more than 500 gigabyte per operational day. 

Extracting as much information as possible from a set of selected signals (plasma light, power 

supplies voltages and currents, cameras, tomography, beam emission spectroscopy, caesium 

oven parameters and others) during an experimental day allows a more efficient use of the 

biggest operating neutral beam source. The simultaneous visualization of signals, related to a 

pre-defined array of times of interest, provides the status of the beam and source features from 

quite different points of view. However, the time evolution of signals of interest often does not 

represent the expected format for data analysis. The experimental pulse can be divided in phases 

called 'blips', which correspond to a given experimental configuration typically lasting 40 

seconds. Blips are separated by no-plasma periods, required for moving the experiment between 

different configurations. Some punctual information is required for visualization, while derived 

information is then stored in a relational database for subsequent analysis. 

The derivation of punctual values was performed offline, with the disadvantage of not being 

able to derive results of interest during the experiment itself. The new tool derives blip-related 

information during the pulse, as soon as required data have been stored in the pulse file. The 

availability of such tool represents a big improvement in the exploitation of the scientific results 

of SPIDER that can be used in this way during the same experimental session. Furthermore 

new features are being developed regarding the addition of other signals, including secondary 

ones, and accessing the database from multiple platforms.
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G. Plasma-facing Components 
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ITER plasma-facing components are exposed to a harsh environment, including high heat loads 

and neutron irradiation during operation. The divertor plasma-facing components are 

represented by chains of the tungsten monoblocks attached around to the CuCrZr cooling tube 

with a Cu interlayer in between. The evaluation of the W/Cu joint strength under the ITER 

operational conditions is an important task for the assessment of the divertor components 

lifetime. To bond tungsten and copper, techniques such as HRP (hot radial pressing) and FAST 

(field-assisted sintering technique) are used, allowing to create a diffusion bonding between 

tungsten and copper. The aim of this work is to investigate the strength of the W/Cu joint by 

direct testing applied on the divertor monoblock.  

We developed a testing methodology and a specific sample geometry, i.e. a monoblock tensile 

sample, (see Fig.1) for evaluation of the W/Cu joint strength. The monoblock tensile samples 

are designed for an uniaxial test allowing remote manipulation to enable testing in hot cells 

after neutron irradiation, which is crucial for the assessment of the effect of the neutron 

irradiation. For validation purposes, tensile tests with standard miniaturised dog bone samples 

were performed using the prototype block-to-block joints processed by the FAST. The results 

are obtained for conventional and monoblock tensile samples. The results show good agreement 

in the evaluation of the strength of the joints. Joints are tested over a wide range of temperatures. 

The fracture surfaces and the joint interface were investigated by using scanning electron 

microscopy. The microhardness and chemical composition were characterised across the joint 

interface. Reference mechanical tests are performed on the ITER specification monoblock. 

  

Fig. 1. Left: 3D illustration of the monoblock tensile sample; right: the monoblock tensile 

sample prototype
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J. Materials Technology 

Determining the true stress and true strain curves of reduced-activation 

ferritic/martensitic steel using miniature tensile specimens 
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Reduced activation ferritic steels (RAFM) are leading structural material candidates for fusion 

DEMO. To evaluate its structural integrity, it is essential to understand the deformation 

behavior of RAFM steels especially after necking because of the significant loss of ductility by 

irradiation. The specimen widely used for neutron irradiation testing is a flat-type miniature 

tensile specimen. Because of its rectangular cross-section, the reduction of the area during 

necking is non-axially symmetric, unlike that of cylindrical specimens. Therefore, the 

evaluation of the true stress - true strain (TS-TS) relationship is not easy. This study aims to 

develop the deformation evaluation method for the flat-type specimens coupled with its 

application to irradiated materials. 

The TS-TS curve of the cylindrical specimen can be obtained by the curvature of the necking 

part with Bridgman correction. For the flat-type specimen, cross-sectional deformation was 

directly measured using a 3D profilometer in-situ. Then, the inverse finite element method 

(iFEM) was applied to analyze the TS-TS curve. This method uses the engineering stress - 

engineering strain curve as initial input and determines the optimum TS-TS by the iFEM 

iteration process. 

To evaluate the validity of the proposed methods, standard and miniature cylindrical specimens 

were first compared, demonstrating good agreement for each. With this achievement, further 

evaluation addressed the effect of specimen shape, i.e., cylindrical vs. rectangular, the effect of 

constraints such as notched specimens, and the effect of ductility difference in work-hardenable 

materials. The preliminary results also suggest comparable fits by each method. 

In this study, the developed technology was also applied to irradiated RAFM, and the capability 

of the resultant TS-TS curves will also be discussed for structural design. 
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E. Diagnostics 
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Among the challenges involved in demonstrating the commercial viability of nuclear fusion is 

guaranteeing an affordable capital cost and tritium self-sufficiency. In order to maximise the 

space for tritium breeding blanket modules, diagnostics ought to be kept at a minimum in future 

pilot reactors. Relying on high-fidelity synthetic diagnostics would then be valuable in 

assessing the diagnostic equipment beforehand, and in helping to take maximum advantage of 

the limited experimental data available during operations. 

The 3D Monte-Carlo ray-tracing code CHERAB allows the development of numerous synthetic 

spectroscopic diagnostics. Focus of the present work is the introduction of new CHERAB 

models. The forward modelling of a synthetic Dα camera in ST40, the privately-funded 

Tokamak Energy spherical tokamak, and the comparison against experimental data is chosen 

as a testbed for quality assessment. 

Starting from simple analytical models, the 2D Dα source in the poloidal plane is generated via 

subsequent adjustments of the plasma parameters informed by the output discrepancy with the 

experimental view. However, the limited plasmas in ST40 display an intrinsically-3D Dα 

emission, mostly localised around the discrete poloidal limiters on the centre column, not 

captured by any 2D source. Hence, a novel methodology is introduced in CHERAB to 

approximate the 3D non-toroidally-symmetric pattern via a piece-wise emission distribution.  

Irrespective of the geometry of the emission and size of the tokamak, the pronounced non-

homogeneity in the edge plasma emission requires a millimetric (~power fall-off length) spatial 

resolution to guarantee an accurate estimate of the peak emission. Minimising the associated 

burden via implementation of a non-uniform source sampling algorithm results in a ~10-fold 

reduction of the computational cost. 

The significantly-shortened simulation time also makes the inclusion of more sophisticated 

models affordable. Of potential appeal in view of highly-detached divertors, the thin-plasma 

approximation is dropped, and photon-plasma interactions are accounted for.
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G. Plasma-facing Components 

Advances in material phase change modelling approach for EU-DEMO 

limiter’s plasma-facing components 
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Within the EU-DEMO first wall protection framework, work on limiter plasma-facing 

component design has started under plasma disruptive events [1].  

Starting from the rationale behind the TARTIFL&TTE software [1], this companion paper 

describes the progress on the engineering modelling of the plasma-facing material phase change 

under high heat flux, with the aid of COMSOL Multiphysics software. The aim is to develop a 

reliable technique which can be used by designers for predicting how much of the solid armour 

undergoes phase change. This helps satisfy requirements for actively cooled components, such 

as at which armour depth safely locating the cooling system, and if its design can safely handle 

the heat transfer in the resulting component configuration after the disruption is extinguished. 

A few changes to the driving idea in [1] will be also highlighted.  

The Multiphysics software allows us to use a 1D model which can be extended to 2D/3D 

geometries with either uniform or non-uniform heat flux values. It also offers the capability of 

conjugated heat transfer in solids and liquids by coupling the two different domains. Although 

this Multiphysics approach is also investigated, no effort in melting layer motion modelling is 

done. Therefore, the equivalent way of validating this approach while reducing its 

computational time is working with one single solid domain, within which any liquid phase 

changes are tracked by an "apparent heat capacity method". The vapour domain is not modelled. 

The material removal due to the evaporative mass flux is modelled by means of moving mesh 

frames which push the recessing liquid interface backwards according to gas kinetics-driven 

boundary conditions. The melt pool is not removed during the transient. Mass balance 

considerations drive the liquid-to-vapour interface velocity. 
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G. Plasma-facing Components 
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Shield technologies for fusion reactors 
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The use of liquid metals as the plasma facing material in fusion power plants increases the 

component lifetime over solid materials due to the liquid metal’s self-healing properties and 

higher resilience against neutron damage. The challenges of this approach are partly of a 

fundamental physics nature: the interaction between the plasma and the liquid; and the radiation 

processes in the protecting vapour cloud that forms in front of the liquid, partly materials 

science: development of the substrate that carries the liquid metal, and partly technical: 

solutions to keep the liquid metal in place and replenish it. The LiMeS-lab project aims at taking 

this concept to the next level, by exploring the physics and technology of the substrate - liquid 

metal - plasma system in a dedicated new laboratory.  

In this contribution the conceptual design of the main components of LiMeS-lab will be 

presented. The 3D-printed substrates will be made in-house with an additive manufacturing 

device suitable for printing refractory metals and their alloys. The device utilizes a selective 

laser melting (SLM) setup with an increased operational range and flexibility to further develop 

the printing process. Subsequently the substrates will be loaded with liquid metal in a dedicated 

plasma-assisted wetting set-up before exposing them in a novel linear plasma device with 

continuous high plasma flux. This device (LiMeS-PSI) will be equipped with a superconducting 

magnet (B ≤ 1.5 T, Ø = 90 cm), high-temperature coolant (T ≤ 250 °C), a flowing liquid metal 

supply and diagnostic protection, and will be used to investigate the plasma-liquid metal 

interaction and to evaluate the performance of liquid metal component mock-ups under relevant 

exposure conditions (ne~10²⁰ m⁻³, Te~1 to 5 eV, Γ~10²⁴ m⁻²s⁻¹). Finally, post-mortem analysis 

for determination of fuel retention in the liquid metal via thermal desorption spectroscopy 

(TDS) and laser-induced breakdown spectroscopy (LIBS) will be available.
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The ITER Tokamak will include the largest superconducting magnet system ever built, with 50 

GJ of stored energy. A series of structural elements guarantee its integrity under extreme load 

and temperature conditions. Key structural components to support the superconducting magnet 

coils are the Toroidal Field Gravity Supports (TFGS), which not only must sustain the 

deadweight of the magnetic system (11000 tonnes), but also withstand large electromagnetic 

forces during operation and accelerations induced by possible seismic events. Each of the 18 

TFGS is secured to the cryostat’s base by a set of 26 heavy – gauge (M60 to M85) studs. The 

selected alloy for these fasteners is a high-strength precipitation–hardening Ni-base superalloy 

UNS N07718, featuring a suitable combination of strength and fracture toughness. An essential 

characteristic of these studs is internal soundness, which must be guaranteed thanks to a 

comprehensive volumetric non–destructive inspection by ultrasonic testing (UT). Due to the 

very stringent reliability requirements imposed on these components, the UT procedures 

gathered in industrial standards for this size of products proved to be insufficient to guarantee 

the absence of internal flaws of detrimental size. Thus, a special procedure was developed and 

tailored to inspect every single stud installed in the TFGS. This paper describes the 

implemented UT procedure to assure the internal soundness of the studs, with a focus on control 

parameters, calibration procedures, and acceptance criteria. Additionally, the results of UT 

testing obtained on a selection of studs using such procedure is presented, moreover cross-

checked by other volumetric NDE techniques such as computed microtomography to confirm 

the nature and size of imperfections. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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E. Diagnostics 
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The Collective Thomson Scattering diagnostic to be installed in ITER will provide 

measurements of plasma parameters such as the fast ion velocity distribution function. The 

diagnostic is based on the collective Thomson scattering principle. A high power (1 MW) 

microwave beam is scattered by the ions. The scattered power in different directions is collected 

by a set of mirrors and transmitted to the microwave detectors along 9 independent circular 

corrugated waveguides. The waveguides pass through the Interspace, Port Cell, Gallery, 

Assembly Building and Diagnostic building where the scattered power is detected and 

analyzed. The length of each waveguide reaches more than 100m. The diagnostic consists of a 

microwave beam generated by a Gyrotron with a probing frequency of 60 GHz and 1 MW 

power, 10 transmissions lines (1 emitter, 7 receivers, 1 for calibration, and 1 for the detection 

of background emission), front-end components such as mirrors, antennas, miter bends, 

expansion units, cooling channels, microwave electronics and data-acquisition. The diagnostic 

will be installed in the Equatorial Port 12 which is one of the ports that must be operative for 

the ITER first plasma. The design of the diagnostic is currently being developed within a 

Framework Cooperation Agreement between IO, IST and CIEMAT. Within this collaboration, 

CIEMAT is responsible, among others, for the CAD design of all components, the preliminary 

onsite assembly plan, the assembly, and installation technical specifications, the preliminary 

onsite testing and compliance plan, the Gyrotron cooling and power supplies design description, 

the RF Beam dump design description, and alignment systems. 

In this work an overview of the current design is presented. 
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E. Diagnostics 
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The COMPASS-U tokamak (R = 0.9 m, a = 0.27 m, Bt = 5 T, Ip = 2 MA) [Panek, Fus. Eng. 

Des. 123 (2017) 11-16], [Vondracek, Fus. Eng. Des. 17 (2021) 112490] is a new medium-size 

full–metal high magnetic field device with hot walls, currently under construction at IPP 

Prague. A unique combination of features of this device, such as a high temperature of the 

tokamak walls up to 500 °C, a high magnetic field connected with a high plasma density above 

1020 m-3, a high heat flux (perpendicular to divertor targets) density at the outer strike-point 

up to 90 MW/m2 in attached conditions and the proposed future use of the liquid metal divertor, 

represents strong constraints and requirements on the design of individual diagnostics 

[Weinzettl, Fus. Eng. Des. 146 (2019) 1703-1707]. Strategy and status of the development of 

the diagnostic systems for COMPASS-U are introduced in the contribution, also providing 

essential technical details. Plans for a diagnostic set for the first plasma are reviewed, reflecting 

an optimisation of this set with respect to operational phases of the device (low performance 

plasmas, strongly NBI heated plasmas at room and high temperatures) and expected scenarios 

(upper and lower single null configurations, high elongation up to 1.8 and triangularities of 0.3-

0.6). Among the diagnostics reviewed, the high-temperature compatible slow (up to 20 kHz) 

and fast (up to several MHz) inductive and non-inductive magnetic sensors (including Thick 

Printed Copper sensors and Hall probes), the sub-millimeter interferometer with an 

unambiguous channel, ECE, the interlock and overview cameras, high resolution Thomson 

scattering, radiation diagnostics (neutron diagnostics, soft and hard X-ray diagnostics, slow and 
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manipulators are mentioned.
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I. Fuel Cycle and Breeding Blankets 
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Liquid metal blanket is a dominant design option for the next step fusion devices responsible 

for harvesting energy from fusion reaction, and simultaneously producing fuel for the same 

reaction through tritium breeding. Liquid metal blankets introduce additional complexity to the 

design due to fluid motion, fluid structure interaction, and magneto hydrodynamic (MHD) 

effects arising from the motion of the conducting fluid through the magnetic field. They are 

also directly affected by the plasma heat flux and neutronic fluence. We are currently 

developing a virtual prototyping system for numerical analysis of the liquid metal blankets for 

future fusion devices. The system has a customized 3D computational fluid dynamics (CFD) 

code in its core, allowing MHD flow and conjugate heat transfer analysis in blankets fluids and 

solids. The code was successfully used before for dual coolant blanket analysis [1]. Recently 

the same code was modified to allow verified simulation of MHD flows at high Hartmann 

numbers of several thousand typical for blanket applications.  CFD code receives volumetric 

heat source distribution from the neutronic analysis based on MCNP code. In addition, direct 

tritium breeding simulation will be performed allowing optimization of the blanket 

performance. 2D axisymmetric version of neutronics code will be used for rapid optimization, 

with 3D version employed for detailed analysis. The surface heat distribution on the plasma 

facing wall will be defined by the software HEAT allowing 3D modeling of the heat flux based 

on the magnetic field distribution including gyro-orbit effects. Results of thermal analysis are 

imported into structural analysis code also include in the system. Direct import of CAD 

geometry will be used for all analysis components and as a result design option can be 

efficiently optimized. 
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The aim of this work is obtaining of experimental data on the behavior of beryllium at the 

boundary between the gaps of the tiles of the ITER first wall as a result of thermal load effect. 

Thermal loads were experimentally simulated in vacuum conditions under the influence of an 

electron beam. As a result, НР-56 beryllium was irradiated in the form of pellets with a 

diametrical gap when the temperature of beryllium surface was ~360 ° C, ~800 °C and ~1200 

°C, according to thermal simulation [1]. The number of pulses was 1, 10 and 100 with the 

duration of each pulse–500 s. 

According to the results of the conducted research, the following can be distinguished: 

- assessment of the surface profile of beryllium samples showed that there is an increase in the 

depth of the eroded layer, namely, at the edges of beryllium, which is confirmed by smoothed 

gap angles. 

- a decrease in the mass of beryllium samples irradiated in the temperature range of 800 °C – 

1200 °C consistently revealed. This tendency increases with increasing of thermal effect cycles. 

- the SEM analysis showed that the structure of the samples after testing at ~360 °C is almost 

the same as the original sample. Significant changes in the structure occurred at ~ 800 °C and 

above, which, with increasing of cycles, are expressed by merging of point voids up to 10 µm 

in size into single ones and increasing of their depth. After irradiation at ~ 1200 °С highly 

dispersed pores with a diameter of ~ 10 µm are more pronounced, which increased with an 

increasing in the number of effect cycles. 
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I. Fuel Cycle and Breeding Blankets 

A new facility for the measurement of the Sieverts-constant for PbLi with 

tritium 

Florian Priester, Robin Größle, Ion Cristescu, Nicolas Bekris 

Karlsruhe Institute of Technology (KIT), Germany 

 

We have designed and build a new setup at the Tritium Laboratory Karlsruhe (TLK) for the 

measurement of the Sieverts-constant of lithium-lead (PbLi) with tritium. To reduce the 

systematic impact of hydrogen solubility in different materials, we used aluminium and glass 

parts for the majority of the setup choosing stainless steel only where no alternatives are 

available. Combined with a careful design and layout of all internal volumes and variable buffer 

vessel sizes combined with a flexible PbLi amount of 100 g or 1000 g, the setup provides high-

sensitivity access to a broad range of possible Sieverts-constants. The symmetric layout of the 

feed and extraction side aims for both, adsorption and desorption measurements with high 

sensitivity in a wide range of Sieverts-constants mentioned in literature. 

A second key feature for a successful determination of the Sieverts-constant is the handling of 

the lithium lead. Impurities such as oxides can have a great impact on the performance of the 

facility as well as on the Sieverts-constant itself. Therefore, methods for cleaning, storage and 

transfer have to be tested and defined. 

In this contribution we will present the current status of the experiment including details on the 

design considerations. In addition, we show the efforts made to obtain best possible sample 

preparation for the lithium-lead used. This will be accompanied by an extensive series of 

commissioning measurements with hydrogen which are an absolute necessity to gain a deep 

understanding of the systematic effects of the facility prior to contamination with tritium.
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F. Magnets, Cryogenics and Electrical Systems 
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TF sliding joint of COMPASS Upgrade 
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COMPASS-U will be a new medium size, high magnetic field tokamak (R = 0.9 m, Bt = 5 T, 

Ip = 2 MA) which is currently under construction at IPP Prague in Czechia. 

Occurrence of electric breakdown inside cryostat represents a serious problem which could lead 

to extensive damage and long-term shutdown. Especially during accidents causing loss of 

insulating vacuum when vacuum levels cross the Paschen minimum. To prevent electric 

breakdown between conductive parts, all weak points must be covered with proper insulation. 

One of the most susceptible parts for arcing will be the sliding joints in TF coils that out of 

principle can not be covered with proper dielectric insulation. For this case, insulation must 

cope with cryo temperature (80 K), mutual movement of the sliding joint parts during discharge 

and be evacuable. Hence labyrinth-like insulation has been chosen as the go to solution to reach 

sufficient movement range and voltage holding capability during loss of insulating vacuum 

accidents. 

This poster presents several prototypes of labyrinth structures which were designed, assembled 

and experimentally tested at IPP Prague. Tests were performed in vacuum chamber under 

Paschen condition, i.e. in pressure range from 0.1 Pa to 10 kPa, with voltages up to 5 kV.
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COMPASS Upgrade is a new medium-sized tokamak currently being designed and built in 

Prague, Czech Republic. Its key features are high toroidal magnetic field (5 tesla) and heated 

vacuum vessel (500 °C). 

One of tokamak key components is the Support structure - massive (200 tons) stainless steel 

bolted frame, holding all the magnetic coils in place and helping them to withstand forces acting 

on them during the shot. As all the COMPASS-U coils will be cooled down to ~80 K to lower 

resistance and reach desired performance, the support structure itself must be cooled down to 

compensate for thermal expansion effects. 

To facilitate cooldown and comply with vacuum requirements (everything is enclosed in 

vacuum cryostat), we designed a support structure cooling system based on pressurized gaseous 

helium flowing through deep-drilled channels. In this contribution we therefore describe 

mechanical design of channels and associated busses / pipework, coolant distribution 

calculations and most importantly complete 3-dimensional model of heat balance and cooldown 

dynamics in the machine.
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G. Plasma-facing Components 

Upgraded Pilot-PSI: A novel research facility to study plasma material 

interaction by ion beam analysis during high flux plasma exposures 

Marc van de Pol, Hans van Eck, Richard Al, Santi Alonso van der Westen, Wim Arnoldbik, 

Serge Brons, Hennie van der Meiden, Wim Melissen, Thomas Morgan, John Scholten, Remco 

Timmer, Beata Tyburska-Pueschel, Jordy Vernimmen, Erik Vos 

Dutch Institute for Fundamental Energy Research (DIFFER), De Zaale 20, 5612 AJ Eindhoven, 
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The dynamic and steady-state Plasma Material Interaction processes during high-flux plasma 

exposure are still unknown. The new research facility Upgraded Pilot-PSI (UPP) aims to 

contribute to this research area by combining a high flux magnetized linear plasma generator 

with operando ion beam analysis. 

The UPP linear plasma generator has become operational in 2021. The plasma is generated by 

a DC cascaded arc with a 9 mm diameter nozzle, and magnetized by 3 sets of copper coils 

which generate 0.16 T on the magnetic axis. Two EH4200 roots pumps are employed to keep 

the pressure in the vacuum vessel at typically 1 Pa per slm hydrogen gas inlet, to minimize 

recombination losses. Using plasma source settings of 180 A and 1.5 slm hydrogen, 2.0 eV and 

1.03×10²⁰ m⁻³ electron temperature and density peak values have been measured by Thomson 

scattering. This corresponds to 1.16×10²⁴ m⁻²s⁻¹ and 3.77 MWm⁻² peak particle and heat flux 

on the target, as estimated from the Bohm criterion. 

1-3 MeV ⁴He and ³He ions are used for non-destructive measurement of (the plasma induced 

modification of) the material composition as a function of depth, up to several µm into the 

material. To perform these measurements during the plasma exposure is challenging because 

of (a) charge exchange interaction of the (initially) single charged beam ions with gas molecules 

on their way to the target; (b) the Lorentz force on the ions in and around the vessel and (c) 

signal noise, heat and light created by the plasma generator. These negative effects are 

minimized by an electron gas-stripper in the ion beamline, a compact electromagnet at 

approximately 20 cm from the target and by adequate shielding, insulation and cooling of the 

detectors. 

The design of UPP and the first results of the ion beam tests and measurements will be 

presented.
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SPIDER, ITER's full-size beam source at the Neutral Beam Test Facility (NBTF), has been 

operational since 2018. SPIDER's mission is to optimize the operation of the beam source in 

order to reuse SPIDER's experience on MITICA, the full-size prototype of the ITER Neutral 

Beam Injector, and in the ITER injectors. 

The exploitation of SPIDER started with short, low-performance pulses lasting up to a few 

seconds and progressed to obtain long pulses up to 3000 seconds. Furthermore, the integration 

of plant and diagnostic systems has grown over time. The amount of data collected per pulse 

provide a measure of evolution: it has gone from a few tens of Mbytes in the first campaign 

pulses to the current value of over 150 Gbytes, most of which produced by infrared and visible 

cameras. 

From the first operation onwards, the control systems have also evolved, including components 

and functions initially not foreseen or developed in a preliminary form. This includes the 

progressive integration of plant and diagnostic systems and of protection and safety functions. 

The paper initially focuses on the architecture of the SPIDER control systems, i.e. CODAS, the 

system delivering conventional control and data management, the central interlock system, 

delivering plant protection, and the central safety system delivering people and environment 

safety. Since we developed all systems following the ITER guidelines for implementing control 

systems, the integrated SPIDER control, interlock and safety systems may provide an 

interesting example for developers of ITER plant systems. 

The paper then describes how the top-down definition and implementation of operating states 

and operational scenarios provides the framework for the integration of control, interlock and 

safety systems and the basic elements for successful operation. 

Finally, the paper reports the lesson learned during these years of operation with particular 

attention to the progressive, continuous evolution and recommissioning of systems.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 376 

P-1.242 Poster 

G. Plasma-facing Components 

Properties and prospects of bulk W₂C-reinforced W with DBTT at 200 °C 
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³ Dpto. de Ciencia de Materiales-CIME, Universidad Politécnica de Madrid, Spain 

⁴ Institute for Energy and Climate Reseach, Forschungszentrum Juelich GmbH, Juelich, Germany 

 

Tungsten is considered the material of choice for the divertor application of fusion power plants 

due to its intrinsic thermo-physical properties. However, its bulk DBTT temperature and the 

reduction of its mechanical properties at elevated temperatures are governing research in a quest 

for its improvement. This work aims to improve the tungsten's properties to sustain plasma-

facing conditions in the divertor. Among the available options, we selected the reinforcement 

of tungsten with carbide nanoparticles (W₂C), wherein the reinforcement should not chemically 

react with the matrix. 

Carbide particles in W-W₂C composite were formed in-situ during the thermal treatment of 

powder mixture consisting of W and WC particles (4 at % of carbon in the form of WC 

nanoparticles, sample denoted as W-4WC) with a field assisted sintering technique (FAST). 

Only two phases were detected in the sintered composites, namely cubic W and hexagonal 

W2C. Microstructural analysis revealed isotropic material in which W₂C inclusions are 

positioned at the tungsten’s grain boundaries. In addition to the microstructural and phase 

analysis, thermo-mechanical properties at room and elevated temperature and high-heat-flux 

tests were carried out. Thermo-mechanical properties measured up to 1000 °C revealed the 

materials' DBTT is at 200 °C. With the satisfying thermal conductivity, which does not drop 

below 100 W/m K at elevated temperatures (up to 1000 °C), and promising HHFT behaviour 

in PSI-2, this composite makes an interesting alternative to the pure tungsten. 
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G. Plasma-facing Components 

Design and development of functionally graded tungsten-copper interlayers 

for fusion divertor targets 
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Tungsten is a prime candidate for the divertor armour due to its (i) thermal-mechanical 

properties, for example high melting point and thermal conductivity, as well as (ii) plasma-

induced effects such as high resistance against erosion, low tritium retention and low activation. 

To dissipate extreme heat loads from the armour, high conductivity copper alloys are commonly 

used as heat sinks and joined to the armour. Such copper alloys, including CuCrZr and GlidCop, 

and in fact most engineering materials have coefficients of thermal expansion higher than that 

of refractory metals, which give rise to stresses that are frequently above yield. This   presents 

a significant challenge in joint integrity with cyclic thermal loading, especially for flat-tile type 

divertors. Stresses at the joints may be mitigated by means of an interlayer that has a 

characteristic thermal expansion coefficient intermediate of the two materials. Advances in 

powder metallurgical approaches offer the opportunity to functionally grade a strain 

management interlayer that could offer considerable improvement in component lifetime over 

conventional brazed copper interlayers. In this study, several interlayer designs and novel 

methods of manufacture are explored. Representative joints produced were benchmarked using 

thermal cycling tests at 16 MW/m² for 500 cycles without failure. Mechanical and thermal 

properties were also characterised. The results demonstrate promising results for the 

development of highly graded compliance layers that can enhance divertor power handling in 

future tokamaks, as well as preventing cracks between joints of adjoining materials having 

discrepant thermal expansion behaviours subject to thermal cycling.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 378 

P-1.244 Poster 

I. Fuel Cycle and Breeding Blankets 

Development of a coupling technique between RELAP5 and SIMMER-IV 

for fusion reactor applications 
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A critical problem in the Water-Cooled Lead-Lithium Breeding Blanket system (WCLL-BB) 

is the possible interaction between the water and the Lithium-Lead eutectic alloy - which act 

respectively as primary coolant and as breeder/neutron multiplier - due to a postulated rupture 

of the coolant circuit in the Breeding Unit of the BB. This scenario involves a complex 

multiphase interaction together with an exothermal chemical reaction between the two fluids 

with the production of hydrogen. 

The PbLi/water chemical reaction was implemented in SIMMER-IV code by the University of 

Pisa and, consequently, a coupling methodology was successfully developed between 

SIMMER-IV and RELAP5/Mod3.3 codes, in order to overcome SIMMER unsuitability in the 

simulations of complex pipelines.    

This paper presents an application of the coupling methodology to the simulation of 

experimental tests, recently performed at ENEA inside the experimental campaign carried out 

with the LIFUS5/Mod3 facility at the ENEA Brasimone Research Centre. The injection line of 

the facility is simulated by RELAP5/Mod3.3, whilst the reaction vessel is simulated with 

SIMMER-IV.  

Results of different simulations are presented and compared against experimental data, 

providing both qualitative and quantitative evaluations of the performance of the coupling 

methodology in the prediction of the chemical and thermal-hydraulic phenomena involved in 

the experiments, such as the fast pressurisation of the injection line and the pressurisation of 

the reaction vessel, the energy release due to the chemical reaction and the propagation of 

pressure waves inside the reaction vessel.
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The EU-DEMO must demonstrate the possibility to generate electricity through nuclear fusion 

reactions. Moreover, it must denote the necessary technologies to control a powerful plasma 

with adequate availability and to meet the safety requirements required by the nuclear licensing. 

From the safety perspective, the main advantages of nuclear fusion over fission are the absence 

of long-lived fission products and the impossibility to experience super-criticality hazards. 

However, the extensive radioactive materials inventory, the complexity of the plant, and the 

presence of huge energies require a rigorous safety approach to fully realize fusion’s power 

environmental advantages. DEMO safety requirements aim to protect the public against the 

environmental release of radioactivity from the facility during normal operation and accidental 

conditions and minimize the workers' radiation exposure. At the same time, safety systems shall 

be designed to mitigate the impact of accident scenarios leading to the release of radioactive 

materials from the facility. 

The tokamak building barrier design must address two main issues: radioactive mass transport 

hazards and energy-related or pressure/vacuum hazards. Safety studies are performed in the 

frame of the EUROfusion Safety And Environment (SAE) work package to support design 

improvement and evaluate the thermal-hydraulic behavior of confinement building 

environments during accident conditions in addition to source term mobilization.  

This paper focuses on the development of a thermal-hydraulic model of the EU-DEMO 

Tokamak building using MELCOR v.1.8.6 for fusion. The model includes a detailed 

nodalization of the main building compartments and galleries. An attempt to model the Heat 

Ventilation and Air Conditioning (HVAC) system and Vent Detritiation (VD) system is made 

too. A preliminary analysis of a Loss Of Coolant Accident (LB-LOCA) is studied investigating 

tokamak building pressurization, source term mobilization, and radiological release toward 

galleries and environment. 
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prepare the assembly on site 

Cyril Brun¹, Patrick Decool¹, Clement Nguyen Than Dao¹, Antoine Jonas¹, Thierry Schild², 

Carl Cormany², Travis Reagan³, David Vandergriff³ 

¹ CEA, IRFM, F-13108 Saint-Paul-lez-Durance, France 

² ITER Organization, Route de Vinon sur Verdon, CS 90 046 - 13067 St. Paul lez Durance Cedex, 

France 

³ Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831, USA 

 

The Central Solenoid (CS) is a key element of the ITER Magnet system, including six identical 

coils, called modules, assembled together to form a 4 m outer diameter, 13 m high solenoid.  It 

is a superconducting magnet, with a peak field up to 13 T. The magnet is enclosed inside a steel 

structure providing vertical pre-compression and mechanical support. The target CS pre-

compression is 210 MN realized by the tightening of 45 Multi Jack Tensioners (MJTs) divided 

in 9 sectors. Procurement of the components and the procedures of the ITER CS is the 

responsibility of the USA Domestic Agency (USDA), while the ITER Organization (IO) will 

carry out the assembly of these components.  

IO signed in 2018 a collaboration agreement with CEA/IRFM to implement the pre-

compression procedure proposed by the USDA using a dedicated mock-up with the main 

objectives:  

- Simulate the all modules stack rigidity with Spring plates; 

- Characterize the young’s modulus of one CS section module; 

- Validate the technical procedures proposed 

- Estimate the time impact to accomplish the CS pre-compression process in accordance to the 

complete ITER Tokamak assembly. 

The CS mock-up Pre-compression Verification (CSPV) uses a 1/9 segment of the overall CS 

with a mix of ITER Tokamak and mock-up components. The target load of the mock-up is 23.3 

MN to be in accordance with the overall CS pre-compression load value. 

This paper presents the CSPV mock-up activities, the challenges encountered and the results 

gained.   

As a conclusion, the tightening process is highlighted to estimate its applicability for the ITER 

CS assembly in term of technical and organisational aspects. 
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Understanding the tritium cycle in a tokamak is a key aspect for the good operation of a fusion 

reactor. In this cycle, tritium circulation in a breeding blanket is fundamental. To anticipate this 

aspect, one can rely on hydrogen transport modelling in order to estimate the tritium inventory 

in the breeding blanket as well as the lost of tritium via permeation through the cooling pipe of 

the system. 

In this contribution, tritium transport is simulated in the Water-Cooled Lithium Lead (WCLL) 

breeding blanket with the Finite Element code FESTIM [1]. Our previous study focused on 

such simulations with native traps inside the Eurofer structure and W first wall [2]. Here, we 

study the effect of neutron created traps in both materials. A trap creation model has been 

developed to emulate the effects of radiation damage caused by a neutron flux from the fusion 

plasma. For this we utilised parameters which include neutron damage in dpa, trap site densities, 

probability of trap creation dependant on damage and saturation concentrations. Additionally, 

a temperature-dependent trap density is implemented into the new model to represent annealing 

effects likely observed in operating conditions. Tritium inventories in structural materials and 

permeation fluxes into cooling channels have been evaluated and the influence of neutron-

induced trap creation is highlighted. Parametric studies were conducted on each of the 

highlighted model’s parameters to investigate potential repercussions on WCLL breeding 

blanket performance. Finally, it is evaluated that neutron damage may increase tritium 

inventories and delay permeation into cooling channels. 
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Fusion power plants will indispensably be required to generate the tritium they consume as fuel.  

Several concepts have been proposed for tritium breeding blankets, yet nearly all are at very 

low technology readiness levels. Tritium production from flowing molten PbLi eutectic is one 

such blanket concept of interest. Theoretical studies show that PbLi can produce an adequate 

tritium breeding ratio to maintain plant self-sufficiency. However, the low tritium solubility of 

PbLi drives tritium permeation through structural materials resulting in permeation loss and 

safety concerns. A highly efficient extraction system is vital to the safe implementation of PbLi 

breeder concepts without the dependence on tritium permeation barrier technology. The Tritium 

Extraction eXperiment (TEX) is a forced convection PbLi loop to ultimately test the tritium 

extraction efficiency from molten PbLi. The vacuum permeator will be the primary extraction 

technology considered. A vacuum permeator consists of a metallic membrane configured as a 

mass exchanger where tritium diffuses through the membranes from a high concentration in the 

PbLi to low concentration established by vacuum pumping. Group V metals (V, Nb, and Ta) 

are the generally favored candidate membrane materials due to their excellent compatibility 

with PbLi and high tritium permeability. Other metals, such as alpha-Fe, may also be considered 

due to lower affinity for nonmetal impurity uptake compared to the group V metals, high tritium 

diffusivity, and low tritium solubility. TEX was designed and constructed, as part of the U.S. 

Blanket and Fuel Cycle program, to be a versatile loop capable of testing tritium extraction 

concepts with a wide variety of geometries and material compositions. The major components 

of TEX include a supply tank, moving magnet pump, reverse permeator for tritium introduction, 

tritium extraction and analysis section, and a gas plenum. The as-built design of TEX and the 

plan for initial experiments are presented.
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With very high upper critical magnetic field (Hc2) and critical current density (Jc), 

Bi2Sr2CaCu2Ox (Bi-2212) is one of the most prom-ising materials for high-field applications. 

Bi-2212 Cable-in-Conduit Conductor (CICC) is considered to be used in Central Solenoid (CS) 

of Chinese Fusion Engineering Test Reactor (CFETR). Experimental researches on Bi-2212 

cables with pre-over pressure and over pressure heat treatment have been carried out at the 

Institute of Plasma Physics, Chinese Academy of Sciences. The technology of precise 

temperature control of samples immersed in liquid Helium and sample current control 

technology are under development to update the test facility for conductor current-sharing 

temperature (Tcs) measurement. The precise temperature control technology and first Tcs 

assessment of Bi-2212 CICC with pre-over pressure heat treatment will be described in detail 

in the manuscript.
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Eighteen resistive wall mode control coils (RWMCs) will be installed in the vacuum vessel of 

JT-60SA to achieve steady-state high beta plasma and also to clarify stabilization mechanism 

of RWM to be extrapolated toward ITER and DEMO.  The specification of RWMC was decided 

and evaluated with VALEN simulation and FEM analysis.  200 °C baking of vacuum vessel on 

JT-60SA is performed to remove impurities in the plasma facing components.  Therefore, in-

vessel components must be made with heat-resistant materials such as metal and ceramic or 

must be cooled with water.  JT-60SA has three types of in-vessel coils.  Two coils except for 

RWMC are cooled with water because their insulators do not have heat resistance and the coils 

have the enough space for the spring type pedestals between the coil and vacuum vessel wall to 

absorb the thermal expansion difference between them.  However, RWMC cannot employ the 

spring type pedestals because RWMCs are installed at the very small space surrounded by the 

carbon tyle, heat-sink and stabilizing wall.  Therefore, RWMC needs the heat-resistant 

insulator.  Two types of RWMC were designed sufficient to the specification.  One consists of 

two-turn Mineral insulated cable (MIC) and the other consists of eight-turn cable with organic 

insulator.  First, we had adopted the coil with MIC because we could not find the organic 

insulator resisting the high temperature of 200 °C for 40000 hours during baking of JT-60SA 

lifetime.  We adopted the eight turn RWMC with organic insulator after we found the high heat-

resistant organic insulator from our heat resistant test because the current of the RWMC can be 

reduced almost one forth.   

For design of RWMC the FEM analysis of electromagnetic force during disruption and thermal 

stress during baking and operation were performed.  Manufacturing of the RWMC has launched 

last year.
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J. Materials Technology 

New insights into the role of grain boundaries for tritium retention in high-

dose neutron irradiated beryllium 

Nikolai Zimber¹, Pavel Vladimirov¹, Michael Duerrschnabel¹, Michael Klimenkov¹, Judith 

Lammer², Slava Kuksenko³ 

¹ Karlsruhe Institute of Technology, IAM-AWP, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-

Leopoldshafen, Germany 

² FELMI & ZFE, Steyrergasse 17, 8010 Graz, Austria 

³ Culham Science Centre, United Kingdom 

 

Beryllium is considered as an effective neutron multiplier for the Helium-Cooled Pebble-Bed 

(HCPB). Accumulation of tritium within 390 tons of Be required for DEMO could imply safety 

and waste processing issues. To assess the tritium inventory, this work presents new insights 

into the role of grain boundaries for tritium retention based on a simple model, and TEM studies 

of beryllium after the irradiation program HIDOBE-02. The investigated beryllium samples 

were irradiated up to 34 dpa, 5500 appm He and 600 appm H at 387 °C, 480 °C and 600 °C.  

Our EELS results suggest that hydrogen is strongly trapped at the (0001) bubble walls and not 

in a gaseous state. In addition to hydrogen we also found Al, Si and Mg at the beryllium-bubble-

interfaces using EDX. The strong attraction of these elements to the (0001) surfaces is 

underlined with ab-initio calculations. With subsequently performed in-situ TEM heating 

experiments we reveal that hydrogen can desorb from the bubble walls at T ≥ 400 °C if the 

helium content is reduced by cutting bubbles with the electron-beam prior to the heating 

procedure. Based on our results we postulate the formation of a complex-hydride at the inner 

bubble walls which consists of up to five elements and has a decomposition temperature of T ≥ 

400 °C. 

Using a simple self-developed theoretical model we show that all tritium which is produced and 

already released during irradiation originates from the area of later bubble denuded zones 

around grain boundaries. The formation of precipitation-bubble-pairs in the immediate vicinity 

of these regions presumably prevents the release of larger amounts at temperatures ≤ 500 °C, 

as they act as additional tritium traps. The presented model can be used in the future to estimate 

the tritium retention in irradiated samples using a small number of easily determined 

experimental parameters.
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B. Experimental Devices and Facilities for Fusion Research 

Temperature swing method for vapor capture on zeolite 5A in coolant 

purification system 

Changwook Shin¹, Seok-Kwon Son², Youngmin Lee², Suk-Kwon Kim¹, Hyung Gon Jin¹, 

Dong Won Lee¹, Mu-Young Ahn² 

¹ KAERI, South Korea 

² KFE, South Korea 

 

The breeding blanket system breeds tritium for the fuel and the heat of the system is removed 

by helium cooling system (HCS) in the fusion reactor. Coolant purification system (CPS) is one 

of ancillary systems, which removes the tritium and impurities from the coolant so that level of 

the tritium and impurity in HCS remains within the design requirement. CPS consists of an 

oxidation bed that oxidizes Q2 and CO to Q2O and CO2, respectively, a molecular sieve bed 

(MSB) that adsorbs oxidized Q2O, a reduction bed that reduces Q2O back to Q2, and a heated 

getter that removes other impurities. Among them, MSB filled with zeolite molecular sieve has 

excellent vapor adsorption at room temperature, and is used semi-permanently by repeating 

adsorption and regeneration through the pressure-temperature swing adsorption (PTSA) 

process. In this research, an experimental study on the vapor adsorption and desorption of MSB 

was conducted with RAVAD (Research Apparatus for Vapor Adsorption and Desorption). The 

purpose of this study is to identify the adsorption and desorption characteristics of MSB in 

various geometries and operation conditions of vapor concentration and flow rate, and to verify 

the performance. The experimental results were analyzed by applying the BDST model. 

Through such analysis, real-scale operating conditions could be predicted from the scale-

downed test results, and could be used for code validation of CPS systems in the future.
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B. Experimental Devices and Facilities for Fusion Research 

Experimental investigation of toroidal eddy current on the in-vessel 

conducting structures during disruptions in the KSTAR tokamak 

Jun Gyo Bak, Heung Su Kim, Sang Hee Hahn, Jay Hyun Kim, Jeong Won Lee, the KSTAR 

Team 

Korea Institute of Fusion Energy (KFE), Daejeon, South Korea 

 

Toroidal eddy current I_eddy induced on the in-vessel conducting structures used for the plasma 

facing component (PFC) between plasma boundary and the wall during a plasma disruption in 

the KSTAR tokamak can be evaluated by subtracting the sum of local poloidal magnetic field 

measurements at the PFC from plasma current measured with a Rogowski coil (RC) mounted 

on the wall because the eddy current during the disruption is inevitably included in the RC 

measurement. Thus, the current quench (CQ) time, which has previously been overestimated 

from the RC measurement, is also more accurately obtained in the evaluation of I_eddy, and its 

value is 2.8 +/- 1.2 ms for plasma current I_p = 0.3 – 1.1 MA. From the experimental 

investigations on I_eddy, it is found that the peaked value of I_eddy depends upon the CQ rate 

such as 0.42 MA and 0.31 MA for 338.4 MA/s and 161.5 MA/s, respectively. It is observed 

that the decay time of I_eddy for the disruption at the low field side (LFS) is slower than that 

for the disruption at the high field side (HFS) such as 34.4 ms and 29.3 ms for the LFS and HFS 

disruptions, respectively. The eddy currents on the passive stabilizer, as one of the PFC, in the 

counter-I_p direction are detected during vertical displacement events (VDEs) before the CQ 

and its magnitude linearly correlates with the vertical growth rate of the VDE. In this work, the 

results from the experimental investigations on the eddy currents, which are needed for the 

study of the electromagnetic force on the PFCs due to the eddy current as one of the critical 

issues on the machine safety for higher operational conditions such as I_p (> 1.0 MA) and the 

toroidal field B_T (~3.0T) in the KSTAR, will be presented.
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B. Experimental Devices and Facilities for Fusion Research 

Experimental study on drainage and drying process of the EAST divertor 

based on self-designed drying test platform 

Weibao Li, Junling Chen, Lei Yang, Bin Guo, Lili Zhu 

Institute of Plasma Physics, HFIPS, Chinese Academy of Sciences, Hefei 230031, China 

 

In the maintenance mode of the Experimental Advanced Superconducting Tokamak (EAST), 

water in the divertor cooling channel needs be drained to avoid the possible divertor damage. 

However, the divertor and its pipeline are hidden inside the device, so the key parameters cannot 

be measured during the drainage and drying process of divertor. In this paper, the drying test 

platform of the divertor was newly developed to predict the critical differential pressure for 

complete drying of the divertor. The experimental results indicated that as low as 8.3 kPa of the 

pressure difference between the inlet and outlet of the divertor can ensure the water effectively 

blown out. But compared with the previous numerical simulation results, there is a certain error 

in the critical pressure difference. After error analysis, the error within the acceptable range is 

5%. Therefore, this work can not only provide reliable boundary of critical differential pressure 

for the drainage and drying design of the plasma-facing components (PFCs), but also provide 

experimental basis for the research of Tokamak drainage and drying system in the future.
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E. Diagnostics 

Construction of cooled immersion tubes for divertor bolometry in 

Wendelstein 7-X 

Jacob Ruhnau, Christoph von Sehren, Ralph Laube, Felix Reimold, Torsten Broszat, the W7-

X Team 

Max-Planck-Institut für Plasmaphysik, 17491 Greifswald, Germany 

 

After the successful OP1.2b experimental campaign Wendelstein 7-X was upgraded for steady-

state operation. Heat management in steady-state requires active water-cooling of the divertor 

the various immersion tubes for diagnostics. The active cooling enables continuous pulse 

operation over 100s and with 1GJ energy and provides a temperature-stable environment for 

diagnostics. Two new, actively cooled divertor bolometer immersion tubes (IT), have been 

designed and manufactured for W7-X. By installing the two opposing IT in the same module, 

a poloidal plasma cross-section is covered, which allows tomographic reconstructions of the 

plasma radiation. Furthermore, two camera housings, each with 5 or 7 detector heads, are built 

into each IT. 

One focus of the design was the suppression of Electron Cyclotron Resonance Heating (ECRH) 

stray-radiation in the diagnostic. This was realized with a welded sheet metal shell. In addition, 

a shutter system was installed for each IT to protect the camera from ECRH-radiation and to 

prevent contamination from dust and boronization. In the design of the cooling channel, the 

limited temperature stability in cooling circuit played an important role. Therefore, very 

complex components had to be invented leading to difficulties in conventional production.  

The successful installation of cooled IT and their connection to the main cooling circuit showed 

stabilized temperature in the camera housing and a well-designed thermal management. Due to 

the high complexity of the cooling system selective laser melting might be an improvement for 

future experiments. Herein, the welding distortion has to be considered to guarantee an accurate 

positioning of detector heads to the accomplished surfaces. Furthermore, the detector heads 

should be optimized to prevent destruction in the construction due to embedding and pressing. 

Especially the PEEK sleeve that serves as insulation for the gold pins need to be re-designed.
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C. Plasma Heating and Current Drive 

The Engineering Design of Half Size RF Negative Ion Source for CRAFT-

NNBI 

Yuming Gu, Yahong Xie, Jianglong Wei, Jun Li, Lizhen Liang, Yongjian Xu, Caichao Jiang, 

Yuanlai Xie, Chundong Hu 

Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, 230031, China 

 

The comprehensive research facility for fusion technology (CRAFT) full-scale radio frequency 

(RF) negative ion source plasma generator is composed of four drivers arranged in a straight 

line. ASIPP has completed the processing and manufacturing of the quarter-size negative ion 

source and the assembly of the corresponding test platform, entering the experimental 

debugging stage. This source has only one driver, making it impossible to research radio 

frequency interference and large-area plasma uniformity when multiple drivers work together. 

Therefore, a half-size negative ion source with dual drivers is developed in this study. The half-

size negative ion source with dual drivers is used as a module after being successfully 

developed. Two half-size negative ion sources are assembled after the improvement to complete 

the overall design of the full-size negative ion source. It is of great significance to the entire 

beam source project. The structure design, structure finite element analysis, and key component 

manufacturing process of the half-size negative ion source are majorly introduced in this paper.
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G. Plasma-facing Components 

Investigation of Joining Quality in Tungsten and Copper Alloy Joints using 

Spark Plasma Sintering for Plasma Facing Materials 

Takanori Murase¹, Tomohiro Morisaki¹, Yuta Takahashi², Yohei Nakajima², Satoshi 

Watanabe² 

¹ National Institute for Fusion Science, Japan 

² TOHO KINZOKU CO., LTD, Japan 

 

A junction of tungsten (W) and chromium zirconium copper (CuCrZr) was fabricated for a 

plasma facing material in fusion devices. These two materials were bonded using the proposed 

spark plasma sintering (SPS) method. In this study, hydrogen gas, which is used in powder 

metallurgy technology, was applied as the atmosphere gas for the SPS process to effectively 

suppress the oxidation of W, which reduces the bonding strength of the materials. In addition, 

a powdered mixture of W and Cu was inserted between W and CuCrZr as an intermediate layer 

to alleviate the thermal stress at the bonding interface caused by the difference in the thermal 

expansion coefficients of W and CuCrZr. Bonding quality was investigated through 

measurements to evaluate bonding state after the SPS process, such as density measurements, 

scanning electron microscopy, and elemental mapping images. The results showed that the 

thermal stress relaxation layer of the W-Cu mixture powder was sufficiently dense. It was also 

shown that hydrogen gas used as an atmosphere gas in the SPS process works effectively, 

contributing to a six-fold increase in bonding strength compared to air used as an atmosphere 

gas. The bonding mechanism of the SPS process in this study is also discussed. The proposed 

method will be useful for the rapid and efficient production of dissimilar metal bonding 

materials in divertors in magnetic confinement plasma experimental devices.
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E. Diagnostics 

Performance analysis of plasma current and vessel currents diagnostics 

planned for COMPASS-U 

Ekaterina Matveeva, Tomas Markovic, Andre Torres, Karel Kovarik, Vojtech Balner, 

Vladimir Weinzettl, Ivan Duran 

Institute of Plasma Physics of Academy of Sciences of the Czech Republic, Za Slovankou 3, 182 00 

Prague 8, Czech Republic 

 

Accurate knowledge of plasma current (Ip) is crucial for tokamak operation and for studies of 

disruptions. Vessel currents measurement allows to determine electromagnetic forces acting on 

the vacuum vessel. 

For Ip measurement at COMPASS-U a segmented Rogowski coil, encircling the inside of the 

vacuum vessel in poloidal direction as four large segments will be used. Effect of the 

segmentation is considered in simulations. A set of 21 Internal Partial Rogowski (IPR) coils 

will be installed toroidally opposite to measure the local poloidal magnetic fields and as a 

backup of Ip diagnostic. Ip measurement accuracy for both sensor sets was evaluated for the 

standard operation and for disruptions. The eddy currents in the passive stabilizing plates and 

in the vacuum vessel, as well as the effect of coupling with poloidal field coils were taken into 

account.  

During disruptions, poloidal and toroidal vessel currents are induced as well as halo currents. 

Possibility of measurement of the local toroidal vessel currents distribution via pairing of the 

IPRs with the External Partial Rogowski coils is discussed, with the currents modelled by 

CarMa0N.  

The poloidal halo current on central column will be detected by a segmented Rogowski coils 

installed around the structure. It is shown how the segmentation of the coil affects accuracy of 

the halo current magnitude measurement. The coil can be used for a Toroidal Peaking Factor 

(TPF) determination. A relation between the sample halo current TPF and simulated 

measurements by Rogowski coil is presented. An optimal segmentation of the Rogowski coil 

is proposed based on the TPF and spatial constraints of the vacuum vessel.  

Direct measurements of halo currents will be provided by shunts embedded behind the plasma 

phasing components. The halo shunts positions and dimensions are analyzed with respect to the 

halo current magnitudes and possibilities of the TPF detection.
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I. Fuel Cycle and Breeding Blankets 

Design and integration of the EU-DEMO Water-Cooled Lead Lithium 

Breeding Blanket 

Pietro Arena¹, Gaetano Bongiovì², Ilenia Catanzaro², Pietro Alessandro Di Maio², Fabio 

Giannetti³, Vito Imbriani⁴, Fabio Moro⁵, Rocco Mozzillo⁶, Simone Noce⁷, Laura Savoldi⁸, 

Alessandro Tassone³, Marco Utili¹, Alessandro Del Nevo¹ 
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(BO), Italy 
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⁶ CREATE, Engineering School of Basilicata University, 85100 Potenza, Italy 

⁷ Industrial Engineering Department, University of Rome Tor Vergata, 00133 Rome, Italy 

⁸ MAHTEP Group, Dipartimento Energia "Galileo Ferraris", Politecnico di Torino, 10129 Turin, 

Italy 

 

The Water-Cooled Lead Lithium Breeding Blanket (WCLL BB) is one of the two BB concepts 

candidate to be chosen as the driver blanket of the EU-DEMO fusion reactor. Research 

activities carried out in the last decade, under the umbrella of EUROfusion consortium, have 

allowed a quite advanced reactor architecture to be achieved. Moreover, significant efforts have 

been done in order to develop the WCLL BB pre-conceptual design following a holistic 

approach, identifying interfaces between components and systems while respecting a system 

engineering approach.  

This paper reports a description of the current WCLL BB architecture, focusing on the last 

modifications in the BB reference layout aimed at evolving the design from its pre-conceptual 

version into a robust conceptual layout. In particular, the main rationale behind design choices 

and the BB overall performances are highlighted. Moreover, preliminary results on an 

alternative WCLL BB layout, mainly based on the adoption of poloidal Cooling Plates, will be 

reported and discussed as well.  

The present paper gives also an overview on the integration between the BB and the different 

in-vessel systems interacting with it. In particular, interfaces with the Tritium Extraction and 

Removal system (TER) and the Primary Heat Transfer System (PHTS) will be described. 

Attention will be also paid to auxiliary systems devoted to heat the plasma, like the Electron 

Cyclotron Heating (ECH). Indeed, the integration of this system in the BB will strongly impact 

the segment design, since it envisages the introduction of significant cut-outs in the BB layout. 

A preliminary thermo-mechanical analysis will be therefore performed in order to assess the 

structural behaviour of the impacted segment. 

The chosen modelling strategy, adopted loads and boundary conditions, as well as the obtained 

results are reported in the paper and critically discussed.
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E. Diagnostics 

The line integrated density measurement by using a frequency modulation 

refractometer 

Seong-Heon Seo 

National Fusion Research Institute, South Korea 

 

Frequency modulated continuous wave (FMCW) reflectometer has been widely used to 

measure the plasma density profile by launching linearly frequency modulated microwave into 

the plasma and measuring the group delay of the microwave reflected at the cutoff density. For 

a certain frequency range, the microwave just passes through the plasma and reflects back from 

the vacuum inner wall. By analyzing the phase information of the passing-through microwave, 

the line integrated density can be obtained. The reflectometer operated in this particular regime 

is called refractometer. In the case that the microwave frequency is much higher than the plasma 

frequency, the line integrated density is directly given by the group delay. For the frequency 

range slightly higher than the plasma frequency, the refractometry measurements are dependent 

not only on the line integrated density but also on the details of the plasma density profile and 

the magnetic field intensity. It is analytically shown that the group delay can be expanded as a 

Taylor series of squared inverse frequencies. The coefficients of the Taylor series correspond 

to the moments of line integrated density. Therefore, the line integrated density can be obtained 

by polynomial fitting the group delay as a function of squared inverse frequencies even in the 

case that the microwave frequency is compatible with the plasma frequency. This is confirmed 

by simulating the response of the refractometer for the various density profiles. This method 

works without assumption of a particular shaped plasma. The experimental measurements are 

also compared with the interferometry measurements in the KSTAR tokamak.
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G. Plasma-facing Components 

Eurofusion - DEMO Divertor – Cost Estimate 

Ugo Bonavolontà¹, Giuseppe Mazzone², Domenico Marzullo³, Stefano La Rovere¹, Michele 
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The end of the "pre-conceptual design phase" of the DEMO divertor allows to elaborate a 

preliminary study in the costs of the system. The aim of the activity is to define a global 

manufacturing strategy of the divertor model and a procedure about cost estimate; it was 

developed in the last years and implemented the results on the 2020 CAD model. In the final 

cost the following main aspects have been evaluated, for each divertor components (Cassette 

Body, Shielding Liners, Reflector Plates and Plasma Facing Components): the material costs, 

cutting operations, welding operations and heat treatment considering both machines and 

operators costs. The procedure and the results obtained allow to define a preliminary cost 

estimate procedure that will be improved in the coming years, improving the computation 

strategy and including new information to reduce the error margin. The results have been 

compared with ITER and DTT data.
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H. Vessel/in-vessel Engineering and Remote Handling 

Neutronic activity for development of the promising alternative water-

cooled DEMO concepts 

Pavel Pereslavtsev¹, Jin Hun Park¹, Francisco A. Hernandez¹, Gandolfo Alessandro 

Spagnuolo², Ivo Moscato² 

¹ Karlsruhe Institute of Technology, Germany 

² EUROFUSION Programme Management Unit, Fusion Technology Department - DEMO Central 

Team, Germany 

 

The breeder blanket (BB) development activity within the Plant System Design Division in 

EUROfusion is focused primarily on the demonstration of the technical matureness of the 

technological solutions used to fulfil the main design DEMO requirements: sufficient tritium 

production and reliable energy generation in BBs. Therefore, the research efforts are aimed at 

increasing the blanket performance and safety. To this end, an alternative and promising design 

concept WCLL-db (WCLL double-bundle) was elaborated that can potentially provide more 

rational use of the blanket volume for tritium and power generations compared to the reference 

WCLL design. 

The hybrid WLCB (Water cooled liquid Lead Ceramic Breeder) concept of the solid breeder 

blanket introduces a blanket system combining three well-known materials: 1) the breeder 

ceramic for the tritium breeding, 2) liquid lead for neutron multiplication and 3) water for a 

structure cooling. This concept represents a trial to replace a very expensive and relatively 

scarce Be neutron multiplier used in the HCPB breeder blanket concept with a widely abundant 

and inexpensive Pb. 

The CAD geometry models of both blankets include all essential elements affecting particle 

transport simulations and providing finally high fidelity nuclear responses. An automated 

procedure was utilized to perform the CAD to the MCNP geometry conversions.  

The neutronic simulations were performed making use of the MCNP6.2 code with nuclear data 

from the JEFF-3.3 library. The most essential nuclear responses, TBR, nuclear power densities 

in materials were assessed for the new WCLL-db and WLCB DEMO concepts with a view, in 

case of success, to bring these alternative designs to the EUROfusion DEMO project. The 

results obtained show a promising outlook for both blankets. Additional studies were performed 

for safety analyses in these concepts regarding the use of PbBi eutectic and the integrity of the 

blanket coating to protect inner surfaces against corrosion processes.
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E. Diagnostics 

Implementation, enhancement and positioning performance of the Very 

High spatial Resolution IR thermography diagnostic in WEST Tokamak 

Léo Dubus, Michael Houry, Christine Pocheau, Xavier Courtois, Marie-Hélène Aumeunier, 

Sébastien Vives 

CEA-IRFM, F-13108 Saint-Paul-Lez-Durance, France 

 

The Very High spatial Resolution (VHR) infrared thermography diagnostic developed by CEA-

IRFM [1] is installed in the WEST tokamak to measure surface temperature of the actively 

cooled W-monoblocks of the Plasma Facing Units (PFU), which are similar to the International 

Thermonuclear Experimental Reactor (ITER) ones. It is a major diagnostic to investigate the 

behaviour of PFU during experimentation thanks to its very high spatial resolution (0.1 mm / 

pixel), movable field of view (FoV) and the wide-range temperature measurement. In particular, 

it can study the evolution of monoblocks mounted in the tokamak, influence of the shaping of 

these components submitted to high heat load deposition and the behaviour of the leading edges 

regarding the assembling tolerances between adjacent monoblocks. Finally, such diagnostic 

directly contributes to the specification assessment of the ITER divertor units. 

This diagnostic was operational during the 2019 WEST experimentation and its enhanced 

design for the 2020 WEST experimentation campaign.  

In order to monitor 28x12mm monoblocks temperature, the VHR IR diagnostic is able to move 

its narrow FoV (64x51mm) to specific targets on the observable divertor area (360×420mm). 

Position and focus steering are achieved through motor-controlled mirrors and lenses operated 

by a dedicated Labview application on a remote unit. Mirror positioning occurs between pulses 

under normal WEST operation conditions, and can withstand thermal radiation and disruptions 

during pulses. Repeatability, hysteresis, mechanical components reliability are critical 

parameters to provide accurate positioning (<1mm) of the FoV. The tuning and calibration of 

these actuators in accordance with WEST environment is crucial to guarantee the best position 

of the FoV and optical performances. 

This paper gives the FoV positioning implementation details and performance of the VHR in 

WEST. 
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Possibility of processing waste tungsten dust from the nuclear fusion 

process by a combination of several technologies 

Jaroslav Stoklasa, Lucie Karásková Nenadálová 

Research Centre Řež, Hlavní 130, CZ-250 68 Husinec-Řež, Czech Republic 

 

The processing of waste tungsten dust from the nuclear fusion process is being considered for 

EU DEMO within the WP Safety and Environment in the EUROfusion programme. A multi-

step procedure with a combination of several independent technologies is proposed. Specific 

technologies are gradually being tested, but their combination has not been tested yet. Removal 

of tritium from tungsten dust by a molten salt oxidation technology (MSO) is investigated when 

the tungsten is simultaneously retained in molten salt and tritium is trapped in the form of 

condensed tritium water. Tungsten salts are concentrated in several stages by a combination of 

chemical methods, settling and centrifugation. The dissolution and concentration procedures 

alternate in a defined manner. The concentrate is gradually enriched with tungsten and tungsten 

salts. The molar volume of tungsten progressively increases in the concentrated salt suspension. 

Further removal of some impurities, decomposition of salts and the increase of the tungsten 

concentration in the product can be achieved by means of induction melting or induction heating 

in a cold crucible (IMCC or IHCC) in a suitable atmosphere. The final stage is the reprocessing 

of the concentrated tungsten product from the dust form into a compact piece of material. 

Induction heating technology will enable its sintering, compaction, and reduction of porosity.
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B. Experimental Devices and Facilities for Fusion Research 

THE DESIGN OF WATER LOOP FACILITY FOR SUPPORTING THE 

WATER COOLANT LITHIUM LEAD BREEDING BLANKET 

TECHNOLOGY AND SAFETY 

Alessandro Del Nevo¹, Pietro Arena¹, Marica Eboli¹, Pierdomenico Lorusso², Amelia 

Tincani¹, Nicolo Badodi³, Antonio Cammi³, Fabio Giannetti⁴, Cristiano Ciurluini⁴, Nicola 

Forgione⁵, Pietro Alessandro Di Maio⁶, Pietro Agostini¹ 

¹ ENEA FSN-ING, C.R: Brasimone, 40032 Camugnano (BO), Italy 

² ENEA FSN-FUSEN, C.R: Frascati, 00044 Frascati RM, Italy 

³ Politecnico di Milano, DENG, 20156 Milan, Italy 

⁴ Sapienza University of Rome, DIAEE, 00186 Roma, Italy 

⁵ University of Pisa, DICI, 56122 Pisa, Italy 

⁶ University of Palermo, DI, 90128 Palermo, Italy 

 

The R&D needs of WCLL Breeding Blanket of DEMO, as well as the Test Blanket Module of 

ITER require a step forwards, i.e. the concept validation at relevant scale, and the safety 

demonstrations. In view of this, the strategic objective of the Water Loop (WL) facility, 

belonging to the W-HYDRA experimental platform planned at C.R. Brasimone of ENEA, is 1) 

to conduct R&D activities for the WCLL BB to validate design performances and to increase 

the technical maturity level for both selection and validation phases and; 2) to support the 

WCLL Test Blanket System programme (ITER). Basically, the Water Loop facility will have 

the capability to investigate the design features and performances of scaled down or portion of 

breeding blanket components, as well as of full scale TBM mock-up. It is a large/medium scale 

water coolant plant that will provide water coolant at high pressure and temperature. It is 

composed by a single phase primary system (i.e. designed at 18.5 MPa and 350 °C) and a 

secondary system. The heat is delivered to the ultimate sink connected with a low pressure 

tertiary system. The loop has two main sources of power: an electrical heater up to about 1 

MWe, installed in the cold side, downstream the pump and upstream the test section, and a heat 

flux generator, based on an Electron Beam gun device into a Vacuum Chamber. The WL has 

unique features and is designed as a multi-purpose facility. It will have also the capability to 

provide water to test sections as well as to LIFUS5/Mod4 facility in charge of studying the 

PbLi/Water reaction at large scale. The paper presents the status of the Water Loop facility, 

highlighting objectives, design features and the analyses performed.
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E. Diagnostics 

Data acquisition with real-time numerical integration for COMPASS-U 

magnetic diagnostics 

André Torres¹,², Bernardo Carvalho², Tomas Markovic¹,³, Antonio Batista², Ales Havranek¹, 

Vladimir Weinzettl¹, Horacio Fernandes² 

¹ Institute of Plasma Physics of the Czech Academy of Sciences, Za Slovankou 3, 182 00 Prague 8, 

Czech Republic 

² Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade de Lisboa, Lisbon, 

Portugal 

³ Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic 

 

The COMPASS-U tokamak will feature a completely new set of magnetic diagnostics from 

sensors to data acquisition. In order to control and reconstruct the plasma magnetic equilibrium, 

the inductive magnetic sensor signals are integrated and processed.  For this purpose, a modular 

data acquisition solution with digital integration is proposed for COMPASS-U. Based on the 

ATCA platform, and continuing the development path of the low-drift integrators for W7-X 

and ITER, this solution allies a high degree of flexibility and scalability with state-of-the-art 

performance that can benefit a machine with different operational stages and scientific goals 

over years of operation. 

Prototype modules with two sampling channels were developed in retro-compatibility with the 

ATCA-IO-PROCESSOR allowing the testing of the digital integration before deployment of 

the complete data acquisition system. This contribution details the effort in qualification and 

development of the data acquisition electronics according to COMPASS-U requirements; how 

to take advantage of real-time processing to enhance the dynamic range through composition 

of signals sampled with different input ranges and bandwidth; and the implementation of a 

strategy to mitigate the loss of signal integrity in doing such composition.
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J. Materials Technology 

Waste Expectations for Commercial Fusion Reactors 

Priti Kanth, Mark Gilbert 

United Kingdom Atomic Energy Authority, United Kingdom 

 

The current design of fusion reactors focuses on the DT reaction, which will produce 14.1 MeV 

neutrons. These high energy neutrons will lead to material activation and the production of 

radioactive waste. In commercial fusion reactors, the volume of radioactive waste could be 

largely due to their large size. Also, the massive in-vessel components may produce waste 

several times their volume depending on the replacement strategy for components, with 

optimization around material lifetimes and potentially early replacement to prevent excessive 

build-up of long-lived radioisotopes. The waste generated may be low or intermediate level, 

and, for the latter, the focus is to avoid high volumes remaining active for thousands of years. 

Therefore, it becomes crucial to model volumes of different waste categories and their waste 

processing route before the construction of the commercial reactors begins. In the present work, 

the amount of waste that would be generated for major in-vessel components in a 1.5 GW 

compact commercial fusion reactor during normal operation and using standard material 

compositions is estimated using a conceptual model. The radioactive inventory is calculated 

using FISPACT-II and the UK waste classification scheme is used to categorise radioactive 

waste. The waste volumes produced are compared against the existing capacity of the waste 

disposal repositories currently available. The waste volumes produced highlight the urgency 

for the construction of new waste disposal repositories to accommodate waste generated from 

commercial fusion power plants and demonstrate the need to advance component replacement 

strategies.
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B. Experimental Devices and Facilities for Fusion Research 

Design and commissioning of a tritium-capable low-energy plasma 

exposure device for hydrogen retention experiments 

Eduardo Garciadiego-Ortega, Anke Wohlers, Adam Cooper, Jack Roberts, Michael Hontoir, 

Anthony Hollingsworth 

UKAEA, Culham Science Centre, Abingdon, Oxon, OX14 3DB, United Kingdom 

 

The UKAEA DELPHI (Device for Exposure to Low-energy Plasma of Hydrogen Isotopes) 

system has been upgraded to be able to operate using tritium. In this work, we present the design 

and commissioning undertaken highlighting key requirements, constraints, and new 

capabilities. 

The study of hydrogen retention in materials is critical for the fusion sector, mainly for 

economic and regulatory reasons. Losses of hydrogen isotopes to plasma-facing materials can 

result in economic losses and, in the case of tritium, this may be intolerable to regulators for 

safety and dual-use reasons. UKAEA DELPHI system using protium and deuterium has been 

previously described and successfully used to study retention in fusion-relevant materials [1]. 

Upgrading DELPHI capabilities to use tritium is an important next step to study tritium-only 

effects as well as comparing amongst hydrogen isotopes. 

The upgrade to the DELPHI custom ultra-high vacuum (UHV) system to be able to operate 

with up to 40 GBq of tritium and 0.55 bar L of hydrogen had to include several safety 

considerations. To limit the overall inventory, tritium is recirculated and stored within the 

system. The inventory can be stored in a solid state using a getter pump. A glovebox is used as 

secondary containment for safety of operators; its atmosphere is monitored for tritium content, 

and ventilation system is designed for active work. Only tritium-compatible pumps, valves, and 

other equipment are used. The upgrade includes the addition of a high-voltage bias to the sample 

stage which will add the capability of varying the ratio of ion flux to ion energy independently. 

It is critical to understand the behaviour of tritium within materials, the design and 

commissioning work undertaken is a step forward in this direction. We expect the upgraded 

DELPHI system, with tritium-handling capabilities, will be an important tool for fusion 

materials research. 

 

References 

[1] A. Hollingsworth, Nuclear Fusion, Volume 60, 2020, Number 1.
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B. Experimental Devices and Facilities for Fusion Research 

Influence of Diffuser Structure on Draining and Dry Process of Tokamak 

Cooling Water System 

Zihao Zhu¹,², Lei Yang¹, Bin Guo¹, Lili Zhu¹, Weibao Li¹ 

¹ Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China 

² University of Science and Technology of China, Hefei 230026, China 

 

The diffuser used at the pipe size changing is a common part in the Tokamak cooling water 

system. It is one of the factors affecting the cooling water retention in the drainage and drying 

process, which will reduce the dryness of the drying system. This paper focuses on the effect 

of diffuser structure on gas-liquid flow characteristics in drainage drying process. Further, a 

numerical simulation model is established to analyze the pressure field, velocity field and phase 

distribution in the diffuser with different expansion angle in detail. According to the research 

results, the reflux phenomenon in the diffuser increases with the increase of the angle of the 

diffuser, which is verified by comparing with the actual experimental data. This work provides 

a reference for the design and analysis of drying system of fusion reactor in the future.
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E. Diagnostics 

The wide-angle infrared diagnostic and its digital twin for the 1st wall 

monitoring of the WEST tokamak 

Michael Houry, Marie-Hélène Aumeunier, Christine Pocheau, Xavier Courtois, Léo Dubus, 

Thierry Loarer, the WEST Team 

CEA, IRFM, 13108 St-Paul-Lez-Durance, France 

 

A tangential infrared thermography system is installed in the WEST tokamak to observe the 

thermal scene of the first wall and components in a wide-angle tangential view. 

The goal is to provide a thermal map of the inner components. About one-sixth of the chamber 

is observed, including sectors of the baffle, the lower and upper divertors, one inner bumper, 

vertical displacement event (VDE) protections, one ICRH antenna, and other parts of the wall. 

It is used for real time machine protection by monitoring temperature thresholds in delimited 

region of interest, and for analysis of normal or specific heat load events during operation such 

VDE, ELM, disruption or runaways. 

This wide angle view uses 1 aspherical and 1 on-axis plane mirrors, a Sapphire window and 3 

lenses for the objective of the camera. The optical line is optimized for 2 wavelengths 1.7 and 

4 µm. The field of view is 60 degrees on a 512*640 pixels Focal Plane Array. The endoscope 

is fully actively cooled.  

The thermal scene is complex to interpret given that the fully metallic and radiative environment 

and the uncertainties on the emissivity which is angular-dependent and changes with the surface 

properties. This involves significant inaccuracy on the recovery of the real temperature. In this 

context, an interpretation by modeling approach is required, based on Ray-tracing simulations 

taking into account the optical properties of materials. For instance, this allowed discriminating 

reflections patterns from real thermal events in the wide-angle view.  

A description of the wide-angle infrared diagnostic and its performances will be presented as 

well as measurements obtained in the WEST Tokamak. The comparison of real IR 

measurements and simulated images will demonstrate the powerful and essential support of the 

synthetic diagnostic for infrared Wide Angle measurements in fusion facilities (identification 

of false hot spots induced by reflections).
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E. Diagnostics 

The new Python based data acquisition of the revised calorimetry on 

ASDEX Upgrade 

Tim-Oliver Hohmann, Andreas Redl, Volker Rohde, Michael Schandrul, Gerd Schall, 

ASDEX Upgrade Team 

¹ Max Planck Institute for Plasma Physics, Boltzmannstr. 2, 85748 Garching, Germany 

 

Erosion of plasma facing components (PFCs) is still a challenge for future fusion devices. The 

energy to PFCs is usually measured with IR cameras, which are hindered by inaccuracies in the 

surface properties. Calorimetric diagnostics can provide absolute measurements of energy 

deposition. ASDEX Upgrades cooling water calorimetry consists of 104 platinum resistor 

thermometers for the in-vessel assemblies offering a spatial resolution of the inner and outer 

upper and lower divertor, the central column and the main limiters for all 16 segments. In 

addition, 94 thermocouples in the PFCs allow to measure the energy input at single tiles. 

By using industrial amplifiers and input cards, the resolution of the temperature sensors in the 

cooling water was increased to 0.04 K, which is sufficient to resolve typical rises between 0.5 

K and 10 K. The resolution of the thermocouples was also increased to 0.5 K, at rises between 

5 K and 200 K. These adjustments significantly improved the evaluability and usability of the 

measurements. 

All sensors are controlled by a Simatic PLC and visualized using Simatic WinCC. However, 

the slow cooling-down phase of the in-vessel assemblies often could not be fully captured 

within the 600 seconds data acquisition used so far. This led to an uncertain data situation and 

reduced reliability of the results evaluated with the calorimetric diagnostics. 

By implementing a Python program that reads and archives data from the internal WinCC OPC 

server every second, the recording time of the calorimetric diagnostics could be increased to a 

maximum. The optimization of this process brings also much more convenient and 

comprehensive evaluation options for the data, including the creation of AUG-standardized 

shotfiles in Python. 

First scientific results of this new system had been presented at the last PSI conference. In this 

contribution we discuss the technical background.
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I. Fuel Cycle and Breeding Blankets 

Decomposition rate of methane in helium RF plasma 

Haonan Sun¹, Kazunari Katayama², Makoto Oya² 

¹ Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, Japan 

² Faculty of Engineering Sciences, Kyushu University, Japan 

 

Since tritium is a valuable fuel in a deuterium-tritium fusion reactor, it is necessary to extract 

tritium from impurity gases such as tritiated methane and tritiated water vapor. The 

conventional method for extracting tritium from tritiated methane is catalyst bed 

decomposition, but the decomposition rate deteriorates by carbon deposition on the catalyst. In 

the previous work, a direct decomposition method using helium RF plasma was proposed for 

extracting hydrogen from methane [1]. In the present study, the relationship between electron 

density and methane decomposition rate in helium RF plasma was experimentally analyzed. 

A cylindrical vacuum chamber made by stainless steel with 550 mm in length and 350 mm in 

inner diameter was used as a reaction tube. A stainless-steel pipe of 300 mm in length and 6 

mm in outer diameter was installed as an electrode inside of the vacuum chamber. A helium 

gas containing methane was introduced into the evacuated chamber via the mass flow 

controller. When an RF power was supplied to the electrode, plasma discharge occurs between 

the electrode and the inner wall in the chamber. The decomposition rate of methane was 

obtained from measurement of methane concentration in the outlet gas using a quadrupole mass 

spectrometer. The electron density was measured by a Langmuir probe.  

The electron density was proportional to the RF power and independent to total pressure. On 

the other hand, methane decomposition rate was proportional to the RF power, but inversely 

proportional to total pressure. It is considered that the decomposition rate decreases due to the 

reduction of the electron energy with increasing total pressure. Eventually, the decomposition 

rate was formulated as a function of electron density, total pressure, gas flow rate and input 

concentration of methane. 

 

References 

[1] K. Katayama et al., Fusion Eng. Des. 85 (2010) 1381.
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E. Diagnostics 

Design and characterization of the polychromators for JT-60SA Thomson 

scattering systems 
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The Thomson scattering diagnostics are fundamental for a reliable determination of electron 

density and temperature profiles in Tokamak experiments. In JT-60SA two Thomson scattering 

systems are currently under development: one is dedicated to the core plasma region, the other 

to the edge region. They aim to measure the Te and ne profiles with a precision better than 10% 

and 5%, respectively, at an electron density of 1019 m–3 and with an electron temperature 

ranging from 10 eV up to 10 KeV for the edge system and from 100 eV to 30 keV for the core 

one. The polychromators design, based on interference filters and APD detectors, is critical to 

achieve such performance. Each polychromator comprises 6 spectral channels measuring from 

1064 nm down to 500 nm for the core system and to 660 nm for the edge one. The design aims 

at maximizing the efficiency and minimizing the noise under different plasma conditions. 

About 100 polychromators are manufactured by GNR srl under an F4E contract. In this work, 

we present the polychromators design and performance. The key features of the optical design 

and of the mechanical structure are discussed. State of the art interference filters and APD 

detectors with custom electronics are described. Overall optical transmission measurements of 

the assembled polychromators and spectral channels calibration are then presented. More 

specific studies of the APD electrical noise and temperature dependence are discussed. The 

transmission functions are finally used to predict the error expected in the determination of the 

electron temperature and density under different levels of plasma light intensity.
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F. Magnets, Cryogenics and Electrical Systems 

Development and Test of the Static Magnetic Field Test Facility for the 

ITER Tokamak Building 

Shusheng Wang, Ge Gao, Linsen Wang, Qian Jiang 

The Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

The Static Magnetic Field (SMF) test facility will be developed to research the magnetic field 

immunity for the electrical component qualification used in the ITER device. This paper 

describes the development of the SMF test facility for magnetic field immunity of the 

Equipment Under Test (EUT), including the subsystem of the magnet coil, EUT Handle System 

(EHS), power supply system and the control and acquisition system. Finally, great deal of tests 

of the power supply system, magnet coil and EHS system had been carried out and 

implemented. The test results show that the SMF test facility can meets the requirements of 

EUT magnetic field immunity test under the maximum test magnetic field of 275 mT and 1 

cubic meter test area.
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F. Magnets, Cryogenics and Electrical Systems 

Development and Test of a 1 m / 275 mT Large-Scale High-Intensity 

Magnetic Field Immunity Test Coil for ITER 

Shusheng Wang¹, Yiwei Lu², Yong Yang², Qian Jiang¹ 

¹ Institute of Plasma Physics, Chinese Academy of Sciences, China 

² Huazhong University of Science and Technology, China 

 

The magnetic field immunity test is a qualification procedure for all types of electrical and 

electronic equipment located in ITER Tokamak areas where the static magnetic induction is 

higher than 5 mT. To perform the magnetic field immunity tests, a large-scale high-intensity 

magnetic field coil system required by ITER organization was developed and tested. The 

designed test coil system is capable of generating a homogeneous magnetic field with a 

maximum magnetic flux density of 275 mT in a cubic test zone with a side-length of 1 m. Since 

the scale and intensity of the test field are high, it is important to ensure the stability of the test 

coil system. In this paper, we report the engineering design and test results of the ITER test coil 

system. First, the water cooling analysis and design based on finite element method (FEM) were 

performed to ensure the thermal stability. Then, the equivalent stress and deformation of the 

coil system under rated condition and seismic event were analyzed to verify the structural 

stability. Further, the resistance and inductance frequency characteristics of the coil system 

were analyzed through partial element equivalent circuit (PEEC) method to support the control 

strategy design of the power supply. In addition, a speeding-up inductance matrix calculation 

method was brought forward, which avoids redundant computation and significantly improves 

computational efficiency. At last, magnetic field distribution, inductance, and temperature rise 

tests were completed to verify the design of the test coil.
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B. Experimental Devices and Facilities for Fusion Research 

Heat transfer analysis of the in-vessel components for EAST in the baking 

process 

Zhe Liu, Peng Fu, Lei Yang, Bin Guo, Lili Zhu, Weibao Li 

Institute of Plasma Physics, HFIPS, Chinese Academy of Sciences, China 

 

In EAST (Experimental Advanced Superconducting Tokamak), the in-vessel components were 

baked by the hot nitrogen. It is difficult to accurately predict the specific temperature 

distribution among them in the baking process under the current analysis. Therefore, a 

simplified model in the VV has been established in this paper, which is helpful to reveal the 

dynamic response mechanism between the system and the in-vessel components. The heat 

transfer relationship has been given by the theoretical calculation method, and the specific heat 

transfer coefficient is fitted by using the Computational Fluid Dynamics (CFD) analysis 

method. The temperature distribution that was obtained by the transfer model was compared 

with the actual experimental data, which verified the correctness of the model.
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F. Magnets, Cryogenics and Electrical Systems 

Impulse power detection for fusion power supply based on cascaded quasi-

proportion resonance 

Yunxiang Tian¹,², Liuwei Xu¹, Yanan Wu¹, Jing Lu¹, Jun Li¹, Zhiwei Mao¹, Huafeng Mao¹, 

Xianshun Shen¹, Pengfei Wang¹,², Rui He¹,² 
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² University of Science and Technology of China, China 

 

Megawatt power impact frequently occurs during experiments on magnetic confinement fusion 

devices. This power impact, which shows the features of high amplitude, rapid change, and 

strong randomness, threats to the stable operation of fusion devices when achieving long-pulse 

high temperature conditions. To more effectively handle such power impact, the precise and 

real-time detection of impulse power is indispensable. Aiming at the issue, the quasi-proportion 

resonance (QPR) algorithm based on adjustable damping factor is developed, which realizes 

good extraction and high-speed response performance. Combined with the reference phase 

angle of grid voltage, the active and reactive power can be further divided. Considering the 

harmonic power with various frequency included in impulse power, the cascaded quasi-

proportion resonance (CQPR) detection strategy is proposed, which compensates for the 

deficiency that QPR is unable to handle multi-frequency impulse power. Finally, the validity 

and stability of CQPR algorithm are proved by MATLAB and experiments with Digital Signal 

Processing (DSP) platform.
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H. Vessel/in-vessel Engineering and Remote Handling 

Feasibility Test of Convective Baking for Factory Acceptance on ITER 

Vacuum Vessel Sector 

Hokyu Moon¹, Hyun-Soo Kim¹, Jihoen Lee² 

¹ Korea Institute of Fusion Energy, 169-148 Gwahak-ro, Yuseong-gu, Daejeon 34133, South Korea 

² Hyundai Heavy Industries Co. Ltd., Ulsan 682-792, South Korea 

 

After finishing manufacturing of the ITER vacuum vessel (VV) sector, it is necessary to 

perform the factory acceptance test (FAT) to verify the fulfillment of the functional 

requirements. The FAT should be followed with the RCC-MR 2007 code and French 

regulations of nuclear pressure equipment (ESPN) to assure the quality of nuclear pressure 

equipment. There are five FAT steps: visual test, pressure test, baking, vacuum leak test, and 

final dimensional inspection. Especially, baking is an important cleaning method to reduce the 

outgassing from the VV which affects leak test results. The baking condition has been set to 15 

°C/hr for each ramp-up/down, and the maximum component temperature is 220 °C. The LNG 

combustion furnace is applied to use the combustion gas for convective heating on the 

component. The mock-up, which is an inboard part of the actual VV sector, is applied, and 32 

thermocouples are installed inside and outside of the mock-up to figure out the temperature 

distribution. Verification of feasibility on convective baking and furnace qualification is the 

main purpose of this study. The maximum temperature difference (106 °C) appears between 

the in-wall shielding (IWS) blocks and the outer shell during the ramp-up. After 31 hours, all 

IWS blocks are reached at 200 °C for holding. Using the result, actual baking time for the VV 

sector is estimated analytically. It is confirmed that convective baking is feasible using the 

combustion furnace for VV sector factory acceptance.
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C. Plasma Heating and Current Drive 

Optimal design and manufacturing of the neutralizer for CRAFT negative 

ion-based neutral beam injection facility 

Wei Yi, Jianglong Wei, Yuanlai Xie, Chundong Hu 

Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

Comprehensive Research Facility for Fusion Technology (CRAFT) is a highly integrated 

research and development base (not a fusion device). It consists of 20 different demonstrating 

or testing facilities which address most of critical technology and system towards the fusion 

reactor in China. A negative ion based neutral beam injection (NNBI) facility of is establishing 

in the framework of CRAFT. A gas neutralizer is applied to in the CRAFT NNBI for the 

neutralization of negative hydrogen ion beam. The target of the neutralization efficiency is more 

than 50%. The length of the neutralizer is 3 m. The neutralizer is divided into two adjacent 

vertical channels and the total opening 1.7m×0.32m. The neutralizer is mainly composed of the 

beam channel plate, support structure, beam scraper, cooling water pipes, and gas inlet pipes. 

Based on the design requirements of the neutralizer, the support structure and cooling water 

pipes were optimized, to reduce the total weight. The structural strength and thermal stress of 

all components were simulated and compared to the original design. The manufacture of the 

neutralizer has been completed according to the optimized design. Some manufacture 

challenges have been overcome, such as deep hole drilling. The performance of the neutralizer 

will be further verified in subsequent experiments.
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J. Materials Technology 

Fabrication and characterization of zirconium oxide coating on tubular 

steel by metal organic decomposition 

Khiem Do Duy¹, Ryosuke Norizuki¹, Hikaru Fujiwara¹, Kento Shirota¹, Teruya Tanaka², Juro 

Yagi³, Kazunari Katayama⁴, Takumi Chikada¹ 

¹ Shizuoka University, Japan 

² National Institute for Fusion Science, Japan 

³ Kyoto University, Japan 

⁴ Kyushu University, Japan 

 

Multifunctional ceramic coatings in fusion reactor blankets have been investigated for tritium 

permeation reduction, electrical insulation, and corrosion protection. Practically, the fabrication 

of homogeneous ceramic coatings on the fusion blanket components such as ducts and 

complex-shaped surfaces is challenging. In our previous studies, a few coating methods have 

been developed for the preparation on inner surfaces of duct materials; however, small plate 

substrates were basically used for detailed analysis. In this study, we applied a liquid-phase 

method to fabricate the ceramic coatings on tubular steels and characterized their hydrogen 

isotope permeation behavior and chemical properties after exposure to tritium breeders and 

coolants. 

Zirconium oxide (ZrO2) coatings were fabricated on both the outer and inner surfaces of 316L 

stainless steel tubes of half an inch in outer diameter and up to 250 mm in length by metal 

organic decomposition. To ensure a homogenous coating, the inner coated surface was observed 

by field emission scanning electron microscopy (FE-SEM), and the coating thickness was 

determined at the middle and both head tubes by cross-sectional observation. 

The SEM images indicated a homogeneous formation on the inner surface of the coated tube, 

and the coating thickness was approximately 400 nm for each tubing-coated position. The 

deuterium permeation measurements were conducted on both uncoated and coated tubes to 

examine the permeation reduction performance of the coating. In addition, the coating 

properties of electrical insulation, compatibility with liquid breeding materials and coolants, 

and corrosion resistance have been investigated by electrical measurements and liquid lithium-

lead exposure, respectively. The detailed results will be released and discussed in the 

presentation.
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D. Plasma Engineering, Plasma Control, and CODAC 

Generalized Predictive control of baking temperature of East internal parts 

Qiansheng Fang¹, Jingen Zhang¹, Lili Zhu², Lei Yang², Yalong Yang¹, Chenlei Xie¹ 

¹ Anhui Province Key Laboratory of Intelligent Building and Building Energy Saving, Anhui JianZhu 

University, China 

² Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

The vacuum vessel (VV) in East (Experimental Advanced Superconducting Tokamak) device 

is an important place for fusion. Due to the complex structure of vacuum vessel, the fluctuation 

of baking temperature will lead to structural deformation. Therefore, the baking temperature 

needs to be strictly controlled in the baking process. For the baking system with large inertia 

and large delay. Due to the long response time of PID control, it is difficult to meet the control 

requirements. In this paper, a generalized predictive control (GPC) algorithm is proposed. 

Firstly, according to the step response of the system, the controlled object model is identified 

by recursive least square (RLS, and the control sequence of the controller is given by Controlled 

Auto-Regressive Integrated Moving Average (CARIMA) model. Finally, the simulation and 

experimental results verify that the method proposed in this paper can effectively control the 

baking temperature. The proposed GPC provides a reference for the baking application of 

EAST device.
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J. Materials Technology 

Effect of gamma-ray irradiation on liquid lithium-lead corrosion of ceramic 

coatings 

Kento Shirota¹, Sota Miura¹, Ryosuke Norizuki¹, Hikaru Fujiwara¹, Khiem Do Duy¹, Wataru 

Matsuura¹, Teruya Tanaka², Takumi Chikada¹ 

¹ Shizuoka University, Japan 

² National Institute for Fusion Science, Japan 

 

Functional coatings have been developed using ceramics to suppress tritium permeation 

through structural materials in fusion reactor blanket systems. In liquid blanket concepts, the 

coatings are exposed to high-dose irradiation by neutrons and gamma-rays as well as flowing 

liquid tritium breeders such as lithium-lead (Li-Pb). Our previous study clarified the effects of 

heavy-ion irradiation as a simulation of neutron damage on the Li-Pb compatibility for 

zirconium oxide (ZrO2) coatings; however, those of gamma-ray irradiation are unknown. In this 

study, gamma-ray irradiation effects on the Li-Pb compatibility for the ZrO2 coatings were 

investigated through Li-Pb exposure tests under gamma-ray irradiation. 

ZrO2 coatings were fabricated by metal organic decomposition on reduced activation 

ferric/martensitic steel F82H plate substrates. The coatings were exposed to Pb-15.7 at%Li at 

600 °C for 500 hours. Meanwhile, some of the samples were gamma-ray irradiated using a 

60Co gamma-ray source for 100 of 500 hours. The estimated absorbed dose in the coating was 

approximately 27 kGy. Surface observation by scanning electron microscopy with energy 

dispersive X-ray spectroscopy was performed before and after exposure. 

The surface morphology of the unirradiated ZrO2 coating became slightly rough after the 

exposure test. A corrosion layer formed from the fact that the surface elemental composition 

changed. On the other hand, the irradiated coating formed an uneven corrosion product on the 

entire surface, which suggests corrosion proceeded further. In addition, the elemental analysis 

showed a higher oxygen concentration and a lower iron concentration than the unirradiated one, 

indicating that a thicker corrosion product layer would form. From these results, radicals and 

excited atoms generated by gamma-ray irradiation in Li-Pb would promote chemical reactions 

on the coating surface. Elemental compositions of the corrosion products and the results of the 

exposure tests under different conditions will be included in the presentation.
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E. Diagnostics 

In-vessel thermocouple array and measurement of stray microwave on JT-

60SA 

Satoshi Yamamoto, Manabu Takechi, Daigo Tsuru, Takayuki Kobayashi, Hibiki Yamazaki, 

Takaaki Iijima, Shigetoshi Nakamura, Akihiko Isayama 

National Institute for Quantum Science and Technology (QST), Japan 

 

In the JT-60SA device, which is the largest superconducting tokamak, an inner first wall located 

at the high-field side consists of a graphite tile, pedestal, and stainless plate to protect the 

vacuum vessel and magnetic sensors against a heat load caused by plasma radiation, particles, 

and microwaves of electron cyclotron heating (ECH). Sixteen thermocouples were installed 

into the midplane of the inner first wall to measure the temperature of both stainless plate and 

graphite tile at each toroidal section in the commissioning phase of JT-60SA. The purpose of 

the thermocouple is the temperature monitor of the inner first wall during the baking of the 

vacuum vessel (T ~ 200 degree) and is the prevention of damage of the first wall from high 

temperature and thermal stress caused by plasma heat load and the unabsorbed ECH 

microwave. 

Since the unabsorbed and stray microwave in the vacuum vessel can impact the plasma-facing 

component and microwave-based diagnostics, the investigation of the microwave propagation 

and its effect is important in a fusion device with ECH. The temperature of the inner first wall, 

especially for the counter wall of ECH injection port, increases with increasing the power and/or 

pulse width of the microwave injected into the JT-60SA vacuum chamber for the conditioning 

of the ECH system. According to finite element analysis regarding the temperature of the first 

wall, the time evolution of the measured temperature of stainless plate and graphite tile indicates 

that the increase of temperature of the thin metal sheath of mineral-insulated cable of a 

thermocouple and inside the graphite tile respectively. The toroidal distribution of the 

increasing temperature caused by ECH injection indicates that the stray microwave can 

propagate toroidally 180 degrees opposite side of the torus due to multi reflection.
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J. Materials Technology 

Impacts of Laser Beam Welding Parts on Structural Integrity of the HCCR 

Blanket First Wall 

Hyoseong Gwon¹, Yi-Hyun Park¹, Suk-Kwon Kim², Changwook Shin², Seongdae Park², Jae-

Sung Yoon², Youngmin Lee¹, Mu-Young Ahn¹, Seungyon Cho¹ 

¹ Korea Institute Fusion Energy, Daejeon, South Korea 

² Korea Atomic Energy Research Institute, Daejeon, South Korea 

 

Fabrication technologies have been developed for manufacturing the Helium Cooled Ceramic 

Reflector (HCCR) blanket first wall (FW). A laser beam welding was applied to the FW 

fabrication in accordance with the regulations related to nuclear pressure vessel. Small mock-

ups were fabricated to investigate the application feasibility of the laser welding on the FW 

manufacturing. The backing strips which are not allowed in pressure boundaries of the FW 

were removed by the complete melting of the backing strips during the welding process, and 

continuous back beads of the pressure boundaries were confirmed along to the welding paths. 

The back beads may lead to changes of stress distribution including peak stress. We investigated 

impacts of the back beads on structural integrity of the FW by using numerical analyses. The 

final shape of the back beads in the pressure boundaries was confirmed by observing the cross-

section of the welding parts and used to make the analysis models. Thermo-mechanical 

responses of the FW small mock-ups including the welding parts were evaluated using the finite 

element method (FEM). Allowable stress intensity for the structural integrity was assessed 

based on the stress distribution results according to related requirements of RCC-MRx 2018 

which were developed for fusion reactors. For the model considering the shape of the back 

beads the membrane plus bending stress including the secondary stress was almost the same as 

that of the model having fillets with a radius of 2.5 mm, but the peak stress that occurred around 

the back beads was much larger than that of the model. The large peak stress led to an increase 

of fatigue usage fraction, and it would be directly linked to the reduction of the fatigue life in 

the FW. High thermal performance and heat flux tests were carried out with the heat load test 

facility.
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C. Plasma Heating and Current Drive 

Neutronic characteristics of the upgraded EAST neutral beam injection 

system 

Yuqing Chen, Bin Wu, Ji Wang, Jun Li, Zhen Yang, Jinfang Wang, Yuanlai Xie 

Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, China 

 

To improve the heating effect of neutral beam injection, the neutral beam injector of the 

Experimental Advanced Superconducting Tokamak (EAST) is planned to be upgraded. The 

counter neutral beam injector placed in the EAST F port is changed to the EAST D port. EAST 

will operate in a high-parameter, long-pulse condition after EAST NBI upgraded, so the neutron 

emission intensity will increase. However, the neutrons leaked from the NBI duct may cause 

radiation damage to the key components of the neutral beam injector, thus affecting the stability 

of the NBI. In this paper, based on the EAST NBI two-RZ dimensional model and the spatial 

distribution of neutron sources, the FLUKA program is employed to investigate the neutronic 

characteristics of the NBI duct, such as material activation, displacement damage and nuclear 

heating. The neutron emission rate increased by about 50% after the upgrade EAST NBI. 

Material activation, displacement damage and nuclear heating are all below the national 

standards. The obtained results indicate that the updated EAST NBI can satisfy the requirements 

of long pulse and high parameter operation of plasma. 
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C. Plasma Heating and Current Drive 

Evaluation of a newly developed low reflection dummy load for high power 

millimeter waves 
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A low reflection dummy load (DL) has been newly developed for gyrotron test [1]. This DL is 

designed for few hundred milliseconds of high power (~1 MW) millimeter wave injection with 

a low reflection with adequate size. In order to reduce the reflection, DL consists of an inner 

cylinder, a main chamber, and a conical mirror, which result in the efficient absorption by long 

pass length between the inner cylinder and the main chamber. For the evaluation of the DL, 

surface temperature measurements using an IR camera and heat load analysis using FEM have 

been performed to estimate the cooling capability and the available operational regime. The 

heat load analysis showed that ~0.5 MJ could be absorbed without any potential damage to the 

aluminum which is the main material of the DL. In addition, the reflection at the DL was also 

evaluated by comparing with the other conventional DL. Compared to the conventional DL, the 

new low reflection load absorbed higher power and the DC break (DCB) section inside 

gyrotron, which works as stray millimeter wave absorber, has lower power absorption 

suggesting the low millimeter wave reflection from DL, since the reflected millimeter wave 

from DL can come back to inside the gyrotron as the stray millimeter wave. As a result, the 

water temperature rise of the DCB measured by fixed parameters of millimeter injection 

decreases 4%, 19% and 16% at tested three frequencies of 82 GHz, 110 GHz and 138 GHz, 

respectively, compared to the conventional DLs used for calorimetry. Results of calorimetry 

simultaneously show 5-8% increase of absorbed millimeter wave power. Thus, by the excellent 

feature of low reflection, the newly developed DL at QST is useful for precise power 

measurement of millimeter wave. 
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H. Vessel/in-vessel Engineering and Remote Handling 

Thermal mechanical analysis of neutral beam facing components for safety 

interlock system in JT-60SA 

Takaaki Iijima, Daigo Tsuru, Shigetoshi Nakamura, Satoshi Yamamoto, Manabu Takechi, 

Junichi Hiratsuka, Akihiko Isayama 

National Institutes for Quantum Science and Technology, Japan 

 

The JT-60SA project is now in progressing to explore new domain in the high beta plasmas 

complementing ITER toward DEMO by using various heating systems. The JT-60SA is going 

to be equipped with neutral beam injection (NBI) system consisting of eight perpendicular NBIs 

(P-NBI), four tangential NBIs (T-NBI) and one negative-ion-based NBI (N-NBI); P-NBI and 

T-NBI have 24 MW injection power with 85 keV beam energy and N-NBI has 10 MW with 

500 keV. The N-NB shine-through hits the outer first wall of the JT-60SA, and its maximum 

heat flux on the first wall is estimated to be 3.3 MW/m² with shine-through at 10%. It is 

necessary to evaluate the soundness of the beam facing tiles and to determine the temperature 

of the tile for safety interlock system.  

Carbon-fiber-reinforced carbon (CFC) is used for the beam facing tiles to reduce the increase 

in temperature and the thermal stress. The CFC tiles are bolted to a CuCr heatsink, which is 

water cooled. A carbon sheet is inserted between the tiles and the heatsink to improve the heat 

transfer. To monitor the temperature of CFC tiles for safe operation, the tiles are equipped with 

thermocouples. The shape of the tiles is designed so that the bolts would not be exposed to the 

beam in order to avoid the temperature rise of bolts. Thermal mechanical analyses using finite 

element method were carried out to confirm its soundness against the expected heat load and to 

determine the temperature at which the interlock is activated. From the analysis results we 

confirmed the soundness of the beam facing components and determined the interlock settings.
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J. Materials Technology 

Deuterium permeation behaviors of F82H steel and zirconium oxide coating 

after exposure to solid breeder pebbles 

Wataru Matsuura¹, Akiyoshi Suzuki¹, Julia Leys², Regina Knitter², Keisuke Mukai³, Takumi 

Chikada¹ 

¹ Shizuoka University, Japan 

² Karlsruhe Institute of Technology, Germany 
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Tritium permeation through reduced activation ferritic/martensitic (RAFM) steels in fusion 

reactor blankets is a critical issue in terms of fuel efficiency and radiological safety. Tritium 

permeation barrier has been developed to mitigate tritium permeation through the steels to an 

acceptable level, and ceramic coatings such as zirconium oxide (ZrO2) coating have shown high 

hydrogen isotope permeation reduction. On the other hand, corrosion of the steel and coating 

by lithium-containing tritium breeder is an unavoidable concern; however, there are a limited 

number of reports addressing the corrosion issue and its effects on hydrogen isotope permeation 

behavior. In this study, deuterium permeation behaviors of an RAFM steel with and without 

zirconium oxide coating after exposure to solid tritium breeder pebbles were investigated to 

establish a database of tritium permeation in the solid breeder blanket. 

RAFM steel F82H (Fe-8Cr-2W, F82H-BA07 heat) plates were used as substrates. ZrO2-coated 

samples were fabricated by metal organic decomposition. The uncoated and coated samples 

were exposed to ceramic breeder pebbles of lithium metatitanate (LTM) and lithium 

orthosilicate (LOS) mixture (20‒30 mol% LMT + 80‒70 mol% LOS). The exposure tests were 

conducted under flowing helium gas containing 1 vol% hydrogen at 550 °C for up to 32 days. 

After exposure, gas-driven deuterium permeation measurements were performed with the 

deuterium driving pressure of 20‒120 Pa at 250‒550 °C. 

The coated samples after the exposure test for 32 days showed a lot of marks generated by the 

pebbles. The coating was peeled-off on the pebble-contacting areas, and iron oxides derived 

from the substrate formed around the areas. Deuterium permeation flux for the coated sample 

was about half of the unexposed F82H sample, indicating the permeation reduction 

performance was severely degraded. The results for F82H and tests using pebbles with different 

composition ratios will be included in the presentation.
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B. Experimental Devices and Facilities for Fusion Research 

Design and Verification of Electrostatic Residual Ion Dump for CRAFT 

NNBI 

Lizhen Liang¹, Chao Li¹, Wei Liu¹, Wei Yi¹, Chao Shi¹, Yahong Xie¹, Yuming Gu¹, Yuanlai 

Xie¹, Chundong Hu¹, Zeyang Song² 

¹ Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China 

² ASIPP, China 

 

In order to better build the Neutral Beam Injector with Negative Ion Source (NNBI), the pre-

research on key technologies has been carried out for the Comprehensive Research Facility for 

Fusion Technology (CRAFT). In the NNBI system, the Electrostatic Residual Ion Dump 

(ERID) is a key component to deflect residual ions and realize the neutralization of the beam, 

so its working performance of ERID determines the working efficiency of NNBI system. The 

panels of the ERID have to withstand the bombardment from residual ions and absorb the heat 

flux, thus its efficient water cooling system design and the corresponding supporting structural 

design are crucial. According to the detailed design requirements of the NNBI system, an 

overall design scheme of the ERID is proposed in this paper. Based on the realizable k-epsilon 

rng model, the analysis model of heat transfer performance is established; based on the finite 

element method, the strength analysis model of the supporting structure is established. Then the 

thermal removal performance of the water cooling system and the strength of the support 

structure are simulated and evaluated to verify the feasibility of the design scheme. Finally, 

based on the proposed design scheme, the ERID can meet the requirements of the NNBI system 

for deflecting the residual ions and removing the heat flux brought by them. This research can 

lay a foundation for the optimal design and engineering implementation of the ERID for NNBI 

system, and will also provide references for the design and development of internal components 

of large-scale fusion devices. 
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J. Materials Technology 

One-step fabrication of ceramic breeder pebbles using pulse laser 

Keisuke Mukai 
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Large amount of Li-containing ceramic breeder pebbles will be packed in solid breeding 

blankets together with beryllium neutron multiplier to achieve fuel self-sufficiency. Previous 

studies have established the lab-scale fabrication technologies using sol-gel method, emulsion 

method, and melt process. However, the mass production is a remaining challenge for a DEMO 

reactor because the methods requires multiple preparation steps and a large facility. The amount 

of ceramic breeder pebbles loaded into a DEMO reactor is as large as several hundred tons, thus 

a simple and scalable fabrication method is required. Selective laser melting (SLM) is a part of 

additive manufacturing technology which potentially enable a quick and automated fabrication 

of breeder pebbles with a compact system. We herein employ a high-power density pulse laser 

to produce a ceramic breeder pebble in a single-step. In the experimental set-up, a solid-state 

laser irradiated over a lithium metatitanate (Li₂TiO₃) powder bed in air, where the temperature 

was monitored by a fiber-type infrared thermometer. The laser power was altered from 5 to 10 

J/shot to investigate its effect on the pebble size distribution. The surface and cross section of 

the fabricated pebbles were observed by scanning electron microscope. As a result, highly 

spherical Li₂TiO₃ pebbles were successfully fabricated with the average diameter of 0.78 ± 0.13 

micrometer. The crystal structure analysis on the fabricated pebbles showed that cubic Li₂TiO₃ 

(gamma phase) with the space group of Fm–3m remained at room temperature as a result of a 

rapid cooling, while no peak from impurity phase was observed. The release properties of 

hydrogen isotope from the fabricated pebbles will be included in the presentation.
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J. Materials Technology 

Thermal conductivity of irradiated materials studied by an effective 

medium damage progression model of the electronic conduction 

Sören Möller 
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Irradiation damage strongly influences the engineering properties of materials in nuclear fusion 

reactors. A solid understanding exists for the primary damage, namely displacements per atom 

(DPA), transmutation, and gas production, but only limited knowledge exists for deriving long-

term changes in engineering properties from these primary microscopic values. 

This work presents a modelling approach based on non-nuclear models for defect density 

changes and compositional changes for example by alloying or cold working. The primary 

microscopic irradiation damage serves as an input to this model along with a literature-based 

understanding of the results of reaction-diffusion based progression of primary damage such as 

precipitation and void formation. 

A specific model for the evolution of the thermal conductivity of tungsten with DPA using a 

Wiedemann-Franz approach is derived. This approach yields a first order approximation since 

it neglects phononic conduction. According to the model, displacement damage influences the 

conductivity only marginally and its effect saturates at ~0.2 DPA. The main change results from 

the precipitation of Re-rich phases (containing some 10% Re) in the intermediate DPA region 

and voids towards 100 DPA. The low conductivity of Re-rich phases with values below pure 

Re result in a reduction of the overall conductivity. A Bruggemann effective-medium model 

describes the conductivity of the resulting mixed material based on spherical particles as 

observed in the literature. Data suggest a percolation of these phases >28.5 vol.%, equivalent 

to ~10 years of DEMO operation (~6% Re). Percolation results in a further reduction of the 

conductivity, possibly a critical end-of-life limit for the material. At lower temperatures and 

higher DPA levels reduced bulk density by the formation of voids dominates the overall larger 

reduction in conductivity.  

The modelling results are compared to literature data and the model is used for extrapolations 

towards DEMO. Detailed results will be presented in the contribution.
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H. Vessel/in-vessel Engineering and Remote Handling 

Mechanical load test of pedestal for error field correction coil in JT-60SA 

Shigetoshi Nakamura, Go Matsunaga, Manabu Takechi, Daigo Tsuru, Satoshi Yamamoto, 

Akihiko Isayama 
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Error field correction coil (EFCC) made of copper conductors is installed in the vacuum vessel 

(VV) of JT-60SA in order to correct error magnetic fields caused by manufacturing and 

installation errors of superconducting coils. Pedestals for supporting EFCC are required to 

withstand electromagnetic force induced by the EFCC current and magnetic field during plasma 

operations and allow relative displacement between the EFCC and the VV during baking 

operations caused by the temperature difference between the vacuum vessel (200 °C) and EFCC 

(40 °C). On the two contradictory mechanical load conditions, the pedestals are designed to 

consist of spring bars made of NCF625 and two plates made of stainless steel 316L for 

connecting to EFCC with bolts and fixing the pedestal to VV. The spring bars with a length of 

155 mm and a diameter of 6 mm were selected in consideration of installation space and 

stiffness for the relative displacement. To allow the relative displacement of 5.2 mm, ends of 

the spring bar are welded to 6-mm-diameter holes of the plates of the pedestal. Induced stress 

of the plug weld between the spring bar and the plate is the most severe for allowable stress. 

While, if the depth of plug welding is designed to be longer, the stress exceeds the allowable 

stress by the relative displacement. Mechanical load test is applied to mock-ups which have 

welding depth of 4 mm or 8 mm for checking established welding range and buckling. The 

displacement tests applying 2,000 number of times displacement load of 5.3 mm at 200 °C and 

compression tests applying 180,000 number of times load of 6.45 kN were carried out. The 

numbers of the cyclic loads were selected to be 10 times the design operation number in JT-

60SA. No excessive deformation was observed, and thus the pedestal design satisfies the 

requirements.
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J. Materials Technology 

Corrosion and stress corrosion behavior of CuCrZr alloy in high 

temperature pure water environment relevant to Japan’s DEMO divertor 
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The extreme thermal loading of the Japan's DEMO divertor requires robust materials in 

establishment of its heat-sinking system to withstand aggressive environments. The corrosion 

behavior could be similar with in-service fission light water reactors because the system’s 

cooling design proposal adopts high temperature water. Presently, the precipitation-hardened 

CuCrZr alloy is regarded as one of the promising candidates for its excellent thermal 

conductivity and mechanical property. In our previous work, coupons were exposed to 250 °C 

pure water for 100 hr. It was found that the weight loss in hydrogen-dissolved water was smaller 

than that of in degassed water. However, available corrosion data are still limited, and stress 

corrosion behavior is uncertain. This study therefore aims to evaluate the corrosion behavior 

and stress corrosion sensitivity of CuCrZr alloy. 

Coupons were exposed to high temperature water with dissolved-oxygen 100 ppb, dissolved-

hydrogen 1600 ppb and to degassed water up to 1000 hours. The weight loss of coupons in 

oxygen-dissolved water was the highest while in hydrogen-dissolved water the lowest. Uniform 

corrosion was observed on coupon exposed to oxygen-dissolved and degassed water. 

Microscale pure copper particles were found on coupons exposed to hydrogen-dissolved water. 

Creviced-bent beam (CBB) tests in degassed and hydrogen-dissolved water showed no visible 

cracks. Besides, grain boundaries with relatively higher metal dissolution rate were observed. 

Slow-strain rate tests (SSRT) under chosen water conditions are under progress. The effect of 

water chemistries and stress corrosion behavior will be discussed.
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Multipurpose Ion Beam Analysis Chamber for Fusion Material Science 

Applications 
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In the fusion industry there is a need for the development of new steel alloys, which could fulfil 

the requirements that are, in some cases, very much different from those of other fields of 

industry. High temperature and radiation levels alone are reasons why the currently available 

alloys could hardly be used in certain areas of the tokamak. In future fusion devices the 

utilization of novel steel compounds, such as Oxide Dispersion-Strengthened (ODS) alloys or 

reduced activation steels, would have considerable advantages over conventional steels. 

Diffusion bonding of ODS steels is a focus-area of nowadays research. The quality of the bonds 

can be investigated with non-destructive nuclear methods, such as RBS, PIXE and PIGE. 

The Centre for Energy Research has developed an ion beam analysis chamber, which provides 

the possibility to perform multiple nuclear measurements simultaneously on small-sized 

samples. The sample holder is designed so that it can hold up to 8 samples at once, thus reducing 

down-time due to sample replacement. The holder is also capable of 6 degrees of freedom 

movement. The sample holder and beam collimator are completely automatized, which means 

that the ion beam diameter and sample alignment can be adjusted fully remotely. Multiple ports 

provide access to the vacuum chamber, each having a different function. Each measurement 

has its own port with respective flange sizes and a visual examination port is also included. 

Gate valves separate the main vacuum chamber and the diagnostic ports from the entry and exit 

port of the ion beam. 

This paper provides and overview of this newly developed vacuum chamber and details its 

functions.
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C. Plasma Heating and Current Drive 

Long pulse operation of neutral beam injector on EAST tokamak 
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Caichao Jiang, Lizhen Liang, Jun Jun Pan, Jun Li, Wei Yi, Yuanlai Xie 
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The Experimental Advanced Superconducting Tokamak (EAST) is one of the fully 

superconducting tokamak. A high power neutral beam injection system consists of two injectors 

(EAST-NBI) was employed on EAST for plasma heating and current driving. The designed 

parameters for each injector are, deuterium beam energy is 50-80 keV, beam power is 2-4MW 

and the beam duration is 10-100 s with modulation. 

In order to support the planned physics research on EAST, the NBI system was expected to 

works with long pulse on DC mode. So, the NBI system was optimized, including the cooling 

optimization of high power ion source and high heating flux parts, the feedback control for 

stable beam extraction. Then the NBI system was conditioning with short pulse of 20 s because 

of the heating removing ability of calorimeter. The long pulse operation was also tested on 

EAST and achieve 60 s beam injection. In the next campaign, the NBI system will try to inject 

high power beam into the EAST with 100 s. Details of the NBI status will be presented in this 

paper.
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B. Experimental Devices and Facilities for Fusion Research 

Structural design and safety analysis of EAST baking piping system 

Lidong Yao¹, Jiansheng Hu¹, Jianzhong Wang², Yang Lei¹, Bin Guo¹ 

¹ Institute of Plasma Physics, HFIPS, Chinese Academy of Sciences, China 

² Suzhou Nuclear Power Research Institute, China 

 

The EAST Tokamak baking system has a section of high stiffness pipe, which is difficult to 

compensate for the thermal expansion caused by the high temperature baking operation. Under 

seismic loads, the additional acceleration has serious impact on piping network and cause 

complex reactions to the supports and equipment. The paper describes the EAST baking piping 

system loop layout and the selection of supports. The sustained and occasional load responses 

of piping network are analyzed. Moreover, the natural frequencies of the critical pipes are 

calculated. Piping stress analysis was based on process Piping Code ASME B31.3. The least 

available stress margin is 23% and the calculated stresses are in the acceptable limit. The 

pipeline displacement simulation results are compared with the experimental data under the 

baking condition. The maximum displacement of the pipeline is within the requirements of the 

spatial layout. The results would be used in the further optimization and analysis.
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E. Diagnostics 

Conceptual design of CVD diamond tomography systems for fusion devices 

Silvia Cesaroni¹, Francesca Bombarda², Sarah Bollanti², Cesidio Cianfarani², Francesco 

Flora², Marco Marinelli¹, Luca Mezi², Enrico Milani¹, Daniele Murra², Silvia Palomba¹, 

Claudio Verona¹, Gianluca Verona-Rinati¹ 

¹ "Tor Vergata" University of Rome, Industrial Engineering Department, Rome, Italy 

² ENEA, Fusion and Nuclear Safety Department, Frascati (Rome), Italy 

 

The development of fusion as safe and reliable energy source by means of magnetically 

confined plasmas requires the plasma exhaust issue to be solved. The Divertor Tokamak Test 

(DTT), under construction at the ENEA-Frascati Research Center, will explore both 

conventional and alternative divertors, a key component to proceed with the design of DEMO. 

In order to achieve its mission, DTT has to be equipped with diagnostic tools that can qualify 

the particle and heat fluxes through the plasma edge and control the integrity of the plasma 

facing components as well as the quality of the core plasma performance. 

Soft X-Ray tomography is a typical diagnostic to detect both impurity accumulation and MHD 

activity in the hot plasma core, such as sawtooth activity or Fast Particles induced instabilities. 

Soft X-ray and UV detectors based upon synthetic diamond were already successfully tested at 

JET and FTU, showing faster radiation hardness and faster response compared to conventional 

Si diodes. Therefore, a tomographic system based on single crystal CVD diamonds produced 

at the laboratory of Industrial Engineering Department at “Tor Vergata” University of Rome is 

proposed for DTT and other high-performance fusion devices. 

An optimization program was established to determine the most versatile and useful set of 

detectors to fulfil the diagnostic requirements and cover both core and edge plasma phenomena. 

Tests of prototype detectors in the layered configuration have been conducted at the ENEA 

NIXT lab with the available X-ray sources and on the DPP EUV source with detectors in the 

interdigitate configuration, which confirmed their expected higher time response (of the order 

of ns). Other results will be achieved by an array of five detectors with different line-of-sights 

presently being installed on the Protosphera device, that will also enable testing a multichannel 

pre-amplifier under development expressly for application to large diode arrays.
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G. Plasma-facing Components 

The design of the electrical insulation flange for EAST Divertor Primary 

Heat Transfer System 

Wei Wei¹, Guo Bin², Cao JiYi¹, Yang Lei², Li Weibao² 

¹ Wuhan Institute of Technology, China 

² Institute of Plasma, Chinese Academy of Sciences, China 

 

The Experimental Advanced Superconducting Tokamak (EAST) had been under major 

upgrading compared with before in this improvement, high temperature and high pressure. 

Divertor primary heat transfer system (DIV PHTS) is designed and constructed to supply 

cooling water to the Divertor. The purpose of the Electrically Insulating Flange (EIF) is to 

provide electrical insulation and avoid eddy currents on the cooling circuit during plasma 

operation. It also need to provide the seal function for the high pressure water under cooling 

mode and high temperature nitrogen gas. 

In this paper, the structure design of the electrical insulation flange is introduced. structural 

analysis is performed to qualify the flange design by using coupling finite element analysis 

under cooling and baking load condition. The coupling thermal and structural finite element 

calculation result shows that the stress on the surface of the gasket is distributed in a ring shape, 

and the stress value is below the allowable stress of the rubber gasket. The deformation is also 

within the allowable range. Finally, the experiment result for the prototype is presented and 

discussed to verify the design. This specific flange studied in this paper can provide a good 

reference for the EIF design in the water cooling system of fusion device in future.
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D. Plasma Engineering, Plasma Control, and CODAC 

Task flow engine based on extended directed graph and blackboard model 

Zhigao Ni, Jun Luo, Li Li, Xiaowei Zhou 

Institute of Computer Application, China Academy of Engineering Physics, China 

 

The control system of a large scientific research facility is composed of multiple heterogeneous 

control systems. Over time, facilities need to be constantly upgraded and control systems need 

to be upgraded as well. How to make the control system software quickly cope with the device 

upgrade is a challenge. This paper introduces a task flow engine based on the extended directed 

graph and blackboard model. The task flow engine consists of container, control modes, 

scripting engine, etc. Low-code programming builds heterogeneous system control service 

software through the task flow engine and task scripts. This approach can be adapted to control 

system upgrades and diverse experimental tasks.
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D. Plasma Engineering, Plasma Control, and CODAC 

Standardized Software Interface by Modeling Oscilloscope in PEPC 

Li Li, Jun Luo, Zhigao Ni, Xiaowei Zhou 

Institute of Computer Application, China Academy of Engineering Physics, China 

 

After many years of operation of large laser fusion facility, the system hardware is gradually 

being upgraded, and the software control system will also be gradually transformed. Among 

them, the Plasma electrode Pockels cell (PEPC) uses dozens of oscilloscopes as acquisition 

equipment, When the system transformation and upgrading process involves the change of 

oscilloscope and other hardware type, the original software control system cannot adapt to the 

new type, so the PEPC software control system needs to be modified. In order to make the 

software more flexible and maintainable, we redesigned the software system. 

This article describes how to integrate and combine device functions by using a rigorous model-

based approach and component-based design to achieve the integration and combination of 

different types of oscilloscope devices into the same base class. When different types of 

oscilloscopes are plugged in, they all have a standard software interface, which provides the 

basis for the integration and maintenance of the central control system software.
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G. Plasma-facing Components 

Cooling system design and thermo-hydraulic analysis for CFETR Divertor 

Dome 

Xiyang Zhang, Nanyu Mou, Tiejun Xu, Lei Yin, Lei Li, Damao Yao 

ASIPP, China 

 

The main function of CFETR Divertor Dome is to isolate neutral particles and impurity particles 

and improve the ability of particle exclusion. For CFETR Divertor Dome, a new hybrid 

divertor-blanket structure was proposed in previous study. For the new Dome, it should also be 

compatible with the Remote handling (RH) due to neutron activation of in-vessel components, 

thus special RH features are designed on the front of the plasma-facing units (PFUs). Due to 

direct bombardment or sputtering of plasma, the PFUs and RH features will suffer from heat 

flux up to 10 MW/m² apart from nuclear heat 1.5 GW during steady state operation, which put 

forward critical and tricky requests for the design of cooling system of the Dome PFUs. For the 

RH features, the situation is much severer due to its location and bad cooling condition. In this 

paper, cooling system of the Dome is proposed, and cooling channels with special thermal 

transfer structure are designed in the PFUs to guarantee them with heat removal ability up to 

10 MW/m². Special recesses and cooling scheme are also designed for the RH features, to 

shadow them from the direct bombardment and give the RH features enough capability to 

remove the heat. Finite element method (FEM) analysis is carried out to verity the heat transfer 

ability of the cooling system of the Dome. The results will provide supports to the 

electromagnetic and structure analysis of Dome and promote the final design of CFETR water-

cooled divertor.
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C. Plasma Heating and Current Drive 

RF conditioning to suppress the multipactor discharge for helicon wave 

current drive in KSTAR 

Hyunyeong Lee, J.H. Kim, H.H. Wi, J.G. Kwak, S.J. Wang 

Korea Institute for Fusion Energy, South Korea 

 

The efficient off-axis non-inductive current drive using auxiliary power is essential for steady 

state operation in tokamaks. A helicon wave current drive has been proposed for efficient 

current drive method in high beta plasma among several fusion devices and the 476-MHz RF 

system for helicon wave has been installed in KSTAR. However, the multipactor discharge has 

occurred inside waveguide system including vacuum feedthrough (VFT) and it interrupted the 

normal RF propagation to plasma. For successful helicon wave current drive, it is essential to 

suppress the multipactor discharge in the WG system including the 6-1/8” coaxial type VFT 

and new manufactured spiral type antenna before installation in KSTAR. The RF conditioning 

utilizing a short pulse modulation during a long period helps to suppress the multipactor 

discharge and can be possible for the 1-MW 476-MHz RF to pass through the whole waveguide 

system in spite of existence of mulipactor discharge. After RF conditioning with a short pulse 

modulation, the new manufactured spiral type antenna and VFT for helicon wave current drive 

has been installed successfully in KSTAR. The detailed experimental results of RF conditioning 

will be discussed in this presentation.
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E. Diagnostics 

Heat flux measurement on actively-cooled tungsten divertor in the Large 

Helical Device 

Yuki Hayashi, Yukinori Hamaji, Suguru Masuzaki, Masayuki Tokitani, Masahiro Kobayashi, 

Kiyofumi Mukai, Takanori Murase 

National Institute for Fusion Science, Japan 

 

The present study performed the estimation of surface temperature and heat flux deposition on 

the actively-cooled tungsten divertor in the Large Helical Device (LHD). 

The accurate measurement of divertor surface temperature is mandatory and required for the 

both purposes of safety operation and studies regarding heat flux deposition. Infrared (IR) 

thermography is a candidate for temperature measurement based on thermal radiation emitted 

from an object. Because the reflection component can not be negligible and affect to the 

collected signals by IR system due to the low tungsten emissivity the tungsten temperature 

should be carefully assessed in fusion devices. 

Based on the calibration by taking into account the reflection component and temperature 

dependence of tungsten emissivity, the surface temperature of actively-cooled tungsten divertor 

was estimated during the LHD plasma discharge. The surface temperature increased up to 1,000 

degree at the strike point by heat flux deposition with the heating power of 18 MW. The finite 

element analysis with non-linearity of thermal properties of material composing the divertor 

calculates the heat flux based on surface temperature measured by IR thermography. The heat 

flux was 10–20 MWm⁻² on average along the strike line. On the other hand, the concentration 

of heat load at the tungsten edge was observed with heat flux higher than 20 MWm⁻². The 

incident angle of magnetic field line connected to divertor surface and electron concentration 

at the edge structure should be considered.
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H. Vessel/in-vessel Engineering and Remote Handling 

Feasibility Study of Grouping and Excavation for the repair of PAUT 

indications on ITER Vacuum Vessel 

Ju-Yeon Han, Hokyu Moon, Hyunsoo Kim 

Korea Institute of Fusion Energy, 169-148 Gwahak-ro, Yuseong-gu, Daejeon 34133, South Korea 

 

According to the RCC-MR Code and French Order of Nuclear Pressure Equipment (ESPN), 

full volumetric examinations are required for all welds of pressure retaining parts of the ITER 

Vacuum Vessel (VV). 

Indications with an amplitude above the recording level will be evaluated for Accept or Not-

accept according to an approved Phased Array Ultrasonic Test (PAUT) procedure and 

additionally, the process of grouping according to RCC- MR Section3 RMC 2638 must be 

evaluated. Grouping rules should be applied only to indications above the recording level that 

exists in the adjacent, however, it is often found an illogical case in actual production welding 

when following the grouping rules stipulated in RMC-2638. The evaluation of the grouping 

according to RMC 2638 determines the extent of the welds requiring repair. There is no clear 

classification for adjacent and non-adjacent in RMC 2638, although grouping if the distance 

between the long and short indications is less than 6 times the short length. Excessive 

excavation must be performed if the above conditions are met, regardless of the interval 

between the two indications. This article proposal logical PAUT indications grouping rules for 

various cases not covered in detail in RCC-MR code.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 439 

P-1.305 Poster 

G. Plasma-facing Components 

Electromagnetic Load Evaluation of K-DEMO Divertor for MD and VDE 

Plasma Disruption Scenarios 

Sungjin Kwon¹, Jonghak Lee², Youngmin Lee¹, Mu-Young Ahn¹, Nam Il Her¹ 

¹ Korea Institute of Fusion Energy, Daejeon, 34133, South Korea 

² Tae Sung S&E Co. Ltd., Seoul, 04780, South Korea 

 

Electromagnetic (EM) force caused by the instability of plasma operation is one of the most 

significant external loads in the DEMO, as well as the extremely high heat flux (more than 10 

MW/m²). Abrupt disruption of plasma current of several MA causes thermal quench and current 

quench sequentially. This paper presents the EM force on divertor calculated by considering 

the toroidal field variation (TFV), halo current (HC), and poloidal field variation (PFV) 

generated during the quenching process for the K-DEMO. The K-DEMO with the fusion power 

of 2,200 MW has a major radius of 6.8 m and a plasma current of 12 MA in steady-state 

operation. The K-DEMO divertor basically employs a water-cooled tungsten monoblock 

concept with a reduced activation ferritic martensitic RAFM steel heat sink. EM force was 

calculated using ANSYS Mechanical/Emag solver. For the convenience of calculation, the 

existing inconvenient GUI environment based on MAPDL was changed to ANSYS Workbench 

and improved. To evaluate the EM forces generated in the K-DEMO divertor when various 

disruption scenarios occur, three scenarios were selected for major disruption (MD) and vertical 

displacement event (VDE), respectively. PFV, HC, and TFV, significant inputs, were converted 

using in-house code. The EM forces generated by six scenarios were calculated and compared. 

In the MD downward slow & fast and VDE downward slow & fast scenarios, the maximum 

EM force was 4.83 MN in the vertical direction, and the HC influence was dominant.
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H. Vessel/in-vessel Engineering and Remote Handling 

In-bore ultrasonic testing of cooling pipes in the lower divertor cassette of 

JT-60SA 

Takao Hayashi, Go Matsunaga, Manabu Takechi, Akihiko Isayama 

National Institutes for Quantum Science and Technology, Japan 

 

A lower divertor cassette of JT-60SA, which is the largest superconducting tokamak, has been 

designed, and the first divertor cassette covering a 10° sector in the toroidal direction has been 

manufactured. Modularized plasma facing components such as vertical targets, baffles, and 

domes will be assembled into the divertor cassette. All plasma facing components will be 

actively cooled. Carbon armor tiles bolted to water-cooled copper alloy heat sinks are used to 

remove heat loads of 0.3–2 MW/m² for 100 s and 10 MW/m² for less than 10 s. The divertor 

cassette integrated with coolant pipe connections will be used for remote handling / hands-on 

maintenance. A laser pipe welding tool, which is accessed from the inside of the pipe, has been 

developed to assemble the inboard vertical target. The space around the cooling pipes is so 

limited that they are cut and welded remotely from the inside for maintenance. The outer 

diameter of the cooling pipe is 59.8 mm, the wall thickness is 2.8 mm, and the material is 

SUS316L. The butt laser welding point is approximately 0.5 m deep from the mounting surface 

of the welding equipment. Post laser welding inspections should also be performed from the 

inside of the piping. In this study, an in-bore ultrasonic tool has been developed to inspect 

cooling pipes in the lower divertor cassette of JT-60SA. The results of the ultrasonic testing 

will be reported in conjunction with the test results of the piping with known defects.
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J. Materials Technology 

Effects of incascade defect clustering and defect cluster migration on 

microstructural evolution in F82H steel under irradiation: Mean field 

cluster dynamics simulation 

Yoshiyuki Watanabe¹, Kazunori Morishita², Chen Yuting³, Zhu Liangfan³, Takashi Nozawa¹ 

¹ National Institutes for Quantum Science and Technology, Aomori 039-3212, Japan 

² Institute of Advanced Energy, Kyoto University, Kyoto 611-0011, Japan 

³ Graduate School of Energy Science, Kyoto University, Kyoto 611-0011, China 

 

A reduced-activation ferritic/martensitic (RAFM) steel is expected as a blanket structural 

material in a nuclear fusion DEMO reactor. The material suffers from fusion neutron 

bombardments which induce a huge production of irradiation defects such as vacancies, 

interstitials, helium atoms, and those clusters, and then cause the microstructural change, 

resulting in the property degradation. For a realistic DEMO design, it is necessary to develop a 

methodology that can mechanistically predict the material behavior under irradiation. The 

microstructural evolution of irradiated materials has been described, based on defect kinetic 

methods such as mean field cluster dynamics (rate theory); however, effects of collision-

cascade defect clustering and defect cluster migration behavior on the microstructural evolution 

has not been yet understood. 

The objective of this study is to theoretically understand the effects of those defect behaviors 

on the formation kinetics of typical defect clusters of self-interstitial atom clusters and vacancy 

clusters in F82H steel. In the rate theory model, the size dependence of thermal stability of 

defect clusters was employed. Also, the size distribution of defect clusters directly formed in 

collision cascades was employed corresponding to various irradiation fields. In addition, the 

migration of defect clusters relatively large as TEM-visible was employed. The nucleation and 

growth processes of defect clusters were investigated under a wide range of irradiation 

conditions. 

The numerical analysis says that the defect clustering in collision cascades drastically increases 

the number density of defect clusters depending on irradiation fields, in which the average 

cluster size becomes relatively small. In contrast, the migration of defect clusters decreases the 

number density of defect clusters with increasing temperature because of the absorption into 

the intrinsic sinks and reaction with each other. The time dependence of number density and 

size distribution of defect clusters are discussed with the nucleation free energy.
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D. Plasma Engineering, Plasma Control, and CODAC 

Effects of ion temperature on detachment plasma formation using a linear 

divertor simulator TPDsheet-U 

Naonori Okada¹, Taiga Goka¹, Akira Tonegawa¹, Kohnosuke Sato² 

¹ Tokai University, Japan 

² Tokyo University of Science, Japan 

 

For engineering and physics design of divertors with reduced heat load in ITER- size Demo 

reactors, super-X divertor (SXD) and snowflake divertor (SFD) have been proposed as 

advanced divertors with the magnetic flux expansion and the magnetic field line length (leg 

length) in the divertor. In such advanced magnetic field configurations, the most important 

requirement for improving plasma performance is to achieve both stable formation of detached 

plasmas and control of neutral particles. Therefore, linear divertor simulators are widely used 

as basic research devices because of their ease of measurement and control. A number of 

divertor simulators, however, cannot reproduce the actual detachment plasma in the divertor 

due to the fact that the ion temperature of the simulated plasma is lower (a few eV) than that of 

the divertor plasma in a fusion device (over 10 eV). Because a magnetized sheet plasma can be 

efficiently heated by ion cyclotron resonance (ICR) method, the main objective of this study is 

to investigate the effect of ICR heating on the production of detached plasmas. Previously, 

using a linear divertor simulator (TPDsheet-U), we have succeeded in reducing the heat load 

by enlarging the wetted area on the target plate at the plasma termination in the curved 

expanding magnetic field region. In this experiment, RF power in the ion cyclotron frequency 

band (1.0–1.3 MHz) was applied to a high-density hydrogen sheet plasma (ne~10¹⁸ m⁻³, Te~10 

eV), and the energy of the heated plasma was measured using a magnetic-loop-coil. As the RF 

power of ICR heating increases up to 500 W, the ion temperature increases from 2.5 eV to 6.4 

eV at the magnetic field of 0.08 T. ICR heating effects of the detachment plasma formation in 

the expanding magnetic field region have been analyzed, using the Langmuir probe and the 

visible spectroscopy.
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C. Plasma Heating and Current Drive 

Enhancement effect of volume production by electron emitter on cesium-

free negative ion source TPDsheet-U 

Ryuichi Onuma¹, Taiga Goka¹, Hiroki Kaminaga¹, Akira Tonegawa¹, Kohnosuke Sato² 

¹ Tokai University, Japan 

² Tokyo University of Science, Japan 

 

Neutral beam injection (NIB) system is one of the methods of plasma heating for fusion 

experiment. Negative ion source is essential for NIB and the ion source has to deliver stable 

production of high-density negative ions. Cs seeded negative ion sources can product high-

density negative ions so most institutions developing. However, using Cs causes regular 

maintenance. This makes long time operation difficult. Therefore, the development of a Cs-free 

negative ion source is indispensable. 

We have designed sheet plasma to produce negative ions without Cs seeding. Sheet plasma has 

a large gradient of electron temperature in a space of 20 mm. This property is suitable for high-

density negative ion production without Cs. We have succeeded in extracting a maximum 

negative ion current density of 7.5 mA/cm² [1,2]. However, we should extract higher density of 

negative ion beam to reach the ITER requirement (29 mA/cm²). 

In this experiment, we used the electron emitter (tungsten filament) to enhance the production 

of negative ions by dissociative attachment with thermionic emission of low-energy electrons. 

As a result of experiment, it was confirmed that the electron density and electron temperature 

around the filament increased with increasing temperature of electron emitter. It was also 

confirmed that the current densities of the co-extracted electrons and negative ions increased. 

By increased the filament temperature from 800 to 1400 K, the negative ion current density 

increased from 0.64 to 0.87 mA (36% increase) at an extraction voltage of 10 kV, a discharge 

current of 50 A, and gas pressure of 0.3 Pa. This indicates that the electron emitter could 

enhance the negative ion production process, which is expected to further improve the 

performance of the cesium-free negative ion source using this electron emitter. 
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E. Diagnostics 

Design of Optical Transmission Line of ITER Poloidal Polarimeter in 

Consideration of Manufacturability, Automated Optical Alignment and 

Radiation Hardness 

Ryota Imazawa, Takehiro Ono, Takaki Hatae 

National Institutes for Quantum Science and Technology, Japan 

 

ITER Poloidal Polarimeter (PoPola) is laser-aided diagnostics measuring the change of 

polarization of injected far-infrared laser beam in order to identify plasma current profile. 

PoPola consists of thirteen measurement chords, and each chord is comprised of a set of optical 

components. This study shows the design of optics in the ITER vacuum vessel and optics in 

high radiation area outside the vacuum vessel. In the previous study, the authors demonstrated 

that, even when the position and angle of in-vessel mirrors cannot be adjusted, the probing laser 

beam can be transmitted to plasma with acceptable small vignetting loss (~4%) by using two 

steering mirrors outside the vacuum vessel. This study evaluates the acceptable errors of 

manufacturing and assembly of the optical transmission line on the condition that the 

demonstrated alignment method using the two steering mirrors outside the vacuum vessel is 

applied. The evaluation results show that dimensional error of +/- 5 mm and angle error of +/- 

0.16 degree are acceptable. These acceptable errors are practical. In order to transmit the 

probing laser beam with small loss, measurement of steering mirror angles and measurement 

of humidity (dew point) are important because information of mirror angle is necessary for 

controlling the steering mirrors and the humidity needs to be always low to minimize laser 

power absorption. The authors develop a new angle sensor and a new dew-point sensor. Both 

the sensors realize that a sensor head does not include any semiconductors and the sensor head 

can be placed far from a sensor display. Thus, they can operate in high radiation area in 

principle. The developed angle sensor can measure the mirror angle in the range between – 3 

degree to 3 degree with accuracy of 2.3E-5 degree, and the developed dew-point sensor agree 

with conventional dew-point sensor based on electrostatic capacitance.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

The Advance of the Interlocks for KSTAR 

Jaesic Hong, In-Sik Woo, Seung-Ju Lee, Myungkyu Kim, Kwang-Pyo Kim, Kaprai Park 

Korea Institute of Fusion Energy, South Korea 

 

Korea Superconducting Tokamak Advanced Research (KSTAR) has three interlock systems. 

The Supervisory Interlock System (SIS) protects the damage of machines from abnormal 

events. To prevent the destruction of the internal vacuum components from the uncontrolled 

plasma and heating beams is the Fast Interlock System (FIS). The Personal Safety Interlock 

(PSI) keeps humans from harmful environments and conditions. This paper presents the 

evolution of the KSTAR SIS and FIS operations since 2009.  

The SIS was implemented for KSTAR in 2007 and optimized the critical conditions and 

actuator actions to improve and avoid occurred issues. The significant changes in the KSTAR 

interlocks are removing and changing the inappropriate interlock conditions and adding the 

required conditions to improve efficiency to fit the advanced experimental environments. The 

first FIS implemented in 2009, and its hardware and software have been upgraded to enable the 

interlocks and actions with high time resolution. The machine protection logics in the FIS have 

been elaborated to reduce operational failures. This paper analyses the modified conditions for 

interlocks and actions to protect machines and their effects.
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I. Fuel Cycle and Breeding Blankets 

Dynamic Simulation of a Cryogenic Distillation Column for Isotope 

Separation System 

Jae Jung Urm¹, Jae Hwan Choi¹, Jae-Uk Lee², Min Ho Chang², Jong Min Lee¹ 

¹ Seoul National University, South Korea 

² Korea Institute of Fusion Energy, South Korea 

 

In hydrogen isotope separation system (ISS), it is critical to assure product quality during an 

unsteady feed flow operation. An appropriate control system is essential to ensure the product’s 

quality. Dynamic simulation enables the analysis of the process’s dynamic behavior under 

various control strategies. Variation in the tritium inventory, which is strictly regulated, may 

also be accurately assessed. This work presents a dynamic simulation study of a cryogenic 

distillation column for the hydrogen isotope separation system. The viral equation of state 

model is used to compute the thermodynamic properties rigorously. Pyomo, an optimization 

modeling language, is used to execute steady-state simulations. The result is utilized as the 

initial value for the MATLAB dynamic simulation. A packed distillation column and two 

equilibrators comprise the base case. Two direct material balance control schemes are 

implemented in the column, each composed of four PI controllers. The control schemes are 

compared using tritium inventory and product quality profiles obtained from a periodic pulse 

feed scenario. Additionally, the behavior of manipulating variables and other process variables 

is examined. All controllers were tuned for each control scheme, and both control schemes were 

effective at regulating product quality.
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I. Fuel Cycle and Breeding Blankets 

Recovery rate depending on the type of lithium source solution during 

lithium recovery by electrodialysis 

Yuta Shindo¹, Kiyoto Shin-Mura², Ryoya Tokuyoshi², Kazuya Sasaki² 

¹ Faculty of Science and Technology, Hirosaki University, Japan 

² Graduate School of Science and Technology, Hirosaki University, Japan 

 

In the ITER project, tritium produced by the reaction of lithium (⁶Li) with a mass number of 6 

and neutrons in a blanket is used as fuel. The premise of this project is that sufficient Li 

resources will be supplied economically and stably. In current, most of the proven reserves of 

Li (59%) are in salt lakes [1], and Li compound production from salt lakes is preferable due to 

its low cost. Now we must be aware of the surge in demand for Li resources due to lithium-ion 

battery market and the concern that they will be supplied stably with low cost in the future. To 

make up for the shortage of Li resources, the Li-supply from mines with high-cost, which is 

about twice as high, has increased sharply, and has become the mainstream of Li resource 

supply in recent years. The realization of the DEMO power plant and commercial 

thermonuclear fusion reactor, which are built as post-ITER, requires the development of a third 

Li supply route and technology to get Li resources from seawater containing limitless-Li [2]. 

As a candidate technology for extracting Li resources from seawater, an electrodialysis using a 

lithium-ion conductive solid electrolyte is promising. In our laboratory, we devised an 

innovative electrodialysis technology and demonstrated Li recovery as fast as 2－3 orders of 

magnitude with high energy efficiency. However, research is still underway to elucidate the 

effects of elements other than Li on the extraction of recovery performance from seawater. 

In this study, we assume the extraction of lithium from seawater and investigate the effects of 

the presence of chlorine and sodium.  

 

References 
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I. Fuel Cycle and Breeding Blankets 

Li vaporization behavior and mechanical properties of Li₈ZrO₆ in high 

temperature reducing atmosphere for tritium breeding materials 

Satoru Kikuchi¹, Takashi Noro¹, Kiyoto Shin-Mura², Kazuya Sasaki² 

¹ Faculty of Science and Technology, Hirosaki University, Japan 

² Graduate School of Science and Technology, Hirosaki University, Japan 

 

ITER uses deuterium and tritium as fuels. Because tritium is almost non-existent in nature, it is 

produced by a nuclear reaction between lithium and neutrons in a fusion reactor blanket. 

Candidates for tritium breeding materials in Japan are lithium titanate (Li₂TiO₃ and Li₂₊xTiO₃) 

and lithium titanate zirconate (Li₂TiₓZr₁₋xO₃), which have excellent thermochemical stability. 

However, it is difficult to maintain a high tritium breeding ratio (TBR) for a long period of time 

because their Li atomic densities are too low for commercial reactors. Because Li₈ZrO₆ has a 

high Li atomic density and Zr has a neutron multiplying effect, it is expected to realize high 

TBR over a long period of time. In previous studies, we developed an industrially usable solid-

phase reaction synthesis method for high-purity Li₈ZrO₆ [1] and elucidated the Li vaporization 

behavior in a reducing atmosphere at 900 °C, which is the maximum temperature in the fusion 

blanket. 

In this study, the behavior of Li vaporization and changes of mechanical properties over a long 

time of Li₈ZrO₆ sintered body in a 0.1%-H₂/He atmosphere at 320–900 °C, which is the 

temperature range in the fusion blanket, are investigated. The amount of Li vaporization is 

determined by Li/Zr ratio analysis using an Inductively coupled plasma optical emission 

spectroscopy or by weighing method. The mechanical properties are evaluated by measuring 

the fracture strength and Young's modulus by compression fracture test, crystal phase change 

by powder X-ray diffraction, and microstructural change by scanning electron microscope 

observation. 

 

References 
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E. Diagnostics 

Neutron irradiation test of CCD camera for ITER VUV spectrometer 

systems 

Boseong Kim¹, YoungHwa An¹, Jungmin Jo¹, Seonghee Hong¹, Changrae Seon¹, Donghwan 

Kim², Jeongjeung Dang², Pilsoo Lee², Munseong Cheon¹ 

¹ Korea Institute of Fusion Energy, Daejeon, South Korea 

² Korea Atomic Energy Research Institute, Gyeongju, South Korea 

 

An envisaged VUV detector for the ITER VUV spectrometer systems was irradiated by 

neutrons generated at the beam dump of 100 MeV beamline in the KOMAC proton accelerator 

to show its potential radiation tolerance against high energy neutrons. A high flux of 14.5 MeV 

neutrons is expected to be generated during the nuclear phase of ITER, which will also irradiate 

various electronics in ITER port cells. ITER VUV spectrometers will utilize a back-illuminated 

CCD as a detector for VUV photons, which will suffer against a significant neutron direct 

stream even with optimized shielding options. Following the ITER policy, it was required to 

show the potential radiation tolerance of the CCD against the expected neutron fluence. 

KOMAC proton accelerator was chosen as a neutron irradiation facility as significant neutrons 

are generated from the beam dump at the end of the 100 MeV proton beamline. Both MCNP 

calculation and experimental measurement using the foil activation method were conducted to 

characterize the neutrons at KOMAC 100 MeV beam dump. It was found that the tested CCD 

is expected to have a single event upset at every neutron fluence of ~10¹⁰ n.cm⁻². After 

irradiation under neutron fluence of ~10¹² n.cm⁻², the cooling function of CCD has been 

permanently out of order first, then the communication with the CCD has been lost 

permanently.
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J. Materials Technology 

Compatibility of tritium breeders and neutron multipliers as a mixture-

packing concept of pebble bed blanket for JA DEMO fusion reactor 

Jae-Hwan Kim, Taehyun Hwang, Suguru Nakano, Yoshiaki Akatsu, Masaru Nakamichi 

National Institutes for Quantum Science and Technology, 2-166 Obuchi, Omotedate, Rokkasho, 

Aomori 039-3212, Japan 

 

A demonstration (DEMO) fusion reactor requires advanced functional materials, tritium 

breeders as well as neutron multipliers which contribute to the improvement the tritium 

breeding ratio (TBR). Taking into account stability at high temperatures, which is one of the 

most important properties, no doubts exist that research and development of advanced 

functional materials with high stability are indispensable for blanket applications of DEMO 

fusion reactors. Therefore, Japan is dedicated to the development of functions materials for 

blanket systems that apply to them. With respect to advanced materials, solid solution pebble 

of Li-excess Li₂TiO₃ with 20 % Li₂ZrO₃ (LTZO) have been developed whereas pebble-shaped 

beryllium intermetallic compounds (beryllides) have been successfully fabricated. 

In parallel with these R&Ds on functional materials, one of blanket concepts for a Japanese 

DEMO fusion reactor design has received attention and considerable interest because of its 

potential to improve TBR by mixture-packing of tritium breeders and neutron multipliers. Since 

the maximum operation temperature in the blanket is anticipated at about 1173 K, both 

materials must be stable near at this temperature, and in particular, the compatibility of each 

material must be clarified for this mixture-packing concept. 

To clarify the stability of tritium breeders and neutron multipliers fabricated by the authors, in 

this study, compatibility tests using mixture-packing concept of tritium breeders and neutron 

multipliers’ pebbles were performed at 973 and 1073 K for 100 and 300 h and the detailed 

results will be addressed.
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C. Plasma Heating and Current Drive 

Completion of beamline design for 100 s beams in the neutral beam injector 

for JT-60SA 

Junichi Hiratsuka, Atsushi Kojima, Masamichi Murayama, Masahiro Ichikawa, Kazuhiko 
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For heating & current drive of JT-60SA, neutral beam injectors (NBI) have been restored to 

inject neutral beams with 34 MW for 100 s. The pulse length is ten times longer and residual 

magnetic field (Bres) in beamline of the NBI is twice larger than those in JT-60U. To achieve 

the required beam power for 100 s stably, the beamline components were modified.  

One is canceling coil with magnetic shield to reduce Bres in the beamline. For perpendicular-

NBI (P-NBI), Bres was > 300 Gauss, and could not be reduced sufficiently by the conventional 

canceling coil and magnetic shield. To design new canceling coil and magnetic shield, 

validation of the simulation model was performed by using a 1/4-scale model with the double-

layer plates with permalloy and soft magnetic irons. As the result, the increase of the thickness 

of the soft magnetic irons from 16 to 28 mm and the enhancement of the canceling coil from 

14 turns to 48 turns, could reduce Bres to < 5 Gauss, which satisfied the allowable value. 

Drift ducts to connect NBIs and JT-60SA are replaced from the conventional inertial cooling to 

a water-cooled one. The power load on the drift duct was calculated by solving trajectories of 

the neutral beam and the re-ionized particle. As one of examples, typical heat load on the drift 

duct of negative-ion-based NBI (N-NBI) is 0.3 MW/m² by re-ionized particle and < 0.1 MW/m² 

by neutral beam on the JT-60SA operation scenario (Ip ≤ 5.5 MA, Bt ≤ 2.25 T). Since the higher 

heat load area is locally concentrated, the cooling water channels are concentrated on the region. 

Thus, the design was completed, and the manufacturing has been started.
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I. Fuel Cycle and Breeding Blankets 

Evaluation on Nonirradiated Thermal-mechanical response of WCCB 

TBM following RCC-MRx 

Wenhai Guan, Takuya Katagiri, Yuya Miyoshi, Takanori Hirose, Yoshinori Kawamura 
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Water-cooled ceramic breeder test blanket module (WCCB TBM) developed by Japan is aiming 

for validating tritium breeding and extraction. Since the WCCB TBM is to be cyclically loaded 

with coolant pressure, heat load and electromagnetic force caused by the plasma, structural 

integrity should be evaluated to keep functional. Because the WCCB TBM shall be installed in 

central port of ITER, design process and structural material (F82H) should obey the French 

regulations (PED, ESPN). Preliminarily work on the normalized material properties and criteria 

of nonirradiated F82H following the RCC-MRx has been investigated. In this study, the 

thermal-mechanical response of WCCB TBM was investigated: the structural integrity 

following the requirement of RCC-MRx was evaluated for design validation based on the 

analysis result. 

Three-dimensional finite element analyses of WCCB TBM were performed using a commercial 

simulation code called ANSYS. The thermal and elastic thermo-mechanical analyses were 

conducted under the heat load of 0.3 MW/m² and the presence of cooling water with 17.2 MPa 

and 616 K. Nuclear heat generation distribution was obtained from nuclear analyses and 

inputted into thermal analysis.  

The maximum temperature was 679 K and was observed at the zenith of hemispherical body. 

Since the creep temperature of F82H has been considered higher than 648 K, significant creep 

performance with its affection must be evaluated to next procedure. Generated primary stress 

and secondary stress performed lower magnitude than criteria of F82H. The individual creep 

and fatigue performance are satisfied with current operation scenario. At the end of the 

evaluation procedure, creep-fatigue (CF) damages are located in the safety region compared 

with CF damage diagram. The detailed evaluation procedure and discussions of structural 

integrity will be presented.
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J. Materials Technology 

Compression properties of beryllide pebbles at high temperatures 

Yoshiaki Akatsu, Jae-Hwan Kim, Taehyun Hwang, Suguru Nakano, Masaru Nakamichi 

National Institutes for Quantum Science and Technology, Japan 

 

Beryllium intermetallic compounds (beryllides) are an attractive material for advanced neutron 

multiplier for a demonstration fusion reactor owing to their lower swelling at neutron irradiation 

environment as well as lower reactivity with water vapor at high temperature. These materials 

are supposed to be loaded in a blanket system as pebble types, which have been successfully 

fabricated by granulation of plasma-sintered beryllides rods by a rotating electrode process 

(REP).  

It may be anticipated that in a worst case that compressive load of beryllide pebbles is too low, 

those may be broken by either vibration or gas pressure and fallen down to bottom area via 

cavity among pebbles, which may lead to problematic issues such as gas pressure drop and loss 

of tritium breeding ratio and so on. Since the beryllide pebbles are exposed at various 

temperature ranges while temperature distribution can be generated due to decay heat and 

cooling system in the blanket area, moreover, it is considerably important to clarify the crush 

load of pebbles at high temperatures. In the authors’ group, the compressive loads of beryllides 

at R.T. have been reported based on the chemical composition of Be12TixVx-1 pebbles. 

However, few report on compressive load of beryllide pebbles at high temperatures found 

whereas many data on the strength of beryllide blocks at high temperature for refractory 

applications reported. Accordingly, it is indispensable to clarify the high-temperature 

compression properties, compressive load, displacement, fractural mechanism of pebbles and 

so on.  

In this study, compressive load-displacement and cross-sectional images of Be12V and 

Be12Ti0.3V0.7 beryllide pebbles at high temperatures will be presented with cross-section 

SEM observation result to clarify the strength of beryllide pebbles.
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F. Magnets, Cryogenics and Electrical Systems 

ATTENUATION MITIGATION ON ULTRASONIC TESTING AT TF 

COIL STRUCTURE OF ITER 
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The ITER Toroidal Field Coil Structure (TFCS) is a massive 16 m × 9 m welded "D"-shape-

structure made of thick austenitic stainless steel with over 100 mm. The ultrasonic testing (UT) 

is used to the welding examination. The longitudinal wave is selected since it is generally used 

for UT of austenitic stainless-steel welds. There is a concern about the attenuation of the signal 

level of UT, because the ultrasonic wave is scattered through the weld metal of austenitic 

stainless steel. This paper reports the following mitigation method against the attenuation of the 

UT signal with actual data applied for ITER TFCS. 

In the ITER TFCS fabrication, the attenuation of the UT beam in the weld is compensated by 

the transfer correction factor obtained from a test piece made of the actual TFCS material and 

weld metal during calibration. 

UT is performed using distance amplitude characteristic (DAC) curve obtained with a 

calibration block made from the base material of TFCS with side drill holes (SDHs). In order 

to capture the sensitivity difference between base material and weld metal, signal obtained with 

a reference block made from welding joint of TFCS with the same SDHs in the weld are plotted 

on the DAC. The sensitivity difference is obtained by difference of signal level on DAC and 

the plot. Then, relationship between the sensitivity difference and distance propagating in the 

weld metal is obtained. The sensitivity difference is used for assessment of UT signal level to 

correct decreasing by weld metal selecting proper sensitivity difference with respect to distance 

propagating in the weld metal in actual UT.  

This paper includes test results obtained by manufacturing companies using the actual UT 

probes for TFCS fabrication. The paper also provides obtained correlation between propagation 

distance in the weld metal and sensitivity difference.
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J. Materials Technology 

Evaluation of tensile ductility using shape change of gauge section of small-

tensile specimen 
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For the engineering design of DEMO blankets, it is essential to characterize the structural 

materials that have undergone irradiation effects. For this purpose, post-irradiation 

examinations using small specimen test technique (SSTT) are necessary. However, it has been 

reported that the evaluation results of the SSTT in the evaluation of tensile properties, which is 

fundamental for engineering design, may be overestimated compared to the standard test. This 

study aims to identify and solve the problems of evaluating the tensile properties of structural 

materials using the SSTT. 

Tensile tests were carried out on F82H BA07 specimens in a non-irradiated environment at 

room temperature. For the tensile tests, the thickness of the gauge section was varied from 0.4 

to 1.2 mm, using the small-plate specimen SS-J3 (gauge section thickness: 0.75 mm, width: 1.2 

mm, and length: 5 mm) as the reference geometry. The deformation behavior of the specimens 

was analyzed by stress analysis using the finite element method. Abaqus Standard 2016 

(Dassault Systemes, Inc.) was used as the solver. 

The reduction area (RA) of the fracture surface owing to deformation was larger in the small-

plate specimens than that in the standard round-bar specimens. This implies that ductility, which 

is a fracture criterion of structural materials, may be overestimated in the SSTT. This may be 

attributed to the deformation in the thickness direction, where the dimensions are small. This 

deformation is larger in the small specimen and hence leads to an increase in the RA. In contrast, 

the deformation ratio in the width direction of the small specimen was almost the same as that 

of the standard specimen. Therefore, the results indicated that ductility could be evaluated with 

a safety margin, using small specimens, via the dimensional reduction rate of the plate width.
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J. Materials Technology 

Tensile properties of titanium beryllium intermetallic compounds 

Taehyun Hwang, Jae-Hwan Kim, Suguru Nakano, Yoshiaki Akatsu, Masaru Nakamichi 
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Beryllium (Be) has been a promising functional material for the breeding blanket of a fusion 

reactor. However, Be has disadvantages such as the sharp increase of swelling above 600 °C 

and deterioration for mechanical properties and thermal conductivity due to irradiation damage.  

Instead, Be intermetallic compounds (beryllide) such as Be₁₂Ti and Be₁₂V are considered as 

promising advanced neutron multipliers for DEMO because of its excellent high-temperature 

stability and low reactivity with water vapor. Besides, recently, there has been a growing 

interest in the usage of beryllide block instead of beryllide pebble. Unfortunately, the evaluation 

of the mechanical properties of beryllide has not been sufficiently performed. Thus, the aim of 

this study is to investigate the tensile properties of beryllide. 

A mixed powder of Be-7.7at.% Ti, which is the stoichiometric value of Be₁₂Ti, was subjected 

to a single-phase treatment at 1200°C for 24 hours in an argon atmosphere. Also, Be₁₂Ti powder 

which has been crushed using a planetary ball mill at 300 rpm for 5 hours was prepared for 

comparison of the effect of refinement. For the fabricating samples, plasma sintering (KE-PAS 

II, manufactured by Kaken) was conducted using beryllide single-phase powder. Tensile tests 

were performed on various temperatures with sub-sized tensile specimens, which fabricated by 

electric discharge machining.   

Under the above-mentioned sintering conditions, Be₁₂Ti single-phase berylide was obtained, 

and the crystal grain size corresponded about 20 µm while that using ball milled powders were 

about 10 µm. The sintering density of Be1₁₂Ti was almost 100% above 1000 °C. Detail of 

tensile properties of beryllides will be reported.
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B. Experimental Devices and Facilities for Fusion Research 

Parametric studies on electromagnetic and thermofluidic characterization 

of in-vessel control coil in KSTAR 

Jin Gu Kang¹, Hyun Jung Lee², Hyun Wook Kim², Sung Hyun Park¹, Min Yong Jang¹, 

Kwang Pyo Kim², Beom Seok Kim¹ 

¹ Seoul National University of Science and Technology, South Korea 

² Korea Institute of Fusion Energy, South Korea 

 

Korea Superconducting Tokamak Advanced Research (KSTAR) achieved a landmark 30-

seconds operation with a plasma of an ion temperature over 100 million degrees. Active plasma 

control via in-vessel control coil (IVCC) contributed significantly to this long-pulse operation. 

An alternating current, passing through the IVCC conductor, generates a magnetic field for 

plasma control. During the operation, heat is inevitably caused by eddy currents, especially in 

the housing material of IVCC. Regarding the reliability, thermal stress distribution throughout 

the structure due to the non-uniform temperature distribution determines the stability of the 

IVCC. In this study, we investigate how to enhance the mechanical robustness of IVCC. Using 

ANSYS Maxwell, Fluent, and Mechanical software, electrical, thermofluidic, and mechanical 

behaviors are investigated considering multi-physical environments. As parametric approaches, 

local temperature distribution and consequent thermal stress concentrations are characterized 

according to feasible passive-type heat sinks. We present Cu heat sink shows adverse effect in 

local temperature increase by 71% compared to that of SUS because of the rise in eddy currents, 

leading to ohmic loss increase by 200% compared to SUS. Although an additional passage 

cooling is effective in local temperature decrease, it degrades the temperature uniformity within 

the structure due to its asymmetric application. This results in thermal stress increase of up to 

40% compared to that of the passive heat sink of Cu. Experimental results with mock-up IVCC 

models demonstrate the volumetric heat generation in IVCC depending on the physical features 

of IVCC operation and design. According to the demonstrations with the experimental 

validations, we conclude that the internal eddy current generation and corresponding cooling 

techniques are the core of thermal design in IVCC improvements. The strategic thermal design 

can be applied in the future improvement of IVCC. Upon the results of this study, we plan to 

improve the IVCC in KSTAR soon.
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Evaluation of dissolution reaction behavior of hard-to-dissolve beryllium 

ore by microwave heating 
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A large amount of beryllium is loaded as neutron multipliers in the blanket of a fusion reactor. 

Beryl (Be₃Al₂Si₆O₁₈), as one of the beryllium ores, has a very stable crystalline structure. Thus 

conventional refining technique needs fritting treatment by the combination of melting more 

than 2,000 °C and quenching. This energy-intensive process as fritting treatment is expensive 

and has high risks for the environment and human health. We have succeeded to dissolve beryl 

ore at a low temperature of less than 250 °C by a novel combined process of chemical treatment 

and microwave heating. 

This novel dissolving process consists of a pretreatment process using a basic solution with 

microwave heating and a dissolving process using an acid solution with microwave heating. 

The dissolution rate of the beryl depends on the temperature at the pretreatment process using 

the basic solution. It was apparent that the microwave heating with higher than 200 °C in the 

pretreatment with basic solution resulted in sufficient dissolution of beryl by acid solution. 

However, kinetics on dissolving process is unclear, and few reports on kinetics on dissolution 

behavior between beryl and basic solution under microwave heating found.  

In this presentation, the kinetics and temperature dependence of the reaction rate between the 

basic solution and beryl in the pretreatment were evaluated. The results indicated that the 

temperature dependence of the dissolution rate changed around 200 °C. In addition, microwave 

heating significantly increased the dissolution rate of each element (Be, Al, Si) in beryl above 

200 °C compared with a conventional external heating. The details of the differences in their 

reaction rates and activation energies for each reaction process will be reported.
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D. Plasma Engineering, Plasma Control, and CODAC 

Embedding AI into Pulse Shaping Closed-loop Control 

Jun Luo, Zhigao Ni, Zhiyu Tian, Xingquan Xie 

Institute of Computer Application, China Academy of Engineering Physics, China 

 

Pulse shaping of the front-end system is an essential task for power balance in the high-power 

laser facility. We previously established a closed-loop control method for pulse shaping, 

iteratively adjusting the arbitrary waveform generator (AWG) to get the target laser pulse. 

However, the closed-loop control process is not time economic, which greatly affects the time 

efficiency of laser physics experiment. To improve the time efficiency of pulse shaping, we 

propose an artificial intelligence assisted method, by utilizing a deep learning U-net model to 

roughly calculate the initial AWG waveform of the iterative process. To embed the AI model 

into the traditional closed-loop control process, a big challenge is that the artificial intelligence 

model is not compatible with the old pulse shaping control platform, that was constructed on a 

32-bit operating system. To address this issue, we implement an RPC bridge through Thrift. 

The upgraded pulse shaping closed-loop control system which embeds AI is under 

commissioning. It reduces the time consumption of pulse shaping by 90%, presenting a 

powerful accelerating effect.
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B. Experimental Devices and Facilities for Fusion Research 

Numerical and theoretical study on water draining process pushed by gas 

for several manifolds with different Transition Structure 

Yunhu Jia¹, Lei Yang¹, Bin Guo¹, Lili Zhu¹, Weibao Li² 
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Before major replacement or maintenance of the plasma-facing components (PFCs) in ESAT, 

the water in the corresponding manifold needs to be blown out by pressurized nitrogen to avoid 

equipment damage and delay of maintenance progress. However, the amount of residual water 

that cannot be blown out is directly related to the transition structure of the headers and the 

branches in the manifold. Therefore, an elbow transition structure is proposed to replace the 

original right-angled T-type transition to reduce the amount of residual water, and the influence 

of this transition structure on the flow and pressure characteristics in the blowout process is 

studied by theoretical analysis. Further, the theoretical analysis results are in good agreement 

with the water volume fraction distribution, the pressure distribution and the flow ratio obtained 

by FLUENT simulation. The research shows that the elbow structure is conducive to the 

elimination of vortex region in the transition zone, the reduction of pressure loss in the manifold 

and the balance of the branch flow. The conclusion provides reference for the optimization of 

the manifold in EAST.
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Effects of annealing temperature on microstructure and mechanical 

properties of high-purity vanadium alloys 
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³ Institute for Materials Research, Tohoku University, Sendai, Miyagi 980-8577, Japan 

 

V-4Cr-4Ti alloy was considered as a reference material for blanket application in fusion reactor 

in 1990s, which contained about 1000 mass ppm interstitial impurities (e.g., C, N, O) at that 

time. One of resent studies on V-Cr-Ti system is to further improve the low-activation 

characteristic by reducing the high-activation impurities (e.g., Co, Ni, Nb, Mo, etc.) and Ti 

concentration, which produce long-lived isotopes under neutron irradiation. High-purity 

vanadium alloys containing smaller than 300 mass ppm interstitial impurities were developed 

at National Institute for Fusion Science (NIFS), Japan. To reveal the precipitation and 

recrystallization behavior of high-purity vanadium alloy with various Ti and Cr concentration, 

the effects of annealing temperature on microstructure and mechanical properties are 

investigated. 

High-purity V alloys with nominal chemical composition of V-4Cr-(0~4)Ti and V-(4~12)Cr-

1Ti were fabricated by arc-melting process. Button ingots were hot forged and then warm/cold 

rolled into sheets with a final thickness of about 0.25 mm. Discs and SSJ tensile specimens 

were punched out from the sheets. Thermal annealing was conducted at 873 - 1273 K for 1 h in 

a vacuum. Microstructure was characterized by scanning electron microscopy and transmission 

electron microscopy. Vickers hardness and tensile tests were performed at room temperature. 

Hardness decreased with increasing annealing temperature to the minimum at 1173 K mainly 

due to recovery of dislocations and recrystallization, and then increased a little at 1273 K. 

Precipitation of Ti-CON was observed at 973 K for 1%Ti and above. Based on the 

microstructural analyses and Orowan’s mechanisms, precipitation hardening increased up to 

2%Ti, leveled off at 3%Ti, and decreased for 4%Ti after both 1173 K and 1273 K annealing, 

indicating 2~3%Ti addition results in more precipitation hardening than 1% and 4%. The effects 

of Cr concentration and precipitation on tensile properties will be also reported and discussed.
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G. Plasma-facing Components 

Tritium decontamination in vacuum vessel after deuterium plasma 

experiment due to air exposure 

Masahiro Tanaka, Hiromi Kato, Hiroki Chimura, Naoyuki Suzuki 

National Institute for Fusion Science, Japan 

 

The tritium decontamination from the vacuum vessel is one of issues for the tritium balance 

and safety in fusion reactor. To investigate the tritium decontamination characteristics, tritium 

release behavior was observed for the Large Helical Device (LHD) in which the deuterium 

experiment was conducted. In the deuterium plasma experiment, tritium is produced by D-D 

fusion reactions and some of produced tritium is implanted into the plasma facing materials. In 

LHD, in-situ tritium decontamination techniques under the vacuum condition employ glow 

discharge cleaning, wall baking at 368 K, RF heated plasma discharges, etc. Although these 

techniques could remove tritium from the vacuum vessel, there were issues such as the limited 

discharge time less than few ten seconds, the spattering and/or erosion of the plasma-facing 

materials, low tritium removal rate over tritium inventory, and so on. In this presentation, as the 

simple tritium decontamination technique, air exposure on the vacuum vessel after deuterium 

plasma experiment was investigated. 

The tritium decontamination due to air exposure was conducted on vacuum vessels after the 

plasma experiment was completed. After the glow discharge cleaning and wall baking during 

few days, the air in experimental room was fed into the vacuum vessel until atmospheric 

pressure and held in closed condition for several days. Then the vacuum vessel was ventilated 

with room air and the tritium concentration in the purge gas was measured by a water bubbler 

system and a proportional counter. As a result, tritium release from the vacuum vessel was 

observed. The tritium concentration was high immediately after the start of ventilation but 

decreased and became constant several months later. It was demonstrated that tritium deposited 

near the surface on the vacuum vessel can be easily removed by air exposure.
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C. Plasma Heating and Current Drive 

Design of the Two Region Arc Plasma ion source for a development of Cs-

free negative-ion source 

Tae-Seong Kim, Seongho Jeong, Kihyun Lee 

Korea Atomic Energy Research Institute, South Korea 

 

A negative ion source with Cs seeding has disadvantages of complicated operation and 

requiring regular maintenance for continuous operation although advantage of high efficiency 

for negative hydrogen ion generation. The development of Cs-free negative-ion source is 

desired in future neutral beam injection system. A Two Region Arc Plasma (TRAP) ion source 

using volume production without cesium has been designed. The plasma generator of the ion 

source consists of magnetic cusp-field bucket as an anode and filaments as a cathode. The 

TRAP ion source generates plasma having two regions by optimization of filament electron 

emission position and magnetic cusp-field. The accelerator consists of plasma grid (PG), 

extraction grid (EG), and ground grid (GG). SmCo permanent magnets are employed to 

suppress the co-extracted electron currents in the extraction grid. The design of the TRAP ion 

source for the development of Cs-free negative ion source is finished and fabrications are 

currently in progress. In this presentation, the considerations and choices which constitute the 

basis of the design are described.
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F. Magnets, Cryogenics and Electrical Systems 

Design and simulation of 1.5T flip-over conduction-cooled superconducting 

magnet cryogenic system 

Donghu Wang 

Institute of Plasma, Chinese Academy of Sciences, China 

 

A 1.5T/φ280mm conduction cooled superconducting magnet was designed and manufactured, 

which can be placed horizontally or vertically in the room temperature pore to meet different 

operating conditions. The magnet is placed in a high vacuum dewa and uses a 412SA two-stage 

GM chiller as the cold source for the magnet. Considering the heat leakage at the magnet end 

and the mechanical properties of the structure, the vertical and horizontal support structures are 

designed, and the stress analysis of the support structure is carried out by using finite element 

analysis software, and the solid heat transfer simulation is carried out on the magnet. After 28h 

cooling, the magnet cools down to 4.5K, meeting the design conditions.
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G. Plasma-facing Components 

Effect of the inside pressure of helium bubbles on the morphology and 

mobility in beryllium 

Yutaka Sugimoto¹, Kazutomo Hara¹, Mitsutaka Haruta², Hiroki Kurata², Jae-Hwan Kim³, 

Taehyun Hwang³, Msaru Nakamichi³, Mitsutaka Miyamoto¹ 

¹ Department of Material Science, Shimane University, Matsue, Shimane 690-8504, Japan 

² Institute for Chemical Research, Kyoto University, Gokasho Uji-city, Kyoto 611-0011, Japan 

³ Fusion Energy Research and Development Directorate, National Institutes for Quantum Science and 

Technology, Japan 

 

Beryllium was chosen as a plasma-facing material (PFM) for the first wall in ITER. The first 

wall is exposed to plasma particles at high temperatures in ITER. In a blanket for ITER and a 

demonstration (DEMO) fusion reactor, beryllium is a candidate of neutron multiplying 

materials. In this beryllium, He-vacancy complex (He-bubble) is known to strongly interact 

with lattice defects and enhance embrittlement, void swelling and tritium retention. However, 

the relationship between the behavior of bubbles and their inside pressures and how the tritium 

gas behaves related to He bubbles are not intensively understood yet, because quantitative 

evaluation of helium and tritium in bubbles is difficult. 

In this study, the number of helium densities inside individual bubbles and their sizes for 

beryllium irradiated with helium ions were evaluated with scanning transmission electron 

microscopy combined with electron energy loss spectroscopy (STEM-EELS). In addition, the 

relationship between the inside pressure of helium bubbles and their shapes was examined 

under annealing up to 700 K using in-situ transmission electron microscopy (TEM). 

As a result, a clear correlation is observed between the inside pressures and the shapes of 

bubbles. The inside pressures of the spherical bubbles were higher than that of the faceted 

bubbles. The in-situ TEM observation also showed a strong dependence of the inside pressure 

on the bubble density and size: the larger size and the lower density bubbles were observed for 

high-pressure bubbles. In addition, the high-pressure bubbles showed higher mobility under the 

annealing at 1073 K, resulting in a significant decrease in the density accompanied by 

coalescence of bubbles and disappearance at the surface.
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H. Vessel/in-vessel Engineering and Remote Handling 

Toward a digital-twin for real-time heavy-load robot arm control in fusion 

remote handling application 

Zhixin Yao¹, Huapeng Wu², Yang Yang¹, Yong Cheng¹, Hongtao Pan¹ 

¹ Institute of Plasma Physics, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 

230031, China 

² Lappeenranta University of Technology, Lappeenranta, Finland 

 

Digital twin offer a framework to support the real-time control demands in fusion remote 

handling robot arm. The rigid-flexible coupling dynamic simulation of robot arm is time-

consuming. Especially in fusion remote handling application, the structure of heavy-load robot 

arm is complex, the simulation always takes several hours, the real-time control algorithm can’t 

be carried out. In this paper, a digital twin framework is presented to replicate the dynamic 

performance for heavy-load robot arm in fusion remote handling application. The paper 

interlinks the physical system with the digital using real-time sensor data and neural network 

model. The dynamic performance of heavy-load robot arm is mainly the deformation caused 

by the flexibility of link and joint. For the joint flexibility, the data on encoder in the joint can 

be used to calculate the deformation. The link structure is complex, the deformation can’t be 

calculated by conventional finite element analysis method. The deformation data of robot in 

available space collected by fiber strain sensor, the deformation data can be used to train the 

deformation model, the deformation of robot can be calculated quickly. The data from the 

encoder sensor and the deformation model are used to form the digital twin system. The 

operation of heavy-load robot arm can be visualized, and it is updated by 2 Hz. The digital twin 

system can give out the accurate collision free trajectory before remote handling operation, and 

it can conduct status detection during operation.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 467 

P-1.333 Poster 

F. Magnets, Cryogenics and Electrical Systems 

Conceptual design of Nb3Sn coil heat treatment for conductor test platform 

system 

Weijun Wang, Min Yu 

Institute of Plasma Physics Chinese Academy of Sciences, Hefei, 230031, China 

 

The Comprehensive Research Facility for Fusion Technology（CRAFT）project is a key pre-

research project of the China Fusion Engineering Test Reactor (CFTER) device in China. The 

manufacture of the conductor test platform system is one of the key sub-topics of the CRAFT 

project, which is completed by the Institute of Plasma Physics Chinese Academy of Sciences 

(ASIPP). A hybrid superconducting magnet structure will be used for the superconducting coil 

design, in which the high-field, medium-field, and low-field windings are made of Nb₃Sn 

CICCs. The test platform consists of a total of 6 superconducting coil windings, of which the 

low-field coil winding has an outer diameter of about 3.5 m and a height of 2.2 m. The Nb₃Sn 

strands before heat treatment have excellent strength and toughness, which is good for coil 

winding, but the Nb3Sn strands after heat treatment will cause performance degradation under 

the action of trace stress and strain. Therefore, the process of “wind and react” will be applied 

to the manufacture of the Nb₃Sn coil. We plan to design a pre-evacuation controlled atmosphere 

heat treatment system to complete the Nb₃Sn coil heat treatment. The effective temperature 

uniform zone size of the heating furnace is 3.8 m in diameter and 2.5 m in height. This article 

will define the process requirements for the heat treatment of the coil, introduce the structure 

and composition of the heat treatment system and the heat treatment process. The process must 

meet coil requirements for control of the reaction environment, the temperature and time 

constraints, and coil deformation constraints.
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H. Vessel/in-vessel Engineering and Remote Handling 

Prediction and validation for welding deformation of the upper port stub 

Jing Sun, Zhihong Liu, Xiaowei Xia 

Institute of Plasma Physics Chinese Academy of Sciences, China 

 

The vacuum vessel (VV) as an ultrahigh vacuum pressure vessel is one of the essential 

components of the Chinese Fusion Engineering Test Reactor (CFETR) device. The VV has 

strict form and position tolerance. The CFETR port stub is a typical large-scaled welded 

structure manufactured by electron beam welding (EBW) technique. Welding has the most 

significant influence on deformation. Therefore, it is essential to analyze welding deformation. 

A systematic welding simulation method aimed at welding deformation controlling for a large 

EB welded structure is proposed in this paper. Firstly, the dynamic process of EBW of 50 mm 

thick ultra-low carbon austenitic stainless steel was simulated based on the thermal elastoplastic 

theory. The welding thermal cycle curve and residual stresses distribution after welding were 

extracted, and the weld forming mechanism of high energy density welding of the thick plate 

was revealed. Then the inherent strain extracted from the results of the simulation of local 

welding was introduced to the simulation of tailor welding of the port stub. Finally, the optimal 

welding sequence and clamping conditions were obtained, the reliability of the simulation was 

verified by the profile measurement results of the inner shell of the upper port stub.
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F. Magnets, Cryogenics and Electrical Systems 

Study on the Technology of Bi-2212 Superconducting Wire Joints 

Dongsheng Yang, Min Yu, Peng Gao, Jinggang Qin 

Institute of Plasma Physics Chinese Academy of Sciences, China 

 

Due to the excellent current carrying performance of Bi2Sr2CaCu2O8+x (Bi-2212) and the 

development of its industrial manufacturing technology, Bi-2212 shows good prospect to 

develop superconducting conductors used in magnetic fusion reactor. The Cable-in-Conduit 

Conductor (CICC) is one of the most choices for development of large scale magnet. Bi-2212 

is one kind of copper oxide superconducting material which can be made into round wire. This 

characteristic provides a solid foundation for developing the CICCs. This paper aims to study 

the regularity of joint resistance between Bi-2212 superconducting wires. The properties of 

joints using different solders, different fluxes and different lengths are presented, and 

microscopic analysis is carried out. The superconducting wire after high pressure heat treatment 

is covered with different kinds of solder, and the flux is mainly solder paste and phosphoric 

acid. Then two superconducting wires covered with solder are lapped together according to 

different lengths, and potential wires are welded on both ends of the street to detect the voltage. 

The test was carried out under a 12T background magnetic field. The performance test results 

and microscopic metallographic analysis showed that the Ag-Sn-Pb solder was more suitable 

for the manufacture of Bi-2212 superconducting wire joints. The longer the superconducting 

wire joint, the smaller the linear resistance, the lowest Can be less than 10nΩ.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Maturity Level of Physics and Technology Required for K-DEMO Design 

Space 

Ji Sung Kang¹, Gahyung Jo¹, Jae-Min Kwon¹, Ara Cho¹, Hyun-Kyung Chung¹, Bong Guen 

Hong² 

¹ Korea Institute of Fusion Energy, Daejeon, South Korea 

² Jeonbuk National University, Jeonju, South Korea 

 

Under the framework of a conceptual design study for the Korean fusion demonstration reactor 

(K-DEMO), parametric study for design space and selection of design point of the K-DEMO 

have been performed. Advanced engineering features such as the maximum allowable magnetic 

field at the TF coil, Bmax = 16 T, the usage of an advanced shield material like tungsten carbide 

(WC), etc., were adopted. The minimum major radius, R0, the resulting minimum reactor size, 

and the reactor parameters were self-consistently determined by the method which couples a 

tokamak systems analysis with a neutron transport calculation.  

The impacts of a wide range of physics, technology, and system parameters on the design space 

were addressed. With the design requirements of a net electric power > 300 MW, a neutron 

wall loading < 2.0 MW/m², an indicator of divertor power handling, PSOL/R0 < 25 MW/m, 

and steady-state operation, a prospective design space according to the maturity level of the 

physics and technology was drawn. It was found that ne/nG > 0.8, βN > 2.9, H > 1.2, qedge in 

range of 4.0 and 6.6, and Pfusion in range of 1,200 MW and 2,200 MW were required to access 

a design point, R0 ~ 6.8 m and A ~ 3.1. To assess the sensitivity of the result to the input 

physics, technology, and system parameters, two analyses were performed: 1) multiple-

parameter variations at the same time and assessment of their variations on the result and 2) a 

set of single parameters scan to identify the impact of individual variations. It was shown that 

sensitivities to the physics parameters are strong, while sensitivities to the technology 

parameters are weak. Operational space in the physics and the technology parameters was 

identified with the system parameters associated with the K-DEMO design point.
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F. Magnets, Cryogenics and Electrical Systems 

Development of 7 T-72 mm bore NbTi magnet 

Shengquan Xue, Peng Gao, Chao Zhou 

Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

In order to fully verify the reliability of the densely wound solenoidal magnet coil design, 

winding process, impregnation process and cryogenic excitation experiment. A 7 T NbTi 

solenoidal superconducting magnet with a 72 mm-bore has been designed, fabricated and tested 

by the Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP). The outer diameter 

of the magnet is 133.3 mm with the height of 234.5 mm and the inner diameter of 72 mm. The 

excitation current finally reached 176 A, with the central magnetic field reaching 7.35 T, which 

was close to 98.6% of the theoretical design Load line (178.49 A@7.54 T) and the operation is 

stable.
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B. Experimental Devices and Facilities for Fusion Research 

Study on the process and critical current of copper tube extrusion and 

different twist pitch for YBCO HFRC Cable 

Haihong Liu¹,², Huan Jin¹, Jinggang Qin¹, Guanyu Xiao¹,² 

¹ Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China 

² University of Science and Technology of China, Hefei 230036, China 

 

The high temperature superconducting (HTS) material YBCO s has been extensively 

investigated in recent years as one of the most promising materials for application a 

superconducting magnet in future large fusion devices. However, it is difficult to ensure high 

enough mechanical strength and low AC losses in YBCO central solenoids cable under high 

current and high magnetic field environments. Therefore, this paper focuses on the extrusion of 

copper tubes on YBCO CICC conductor to improve the mechanical strength of the cables, and 

the twisting of the extruded YBCO CICC Conductor with different pitch to effectively reduce 

the AC losses. Firstly, the YBCO central solenoid cable with an external diameter of 7.36 mm 

was passed through an annealed copper tube with an external diameter of 12 mm, a wall 

thickness of 0.95 mm and an internal diameter of 9.95 mm, and extruded using extrusion 

equipment, the internal diameter of the extruded copper tube was 7.38 mm, and then tested at 

77 K and from the field its performance was stable. Then, the extruded YBCO CICC Conductor 

was twisted at variable pitch. The pitch was 400 mm, 400 mm free state, 350 mm and 350 mm 

free state respectively. We concluded that the performance of the YBCO CICC conductor 

remained stable at 77 K and self-field when the twisted pitch was reduced and the twisting force 

was released to keep the conductor free state. It is concluded that the copper tube extrusion 

process and the variable pitch twist forming process are feasible and that the retraction of the 

twist within a certain range will not affect the YBCO CICC conductor performance. Therefore, 

we conclude that the extrusion process and variable pitch twist can provide key technical and 

parametric support for the preparation of future YBCO CICC conductors and the realization of 

future fusion engineering applications.
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F. Magnets, Cryogenics and Electrical Systems 

Exploration of the limit impregnation thickness for dense superconducting 

magnet coil 

Tianli Dai, Peng Gao, Chao Zhou, Shengquan Xue 

Hefei Institutes of Physical Science, Chinese Academy of Sciences, China 

 

As we all know, dense superconducting magnet technology is widely used in future Tokamak 

devices, particle accelerators, nuclear magnetic resonance (NMR), magnetic resonance imaging 

(MRI). Vacuum pressure impregnation (VPI) is a key step in the development of magnet, which 

ensures the stability of superconducting wire under electromagnetic force during operation, 

provides electrical insulation between layers and turns of superconducting wire, and ensures 

the low-temperature operation of superconducting magnet. At present, superconducting magnet 

coils are mostly wound with thin-walled coils to avoid insufficient resin impregnation. In fact, 

there is little research on the limit of impregnation thickness of dense superconducting magnet 

coil. In this paper, 0.78 mm stainless steel wire with acetal coated is wound into model magnets 

with different thickness, which are impregnated with CTD-101 K. After impregnation, cut 

along the axial direction of the magnet and observe the degree of impregnation with electron 

microscope, so as to explore the limit impregnation thickness for magnet coil.
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F. Magnets, Cryogenics and Electrical Systems 

Experimental study on the critical current of ReBCO solenoid insert coil 

under various curing process 

Guanyu Xiao 

Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

The conductor on round core (CORC) is one of the ReBCO cable structures. Due to its high 

flexibility and excellent mechanical properties, it has become an important candidate cable for 

large-size Cable-In-Conduit Conductors（CICC） and fusion magnet manufacturing. The 

electromagnetic stress and thermal stress generated during the safe operation of the ReBCO 

insert coil will increase the strain of the wound ReBCO tape on the CORC cable, thereby 

decreasing the critical current of the insert coil. The solidified insert coil can increase 

mechanical strength and resist the influence of electromagnetic and thermal stress. Therefore, 

it is necessary to choose a suitable curing process. In this paper, stycast 2850, vacuum pressure 

impregnating resin, and room temperature curing resin are used for the curing of the CORC 

insert coil. The wound ReBCO tapes of all specimens support by Shanghai Superconducting 

Technologies Co. The critical current of the specimens under various curing process have been 

investigated at 77 K in self-field. The results will give guidance for the followed ReBCO 

solenoid insert coil design and manufacturing.
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J. Materials Technology 

Study on mechanical and electrical properties of reinforced BI-2212 

superconducting strands 

Mengliang Zhou 

Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

Controlled nuclear fusion is the ultimate means to solve the human energy crisis. 

Superconductor plays an important role in the process of nuclear fusion. Bi-2212, as a 

superconducting material with excellent current-carrying performance, that at low temperature 

can offer high current density under high fields and one obvious drawback of Bi-2212 is their 

low mechanical properties. To improve the mechanical properties of Bi-2212 wires, a new 

enhanced Bi-2212 was proposed to reinforce it with a metal straps wrapped around using 

specific   devices of shaping and fixing. This paper records and compares the differences of the 

mechanical tensile properties and critical current of Bi-2212 and enhanced Bi-2212 after 

different heat treatments (atmospheric pressure treatment and high-pressure treatment). The 

experimental results show that in terms of mechanical tensile properties, the enhanced Bi-2212 

superconducting wire is obviously higher than Bi-2212 superconducting wire, and also higher 

than the enhanced Bi-2212 superconducting wire under atmospheric pressure. The critical 

current of the wire treated with high pressure is higher than that of the wire treated with normal 

pressure. This shows that the performance of the enhanced Bi-2212 superconducting strands is 

better than that of the Bi-2212 wires, and the enhanced Bi-2212 superconducting wires is one 

of the future research directions.
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H. Vessel/in-vessel Engineering and Remote Handling 

Design of water-cooled first wall of the JT-60SA 

Daigo Tsuru, Takaaki Iijima, Satoshi Yamamoto, Manabu Takechi, Shigetoshi Nakamura, 

Akihiko Isayama 

National Institutes for Quantum Science and Technology (QST), Japan 

 

This article introduces overview of water-cooled first wall of the JT-60SA device. The non-

cooled inboard first wall for the first operation phases will be replaced with the water-cooled 

inboard and outboard first wall during the first upgrade phase, to protect the in-vessel 

component against mainly heat load from plasma 0.3 MW/m2 x 100s, which consists of graphite 

tiles, CuCr heatsinks and Inconel600 connection pipes, considering dissimilar welding. 

As for the inboard first wall, 864 heatsinks (24 in poloidal direction x 36 in toroidal direction) 

are bolted on the support structure. Two graphite tiles (145 mm x 149 mm x 30 mm) are bolted 

on each heatsink (212mm x 100mm x 25mm). Eight (for NBI irradiation regions) or twelve (for 

other regions) heatsinks adjacent in a poloidal direction are connected with connection pipes. 

Tolerance of inboard first wall is less than 1mm, to mitigate heat load of the limiter 

configuration. 

As for the outboard first wall, about 1500 heatsinks are bolted on the stabilizing baffle plate 

(SBP). Two or three graphite tiles (110–236 mm x 125–195 mm x 25 mm) are bolted on each 

heatsink (230–450 mm x 80–100 mm x 30 mm). Eight-twelve heatsinks are connected with U-

shaped connection pipes connected at the SBP side of the heatsink, forming a heatsink group. 

Inlet and outlet of the heatsink groups are provided by flexible tubes through holes on double 

wall of SBP. Holes on the plasma-side wall of SBP are also formed to preventing interference 

with the connection pipes. Tolerance between SBP and the outboard heatsink groups (~10mm) 

can be absorbed by adjusting thickness of shims inserted between the heatsink and SBP and 

adjusting hole position of washer plates installed between φ30mm diameter bolting holes on 

the heatsinks and M12 bolts.  

The soundness of the water-cooled first wall was confirmed against the heat load and electro-

magnetic load.
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J. Materials Technology 

The Effect of Cold Working and Heat Treatment on Low Temperature 

Mechanical Properties of Jacket Material for CFETR 

Chuanyi Zhao 

Institute of Plasma Physics Chinese Academy of Sciences, China 

 

Abstract: When the superconducting coils are energized, large pulsed electromagnetic forces 

that the CICC (cable in conduit conductor) jacket must withstand will be experienced. 

Therefore, it is necessary to ensure that jacket still has excellent mechanical properties after 

plastic deformation that is unavoidable in the manufacturing process of superconducting CICC 

and winding conductors and heat treatment. The manuscript investigates the effect of plastic 

deformation that is the stainless steel tubes extended to 2.5% in longitudinal direction and heat 

treatment at 665 ℃ on cryogenic temperature mechanical properties of N50 tubes for fusion 

magnets. The tensile properties and microstructure of N50 high nitrogen steel at cryogenic 

temperature are analyzed. Significant reductions of elongation at failure have been observed 

with the increase of the amount of deformation. This research will present the experimental data 

and references for the development of N50 used in jacket material.
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J. Materials Technology 

Recent progress of research on Bi-2212 round wires used for future high-

field insert coils at the ASIPP 

Peng Gao, Dong Sheng Yang, Meng Liang Zhou, Min Yu, Huan Jin, Fang Liu, Hua Jun Liu, 

Chao Zhou, Jing Gang Qin 

Institute of Plasma Physics Chinese Academy of Sciences, China 

 

Over Pressure (OP) heat treatment has significantly improved the critical current density of the 

multifilamentary Bi-2212/Ag wires in recent years. Bi-2212/Ag wire is a very promising 

conductor for very high-field magnet system application due to the very high critical current 

density and upper critical magnetic field. However, the OP heat treatment also causes ~5% 

decrease of the wire diameter, this leads to an increase of the void in the magnet coils, which is 

a threat to the stability of the magnet system. Therefore, a pre-Over Pressure (pre-OP) heat 

treatment is recommended before the OP heat treatment, no further reduction of the wire 

diameter is observed after the OP heat treatment. This paper presents the recent progress of the 

investigation of the OP heat-treated Bi-2212/Ag wires, like the wire-insulation experiment, the 

minimum bending radius measurement, the relationship exploration between the joint 

resistance and soldering length, the measurement of the strain effect on the critical current of 

the wire. Based on these measurement results, a solenoidal insert coil generating a central 

magnetic field of 2.5T is also developed at the ASIPP.
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G. Plasma-facing Components 

HHF testing and post-test examination of flat-type mock-up for CFETR 

divertor 

Nanyu Mou, Qianqian Lin, Xiyang Zhang, Qing Zhuang, Le Han, Lei Cao, Damao Yao 

ASIPP, China 

 

The China Fusion Engineering Test Reactor (CFETR) divertor is a significant plasma facing 

component, which will suffer from sputtering erosion and exfoliation caused by intense plasma 

bombardment, severe heat fluxes and neutron irradiation. The resulting peak heat flux on the 

divertor target in CFETR is expected to reach 20 MW/m2 during normal operations. In this 

work, two flat-type W/Cu/CuCrZr/316L mock-ups were fabricated, one mock-up with armour 

thickness of 5 mm pure tungsten and the other with armour thickness of 5 mm potassium-doped 

tungsten. High heat flux (HHF) fatigue tests were performed at ASIPP to assess the heat 

removal capability and thermal fatigue resistance of the two mock-ups. The results indicate that 

the two mock-ups both successfully endured the cyclic absorbed heat flux at 20 MW/m2 for 

1000 cycles with an inlet pressure of 2 MPa, an inlet water temperature of 20 C and a water 

flow rate of 5 t/h. In addition, the microstructures were investigated to elucidate the joints 

degradation of the two flat-type mockups after the HHF fatigue tests and the macro-crack 

formation mechanism was discussed. Besides, the results will provide reference and practical 

experience for CFETR divertor and the other next divertor fusion device.
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G. Plasma-facing Components 

High heat flux testing for W/Cu monoblocks of upper and lower divertor 

Qing Zhuang, Nanyu Mou, Le Han, Xiyang Zhang, Lei Cao, Damao Yao 

Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

Experimental Advanced Superconducting Tokamak (EAST) tokamak aims to demonstrate 

steady-state and high-performance plasmas, and divertor with active water cooling could avoid 

melting and corrosion of other plasma-facing components (PFCs) material, so it is important to 

evaluate the heat removal capability of W/Cu mono-block plasma-facing units (PFUs) of 

divertor before and after the experiment. After EAST discharge operation, defects may appear 

on the W/Cu interface joints of PFUs of upper divertor, high heat flux testing for defective 

W/Cu mono-block PFUs of upper divertor and the intact PFUs of lower divertor has been 

completed, and the comparison of the results is helpful to understand the influence of the defects 

caused by the experiment on the thermal conductivity of PFUs. High heat flux screening and 

cycle fatigue testing of W/Cu mono-block PFUs has been performed by e-beam device. In 

addition, the interface joint defects and surface condition of tungsten do not expand 

significantly after the HHF testing. The testing results show that the better heat removal 

capability of PFUs of lower divertor is better than that of upper divertor. Moreover, the 

temperature curve in cooling down phase is fitted exponentially, it quantitatively explains the 

cooling performance of W/Cu mono-block PFCs with various defects. The testing results is 

conducive to understanding the relationship between the damage degree and the heat transfer 

performance, and verify that the major defects W/Cu mono-block PFCs could still meet the low 

power experimental requirement, and provide relevant basis for improving the acceptance 

criterion of qualified W/Cu mono-block PFCs.
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F. Magnets, Cryogenics and Electrical Systems 

A circuit design toward doubling of toroidal magnetic field on the QUEST 

spherical tokamak 

Takumi Onchi¹, Hiroshi Idei¹, Nagato Yanagi², Yifan Zhang³, Kazuo Nakamura¹, Kengoh 

Kuroda¹, Makoto Hasegawa¹, Ryuya Ikezoe¹, Kazuaki Hanada¹, Takeshi Ido¹, Masahiro 

Kobayashi², Yuichi Ogawa⁴, Minoru Yoshitani⁵, Takemi Kawamura⁶ 

¹ RIAM, Kyushu University, Japan 

² National Institute for Fusion Science, Japan 

³ Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, Japan 

⁴ The University of Tokyo, Japan 

⁵ Trytec Co., Ltd., Japan 

⁶ Musashi Energy Solutions Co., Ltd., Japan 

 

Tokamak start-up experiments have been conducted in the QUEST spherical tokamak. 

Doubling the toroidal field (TF), it reaches Bt = 1.0 T on the high field side, and Bt = 0.5 T 

around the magnetic axis. Consequently, the fundamental and the second resonance layers for 

28 GHz Electron Cyclotron (EC) wave can coexist in the tokamak configuration. Fundamental 

X- and O-mode heats electrons efficiently in the initial phase of the tokamak start-up, where 

the 28 GHz-RF beam is launched from the low field side. The second X-mode is effective to 

heat electrons in the plasma center. In addition, it is promising that the performance of the 

tokamak start-up by Ohmic heating and coaxial helicity injection improves. 

Using the present TF coil made of water-cooled copper, the required current is ITF = 100 kA 

to double the field. Power of the current source needs four times higher power than the present 

power supply, where the load voltage reaches Vload > 100 V. Requested duration of flat-top is 

limited to 2 s due to the heat limitation of the coil, and hence pulse discharge using capacitor 

bank can fulfill the specification to generate the high current. Lithium ion capacitor (LIC) is 

selected as the capacitor owing to its high power-density. To shape the current waveform and 

make flat-top, DC-DC buck converter is installed between the LIC bank and the coil load. A 

module consisting of a LIC bank and a DC-DC buck converter was designed and developed. 

Flat-topped current waveform at 800 A have been achieved using the single module, where the 

TF coil load is mimicked in the test circuit. The assembled current source with 125 modules in 

parallel can produce 100 kA.
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G. Plasma-facing Components 

Study on erosion mechanism and surface morphology modulation of 

tungsten in Tokamak via abrasive water jet 

Yan Wang¹, Li Wang², Xiyang Zhang¹, Lei Li¹ 

¹ Institute of Plasma Physics, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 

230031, China 

² Anhui University of Science and Technology, School of Mechanical Engineering, Huainan 232001, 

China 

 

The processing of rolled tungsten plate in Tokamak is one of the key technologies in the 

construction of the large-scale scientific facility of magnetic confinement nuclear fusion. 

Aiming at the problem of low machining efficiency and the demand of surface roughness 

modulation, a new idea of processing rolled tungsten plate via abrasive water jet technology is 

proposed. The process of erosion and cutting tungsten by abrasive water jet is simulated, and 

the experiment of cutting tungsten by abrasive water jet is carried out. The simulation result of 

erosion and the erosion trace of the sample are analyzed. The micro response of tungsten under 

erosion is proved, and the erosion mechanism of removing tungsten by abrasive water jet is 

revealed. The simulation result of cutting and the surface morphology of the sample are 

analyzed. The internal relationship between surface morphology and erosion is established, and 

the formation mechanism of surface morphology is clarified. The experiment is carried out to 

obtain samples. The process parameter model of abrasive water jet cutting tungsten is 

established and optimized, a surface roughness modulation method is established. The optimal 

parameters are solved, and the comparative experiment is carried out. The project plans to 

reveal the erosion mechanism of tungsten removal by abrasive water jet, explore the formation 

mechanism of surface morphology, and establish a surface roughness modulation method based 

on cutting process parameter model.
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G. Plasma-facing Components 

High heat flux testing of flat-type CFETR divertor mock-up using W-ZrC 

as armour material 

Qianqian Lin, Nanyu Mou, Le Han, Xiyang Zhang, Lei Cao, Damao Yao 

ASIPP, China 

 

Divertor is one of the most key plasma facing components (PFCs) for China Fusion Engineering 

Test Reactor (CFETR), which need to withstand extreme heat fluxes up to 20 MW/m² during 

steady-state operation. W-ZrC is considered to be the promising armour material owing to the 

excellent performance of neutron radiation resistant and high allowable temperature (1500 °C 

~ 1600 °C). In this study, a flat-type W-ZrC/Cu/CuCrZr/316L mock-up (5mm W-ZrC) was 

mainly manufactured using brazing and explosive bonding techniques. In order to assess the 

heat removal capability and thermal fatigue resistance of the mock-up, high heat flux (HHF) 

tests have been performed by a comprehensive experimental platform. The test results indicate 

that the mock-up successfully withstood absorbed heat flux of 20 MW m⁻² for 1000 cycles. In 

addition, the peak temperature of the W-ZrC surface is less than the recrystallization 

temperature. The results reveal that the flat-type W-ZrC/Cu/CuCrZr/316L mock-up could 

effectively dissipate heat and can be very promising to be employed in CFETR divertor.
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J. Materials Technology 

Fatigue tests on ITER IVC SS316LN jacket and inner copper conductor 

Huan Jin 

Institute of Plasma Physics, Chinese Academy of Sciences, China 

 

ITER IVC was designed to be wound with a conductor composed of SS316LN jacket, MgO 

insulation and the oxygen free copper conductor. The SS316LN jacket and inner copper 

conductor are the main parts to bear the EM and thermal load during operation. Their fatigue 

performance are critical for evaluating the operation safety of IVC coils. The performance of 

the ITER IVC SS316LN jacket and copper conductor under fatigue loading at 120 °C were 

evaluated through the stress controlled axial fatigue tests. The tests were conducted at frequency 

of 15 Hz and the stress ratio of r = 0.1. Results from fatigue tests are presented as S-N 

relationships with the maximum stress expressed as a percentage of the strength under static 

loading, and they are summarized in this manuscript.
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C. Plasma Heating and Current Drive 

Reduction of co-extracted electron in a Cs-free negative ion source using 

TPDsheet-U 

Taiga Goka¹, Ryuichi Onuma¹, Hiroki Kaminaga¹, Akira Tonegawa¹, Kohnosuke Sato² 

¹ Tokai University, Japan 

² Tokyo University of Science, Japan 

 

In fusion devices such as ITER, negative ion based neutral beam injection (NNBI) system is 

used for plasma heating. Cs-seeded RF driven negative ion source is typical for high-density 

negative ion production with surface production. However, Cs vapor seeding derived frequent 

maintenance and it makes long-term operation difficult. Therefore, it is necessary to develop 

the Cs-free negative ion source. 

Generally, in all the negative ion sources using the volume production, a large amount of co-

extracted electrons with the negative ion beam is observed. A large heat load on the extraction 

grid is occurred by co-extracted electron. In order to solve this issue, we devised a mechanism 

to reduce electron co-extraction with a Soft Magnetic plate for Filter (SMF) for TPDsheet-U 

[1]. SMF on plasma facing grid (PG) curves magnetic field lines locally and traps the electrons. 

Actually, the maximum measured electrons current decreased from 15 mA/cm² to 1.3 mA/cm² 

at discharge current of 50 A in previous study [2]. 

In this experiment, we changed the distance between SMF and PG by using spacer to investigate 

the effect of the magnetic field distribution vicinity of PG on extracted current density. At the 

discharge current of 80 A and gas pressure of 0.3 Pa, the co-extracted electrons current density 

was most reduced by using the 0.5 mm thick spacer, resulting in 6.7 mA/cm² to 1.9 mA/cm² 

and extracted negative ion current density was lower. (i.e., 5.2 mA/cm² to 3.4 mA/cm²) In this 

case, the current ratio Ie/IH- was 0.58. From these results, it was obtained that changing the 

magnetic field distribution vicinity of PG is effective to reduce the co-extracted electrons. 

 

References 

[1] A. Tonegawa et al., Nucl. Fusion 61 (2021) 106030. 

[2] H. Kaminaga et al., Fusion Eng. and Des. 168 (2021) 112676.
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J. Materials Technology 

Applicability of Linear Friction Welding to RAFM steel F82H 

Hiroyasu Tanigawa¹, Taichiro Kato¹, Masami Ando¹, Yasuhiro Aoki², Hidetoshi Fujii², 

Takashi Nozawa¹ 

¹ National Institutes for Quantum Science and Technology, Rokkasho, Aomori, Japan 

² Joining and Welding Research Institute, Osaka University, Ibaraki, Osaka, Japan 

 

The most critical part on which the highest failure probability is expected is joint or weld. Thus, 

welding and joining technologies are essential in developing reduced activation 

ferritic/martensitic (RAFM) steels as the structural material of fusion in-vessel components. 

F82H (Fe-8Cr-2W, V, Ta) is the RAFM steel developed in Japan, which was designed to have 

excellent heat resistance, toughness, and weldability in the first place. On the other hand, it was 

found that 5 dpa neutron irradiation could induce larger degradation of the mechanical 

properties of F82H weld metal (WM) and heat-affected zone (HAZ) compared to that of base 

metal. Thus, the minimization of WM and HAZ volume faction is essential to avoid undesirable 

property degradation. 

Linear Friction Welding (LFW) is one of the solid-state joining techniques in which a joint is 

fabricated through the relative motion of two components under a forge force, without tools 

like friction stir welding (FSW). Aoki et al. have successfully demonstrated that medium carbon 

steel can be welded by LFW without phase transformation, so it was expected that F82H could 

be welded by LFW without inducing phase transformation. 

The applicability of LFW has been demonstrated on 5 mm thick F82H plates. It tuned out that 

F82H can be welded without any crack by the forged force at 270 MPa, and the hardness over 

weld center zone (WCZ) found not surpass Hv 300, which suggest the joint was formed without 

inducing martensite transformation. Tensile tests and Charpy impact tests were conducted, 

which suggest fatigue softening effects lowered the tensile strength but slightly improve its 

Charpy impact properties. Fe³⁺ ion irradiation on F82H-F82H LFW up to 20 dpa at 300 °C was 

conducted, and milder irradiation hardening was observed at WCZ compared to the base metal.
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F. Magnets, Cryogenics and Electrical Systems 

Research progress of superconducting joint for future application in 

nuclear fusion 

Zuoguang Li 

Institute of Energy, Hefei Comprehensive National Science Center, China 

 

It is well known that the superconductivity magnet are the basis of the establishment and 

development of magnetic confinement fusion reactors. However, due to the limitation of the 

length of superconducting materials, it is inevitable to connect multiple superconducting 

wires/tapes or groups of superconducting coils. Therefore, it is of great practical significance 

to continuously improve the manufacturing technology and performance of superconducting 

joint to reduce the joint resistance and improve the magnetic field stability for permanent 

operation of superconducting magnet. In this paper, the research progress of superconducting 

joint in nuclear fusion device is comprehensively reviewed, and the influence of different 

preparation methods on the performance of low temperature (NbTi, Nb3Sn) and high 

temperature (MgB2, REBCO, BSCCO) superconducting joint is emphatically analyzed. It 

includes the influence law and micromechanism of joint resistance, AC loss, phase 

composition, failure characteristics and mechanical properties. Meanwhile, the main problems 

existing in the superconducting joint of nuclear fusion superconducting magnet are pointed out, 

together with its future development direction.
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J. Materials Technology 

Prospect of radioactivity in the LHD main structure in the deuterium 

plasma experiments 

Sachiko Yoshihashi¹, Makoto Kobayashi², Takeo Nishitani¹, Miki Nakada², Kunihiro Ogawa², 

Mitsutaka Isobe², Masaki Oakabe², Atsushi Yamazaki¹, Akira Uritani¹ 

¹ Nagoya University, Japan 

² National Institute for Fusion Science, Japan 

 

In deuterium plasma experiments conducted in the Large Helical Device (LHD), neutrons 

generated by the deuterium-deuterium fusion reaction in the plasma produced radionuclides via 

nuclear reactions with materials in the LHD. For the future decommissioning of the LHD, the 

radioactivity of components such as the LHD, heating systems, and concrete walls should be 

evaluated precisely. In this study, the prospect of residual radioactivity in the LHD after the 

experiment has been investigated. The inside of the vacuum vessel in the LHD is exposed to 

fast neutrons with the energy of about 2.45 MeV. The fast neutrons are moderated by the 

vacuum vessel mainly. Therefore, the induced radionuclides would be quite different in the 

vacuum vessel and other parts of the LHD. For this reason, the armor tiles which was placed 

on the inner surface of the vacuum vessel were taken out to the outside. The gamma-ray 

spectroscopy has been conducted using a High Purity Germanium detector (HPGe). Also, in-

situ gamma-ray spectroscopy has been carried out for the outer surface of the vacuum vessel 

using portable HPGe.  

According to the gamma-ray spectroscopy, the main residual radionuclides in the armor tiles 

are 58Co, 54Mn, and 60Co. These nuclides were induced by the reaction of neutrons with the 

constituent atoms of stainless steel. In particular, the former two nuclides were induced only by 

fast neutrons. On the other hand, the measurement of the gamma-ray spectrum for the outer 

surface of the LHD shows dominant gamma-ray peaks by 60Co which can mainly be induced 

by thermal neutrons.  

In the presentation, the radioactivity in the LHD is estimated by the neutron transport 

calculation using PHITS. The estimated radioactivities are compared to the measurement to 

demonstrate the validity of the calculation. Then, the prospect of the concentration of the 

radionuclides after deuterium experiments will be discussed.
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I. Fuel Cycle and Breeding Blankets 

Quasi-Classical-Trajectory Study on Tritium Exchange Reactions in 

Breeding Blanket Purge Gas 

Michiko Ahn Furudate¹, Seungyon Cho², Denis Hagebaum-Reignier³ 
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² Korea Institute of Fusion Energy, Daejeon, South Korea 

³ Aix Marseille Université, CNRS, Centrale Marseille, ISM2, Marseille, France 

 

The tritium self-sufficiency of fusion reactors greatly depends on the tritium recovery rate in 

the outer fuel cycle. In the case tritium generated in the form of HTO in the tritium breeding 

blanket, the HTO is expected to react with H₂ and produce HT by enhancing the isotope 

exchange reaction HTO+H₂→H₂O+HT in the purge gas which consists of He with a small 

amount of H₂, because tritium in the form of HT is more desirable for tritium extraction process. 

Therefore, it is important to estimate how first this isotope exchange reaction proceeds.   

In our previous works, the tritium recovery rates for the HCCR-TBM operation conditions were 

estimated by minimizing the Gibbs free energy in the HTO-H₂ mixture assuming the final 

chemical equilibrium state was reached in the purge gas flow. In the present study, chemical 

kinetic studies by Quasi-Classical-Trajectory are carried out for deducing the chemical reaction 

rate of the isotope exchange reactions in the purge gas.
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J. Materials Technology 

Surface modification of W samples by D-plasma exposure using TPDsheet-

U 

Shunsuke Hayashi¹, Naonori Okada¹, Akira Tonegawa², Kohnosuke Sato³ 

¹ Tokai University, Japan 

² Tokyo University, Japan 

³ Tokyo University of Science, Japan 

 

In a divertor installed in a fusion reactor, high-heat flux plasma is continuously injected, and 

there are some areas where the plasma contacts the divertor wall and some areas where it does 

not. In the contact area, the high-heat flux incident plasma is concentrated, and the tungsten 

(W) of the plasma facing material (PFM) used in the divertor wall is sputtered or melted. In the 

detached area, W atoms that are ejected from the surface by sputtering are deposited on the 

PFM surface again, forming a redeposited layer. Therefore, the effect of the plasma on the W 

redeposited layer is a factor that determines the divertor lifetime. However, most of the studies 

on the redeposited layer have been done by simulation, and few experimental studies have been 

done. 

In this study, we aimed to investigate the effect of the plasma on the W redeposited layer by 

exposing the plasma to deuterium (D) using a linear plasma system in order to clarify the 

interaction between the plasma and W. 

In the redeposited layer, deposition by sputtering is considered to occur. In order to investigate 

the effect of W deposition on the redeposited layer, W-W samples were prepared by depositing 

W on bulk W samples using a physical deposition technique, i.e., ion plating (IP). The W-W 

sample surface was then observed by scanning electron microscopy (FE-SEM). After the 

observation of the sample surface, D plasma exposure was performed on the W-W sample 

placed on the target using a linear divertor simulator, TPDsheet-U. After the plasma exposure, 

the surface of the W-W sample was observed again by FE-SEM. The amount of D absorbed by 

the W was also investigated by analyzing the sample after plasma exposure with a temperature-

desorption system (TDS).
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H. Vessel/in-vessel Engineering and Remote Handling 

The optimization design for high payload remote handling manipulator for 

a tokamak reactor 

Chongfeng Zhong¹, Yan Wang¹, Damao Yao¹, Chang-Hwan Choi² 
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The general-purpose high payload in-vessel remote handling (RH) system is supposed to handle 

the in-vessel components which have high or small payload. Its core component is the high 

payload RH manipulator. The rotary joint4 of the manipulator has been selected as the key joint 

to do the engineering design which has been finished. The full-load and full arm span of the 

manipulator is used as the pose for statics and modal analysis, which deformation is large and 

the natural frequency of low order is low. This article presents the optimization design of the 

manipulator based on its concept design with the optimization goals of reducing the maximum 

deformation and increasing the low-order natural frequency. Based on the statics and modal 

analysis results the optimization design is carried out with joint bodies length as parameters. 

The preliminary length optimization parameters of each joint body are given with keeping the 

total length and the length of the key joint body unchanged, which can be used as a reference 

for the engineering design of the manipulator. The results shows that the optimized manipulator 

meets the requirements.
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G. Plasma-facing Components 

Improvement of manufacturing process of plasma-facing unit for ITER 

divertor outer vertical target 

Yohji Seki, Makoto Fukuda, Takeru Sakurai, Seiji Nakabayashi, Hisashi Tanigawa, Koichiro 

Ezato 

National Institutes for Quantum Science and Technology (QST), 801-1 Mukoyama, Naka, Ibaraki, 

311-0193, Japan 

 

The plasma-facing unit (PFU) prototypes of the ITER divertor outer vertical target (OVT) have 

been manufactured for a high heat flux testing before series production. In the PFU, W 

monobocks with pre-cast the Cu-interlayer and a CuCrZr tube are joined by brazing. A gap 

spacing between W monoblcks more than the required value in a specification causes melting 

W monoblock at the leading edge during a ITER operation. Therefore, a gap spacing with a 

stringent tolerance is specified between W monoblocks brazed to the CuCrZr tube. The 

improvement was to make the Cu-interlayer project from the lateral surface of a W monoblock 

by a specified length to serve as a spacer to maintain the gap between the W monoblocks during 

brazing. This paper reports to be met the stringent dimensional requirements in the gap between 

W monoblocks by an improvement of a manufacturing process of PFU prototype. In addition 

to the gap control, we also report on demonstration of an improvement to recover from a failure 

of a rapid cooling during the brazing heat treatment for developing strength in the CuCrZr tube.
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G. Plasma-facing Components 

Evaluation of fatigue crack growth characteristics on pure tungsten: Effect 

of recrystallization 

Taejeong An¹, Byeong Seo Kong¹, Changheui Jang¹, Hyoung Chan Kim² 
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² Korea Institute of Fusion Energy, 169-148 Gwahak-ro, Yuseong-gu, Daejeon 34133, South Korea 

 

Tungsten (W) is one of the promising candidate materials for plasma facing components (PFCs) 

such as ITER divertor based on its favorable physical properties. The divertor target 

components are subjected to the high heat flux (HHF) which can lead to deep cracking of W 

armor when HHF approaches to around 20 MW/m². When the recrystallization occurs, the 

recrystallized surface of PFCs is likely to be under a condition in which fatigue cracks are easily 

formed. Furthermore, repetitive thermal fatigue may induce either accumulation of plastic 

deformation or initiation of crack, resulting in-functional failure when the crack approach the 

Cu cooling tube. However, although it is crucial to estimate fatigue life of W armors in terms 

of structural integrity, previous fatigue crack growth data of W materials is extremely limited 

due to inherent brittleness and difficulty of introducing a sharp pre-crack needed for fatigue 

crack grow test. Also, since the test temperature is limited to 150°C or less, fatigue life 

evaluation data at high temperatures should be required for structural integrity evaluation in 

fusion environment. In this work, in order to precisely evaluate change in fatigue crack growth 

rate and its effect on fatigue life, fatigue tests were carried out at 500 °C and 600 °C using 

ALMT (as-received) and recrystallized W (3 h at 1300 °C) using small-sized disk type compact 

tension (DCT) specimen with pre-crack. In order to understand relevant fatigue property 

depending on test temperature and recrystallization, tensile tests were also performed. 
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F. Magnets, Cryogenics and Electrical Systems 

AC and stability characterizations of Low- and High-Field Nb₃Sn prototype 

conductors for DEMO 

Chiarasole Fiamozzi Zignani, Luigi Muzzi, Gianluca De Marzi, Valentina Corato, Antonio 

della Corte 

ENEA C.R. Frascati, Via Enrico Fermi 45, 00044 Rome, Italy 

 

In the frame of the conceptual design studies for the Toroidal Field (TF) coils of DEMO, both 

Low-Field and High-Field W&R (Wind and React) conductors have been designed and 

developed by ENEA. The corresponding samples have been extensively characterized at the 

SULTAN facility in the last years and the DC characterizations have already been fully 

analyzed and presented. On the other hand, so far only few aspects of the AC measurements 

have been discussed and deepened. In this work we focus on the comparative analysis of the 

AC loss measurements: both sinusoidal pulsing as a function of frequency and unipolar 

trapezoidal ramps measurements were carried out, before and after cyclic electro-magnetic 

loading. Besides, also pulsed magnetic field stability measurements were achieved, by means 

of singular sinusoidal pulsed magnetic field waves, whose amplitude was increased to explore 

the Minimum Quench Energy (MQE). A comparative analysis of sinusoidal, trapezoidal and 

stability measurements is presented, aimed also at evaluating the characteristic cables coupling 

time constants as function of the field variation rate, as well as at comparing the results to other 

low and high field conductors. The experimental results are analyzed by means of an improved 

model for the AC losses of Low-Temperature-Superconductors (LTS) cabled conductors in the 

High-Field-Rate regime, where saturation effects are expected to occur.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 496 

P-2.2 Poster 

B. Experimental Devices and Facilities for Fusion Research 

Logistics and Maintenance research activities for DONES facility 

Fernando Arranz¹, Timo Lehmann², Felix Rauscher², Georg Fischer², Sebastian Koehler², 

Jesus Garrido³, Martin Rouret³, Daniel Sanchez-Herranz⁴ 

¹ CIEMAT, Fusion Technology Division, Madrid, Spain 

² Karlsruhe Institute of Technology, Karlsruhe, Germany 

³ Universidad de Granada, VALERIA Lab, Granada, Spain 

⁴ Universidad de Granada, Granada, Spain 

 

DONES is planned to operate on a continuous basis with only two beam stop periods per year 

for maintenance. The planned operational availability is 70 %, which calls for a carefully 

analyzed preventive maintenance. The purpose of the research is to propose a realistic and 

comprehensive logistics and maintenance plan. All the maintenance activities are included in a 

Maintenance Matrix based on the Plant Breakdown Structure of the project. This is the basis 

for the creation of a maintenance plan that will lead to a Work Schedule. Special mention within 

this matrix will be given to those maintenance operations that must be included in order to 

comply with regulation. The need of replacement of components impose some requirements on 

the dimensions of architectural features of the main building such as doors, airlocks, corridors 

and shipping bays. To enable these replacements, the flow of materials has been developed and 

analyzed by an intralogistics simulation with AnyLogic. The results of this simulation lead to 

modifications on either the building or the components such that the replacements are feasible. 

The periodic replacement of an activated component has been analyzed using FMEA 

methodology resulting in proposals for the plant equipment designers as well as the remote 

handling equipment designers. Virtual reality simulations are used for a staged approach to the 

maintenance operation. The simulation of the HEBT scraper helped to define in detail each step 

or the maintenance operation. This tool has proven to be very useful to prompt changes in both 

the plant equipment design and the remote handling equipment. Also, the procedure of the 

operation itself can be refined and optimized. The conclusion of the research activities is the 

contribution to the definition of the building, plant equipment and achievement of the target 

availability.
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D. Plasma Engineering, Plasma Control, and CODAC 

Synthetic diagnostic reconstruction of ITER First Plasma SOL heat fluxes 

Matic Brank¹, Richard A. Pitts², Daniel Iglesias², Martin Kočan², Gilles Passedat³, Leon Kos¹ 

¹ Faculty of Mechanical Engineering, University of Ljubljana, Slovenia 

² ITER Organisation, France 

³ CLAVIS S.A.R.L., France 

 

First plasma (FP) operation on ITER targets circular plasmas with currents of up to Ip = 1 MA 

(at half nominal toroidal field of 2.65 T) and duration of up to 3 s [1]. Since at this stage the full 

blanket first wall and divertor will not be installed, several temporary stainless steel poloidal 

limiters (TL) will be deployed to protect the vacuum vessel and other in-vessel equipment from 

plasma impact [1,2]. A temporary infra-red (IR) camera will monitor the surface temperature 

of a segment of one of the TLs at the inboard midplane where the plasma start-up will occur. 

These measurements can be used to recover the incident plasma heat flux densities, providing 

an opportunity to characterize early phase limiter plasmas at the ITER scale before the full 

blanket is installed. This paper presents a synthetic diagnostic study of this IR system to assess 

its capability for the retrieval of FP scrape-off layer (SOL) parallel heat flux profiles.  

Using DINA code simulations of the FP magnetic equilibrium evolution [2], the expected time 

dependent power flux deposition profile on the 3D TL structure in the camera FoV is first 

constructed using magnetic field line tracing with the SMITER code and a model for the SOL 

parallel heat flux profile imposed at the plasma outside midplane (OMP). The resulting surface 

temperature distribution is then computed for each time step with the OpenFOAM solver and 

used as input to a Zemax optical simulation to provide modelled thermal images taking into 

account the IR camera specification.  These synthetic temperature distributions are then fed 

back into a solution of the inverse problem using the ALICIA code [3] to reconstruct the surface 

power density distribution and then mapped to the OMP to recover a new SOL heat flux profile 

for comparison with the model input. 

 

References 

[1] R. Hunt et al. IEEE Transactions on Plasma Science 46 (2018) pp. 1268–1275. 

[2] J.A. Snipes et al. Nuclear Fusion 61 (2021) 106036. 

[3] D. Iglesias et al. Fusion Engineering and Design 125 (2017) pp. 71–76.
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J. Materials Technology 

Brittle Fracture Assessment for Tungsten and Tungsten alloy components 

Mathias Jetter, Jarir Aktaa 

Karlsruhe Institute of Technology, Institute for Applied Materials, Germany 

 

Tungsten materials are promising candidates for armour applications in future nuclear fusion 

reactors due to their good thermo-physical properties. A particular challenge in the design of 

tungsten components is the inherent brittle behaviour in the temperature range below the DBTT. 

In addition to common deterministic design rules, suitable probabilistic design rules are 

required for specific failure modes, like brittle fracture, to include details about failure 

probability. Aiming these rules, it is decisive to get database for fracture toughness as a function 

of temperature and probability. To build this database, results from fracture mechanics and four-

point bending tests are required. Four-point bending tests support the determination of the 

Weibull parameters needed for the prediction of failure probability. Fracture mechanics test 

determines the fracture toughness and together with dedicated Finite Element (FE) Analyses, 

the probabilistic aspect can be considered for each temperature of interest. In these FE-analyses, 

a cohesive zone model (CZM) is utilized to simulate the fracture process observed in fracture 

mechanical tests including the Weibull parameters. Thereby the dependence on the orientation 

of the grain texture due to their manufacturing process shall also be taken into account. 

Results from (modified) Weibull analysis between room temperature and 400 °C and fracture 

toughness test results for several orientations as well as an approach for the link to the CZM 

will be presented and discussed. In addition, the overall scheme for Brittle Fracture Assessment 

(BFA) of tungsten and tungsten alloy components will be introduced.
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H. Vessel/in-vessel Engineering and Remote Handling 

ITER Cryostat in Pit Installation and Assembly 

Guillaume Vitupier¹, Girish Kumar Gupta¹, Vikas Dube¹, Han Xie¹, Patrick Petit¹, Jens 

Reich¹, Anil Bhardwaj² 

¹ ITER ORGANIZATION, France 

² ITER India, India 

 

ITER is a large experimental machine being built to research fusion power and is based on the 

'Tokamak' concept of magnetic confinement with plasma contained in a torus-shaped vacuum 

vessel. 

The Cryostat is a large, stainless steel structure surrounding the vacuum vessel and 

superconducting magnets. It is made up of a single wall cylindrical construction and is roughly 

30 meters tall and wide. 

The Cryostat is providing a super-cool, vacuum environment for the thermal insulation to 

magnet system operating at 4.5K and thermal shield system operating at 80K. The Cryostat is 

also serving as the Tokamak main support structure as it transfers the loads from the all machine 

systems to the civil works. The Cryostat is also providing a safety function and is defined as 

Protection Important Component (PIC-2). 

The scope of this paper is to report on the status of the installation and assembly of the Cryostat 

components in the Tokamak Pit. Two of the Cryostat main sections are currently installed and 

assembled in Pit, namely the Cryostat Base Section and the Cryostat Lower Cylinder. The 

installation and assembly works are specified by the IO and prepared and executed by 

installation contractors under the coordination and supervision of the IO (ITER Organization) 

and the CMA (Construction Management as Agent). 

A brief Cryostat Design description is given and the overall assembly sequence is presented. 

The engineering, design and design justification of the assembly and the integrated assembly 

scheme are discussed. The preparatory works and the actual installation works are detailed: 

lifting, alignment, metrology, custom machining of interface systems, in Pit welding etc. A 

word is also provided regarding the ITER Construction Organization. Some elements are 

provided regarding the challenges as a first-of-a-kind assembly activity, the lessons learned and 

the future works. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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H. Vessel/in-vessel Engineering and Remote Handling 

Development of virtual visit application in DONES facility 

Pedro Moreo¹, Kornel Varga¹, Martin Rouret¹, Fernando Arranz², Eduardo Ros¹, Jesús A. 

Garrido¹ 
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In the last years, Virtual Reality technologies have demonstrated to be a useful tool for the 

design and operation of complex industrial and scientific facilities. In the case of DONES, 

virtual reality reconstructions of maintenance tasks have been addressed recently. Purpose of 

the research. We have developed an initiative for exploring virtual visit applications in DONES 

and to evaluate particular use cases.  

Main results: We have implemented a virtual visit application of the Accelerator System (AS) 

of DONES, which allows users to get immersive insight into the AS by using a computer 

monitor or a virtual reality headset (for a more immersive experience). The user can then walk 

around the room and while is presented with pre-defined information about the pieces of 

equipment included there. Developing different functionalities such as easy navigation around 

the environment, accessibility to key information, potential guided modes, see-through 

capability inside components, among others is challenging. The tool can now be easily adapted 

for different use cases that are being defined by the stakeholders (facility designers, DONES 

consortium defining remote handling and logistics operations, etc). 

Starting from this generic virtual visit application, particular use cases can be explored 

addressing multiple purposes such us planning and validation of maintenance tasks as 

equipment layout, accessibility to the required elements, optimal design of layout and 

connection tracing, generation of presentations from designers, technical operators and 

logistics, training of qualified personal and as dissemination tool for non-specialists.  

Conclusions: 

The virtual visit application of the AS in DONES provides an immersive experience to explore 

the different pieces of equipment which are part of this system. It represents a proof-of-concept 

in order to better visualize and understand the different components of the facility. It also allows 

exploring specific use cases related to the facility design, and definition of operation and 

maintenance tasks.
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G. Plasma-facing Components 

Thermal and structural analysis of JT-60SA divertor High Heat Flux Outer 

Vertical Target submitted to high heat flux 

Tristan Batal¹, Mehdi Firdaouss¹, Marianne Richou¹, Silvia Garitta¹, Pietro Testony², Valerio 

Tomarchio² 
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The JT-60SA project was initiated in June 2007 under the framework of the Broader Approach 

Agreement and Japanese National Fusion Programme for an early realization of fusion energy 

by conducting supportive and complementary work for the ITER project towards supporting 

the basis for DEMO. In this framework, F4E, which will provide the Actively cooled Divertor 

for the Integrated Research Phase 1 of JT-60SA, established a collaboration with EUROfusion. 

For this component, a new heat-sink material approach is done with Titanium-Zirconium-

Molybdenum alloy (TZM), and Graphite for the armour.  

One of the objectives of the collaboration is to assess the thermomechanical behaviour of the 

HHF OVT (High Heat Flux Outer Vertical Target) under heat plasma loading. Other studies 

are also performed to assess the mechanical behaviour under electromagnetic loadings. This 

paper focuses on the results of thermal and structural analysis of this plasma-facing component, 

carried out using ANSYS 2021R2, and on the assessment of material properties: indeed, TZM 

material data, in addition to strongly depend on the TZM manufacturing process, are not as well 

documented as more widely used heat sink material (such as Copper-Chromium-Zirconium 

alloy for example).  

Thermomechanical analysis taking into the plasma heat loading (10 MW/m² peak heat flux) 

and the convective heat transfer coefficients are performed. Design criteria are used in the 

structural analysis. For TZM heat sink RCC-MRx 2015 is used, while for the graphite 

comparison of the maximum stress with regard to the yield stress is run. The analysis performed 

shows that the thermal expansion of the target during the plasma loading drives the target design 

at the interface between the heat sink and the tile.
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I. Fuel Cycle and Breeding Blankets 

Li6La3Ta1.5Y0.05O12 solid state lithium sensor for molten alloys 

Marc Nel-Lo, Antonio Hinojo, Enric Lujan, Jordi Abella, Sergi Colominas 

IQS School of Engineering, Universitat Ramon Llull, Spain 

 

One of the main objectives of ITER is the evaluation of different breeding blankets for tritium 

generation. One of the proposed strategies is the use of eutectic Pb-Li. However, since lithium 

will be consumed, this alloy's physical and chemical properties will vary as the composition 

changes. For this reason, on-time and in-situ lithium sensors able to monitor this element are of 

great interest.  

Solid-state electrolytes have been successfully used for sensors in many applications. Sensors 

based on solid-state electrolytes have several advantages: they are stable compounds that can 

withstand the harsh chemical environment of molten metals. Moreover, their ionic conductivity 

increases with the temperature and the output signal (cell potential) is easy to measure.  

In this work, the lithium-ion conducting solid-state electrolyte Li6La3Ta1.5Y0.5O12 (LLTYO) 

was selected for the construction of potentiometric lithium sensors for molten Pb-Li. LLTYO 

synthesis and sintering conditions were optimized. Both, powder and sintered disks, were 

analyzed using XRD to verify the garnet-phase structure needed for Li conduction. The quality 

of the sintered disks was evaluated using SEM-EDS. The conductivity of LLTYO disks was 

measured using EIS analysis. Measurements were performed in an argon environment at 

temperatures between 30 ºC and 200 ºC. Finally, sensors were constructed and used for the 

lithium measurement in molten Pb-Li alloys at 400 and 500 ºC. The results obtained are in good 

agreement with potentials calculated using the Nernst equation.
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J. Materials Technology 

Radiation effects in optical coatings for ITER diagnostics 
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The aim of this work was to provide an assessment of radiation damage in coated films that 

could be used to protect the field lenses in optical diagnostics for ITER. Radiation-resistant 

optical materials with transparent properties should transfer light from plasma to detectors 

located through the interspace and in the port cell areas. These optical coatings and substrates 

must have resilience enough to withstand neutron and gamma irradiation without significant 

degradation of their transmittance. 

Coated sapphire (Al2O3 windows), YAG with Broad Band Anti-Reflective (BBAR) and 

substrates of BaF2/CaF2 protected with anti-humidity coating (Parylene-C) were extensively 

tested. After testing, transmission measurements and analysis of optical surfaces yield 

significant discoveries. All substrates showed good refractive performance under gamma 

radiation. On the contrary, Parylene-C did not resist temperatures above 100 degrees Celsius as 

expected, according to manufacturing specifications. In addition, it was observed that with an 

energy dose of 332 kGy of gamma rays and a significantly lower temperature of 50 degrees 

Celsius, the Parylene-C protection is also damaged. Coated sapphire had the best overall 

performance with respect to the neutron irradiation tests. Nevertheless, the decrease in 

transmission observed in the YAG and BaF2 coated samples is not significant for the expected 

cumulative neutron dose that these samples will receive at their location within the diagnostic. 

This information was considered for the selection of the best candidates as refractive lenses and 

optical coatings for the Preliminary Design Review (PDR) of ex-vessel components that will 

integrate the Wide-Angle Viewing System (WAVS) for ITER Equatorial Port 12.
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C. Plasma Heating and Current Drive 

A New Long-Pulse Diagnostic Calorimeter for the Negative Ion Source 

Testbed ELISE 

Riccardo Nocentini, Bernd Heinemann, Andrew Hurlbatt 
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The RF-driven negative ion source testbed ELISE at IPP Garching is being upgraded to allow 

for long-pulse beam operation, previously limited to 10 s beam pulses every 150 s. The 

improvements aim to extend the beam phase duration up to 1000 s in H and 3600 s in D, in the 

framework of the ion source development for the ITER and DEMO NBI systems. The main 

upgrades comprise a recently commissioned steady-state HV power supply and a new long-

pulse, actively cooled diagnostic calorimeter. The latter is made of copper plates with a total 

beam power measuring surface of 1.2 m x 1.2 m, placed at about 2.9 m from the ion source 

extraction grids. With respect to the previous inertially cooled beam dump, the new calorimeter 

has been designed to withstand a higher power load of up to 1.8 MW (maximum power density 

of 5 MW/m²) in continuous operation and with a higher spatial resolution (2400 points, spaced 

30 mm H x 20 mm V) for 2D profile evaluation of beam power density. The measurement is 

enabled by small apertures (ø2 mm) in the copper plates that let a fraction of the beam pass 

through to be collected by thin (0.2 mm) copper “heat flux foils” attached to the back side of 

the plates. The power density evaluation is performed by mapping the temperature gradient in 

the heat flux foils with a high-resolution infrared camera, observing the calorimeter from the 

back side, which is calibrated by thermocouples attached to the copper plates. 

Cooling channels embedded in the calorimeter plates are arranged in 8 separate circuits, each 

equipped with individual water calorimetry measurements for additional beam power 

evaluation capability. 

This paper describes the design, manufacturing and commissioning of the new long pulse 

calorimeter for ELISE.
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G. Plasma-facing Components 

Ferromagnetic forces acting on the EU-DEMO divertor 
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This paper analyses the mechanical loads produced by the ferromagnetic effects in the divertor 

of the European DEMO (EU-DEMO) reactor. The exact assessment of this force is an important 

prerequisite for the structural design of the fixing supports. A 3D magnetostatic model was built 

and the problem was solved numerically using CARIDDI code. A simplified geometry model 

was used, where a 22.5° angular sector of the tokamak was used considering the toroidal 

symmetry and periodic boundary conditions. The integral formulation implemented in the code 

provides a significant simplification of the numerical model, since the mesh can be limited to 

the magnetic materials only. In our case, the major components of the model (divertor and 

breeding blankets) are made of a ferromagnetic material, namely, EUROFER97 steel. Their 

estimated volume in the considered sector is about 11 m3. In the presence of external static 

magnetic fields, these components would behave like an "electromagnet" being subjected to 

forces. The sources of such magnetizing fields are: (i) the external toroidal field produced by 

the currents circulating in the external toroidal field coils, (ii) the internal field induced by the 

toroidal plasma current. The ferromagnetic stresses were calculated based on the so-called 

Kelvin method, from the known external magnetic fields and the magnetization vector 

calculated for the ferromagnetic steel. Expected static field in the considered components 

ranged from 3.4 T to 8.6 T. The ferromagnetic forces and torques acting on each divertor 

cassette were computed to reach up to about 400 kN and 3000 kNm, respectively. It was also 

found that the contribution of the static magnetic field associated with the equilibrium plasma 

current was negligible. Work is in progress to check the effect of using ferromagnetic materials 

also for other divertors components such as those of the cooling system, so far assumed non-

magnetic.
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Electromagnetic modeling for JT-60SA divertor HHF OVT C target 
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The JT-60SA tokamak is being developed with the aim of supporting the activities for the ITER 

project, as well as towards the realisation of DEMO. In this framework, a joint study between 

Fusion for Energy (F4E) and CEA has been established via EUROfusion to assess the behaviour 

of the High Heat Flux actively cooled Carbon target of the JT-60SA divertor. Specifically, this 

paper is dedicated to present the methods and results of electromagnetic (EM) and relative 

Transient Structural (TS) analyses for determining the loads due to Eddy Currents in case of 

representative plasma disruptions. 

As first EM calculations for this component, and with the target rather small in the overall 

machine, the type of carried out calculation is a 3D transient, local EM analysis by means of 

ANSYS Maxwell code. The used local EM analysis technique allows to analyse the behaviour 

of isolated components subjected to a uniform magnetic field. This method has been 

benchmarked and it has already been successfully used in other applications for Fusion 

community. It is a simplified method, not suitable to calculate net forces, but still presents some 

undeniable advantages. Moreover, the obtained results have been compared to the ones of a 

global model. 

As far as the analysis inputs are concerned, the magnetic data during the disruption have been 

provided by F4E for two different scenarios (a downward Major Disruption and a Vertical 

Displacement Event). The input is a space-uniform, time-varying magnetic field from the EM 

analysis of the JT-60SA sector. 

After running the Maxwell calculations, the obtained results have been provided as input to the 

corresponding TS calculations (carried out using ANSYS Workbench) to assess acceptability 

of the loads. These last analyses have demonstrated that EM loads are not design driving loads 

for the component and that the simplified method provides conservative results.
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Digital assistances in remote operations for ITER Test Blanket System 

replacement: an experimental validation 
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The ITER Test Blanket Modules (TBMs) research plan testing program requires replacement 

of the TBMs by new ones during the ITER Long Term Shutdown (LTM). The replacement of 

a TBM requires removal/reinstallation of all Test Blanket System (TBS) equipment present in 

the Port Cell, including those in the Port Interspace called Pipe Forest (PF). TBS shall be 

designed so that occupational radiation exposure can be As Low As Reasonably Achievable 

(ALARA) over the life of the plant to follow the ITER Policy. 

The expected level of radiation in this area still allows performing maintenance tasks hands-on. 

However, the cumulated dose could be significant for operators. Classical Dose Reduction 

Measure (DRM) for the operation under radiation exposure conditions is to deploy Remote 

Handling systems. Consequently, use of robotized equipment, remotely operated means or 

collaborative robotics, where operator and robot can operate and collaborate together at the 

workstation, have been investigated. These three robotics modes can take advantage of new 

digital technologies such as digital assistances, providing that their robotic controller integrated 

this capability during its design phase. In order to verify the benefits of such digital assistances 

during complex remote operations under limited vision conditions, experimental validation was 

performed on a set of TBM replacement representative tasks. The current paper presents the 

results of three remote handling tasks: remote visual inspection of DN80 pipe, dye penetrant 

testing operation on pipe and dexterity test. A panel of remote handling equipment operators of 

different skill level was selected and involved onto the three tasks The results prove without 

ambiguity that for all operators the quality of the task execution is significantly improved when 

using the digital assistances. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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Shielding analyses supporting the Lithium loop design and safety 
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IFMIF-DONES (International Fusion Materials Irradiation Facility – DEMO-Oriented NEutron 

Source) is an irradiation facility based on d-Li neutron source which aims the qualification of 

materials at the irradiation conditions of the DEMO fusion power reactor, which is being 

developed in the frame of EUROfusion Power Plant and Technology (PPPT) programme. The 

high intense neutron radiation produced in the liquid lithium target results in strong activations 

both of the inner Test Cell (TC) components and in the lithium loop, due to the transport of 

radioactive products. The strong decay gamma dose is important and needs to be estimated for 

the safety concern of workers and public, as well as the protection of electronic systems 

This paper presents the shielding analyses, which will be provided for supporting the design of 

the Lithium loop and safety assessment. The paper considers the radiation decay source from 

Be-7, which is produced by d-Li interaction. It has a half-life of 53 days and emits gamma rays 

with 477 keV of energy. Radiation shielding simulations has been performed for the safety 

concerns. Simulation geometry was created for the Lithium loop components, mainly Li 

containers and pipes. Gamma transport calculation was performed for the components 

concerned, e.g. the lithium dump tank and cold traps. The biological dose will be provided in 

the study, while possible shielding optimization are proposed and assessed in more details. A 

series of gamma transport are performed using the MCNP Monte Carlo, and radiation shielding 

suggestions are provided for maintenance design of the Li system.
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The achievement of a steady ELMy H-mode phase with high ion temperature, but without a 

gradual rise in plasma radiation, has been a crucial point to establish high plasma performance 

scenarios in JET ITER-like-wall plasmas. Indeed, radiation events, due to the release of high Z 

impurities, such as Nickel and Copper, and W sputtered from the divertor, can strongly reduce 

the power crossing the plasma separatrix and slow the ELMs dynamics, thus inducing H to L-

mode transition.   

In particular, in JET baseline plasmas, because of the outward neoclassical transport [1], plasma 

impurities are mainly localized in the mantle region, as detected by a real-time surrogate model 

for bolometer tomography based on machine learning [2], and the consequent excessive 

radiation in this region is the main cause of plasma termination in recent Deuterium, Tritium 

and Deuterium-Tritium operations.  

To guarantee impurity accumulation being flushed by the ELMs, ELM control schemes, which 

ensure a throughput of particles, either via gas fuelling or via pellets, have been exploited and 

several real-time metrics have been adopted to detect radiation events. In this contribution, the 

behaviour of radiation control methods has been investigated statistically considering baseline 

plasma with different fuel mixtures. The analysis suggests that the evolution of the density 

profile can play a major role on determining radiation events.  This experimental finding is 

complemented with TRANSP [3] modelling used to investigate how NBI particle deposition 

influences the density profile evolution, and thus excessive radiation. A possible solution to 

cure impurity accumulation in the mantle region is proposed and consists in exploiting the 

presence of error field correction coils in JET to induce density pump-out and possibly, to 

mitigate the ELM dynamics. 
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J. Materials Technology 

Realisation of Small Punch Testing for Rapid Assessment of Fusion 

Candidate Materials 

Mark Richardson, David Andres, Yiqiang Wang, Becky Lewis, Michael Gorley 

UKAEA, United Kingdom 

 

Qualification of materials for fusion applications will require comprehensive testing of a wide 

range of mechanical properties under fusion neutron conditions. The use of facilities such as 

the International Fusion Materials Irradiation Facility (IFMIF) will be required to replicate such 

conditions, which will necessarily place limitations on the volume of material available for 

testing. The small punch test (SPT) technique utilizes a miniature hemispherical punch to 

penetrate a small disk shaped specimen. Acquisition of load-displacement data can then allow 

estimation of conventional mechanical properties. Constant load tests at elevated temperature 

can also be employed to study creep behaviour. The SPT technique not only offers the potential 

to provide mechanical property data from limited quantities of irradiated material, but can also 

be utilised for making rapid, qualitative comparisons between developmental materials that can 

only be produced in small batches. 

In this work, four candidate fusion materials have been assessed via small punch ‘tensile’ and 

creep tests. These encompass a range of strength and ductility levels, including reduced 

activation ferritic martensitic steel, oxide dispersion strengthened steel, and vanadium alloys 

produced via additive manufacturing and conventional means. The purpose of this was to 

benchmark the materials themselves, and explore the limitations of the test technique. The 

Modified Chakrabarty (MCH) approach was employed to estimate tensile and creep properties. 

This was successfully applied to the more ductile materials, but struggled in some of the more 

brittle cases. Nevertheless, it was still possible to identify fracture modes and rank performance. 

Generally, the less ductile materials offered superior high temperature properties, but suffered 

brittle failure at room temperature. The small punch test was therefore useful in rapidly 

identifying critical shortcomings in the materials and process routes employed.
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C. Plasma Heating and Current Drive 
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MITICA, the full-scale prototype of ITER Heating Neutral Beam, is under realization at the 

Neutral Beam Test Facility (Padova, Italy). It is designed to deliver 16.5MW to ITER plasma, 

obtained by accelerating negative Deuterium ions up to 1MeV for a total ion current of 40A 

and then neutralized. 

MITICA Power Supply is composed of several non-standard equipment, beyond industrial 

standard for insulation voltage level (-1MVdc) and dimensions. 

Five DC generators, rated for -200kVdc each and series connected to produce -1MVdc 

acceleration voltage, are linked via a SF6 insulated Transmission Line to the beam source, 

installed inside the vacuum vessel. The Ion Source and Extraction Power Supply system, 

installed inside a large air insulated Faraday cage, is interfaced with the TL through an air-to-

SF6 Bushing. 

Voltage withstand tests (up to 1.265MVdc) have been performed in five subsequent steps (from 

2018 to 2019), according to the installation progress, after connecting equipment belonging to 

different procurements. 

During integrated commissioning, started in 2021, two breakdowns occurred somewhere in the 

HV plant, either in air or in SF6. To identify the locations of possible weak insulation points, 

the existing diagnostics for partial discharge detection (the precursor of breakdowns) have been 

as a first step improved on air-insulated parts by identifying a set of instrumentation, consisting 

of capacitive probes and off-the-shelf instruments for AC application. 

The paper deals with the diagnostics qualification in laboratory to assess their suitability for 

DC usage. Moreover, the investigation performed in MITICA, conceived as two steps tests, is 

described:  

1) sensitivity check, with artificially produced corona effect to identify the minimum threshold 

of each diagnostics, 

2) voltage application to MITICA plant, moving the instrumentation around equipment and 

increasing progressively the voltage looking for corona phenomena.  

The corrective actions implemented on the base of the results are described.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 513 

P-2.18 Poster 

I. Fuel Cycle and Breeding Blankets 

Towards the simulation of MHD flow in an entire WCLL blanket mock-up 

Chiara Mistrangelo, Leo Bühler, Viktor Klüber 

Karlsruhe Institute of Technology (KIT), Postfach 3640, 76021 Karlsruhe, Germany 

 

In the frame of the EUROfusion breeding blanket research activities, the water cooled lead 

lithium (WCLL) blanket is considered as reference liquid metal blanket design to be tested in 

ITER and to be used in a DEMO reactor.  

For the study of pressure and flow distribution in a WCLL blanket module, 

magnetohydrodynamic (MHD) phenomena, which result from the motion of the electrically 

conducting breeder in the intense plasma-confining magnetic field, have to be taken into 

account. They are due to the induction of electric currents that generate strong electromagnetic 

forces, which modify velocity distribution in the blanket compared to hydrodynamic conditions 

and increase pressure losses. In the WCLL test blanket module (TBM) for ITER a basic 

geometry, consisting in a rectangular box, representing the breeding zone, is repeated along the 

poloidal direction. The manifold that distributes and collects the liquid metal features two long 

poloidal ducts, electrically connected across a common wall. Previous numerical and 

experimental studies pointed out the key role of the manifold geometry in determining flow 

partitioning among breeder units and total pressure drop in the module.  

The stretch goal of the present work is to simulate liquid metal MHD flows in strong magnetic 

fields in a complete column of a WCLL TBM including poloidal manifolds and 8 breeding 

units. The complexity of the model geometry has been progressively increased and various 

topologies of computational grids have been tested.  

First simulations have been performed in a single breeder zone connected with a portion of the 

manifolds in order to test the suitability of the generated grid and the performance of the 

numerical code for this type of problem. Based on the experience gained in predicting the MHD 

flow in this simplified geometry, the flow in an entire WCLL TBM column is investigated.
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J. Materials Technology 
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Rui Shu¹, Yiran Mao¹, Jan Coenen¹, Alexis Terra¹, Chao Liu², Yuanbin Deng², Stephan 

Schönen³, Johann Riesch⁴, Christian Linsmeier¹, Christoph Broeckmann² 

¹ Forschungszentrum Jülich, Institut für Energie- und Klimaforschung - Plasmaphysik, 52425 Jülich, 

Germany 

² Institut für Werkstoffanwendungen im Maschinenbau (IWM), RWTH Aachen University, 52062 

Aachen, Germany 

³ Forschungszentrum Jülich GmbH, (ZEA-1), 52425 Jülich, Germany 

⁴ Max-Planck-Institut für Plasmaphysik, 85748 Garching b. München, Germany 

 

Tungsten (W) is considered as the main candidate material for plasma-facing materials in future 

fusion reactors, due to its high melting point, high thermal conductivity, high temperature 

strength, good plasma erosion resistance and a low H isotope retention etc. However, a big 

challenge for its application is the intrinsic brittleness. In order to overcome this problem, 

tungsten fiber reinforced tungsten composites (Wf/W) have been developed based on the 

extrinsic toughening mechanisms such as interface de-bonding, fiber pull-out and fiber plastic 

deformation. At present, all the Wf/W composites prepared by a powder metallurgy (PM) 

process are reinforced by randomly distributed short fibers, which have limited toughening 

effects compared to long fibers. Moreover, theoretical studies of the fracture mechanisms are 

limited by the complexity of the randomly distributed short fibers. The contribution of each 

mechanism to the overall energy dissipation is not clear. In the present work, single-layer long 

fiber reinforced Wf/W composites with and without yttrium oxide (Y₂O₃) interface layer were 

produced by a field assisted sintering technology (FAST) process. The microstructure and 

mechanical properties of the Wf/W composites were characterized. The fracture behavior and 

toughening mechanisms were analyzed in detail, combining the results of experiments and 

finite element modelling. Wf/W composites with a weak interface (with Y₂O₃ interface layer) 

show a typical pseudo-ductile fracture behavior and a higher flexural strength than the 

composites without interface. Based on this experimental and numerical study, the contribution 

of each reinforcement mechanism (i.e. crack deflection, interface de-bonding, fiber plastic 

deformation) has been clarified. The fracture energy dissipation is mainly driven by plastic 

deformation of the fibers, but interface de-bonding is a necessary factor to ensure other extrinsic 

toughening mechanisms. This study provides a base for the design and optimization of the 

future long fiber Wf/W composites.
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B. Experimental Devices and Facilities for Fusion Research 

Towards a fusion component digital twin – virtual test and monitoring of 

components in CHIMERA by systems simulation 

Michelle Tindall, Tom Deighan, Sebastian Rosini, Natasha Bowden, Stephen Biggs-Fox, 

Tom Barrett 

UKAEA, United Kingdom 

 

Critical to the successful design of fusion reactor components is the development of coupled 

simulation models, capable of conducting efficient whole system design optimisation and 

virtual component qualification, under conditions which cannot be readily tested. Additionally, 

successful lifetime monitoring and predictive maintenance of fusion components through 

diagnostic measurements will be limited due to restricted accessibility and operation in a harsh 

environment. There is therefore a need for a component digital twin, which combines data from 

the physical instrumentation with simulation to provide a platform for virtual testing but also 

enhanced and abundant diagnostics in 'real-time'. 

CHIMERA (Combined Heating and Magnetic Research Apparatus) is a unique, multi-physics 

fusion component loading facility under construction at the UKAEA Yorkshire site. CHIMERA 

will be used as a testing platform to develop and validate the virtual test and digital twin 

capability. Initial efforts are focused on the post-commissioning testing, where the first 

experimental data will come from, with models of the commissioning sample under test (CSUT) 

being developed. 

A systems simulation approach has been adopted covering hydraulic, thermal, electromagnetic, 

and mechanical domains. Each domain and section of the system are linked through fast-

running surrogate models. This model forms the foundation for future developments to include 

probabilistic simulation, uncertainty quantification and real-time tracking alongside the 

physical asset. 

First, this paper will outline the overall strategy and roadmap towards realising the virtual test 

and digital twin capability. Secondly, the methods and techniques used in the initial 

CHIMERA-CSUT systems simulation within ANSYS Twin Builder will be described. 

Simulation results of the commissioning tests are presented, alongside quantification of 

performance and verification against higher order models, with particular focus on virtual 

diagnostics such as thermocouple and strain gauge outputs. Finally, the key challenges and next 

stages of research and development are summarised.
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C. Plasma Heating and Current Drive 
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The ITER fusion reactor requires two Neutral Beam Injectors (NBIs) for plasma heating and 

current drive which have to supply a power of 16 MW each, delivered by a 1MeV deuterium 

beam. This D0 beam is generated starting from negative ions, produced inside a RF driven ion 

source, and accelerated by a Multi-Aperture Multi-Grid electrostatic accelerator insulated in 

vacuum.  

A full-scale prototype of the ITER Heating Neutral Beams (HNBs), devoted to the test and 

optimize the design and so called MITICA (Megavolt ITER Injector & Concept Advancement) 

is under construction in Padova at the Neutral Beam Test Facility (NBTF) hosted by Consorzio 

RFX.   

One of the most critical requirement concerns the capability to withstand the nominal voltage 

of 1MV on a single long gap (≈ 1 m), which separates the beam source and the vacuum vessel, 

insulated by vacuum or low pressure gas (10⁻⁶–10⁻³ mbar range) and with large size electrodes. 

In order to address this issue, a dedicated experimental test campaign exploiting a 1:1 mockup 

of the MITICA Beam Source will be carried out at NBTF before the installation of the actual 

Beam Source.  

During this test campaign, a set of electrical diagnostics will be installed to identify the 

breakdown locations as well as to measure the magnitude of the microdischarge currents (the 

precursors of vacuum breakdowns), and arc currents to provide useful information to optimize 

the electrostatic design of the ITER HNB and to validate the numerical models. This paper 

describes the development and the design of these diagnostics system based on electrical 

measures.
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C. Plasma Heating and Current Drive 
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The ITER Heating Neutral Beam (HNB) source prototype SPIDER (Source for the Production 

of Ions of Deuterium Extracted from a Radio frequency plasma), hosted at the Neutral Beam 

Test Facility (NBTF) in Padova, Italy, has recently started operating with evaporated caesium 

in the source. This moves the primary H⁻ production mechanism from volume to surface 

processes, increasing the extracted H⁻ current while decreasing the co-extracted electron 

current. As in volume operation, the beam exhibits inhomogeneities across the vertical profile 

due to magnetic drifts, a result of the transverse filter field, which is vital for reducing the 

electron temperature near the extraction region. 

To minimize the occurrence of electrical discharges, SPIDER has been operated with a 

diminished number of extraction apertures to minimize the vessel pressure/ion source pressure 

ratio by means of a mask, which reduces the gas flow conductance between the source and the 

vessel. Therefore, it has been possible to directly measure the current of individual beamlets, 

due to the increased room between the beamlets, using the non-invasive Beamlet Current 

Monitor (BCM) diagnostic. Using measurements of five individual beamlets the homogeneity 

of the SPIDER H⁻ beam has been assessed, in a range of operating conditions with caesium in 

the source. The dependence of the beam homogeneity on source parameters (bias, filter field, 

RF power) has been observed, while increasing the Cs evaporation rate and unbalancing the 

power of the RF generators have proven to be effective at mitigating the beam inhomogeneity. 

This work has been carried out within the framework of the ITER-RFX Neutral Beam Testing 

Facility (NBTF) Agreement and has received funding from the ITER Organization. The views 

and opinions expressed herein do not necessarily reflect those of the ITER Organization. 
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The ITER Disruption Mitigation System (DMS) foresees the use of large, up to 28.5x57 mm 

(dxL) Hydrogen, Neon and mixture cryogenic pellets shattered on a plate near the plasma edge. 

The resulting pellet fragments will be assimilated in the plasma in order to increase the density, 

radiate power and prevent the generation of runaway electrons. The shattered pellet injection 

(SPI) technology has been demonstrated on several fusion devices but not all components for 

ITER-size pellets have been tested yet. 

The ITER DMS task force has launched a program to define the DMS design requirements. As 

part of this program an ITER DMS test laboratory has been built at the Centre for Energy 

Research, Budapest, Hungary. The setup consists of a liquid Helium cooled pellet injector, a 

1m³ volume propellant expansion chamber, a prototype of the ITER SPI optical pellet 

diagnostic, a 4 m long flight tube replicating the flight tube of the ITER DMS and a diagnostic 

chamber, where the shattering process can be analysed in detail with a set of sophisticated 

diagnostics. 

Up to now 19x38 mm Hydrogen pellets have been produced in a stainless-steel barrel cooled 

to 5 K. The desublimation process has been modelled and diagnosed by a special barrel camera. 

It was found that a solid Hydrogen ice pellet can only be produced for barrel gas pressures >20 

mbar. At lower pressure a snow-like pellet develops which will disintegrate when launched. 

For launching the pellets a special fast valve has been developed which is capable of opening a 

20 mm diaphragm of a 150 bar reservoir within 1.5 ms. The gas pulse accelerated the pellets to 

maximum 800 m/s which is in good agreement with a modelling code. The scatter of the 

velocity direction was found to be sufficiently small to pass the flight tube and reach the 

shattering unit.
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The 1MV Neutral Beam Injector MITICA test facility has a very complex and special power 

supply system, comprising a High DC Voltage plant with some parts insulated in air and some 

other in SF6 gas. The power conversion system, the DC generator, and the High Voltage 

equipment have been individually commissioned, whereas the integration tests are ongoing. It 

is a challenging process due to the unconventional application, to the variety of different 

electrical technologies involved and to the complexity of the interfaces. 

During the integrated tests of the power supplies, an unexpected event occurred, most likely a 

breakdown in the HV part, which resulted in a fault of the DC generator. A subsequent test 

using an auxiliary power supply was performed to check the voltage withstanding capability of 

the HV plant, but another breakdown occurred at around 1 MV. In both cases, the original 

breakdown event propagated electrical stresses which damaged some of the equipment. 

Analyses showed that, although the origin of the damage was likely to be a breakdown in the 

HV equipment (either in air or in gas), the precise location and the consequences of this 

breakdown were unclear and not fully understood. 

This paper describes the activity performed to identify the location of the breakdowns affecting 

the integrated tests. In order to do that, the power supply plant diagnostic capability has been 

significantly enhanced with voltage and current sensors placed in strategic positions to monitor 

the evolution of a breakdown at different voltages and in different points. A specific test 

campaign has been devised, conceived to provoke intentional breakdowns in specific locations 

and collect measurement patterns for different cases. The campaign has also been useful to 

validate simulation models, which in turn have been used to understand the impact of the 

breakdown on the HV equipment.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 520 

P-2.25 Poster 

C. Plasma Heating and Current Drive 

The beam source of the MITICA experiment: strategy adopted, 

manufacturing design, engineering and fabrication of the main components 

Antonio Masiello¹, Laurent Bailly-Maitre¹, Raul Moron Ballester¹, Peter Readman¹, Diego 

Marcuzzi², Francois Geli³ 

¹ Fusion for Energy (F4E), C/ Josep Pla 2, E-08019 Barcelona, Spain 

² Consorzio RFX, Corso Stati Uniti 4, I-35127 Padova, Italy 

³ ITER Organization (IO), Route de Vinon sur Verdon, CS 90 046, F-13067 St. Paul-Lez-Durance, 

France 

 

The MITICA experiment, presently in installation and commissioning phase at the Neutral 

Beam Test Facility in Padua-Italy, will be equipped with a Beam Source (BS) expected to 

accelerate a 40 A negative ion beam to the energy of 1MeV. It is composed of an ion source to 

generate a plasma and of a multiple stages accelerator, where ions extracted are accelerated up 

to the energy of 1 MeV. 

The procurement of the MITICA BS started in 2016 implementing a dedicated strategy 

comprising a two steps procedure with multiple suppliers. In the first step the suppliers 

performed the revision of the technical specification, proposing modifications to the design and 

to the requirements, eventually endorsing the revised design. The second step, consisting in the 

manufacturing of the beam source, was awarded in 2018 to Alsyom-SEIV Consortium, after a 

reopening of competition where each of the suppliers provided a quotation for their revised 

design. 

The first year of the contract was dedicated to the engineering phase, manufacturing the 

prototypes and procuring the long lead components. At the end of 2019 the prototype of the 

supporting structure of the accelerator was finalised, resulting capable of adjusting the position 

of the 1280 aperture with a precision of 50 microns. In 2020 the majority of the prototypes were 

successfully tested, including an accelerator grid segment matching all the required tight 

tolerances. During 2021 the ion source rear plates, manufactured starting from an exploded 

bonding of copper and molybdenum, successfully passed the acceptance tests. Moreover, the 

production of the components reached the 75% and the first stage of the accelerator was 

assembled and aligned achieving the target of tenths of mm tolerances. 

In 2022 it is planned to complete the assembly of both the accelerator and of the ion source.
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structural applications 
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A new bainitic ferritic steel for large-scale fusion structural applications is being developed. It 

possesses improved cross-weld mechanical performance without requiring post-weld heat 

treatment (PWHT) and provides reduced-activation characteristics based on selection and 

control of alloying additions. The new steel targets to be used as a candidate material for lifetime 

structural component applications in next generation fusion devices. These applications could 

include the helium gas cooled vacuum vessels operating up to 450 °C and blanket support 

structures with temperatures up to 550 °C. The new steel is based on the 3Cr-3WVTa bainitic 

steel developed at Oak Ridge National Laboratory in the 1990’s, with a newly proposed alloy 

design strategy aimed at providing high hardenability and low hardness to reduce property 

inhomogeneities across the weldment in the as-welded condition. Compositional modifications 

including a combination of high Mn and low C additions successfully achieved (1) significantly 

improved impact toughness in the as-welded condition, and (2) the cross-weld creep 

performance without PWHT demonstrated 20-25% improvement of creep strength compared 

to the "original" 3Cr-3WVTa steel weldment. These results suggested that the modified steel 

could be used for high-temperature structural application without requiring PWHT of welded 

components. The modified steel also showed superior mechanical performance in the as-

normalized condition, suggesting potentially no requirement of the typical tempering process. 

Details of alloy modification, heat-treatment optimization, and property evaluation will be 

presented.  
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H. Vessel/in-vessel Engineering and Remote Handling 

Design of the JT-60SA divertor cryopumps 
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JT-60SA is the largest tokamak before ITER, and Integrated Commissioning started 2021. F4E 

(in the framework of the Broader Approach) and EUROfusion do contribute with several 

enhancement projects to the JT-60SA tokamak. The JT-60SA divertor cryopump system is one 

of such enhancements. The cryopump is composed of 9 identical units, distributed equally along 

the circumference and located in the volume in-vessel underneath the divertor dome. Each 

cryopump unit consists of four cryosorption panels cooled by 3.7 K supercritical helium, and a 

thermal radiation shield surrounding the cryopanels made of a base plate and an inlet chevron 

baffle cooled at about 80 K. To have sufficient pumping capacity for helium, the cryopanels 

will be coated with activated charcoal. Daily regeneration of the cryopumps at 100 K is foreseen 

overnight.  

The paper will present the detailed design of the cryopumps and highlight the main results of 

the supporting design development. Thermo-mechanical analyses have covered a variety of 

load cases, reflecting operation and regeneration conditions, low cycle fatigue, electromagnetic 

forces under plasma disruption conditions, and accelerations under seismic events. An 

assessment of the ECRF stray radiation power load showed the necessity to use absorptive 

plasma spray coating on the inlet chevron baffle. Particularly challenging was to achieve a 

design of the component at maximized performance in a given space, limited by the size of the 

existing divertor cassettes. Vacuum flow simulations of the manufacturing design have been 

performed to predict pumping speed and capacities for hydrogenic gases and helium. It will be 

shown how the requirements put on the cryopumps have been considered in the final design.
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I. Fuel Cycle and Breeding Blankets 

Early design validation on the Vacuum Vessel ports sealing interface 

installation and removal with Virtual Reality in ITER TBM Port Cells 
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Port Cells (PC) in the ITER tokamak building are areas dedicated to host auxiliary equipment 

and the connection to services and devices required for the Port Plugs operation. During Plasma 

Operation State, the Vacuum Vessel ports sealing interface provides vacuum tightness and first 

confinement barrier as essential functions. When a Port Plug needs to be replaced or maintained, 

this significant sealing component must be removed and reinstalled. 

The general strategy for this operation has been reviewed and modifications have been proposed 

to address the requirements for static and dynamic confinement and management of radiation 

considering the ALARA (As Low As Reasonably Achievable) approach. 

As Dose Reduction Measures (DRM), additional provisions have been proposed to ensure a 

robust confinement control during the machine shutdown operation. They mostly consist of an 

airlock that allows the extension of the first confinement barrier equipped with specific handling 

equipment to perform human-assisted operations on the sealing flanges.  

In particular, this paper presents the study carried out in TBM dedicated PC during the 

conceptual design phase of the maintenance cabin airlock and the handling tools by means of 

Virtual Reality (VR). 

VR simulations have been introduced in the design process to perform integration study, 

accessibility assessment, and validation of human access, especially in case of rescue scenarios. 

VR sessions, involving several PC integrators interacting with the models simultaneously, have 

been organized. VR techniques allow working with virtual prototypes at full scale since the 

early design stage to ease the design progress and the concepts validation with important results 

concerning the assessments of accessibility issues. 

The paper describes also the outcomes of the VR studies and explains how Virtual Reality can 

be an effective instrument to conduct integration studies with complex kinematics and human 

access operations in the execution of the engineering validation process. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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G. Plasma-facing Components 

Cyclic medium heat flux testing of a WTa lattice structure on HIVE 

(Heating by Induction to Verify Extremes) facility 
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The limiter in a fusion reactor will have to resist 1.3GJ of energy during a disruption (based on 

DEMO simulations) and also perform under normal cyclic operation. Additive manufactured 

(AM) lattice structures have been identified as a potential limiter material for future fusion 

power plants to accommodate both these functions. To assess the performance of this material 

and joint with the heatsink under surface heating, a limiter mock-up comprising a Tungsten-

Tantalum additively manufactured lattice, brazed to a copper heatsink was tested at UKAEA’s 

HIVE facility. The sample front face was heated by inductive heating and cooled using 30°C 

water. The testing demonstrated that this material could survive 500 pulses of heating. Each 

pulse achieved a front face heatflux of 10MW/m2 or higher. Some cracking of the lattice 

structure was observed after the experiments however, the integrity of the structure remained 

and no detectable change in thermal performance was measured during the experiment using 

the diagnostics on HIVE (IR camera, thermocouples mounted in the copper heatsink). These 

results demonstrate that the HIVE facility is capable of delivering a cyclic load to a fusion 

component representing the normal operation load case. They also demonstrate the performance 

of the manufacturing techniques used for the mock-up (AM and brazing). Future experiments 

on HIVE will benefit from a higher resolution IR camera and higher temperature pyrometer 

which will assist in understanding the performance of components under these loads. 
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G. Plasma-facing Components 
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assessment of tungsten recrystallization kinetics 
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In future thermonuclear fusion reactor, like ITER and DEMO, plasma-facing components with 

tungsten armour metal will have to sustain high thermal fluxes (10 MW/m² in steady state and 

20 MW/m² in quasi-steady-state). For such extreme conditions, tungsten materials may reach 

temperatures higher than 1500 °C and, consequently can be prone to recrystallize, which can 

limit the operation time of the divertor targets. Recrystallization kinetics characterisation 

implies the use of different methods and devices (oven, laser heating) depending on the relevant 

annealing temperatures to be analysed. For these methods, the heating and the characterising of 

around 10 samples (5 x 4 mm²) per annealing temperature is needed.  In this article, a new 

method allowing to characterize the recrystallization of tungsten under a continuous range of 

temperature between 1300 °C and 1600 °C while using fewer samples and heating conditions 

is proposed. The basic idea is to induce a steady-state temperature gradient in a tungsten rod by 

heating up one face of the rod using a laser-based heating system. Two tungsten samples (50 x 

4 mm²), extracted from the same warm-rolled tungsten plate are annealed for 500 seconds and 

1000 seconds respectively with a 2100 °C to 1300 °C gradient. The resulting microstructure are 

characterized using optical microscopy, EBSD and hardness measurements. The different steps 

in tungsten recrystallization and grain growth stages are clearly evidenced. These first results 

can be considered as a proof of concept for the use of such a methodology to speed-up the 

investigation of tungsten recrystallization at high temperature.
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D. Plasma Engineering, Plasma Control, and CODAC 

Dynamic pulse scheduling in ASDEX Upgrade: Disruption avoidance and 

investigation of the H-Mode density limit 
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Operation of a tokamak device requires the coordinated operation of a multitude of systems. 

The sequence of operations during a discharge is both too complex and fast for human 

interaction. A common way of operation is a predefined sequence of operations which utilizes 

continuous control to achieve the desired discharge. This however poses the risk of e.g. 

disruptions, if an unforeseen event occurs which would require a different action than the 

programmed one. In case of larger devices, e.g. ITER, major disruptions are not acceptable and 

exception handling is required which can react to unplanned events. The ASDEX Upgrade 

discharge control system is able to detect events and change the control goals dynamically, 

applying complex continuous control with multiple sensors and actuators. This contribution 

discusses how these capabilities are utilized for disruption avoidance and the study of the H-

Mode density limit (HDL). It is demonstrated that disruption avoidance for the HDL is possible 

with both continuous control as well as event based exception handling. For the detection of 

the HDL both direct measurements of the occurring MARFE, as well as a normalized state 

space representation have been used. 

Avoiding the disruption in case of the HDL extended the stable operation space of ASDEX 

Upgrade. This has been utilized to perform multiple automated experiments within one 

discharge which significantly decreased the number of discharges required for the physics 

investigation of the HDL. 

The combination of exception handling and continuous control has enabled studies of the HDL, 

in which the control system on its own sets up the desired target scenario. Extending these 

capabilities enables the automatic scanning of the accessible operational space of a device with 

an acceptable disruption risk. This would be especially useful for devices where the number of 

allowable disruptions is limited. 

 

 

* See author list of H. Meyer et al. 2019 Nucl. Fusion 59 112014. 
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H. Vessel/in-vessel Engineering and Remote Handling 

Decay gamma source of the Test Cell Liner of the IFMIF-DONES Facility 

Fernando Mota, Ricardo Álvarez, Joaquin Molla 
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The level of damage expected in future nuclear fusion reactors is such that the performance of 

materials and components under these extreme irradiation conditions is still unknown. The 

International Fusion Materials Irradiation Facility - DEMO Oriented Neutron Source (IFMIF-

DONES) was proposed to be a promising neutron source facility to test material under similar 

nuclear fusion irradiation conditions.  

The Test Cell (TC) is a hot cell, which physically houses the High Flux Test Module (HFTM) 

and the lithium loop components. After each irradiation campaign, the TC must be opened to 

carry out multiple maintenance tasks. However, due to the high neutron irradiation level during 

the irradiation campaign, the different components of the TC will be activated. Hence, it is 

mandatory to determine the activation radiation level of the Test Cell components during the 

maintenance period to define the protocols of inspection of the Test Cell. 

The TC Liner of the TC (made of SS316L) is one of the most critical challenges of TC design. 

It has to withstand neutron radiation, gas production, the operating lithium loop and intense D+ 

beam, as well as maintain the tightness inside the TC. Therefore, the TC Liner will have to be 

inspected during the maintenance period to determine its state after each irradiation campaign. 

As the TC line will have to be examined with sensors to detect possible defects that could 

endanger the tightness of the TC liner, it is essential to figure out the decay gamma radiation 

that will suffer the sensors. Hence, the decay gamma field induced by the activation of the TC 

Liner is obtained in this work. This information is essential to select the proper sensors for this 

task. The decay gamma sources are determined using standard methodology approved by the 

IFMIF-DONES projects like R2Smesh and cR2S. 
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F. Magnets, Cryogenics and Electrical Systems 
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NBTF hosts two experiments, MITICA and SPIDER, full-scale prototypes of ITER HNB and 

its RF-driven ion source, respectively. SPIDER and MITICA plasma sources, used to generate 

negative ions that are subsequently extracted and accelerated to nominal energy, are similar in 

design and consist of 8 inductively coupled RF drivers, powered by 4 generators at 800 kW and 

1 MHz. 

SPIDER operation, started in 2018, pointed out severe issues caused by the technology 

employed in RF generators, based on tetrode free-running oscillators. One of these limits, 

namely the onset of frequency instabilities, prevented operation at the full rated power of 200 

kW. In addition, tetrodes require high voltage to operate, which translates to risk of flashovers 

and the necessity to perform conditioning procedures, limiting the overall reliability. These 

disadvantages, combined with the positive experience gained in the meanwhile on smaller 

facilities with solid state amplifiers, led to the proposal of a complete re-design of the 

radiofrequency power supplies. 

This paper describes the specifications and design criteria of the solid-state amplifiers for 

SPIDER and MITICA, driven by the necessity to achieve nominal power, mitigate the risk of 

obsolescence, and improve the reliability through modularity. We detail the topology of the 

generators, consisting of class D amplifier modules combined to achieve the required 200 kW.  

Due to the non-standard application, we gave particular focus to the integration of generators 

in the RF systems of SPIDER and MITICA. Analyses were performed to verify the impact of 

harmonic distortion on transmission line and RF load components, to address the effect of 

mutual coupling between RF circuits on the generator output modulation, and to assess the 

magnitude of common mode currents in the electric system. These studies, as well as the 

experience gained from SPIDER operation, helped to define dedicated circuital design 

provisions and control strategies.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 529 

P-2.34 Poster 

C. Plasma Heating and Current Drive 
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at the Second Harmonic of the Cyclotron Frequency 
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In the frame of a EUROfusion Enabling Research Project (ENR) KIT and NKUA focus on new 

concepts for highly efficient, megawatt-class fusion gyrotron systems that will operate at the 

second harmonic of the electron cyclotron frequency. This will reduce the required magnetic 

flux density by a factor of two and therefore will lead to more compact and cost-efficient 

gyrotron systems at DEMO relevant and sub-THz frequencies. 

To maintain efficient and stable gyrotron operation at the 2nd cyclotron harmonic three major 

key technologies will be combined: 

• Injection locking to stabilize the oscillation. The major challenge in applying this method is 

microwave power injection through a specially adapted two-port launcher antenna. Simulations 

using specialized quasi-optical codes have been already performed to verify the feasibility of 

this concept and are currently ongoing for further optimization. 

• Application of advanced corrugated coaxial cavity technology to suppress unwanted 

concurrent modes (especially the critical first harmonic competing modes). Besides the 

impedance corrugations of the inner coaxial rod, this may also include mode-converting 

corrugations of the outer resonator wall. Investigations on possible mode-coupling schemes and 

time-dependent single- and multi-mode interaction simulations are ongoing to optimize the 

gyrotron cavity for this type of operation. 

• Use of a Multi-stage Depressed Collector (MDC) based on the E×B drift concept to enhance 

the overall efficiency of the gyrotron and to match or potentially exceed the efficiency of 

standard first harmonic tubes. 

The paper will contain a detailed description of the above-mentioned objectives, challenges and 

methods and will also focus on the first results and insights obtained from the beginning of the 

project, which started mid-2021. 
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B. Experimental Devices and Facilities for Fusion Research 

Development and basic qualification steps towards an electrochemically 

based H-sensor for Lithium System applications 
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The knowledge of the H-isotope concentration in Li-melts is an essential issue for the operation 

of a Li based irradiation facility like IFMIF-DONES due to different effects ranging from 

radiation hazards up to H introduced metal embrittlement. Electrochemically based tools have 

the advantage to provide a direct determination of H-concentrations in the melt in contrast to 

measurements of the concentrations in the gas atmosphere above of the melt. During the sensor 

design phase materials were evaluated and selected concerning compatibility behaviour in the 

aggressive lithium environment and their hydrogen transport ability inclusively of sensor 

manufacturing processes. The functionality of the design was successfully demonstrated by 

testing of experimental sensors of several series, in order to define suitable system 

configurations to be applied as for the Impurity Control System of IFMIF-DONES. 

This contribution will focus on the qualification of sensors in stagnant Li-melts with desired 

specific H-concentrations at different testing temperatures ranging from 250 to 500°C. The 

measured EMF (Electro-Motoric-Forces) between a H saturated reference electrode and the 

prepared Li-melts were used to set up calibration curves for H-concentration in Li melts using 

the Nernst correlation. This approach provides viable experimental data based on a direct 

correlation of chemical values and their varaiables to the physical output. The developed sensor 

showed high reproducibility and long-term stability. The evaluated and temperature dependent 

sensitivity behaviour will be discussed under resolution and accuracy limits, sensor response 

behavior, noise levels and degradation effects at very high application temperatures. Based on 

these analyses recommendations for the adapted operating window in a Li system will be given. 

Furthermore, future sensor improvements and necessary qualification work in flowing Li-

systems will be outlined. 
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C. Plasma Heating and Current Drive 
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In a nuclear fusion reactor, some components of the system are subjected to huge thermal loads. 

These components, such as grids, neutralizers, calorimeters, ducts, divertors, blankets etc. have 

to be actively cooled in order to avoid damage, heat dependant functionality and especially to 

ensure their reliability of the process. 

The design process of such a component requires taking into account several physical 

phenomena, with the goal of not only satisfying the functionality conditions, but also with a 

focus on the structural verifications and component lifetime. For assessment of the structural 

design for components in ITER, the ITER Structural Design Criteria for In-vessel Components 

(SDC-IC) are the reference verification criteria. 

To verify an actively cooled component, it is necessary to perform a coupled set of 

Computational Fluid Dynamics (CFD) and thermo-structural Finite Elements Method (FEM) 

analyses. The effectiveness of the cooling system is governed by the cooling performance, 

subjected by the working loads, mainly given by the thermal loads, that occur during beam-on 

pulses. The lifetime of the component is then estimated by means of a thermo-structural 

analysis. 

A case study is presented for fatigue verifications of a critical component, i.e. the Grounded 

Grid (GG), inside the SPIDER beam source experiment at Consorzio RFX, Padova, Italy. 

This paper describes the performed coupled analyses for SPIDER GG, including cooling system 

effectiveness analysis, assessment of the temperature distribution on housing during operations, 

mapping the pressure distribution inside the cooling system and finally assessment of the 

maximum number of allowed cycles. 

In particular, the aim of this work is to investigate the relationship between the cooling system 

performance and the fatigue life, using the SPIDER GG as a test case.
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F. Magnets, Cryogenics and Electrical Systems 
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Solid state (SS) amplification technology has reached enough maturity and the experience has 

demonstrated that it can replace vacuum technology, for frequencies typically below L band 

and mid-range power levels, with important benefits: reliability, high modularity with 

associated redundancy and flexibility, availability, absence of high voltage, lower phase noise, 

longer lifetime, hot-swapping, simpler and faster start-up, and easier maintenance. The 

evidence is that many large scientific facilities are upgrading their radiofrequency (RF) power 

systems towards SS amplifiers. Consequently, the IFMIF-DONES (International Fusion 

Materials Irradiation Facility - DEMO-oriented Neutron Source) RF Power System will be fully 

based on SS technology. However, in order to achieve the same power levels of vacuum tubes, 

the outputs of many SS transistors have to be combined. One of the crucial issues is therefore 

the achievement of an efficient RF power combination. 

A promising RF power combination technique has been proposed for IFMIF-DONES: a 

resonant cavity combiner. Its main characteristic is that the high power combination is achieved 

in just one step, by means of coupling the outputs of a large number of active devices into a 

resonant circuit. This improves the efficiency compared with traditional corporate topologies. 

Two prototypes at 175 MHz have been developed for demonstrating the feasibility of this 

innovative combination technology. The first prototype was validated up to 24 kW in 

continuous wave (CW) and 100 kW in pulsed mode (DC=4 %). The conclusions from those 

experiments pointed out the need of water-cooling or detuning compensation if high efficiency 

is wanted to be maintained for CW and high power levels. The second prototype is a water-

cooled 160-inputs cavity combiner, which has been validated at the highest CW RF power ever 

reported. The design of this 160-inputs combiner and the results of the high power validation 

experiments are presented in this paper.   

 

Acknowledgment 

This work has been carried out within the framework of the EUROfusion Consortium, funded 

by the European Union via the Euratom Research and Training Programme (Grant Agreement 

No 101052200 — EUROfusion). Views and opinions expressed are however those of the 

author(s) only and do not necessarily reflect those of the European Union or the European 

Commission. Neither the European Union nor the European Commission can be held 

responsible for them. 

This work has been received funding from the Spanish Centre for the Development of Industrial 

Technology (CDTI) under CIEN 2016 program IDI-20160850 for the development of the 

ACTECA project.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 533 

P-2.38 Poster 

C. Plasma Heating and Current Drive 
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The 1MV Neutral Beam Injector MITICA test facility has a very complex and special power 

supply system, comprising a High DC Voltage plant, which is designed to satisfy demanding 

and unconventional requirements, such as the high voltage and the need to operate in presence 

of frequent breakdowns of the accelerator. 

The 1 MV insulating transformer supplying the Ion Source Power Supply is a clear example of 

special component, which has to supply a conventional medium voltage distribution system 

but, at the same time, cope with high dc insulation levels and electrical stress due to breakdown 

voltage transients. It is a 22 kV/6.6 kV step-down transformer providing up to 5 MVA; the 

secondary winding is polarized at -1MV dc with respect to ground, therefore a high dc voltage 

withstanding capability is required between the primary and the secondary side. Moreover, the 

transformer secondary side is subjected to high frequency voltage transients generated by 

breakdowns. 

This paper describes the modeling activity carried out to assess the effects of the breakdown 

transient on the transformer and on its connections to the high voltage system. A simplified 

circuit model is used for explaining the evolution of the high frequency transient, pointing out 

the overvoltages generated on the different elements considered and evaluating with a 

sensitivity analysis the relation between the overvoltages with the main electrical parameters 

involved.  

A conceptual design of an external protection system avoiding the generation of dangerous 

overvoltages inside the insulating transformer is eventually presented, based on the analyses 

made with the circuit model for evaluating the effects of the possible protection strategies.
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This work presents the initial studies on the requirements for the design of 3D coils on EU-

DEMO. The main use of 3D coils in present machines, studied in this paper, includes two main 

purposes: the first one is the Error Field Correction (EFC). The EFC aims at minimizing the 

intrinsic non-axisymmetric fields in the machine, with low toroidal mode numbers, which at 

low plasma density may lead to the formation of locked modes and ultimately to disruptions. 

The fulfilment of the requirements is evaluated with the minimization of residual error fields, 

both in vacuum and with plasma response. The second purpose relates to the application of 3D 

fields to control the plasma. The first of these functions presented in this paper include the 

manipulation of the locked neoclassical tearing modes (NTMs) phase, and their positioning in 

front of the electron cyclotron antennae, for optimum stabilization. A second function is the 

application of 3D perturbation of the plasma edge to suppress ELMs. The third function aims 

at tailoring the plasma rotation profile by inducing neoclassical toroidal viscosity (NTV), e.g. 

to facilitate the access to some ELM-free regimes (e.g. QH-mode), or to have an additional 

knob to control the plasma confinement. A constraint considered is that the 3D fields applied 

shall not generate 3D power exhaust effects, such as divertor lobes, that jeopardize the 

protection of the machine. As the fastest required time constant of the applied 3D fields is 

comparable or longer with respect to the vacuum vessel one, this allows the possibility to 

explore the use of ex-vessel coils. The initial aim of this work is to assess if one set of coils 

could be designed that fulfils all these applications. Preliminary considerations on the coil 

technology, design, integration and maintainability are also presented.
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C. Plasma Heating and Current Drive 

Numerical modelling for beam duct heat loads calculations and application 

to the new NBI in the COMPASS tokamak 
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We introduce detailed numerical modelling of the fast neutral particles inside the duct line of a 

new Neutral Beam Injector (NBI) in COMPASS. This new NBI system is capable of delivering 

1MW of power to the plasma at nominal injection energy of 80 keV. Collisions with the 

background neutral density inside the duct give birth to fast ions according to tabulated cross-

sections. In the outer region of the tokamak, the magnetic field is strongly inhomogeneous and 

depends on the relative position of the duct with respect to the Toroidal Field coils. In this 

complex 3D field, the radius of curvature of the ion trajectories is found to determine the 

positions of the impacts on the duct wall. 

During the experimental campaign, spectroscopic measurements provided insights on the 

effective beamlet divergence as well as on the beam composition as a function of the beam 

current. Combined with estimates of the background neutral density inside the duct, this allows 

the calibration of the numerical simulations in the COMPASS geometry. 

The beam duct heating was measured by a row of thermocouples located on the top-half of the 

beam duct during co-current injection experiments. The fast ions impacts are yielding the 

pattern of the increase of temperature. The experimentally measured location of the maximum 

of power deposition is in qualitative agreement with predictive modelling of beam losses due 

to the re-ionization process. We trace back the details of the orbits responsible for various 

locations of power deposition inside the beam duct.
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C. Plasma Heating and Current Drive 

Heat loads on the accelerator grids of the ITER HNB prototype 
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Among the heating and current drive system which are being developed for the ITER 

experimental reactor, 2 neutral beam injectors with a power of 16.5 MW each will be based on 

the acceleration of H⁻/D⁻ ions up to the energy of 870keV/1MeV. Dealing with an accelerated 

beam power up to 40 MW, beam divergence, aiming and homogeneity have to be optimized to 

avoid damaging the beamline components or the grids of the accelerator. The design of the 

ITER HNB prototype, MITICA, was based on the coupling of several codes starting from 

experimental inputs available at that time. Heat loads, in particular, were estimated by the 2D 

version of the code Monte Carlo particle tracing code EAMCC. In the last years, a 3D version 

of the same code was developed and the operation of negative ion sources for fusion increased 

the knowledge concerning those parameters which are fundamental to estimate the expected 

heat loads. In this work, calculations are performed by EAMCC3D and by the finite element 

code COMSOL and the role of different source and accelerator parameters, such as the negative 

ion temperature and the beam halo, is highlighted.
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Using ADMS to evaluate the design of stack heights for new facilities at 

UKAEA and determine maximum radiological inventories at DEMO 

Tim Xu, Matthew Lukacs 
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In this paper, Atmospheric Dispersion Modelling System 5 (ADMS 5) was developed and 

validated to simulate radiological releases from facilities ranging from radiation buildings at 

the UK Atomic Energy Authority (UKAEA) to a proposed demonstration fusion power plant 

(EUROfusion DEMO). ADMS 5 is an advanced Gaussian plume dispersion model developed 

in the UK by CERC primarily used for regulatory purposes, including calculating airborne 

pollutant concentrations (both radioactive and non-radioactive) taking into account varying 

weather conditions and emission parameters, such as stack height, impact from surrounding 

buildings, surface roughness and complex terrains. UKAEA utilised ADMS 5 for the purpose 

of evaluating the design of stack heights for new facilities to ensure any releases of 

radionuclides do not exceed any legislative limits. This paper presents the meteorological, 

terrain and building data used to tailor ADMS 5 to the UKAEA site. The primary radionuclides 

that are included in the model are tritium (in the form of HTO) and neutron activated dust (Co-

60) produced within the JET tokamak. A study was also conducted to validate the model results 

using known historical discharge and weather data and recorded activity concentrations from 

the four sampling stations located near the UKAEA site boundary. Following this, the model 

was used to investigate the maximum tritium and dust inventories that could be present at 

DEMO such that in the event of a release of the entire inventory, the 50 mSv no evacuation 

limit for members of public is not exceeded.
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G. Plasma-facing Components 

Developing a Two-Dimensional Vapour Shielding Calculation Tool to 

Improve High Heat Flux Component Design 
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Fusion reactor plasma facing components such as the divertor and limiters will be subjected to 

significantly higher heat fluxes than experienced in the rest of the reactor. This is even more so 

during transient events, such as disruptions and edge localised modes (ELM), where the intense 

heat and particle flux from the plasma has the potential to cause significant damage to the 

components especially in the absence of any mitigating action.  

It has been observed that during such events vaporised target material expelled from the surface 

quickly ionises forming a secondary plasma that shields the target, causing a reduction in the 

peak heat flux experienced. The process of vapour shielding is complex and not well understood 

but can be a critical factor in the design of components. The phenomena is typically simulated 

using computationally expensive multi-physics solvers not suitable for use during concept 

design optioneering.  

The objective of the work presented is to develop a simplified two-dimensional vapour 

shielding simulation tool. The approach aims to capture increased fidelity of the vapour cloud 

motion, missed by simpler 0D and 1D codes, whilst remaining sufficiently computationally 

light to allow integration within the plasma facing component conceptual design workflow. The 

vapour shielding event is simulated using an existing computational fluid dynamics (CFD) 

solver combined with custom functions to introduce specific unique behaviour. The base CFD 

solver captures the transient development of the vapour cloud and target temperature 

distribution, with the custom functions capturing the target vaporisation rate, cloud radiation 

and MHD effects. The details of the model implementation, methods and assumptions are 

presented.  

The accuracy of the model is discussed through comparison of the results with data obtained 

from full multi-physics solvers and available experimental data.
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SOLPS-ITER GUI framework for IMAS 
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The design of the ITER divertor and estimates of the required fuelling throughput have relied 

for many years on simulations performed by the SOLPS plasma edge modelling tool. The 

SOLPS graphical user interface (GUI) is a framework tailored specifically for the SOLPS-ITER 

code suite with interface to the ITER integrated modelling and analysis suite (IMAS) database. 

Run time integration to IMAS is done within the B2.5-Eirene plasma fluid solver as the main 

SOLPS-ITER simulation component.  

Pre- and post- processing to IMAS database and overall control of the simulations is provided 

by the SOLPS-ITER GUI framework. Its design allows users to extend functionality by 

coupling custom SOLPS widgets into an actor-like integrated modelling framework acting as a 

scientific workflow engine for different computer clusters. In contrast to scientific workflow 

engines such as Kepler, the SOLPS GUI is more oriented towards the presentation experience, 

rather than creating a general-purpose workflow engine. The SOLPS-ITER GUI actors are 

designed to have a convenient input and output presentation, while the interior complex design 

and signal connections are not being shown to the users that are more concentrated in the look-

and-feel dashboard for analysis. Users are therefore encouraged to design their own dashboard 

by redesigning it to suit their needs. 

The SOLPS GUI framework embeds IMAS and addresses provenance by providing complete 

framework as a single file redistributable (AppImage) and versioned runs along with tailored 

users' dashboards. Widgets and plugins from SOLPS-ITER GUI are reused by other codes and 

visualisation tools. Selected SOLPS-ITER benchmark cases are presented to demonstrate the 

complete GUI framework.
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SOLPS-ITER numerical evaluation about the effect of drifts in a divertor 
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The High Field Side High Density region, in which the volume electron density ne is at the least 

10 times higher than the upstream averaged and target values, has been observed in the divertor 

Tokamak device ASDEX Upgrade (AUG) [1], and has been reproduced by SOLPS-ITER 

modelling [2][3]. Recently, a similar high-density front has been observed in the limiter 

tokamak device J-TEXT, in which the high-density front is seven times higher than the density 

in the low field side region [4]. In order to investigate the formation of high-density front in the 

J-TEXT, we perform a SOLPS-ITER numerical simulation on limiter Tokamak J-TEXT with 

drifts activated, and produce a preliminary comparison with divertor Tokamak AUG simulation 

results. 

In this study, we numerically compare the effect of drifts on a limiter configuration of J-TEXT 

with a lower single-null divertor configuration of AUG, in attached and detached states. Based 

on our previous SOLPS-ITER modelling [2] of AUG L-mode discharge, which was validated 

against experimental measurement, the currents and drifts models are applied to the limiter 

tokamak device J-TEXT. The typical AUG L-mode transport coefficients that D_\bot=0.5\ 

m^2/s,\ \chi_{\bot,ion}=\chi_{\bot,electron}=1.6\ m^2/s are used for both AUG and J-TEXT 

numerical simulations, instead of adjusting transport coefficients to match experimental 

upstream profiles. The divertor and limiter operation regimes are controlled through gas puffing 

to achieve high-recycling regime and detachment. Numerical simulations show that the drifts 

result in the in-out asymmetry of electron temperature in both AUG and J-TEXT in detachment 

and increase the particle flux at the outer target and decrease at the inner one. In the future, we 

will consider the carbon impurity, coming from the J-TEXT Carbon material targets, to 

investigate the drifts effect on Carbon distribution and adjust transport coefficients to validate 

against experimental measurements. 
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C. Plasma Heating and Current Drive 
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and the NBTF experiments 
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Recent experimental results in SPIDER led to the decision to replace the RF generators 

supplying the ion sources of the Neutral Beam Test Facility (NBTF) and ITER Heating Neutral 

Beam Injectors (HNB), changing from self-excited tetrode oscillator to solid state amplifier 

technology, which should allow overcoming the limitations observed so far and allow achieving 

the expected performance. 

This technology has already been tested at IPP with positive results, but at lower power than 

that required for ITER HNB and a different ion source configuration. A specific development 

has been launched in late 2021 for the design of a 1MHz RF Solid State Amplifier (RFSSA) 

rated for 200 kW. 

The first RSSA unit is the prototype requiring to be qualified for the application. A set of tests 

in normal and abnormal condition are planned to mitigate the risks during on-site 

commissioning and the subsequent operation. 

Since the real ion source is not available to realize the tests, a special Resonant Dummy Load 

(RDL) able to mimic the operating conditions observed in SPIDER has been foreseen. The RDL 

is composed of the series of an inductor and a resistor, connected to a normal L-type matching 

network composed of two capacitors. The resistance, inductance and the capacitances can be 

adjusted to have the matching at different frequencies in the operating range of the RFSSA. 

Moreover, these parameters can be modified during the pulse to simulate the plasma initiation, 

the plasma loss and the RF breakdown. Also a 40 m and 100 m long transmission line to allow 

the circulation of stray currents and verify the presence of possible unwanted resonances have 

been considered. 

This paper presents the design of the special tests to verify the RFSSA on the RDL and the 

obtained results.
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C. Plasma Heating and Current Drive 

Study of positive ion transport to the plasma electrode in giant RF negative 

ion sources 
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Negative ion sources are fundamental components of neutral beam injectors (NBI), one of the 

main heating systems for fusion reactors. The ITER prototype negative ion source is SPIDER, 

hosted in Padua as part of the Neutral Beam Test Facility (NBTF). It is composed of 8 

cylindrical drivers, capable of igniting the plasma through the inductive coupling with 4 radio 

frequency generators, each delivering up to 200 kW. 

In caesium-seeded negative ion sources, negative ions are produced close to the extraction 

apertures, and they are mainly generated by surface conversion of neutral atoms and positive 

ions impinging on the ion source walls, particularly on the plasma grid. The conversion yields 

depend on the energy distribution of these precursors, and so does the energy of those particles 

which are reflected as negative ions. The positive ion flow in the extraction region may also 

impact on the extraction probability of negative ions, via momentum transfer. Besides, in giant 

multi-driver RF sources, a gradient of plasma potential is present in the expansion region [1], 

affecting the positive ion transport towards the caesiated plasma electrode and their energy. 

To approach this complex problem, a 3D test-particle Monte Carlo code is developed for tracing 

particle motion in SPIDER. Positive ions species are generated in different positions within the 

plasma source volume and are tracked under the influence of electric and magnetic fields. Then, 

Monte Carlo collisions are used to simulate the interaction with predetermined background of 

plasma and neutrals, with profiles derived from experimental data. The particles are traced until 

they hit the ion source walls. Finally, the hydrogen positive ion composition and their energy 

distributions at the PG are determined. Such distributions are used to assess the contribution of 

the positive ions to the generation of H- and the energy distribution of the emitted H-. 
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Bruce Pint, Jiheon Jun, Marie Romedenne 

Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA 

 

Liquid metals continue to be of interest for fusion applications in heat transfer, tritium breeding 

and plasma-facing components (PFCs).  For Li, liquid metal embrittlement (LME) is a concern 

and an initial study at 200 °C showed no indication of LME for hollow F82H (Fe-8wt.%Cr-

2W) specimens when Li was inside. An additional experiment with type 4340 steel is in 

progress for comparison.  For PFCs, Sn is attractive because of its low vapor pressure but 

capsule testing showed poor compatibility with F82H at 400 °C.  More promising results were 

observed with pre-oxidized alloy APMT (Fe-20Cr-5Al-3Mo) at 400 °C – 500 °C in static Sn.  

A flowing Sn thermal convection loop (TCL) was conducted for 1000 h with a peak temperature 

of 400 °C.  Large mass losses for pre-oxidized oxide dispersion strengthened (ODS) Fe-(10-

12)Cr-6Al and APMT suggest that Sn will be challenging to use.  Finally, a series of 

monometallic TCL experiments have been conducted with commercial Pb-17at.%Li and 

APMT tubing.  The most recent TCL experiments included high purity SiC specimens and a 

reaction was detected between ODS FeCrAl and SiC specimens above 650 °C.  The temperature 

was lowered for the last experiment to 550° –650 °C and pack aluminized F82H specimens 

replaced the ODS FeCrAl specimens.  By reducing the temperature, the carbide-silicide reaction 

product on SiC was reduced but was still observed after 1000 h.  Only small mass changes were 

noted for the coated F82H specimens with no loss in ductility after exposure.  Research 

sponsored by the U.S. Department of Energy, Office of Fusion Energy Sciences.
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The operating principle of the ITER heating neutral beam injector (HNB) is based on the 

acceleration and neutralisation of negative ions. The remaining charged particles after the 

neutralization process shall be removed by an electrostatic residual ion dump (ERID) in which 

electrostatic fields are used to deflect the ions that are so dumped onto five water actively cooled 

panels delimiting the four channels particle beam. In order to realize the electrostatic field, three 

panels are grounded and the other two are polarised at a negative potential up to -25 kV. 

The electric insulation on cooling pipes between polarised panels and ground is realized by 

ceramic breaks with 145 mm outer diameter and made of explosion bonded 316L-titanium 

grade 2 plates that are brazed to an alumina type IV tube (on titanium side) and welded to 

cooling pipes (on 316L side).  

Alumina has excellent thermal stability, oxidation and corrosion resistance. On the other hand, 

titanium grade 2 has good ductility besides the high strength and limited mismatch of the 

coefficient of thermal expansion with respect to alumina. Nevertheless, large residual stresses 

are expected in the brazed joint due to the wide temperature range between solidus temperature 

(780 °C) of the brazing alloy (Ticusil®) and room temperature. 

Different brazed joint configurations were analysed, by means of finite element analysis (FEA), 

by modifying the geometry and the position of the brazed joint. The involved materials were 

simulated by bi-linear models of the stress-strain curve and with non-linear temperature 

dependence of thermal expansion coefficients.  

Prototypes of the most promising configuration were realized and tested with helium leak test, 

electrical test, pressure cycling test, tensile strength, and metallographic analysis of polished 

micrograph sections allowing to qualify the ceramic break to be implemented in the 

construction of the ERID.
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The development of a sound conceptual design of the Water-Cooled Lead Lithium Breeding 

Blanket (WCLL BB) is pivotal to make a breakthrough towards the selection of the driver 

blanket concept for the EU-DEMO. To this goal, an intense research campaign has been 

launched over the last years at the University of Palermo, in close cooperation with ENEA 

Brasimone, under the umbrella of EUROfusion. The analysis of the thermo-mechanical 

behaviour of the WCLL BB Left Outboard Blanket (LOB) segment is presented, with the aim 

of assessing its structural behaviour under purposely selected steady-state nominal and 

accidental loading scenarios. In particular, the nominal BB operating conditions as well as 

steady-state scenarios derived from the in-box LOCA and the Vertical Plasma Disruption 

accident have been considered. 

In the first part of the study, the internal Double-Walled Tubes (DWTs) of the WCLL LOB 

equatorial region have been optimized so to find a geometric layout able to cool the structure 

and maintain the temperature below the suggested Eurofer maximum temperature of 550 °C. 

Then, a proper analytical procedure has allowed obtaining a set of interpolating functions able 

to accurately reproduce the calculated thermal field and to apply it to the whole WCLL LOB 

segment. Lastly, the thermo-mechanical analyses of the entire segment have been performed 

under the selected loading scenarios. The structural behaviour of the segment has been assessed 

in compliance with the RCC-MRx code, adopting the set of criteria on the basis of the nature 

of the considered loading scenario. The obtained results showed a promising structural 

behaviour of the segment and highlighting the necessity to revise the attachment system layout. 

In fact, the latter is the main responsible of the excessive deformation of the segment in some 

regions, which leads to the prediction of high stresses.
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² Fusion Technology Department – Programme Management Unit, EUROfusion Consortium, 

Boltzmannstraße 2, 85748 Garching, Germany 

 

Within the framework of the European Roadmap to the realization of fusion energy, a strong 

international cooperation is ongoing to develop a Breeding Blanket (BB) system for the EU-

DEMO reactor. Although it is still to be decided whether the DEMO in-vessel components 

should perform any safety function, the pursuing of robust blanket concepts able to handle upset 

and accidental loading conditions has been always seen as good practice in fusion reactor 

engineering to enhance the inherent plant safety performances. Among the several classes of 

events that might challenge the BB structural integrity, the large Loss of Coolant Accident is 

one of the most relevant because it usually leads to a fast loss of cooling capability of the 

structures. Due to the characteristic of the tokamak assembly, the behaviour of each blanket 

segment during a sudden loss of cooling capability does not depend only upon distinguishing 

features of the component itself. In fact, the overall transient can be governed by conditions 

established in surrounding elements, like adjacent blanket segments and vacuum vessel, as well 

as by the plasma shutdown strategies adopted to protect the reactor. 

The scope of the activity herein presented is to make a preliminary assessment of the intrinsic 

capability of EU-DEMO tokamak architecture to cope with the loss of cooling in the Water-

Cooled Lithium Lead (WCLL) BB concept. Evaluation of BB thermal field in short and 

medium term under simplified, yet conservative, assumptions was carried out for four transient 

scenarios with the aim of investigating the response of the structure in case of: a) fast or soft 

plasma shutdown, and b) different blanket cooling schemes. Moreover, the WCLL BB thermo-

mechanical response in the most critical time steps has been assessed. The obtained results shall 

help for future decisions on safety systems/action to be implemented to cope with accidents.
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D. Plasma Engineering, Plasma Control, and CODAC 

CODAS for long lasting experiments. The SPIDER experience 

Gabriele Manduchi¹, Cesare Taliercio¹, Adriano Luchetta¹, Andrea Rigoni Garola¹, Nuno 
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The SPIDER experiment is the first of two experiments being held at the ITER Neutral Beam 

Test Facility in Padova (Italy). SPIDER has been operating since 2018, initially with pulse 

duration of a few seconds and currently with pulses lasting up to 3000s. The paper reports the 

CODAS experience gained after three years of operation. In particular, Data Storage and Data 

Access adopted strategies will be discussed, that proved to be of high impact in overall system 

performance and maintainability. 

Regarding Data Storage strategy, a tradeoff must be defined between the continuous and event 

driven data acquisition. Continuous data acquisition, i.e. sampling data at a constant frequency, 

represents the normal operation in short experiments, but can easily lead to an unmanageable 

amount of data for long lasting experiments. On the other side, Data acquisition at a varying 

rate, that is increased upon the occurrence of given events leading to an improved signal 

dynamics, is required for a subset of signals that describe physical phenomena with fast 

dynamics. Several strategies have been adopted in SPIDER to handle varying rate data 

acquisition and are discussed here.  

Considering data access strategy, an important Use Case, especially when the pulse duration is 

long, is the concurrent access to the pulse file for online analysis and visualization. Concurrent 

data read and write is supported by MDSplus, the adopted data system, but performance can be 

affected by the required locks in file access. For this reason it is important to limit as far as 

possible useless data access. This has been achieved in different ways, such as setting a Region 

of Interest (ROI) in data access and by the extended usage of on-the-fly resampling in 

conjunction with the availability in the pulse file of different versions of the same data item, 

acquired at different sampling speeds.
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Managing Control HMI with Artificial Intelligence 
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Over the years, the operational teams in charge of WEST operation have separately updated 

their respective software tools and user interfaces (HMI) in the control room to display always 

more information as required by their respective control room responsibilities. It appeared 

recently that the information displayed on the various HMIs could be inconsistent which could 

affect machine availability and safety. To alleviate such risks, a decision was made to redesign 

the whole operation toolset. 

The new solution builds on a unique centralized source of information on the tokamak and its 

status, and passive HMIs mere mediators between the centralized description and the users. To 

achieve this centralization, we took advantage of the existing expert system (called WEST 

Supervisor) in charge of managing the sequential steps of plasma experiments since the 

beginning of WEST. 

One added advantage of the proposed solution is that, based on the reliable information it holds, 

the Supervisor is now able to send to all HMIs a real-time refreshed list of all possible actions 

available to the users. Further, the Supervisor is now able to detect potential issues and submit 

alerts and possible solutions to the users preventively, before any action is even triggered.  

Finally, thanks to the Web language used, information will be available outside of WEST, 

allowing remote participation. Remote control is also technically possible. 

This paper is an overview of the new technical infrastructure and the benefits of this new 

implementation.
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I. Fuel Cycle and Breeding Blankets 

Evaluation of different techniques for surface treatments as oxide barrier: a 

review of its effect on light ion’s permeation 

Elisabetta Carella¹, Sebastian Hendricks¹, Ion Cristescu² 
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An effective permeation reduction of gaseous hydrogen isotopes into a metal wall by 

introducing a barrier is essential in two main fields: prevention of hydrogen-embrittlement in 

steels and control of the tritium inventory in future nuclear fusion reactors. Tritium retention is 

an important issue, influencing safety issues and the problem of tritium permeation in breeder 

blanket is still an open point for several reasons. 

The presence of a hydrogen permeation barrier (HPB) in breeder blanket can present problems 

of compatibility, activation and manufacturing. In the case of solid breeders, even if the 

permeation rate is slower, there is a still a problem of contamination of the structural material 

with the tritium coming from the purge gas. 

Some alternatives are being studied to reduce tritium permeation, like the modification of H 

content in the coolant (playing with co and counter permeation phenomena) and the phisico-

chemical processes occurring in the surfaces when boundary conditions change. 

An oxide layer is homogeneous with a constant thickness and a low hydrogen diffusion 

coefficient, for this reason, it is believed to serve as a diffusion barrier for hydrogen in the bulk 

of structural materials. 

In this study, an attempt will be made to determine the most effective oxide barrier according 

to literature and the possible technologies to induce controlled oxidation on metallic surface. 

At the same time, a detailed procedure for the characterization of the best oxide layer will be 

suggested to assure its reproducibility and characterization at small and large scale.
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Plasma ions generated in fusion energy devices erode the reactor surfaces.  Plasma facing 

materials need to fulfil many requirements.  Tungsten satisfies many of these including low 

tritium retention, good thermal conductivity, high melting point and good erosion resistance.  

More requirements especially machinability, mechanical stability, lower weight and lower cost 

can be achieved if tungsten coatings are combined with copper as a base material - provided 

the coating can match the erosion resistance of solid tungsten.  

Bulk tungsten ion erosion at low ion energies has been studied before with theoretical models 

developed to explain observed phenomena. However, it cannot be assumed that the tungsten 

coating ion erosion would be identical to the erosion of bulk material. The erosion rate must be 

known to estimate the lifetime of plasma facing components. 

In the present study a set of erosion experiments were undertaken to measure the sputter yield 

with partner organisations; Helium ion beam erosion at Huddersfield University, Helium 

plasma erosion at University of Liverpool, Argon plasma erosion at Plasma Quest Ltd and 

Xenon ion beam erosion at University of Surrey. 

This work compares sputter yields of tungsten in different forms: bulk material, chemical 

vapour deposition (CVD) tungsten coated on copper, tungsten deposited by the additive 

manufacture (AM) Laser Direct Energy Deposition (DED) method and tungsten coating laid 

down by thermal plasma spray on both copper and tungsten substrates.   

The experimental sputter yields were compared to theoretical predictions, based on previous 

literature.  The experimental results agreed with the models in trend, angular dependence and 

quantitatively to within a factor of four. 

In general, it was found that the coatings have similar, and sometimes slightly lower sputter 

yields, and therefore, on occasion, slightly better erosion performance than the stock tungsten 

sheet samples.  The possible physical mechanisms of these observed phenomena are discussed.
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Tritium containment and control are essential prerequisites for fusion to comply with the 

promise of a safe energy with low impact on the environment. In particular, tritium inventory 

and permeation in the walls of fusion reactors need to be assessed. This evaluation requires a 

better understanding of tritium permeation and trapping in plasma-facing components. 

To that end, transport and trapping parameters in Eurofer97 were evaluated using hydrogen 

permeation and deuterium thermal desorption spectrometry experiments coupled to the 

reaction-diffusion code MHIMS. This analysis showed that three trapping sites are needed to 

model the behaviour of this material in its operating temperature range (room temperature to 

873 K). The influence of these trapping sites, especially the third one (1.65 eV energy) has been 

studied through simulations of permeation cycles, showing that usual modelling parameters 

such as effective diffusivity and effective solubility oversimplify the dynamics of trapping, 

which results in underestimations of the inventory in PFCs [1]. 

Using the three-traps model MHIMS simulations as a basis, the Wapiti experiment (WAter-

interface Permeation In Tritium-exposed materIals) was designed. This experimental device 

consists in several permeation cells where thin metallic samples are exposed to gaseous tritium 

at room temperature. This experiment was performed on Eurofer97 with a downstream phase 

of air or water and air, allowing for a direct comparison of permeation in these media. The first 

results agree with MHIMS in terms of timelag prediction (around 25 days). Furthermore, the 

water permeation cell results indicate that tritium is more likely to form HTO through isotopic 

exchange than to recombine and form T2. The presentation will cover experimental and 

modelling results. 

 

References 

[1] F. Montupet-Leblond et al., "Influence of traps reversibility on hydrogen permeation and 

retention in Eurofer97", 2021, submitted to Nuclear Fusion.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 552 

P-2.58 Poster 

C. Plasma Heating and Current Drive 
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HCPB TBS operative conditions 

Alessandro Venturini¹, Francesca Papa², Marco Utili¹ 
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The HCPB TBS (Helium Cooled Pebble Bed Test Blanket System) is one of the two European 

TBS that will be installed and tested in ITER reactor. The use of flanged connections in the 

Helium Coolant System and the Tritium Extraction System of the HCPB TBS would make the 

remote maintenance operations easier and faster. Therefore, investigating the helium leakage 

from flanges becomes a fundamental step toward the control of the tritium activity in the Port 

Cell, as the helium flow will contain a variable but not negligible amount of tritium. The first 

set of experiments on helium leakages from flanged connections is described in this paper. The 

experiments were performed in HeFUS3 facility, an eight-shaped helium loop designed to work 

at HCPB TBS relevant conditions. The facility can provide a helium mass flow rate in the range 

0.27–1.4 kg/s and can reach a pressure as high as 80 bar and a temperature up to 530 °C. Two 

types of gaskets were tested in this campaign: a spiral-wound gasket and an oval ring joint. The 

gasket/flange assemblies are described in detail in this paper, together with the test section that 

hosts them and the performed commissioning tests. The tests were carried out at 500°C and 80 

bar. In these conditions, the leak rate from the flange with the oval ring joint resulted on average 

1.42·10⁻⁶ mbar·l/s while the leak rate from the flange with the spiral-wound gasket resulted on 

average 3.73·10⁻³ mbar·l/s. A preliminary discussion on the impact of these results on the 

adoption of flanged connections is reported at the end of the paper. 
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The knowledge of the material and component behavior under loading conditions exceeding 

the specified loads is essential to qualify divertor target concepts for DEMO. 

In the framework of the EU DEMO divertor project an extensive R&D programme has been 

carried out to qualify advanced design concepts for hot water cooled divertor targets. The 

currently preferred concepts, 23 mm wide "standard" W monoblocks bonded via hot radial 

pressing to CuCrZr tubes or bonded to W fibre reinforced Cu tubes, respectively, were 

extensively tested with nominal heat flux of 20 MW/m². A number of 130 °C hot-water cooled 

mock-ups of both concepts survived 1000 cycles at 20 MW/m² without degradation of thermal 

performance. Complementary overload tests close to surface melting were performed at the 

high heat flux test facility GLADIS with 32 MW/m² and subsequently applied 25 MW/m² 

cycling to explore the thermal limits of the design. However, 20 °C cold-water cooling was 

applied for these tests to avoid unstable heat transfer and the danger of sudden loss of cooling. 

The thermo-mechanical behavior and temperature distribution of the upper part of the mock-

ups during loading using cold-water or hot-water cooling is very similar. Effects of W 

recrystallization and grain growth are not strongly affected by the cooling water temperature. 

However, HHF loading at cold-water may affect crack propagation and fatigue behavior of W 

in colder regions, close to the cooling tube. 

The contribution presents and discusses new results of cyclic overload tests performed at 20 – 

25 MW/m² applying hot-water cooling in comparison to results obtained with cold-water 

cooling. Surface morphology and crack generation were microscopically analyzed on 

"standard" monoblocks as well as on castellated mock-ups. We investigate the influence of 

castellation deepness on the crack propagation in more detail.
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The outcome of the EM analyses carried on during the DEMO Pre-Conceptual phase has 

demonstrated that EM loads are relevant for the structural assessment of the Breeding Blanket 

and, in particular, for the definition of boundary conditions at the attachment system with the 

Vacuum Vessel. However, within the scope of the previous campaign, results have been 

obtained using simplified models that only give a rough estimation of the EM loads inside the 

BB structure. Such kind of data has been considered suitable for a preliminary assessment of 

the BB segments, but they are considered not representative as input for structural analysis in 

which a detailed BB internal structure (that considers cooling channels, thin plates, etc.) is 

analyzed. 

Indeed, mesh dimensions and computational time usually limit EM model that simulates a 

whole DEMO sector. In many cases, these constraints bring to a strong homogenization of the 

BB structure not allowing to calculate the EM loads on internal structure with high precision. 

To overcome such limitation, an EM sub-modeling procedure has been investigated using 

ANSYS EMAG. The sub-modeling feasibility is studied with the Rigid Boundary Condition 

method. This method consists to run a global “coarse” mesh including all the conducting 

structures that can have some impact on the component under investigation and to input the 

obtained results on the detailed sub-model of the structure of interest as time varying boundary 

conditions. 

The procedure has been tested on BB internal structure taking as reference a DEMO2017 sector 

and the HCPB concept with its complex internal structure made by pins. Obtained results show 

that the method is reliable also in presence of non-linear magnetic behavior. The methodology 

is proposed for application in future BB system assessment.
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One of the largest hurdles for commercialisation of magnetic confinement fusion has 

historically been achieving net power – existing experiments require more electricity to keep 

the tokamak running than it could theoretically generate, and none have been equipped with 

thermal to electric conversion equipment. When designing a machine that intends to overcome 

this, there must be a cheap and robust way for the designer to estimate what the net power will 

be, preferably with the ability to perform parametric sweeps, without having to know the 

detailed design of each system.  

The work presented in this paper is an integrated time-dependent model, describing the power 

demands of the major tokamak components (magnets, cryogenics, heating and current drive, 

etc.), as well as the power generated. The physics are implemented in OpenModelica and make 

use of a Python API (Application Programming Interface) to collect inputs, run studies and 

record outputs.  

The model cannot be validated against real world data, since there is no operational tokamak in 

the world designed for electrical power generation. Therefore, the correctness of each 

submodule (i.e., the magnet model, the cryogenics model) has been verified either from first 

principles or via verification against data from JET (Joint European Torus) where possible. The 

model has been used extensively as part of the work on the UK’s Spherical Tokamak for Energy 

Production (STEP) and has informed decisions on the STEP concept. It is going to be publicly 

available on GitHub.
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Once-Through Steam Generators (OTSGs) were recently selected to be installed in the Primary 

Heat Transfer Systems (PHTS) related to EU-DEMO WCLL Breeding Blanket (BB). Referring 

to the Balance of Plant Direct Coupling Design (BoP-DCD) option, these components are used 

to deliver the thermal power removed from the two principal blanket subsystems, i.e. First Wall 

(FW) and Breeder Zone (BZ), to the Power Conversion System (PCS). 

OTSG design foresees a vertical component with primary water moving downward inside tube 

bundle and secondary fluid flowing throughout shell in counter current. The latter moves firstly 

downwards through the annular downcomer and then goes up in the central riser, where it boils 

up to super-heated steam conditions. Then, it is deflected by the upper tubesheet, flows again 

downwards along the steam downcomer and exits through the laterally-connected steam 

nozzles. 

In the last years, as part of the research activities associated to the Work Package Balance of 

Plant (WPBoP), a detailed analysis of the steam generator, aimed at deeply understanding the 

main thermal-hydraulic aspects characterizing its performances during the pulsed regime of 

DEMO normal operations, was performed. To fulfil this scope, a complete model of the 

component was prepared by using the best-estimate system code RELAP5/MOD3.3, selected 

to be also the reference design verification tool. 

During operations, OTSG experiences full-load and low-load alternative phases with rapid 

transitions from one another. The steam generator capability to follow such load variations 

avoiding the occurrence of instabilities in the component was studied. The computational 

activity carried out was a preliminary thermal-hydraulic characterization of the component 

conceptual design during both pulse and dwell phases. The feedbacks of this analysis were also 

fundamental for the conceptualization of the steam generator mock-up to be installed in the 

planned STEAM facility that will be built at the ENEA Research Centre of Brasimone. 
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Powerful electro-magnetic transients characterize the operation of the ITER superconducting 

magnet system. This is especially the case for so-called plasma disruptions, but also during 

plasma current initiation and termination and during the fast discharge of the magnets for 

quench protection. It is of course critical that the main insulation of the ITER coils can withstand 

these voltages. It is equally important, however, to also assess the lower level voltages that are 

generated in the low voltage insulation systems of the mechanical structures of these magnets. 

Exceeding the break-down strength of these insulation systems can create ground current paths 

which can lead to further damage, parasitic heating due to induced currents and to an increase 

of the possibility of high power arcs in conjunction with failures of the primary high voltage 

insulation systems. At the same time conservative overestimations of these voltages can lead to 

unnecessary cost and technical complexity of these low voltage insulation systems.   

The electromagnetic model is very complex because it should take into account the complex 

conducting passive structure surrounding the cable. To this aim, using the CARIDDI code, a 

finite element model of the passive structure, has been implemented and used to calculate the 

induced voltages in several magnet structure loops during operational events of interest. The 

numerical model implemented in CARIDDI, based on an integral formulation discretized in 

terms of edge elements, is shown to be particularly well suited for analysing these transients. 

The results of these calculations are then presented and discussed.
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At high temperature, tritium will diffuse through metallic containment systems possibly 

resulting in contamination of various structural material with impact on tritium inventory and 

release into the environment through high temperature piping/equipment and finally the steam 

generators. Consequently, tritium permeation leads to an increased amount of tritium exhaust 

into the environment as well as in the solid waste with impact on maintenance and plant 

decommissioning.  

Dedicated experimental rigs concerning the benchmarking of modelling tools have been 

developed at KIT-TLK in the frame of the EUROfusion program and under the H2020 Euratom 

TRANSAT (TRANSversal Actions for Tritium) project. The main aim is to expand the data 

base with information that is of high importance for the HCPB and WCLL BB options and in 

particular tritium permeation in the cooling streams (helium and water). The data collected from 

the experimental rigs will be used to benchmark the modelling tools leading to sound 

understanding of tritium migration inside the tritium facing parts of a fusion plant. The design, 

commissioning, and operational features of the experimental rigs, including preliminary results, 

will be introduced.  

In order to mitigate the tritium permeation, TLK has investigated how an active barrier system 

could be implemented to prevent tritium permeation. The development of the active barrier that 

was designed, manufactured and installed is based on the assessments that such a barrier shall 

finally comply with the requirements of the ASME codes, to allow the implementation in a real 

fusion device.
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The PCS is a key component of the ITER tokamak, since it is in charge of robustly controlling 

the evolution of plasma parameters against model uncertainties and disturbances, with the aim 

of achieving the envisaged goals and performance. The PCS final design for First Plasma and 

Engineering Operation successfully concluded in late 2020. As part of the PCS design activity, 

a System-Engineering (SE) approach was specified to support the design process itself. Indeed, 

the PCS design includes many different aspects, which are not only limited to the specification 

of control algorithms, but includes also the definition of the verification and validation (V&V) 

tests for various components, as well as the commissioning procedures. Moreover, 

contributions to the design come from different parties that adopt heterogeneous sources. The 

PCS SE approach aims at aiding the management of such a complex process, and it has been 

adopted on top of the standard ITER life cycle, to homogenize and to keep track of the PCS 

design. As it will be shown in this paper, the proposed approach strongly relies on two software 

components: the PCS Database (PCSDB) and the PCS Simulation Platform (PCSSP). 

A case study concerning the design of specifically the Correction Coils (CC) current controllers 

presented in this paper. It shows on a smaller scale what is applied to the entire design of the 

PCS. It highlights the effectiveness of the SE approach in supporting the PCS design, from the 

refinement of the requirements, up to their validation within the PCSSP.  

As a result, the PCSDB holds all the relevant information to track the design of the CC current 

controller and to support its final implementation on the real-time target.
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C. Plasma Heating and Current Drive 

Design of a Waveguide Antenna for Lower Hybrid Fast Wave 

Jonggab Jo, Sun-Ho Kim 

Korea Atomic Energy Research Institute (KAERI), South Korea 

 

The lower hybrid fast wave (LHFW) has been proposed for heating and current drive in high 

density plasmas which conventional slow wave scheme, lower hybrid current drive (LHCD), 

cannot be utilized efficiently by density limit. Recently, feasibility of the LHFW is tested 

through coupling experiments in Versatile Experiment Spherical Torus (VEST) device utilizing 

500 MHz comb-line antenna at B0 = 0.1 ~ 0.2 T. In this presentation, A 2.45 GHz waveguide 

antenna is designed for the further investigation on the LHFW in higher B0 ~ 2 T. Analytic 

studies and ray tracing results under the condition of KSTAR plasmas present that n∥0~2.7 at 

2.45 GHz is required to satisfy accessibility condition for the LHFW. RF modelling of a 

waveguide antenna is conducted in vacuum and plasma medium using COMSOL in order to 

launch 2.45GHz fast waves with n∥0~2.7. A waveguide antenna for the LHFW is designed 

according to simulation results which show field patterns for fast wave polarization, n∥ 
spectrum and coupling efficiency between antenna and plasmas.
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G. Plasma-facing Components 

Analysis of high heat flux tested tungsten mono-blocks by hardness and 

microstructural profiling 

Hyoung Chan Kim¹, Eunnam Bang¹, Guensik Min², Heekyung Choi¹, Heung Nam Han² 

¹ Korea Institute of Fusion Energy, Daejeon 34133, South Korea 

² Department of Materials Science and Engineering, Seoul National University, Seoul 08826, South 
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Evaluation of tungsten to be used as divertor target for ITER and next Fusion reactor is of 

primary concern in order to assess the integrity of divertor exposed to the anticipated severe 

operating environment. The behavior of tungsten needs to be evaluated as the armor of plasma 

facing component against the various loading conditions which will be imposed on divertor in 

tokamak. 

In this work, we investigated the properties of tungsten mono-blocks undergone high heat flux 

test of different heat loading conditions. The mockups consisting of five ITER-like tungsten 

mono-blocks were fabricated employing gas pressure casting and hot radial pressing method. 

The tungsten blocks were machined from rolled W plates of two commercial suppliers. To 

evaluate the performance of the tungsten mono-blocks, high heat flux tests were done on the 

mockup specimens under cyclic heat loads of 10 and 12.5 MW/m² up to 5,000 cycles. 

Post-mortem analysis in the near surface region of the tungsten armor of the HHF tested 

mockups were conducted through microstructure and hardness profiling. The Vickers hardness 

profile measured from the surface into the depth showed noticeable reduction around 300 m ~ 

1600 micro m depth after HHF test compared to that before the test. The depth and magnitude 

of micro-hardness change was dependent on the heat loading condition and the position in the 

tungsten block. The reduction of hardness was about 14% when the affected depth was 1600 

micro m. The behavior of micro-hardness indicating the material property of tungsten showed 

correlation with microstructural change. The microstructure, grain size distribution, and 

dislocation density were measured and analyzed by EBSD (Electron Back Scatter Diffraction). 

Analyses will be given on the correlation between the microstructure and hardness profile, and 

the impacts of different heat flux conditions on the performance of tungsten mono-block PFC.
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F. Magnets, Cryogenics and Electrical Systems 

Control upgrade for the TCV coils power supplies 

David Velasco¹, Nicolas Cherix², Ugo Siravo¹, Damien Fasel¹, Jeremie Dubray¹, Julien 

Orsinger², Yan-Kim Tran² 

¹ École Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015 

Lausanne, Switzerland 

² Imperix Ltd, Rue de la Dixence 10, CH-1950 Sion, Switzerland 

 

The Tokamak à Configuration Variable (TCV) is a unique tool to generate and control many 

plasma configurations, including snowflake, negative triangularity and droplets. These 

achievements are obtained using a performant real time control of the plasma equilibria driving 

a set of 16 shaping coils, in addition to the usual toroidal and ohmic field coils. Each of these 

coils is supplied by its own thyristor power converter. 30 years after the TCV first plasma, the 

control electronics of these coil converters must be renewed due to the increasing problems that 

hinder the operation. 

The TCV coil converters are fed, during the plasma pulse, by a flywheel generator providing 

the AC voltages few seconds before the plasma pulse. The synchronization with respect to the 

120Hz frequency delivered by the generator, varying rapidly during the plasma pulse (up to 

25Hz/sec) is therefore one of the main challenge of this work. This has been solved making use 

of an innovative implementation of a PLL. Another important feature of this ongoing upgrade 

is the ability of the controller to be driven by digital voltage references directly transmitted via 

EtherCAT by the digital calculator of the plasma equilibria. OPC_UA protocol will be used to 

interact with TCV Control and the converters interface (HMI). 

The main purpose of this paper is to detail the project, which was split in three phases and 

launched on a collaborative basis between SPC and Imperix. First, the control algorithms have 

been developed and tested with the help of Hardware-in-the-loop (HIL) technique. In a second 

phase, the control hardware prototype has been tested and debugged on a scaled mock-up of a 

12-pulses thyristor converter. The final phase is planned during the next tokamak shutdown (by 

the end of 2022), and will consist in the deployment of the 19 upgraded controllers. 
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D. Plasma Engineering, Plasma Control, and CODAC 

Status of WEST wall monitoring system 

Raphael Mitteau, Victor Moncada, Julian Colnel, Benjamin Santraine 

CEA, France 

 

Wall protection is part of the fusion device investment protection scheme aiming at preserving 

the physical integrity of the plant, and maximizing equipment’s availability for efficient plasma 

operation. At WEST, first wall and divertor protection is supported by the wall monitoring 

system (WMS), a set of electronic hardware’s, methods and processes which diagnose wall 

components status in real time. WMS uses video data from the infrared viewing system 

observing the surface temperature of in-vessel components, as well as magnetic and power data, 

and produces advanced composite signals relevant to wall protection.  

Concerning wall temperature, 80 temperatures from prescribed regions of interest are 

processed. They are calibrated from photonic radiances to apparent surface temperatures.  

Other data includes total power and peak heat flux density to the lower divertor, and the 

accumulated thermal energy to the uncooled central structure of a lower hydrid antenna. They 

are calculated using power balance and distribution models, thus being the first introduction of 

model-based monitoring process for the WEST wall. The real time thermal fluxes and powers 

are especially useful for the safe operation of water cooled component, in contrast to uncooled 

devices which allowables are expressed as cumulative energy. 

Temperatures and powers are written on the shared memory network. They are available for 

safety or feedback control strategies, implemented by the plasma control system. The control 

scheme involves power reduction of the additional heating systems. Advanced control schemes 

are considered for later stages.  

The system is validated though qualification, made with a real time numerical plasma simulator.  

During the previous WEST experimental campaigns, the WMS contributed effectively to 

seamless power operation. WMS allowed maintaining the component surface temperature 

within the prescribed operation domain during 97% of the discharges. System architecture, 

methods, qualification and operation results are detailed in the paper.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Development of a steam generator mock-up for EU DEMO fusion reactor: 

conceptual design and code assessment 
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Recent R&D activities in nuclear fusion field have identified DEMO reactor as the ITER 

successor, aiming at demonstrating the technical feasibility of fusion plants, along with their 

commercial exploitation. However, the non-continuous operation of the machine, due to the 

plasma pulsating nature, causes an "unconventional" operation of the system, posing unique 

challenges to the functional feasibility of the steam generator, for which it is necessary to define 

and qualify a reference configuration for DEMO. In order to facilitate the transitions between 

different operational regimes, the Once Through Steam Generator (OTSG) is considered to be 

a suitable choice for the DEMO primary heat transfer systems, being characterized by lower 

thermal inertia with respect to the most common U-tube steam generators. In this framework, 

the construction of the STEAM facility has been undertaken at the ENEA Brasimone R.C., as 

part of the HYDRA experimental infrastructure project. Among its objectives, STEAM aims at 

characterizing the behavior of the DEMO OTSG and related water coolant systems in steady-

state and transient conditions. For this purpose, a dedicated OTSG mock-up has been conceived 

and designed to be implemented in STEAM. Numerical activities related to the development of 

the prototypical steam generator have been performed, starting from the RELAP5/Mod3.3 

thermal-hydraulic reproduction of the TMI B&W OTSG for the model qualification, and the 

adoption of a 1:1 in length scaling procedure. The final layout of the 3 MW mock-up consists 

in a 37 straight tubes, arranged with a triangular pitch in a hexagonal shell, equipped with an 

external and thermally de-coupled downcomer and a steam recirculation pipe for the feedwater 

preheating along the downcomer. The conceptual design has been supported by 

RELAP5/Mod3.3 thermal-hydraulic calculations. CFD code has been also used for local 

analyses and mechanical stress analyses have been performed in the most critical points of the 

component. 
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G. Plasma-facing Components 

Experimental thermal-hydraulic testing of a prototypical mock-up of the 

fuel-breeder pin concept for the EU-DEMO HCPB breeding blanket 
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The fusion program, in the Karlsruhe Institute of Technology (KIT), leads the R&D of the 

DEMO Helium Cooled Pebble Bed (HCPB) breeding blanket within the Work Package 

Breeding Blanket (WPBB) of the Eurofusion Consortium in the European Union (EU). A new 

design of the HCPB breeder zone, with geometry similar to a nuclear-reactor fuel pin, was 

developed recently and called the fuel-breeder pin concept. Hence, a Prototypical Mock-Up 

(PMU) of this fuel-breeder pin was designed in KIT and manufactured in order to test and 

validate the thermal-hydraulic features of this key element of the HCPB blanket. This paper 

reports about the first experimental campaign dedicated for the fuel-breeder pin PMU testing 

which was performed in the Helium Loop Karlsruhe (HELOKA) facility that can provide the 

EU-DEMO HCPB blanket-relevant conditions (i.e. using helium at 300 °C temperature and 8 

MPa pressure as a coolant for the fuel-breeder pin PMU). The paper presents: (i) the integration 

of the fuel-breeder pin PMU into the HELOKA loop including considerations on the 

experimental set-up, (ii) an overview of the plans for the experimental campaign, and (iii) a 

discussion of the experimental results with focus on aspects relevant for the validation of the 

thermal-hydraulic design of the HCPB breeder zone.
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E. Diagnostics 

Calibration methods and uncertainties estimation of WEST infrared 

thermography diagnostics 
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The WEST tokamak is equipped with a set of infrared (IR) diagnostics, composed of twelve IR 

views [1], which measure the IR radiance emitted by the in-vessel components: heating 

antennas, divertors, bumpers, baffles... The radiance is converted in blackbody surface 

temperature, which is an indispensable information for the components monitoring (real time 

processing) to prevent excessive heating, as well as to offer essential data for many physics 

studies (post processing). 

Each IR view is basically composed of three parts: an optical head inside the vacuum vessel 

(VV), an optical line that transmits the photon flux outside the VV, and the IR camera which 

transforms the photon flux into a digital electric signal. A calculation step finally converts it 

into a blackbody temperature. Each step introduces errors, leading to a global uncertainty on 

the final temperature data. This paper presents the method toward quantifying this uncertainty 

and its current estimates. 

To address this goal, the main functional elements of the IR diagnostics are identified and their 

technology is briefly described. Then the temperature calibration and calculation principles are 

presented and analyzed to extract the main potential error contributors, such as the optical 

transmission coefficients and their stray lights, or the accuracy of temperature references used 

for calibration. These contributors are individually estimated, or experimentally measured when 

a supposed effect on the global error is identified, like environmental conditions or parasitic 

noises. In particular, effects of environmental temperature on the transmission lines and camera 

is thoroughly studied. All contributions are then aggregated in the error propagation calculation 

and results in an overall blackbody temperature uncertainty versus the blackbody temperature 

estimation. The uncertainty is in the range of 10% for temperatures above 200°C, and 

progressively worsens when temperature decreases. 
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 
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dose rate field due to Activated Corrosion Products 
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In ITER (Nuclear Facility INB-174), previous studies showed that ACPs (Activated Corrosion 

Products) deposited in the cooling channels will represent a major contribution to the radiation 

field during machine shutdown. The ITER primary cooling circuit (IBED-PHTS) includes eight 

Heat Exchangers (HXs) which stands as hot-spots for the ACP accumulation, due to their large 

wetted area. The accurate calculation of the associated radiation source is needed to ensure that 

the radiological zoning is respected during the planned maintenance activities. However, the 

HXs are complex components hosting thousands of small pipes in the so-called bundle, where 

the heat is transferred from the primary to the secondary circuit and where ACPs accumulate. 

Modelling explicitly these pipes in MCNP and defining the corresponding surface source 

represents a challenge from the methodological standpoint. As of today, neutronics models of 

the HXs have represented the bundle in a simplified approach with smeared materials filling 

one large cell, and with a homogeneous and isotropic source distribution. However, the 

uncertainties derived from these assumptions have never been assessed, while the relevance of 

this component on the decay radiation field seems paramount. 

To address this, we have produced a detailed MCNP model of one main HX of the ITER IBED, 

including an explicit representation of the bundle developed with automated modelling 

techniques. The radiation source deposited onto the thousands of surfaces of the bundle pipes 

was also modelled explicitly using dedicated developments in MCNP and D1SUNED. A 

detailed description of the radiation field surrounding the HX due to the accumulated ACPs 

was obtained and compared with the corresponding obtained with the simplified approaches, to 

delimit the uncertainties associated. This work will be used to refine the evaluation of 

Occupational Radiation Exposure in ITER and to assess possible dose reduction measures 

implemented in this component.
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I. Fuel Cycle and Breeding Blankets 

Solubility of iron in lead and lead-lithium alloy 
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In high temperature liquid metal circuits, such as PbLi loop of the ITER TBM and DEMO 

Breeding Blanket systems, ferritic steels are currently considered as the baseline structural 

material. The solubility of the main constituents, iron and chromium is believed to be very low, 

but a general accord still does not exist. In this contribution we are presenting experimental data 

of iron solubility in Pb and Pb-16Li alloy measured by dissolving ARMCO® pure iron in Pb 

or Pb-16Li. The iron content in these samples was measured by glow discharge optical emission 

spectroscopy, atomic absorption spectroscopy and optical emission spectroscopy. The results 

of the solubility of iron in lead show a relatively good agreement with published data. 

The solubility of iron in Pb-16Li shows weak dependence on temperature.
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I. Fuel Cycle and Breeding Blankets 

Concept design of facility to determine Helium solubility in Pb-16Li 

Jaroslav Kekrt, Michal Kordac, Ladislav Vála 

Research Centre Rez, Czech Republic 

 

Helium is a significant side product in tritium breeding in fusion breeding blanket systems. It 

is believed the helium solubility is very low. In breeding blankets based on use of lead lithium 

alloy such as WCLL, there is a significant chance the dissolved helium will exceed its solubility 

limit. The subsequent bubble nucleation may cause local overheating of the structure or 

degradation of shielding performance of the breeding blanket. Experimental data on helium 

solubility in liquid metals are limited to pure alkaline metals. No pre-existing data were found 

in literature for lead or lead lithium alloy (Pb-16Li), which could serve to increase the reliability 

of the helium solubility obtained using theoretical approaches. 

The aim of this contribution is to present a design of an experimental setup to determine the 

helium solubility in Pb-16Li experimentally. The apparatus design is based on the concept of 

saturation – desorption. In the presented design, the lead lithium alloy is saturated by bubbling 

of helium directly into the liquid which also serves for stirring. After certain time, part of the 

liquid is transferred into a second vessel, where the dissolved helium is desorbed into deep 

vacuum. The transferred portion of the liquid is weighted while the amount of helium in the gas 

phase will be determined from the total pressure increase as well as by a residual gas analysis 

via QMS detector.
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I. Fuel Cycle and Breeding Blankets 

Experimental setup for study of mechanical performance of materials in 

liquid Pb-16Li and first results 
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Dual Coolant Lithium Lead (DCLL) Breeding Blanket, which is using the eutectic lead-lithium 

alloy (Pb-16Li) as tritium breeder, neutron moderator and coolant, is being developed in the 

frame of the EUROfusion project. Flow channel inserts (FCI) are insulating components 

embedded along the Pb-16Li channels inside the DCLL breeding blanket modules developed 

to minimize the magnetohydrodynamic pressure drop and heat losses. There is an effort to 

modify the originally designed steel-ceramic-steel layered structure of FCI by eliminating the 

steel protective layer leading to simple steel-ceramic structure. In this arrangement, the ceramic 

is directly exposed to liquid Pb-16Li. Demanding operating conditions of the DCLL blanket, in 

particular elevated temperatures, may give a rise to thermomechanical stresses leading to 

component failure. Therefore, the assessment of mechanical behaviour of the material in direct 

contact with Pb-16Li is of primary interest. 

To study the mechanical properties of the material exposed to corrosive environment of Pb-

16Li at elevated temperatures, a dedicated experimental setup was designed. Three-point 

flexural test is adopted to evaluate the flexural stress-strain material response. Since the 

experimental procedure is performed in liquid Pb-16Li at high temperatures with an inert cover 

gas atmosphere, the mechanical test takes place in an isolated testing chamber filled with molten 

Pb-16Li transferred from the melting chamber prior the mechanical test. A specificity of the 

presented facility is its capability of material testing of three specimens within one testing 

procedure in Pb-16Li at temperatures up to 700 °C. 

The paper will present the experimental setup and its characteristics as well as the preliminary 

results from material testing obtained up to now.
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G. Plasma-facing Components 

Simultaneous VUV and UV-NIR LIBS analysis of screws from the 

COMPASS tokamak 
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Liquid metals are candidates as first wall materials because they can reduce contamination as 

they repair themselves, recycle the fuel, protect from intense exhaust heat, and clean out dust 

and other impurities. A capillary porous system, where the liquid metal is impregnated in a 

metallic mesh and confined by capillary forces, is the main candidate technology [1]. Different 

metallic alloys (Li, LiSn, LiPb, etc.) are being explored as liquid metals for a potential plasma 

facing material (PFMs) in fusion reactors. Like the rest of the PFMs, these potential materials 

should be analyzed for erosion, fuel retention, and impurities deposition. 

The aim of this work is the elemental analysis of the re-deposited materials in a set of 14 

demounted Cr-Ni stainless-steel screws from different chosen places around the vacuum vessel 

from the COMPASS tokamak analyzed after a LiSn experiment using Laser-Induced 

Breakdown Spectroscopy (LIBS). The results not only shows Li and Sn, but other pollutants 

related with the machine history, such as B, C, Si, Fe, Ca, etc. Both depth profiling and 

elemental quantification by the calibration-free method have been performed, providing crucial 

information about the migration of evaporated/redeposited liquid elements during these 

experiments, as proved in a previous work [2]. Simultaneous measurements using both VUV 

and UV-NIR spectral ranges have been performed to observe Sn spectral lines, which lie mostly 

in the vacuum part. A broadband echelle spectrometer (230–950 nm, ME5000, Andor) and a 

VUV spectrometer (234/32VM, McPherson, f = 20 cm, 2400 gr·mm⁻¹, resolution = 1000, range 

114–295 nm) both coupled with Andor iCCD cameras (iStar DH743 and iStarDH740, 

respectively) have been employed for this purpose. The measurements were performed under 

Ar atmosphere at a reduced pressure, to avoid the oxygen absorption present in air in the VUV 

spectral region by the Schumann–Runge oxygen band system. 
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I. Fuel Cycle and Breeding Blankets 

Lithium-Lead/water interaction: LIFUS5/Mod3 series E tests analysed by 

SIMMER-III coupled with RELAP5 
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The Breeding Blanket is a necessary component to close the nuclear fusion reactor fuel cycle. 

Among the most promising conceptual design there is the Water Cooled Lithium Lead Breeding 

Blanket, with water as coolant and eutectic Lithium-Lead as neutron multiplier and breeder. 

The possible interaction between water and Lithium-Lead poses a main safety concern and 

prompted the scientific community to develop a numerical analysis tool able to simulate such 

a complex interaction. 

The SIMMER-III code was modified by UNIPI to simulate the chemical interaction between 

water and Lithium-Lead, furthermore also a coupling methodology between SIMMER-III and 

RELAP5/Mod3.3 was developed. The coupling tool employs SIMMER-III code to simulate the 

pool of Lithium-Lead interacting with water, whilst the RELAP5 code is used to simulate the 

water pipelines. 

The LIFUS5/Mod3 facility at the ENEA Brasimone Research Centre was designed to perform 

reliable experimental activities on the interaction between water and Lithium-Lead. In this 

facility water at high pressure is injected inside a reaction vessel, where the thermodynamic and 

chemical interaction between water and Lithium-Lead occurs. The experimental activities are 

divided in different tests matrix, the Series D and Series E tests. The two series differ in the 

amount of water injected during the transient. In series D the mass of water is predetermined 

whilst in series E water was injected continuously for a pre-fixed interval of time and the total 

injected mass was estimated a posteriori.  

This work shows the results of the coupling tool applied to Series E. The LIFUS5/Mod3 

injection line is simulated with RELAP5/Mod3.3, while the reaction vessel is simulated with 

the SIMMER-III code. The comparison between the experimental and numerical results is 

performed identifying and characterising the phenomena involved in the interaction. 

Furthermore, the overall performance of the coupled codes in the simulation of the phenomena 

is presented here.
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E. Diagnostics 

Conceptual design of Fiber Bragg Grating temperature sensors for heat 

load measurements in COMPASS-U plasma-facing components 

Jakub Caloud¹, Eva Macusova¹, Vojtech Balner¹, Yann Corre², Renaud Dejarnac¹, Miglena 

Dimitrova¹, Jonathan Gerardin¹, Martin Hron¹, Radomir Panek¹, Karel Patocka¹, Matej 

Peterka¹, Vladimir Weinzettl¹ 

¹ Institute of Plasma Physics of the CAS, Czech Republic 

² CEA IRFM, France 

 

Information about the temperature of plasma facing components is important for a reliable 

tokamak operation. A temperature monitoring system using Fiber Bragg Grating (FBG) sensors 

is foreseen for the new tokamak COMPASS Upgrade [Panek, Fus. Eng. Des. 123 (2017) 11-

16], [Vondracek, Fus. Eng. Des. 17 (2021) 112490], which is currently starting its construction. 

The FBG sensors measure the temperature by reflection of the laser light on gratings inscribed 

in an optical fiber; these measurements are therefore immune to electromagnetic interference. 

New generation of optical fibers are able to withstand high temperatures up to 1200 °C [Chanet, 

Fus. Eng. Des. 166 (2021) 112376]. The FBG sensors have been installed in the divertor tiles 

of the WEST tokamak [Corre, Rev. Sci. Instrum. 89 (2018) 063508], where they demonstrated 

the feasibility to retrieve the heat loads from the inversion of temperature measurements. This 

diagnostic can therefore be a valuable complement to the IR thermography, thermocouple and 

Langmuir probe divertor diagnostics. The system will be optimized to estimate the steady-state 

and transient heat loads, such as runaway electrons, on the divertor and limiters. 

In this contribution, a current progress in the design of the FBG sensors for the COMPASS-U 

divertor and limiters is presented. The heat flux on the plasma facing components is modelled 

for diverted and first phase circular plasma scenarios by the PFCFlux code [Firdaouss, J. Nucl. 

Mater. 438 (2013) S536-S539]. The subsequent heating and the mechanical strain in the 

components modified for the placement of the sensors is simulated by the finite element 

analysis software ANSYS. Using these results, the optimal placement and configuration of the 

sensors are determined with respect to the anticipated maximum temperature and gradients.
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G. Plasma-facing Components 

Fuel retention quantification by CF-LIBS of Tungsten-Tantalum (WTa-D) 

as Plasma-Facing Material 

Pavel Veis¹, Matej Veis¹, Alicia Marín Roldán¹, Vishal Dwivedi¹, Jan Viljanen², Eduard 

Grigore³, Flaviu Baiasu³ 
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² Photonics Laboratory, Physics Unit, Tampere University, FI-33101 Tampere, Finland 

³ National Institute for Laser, Plasma and Radiation Physics 409, Magurele, 077125, Bucharest, 
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Plasma-facing components (PFCs) face a harsh operating environment of high heat, radiation 

and neutron flux in tokamaks, leading to possible irreversible mechanical changes, such as 

cracking, blistering and erosion [1]. The erosion of PCFs is followed by redeposition of new 

mixed materials in the cooler parts of tokamak in the form of flakes and dust. Certain re-

deposited materials exhibit higher fuel retention, which is a serious problem for safety in the 

case of T fuel, as the maximum amount of permitted fuel within the ITER reactor is 1 kg. 

Therefore, this work focuses on the elemental composition and fuel retention analysis of WTaD 

coatings (Ta 2–20 at% and D 5–10 at%) by calibration-free laser-induced breakdown 

spectroscopy (CF-LIBS).  

The samples were prepared at NILPRP, Romania by using a dual magnetron sputtering system, 

which allowed for a fine-tuned stoichiometry of the coating. Apart from the CF-LIBS method 

used to quantify the fuel (D) content, a comparison of the elemental depth profiles obtained 

independently by Glow Discharge Optical Emission Spectrometry (GDOES) and LIBS has 

been performed, obtaining a good agreement between both analytical techniques. 

Measurements have been performed under a reduced pressure Ar atmosphere using a Nd:YAG 

laser (1064 nm) at multiple delay/gate times. The analysis of this sample has been performed 

at atmospheric pressure in previous work [2]. Therefore, we can compare both high and reduced 

pressure results. 
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A. General Reviews for DEMO, Power Plants and Plant Systems 

A Dual Coolant Lead-Lithium Breeder Blanket for a Fusion Power Plant 

Systems Model 
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The EU DEMOnstration Fusion Power Plant (DEMO) aims to demonstrate production of net 

electrical power and a closed tritium fuel cycle. The selection of apposite technologies for 

DEMO sub-systems is essential. The breeding blanket, responsible for absorption of nuclear 

energy, tritium fuel production and a substantial proportion of shielding, is a particularly critical 

sub-system since blanket design choices effect the entire fusion power plant (and plant site) 

design. Hence, it is necessary to explore how potential blanket technologies will fit within the 

power plant engineering constraints. PROCESS is a well-established reactor systems code 

which can be used to evaluate the industrial viability of fusion power plant design choices. The 

code consists of simple physics and engineering algorithms and is controlled by the user with 

selected inputs and constraints. PROCESS can be used to find a set of self- parameters which 

either maximise or minimise a chosen figure of merit (e.g., pulse length or consistent capital 

cost). Modelling capability for two of the possible blanket design concepts has been developed 

previously for the PROCESS code: these are Helium Cooled Pebble Bed (HCPB) and Helium 

Cooled Lead-Lithium (HCLL). We have built a new Dual Coolant Lead-Lithium (DCLL) 

model based on current DEMO research and development. The DCLL concept uses Lead-

Lithium (PbLi) as a tritium breeder, tritium carrier and neutron multiplier. Critically, PbLi also 

acts as the primary blanket coolant, in other words the DCLL concept is self-cooled and 

therefore has a potential advantage for thermodynamic efficiency. We present the first results 

of implementing the DCLL model within PROCESS using DEMO Power Plant Specifications 

and compare key results (e.g., power balance) to the HCPB and HCLL blanket options.
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F. Magnets, Cryogenics and Electrical Systems 

Embedded conductors in solidified molten metal for winding packs for 

high-field stellarators 

Vicente Queral, Santiago Cabrera, Esther Rincon 

CIEMAT, Spain 

 

The potential advantages of high-field stellarators are currently being recognised, as previously 

happened with tokamaks. However, the winding packs and the electrical insulation of the 

conductors in high-field stellarators require particularly high strength, and still keeping the 

dimensional accuracy and long-term positioning of the conductors in contorted coils. Radial 

plates in ITER, and stacked conductors with strong metallic jacket and internal insulation in 

FFHR heliotron have been validated and studied. However, radial plates for modular stellarators 

still require further studies and validation due the extreme accuracy required for the grooves in 

contorted plates, which increases with the number of turns per pancake. 

A third alternative is studied and experimented in this work. The concept implies casting a 

strong low-melting point metal in-between conductors, which are properly wound in a 

supporting structure. Thus, after solidification, the conductors (acting as inserts in a mould) and 

the metallic alloy form a single solid structure. Essentially, the concept aims at relaxing the 

required accuracy in radial-plate grooves and to create a solid structure without spaces among 

conductors and without insulation external to the conductors. Therefore, a large number of 

conductors per winding pack may be created, which decreases certain stresses in the insulation 

and conductor. The drawbacks and difficulties found for this approach during the experiments 

with a scaled-down prototype are also presented and discussed.
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The remote maintenance of the DEMO Breeding Blanket (BB) is a crucial aspect in 

development of the DEMO power plant. It is a challenge due to the huge mass of the BB 

segment of about 180 tons. A new concept for the BB transporter has recently been developed. 

In order to properly grip and manipulate each BB segment, the BB transporter has been 

equipped with a gripper interlock. Its main function consists in gripping and tilting the BB 

segment from within the upper vacuum vessel port. In this configuration, due to the geometry 

of the BB and the vacuum vessel, the attachment point on the BB segment is not aligned with 

its center of gravity generating huge moments about the toroidal and radial machine axes. 

The work discussed here concerns the structural analysis conducted on the gripper interlock; its 

structural integrity has been checked against the most severe load conditions that include also 

seismic loads. Mainly elastic analyses were performed in accordance with EN 13001-3-

1:2012+A2:2018, Cranes - General Design - Part 3-1: Limit States and proof competence of 

steel structure). The effect of the gap sizes at the contact surfaces between gripper interlock and 

BB after engagement as well as the effect of different friction coefficients on the sliding areas 

have been addressed. Plastic deformation on the highly loaded contact areas was assessed 

through an elastoplastic analysis. The improvements of the design during its iteration with the 

structural analysis are presented, too.
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D. Plasma Engineering, Plasma Control, and CODAC 

Scenario Trajectory Optimisation and Control on STEP 
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The UK is currently designing the Spherical Tokamak for Energy Production (STEP) which 

will be the first electricity producing fusion reactor. The spherical tokamak (ST) principle 

enables a more compact machine design, by taking advantage of the improved confinement 

which has been observed in tokamaks such as MAST and NSTX. 

Integral to the choice of the ST is the limited space available for toroidal field coils and central 

solenoid in the centre column thus restricting available flux swing from the central solenoid for 

current drive. Since STEP is intended to be a steady-state device it will also need to be driven 

by 100% non-inductive sources except for short phases during the plasma ramp up phase. In 

the flat-top phase, bootstrap current will become the dominant source, with the remaining 

current being driven by external gyrotron emission. During the plasma burn phase the plasma 

heating and the coupled bootstrap current will be dominated by alpha particle heating. 

Considerable achievements have been made in navigating a feasible trajectory to a burning 

plasma using JINTRAC, but the trajectories have not been optimised and the methods used 

have little to no control over the current profile. Modern control optimisation techniques offer 

attractive solutions to this problem, whereby scenario trajectories can be optimised to find the 

minimal actuator input under various constraints. To reduce the computational challenge of this 

optimisation task, highly specialised but lower fidelity codes such as RAPTOR will be used to 

further explore the operating space and improve existing trajectories or identify new ones.  

The validation of the optimised trajectory physics will be done with JINTRAC, initially in open-

loop with prescribed trajectories from RAPTOR but may require closed-loop integration with 

RAPTOR to realise the objectives. The optimised scenarios will be presented and the results 

from JINTRAC and RAPTOR compared.
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D. Plasma Engineering, Plasma Control, and CODAC 
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Plasma free boundary simulation codes including light transport and current diffusion are an 

important means to develop plasma scenarios and control algorithms in view of large tokamaks 

where the number of experimental shots has to be dramatically reduced due to cost and safety 

issues. On the other hand, the intrinsic flexibility of JT-60SA will require to study a variety of 

scenarios: pulsed, inductive, standard H-modes, similar to the ITER baseline scenario; 

advanced inductive, high-beta, low magnetic shear scenarios, similar to the ITER hybrid 

scenario and fully non-inductive, steady-state, advanced scenarios, which could be extrapolated 

to a steady-state demonstration fusion power plant. 

A specific activity on numerical simulation aimed at designing integrated scenarios with control 

laws, has been carried out, with the ultimate goal to produce a fast 'flight simulator' for tokamak 

operators. One of the options explored was the coupling of METIS (a numerical code 

combining 0D scaling-law normalised heat and particle transport with 1D current diffusion 

modelling) with the CREATE.NL+ free  

boundary equilibrium solver. This coupling has been tested with increasing level of complexity 

on a revised version of the JT-60SA Scenario#2.  

The design of a suitable magnetic controller was based on the following actions: a vertical 

stabilization controller (feedback on centroid position and speed) with scheduled gains; a 

current controller on the active coils with a multivariable proportional action (designed with a 

Linear Qaudratic Regulation LQR approach); LQI (Linear Quadratic Integral) control on gaps 

with gains applied before the H-L transition to mitigate the beta poloidal drop and prevent 

plasma-wall contact; plasma current control driving a pattern of transformer currents. 

The paper will report the main architecture of the proposed coupling between METIS and 

CREATE-NL+ and a description of the numerical results in simulating Scenario 02 with a 

specific discussion on control issues. 
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Following the successful demonstration of a tokamak flight simulator on ASDEX Upgrade 

using Fenix [1], a flight simulator based on the 1-D transport code ASTRA, [2] coupled with 

the 2-D equilibrium solver SPIDER [3] and magnetic controllers provided by CREATE team 

[4] has been implemented to simulate transients of interest for DEMO scenarios design 

including control. Fenix was designed to simulate the entire discharge from the ramp up of the 

Poloidal Field Coil (PFC) currents, through the plasma phase, finishing with the ramp down of 

the PFC currents. Controllers for fuelling and heating are also implemented. 

First a systematic validation is performed in Fenix of the DEMO dynamic response used for 

magnetic control design which is composed of current control in the active circuits, vertical 

stability control, position and shape control, and plasma current control. In fact, the proposed 

control scheme is based on an inner loop controlling currents in the active circuits and an outer 

loop which drives references to the current controller to control gaps and plasma current. 

Vertical stabilization is achieved via in vessel coils. 

The identification of an accurate plasma response on the flight simulator, allowed to tune a first 

version of the magnetic controller. The simulator will be used to test and optimize the capability 

of the PF-coil system to counteract possible disturbances and to validate magnetic control 

schemes for DEMO. 

The paper will present simulations of both the plasma flat-top phase including H to L and L to 

H transitions and of ramp up scenarios, with a discussion on the benefits of using strongly 

coupled codes. The impact of coupling FBE and transport on the control design is also 

discussed. 
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Design of the secondary circuit for the WCLL BB option of the EU DEMO 

power plant based on the new Energy Map 
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EU DEMO will be a DEMOnstration Fusion power plant which is being designed to 

demonstrate production of electricity from nuclear fusion at the level of a few hundred MW. 

The Primary Heat Transfer System transfers heat from the reactor to the Power Conversion 

System (PCS, the secondary circuit), responsible for converting the thermal power into 

electricity. According to the recent DEMO Energy Map data, In-Vessel components such as: 

Breeding Blanket (BB), Divertor, Limiters, Vacuum Vessel and Auxiliaries feature 

uncertainties in generated thermal power. Some of them serve PCS as heat sources, namely: 

BB and Divertor. Two reference concepts of the BB have been selected as a result of the DEMO 

pre-conceptual studies: the Helium Cooled Pebble Bed and the Water Cooled Lithium-Lead 

(WCLL). Because of the mentioned uncertainties regarding the distribution of energy released 

from fusion among the different reactor heat sources, several possible operational scenarios are 

considered. One of the challenges faced by the DEMO plant designers is pulsed operation of 

the tokamak: plasma burn pulses (2 hours) will be separated by dwell phases (10 minutes). To 

compensate drastic power reduction of the reactor heat sources during dwell, an Energy Storage 

System (ESS) of different size is included in considered DEMO plant configurations.  

Our work is focused on the design and analysis of the DEMO PCS circuit for the option WCLL 

BB with a small ESS. We create the GateCycle model of the “maximum of maximum” PCS 

cycle, in which the plant components are sized to incorporate the maximum power of all the 

reactor heat sources. Operation of the PCS circuit during the pulse (in the “Design” mode) and 

during dwell (in the “Off-design” mode with fixed design of all the circuit components) is 

simulated, to verify the system performance and the potential feasibility of the considered PCS 

concept.
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G. Plasma-facing Components 
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Plasma facing components based on liquid metal technologies are one of the possible options 

for future fusion devices. Capable of withstanding higher heat fluxes, they could provide a 

viable replacement of the currently utilized tungsten based heat shields [Tabares, 2015, Plasma 

Physics and Controlled Fusion]. 

In order to successfully implement the technologies into designs of future fusion devices a 

careful assessment of the performance of liquid metal plasma facing components in tokamak 

conditions is required. This should examine the surface stability, erosion transport and 

redeposition of the liquid metal, and its effect on the plasma behaviour. For this reason, an 

experimental campaign with a tin wetted liquid metal test module flush mounted in the ASDEX 

Upgrade outer target divertor port is planned. This experiment is modelled to predict the 

expected behavior of the designed targets under the ASDEX Upgrade divertor loading 

conditions.  

Utilizing a three dimensional and temporal model of heat conduction and the effects of vapour 

cooling [Horacek, 2021, Physica Scripta] a simulation of the experiment was conducted. 

Preliminary results for the referential ASDEX Upgrade discharge show that after 5 seconds of 

exposure to ELMy H-mode plasma (IP = 0.8 MA, Bt = 2.5 T , PH = 4 MW, P⟂ = 2 MW/m²) the 

target surface will be heated to 650 °C, but will not reach thermal equilibrium. Individual ELMs 

increase the surface temperature temporarily by approximately 70 °C. A total of 2x10¹⁵ tin 

atoms (0.4 μg) was eroded during the exposure, dominantly through thermal sputtering. The 

vapor cooling power is negligible (5 kW/m² at the end of exposure), mainly due to low tin 

erosion. These predictions indicate that good performance of the module should be expected 

and that its influence on the core plasma should be insignificant.
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I. Fuel Cycle and Breeding Blankets 
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Beryllide blocks are accepted as new neutron multiplier component in the European DEMO 

Helium-Сooled Pebble-Bed (HCPB) blanket concept instead of the 1 mm diameter beryllium 

pebbles initially planned. Titanium beryllide is a most promising material of these blocks. 

Beryllium is accepted as a plasma facing material in the ITER first wall. Neutron irradiation 

results in significant damage to the exposed material leading to swelling which is a key safety 

parameter for operation of the blanket and the first wall. 

Irradiation of beryllium and titanium beryllide samples in the HFR, SM, BOR-60 material 

testing reactors at temperatures of 343–1040 K up to neutron fluences of (0.25-8)·10²² cm⁻² (E 

> 1 MeV) have been performed. Swelling of beryllium and titanium beryllide samples by 

immersion, dimension, helium pycnometry and TEM methods was measured. The dependences 

of swelling on neutron dose and irradiation temperature were built and analyzed. The dose fit 

for beryllium samples shows the linear dependences of swelling for all irradiation temperatures 

excluding the temperature of 343 K where the swelling rate varies on increasing neutron dose. 

Beryllium samples show an incredibly high swelling for the 1023 K irradiation temperature, of 

almost 50%. Swelling of titanium beryllide samples remains under 5%. For the irradiation 

temperature of 1023 K, swelling measured with pycnometry is higher than the one measured 

with immersion. This result implies that a significant fraction of porosity is open.  

This paper presents essential data on swelling of beryllium and titanium beryllide samples, 

which leads to a more complete justification for both the DEMO blanket and the ITER first 

wall designs.
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A. General Reviews for DEMO, Power Plants and Plant Systems 
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According to the EU-DEMO Tokamak plasma scenario, the time profile of the generated fusion 

power is pulsed and consists of two hours at 2GWth (nominal pulse value) followed by 10 

minutes of dwell at a decay heat of around 1% of nominal. This would pose great challenges 

for all the equipment of the system aimed at converting thermal energy in electricity (i.e. the 

Power Conversion System - PCS). The current design for EU DEMO WCLL Breeding blanket 

concept is characterized by a Breeding Blanket (BB) Primary Heat Transport System (PHTS) 

consisting of two independent cooling loops, one serving the first wall (FW) and the other 

serving the breeding zone (BZ) of the blanket. They are thermally connected to the PCS. 

Consequently, two Once-Through Steam Generators (OTSGs) of different size were foreseen. 

This work presents the CAD model developed for finite elements analyses of these OTSGs 

starting from the conceptual TH design and the results of the iterations between these models. 

The model is fully parametric and quite detailed; different configurations can be automatically 

generated based on the desired number of tubes, their pitch, the heated tube length, the design 

pressure, the support plates spacing, etc. The algorithm implemented iteratively generates the 

correct tubesheet map and the complete CAD model. This is very useful for iterative thermo-

mechanical analyses and to select the most promising configuration in such a pulsed scenario. 

The CAD models and the preliminary results are shown and discussed for both BZ-OTSG and 

FW-OTSG.
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G. Plasma-facing Components 
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In our paper, we highlight the results concerning H2 / D2 plasmas (RF, 13.56 MHz) interaction 

with tungsten surfaces. In this line, we have used the Hollow-Cathode (HC)configuration, for 

experiments concerning plasma – W surface interactions, along with collection of W dust, at 

different distances. Herein, the geometry of the HC consists of two W parallel plates, each with 

4 mm x 15 mm x 30 mm, and having a distance of 3 mm between plates. The working pressure 

was 40 mbar, the plasma exposure time was 15 min, and an applied power of 200 W. Copper 

substrate collectors were used to catch W dust; they were placed perpendicularly, at various 

distances (6 mm and 40 mm) above the HC. Further on, the plasma exposed W surfaces, and 

the collected dust, were morphologically analyzed via contact Profilometric and SEM 

measurements, along with chemical investigations by XPS and EDS techniques. The results 

have shown that by exposing the W surfaces to the H2 plasma, occurs erosion surface 

phenomena, and the removed a total material volume was measured accordingly. Moreover, D2 

plasma facilitates the formation of particles at the surface level. For both plasma types, 

depending on plasma parameters it can be collected W particles within nano- and micrometric 

sizes. The current study offers a perspective of lab-scaled plasma systems, which are capable 

to produce W fusion-like surfaces and particles.  
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I. Fuel Cycle and Breeding Blankets 

On the development of a RELAP5/MOD3.3 system code modified version 

with enhanced modelling capabilities with respect to tokamak fusion 

reactors 
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Gonfiotti², Pietro Arena², Francesco Galleni³, Nicola Forgione³, Alessandro Del Nevo⁴ 
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The RELAP5 series of code was developed at the Idaho National Laboratory (INL) under the 

sponsorship of the U.S. Nuclear Regulatory Commission. Specific code applications included 

transient simulations related to LWR systems such as loss of coolant, anticipated transients 

without scram, and operational transients such as loss of feedwater, loss of offsite power, station 

blackout, and turbine trip. 

During the last years, Sapienza University of Rome, ENEA and University of Pisa upgraded 

the standard version of the code including some new features needed to address the modelling 

issues arising from the simulation of ITER and DEMO fusion reactors in the water-coolant 

based concepts.  

Within the code, the available set of working fluids was extended by adding lead-lithium (PbLi) 

and HITEC©. For each fluid, a complete set of specific heat transfer correlations were 

implemented in the code subroutine managing the Heat Transfer Coefficient evaluation. For the 

steam generators coupling the DEMO WCLL intermediate loop to the Power Conversion 

System (PCS), Helicoidally Coil Steam Generators (HCSG) were selected. In RELAP5/Mod3.3 

there were no specific models to assess the thermal transfer in such geometry. For this reason, 

new correlations were implemented in the code to extend its applicability to HCSG technology. 

This new version was tested in the peculiar geometry applicable to EU-DEMO WCLL breeding 

blanket component and the derived ITER WCLL TBM. The purpose of the analysis was to 

preliminary investigate the code capabilities to properly simulate the thermal-hydraulic 

behavior of the component during both operational transient and abnormal conditions.
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I. Fuel Cycle and Breeding Blankets 

Design and integration of the WCLL Tritium Extraction and Removal 

System into the European DEMO tokamak Reactor 
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The last progress in the design of the Water Cooled Lithium Lead (WCLL) Tritium Extraction 

and Removal (TER) system for the European DEMO tokamak Reactor is presented. The WCLL 

TER is the system devoted to circulate the eutectic LiPb alloy (15.7 at. % Li) – the breeder 

material candidate for the WCLL Breeding Blanket (BB) concept – through the BB to the 

Tritium Extraction and removal Unit (TEU), where tritium can be extracted from LiPb and 

routed to the Tokamak Exhaust Processing (TEP) system. The amount of tritium generated in 

LiPb has to sustain the fusion reactions, also compensating the losses towards the environment 

and the other systems. The implementation and optimization of the conceptual design of the 

TER system has been performed in order to manage tritium concentration in LiPb and ancillary 

systems, to control the LiPb chemistry, to remove accumulated corrosion and activated products 

(in particular, the helium generated in the BB), to store the LiPb to empty the BB segments, to 

shield the equipment due to LiPb activation and to accommodate possible overpressures of the 

LiPb. 

The LiPb in the Inboard (IB) and Outboard (OB) modules of the BB is separately managed due 

to different pressure drops and required mass flow rates in the different plasma operational 

phases. Therefore, the TER system is constituted by 6 LiPb loops: 4 loops for the OB segments 

and 2 loops for the IB segments. Each loop is a closed loop with forced circulation of the liquid 

metal. 

The design presents the new CAD drawings and the integration of the TEU into the tokamak 

building, designed on the basis of experimental characterization carried out for the Permeator 

Against Vacuum (PAV) and the Gas-Liquid Contactor (GLC) technologies, the two most 

promising technologies for tritium extraction from the liquid metal.
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I. Fuel Cycle and Breeding Blankets 

European DEMO HCPB Breeding Blanket breeder zone mockup: 

engineering design and manufacturing 

Guangming Zhou, Joerg Rey, Francisco A. Hernández, Bradut-Eugen Ghidersa, Ali Abou-

Sena, Martin Lux, Frederik Arbeiter, Georg Schlindwein, Florian Schwab 

Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany 

 

Within the Work Package Breeding Blanket (WPBB) of the EUROfusion Consortium, the 

Helium Cooled Pebble Bed (HCPB) blanket concept is currently considered as the one of the 

two driver blanket candidates for the European DEMO. During the seven-year long Pre-

Conceptual Design Phase (2014–2020) of the European DEMO program, many design 

activities regarding nuclear, thermal hydraulic, thermal mechanical and design simplification 

have been conducted to solve potential issues for HCPB. A consolidated HCPB concept with 

fuel-pin breeder in the Breeder Zone has been achieved. A set of experimental campaigns are 

being conducted to prepare for the qualification of the HCPB blanket concept and act as 

validation test rigs for thermal hydraulic and thermal mechanical models.  

In this paper, the engineering design and manufacturing of the first-ever HCPB breeder zone 

mockup in DEMO-relevant conditions (in a higher than 300 °C temperature and 8 MPa pressure 

helium facility) is reported. The HCPB mockup is a high temperature high pressure equipment, 

its engineering design and manufacturing need to be examined and certified through a rigorous 

process conducted by a notified body, conforming the newest EU Pressure Equipment Directive 

2014/68/EU. The experiences gained from engineering design and manufacturing of mockups 

is therefore valuable for the future qualification of the HCPB blanket.
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H. Vessel/in-vessel Engineering and Remote Handling 

Full-scale installation trial of ITER’s in-vessel and marshalling area loom 

prototypes 

Miklós Palánkai¹, Jenő Kádi¹, Gábor Veres¹, Matthew Clough², Robin Le Barbier³ 

¹ GEMS Engineering Ltd, 523.u.11. H-1173 Budapest, Hungary 

² ITER Organization, Route de Vinon-sur-Verdon - CS 90 046 - 13067 St Paul Lez Durance Cedex, 

France 
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The in-vessel components of the ITER Diagnostics are located all over the inner shell of the 

Vacuum Vessel, in the Ports and on the Divertor Cassettes. The electrical transmission lines 

that transmit the signals from the sensors across the vacuum boundaries are Mineral Insulated 

Cables. These cables will be arranged into looms, which will be fixed to the vacuum vessel with 

different kinds of attachments. 

The ITER tokamak is at a stage, where manufacturing and testing of each component are 

becoming more and more important. For this reason, to allow IO to assess feasibility, gain 

experience and obtain feedback with respect to the suitability of the current designs regarding 

handling and installation of in-vessel signal cables and loom components, GEMS Engineering 

has carried out a series of installation trials on full-scale mockups of in-vessel and divertor 

looms, upper and lower port marshalling area looms. Besides of installation trials, the scope of 

the work also covered the manufacturing and testing of in-port connectors, cable clamps and 

clips for in-vessel and divertor looms and marshalling areas. 

This paper outlines the results of the manufacturing of prototypes and assembly trials of the 

above-mentioned components. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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C. Plasma Heating and Current Drive 

Reshaping of the WEST Lower Hybrid launchers and results to reach long 

pulse operation 

L. Delpech, A. Ekedahl, J. Achard, E. Bertrand, P. Bienvenu, X. Courtois, M. Goniche, R. 

Nouailletas, X. Regal-Mezin, F. Samaille, the WEST Team* 

CEA, IRFM, F-13108 Saint Paul-Lez-Durance, France 

 

The aim of WEST experiments [1] is to master long pulses (1000 s) and submit ITER like 

tungsten divertor tiles to power fluxes of 10 MW/m². The Lower Hybrid Current Drive (LHCD) 

system, composed of a Fully Active Multijunction (FAM) launcher and a Passive Active 

Multijunction (PAM) launcher, with a total capability of 7 MW/1000 s, is essential to meet 

these goals. The FAM launcher was reshaped toroidally before the start of WEST in order to 

improve its coupling capability [2]. During the 2019–2020 experimental campaign, long pulse 

operation (> 50 s) was successfully and routinely performed with PLH = 3 MW and good LH 

coupling properties [3]. In addition to interlocks based on reflection coefficient (RC) and 

Copper impurity level, the launchers are monitored with infrared (IR) cameras that yield the 

launcher front face temperatures and reduce the LH power via a real-time system in case 

excessive temperatures are observed. Thanks to the IR monitoring during long pulses, the new 

toroidal shape of the FAM launcher was found advantageous, avoiding overheating on the front 

face edges. It also highlighted the existence of hot spots on the PAM launcher front face edges, 

limiting its capability in high power and long pulse scenarios. A reshaping inside the vacuum 

vessel of the PAM launcher was therefore performed during the shutdown in 2021.  

This paper describes the reshaping methods used for the two launchers and the tools developed 

for the reshaping in-vessel and ex-vessel. IR measurements on the FAM and PAM launchers 

performed during long pulses are presented to compare the effect of the reshaping. 
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F. Magnets, Cryogenics and Electrical Systems 

The design and optimization of superconducting tokamak magnet systems: 

basics concepts and applications 

Alfredo Portone, Jose Lorenzo, Pietro Testoni, Francesca Cau 

Fusion For Energy, Spain 

 

In this paper we illustrate a self-consistent procedure aiming at designing the superconducting 

toroidal (TF), poloidal (PF) and Ohmic transformer (CS) magnet system starting from the basic 

plasma dimensioning parameters. By defining the plasma major radius, aspect ratio, elongation 

and triangularity as well as the plasma current and profile parameters, we proceed by defining 

the TF winding pack and its case, the coil inner leg, the central solenoid and the outer PF coils 

locations and sizes. Design criteria following from standard practice in ITER are adopted (e.g. 

Low Temperature Superconductor design criteria) as well as basic criteria adopted in ITER 

physics basis for plasma operation (e.g. plasma q-profile, TF ripple, resistive flux consumption, 

etc.). One of the key outcome of this work is to illustrate the inter-play of machine parameters 

impacting (and being impacted by) magnet design as well as to investigate the advantages in 

terms of machine size brought by high field tokamak design compared the more conventional 

(ITER-like) Nb3Sn based magnet design solutions.
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H. Vessel/in-vessel Engineering and Remote Handling 

New technique suppressing ELMs in a big tokamak by fast divertor 

sweeping 
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Unmitigated H-mode edge localized mode (ELM) is an example of regular transient heat pulses 

capable to melt ITER tungsten divertor targets and unacceptably high for the EU DEMO 

tokamak. In [Horacek, Fus. Eng. Des. 123 (2017) 646] we therefore suggested a harmonic 

magnetic sweeping of the strike point fast and far enough in order to spread the heat and so 

keep the surface temperature below the limits. Here we suggest a better magnetic coil geometry 

which avoids problems of eddy currents and also offers much easier machine integration. We 

study a sweeping system for the EU DEMO reactor (B0 = 6 T, Ip = 21 MA, R0 = 9 m) aiming 

first to demonstrate its feasibility. It requires installation of a dedicated in-vessel divertor copper 

coil within each 54 divertor cassettes, each charged by a capacitor to 18kV, forming thus a 

10kA RLC harmonic oscillator. We assume the coil from stranded Litz copper wires, non-

insulated in order to sustain high neutron flux behind a neutron shield thanks to using an AC 

magnetic conductor. The system requires a 10cm hole in the divertor baffle (30 cm above the 

strike point) filled with an insulating PFC. This results in the desired local sweeping of the 

strike point by 3 cm at 2 kHz frequency, suppressing thus the ELM-induced surface temperature 

rise by a factor of 3.  

Combining this ELM sweeping techniques with others (resonant magnetic perturbation, 

impurity seeding), the heat flux deposited by ELMs in the EU DEMO may be mitigated enough 

to ensure safe operation.
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I. Fuel Cycle and Breeding Blankets 

Heat transfer correlations for buoyant liquid metal MHD flows in blanket 

poloidal channels 

Daniel Suarez, Elisabet Mas de Les Valls, Lluís Batet 

Universitat Politècnica de Catalunya, Barcelona, Spain 

 

In recent years many simulation codes to reproduce the liquid metal magnetohydrodynamic 

(MHD) phenomena have been validated and benchmarked. Accurate codes are key to enhance 

the understanding of how the flow behaviour can affect heat and tritium transport phenomena 

in liquid metal-based breeding blankets. It is especially useful for system designers to make use 

of correlations that model the influence of the flow characteristics on the transport processes, 

because it saves them the effort and time to make a simulation for every design proposal. In 

recent years our group has studied the buoyant MHD flow in poloidal channels with the same 

geometry associated to DCLL blanket. The use of high performance computers (HPC) allowed 

to explore the influence of different flow conditions in the heat transport phenomenon, with 

parametric studies. The work summarizes the results of dozens of liquid metal MHD flow 

simulations using a fully-developed approach and presents the obtained results in form of heat 

transfer correlations.
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G. Plasma-facing Components 

Deuterium retention in bulk tungsten divertor components of JET ITER-

like wall 

Yevhen Zayachuk¹, Anna Widdowson¹, Ionut Jepu¹, Jari Likonen² 
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Since 2010, JET tokamak has been equipped with ITER-like wall (ILW) with beryllium limiters 

and tungsten divertor. Hydrogenic retention in ITER-like conditions has been studied from the 

perspective of global fuel transport and long-term retention, dominated by co-deposition with 

beryllium. This study is focused on retention in tungsten driven by ion implantation. 

In ILW, bulk tungsten is found in the central part of the divertor (tile 5). Following ILW 

campaigns, divertor tiles were removed from JET for post-mortem analysis. Here we report the 

results of thermal desorption spectroscopy measurements on samples originating from different 

parts of the tiles extracted after second (2012–2014) and third (2015–2016) campaigns, ILW2 

and ILW3. Dependence of deuterium retention and shape of desorption spectra were traced as 

a function of position within a tile. 

It was found that retention strongly depends on position. This dependence is different for ILW2 

and ILW3. Poloidally, for ILW2, the highest retention is in innermost region of the tile, 

decreasing in the center and then increasing towards outermost region; for ILW3 retention in 

the outermost region is lower than in the center. Toroidally, retention in ILW2 samples 

progressively decreases in the direction away from the end shadowed by the previous tile, while 

in ILW3 maximum retention observed in the middle of the tile. 

Desorption spectra of ILW2 samples change dramatically depending on position within the tile 

- maximum of release moves by as much as 500 K. All spectra of ILW3 feature very similar 

release stages, with variation in position of release maximum below 50 K. 

These differences are correlated with the plasma conditions prevalent during ILW2 and ILW3 

campaigns, in particular outer strike point positions, and discussed in relation to their 

implications for retention and fuel removal in tungsten components in ITER in the regions were 

implantation-driven retention is predominant.
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E. Diagnostics 

Development of prototype real-time Thomson scattering Diagnostic in 

KSTAR 
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A prototype real-time (RT) Thomson scattering (TS) system was implemented in KSTAR 

Thomson scattering diagnostic system [1]. For this RT-TS system, 155 channels of 5GS/s 

digitizer were operated because 31 polychromators, each has 5 signal channels, were used for 

KSTAR Thomson scattering system. The 5 Giga Sampling / second (GS/s) digitizer restore the 

pulsed TS signals and this acquired digital signals were fitted using a pulse function and Fast 

Fourier Transformation (FFT) method to remove a noise with high speed on the TS signals [2]. 

The pulse fitting parameters (pulse height, rising time, falling time and peak position) were 

applied to calculate plasma parameters like as electron temperature (Te) and electron density 

(ne). To reduce the Te calculation time, a Neural-Network (NN) method were introduced under 

Graphic Processor Unit (GPU) calculation. These plasma parameters were transmitted using a 

Reflective Memory (RFM) card to KSTAR plasma control system (PCS). Delay time of this 

RT-TS before transfer to the RFM card measured less than 7ms for Te calculation of 31 

positions and it takes 6.8ms transfer time from RFM card to PCS. Thus, the end-to-end 

processing time was less than 14ms using RT-TS in the KSTAR. 
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H. Vessel/in-vessel Engineering and Remote Handling 

Design update of ITER Blanket remote handling system 

Yuto Noguchi, Nobukazu Takeda 
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Remote handling is essential in ITER, as the vacuum vessel is inaccessible to humans due to 

activation of structural components by fusion reaction. Since the Blanket Remote Handling 

System (BRHS) has various postures and handling weight, verification of the structural 

integrity is one of the design challenges. To withstand seismic loads, the design of ITER 

Blanket Remote Handling System (BRHS) was based on the use of high-strength carbon steel 

with anti-corrosion plating, which has sufficient corrosion protection against gamma radiation 

in dry environment. A detailed study of the atmosphere in the ITER vacuum vessel revealed 

that the relative humidity in the vacuum vessel is around 25% during the remote maintenance 

campaign of the in-vessel components. Gamma ray irradiation tests clarified that the 

Radiolysis-enhanced corrosion due to the combination of gamma radiation and humidity 

necessitates changes of the BRHS material to stainless steel material. Design changes were 

performed using duplex stainless steel, which is superior in both strength and corrosion 

resistance. The feasibility of material conversion was established by modification of the 

structural members, verification of weldability of the duplex stainless steel, and irradiation tests.
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G. Plasma-facing Components 

Effect of large-angle scattering and magnetic field pitch angle on particle 

transport in divertor plasmas 
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To reduce divertor heat load is one of the most important issues for future magnetic fusion 

reactors. Atomic processes in divertor plasma play a crucial role in the particle transport to 

prevent an ion flux concentration. In particular, the elastic scattering between ions and neutral 

particles can be characterized as a large-angle scattering; this is contrast with Coulomb 

scattering, which is dominated by small-angle scattering. In large-angle scattering, a large 

fraction of the ion is transferred to the neutral particles, and the particles flight direction can be 

changed significantly during a single scattering event. Large-angle scattering is expected to be 

important for the ions transport, since the typical transport of ions occurs when scatterings move 

the guiding center of ions to another magnetic field line. In our previous study, we showed that 

ions are transported in the radial direction by large-angle scattering. 

 In divertor region, the magnetic field lines touch the divertor plate at an angle to it. Therefore, 

if the neutral particles have a drift velocity in the radial direction, the guiding center of the ions 

move away from (close to) the divertor plate through the large-angle scattering, resulting in a 

longer (shorter) length to the divertor plate that the ions experience. In this research, we 

investigated the effect of the large-angle scattering on particle transport by the orbit calculation 

when neutral particles have drift velocity. The large-angle scattering process is properly treated 

with a probability function by considering the differential cross section. The background plasma 

for orbit calculation is calculated by Braginskii fluid equations.
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B. Experimental Devices and Facilities for Fusion Research 

Development of accelerator-based D-T Neutron generator for fusion 

neutronics studies 
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India is developing the D-T neutron source to support the India fusion program. In this regard, 

the lab-scale D-T neutron generator has been developed using a 2.45 GHz Electron Cyclotron 

Resonance Ion Source (ECRIS) and water-cooled rotating tritium target to produce ~1012 n/s. 

It will serve the purpose of performing fusion neutronics studies. In this device, Neutrons are 

going to be generated from the nuclear reaction 3H(D, n)4He by bombarding solid tritium (TiT) 

target with accelerated deuterium ion (D+) up to 300 keV via electrostatic accelerator. However, 

the realization of this device depends on the availability of an accelerator capable of delivering 

20 mA D+ ion beams at energies up to 300 keV easily, reliably, stably, and affordably. It also 

depends upon the performance of the water-cooled rotating target. The main subsystems of the 

D-T neutron generator are ECRIS, High voltage deck, Low Energy Beam Transport (LEBT) 

system, Acceleration column, Medium Energy Beam Transport (MEBT) system, 300 kV 

HVPS, Tritium handling & recovery system, and Rotating tritium target. The LEBT transports 

the extracted deuterium ion beam from ECRIS to the acceleration system. The MEBT transports 

the accelerated deuterium beam and bombards the Tritiated target, which produces the 14-MeV 

neutron. The deuterium ion beam has been characterized with measurement of beam current, 

beam diameter, and beam emittance. The achieved D+ beam current, beam diameter, and beam 

emittance are 19.94 mA, ~20 mm, and 0.27 π·mm·mrad, respectively. The neutron generator 

has been tested for continuous operation with an average neutron yield of 5×1011 n/s. This paper 

presents a detailed experimental setup of the neutron generator, the latest results of the 

deuterium ion beam characterization, and neutron yield measurement using various neutron 

diagnostic systems.
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F. Magnets, Cryogenics and Electrical Systems 

Material selection for cryogenically cooled toroidal field coils of the 

COMPASS-U tokamak 
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The contribution presents a basis for material selection of toroidal field coils of COMPASS-U, 

a medium size tokamak (R = 0.9 m, a = 0.27 m, Bt = 5 T, Ip = 2 MA) [Panek, Fus. Eng. Des. 

123 (2017) 11–16], [Vondracek, Fus. Eng. Des. 17 (2021) 112490] currently under 

construction. Requirements on toroidal field coils which will be operated at cryogenic 

temperatures is to provide 5 Tesla (coil current 200 kA) for at least 1 s with 341 MJ of available 

energy. The main focus is given to a 0D model which produces temporal evolution of toroidal 

field coils parameters (e.g. voltage, temperature, energy) during a plasma discharge based on 

specification of the coils, materials and power supply system. Linkage of these parameters, 

together with design requirements of the tokamak, allows reduction of free design parameters. 

The model was used for selection of copper alloy candidate materials for the coils. Mechanical 

and electrical material tests and results from the model used for selection of material candidates 

are presented.
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B. Experimental Devices and Facilities for Fusion Research 

Integral Dose Maps in ITER facility due to the transportation of activated 

components with D1SUNED 
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During ITER service life, several machine components will need to be extracted from inside 

the vacuum vessel, hosted in the Tokamak Complex, and moved with a transfer cask to the Hot 

Cell Complex for either maintenance, storage, or decommissioning. Such components will be 

activated because of in-vessel neutron exposure, thus contributing to the radiation environment 

during their transit through the facility. Therefore, the calculation of dose rates during such 

phase within the Tokamak Complex and its vicinity is required to demonstrate compliance with 

the radiological zoning and to support electronics qualification programs if necessary. Novel 

capabilities of the D1SUNED code are considered to obtain nuclear quantities due to moving 

radiation sources. In this study, integral biological dose and photo-neutron flux maps due to the 

transfer of five different activated components are calculated through different areas of the 

building: (i) A divertor cassette and (ii) a Torus Cryopump, both at B1 level, (iii) First-Wall 

Panels and (iv) an Equatorial Port Plug, at L1 level, and (v) an Upper Port Plug at L2 level. 

Trajectories from all port cells to the Hot Cell have been considered, as well as the orientation 

of the different components within the cask along its path. Secondary but relevant contributions 

to the integral dose are also considered, such as the one produced by the activated in-vessel 

machine when the port cell door is open to extract the cask to the gallery, or the contribution of 

the extracted component when it is still placed in the port cell. Finally, time bins were used to 

calculate the instant dose produced by transferred components in all positions along their 

trajectories.
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F. Magnets, Cryogenics and Electrical Systems 

Electro dynamic model of eddy currents in EU DEMO TF coil casing 

during major plasma disruption 

Marco De Bastiani¹, Roberto Bonifetto¹, Giuseppe Messina², Luigi Morici², Roberto Zanino¹, 

Andrea Zappatore¹ 

¹ NEMO group, Dipartimento Energia, Politecnico di Torino, Corso Duca degli Abruzzi, 24, 10129 

Torino, Italy 

² ENEA, Via Enrico Fermi 45, 00044 Frascati, Italy 

 

The EU DEMO will be the first application of nuclear fusion to electricity generation in Europe, 

and the conceptual design of the reactor is currently ongoing within EUROfusion consortium. 

Many different fault transients must be considered and carefully analyzed in the design phase; 

one of the most severe is the major plasma disruption, which causes several drawbacks on the 

magnet system. 

During a disruption, the plasma current decreases extremely fast, causing a fast variation of the 

magnetic field, which in turn induces an electric field. In presence of conductive materials, e.g., 

coil casing and vacuum vessel (VV), the electric field induces large eddy currents which deposit 

power by Joule effect. The conductive regions are tightly coupled on different timescales 

though the magnetic field induced by the eddy currents: the eddy currents in the VV influence 

the magnetic field evolution in the TF coil casing, thus affecting the power deposition in the 

latter. 

The aim of this work is the evaluation of the power deposited within the TF coil casing during 

a major plasma disruption due to eddy currents. Two different 3D tools have been adopted. The 

first one has been developed at Politecnico di Torino with the open-source finite element (FE) 

software FreeFem++, while the second has been developed at ENEA with the commercial FE 

software Ansys Maxwell. The fully 3D nature of the models allows obtaining information 

related to the distribution of the deposited power, which is one of the inputs to thermal-hydraulic 

simulations. The evaluation of the eddy current time constant, both in the VV and the TF coil 

casing, is included in this work too. 

For verification purposes, the benchmark between the results obtained with the two tools has 

been performed and is also reported. 
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C. Plasma Heating and Current Drive 
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cyclotron miter bend mirror for the off-centered beam scenario 
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The Electron Cyclotron Upper Launcher (EC UL) is an eight-beamline ITER antenna that will 

be used to counteract magneto-hydrodynamic plasma instabilities by aiming up to 20 MW of 

mm-wave power at 170 GHz. The primary vacuum boundary at the port plug extends into the 

port cell region through the ex-vessel mm-wave waveguide components, defining the so-called 

First Confinement System (FCS). Each beamline, designed for the transmission of up to 1.08 

MW, is delimited by the closure plate at the port plug back-end and by a diamond window in 

the port cell. The FCS essentially consists of a Z-shaped set of straight corrugated waveguides 

connected by Miter Bends (MB) with a nominal inner diameter of 50 mm.   

Recent tests at the FALCON facility have shown that the ohmic losses deposited on the MB 

mirror reflecting surface during the beam transmission do not follow the theoretical distribution 

represented by a perfectly-centered gaussian heat flux profile. For this reason, the MB mirror 

cooling design has been modified to a double-channel spiral-shaped configuration, which is 

able to dissipate more uniformly the deposited power and therefore, is less dependent on 

possible beam offsets. This paper reports the status of the MB mirror as well as the fluid-

dynamic and thermo-mechanical analyses carried out to validate this design. 
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I. Fuel Cycle and Breeding Blankets 

The versatile fueling systems of WEST 

Thierry Alarcon, Philippe Moreau, Eric Caprin, Francis-Pierre Pellissier 

CEA, France 

 

Turning Tore Supra tokamak into WEST, a full tungsten wall tokamak has required to redesign 

and implement completely new fueling systems. They consist of standard gas injection, 

supersonic molecular beam injection and pellets injection systems. Each system is able to fuel 

continuously the plasma discharge for a duration of 1000s. Moreover, a massive gas injection 

system is implemented to mitigate the impact of disruptions and runaway electrons.  

During the design phase, special attention was devoted to the routing of the gas pipes due to the 

narrow available space and to their length (to reduce injection delay), especially for the injection 

points located into the divertor.  The standard gas system consists of 4 independent lines 

allowing the injection of up to 4 different gases during a plasma discharge. Each of the 11 

injection points is equipped with a piezo valve controlled by the Plasma Control System and 

instrumented to measure the gas flow and the amount of gas injected during the plasma. The 

pellet injection system has the capability to inject up to 10 pellets per second through 4 tracks, 

one being located low field side, and the 3 others are located high field side. The injection track 

can be changed at any time during the plasma discharge. The size and speed of the pellet is 

adjustable from shot to shot. Three supersonic molecular beam injectors are also installed, they 

can inject supersonic gas puffs at a frequency up to 10Hz. The massive gas injection system 

consists of a 0.5 liter x 10 bar reservoir of gas which can be released in a single puff to stop the 

plasma discharge. 

This paper presents all fuelling systems, detailing their design, providing their performance and 

their capabilities, as well the associated instrumentation. It discusses the results obtained so far 

during the plasma campaigns.
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E. Diagnostics 

First measurements of a scintillator-based fast-ion loss detector in reversed 
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At ASDEX Upgrade, reversed Ip/Bt configuration (negative plasma current and positive 

magnetic field) allows us to expand our knowledge on QH-mode, I-mode and the L-H 

transition. In addition, NBI prompt losses are expected to be larger as the NBI particles are 

deposited in the inner leg of banana orbits due to the ASDEX beam geometry. This motivated 

the installation of a new reversed Ip/Bt-compatible fast-ion loss detector in the midplane 

manipulator of the ASDEX Upgrade tokamak. The detector is a modified version of the 

midplane manipulator fast-ion loss detector [1] that features a new probe head orientation and 

collimator geometry, optimised using the FILDSIM code [2]. A fast CMOS camera is used as 

a high spatial resolution acquisition system, while an array of photomultipliers (up to 1 MHz) 

serves as a fast channel.  

First measurements have been taken in QH-mode, I-mode and L-H transition studies with 

densities ranging between 4·10¹⁹ and 9·10¹⁹ m⁻³, IP between -0.8 – -0.6 MA and Bt of 2.5 T 

approximately. NBI fast-ion losses (main energy component of ~93 keV) from tangential 

sources in QH-mode and I-mode were found. NBI losses were detected from radial and 

tangential sources in L-H transition experiments. ICRH losses in H-minority heating 

configuration have also been observed in I-mode experiments. These losses correspond to the 

outer leg of banana particle trajectories. An upgraded double collimator detector design is also 

presented, that will increase the measurable particle range in future experimental campaigns 

(passing particles and banana particles in the inner leg of their trajectory). Thus, expanding our 

understanding on the mechanisms behind fast-ion losses at the ASDEX Upgrade tokamak in 

the reversed Ip/Bt configuration. 
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E. Diagnostics 

Post-mortem assessment of the WEST Fiber Bragg grating and 

thermocouple diagnostic performances with HADES 
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Plasma Facing Components (PFC) temperature measurement is required to ensure safe high 

power and long pulse tokamak operation. A set of twenty thermocouples (TC) and four optical 

fiber temperature sensing probes, each of them including eleven fiber Bragg gratings (FBG) 

written with UV radiation, have been integrated and deployed in the WEST lower divertor. To 

avoid any erasure occurring under high temperature, the gratings have been regenerated using 

a high temperature annealing process. The limitation of the regenerated FBG diagnostic was set 

to 900 °C. TC and FBG diagnostics are embedded in W-coated graphite components at 3.5 mm 

and 7 mm from the top surface. Diagnostics have been working successfully from the first 

plasma breakdown achieved in WEST up to the dismantling of the uncooled divertor done four 

years later, period in which WEST has performed five experimental campaigns with continues 

up-grade of the plasma performances and power capabilities. The operation of these diagnostics 

allowed to observe the increase of the deposited heat flux on the outer strike point region over 

the campaigns up to 6 MW/m².  

During the last campaign some sensors have shown a degradation in dynamic during heating 

and cooling phases of the components with an increase of their time response. High heat flux 

tests have been performed using the HADES electron beam facility to evaluate the dynamic and 

temperature performances on a wide range of heat flux and shot duration. This paper presents 

the analysis of the high heat flux tests, the temperature measurement and time response 

evolution of the thermal diagnostics. Absolute temperature measurements are found very 

reliable up to 1000 °C (above the given FBG limitation). Full erasure of the gratings is obtained 

above 1100 °C. The impact on the temperature and heat load estimation will be discussed.
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E. Diagnostics 
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The ITER Wide Angle Viewing System (WAVS) is a major diagnostic for machine protection, 

plasma control and physics analysis. It will measure the surface temperature of the plasma 

facing components by infrared thermography and will image the plasma emission in the visible 

range. The global system is composed of 15 lines of sight located in four equatorial ports, 

covering more than 80% of the tokamak internal surface.  

This article focuses on the In-Vessel components of the 3 lines of sight of the diagnostic in 

equatorial port 12, which have to be installed for the "first plasma" of ITER.  

The main components of the system are the First Mirror Unit (FMU) and the Hot Dog-Leg 

(HDL). The FMU contains two mirrors and all associated equipment allowing their support, 

protection, cleaning and monitoring. It is a critical component since it has to sustain severe 

constraints (harsh nuclear environment, plasma proximity, complex interfaces) while it has to 

achieve challenging optical performances. All elements of the FMU are actively cooled. 

Furthermore, a pneumatic shutter to avoid direct contamination of the mirrors during first wall 

conditioning phases can close the FMU. The HDL is composed of two mirrors allowing 

generating a labyrinth avoiding the direct neutron streaming and transmitting the optical beam 

toward the windows and the Ex-Vessel components of the WAVS. 

The main design aspects of the FMU and HDL are presented in this paper, together with the 

main performance achieved, loads and structural assessment. These In-Vessel components are 

now close to their Final Design Review (FDR) and their design is mature enough to outline the 

main features to comply with all the challenging requirements of the ITER machine. 
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D. Plasma Engineering, Plasma Control, and CODAC 

As built design, commissioning and integration of the SPIDER and NBTF 

central safety systems 
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The Neutral Beam Test Facility (NBTF) is a research complex that houses the SPIDER 

experiment, in operation since 2018, and the MITICA experiment under advanced construction. 

SPIDER and MITICA share services such as the cooling and the gas and vacuum systems and 

also share physical spaces, such as the experimental hall, where both experiments are located, 

the service hall and other common rooms. 

NBTF implements conventional personnel and environment safety through independent 

systems that provide functions such as area segregation (fences, door access keys, limit 

switches), fire detection and extinguishing, radiation monitoring and access control. Nuclear 

safety is not required. 

According to the Italian regulation, a central safety system is required to coordinate all safety 

actions, implement specific safety functions not covered with the industrial-type systems, 

supply a unified human machine interface, log safety actions, and provide centralized alarm 

handling. 

Due to the different timing of the SPIDER and MITICA experiments, the NBTF safety systems 

was designed into two separated subsystems, the first one dealing with SPIDER and the 

common NBTF items, the second one dealing with MITICA. The SPIDER central safety system 

is in operation since 2021, whereas MITICA safety is under design. 

The paper will initially present the safety instrumented system that was realized along with the 

implementation of the required safety instrumented functions. It will then discuss the system 

as-built design with reference to system functional safety and interface with the MITICA safety 

system, to be implemented and integrated in the near future. 

We will also present the procedure for testing and validating the system and, finally, we will 

explain the lesson learned to be taken into consideration in the implementation of the MITICA 

safety systems.
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G. Plasma-facing Components 
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The hostile irradiation conditions in a fusion reactor induce a high rate of degradation of in-

vessel components which consequently change the engineering properties of the material at 

different stages during its lifecycle. This is due to non-uniform irradiation energies and dose 

rates, and variations in temperature which consequently induce spatial and temporal variations 

in the evolution of the engineering properties of the material and in turn influence the overall 

operational performance of the tokamak. In the current work, a platform is developed based on 

numerical models integrating different methodologies to investigate the influence of irradiation 

dose and temperature-dependent micro/nano structural defects on the material properties and 

its subsequent effect on thermo-structural behaviour of tokamak components.  

To demonstrate the platform’s potential, a case study is presented with a tungsten monoblock 

from the tokamak’s divertor region. Thermal fields are obtained in the monoblock by means of 

finite element simulation employing the heat sources derived from Monte-Carlo based 

neutronics simulation. Dislocation dynamics (DD) simulations are performed at various 

temperatures on the uniaxially loaded irradiated microstructural tungsten RVE samples to 

analyse the line dislocation interaction with the neutron irradiated-induced defects such as 

dislocation loops and precipitates. DD analysis results show that for a large density of irradiated 

defects, yield strength is higher at low temperatures. The yield strength and stress-strain data 

obtained from the DD analysis are integrated within the Von-Mises plasticity model and 

thermo-mechanical finite element simulation results have shown that higher stress values and 

accumulated equivalent plastic strains are observed at tungsten armour (W)–copper (Cu) 

interlayer interface of the irradiated monoblock. During the cooling phase, the tungsten failure 

probability due to brittleness at the W-Cu interface is lower since the maximum principal stress 

values are very less below ductile-to-brittle transition (DBT) temperature.
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I. Fuel Cycle and Breeding Blankets 

An alternative design strategy for the Water Cooled Lead-Lithium 

Breeding Blanket: the beam concept 
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The Breeding Blanket (BB) is one of the most critical components in the design of the DEMO 

Power Plant. In the frame of the EUROfusion consortium activities several studies were devoted 

to the development of the BB design during the pre-conceptual phase of the European Fusion 

roadmap. The Water-cooled lead-lithium (WCLL) BB is an option under study with the main 

objectives of allowing a closed tritium fuel cycle, absorbing the energy produced by the fusion 

reactions shielding from nuclear radiation. The current structural configuration of WCLL BB 

involves the use of different stiffening plates to ensure the integrity of the component. Some 

open issues related to the design and manufacturability of the present project of the WCLL BB 

segment are still under evaluation. Two of the design drivers suggested to improve the current 

WCLL BB segments are related to the reduction of the EUROFER amount within the segment 

structure and the weld seams length and number. 

Our paper proposes an alternative WCLL BB box structure with connecting beams in grid 

arrangement. The study assumes the stiffening plates are replaced by beams to react against the 

internal pressure in case of an in-box LOCA event, and it is based on an approach similar to 

that adopted by Giancarli in the '90s, where the PbLi is assumed as flowing only in poloidal 

direction. 

A preliminary 3D model of the structure, coupled with a structural assessment, has been carried 

out according to the RCC MRx criterion verifications. The grid geometry has been then 

optimized in terms of numbers and dimensions of the beams. The results of the structural 

verification are discussed and reported.
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E. Diagnostics 

Realistic JET DT Plasma Gamma Ray Source for MCNP Simulations 
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Understanding the physics of fast ions in a fusion plasma is widely regarded as one of the crucial 

tasks for the reliable operation of fusion tokamak reactors. Measurements on tokamaks have 

shown that gamma rays are produced when fast ions react either with fuel ions in the plasma or 

with plasma impurities. Spectroscopy of these gamma rays can be used to measure fusion rates 

in the plasma or to determine the behaviour and confinement of fusion reaction products such 

as alpha particles. 

In DT plasmas, high-energy gamma rays are emitted by the D(t,He-5)γ reactions. The branching 

ratio for gamma-ray emission is weak with respect to the main DT reaction and published values 

vary from 5E-5 to 5E-4.  For this reason, DT experiments performed at the tokamak JET provide 

a unique opportunity to compare measurements with calculations to determine the branching 

ratio for gamma-ray emission. 

Recently, a novel modelling methodology for realistic plasma gamma-ray source for Monte 

Carlo transport simulations in the tokamak JET was developed. The methodology couples the 

TRANSP code for plasma transport calculations with the MCNP Monte Carlo particle transport 

code, thus connecting plasma physics with gamma-ray transport. The methodology was 

validated on three-ion RF plasma heating discharges performed during the 2019 deuterium 

experimental campaign at JET. In this paper, the developed plasma gamma-ray source 

methodology will be used to generate realistic plasma gamma-ray sources in DT plasmas to 

perform gamma-ray transport simulations to different detector positions in JET. The calculated 

gamma-ray spectra will be compared with measurements with the aim to determine a more 

accurate value of the branching ratio for the emission of DT gamma-rays. In addition, the 

methodology will be used to determine the fusion rate in the DT plasma using gamma-ray 

measurements, providing an additional method for measuring the fusion rate. 

 

 

* See the author list of Overview of JET results for optimising ITER operation by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France,10–15 May 2021). 
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B. Experimental Devices and Facilities for Fusion Research 

Commissioning of the HADES - High heAt loaD tESting - facility at CEA-

IRFM 
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A new facility based on an electron beam to test plasma facing components (PFC) or any 

component needing to be tested under high heat flux, has been built at CEA-IRFM. The aim of 

this facility, named HADES (High heAt loaD tESt), is to assess heat removal capabilities of 

PFCs exposed to high heat flux. The facility can cover thermal fatigue tests, critical heat fluxes 

and thermal shocks. This facility has been designed in order to provide the maximum 

performance and flexibility for the qualification of PFCs. 

This facility has been built collecting a former high heat load platform, named FE200 [1], and 

located in Le Creusot-France resulting from collaboration between CEA and Framatome in the 

90's. All the systems have been refurbished except the e-beam gun, which has been replaced by 

a brand new one with 150 kW and 45 kV of maximum power and accelerating voltage, 

respectively. 

The HADES e-beam gun will permit to simulate steady state experiments with thermal flux up 

to a few tens MW/m² and up to 1 GW/m² during a few milliseconds in transient mode. 

The facility includes a large volume vacuum vessel (8m³) suitable for instrumented mock-up 

up to 2 m long, with dedicated windows for optical observations and surface temperature 

measurement diagnostics (infrared camera (25–1500 °C), pyrometers (< 2700 °C)). A pumping 

group ensures a vacuum pressure of 10⁻³ Pa inside the vessel.  The HADES facility is equipped 

with a pressurized water-cooling loop (3.5 MPa, 50 to 220 °C, 6 kg/s) allowing thermal-

hydraulic studies of actively water cooling PFCs.  

This paper will present in details of the technical specifications related to the e-beam gun, the 

water-cooling loops, power supply, vacuum generation, control command, diagnostics and data 

acquisition. Finally, the main results of the commissioning tests, achieved at the end of 2020 

will be presented. 
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Additive Manufacturing is among the best candidate technologies for the production of 

components with complex shapes. The Laser Powder Bed Fusion (LPBF) process gives the 

possibility to overcome obstacles that can be found with traditional production processes and 

allows for the manufacturing of objects specially designed for assembly. Refractory metals are 

some of the best candidates for applications in nuclear fusion devices. For instance, tungsten 

has long been the favoured armour material for plasma facing high heat flux components [1]. 

However, the production of additively manufactured refractory metal components faces some 

challenges due to their high melting points and affinity with oxygen at high temperatures. In 

this study, the process parameters are fine-tuned in order to manufacture high-density refractory 

metal parts by the LPBF process. The samples are produced using a system with a maximum 

laser power of 170 W. Material characterization is performed through the measurement of 

physical properties, microstructural analysis, and the evaluation of electrical and thermal 

performance at room and high temperatures. The influence of surface roughness assessments 

and surface treatments is evaluated in order to understand the behaviour of final AM 

components during the exercise at high temperatures. The purpose of this extensive 

characterization is to verify the compatibility of physical, electrical-thermal, and surface 

properties of additively manufactured components with extreme technological applications. 
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Analysis of Tritium accident in the Isotope Rebalancing and Protium 

Removal System of DEMO 

Raffaella Testoni, Samuele Meschini, Massimo Zucchetti 

Politecnico di Torino, Italy 

 

The analysis of the impact of accident scenarios upon the DEMO fuel cycle, with particular 

reference to the tritium accident, is a mandatory step for the operation of DEMO fusion reactor. 

The scenario analyses areas where further investigation or decision making is needed. In this 

work, a tritium release in the Isotope Rebalancing and Protium Removal (IR/PR) system is 

analyzed. The technology under investigation for the IR/PR system is the Temperature Swing 

Absorption (TSA). Two cases are proposed for this study. In case I, a guillotine break on the 

pipeline entering the IR/PR system is considered, while in case II, the break of a pipe in the 

TSA unit is simulated. 

The thermo-hydraulic transient of the flow escaping the break is investigated by means of 

MELCOR for Fusion, a fully integrated, engineering-level computer code that models the 

progression of severe accidents. The pressurization of the secondary containment and increase 

of hydrogen isotopes concentration in the room is simulated. A malfunction of the venting 

system is assumed, leading to the accumulation of hydrogen isotopes in the room. If the 

hydrogen isotopes concentration reaches the explosive limit, explosion may occur. As 

consequences, damages to the secondary containment and subsequent tritium release are 

expected, as well as the contamination of the surrounding rooms. The quantification of source 

term for the estimation of dose to the population is also provided.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Effect of different system parameters on the design of the EU DEMO 

Vacuum Vessel Pressure Suppression System 

Antonio Froio¹, Ivo Moscato² 
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The Vacuum Vessel Pressure Suppression System (VVPSS) is the safety system devoted to the 

mitigation of in-vessel Loss-Of-Coolant Accidents, which are considered among the Design-

Basis Accidents for tokamak fusion reactors. The EUROfusion Consortium is performing the 

design of this system, as part of the conceptual design phase of the EU DEMO fusion reactor, 

including in the process its integration in the plant. 

This work, performed as part of the EUROfusion Work Package Design, reports the first 

parametric calculations carried out to evaluate the VVPSS response to a postulated double-

ended guillotine rupture of a Breeding Blanket coolant feeder. The aim of the study was to 

characterize the role that key parameters play on the multiple systems involved in such an 

accidental event. Assessments scanned a broad range of design variables, some closely related 

to the suppression system itself (e.g. VVPSS components size, initial thermodynamic state), 

and others dependent on Primary Heat Transport System features (e.g. coolant inventory, 

feeders diameter). The parameter space is mapped identifying the regions where the accident 

consequences are fully mitigated, in terms of peak pressure in the Vacuum Vessel and 

equilibrium pressure of both VV and pressure suppression system, providing a design tool to 

rapidly adapt the VVPSS to the evolving plant design.
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F. Magnets, Cryogenics and Electrical Systems 

Thermal-hydraulic analysis of alternative cable-in-conduit conductors for 

the European DEMO hybrid Central Solenoid 

Roberto Guarino, Xabier Sarasola, Kamil Sedlak 

EPFL, Switzerland 

 

The central solenoid (CS) in fusion reactors drives the current in the plasma by swinging its 

magnetic flux, and it has fundamental consequences on the whole tokamak design. 

Within the conceptual design phase of the European DEMO CS magnet system, special 

attention is posed on parametric studies of various conductor and coil designs. In previous 

studies, it has been demonstrated that the mechanical resistance to fatigue cycles determines 

the design of the conductor jackets and affects the maximum magnetic flux that can be 

generated. Therefore, ongoing studies are exploring a double-jacket layout, which decouples 

the hydraulic and mechanical functions, thus guaranteeing an improved resistance to 

mechanical fatigue. 

In this study, we present a thermal-hydraulic analysis of this fatigue-resistant double-jacket 

conductors for the DEMO CS. We study representative conductors of the latest hybrid design, 

which is based on the use of high-temperature superconducting cables for the high-field, react-

and-wind Nb3Sn technology for the medium-field and NbTi conductors for the low-field layers 

of the CS. Our results can validate the proposed mechanical design and support future 

engineering choices.
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G. Plasma-facing Components 

Ex-situ LIBS analysis of WEST divertor wall tiles 

Indrek Jõgi¹, Peeter Paris¹, Elodie Bernard², Mathilde Diez², Emmanuelle Tsitrone², Antti 

Hakola³, Eduard Grigore⁴ 

¹ University of Tartu, Estonia 
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³ VTT Technical Research Centre of Finland Ltd., Finland 

⁴ National Institute for Laser, Plasma and Radiation Physics, Romania 

 

Fuel retention monitoring in tokamak walls requires the development of remote composition 

analysis methods such as Laser Induced Breakdown Spectroscopy (LIBS) [1]. LIBS technique 

uses short laser pulses to ablate a small amount of material which forms plasma and emits 

spectrum characterizing the elements originating from the investigated material. Application of 

consequent laser pulses allows to obtain elemental depth profiles. Present study investigated 

the feasibility of LIBS method to analyse the composition and fuel retention in three samples 

from WEST divertor erosion marker tiles after the experimental campaign C3 [2]. 

LIBS experiments were carried out with a Nd:YAG laser (8 ns pulse at 532 nm). The 

investigated samples were placed into 1 and 10 Torr pressure argon. Czerny-Turner type 

spectrometer was used to separate Dα and Hα emission lines while Mechelle 5000 spectrometer 

was used to investigate the emission of other elements (W, Mo, C etc). The depth profiles of 

W, Mo and C were consistent with GDOES and SIMS depth profiles. The average LIBS depth 

resolution determined from depth profiles was 100 nm/shot. The averaging of the spectra 

collected from multiple spots of same sample allowed to improve the signal-to-noise ratio and 

investigate the presence of trace impurities such as D, O and B. In the investigated tile regions 

with negligible erosion and deposition, these impurities were clearly detectable during first laser 

shot while the signal decreased to noise level after few subsequent laser shots at the same spot. 

LIBS investigation of samples originating from the deposition regions of tiles may further 

clarify the LIBS ability to investigate trace impurities. 
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D. Plasma Engineering, Plasma Control, and CODAC 

Remodeling the WEST divertor power supplies embedded electronics for 

enhanced control 

Benjamin Santraine, Yassir Moudden, Gilles Caulier, Philippe Moreau, Remy Nouailletas, 

Julian Colnel, Cédric Reux, WEST Team* 

CEA, IRFM, F-13108 Saint-Paul-Lez-Durance, France 

 

The WEST tokamak is aiming at testing ITER like divertor components and was equipped with 

divertor coils allowing X-point magnetic configuration. The plasma vertical position is 

controlled by adjusting the currents in the upper and lower coils. Any delay along the vertical 

position control chain results in the reduction of the maximum achievable plasma elongation 

that constrains the diversity of magnetic equilibria achievable. In addition, losing the control of 

the plasma vertical position leads to a vertical displacement event and a disruption that can be 

a threat for the tokamak.  

The control infrastructure, also including magnetic measurements and Plasma Control System 

(PCS), exchanges real time data during plasma discharge using a fast and deterministic shared 

memory network. The divertor coils control system was initially integrated as an extension of 

the poloidal coils control system and the embedded electronics was based on different 

technologies containing various software and firmware, the homogeneity of these technologies 

was not optimal. The overall system suffered some latencies and jitters, causing limited 

performances on the plasma control.  

It was decided to upgrade the embedded electronics of the divertor power supplies and the 

overall architecture to reduce delays in the control loop, each millisecond gained resulting in 

better plasma performances. This upgrade was carried out on each stage of the system: 

upgrading the shared memory network, migrating the operating system from Windows to 

Linux, interfacing the timing system network to the digital electronics, revamping the 

acquisition software and reducing cycle times. Some upgrades were tested during the last 

campaign (C5), others will be validated during the next one (C6).  

This paper will describe the architecture of the control loop, the upgrades done and the 

performances increases. 

 

 

* http://irfm.cea.fr/WESTteam/  

http://irfm.cea.fr/WESTteam/
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E. Diagnostics 

Development of a future toroidal bolometer system at W7-X 

Ralph Laube, Felix Reimold, Jacob Ruhnau, David Kubeneck, the W7-X Team 

Max-Planck-Institut für Plasmaphysik, 17491 Greifswald, Germany 

 

With the start of the operation phase two (OP2), the stellarator Wendelstein 7-X (W7-X) will 

be equipped with two resistive core bolometers and two new resistive divertor bolometers. 

Bolometers measure the plasma radiation, which is mainly emitted by the impurities in the 

plasma. With several detectors, which determine the line-integrated power along its lines of 

sight across the plasma, both bolometer systems can provide a spatially resolved image of 

emissivity in a cross section of the plasma. This contains essential information about the 

function of the machine and was already used in the last campaign to control the fueling. 

Because these systems work only in two poloidal cutting planes of W7-X, the toroidal 

distribution of the power in the plasma can only be estimated by calculations. To verify these 

estimates and find irregularities in the symmetry of W7-X, it would be desirable to have several 

bolometer systems arranged toroidally around the torus. For a first attempt, a small bolometer 

head with single-chip detectors had to be developed to be placed at two identical ports in the 

torus without dedicated cooling. To withstand the heat loads from OP2 on, the head has to be 

thermally connected to the general port cooling. This work shows the process of development, 

design and manufacturing and testing of a bolometer head prototype for future operation phases.
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B. Experimental Devices and Facilities for Fusion Research 

Predictive simulations for plasma scenarios in the SMART tokamak using 

ASTRA and ASCOT5 
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Jimenez⁵ 
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The SMall Aspect Ratio Tokamak (SMART) is a new spherical machine that is currently being 

constructed at the University of Seville [1,2]. The operation of SMART will cover three 

different phases reaching a maximum inductive plasma current (IP) of 500 kA, a toroidal 

magnetic field (BT) of 1 T and a maximum pulse length of 500 ms [1,2] at maximum IP and 

BT. The main goal of the SMART tokamak is to study high plasma confinement regimes in a 

broad triangularity range (-0.6 ≤ δ ≤ 0.6) [3,4]. While ohmic high plasma confinement mode 

(H-mode) might be achieved in phase 1, Neutral Beam Injection (NBI) heating ensure the 

access to H-mode in positive triangularity plasmas in phase 2 and 3. The NBI system will 

consist of one injector at 25 keV and 1 MW of power. The overall design of the NBI system, 

including injection geometry, energy, power and current drive have been optimized using the 

ASCOT5 code [5]. The SMART scenarios have been developed with the help of the free 

boundary equilibrium solver code FIESTA [6] coupled to the linear time independent, rigid 

plasma model RZIP [7] to calculate the target equilibria for all the different operational phases. 

To assess the feasibility of those scenarios, predictive modelling needs to be included to 

evaluate properly the evolution of the temperatures, density profiles and transport coefficients 

for both electrons and ions. To this extent, the 1.5D transport code ASTRA [8] has been used 

including different models for the ohmic current, bootstrap current and current driven by NBI. 

This contribution discusses the electron and ion density and temperature profiles obtained for 

various scenarios for phase 1 and 2 and presents the design study of the NBI. 
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E. Diagnostics 

Design of the Shattered Pellet Injection system for ASDEX Upgrade 
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The Disruption Mitigation System (DMS) is a key system to ensure the lifetime of ITER's in-

vessel components. The system is based on Shattered Pellet Injection (SPI). The ITER DMS 

task force has launched a program to define the DMS design requirements. The SPI project at 

ASDEX-Upgrade (AUG) is part of this program and aims to assess the impact of fragment size 

and velocity on the mitigation efficiency. The system is a three-barrel gun injector, which can 

fire neon, deuterium or mixed pellets with 1 mm, 2 mm, 4 mm, or 8 mm diameters and variable 

lengths between 2 mm and 11 mm (max. 2.6E22 atoms). The pellets are accelerated by a 

combination of a hollow mechanical punch and a gas pulse from a fast valve, using deuterium 

or helium as propellant gas. Depending on the propellant gas pressure, pellet speeds between 

60 m/s and 750 m/s can be reached. After acceleration, the pellets travel through one of three 

parallel flight tubes, which are interrupted by two consecutive gaps. The first gap ensures 

removal of the majority of the propellant gas by expansion into a 300 dm³ tank while the pellets 

are observed in flight by a fast camera and the second gap at the torus gate valve allows 

expansion of residual propellant gas into a 35 dm³ tank. Less than 0.1 % of the propellant gas 

is injected into AUG. The ends of the guide tubes are equipped with exchangeable shatter heads 

with different shatter angles, square or circular cross-section and different lengths. A high grade 

of automation in the gas preparation and control systems allows for excellent reproducibility of 

shattered pellet experiments with regard to pellet compositions, pellet speeds and pellet sizes. 

The system was characterized in a laboratory setup before being transferred and successfully 

commissioned at AUG.
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G. Plasma-facing Components 

Design of a prototypical Mock-Up for the experimental investigation of the 

WCLL BB First Wall performances 

Pietro Maccari, Pietro Arena, Ranieri Marinari, Amelia Tincani, Alessandro Del Nevo 

ENEA, Department for Fusion and Technology for Nuclear Safety and Security, C.R. Brasimone, 

40032, Camugnano (Bo), Italy 

 

A large research effort is currently ongoing in the framework of the EUROfusion consortium 

for the study and design of a Water Cooled Lead-Lithium (WCLL) Breeding Blanket (BB) 

concept. This concept will be tested in ITER through the installation of a Test Blanket Module 

(TBM) and it is one of the two candidate concepts to be adopted as driver BB in DEMO. In this 

framework, at the ENEA research centre of Brasimone, it has been envisaged the realization of 

the experimental platform W-HYDRA, dedicated to the support of water and lithium-lead 

technologies of WCLL BB, ITER TBM and the investigation of DEMO Balance of Plant 

systems. One of the most important experimental infrastructures of the W-HYDRA platform is 

the Water Loop facility, aimed at providing water at high pressure and temperature (PWR 

conditions), with sufficient mass flow rate and power for the experimental test of the WCLL 

BB and TBM components. The Water Loop will be equipped with a vacuum chamber and an 

Electron Beam Gun for the reproduction of high surface heat flux on plasma-facing 

components.  

In the present paper, the design of a prototypical Mock-Up (MU) of the WCLL BB First Wall 

will be described, paying particular attention to objectives and requirements of the test section 

to be installed in the W-HYDRA Water Loop facility. The MU will have the purpose of 

investigating thermal, hydraulic and structural behavior of the current First Wall design under 

relevant steady-state, transient and cyclic heat loads at the expected operational conditions. The 

delineation of the main experimental tests to be conducted and the instrumentation needed 

within the First Wall MU will be assessed. A preliminary CFD calculation on the prototypical 

MU and the computational results are also presented in the paper. 
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F. Magnets, Cryogenics and Electrical Systems 

Time-extended tokamak discharges with differentially-tilted toroidal field 

coils 

Renato Gatto¹, Francesca Bombarda², Stefano Gabriellini¹, Vito Konrad Zotta¹ 
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² ENEA A – FSN Fusion Physics Division, Frascati (RM), Italy 

 

The strong toroidal magnetic field required for plasma confinement in tokamaks is generated 

by a set of D-shaped coils lying on meridian planes located toroidally around the central axis 

of the device. A major technological challenge tied to this configuration is represented by the 

large electromagnetic forces acting on the coils and arising from the interaction of the current 

flowing in the coils with the magnetic field generated by the coil system itself. Being these 

forces given by the cross product of the coil current and the magnetic field, various kind of 

modification of the geometry of the coils have been proposed to alleviate this problem, from an 

inclination of the entire coil so to maintain its planarity, to differential tilting of all, or parts of, 

the coil profile. When the inner legs of the coils are tilted, besides a considerable reduction of 

the electromagnetic forces [1], the solenoid-like structure introduces additional magnetic flux 

linked to the plasma. Considering compact, high field devices, it is shown that when this 

additional flux is exploited, totally or in part, to ramp-up the plasma current, the discharge time 

can be extended by a significant amount. Various possible operational scenarios with inner-leg-

tilted toroidal field coils are presented. 
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C. Plasma Heating and Current Drive 

Present design of the Steering Mirror Assembly (SMA) for ITER ECHUL 
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In the ITER Tokamak, four Electron Cyclotron Heating Upper Launchers (ECHUL) are needed 

to control plasma instabilities at the rational surfaces, most importantly the q=3/2 and q=2/1 

neoclassical tearing modes (NTMs). Each ECHUL is equipped with a set of fixed mirrors (M1, 

M2 and M3) and a front steering mirror set (M4). The millimetre waves are reflected from these 

mirrors. EC beams are grouped in two rows of four beams each. There are two M4 mirrors, 

called Upper and Lower Steering Mirror Assemblies, that rotate independently to target the 

locations of the instabilities. 

The previous design of M4 [1] showed failure of the non-actively cooled components like 

bellows and springs after considering the thermal load of the stray radiation. This paper reports 

the main design changes with the objective to reduce the thermal loads on the non-actively 

cooled components. The Upper Steering Mirror Assembly (USMA) is presented here as an 

enveloping case. The components structural integrity enforcing the ITER Structural Design 

Code for the In-Vessel Components (SDC-IC) is assessed by finite elements analyses. 
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F. Magnets, Cryogenics and Electrical Systems 
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Plasma Current Decay Event 
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During the second operation phase of the most advanced stellarator W7-X in 2018, a fast plasma 

current decay event was observed with the time constant of ~ 1 ms. The event is much more 

rapid than the design phase assumptions: 100 kA and 2.7 MA plasma current decay with the 

time constants of 140 and 50 ms for toroidal and diamagnetic currents respectively. As a result, 

significantly higher eddy currents are expected to be induced in some of the W7-X components. 

The comprehensive campaign of electromagnetic (EM) analyses has been launched in order to 

identify the necessity of proper reinforcement of critical in-vessel diagnostics or lowering the 

plasma currents for future operation. One of the critical system found is the complex thermal 

insulation (TI). 

The TI is located in the cryostat to separate superconducting coils and warm vessels. The system 

consists of actively cooled thermal radiation panels and port tubes, multi-layer insulations, 

supports and clamps. The TI panels and tubes form the main frame of TI covering the plasma 

vessel (PV) and ports respectively. Preliminary EM analysis with few panels and tubes indicates 

that the EM forces are increased by about 7 times due to the newly postulated faster plasma 

current decay event in comparison with original design loads. To obtain more accurate results, 

an elaborated EM model has been created, which includes the excitation coils for plasma 

currents, superconducting coils, TI panels and tubes, the PV and ports.  

The paper introduces at first the TI structure, continues with the field and eddy current accuracy 

studies and the lessons learned for the modelling accuracy improvement in ANSYS®. Then the 

EM analysis results of different plasma current decay scenarios are presented and discussed. 

Finally, the EM forces for static and transient mechanical analyses are chosen and extracted for 

further mechanical analyses.
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I. Fuel Cycle and Breeding Blankets 

Fluid-structure interaction between the liquid breeder and the walls in a 

SMS DCLL breeding blanket 
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The Breeding Blanket (BB) is as a very large component subjected to irregular distributions of 

thermal and electromagnetic loads, among others. As a consequence, there is a significant 

mutual influence between its deformed shape under normal operation conditions and the 

loading scenarios which contribute to define such shape. In liquid metal-based BB concepts, 

the deformation of the channels and the features of the liquid metal flows are strongly coupled. 

Indeed, the flow dynamics are ruled by the magnetohydrodynamics (MHD) interactions and the 

buoyancy forces. The former are affected by the shape and properties of the walls while the 

latter are modified by the heat fluxes and temperature distributions. 

This work presents a numerical assessment of the fluid-structure interaction between the PbLi 

flow and the surrounding walls in a Dual Coolant Lithium Lead (DCLL) BB for the EU DEMO 

reactor. The design is based on the Single Module Segment (SMS) architecture. The steel walls, 

including the helium-cooled first wall, are covered by a coating which acts as electrical insulator 

and corrosion barrier. Starting from a coarse model of a whole segment, submodeling 

techniques are applied to focus the problem on the low part of the BB (inclination of 36º with 

respect to gravity). A two-way coupling between the mechanical and fluid dynamics cases is 

used. The benefits and difficulties of the procedure, together with the influence of the results 

on the design, are described and discussed.
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F. Magnets, Cryogenics and Electrical Systems 

CFD study of the friction factor in the central channel of the DEMO PF 

conductors 

Aleksandra Dembkowska, Paweł Herbin, Monika Lewandowska 

West Pomeranian University of Technology, Szczecin, Poland 

 

European DEMOnstration Fusion Power Plant (EU-DEMO), based on the tokamak concept, is 

being designed by the EUROfusion consortium to demonstrate production of electricity (at the 

level of several hundred MW) from nuclear fusion. The fully superconducting magnet system 

of DEMO includes the Toroidal Field Coils, Central Solenoid and Poloidal Field (PF) coils, 

which will be cooled by forced flow of supercritical helium. Thermal-hydraulic analyses of the 

DEMO winding packs, aimed at assessment of their minimum temperature margin, hot spot 

temperature or the coolant pumping cost, require reliable friction factor correlations for each 

channel of flow in the DEMO conductors. Two different concepts of the six DEMO PF coils 

are proposed by the teams: EPFL-SPC (Switzerland) and CEA IRFM (France). According to 

the CEA concept, each of the PF coils will be wound using a square NbTi CICC with a central 

cooling channel delimited from the outer bundle region with a flat spiral. The layout of 

conductors designed for different PF coils is different. The outer diameters of the central spirals 

in the PF3, PF4 and PF6 conductors are in the range 13.6 – 15.8 mm. Spirals with such large 

diameters have never been tested for pressure drop, so the available correlations used to 

compute friction factor in cooling channels of CICCs may not be accurate for them. In the 

present work we performed CFD simulations of flow in spiral ducts using the ANSYS Fluent 

software. Preliminary simulations were carried out for spirals which underwent pressure drop 

tests, in order to tune the model parameters to experimental data. Then the ducts with 

geometries identical as the cooling channels in the DEMO PF3, PF4 and PF6 conductors were 

studied to obtain the friction factor values in the Reynolds number range typical for normal 

operation of the DEMO PF coils.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 628 

P-2.133 Poster 

F. Magnets, Cryogenics and Electrical Systems 

Parametric thermal-hydraulic analysis of the DEMO PF coils designed by 

CEA during the breakdown phase 

Aleksandra Dembkowska¹, Monika Lewandowska¹, Benoit Lacroix² 

¹ Zachodniopomorski Uiwersytet Technologiczny w Szczecinie, Poland 

² CEA-IRFM, Saint-Paul-Lez-Durance F-13108, France 

 

EU-DEMO - the European DEMOnstration Fusion Power Plant, is being designed as an 

intermediate stage between the ITER experimental reactor and the future fusion power plant. 

The fully superconducting magnet system of the DEMO tokamak includes six Poloidal Field 

(PF) coils. Two different concepts of the DEMO PF winding packs are being developed by the 

EPFL-SPC (Switzerland) and CEA IRFM (France) teams. The current cycle of the PF coils 

consists of the following phases: Premagnetization (10 s), Plasma Current Ramp-Up (PCRU, 

80 s), plasma burn (7200 s) and dwell (600 s). The PCRU phase starts with the fast breakdown 

(0.8 s), during which the operating current and magnetic field change very rapidly causing 

significant heat generation due to AC losses. Thus, the breakdown is potentially the most critical 

phase of normal operation of PF conductors regarding the temperature margin. Our present 

study is focused on the thermal-hydraulic analysis of the PF coils designed by CEA during 

breakdown. According to the CEA design, based on the 2018 DEMO reference, the PF coils 

are double-pancake wound with square NbTi Cable-in-Conduit Conductors with a central 

cooling channel. Operation of conductors designed for each PF coil is simulated with the THEA 

code by Cryosoft. Since the detailed reference current breakdown scenario for the PF coils is 

not available yet, the analysis is performed parametrically. We take into account the external or 

internal magnetic field profile along each PF conductor as well as heat generation due to the 

AC hysteresis losses and coupling losses (for the 2 trial values of the parameter n =100 and 

200 ms). The analysis is aimed at estimation of the minimum temperature margin in each PF 

conductor during breakdown, which should help in further improvements and optimization of 

the PF winding packs design.
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I. Fuel Cycle and Breeding Blankets 

A STUDY OF THE OPTIMAL COOLING OF THE FIRST WALL FOR 

THE SMS DCLL BREEDING BLANKET 

Jose Ángel Noguerón Valiente¹, Iván Fernández Berceruelo², David Rapisarda² 

¹ CIEMAT, UNED, Spain 

² CIEMAT, Fusion Technology Division, Avda. Complutense 40, 28040 Madrid, Spain 

 

The current design proposal of the Dual Coolant Lithium Lead (DCLL) breeding blanket for 

the EU DEMO reactor is meant to operate up to 700 °C to obtain high efficiencies in the 

thermodynamic cycle. This design follows a single module segment (SMS) architecture, in 

which self-cooled PbLi flows through an electrically insulating ceramic box to minimize the 

magneto hydrodynamic (MHD) effects. The ceramic structure is embedded in a steel case, 

which includes the first wall (FW). 

The FW is subjected to a very irregular distribution of heat fluxes due to charged particles and 

radiation from the plasma. It is cooled by a succession of helium channels arranged along the 

poloidal length. A conservative oversizing of the coolant mass flow rate can severely jeopardize 

the blanket thermal efficiency and the consumption of the auxiliary systems, since He extracts 

around 30% of the blanket thermal power. 

In this work, a methodology has been developed to quickly estimate the optimal mass flow rate 

in each channel which ensures keeping the steel structure under 550 °C, assuming they are 

individually fed. The used code, named TOMFLOW, simulates the thermal problem by taking 

into account heat flux magnitude and position over the tungsten layer, nuclear heating in the 

different regions of the FW and heat transfer mechanisms produced in the poloidal direction, 

mainly due to the counter-flow arrangement of helium channels. In order to validate the results, 

a steady state thermal-hydraulic Finite Element Analysis (FEA) is applied to a 3D FW model 

built in ANSYS APDL. Additionally, TOMFLOW allows adjusting the mass flow rates fed 

from a common manifold, to the optimal case utilizing several methods, as variable wall 

roughness and channel sizes, through the analysis of the hydraulic network.
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E. Diagnostics 

Development of the In-Vessel Optical box of the ITER Erosion Deposition 

Monitor 
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The main function of the ITER Erosion Deposition Monitor is to observe the erosion/deposition 

status of divertor vertical targets as well as the topology change and surface damage that may 

occur due to the plasma-wall interaction at these vertical targets. The main function of the 

optical box of this diagnostic system, which is mounted to one of the divertor cassettes under 

the divertor dome, is to provide a stiff base and shielding for the optical components located 

inside of it. 

Since the optical box under the divertor dome is located in a harsh environment, under high 

heat and EM loads, it becomes one of the critical parts of the optical system. The design 

challenges involve the tight space between the surrounding parts, the manufacturing of the 

complex cooling channels, the optical tolerances and proper heat transfer between the different 

components. To produce a solid design and fulfil all the requirements, the optical box went 

through several design changes and simulation stages.  

This paper outlines the challenges and the results of the development of the mechanical design 

of the components of the optical box of the Erosion Deposition Monitor diagnostic system.  

The EDM is an optical diagnostic system whose accuracy depends on the integrity of the 

mechanical parts. This paper outlines the challenges of the development of the optical box itself, 

the mirror supports and the shutters. We present the design solutions, which can decrease the 

temperature of the optical box and its internal parts. These components are the cooling channels, 

which have been integrated into the walls to increase the cooling of the box, and the redesigned 

mirror supports, which have better heat transfer between the water-cooled walls and the mirrors.  

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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H. Vessel/in-vessel Engineering and Remote Handling 

Using modern Virtual Reality techniques to perform analysis of ITER ECH 

EL Port Cell Maintenance 
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In order to maintain an ITER Port Plug, during maintenance or after a failure, the Port Cell 

needs to be cleared to allow for a transport cask to access the Port Plug and transfer it for 

maintenance to the Hot Cell Complex. The Port Cell clearing process is a complex, manual and 

machine assisted procedure, taking out the equipment blocking cask access in several stages.  

For the Equatorial Launcher (EL) of the Electron Cyclotron Heating (ECH) system, which is 

located in Equatorial Port Cell #14 of the ITER tokamak, the Port Cell clearing operation 

includes the removal of 24 Ex-vessel Waveguides, a complex set of CCWS (component 

cooling) and PHTS (primary cooling) lines, several manifolds, and other ancillaries, like the 

Service Vacuum System (SVS) to monitor the static containment barriers at the flange location. 

Checking the applicability of guidelines for human maintenance can be challenging, especially 

in confined areas and in complex sequences. This paper shows how modern Virtual Reality 

(VR) simulation techniques, can be used as a tool to visualize and analyse the maintenance 

procedures, to predict the time to repair, and to ensure the application of ALARA principles.  

Special emphasis is put on the verification and validation of manual and machine-assisted 

maintenance procedures. The possibility to simulate logistics and repair actions in an early stage 

of the design process allows for the identification of those maintenance actions that require 

dedicated tests or the development of dedicated tools.  

The added value of using modern VR techniques to analyse the maintenance scenarios are: 

- Immersive & intuitive – very little training required to experience the process first-hand 

- Quick and accurate assessment of maintenance scenarios, based on the actual CATIA models 

- The ability to assess in detail geometrically very complex maintenance sequencing 

- Less need for expensive hardware mock ups.
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E. Diagnostics 

First order correction of local gas puffing effects on Bolometric Maximum 

Likelihood Tomography on JET 
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Tomography is applied daily to bolometric data in magnetically controlled nuclear fusion 

devices to infer important quantities of the studied plasmas, such as the emissivity profiles or 

the radiated power in different location of the main chamber. Tomographic reconstructions are 

also crucial to perform power balance analysis and to estimate heat fluxes for turbulence 

studies. One of the issues, associated to any tomographic technique, resides in the ill-posed 

nature of the mathematical problem, meaning that more than one possible emissivity profile is 

compatible with the measurements within the estimated uncertainties. Therefore, a careful 

evaluation of the quality of the obtained reconstructions is an important step of the analysis. On 

JET, since the two cameras are located in different toroidal locations, axial-symmetry of the 

plasma radiation must be assumed to perform traditional tomographic reconstructions. Such 

specific hypothesis however, cannot be guaranteed in case of symmetry-breaking mechanisms, 

such as strong local gas puffing for fuelling. This contribution addresses exactly this problem 

of local plasma fuelling, focusing on the recently observed significant mismatches between 

measured and back-calculated projections in specific pulses of the DT campaign of JET. A 

preliminary analysis indicates that the observed discrepancy is due to the gas puffing from 

valves located between the two octants where the bolometers of JET are located. A first order 

empirical correction is provided and the sensible improvements of the bolometric Maximum 

Likelihood tomography’s outputs are documented. The possible physical explanation for such 

phenomenon is also discussed. The study performed in this article is expected to have a 

significant impact on the analysis of JET data and on the physical interpretation of the results 

obtained during the recent DT experiments, for which a proper evaluation of the radiated power 

estimates is of not negligible relevance. 

 

 

* See the author list of “Overview of JET results for optimising ITER operation” by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France, 10–15 May 2021). 
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A. General Reviews for DEMO, Power Plants and Plant Systems 

A comparative study for heat integration with a spherical tokamak for 

energy production (STEP) 

Jack Acres, Chris Clements 

United Kingdom Atomic Energy Authority, United Kingdom 

 

A key commercialisation challenge to fusion is the ability to efficiently convert fusion power 

into net electrical power production. A compact reactor, such as STEP, combined with an 

efficient power cycle will improve the commercial viability of any fusion power plant concept. 

STEP has demonstrated that a compact fusion machine is possible with the potential of 

delivering high grade thermal power from multiple heat sources. A key challenge remains to 

integrate this heat in an optimised manner to improve overall fusion power plant efficiency. 

This paper will evaluate and compare the heat integration strategies necessary for energy 

production from a “traditional” tokamak architecture (for example EU DEMO) vs a spherical 

tokamak. 

The paper will: 

• Analyse the impact of multiple power cycle technologies and configuration to optimise heat 

recovery and power generation. 

• Outline alternative power generating working fluids which may be used with STEP; 

highlighting the relative strengths and weakness associated with each: focusing on cycle 

efficiency gains. 

Ultimately the proposed heat integration solutions result in an efficient power generating system 

leveraging the STEP reactor’s compact nature which can deliver net power to the grid with a 

lower fusion power. 

The paper highlights how the STEP programme is developing a unique capability in delivering 

an integrated and optimised thermal reactor conceptual design.
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E. Diagnostics 

Remote fibered LIBS measurements in WEST tokamak using a robotic arm 
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The LIBS "Laser-Induced Breakdown Spectroscopy" approach for measuring the composition 

of fusion device deposits is used today in several installations [1,2].  

During the Tritium phase of ITER, it will be important to measure the quantity of tritium 

contained in the Plasma Face Components and to analyze the various deposits at its surface. 

However, measurements inside the vacuum chamber will need to cope with the harsh conditions 

there, thus requiring a remote handled system.  

The challenge is enable LIBS everywhere in the vacuum vessel in order to characterize the 

tritium content in different areas of interest, during the experimental campaign. This is achieved 

by using a robot. In WEST, CEA operates a poly-articulated robot called Articulated Inspection 

Arm robot [3] able to be deploy under high vacuum and at operation temperature conditions, in 

order to perform visual analysis between plasmas. The usual embedded diagnostic, a visible 

camera, was replaced by the LIBS diagnostic to perform the in-situ measurements on WEST. 

The fibered LIBS technique installed on the robot arm is particularly well suited to this hostile 

environment A fiber LIBS tool (1064 nm, 4 ns) was installed in the WEST vacuum chamber 

on this robot in order to be able to potentially characterize all PFCs in operation. In this work 

we will describe the measurement technique used as well as the results obtained on WEST 

PFCs. In conclusion, the AIA on-board fibered LIBS device makes it possible to analyze PFC 

from WEST inside the vacuum chamber, composed of thin layers of W, Fe, B, Ni, Cu, Mo as 

well as to determine the in-depth cartography of these deposits. 
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H. Vessel/in-vessel Engineering and Remote Handling 

Analysis of implementing a rail-based maintenance system into a HELIAS 
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This paper reports on the analysis of potential rail-based maintenance systems when 

implemented into a Helical Advanced Stellarator (HELIAS) 5-B device. The main purpose of 

such a system would be to handle and exchange the internal vessel components, namely the 

breeding blanket segments, which are expected to be the largest and heaviest components within 

the vessel. Other rail-based maintenance systems for tokamak devices, particularly the ITER 

Blanket Remote Handling System (BRHS), were studied, and their suitability when introduced 

to the differing constraints of a HELIAS device was determined. Rail-based systems envisaged 

for DEMO and CFETR devices were also studied. 

An ITER-like handling system was shown to be unsuitable for a HELIAS device of this scale. 

This is due to significantly higher blanket masses with an in-vessel operating space no larger 

than that of ITER, but with the additional complication of longer toroidal lengths and non-

uniform vessel geometry. 

Movement of large components on rails like those found in DEMO and CFETR was shown to 

be more applicable to the HELIAS device. The main obstacle to the implementation of such 

rails would be the non-uniform geometry which complicates the selection of a rail path that 

avoids collisions with other in-vessel components, remote handling equipment, or the vessel 

structure itself. 
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The achievement of tritium self-sufficiency is a key challenge for future fusion power plants. 

Different breeding blanket systems have been developed by the fusion community: the ITER 

Test Blanket Module (TBM) program will test the most promising breeder concepts in a real 

fusion environment.  In particular, the European Water-Cooled Lithium Lead breeding blanket 

concept has been selected: the use of water as a working fluid requires quantifying the 

radioactive contamination due to the Activated Corrosion Products (ACPs). The formation, 

transport and deposition of ACPs is a complex process that involves many different physical 

mechanisms and conditions: water chemistry, thermal hydraulics, materials corrosion 

properties, neutron irradiation history and operational scenario. In the framework of the 

EUROfusion Work Package "Safety and Environment" (WPSAE), the PACTITER v2.1 and 

OSCAR-Fusion v1.3 codes have been compared in order to identify the most effective tool for 

the assessment of the Activated Corrosion Products (ACPs) in the WCLL-TBM Water Cooling 

System. PACTITER and OSCAR-Fusion codes have been developed by CEA: the former was 

released in the 90s and it has been extensively used in the fusion field while the latter is the 

ITER reference code for the ACPs assessment. The PACTITER calculations were performed 

in the framework of "WCLL-TBS Conceptual Design: Design Activities for the TBM set" as a 

contribution to the Conceptual Design Review in 2020. The PACTITER input data have been 

migrated in the OSCAR code as much as possible. The outputs have been compared in terms 

of mass and activity of the ACPs deposited over the entire loop and trapped in filters and resins 

and the discrepancies have been investigated. The work presents the results of the analysis and 

discusses the advantages and the limitations of the two codes to identify the most suitable tool 

for future ACPs assessments.
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Large port-based tokamaks for commercial scale energy production are being developed around 

in-vessel breeding blanket technology, whose three main purposes are to breed tritium, to 

provide shielding, and to exchange heat. 

Maintenance of these tokamaks is expected to involve regular replacement of massive (>10 te) 

blanket components during shutdown periods, when the in-vessel radiation levels are expected 

to be in the kGy/h range.  A high-payload remote maintenance system is therefore needed.  One 

approach to moving these components is to deploy two machines through separate ports (above 

and below the blanket) and operate them in tandem. 

The Two Port Mover uses a crane-based Upper Winch System (UWS) and a Lower Manipulator 

System (LMS). The UWS supports blanket components weighing up to 60 tonnes and provides 

three translational degrees of freedom (DoF), along the radial, toroidal and vertical axes. The 

LMS is a secondary robotic manipulator that reacts horizontal forces caused by offsets between 

the centre-of-gravity (CoG) of the component and its connection point to the UWS.  The LMS 

also provides two rotational DoF, about the radial and toroidal axes.  The Two Port Mover 

allows the component to be positioned at the centre of the upper port so that it can be extracted 

using a crane. 

Although further design development and evaluation of dynamic performance need to be 

undertaken, initial substantiation of the Two Port Mover concept against EN 13001 provides an 

encouraging indication of the viability of the approach for blanket handling in large tokamaks. 
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I. Fuel Cycle and Breeding Blankets 

Exploration of Vacuum Vessel cooling design for the ARC reactor 
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ARC (Affordable, Robust, and Compact) is a fusion reactor conceptual design proposed by the 

Plasma Science and Fusion Center at the Massachusetts Institute of Technology. ARC has the 

purpose of developing a fusion-powered reactor with the most advanced technologies available; 

the most important is REBCO (Rare-Earth Barium Copper Oxide) HTS magnet, which can 

produce high-power density plasmas. As a result of improved magnet performance and 

innovative design (demountable magnets, liquid breeding blanket), ARC aims to realize a 

fusion reactor with small dimensions and decreased complexity to increase its economic 

competitiveness. Another innovative feature of ARC is the liquid molten salt breeding blanket, 

composed entirely of Li2BeF4 (FLiBe) to provide cooling, tritium breeding, and neutron 

shielding. ARC blanket is composed of channels flowing inside the vacuum vessel and a tank 

in which the vacuum vessel is immersed. The scope of this work is to characterize the FLiBe 

behavior inside the vacuum vessel, and the exploration of different channel designs to provide 

adequate cooling to the vessel, which must withstand considerable heat flux and volumetric 

power generation. More detailed results of the analysis and modelling activity are presented in 

the paper.
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MELCOR is an integral code developed by Sandia National Laboratories (SNL) for the US 

Nuclear Regulatory Commission (USNRC) to perform severe accident analysis in Light Water 

Reactors (LWR). More recently, MELCOR capabilities are being extended also to analyze non-

LWR fission technologies and fusion plants and related facilities. Within the European 

MELCOR User Group (EMUG), organized in the framework of USNRC Cooperative Severe 

Accident Research Program (CSARP), an activity on the evaluation of the applicability of 

MELCOR 2.2 for fusion safety analyses has been launched and it has been coordinated by 

ENEA. The aim of the activity was to identify the physical models to be implemented in 

MELCOR 2.2 necessary for fusion safety analyses, and to check if those models are already 

available in MELCOR 1.8.6 for fusion version, developed by Idaho National Laboratory. From 

this activity, a list of modeling needs, emerged from the safety analyses of fusion-related 

installations, have been identified and described. Then, the importance of the various needs, 

intended as the priority for model implementation in the MELCOR 2.2 code, has been evaluated 

according to the technical background and priorities of the participant organizations involved 

in fusion activities. In the present paper, the identified modeling needs are discussed, together 

with the current status of the MELCOR code development. The ultimate goal is to have in the 

near future a single integrated MELCOR release capable to treat both fission and fusion 

applications.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Functional safety assessment process for MITICA safety system in the 

ITER neutral beam test facility 

Luca Grando, Manuela Battistella, Samuele Dal Bello, Adriano Luchetta, Modesto Moressa, 

Silvia Munari 

Consorzio RFX, Italy 

 

The ITER Neutral Beam Test Facility (NBTF) Safety System is aimed to deal with all risks for 

people and environment safety related to SPIDER and MITICA operation. A coordinating 

system, called Central Safety System (CSS), was designed to supervise safety-relevant systems, 

implement protection actions on the different plant units to guarantee the NBTF safety and 

provide an effective human interface of the NBTF safety. The SPIDER CSS, the part of CSS 

dealing with SPIDER and NBTF shared items, is in operation, while the MITICA CSS is in the 

detailed design phase. The MITICA CSS has foreseen the same architecture and principles as 

SPIDER CSS. A safety risk analysis was carried out based on a Hazard Identification (HAZID) 

methodology: MITICA plant was partitioned in 46 nodes, for each node possible hazards were 

identified on the basis of a list drown up from EN ISO 12100 standard and risk assessment 

process was performed. As a result, the safety instrumented functions (SIF) to be implemented 

by the MITICA CSS were defined. Through a Layer Of Protection Analysis (LOPA) approach 

in accordance with the IEC 61511 standard the Safety Integrity Levels (SIL) was allocated for 

each SIF. The MITICA risk analysis process will be described and the relevant functional safety 

results for MITICA CSS implementation will be presented.
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C. Plasma Heating and Current Drive 

Experimental characterisation of a NEG pump of novel size – a major step 

to its application in the DEMO neutral beam injectors 

Stefan Hanke¹, Christian Day¹, Thomas Giegerich¹, Xueli Luo¹, Fabrizio Siviero², Michele 

Mura², Enrico Maccallini², Paolo Manini², Emanuele Sartori³, Marco Siragusa³, Piergiorgio 

Sonato³ 

¹ Karlsruhe Institute of Technology, Germany 

² SAES Getters, Italy 

³ Consorzio RFX, Italy 

 

DEMO requires heating systems of which neutral beam injectors (NBI) are the most powerful. 

Operation of NBI requires huge pumping speeds of several 1000 m³/s at moderate pressures of 

0.02 Pa to manage the high gas flux from the neutralizer. Until now large customized 

cryopumps are used. A promising concept for future NBI is based on high capacity getter 

materials. The candidate ZAO®, developed by SAES Getters, provides a drastically improved 

performance for hydrogen pumping compared to conventional getter materials.  

In a systematic technology development over 6 years, the concept of a NEG pump for NBI was 

developed within the European Fusion Programme. It started with comprehensive 

characterisations of material properties, in particular at pressures significantly higher than in 

typical UHV getter applications. With time, knowledge was expanded to pumping and 

regeneration characteristics of ZAO® but also to heating, thermal management, assembly to 

larger arrangements and control of the units. The recent step was design, manufacturing and 

operation of a NEG pump of relevant size answering all DEMO NBI relevant questions, to 

demonstrate the use of ZAO® in a large pump and to confirm the scalability. 

The resulting pump contains 15 kg ZAO® and was tested in the TIMO facility at KIT. This 

paper describes the achieved experimental results, in particular the systematic investigation of 

sorption characteristics (depending on pressure, gas flux, getter temperature, loading of the 

getter with gas, isotope) and regeneration behaviour. 

Subsequently the facility and NEG pump was replicated in detail in the TPMC code ProVak3D. 

By adjusting the sticking factor of the getter in the simulation, until resulting pressure in 

simulation and experiment matched, the actual sticking factor of the getter disk surface was 

determined. With this knowledge the expectable performance of any advanced arrangement of 

NEG cartridges can be predicted now by simulation.
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D. Plasma Engineering, Plasma Control, and CODAC 

Deep Learning-Based Process for the Automatic Detection, Tracking, and 

Classification of Thermal Events on the In-Vessel Components of Fusion 

Reactors 

Erwan Grelier, Raphaël Mitteau, Victor Moncada 

CEA, IRFM, F-13108 Saint-Paul-Lez-Durance, France 

 

The ability to analyze thermal events occurring on the internal components of fusion reactors 

during their operation is important both for machine protection and for science. The large 

quantity of data generated by diagnostics during the operation of long-pulse machines makes it 

impossible for humans to cope with the real-time analysis of thermal events. Therefore, there 

is a strong need for a process able to detect and analyze thermal events automatically and in 

real-time, for feedback control and investment protection. 

This paper presents an automated process that detects, tracks, and classifies thermal events 

using infrared movies of the inside of the vessel as well as signals from other diagnostics, such 

as the plasma current or the power injected in the reactor. The process relies on deep learning 

models, namely a Region-Based Convolutional Neural Network for the detection and a Fully 

Convolutional Neural Network for the time series classification. These models are trained using 

a dataset of thermal events, obtained by manually annotating thermal events in movies from the 

WEST tokamak, which is equipped with 12 infrared cameras that provide information about 

the surface temperature of the in-vessel components. The labels characterizing the thermal 

events are chosen in a custom-designed ontology, which is being developed. 

This automated process can correctly detect, track and classify most of the regular thermal 

events appearing in the infrared movies of WEST, in a manner compatible with the real-time 

plasma operation. These events, extracted automatically, can be used for feedback control on 

the plasma heating systems during pulses. They can also be used for post-pulse analysis by 

deriving from them metadata that can help human operators understand better and more quickly 

what happened during a pulse.
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D. Plasma Engineering, Plasma Control, and CODAC 

Software platform for imaging diagnostic exploitation applied to edge 

plasma physics and real-time PFC monitoring 

Victor Moncada¹, Xavier Courtois¹, Aleix Puig Sitjes² 

¹ CEA, IRFM, F-13108 Saint-Paul-Lez-Durance, France 

² Max-Planck-Institut für Plasmaphysik Teilinstitut Greifswald, Germany 

 

In current tokamaks, imaging diagnostics (visible/infrared) have become increasingly used for 

real time control of the Plasma Facing Components (PFC) temperature and off-line physical 

analysis. Developing a full acquisition and monitoring system based on a network of cameras 

is a complex task requiring advanced software tools. Furthermore, such systems produce large 

quantities of data encouraging end users to share tools and codes for data access and analysis. 

This paper introduces a software platform, named Thermavip, dedicated to these tasks. The 

main contribution of Thermavip is to gather under the same framework different functionalities 

for (1) real-time video acquisition and PFC monitoring, (2) offline data access and display, (3) 

signal and video processing applied to plasma physics, (4) video annotation and thermal event 

database management. This software platform is widely used on the WEST tokamak for offline 

study of infrared and almost all WEST diagnostics data, and online display of IR videos and 

temperature time traces for critical components. Thermavip plateform is also used on the W7-

X Stellarator for the IR diagnostic acquisition, PFC monitoring, online display and offline video 

analysis. In addition, Thermavip provides a full featured video annotation tool used on both 

devices to build and manage thermal event databases. These annotations are used as input 

dataset to train deep-learning models, like Region Based Convolutional Neural Network, for 

automatic detection and classification of thermal events based on IR movies. 

The Thermavip framework is composed of a unique C++ Software Development Kit providing 

high-level classes for offline/real-time analysis and visualization of multi-sensor data. Its 

strength comes from its unique component block architecture, allowing to build multicore and 

distributed processing pipelines for both offline and real-time applications. Thermavip 

architecture relies on a versatile plugin mechanism to extend its functionalities using C++ code 

or Python scripts, facilitating the integration on new machines.
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J. Materials Technology 

Ultrafine-grained W-Cr composite with high flexural strength prepared by 

controlled W-Cr solid solution decomposition 

Jakub Veverka¹, František Lukáč¹, Andrzej P. Kądzielawa², Martin Koller³, Zdeněk Chlup⁴, 

Hynek Hadraba⁴, Miroslav Karlík⁵, Dominik Legut², Jiřina Vontorová⁶, Tomáš Chráska¹, 

Monika Vilémová¹ 

¹ The Czech Academy of Sciences, Institute of Plasma Physics, Czech Republic 

² IT4Innovations, VŠB-TU Ostrava, Czech Republic 

³ The Czech Academy of Sciences, Institute of Thermomechanics, Czech Republic 

⁴ The Czech Academy of Sciences, Institute of Physics of Materials, Czech Republic 
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Tungsten-chromium alloys have been investigated for improving oxidation resistance of 

tungsten for over a decade already. Best results were achieved by the alloys consisting of W-

Cr solid solution. However, the W-Cr phase diagram features a miscibility gap; therefore, the 

solid solution is metastable, prone to decomposition. Kinetics of that decomposition depends 

on temperature and differs significantly. It was observed that annealing above 1000 °C results 

in fast decomposition, while at 700 °C the alloy showed prolonged stability, even of the 

decomposed microstructure. Studying the decomposition led to the understanding that this 

process can be conveniently used for production of very fine tungsten-chromium composites. 

Thus, thermal treatment of W-Cr samples prepared by Mechanical Alloying and Field Assisted 

Sintering was identified as a prospective top-down way to prepare thermally stable composite 

material with ultra-fine dispersion of W-rich and Cr-rich phases. These phases emerge as a 

lamellar microstructure with the mean thickness below 150 nm. Mechanical testing showed that 

the decomposed material exhibits significantly higher flexural strength both at room, as well as 

elevated temperature, without increase in hardness. RUS measurements of the single solid 

solution and the composite samples concluded that the decomposition does not affect elastic 

properties significantly, which was confirmed by computer simulation clarifying elastic 

properties of individual phases. Results of the model comply well with the measured values; 

therefore, it can be used to determine the elastic properties of the individual phases, which is 

otherwise impossible.
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J. Materials Technology 

Proton and gamma irradiation of novel tungsten boride and carbide 

candidate shielding materials 

Jessica Marshall, Gurdev Singh 

Department of Physics, University of Warwick, United Kingdom 

 

Cemented tungsten carbide (cWC) and reactive sintered borides (RSBs) show considerable 

promise as broad spectrum radiation dense materials suitable for use in compact spherical 

tokamaks (cSTs). Both cWC and RSB materials are refractory materials with mechanical 

parameters suitable for a power generating fusion reactor. Simulations of cWC-RSB shields 

show unprecedented radiation attenuation potentially greater than that of W metal. However, 

their novelty as radiation shielding materials means that their radiation response is almost 

completely unknown to date.   

The first study of ambient and non-ambient irradiation of cWC and RSB materials is reported 

in this work using proton beam and gamma irradiation. Sample irradiation consists of 1.5 MeV 

protons at ambient and at 873K and 60Co gamma irradiation at 5 kGy/hour up to 24 hours at 

ambient and 77K. Radiation response was evaluated by micro-hardness, TEM and EBSD pre- 

and post-irradiation in cWC, RSB and W metal control samples.
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J. Materials Technology 

Dissimilar Metal Joining via Powder Metallurgy Hot Isostatic Pressing 

Sunchi Chen¹, Lee Aucott¹, Ed Eardley¹, Will Kyffin², Chris Bearcroft¹ 

¹ United Kingdom Atomic Energy Authority, United Kingdom 

² Nuclear Advanced Manufacturing Research Centre, United Kingdom 

 

In a future fusion energy powerplant, it’s likely required to join in-vessel components made of 

low-activation ferritic-martensitic steels to austenitic stainless-steel components that are part of 

the coolant network. Conventional dissimilar welding processes such as arc-welding require 

filler materials and can produce unwanted residual stresses within the final component.  

In this study, heterogenous powder-powder joints between 316LN austenitic stainless steel and 

P91 ferritic-martensitic steel have been successfully demonstrated using Powder Metallurgy 

Hot Isostatic Pressing (PM-HIP). Three billets were made, each being subject to different post-

HIP heat treatments (HTs); As-consolidated + quench, 316LN-optimised solution anneal, and 

P91-optimised solution anneal + temper.  

Mechanical testing of the billets showed that Charpy V-Notch toughness (CVN), hardness and 

tensile properties of the 316LN substrate were unaffected by all HTs. A 316LN-optimised HT 

produced properties that were mostly identical to the As-consolidated + quench billet for the 

P91 substrates. The P91-optimised solution anneal + temper demonstrated a lower tensile 

strength and hardness, and a higher CVN for the P91 substrate. Cross-weld tensile testing 

showed consistent failure into the 316LN substrate away from the joint interface, for all HTs. 

The yield strength was consistent with a typical 316LN strength of 630MPa.  

The interface between the austenitic 316LN and the ferritic-martensitic P91 powder particles 

has a ferritic structure finer than that of the P91 ferrite. It is suggested that this is due to Ni and 

Cr depletion at the interface, demonstrated by compositional line scans showing lower 

concentrations of Ni and Cr within the interface structure. Grain size measurements determined 

that, for both P91 and 316LN substrates, the average grain size is larger in the P91-optimised 

solution anneal + temper state than for the 316LN-optimised solution anneal. 

It can be concluded that PM-HIP is a viable route to manufacture a heterogenous powder-

powder 316LN to P91 joint.
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F. Magnets, Cryogenics and Electrical Systems 

Development status and experimental results of KSTAR ECH system 

Sunggug Kim, Sonjong Wang, Mi Jeong 

Korea Institute of Fusion Energy, South Korea 

 

Korea Superconducting Tokamak Advanced Research (KSTAR) is planning to install an 

electron cyclotron (EC) system for a total of 6MW Radiofrequency (RF) output and is currently 

in progress. Two ECH systems were installed in 2018, and two ECH systems were added in 

2020 and 2021 respectively. The four ECH systems use Gycom's 105/140 GHz dual frequency 

gyrotron. For stable and efficient operation, the high voltage power supply (HVPS) and 

integrated control system (ICS) have been upgraded twice. The upgraded HVPS and ECICS 

were successfully applied to the 2021 KSTAR campaign. However, some minor problems were 

discovered in the operation of HVPS and ECICS, and we newly developed HVPS and ECICS 

optimized for the KSTAR ECH system. First, there was a delay in the operation timing of 

HVPS, so a new topology was developed and applied. And we used commercially available 

switches for up to 5 kHz modulation operation. Because of the frequent breakdown and 

malfunction of this switch, we developed and applied a new HV switch. In addition, ECICS 

hardware has been newly developed for accurate timing and stable operation of the ECH 

system. The newly developed HVPS and ECICS will be applied to the 5th EC system of 

KSTAR. The fifth EC system will be installed with a Gycom's 170 GHz gyrotron in 2022. We 

will introduce the experimental results of newly developed HVPS and ECICS. And we will 

show the details of the improvements compared to the results of the previous system. We will 

describe the current KSTAR ECH status and introduce the Future Plan.
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G. Plasma-facing Components 

Brazing alloys characterization for EU-DEMO Divertor Target 

Francesco Crea¹, Valerio Cerri¹, Katja Hunger², Emanuela Martelli¹, Selanna Roccella¹, 

Jeong-Ha You² 

¹ ENEA, Department of Fusion and Nuclear Safety Technology, FSN-FUSTEC-TES, I-00044 Frascati, 

Rome, Italy 

² Max Planck Institute for Plasma Physics, D-85748 Garching bei München (IPP), Germany 

 

Within the EUROfusion roadmap for the DEMO reactor design, R&D activities have been 

promoted for the technological development of Plasma Facing Components. A dedicated task 

in the Work Package Divertor deals with the consolidation and verification of the current target 

concepts envisioned for DEMO, i.e., the ITER-like concept and the back-up concept with WfCu 

composite pipe. A research activity has been undertaken to support the back-up concept to find 

alternative technological solutions for monoblock-pipe joining, aiming at reducing the use of 

materials having high activation and/or degradation under neutron irradiation. This last aspect 

has been addressed through a dedicated brazing alloy screening activity. Three brazing alloys 

have been identified and tested: GemCo, Nicuman23 and TiCuNi. For each brazing alloy, a 

wettability test on W specimens has been performed. Then, three mock-ups have been realized 

using the three different brazing alloys, respectively. Each mock-up is composed of two W 

monoblocks without Cu interlayer joined with WfCu pipes. Nondestructive examinations with 

Ultrasonic Testing (UT) performed on each mock-up showed that monoblocks surface was not 

fully attached. Other two mock-ups have been realized using GemCo and Nicuman23, 

respectively, joining the monoblocks on CuCrZr pipes. Each mock-up has two monoblocks, 

one with Cu interlayer and one without interlayer. The purpose of these new mock-ups was to 

confirm the absence of wetting problems with W excluding any tube related issues. The UT 

results on these latest samples have shown excellent results both in the case of the presence of 

interlayer and without. Metallographic analyzes were also conducted on samples with a WfCu 

tube with the aim of identifying the cause of the defects. From the results, GemCo seems to be 

the most promising among the tested commercial alloys, thanks to its low amount of Nickel 

(i.e., low neutronic activation) and the good joining capabilities. 
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E. Diagnostics 

Fragment plume diagnostics for cryogenic pellet shattering studies: 

development and first experimental results 
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Shattered pellet injection is the baseline technology for the ITER Disruption Mitigation System 

(DMS). ITER DMS requires the use of large, 19x38 and 28.5x57 mm (diameter x length) 

cryogenic pellets, made of Hydrogen, Neon, or a mixture of those and accelerated to several 

hundred m/s velocity. Beside the production, acceleration and transfer of such pellets, the 

characterisation of the shattering is one of the main task of the ITER DMS Support Laboratory 

at Centre of Energy Research.  

For these investigations a fragment plume diagnostic chamber and a shattering chamber holding 

the shattering head are developed. Initially the shattering angle will be 20 degrees, but to ensure 

later possibilities to change the shattering angle, the design enables chamber rotation angles up 

to 60 degrees, which means a maximum of ~ 45-degree shattering head can be tested. The main 

task of the fragment plume diagnostic chamber is to carry out the diagnostics for the fragments. 

There are five measurement cross-sections along the chamber with two observation ports in 

each of them.  

Four different fragment diagnostics are developed. Two laser curtains are the main diagnostic 

measuring the spatio-temporal distribution of the fragments’ size and position, as well as the 

plume dispersion angle at two different locations from the shattering head. Dual side view 

diagnostic and witness foil are auxiliary systems, mainly operated during the commissioning of 

the injector or on demand at later phases. Finally, a shattering observation by a fast camera 

gives a possibility to study the shattering process itself. 

In this contribution the design and the implementation of fragment plume diagnostic chamber 

and diagnostics are presented together with the preliminary results of the first shattering 

experiments performed with large cryogenic pellets required for ITER DMS.
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I. Fuel Cycle and Breeding Blankets 

Parametric models for neutronics simulations and use in automated 

optimisations 

Aljaž Čufar, Anže Gabrijel 

¹ Jožef Stefan Institute, Slovenia 

 

Producing models for neutronics simulations is often a time-consuming task. Significant 

amount of time can be spent on drawing the models as well as on their preparation and 

conversion into formats suitable for use in neutronics simulation. While there are cases where 

this approach is necessary, there are also many cases where quick and straightforward 

production of models with minimal or no human involvement is preferred, e.g. in scoping 

studies or in model optimisation. 

Modelling geometry in parametric or partially parametric fashion can take more analyst time 

compared to preparing a single model of the same complexity. However, parametric modelling 

provides an efficient way to produce multiple models suitable for scoping or optimisation. 

Coupled with evaluation of results and a fitness function these models can then be used in 

optimisation schemes. Furthermore, if model preparation and result evaluation can be fully 

automated they can be used together with optimisation schemes such as genetic algorithms to 

fully automate the optimisation procedure. While these methods are in most cases currently not 

suitable for optimisations of complex geometries both due to complexity of such models and 

due to high computational intensity, i.e. these methods typically work best when large number 

of simulations can be run, the use with less computationally demanding cases is already possible 

and work on developing tools for parametric modelling of reactor components is ongoing. 

In this paper we take a look at some of the ways for preparation of neutronics models and 

evaluate their usefulness in automatic or semi-automatic optimisation schemes as well as look 

at some of these schemes that could already be used in automation of design optimisation 

process for various fusion reactor systems, e.g. tritium breeding blanket.
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C. Plasma Heating and Current Drive 

Radiation shielding of the test stand for the 1 MW NBIs' ion source units of 

COMPASS-Upgrade tokamak 

Illia Mysiura, Josef Varju, Josef Havlicek, Klara Bogar, Sarka Fukova, Martin Hron, Radomir 

Panek, COMPASS Team 

Institute of Plasma Physics of the CAS, Za Slovankou 3, 182 00 Prague 8, Czech Republic 

 

The COMPASS-U [1] will be equipped with up to six 1MW 80 keV ion sources installed on 

three Neutral Beam Injectors. Based on experience with COMPASS and other NBI-equipped 

tokamaks, their routine conditioning will be quite time-consuming. All this time the tokamak 

hall will be inaccessible and any work must be postponed due to neutron radiation from the DD 

reaction in the calorimeter. To partially relieve that issue the NBI ion source test stand is 

considered as an option for the COMPASS-U facility. Firstly, we are focusing on the NBI test 

stand radiation protection. A shielding has to fulfill the following three main requirements: It 

should attenuate radiation below the legal safety limits. Its size and cost should be within the 

project limits. Ideally, it should be easily adaptable for other purposes and neutron yields, and 

its assembly and disassembly should be as simple as possible. 

The first step in radiation shielding design is to estimate the neutron yield. The approximate 

value of neutron generation rate from [2] and [3] gives 40 times different values. A pessimistic 

estimate of 1.2x10¹⁵ neutrons/year is used as a safety margin for the design. To make the 

tokamak room accessible during the NBI test stand operation, the maximum radiation dose 

behind the shielding must not exceed 0.25 mSv/year (the legal limit for general-purpose 

personnel). After a few iterations of the design a three-layer shielding is chosen. The first and 

second layers are local shielding around the calorimeter made from containers with borated 

water and borated concrete blocks respectively. The third one is a strengthened concrete wall 

of the NBI test stand. Simulations of the radiation shielding were performed in the Monte-Carlo 

code OpenMC [4]. 

The optimization of the additives concentration and layers thicknesses and other design 

solutions will be given in this contribution. 
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B. Experimental Devices and Facilities for Fusion Research 

A technique for conducting of reactor in-situ tests of optical fibres and 
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Nowadays, equipping nuclear installations with optical fibres (OF) and fiber-optic sensors 

based on fiber Bragg gratings (FBG) is a growing trend in the development of optical diagnostic 

systems in thermonuclear installations. Currently, FBG-sensors have been developed and 

utilized for in-vessel applications in nuclear reactors. Radiation-induced attenuation (RIA) of 

light and radiation-induced luminescence (RIL) occurs in optical fibers in the process of mixed 

gamma-neutron irradiation. There have been limited number of studies devoted to investigation 

of the RIA of light in single-mode optical fibres (SMF) in near-IR range at a λ = 1.55 µm, which 

operates the majority of modern fiber-optic sensors, to the doses and fluences corresponding to 

ITER.  

The purpose of this research is to study the effect of synergistic effects (mixed gamma-neutron 

radiation, temperature, pressure) on the main properties of rad-hard SMF and FBG-sensors. For 

irradiation tests at the IVG.1M nuclear reactor core (Kurchatov, Kazakhstan), the most 

promising SMFs of various manufacturers with various (polyimide, acrylate, copper, 

aluminum) protective coatings, as well as two types of FBG-sensors were selected. Investigated 

SMFs and FBG-based sensors were selected in terms of their applicability in fission nuclear 

plants and thermonuclear facilities, including ITER. An experimental irradiation device (ID) to 

investigate RIA in fibers at λ=1.55 µm and radiation-induced change of the spectral properties 

of FBG-sensors was devised and fabricated. The samples were located in the evacuated ID 

installed in the core of the IVG.1M reactor operating at 6 MW power, at a steady-state fast 

neutron flux of 2.39⸱1013 n/cm2⸱s and γ-irradiation of 1570 Gy/s. A detailed description of the 

ID manufacture and assembly, the methodology of reactor in-situ tests was given. This 

methodology can also be applied to study the RIA in fibres and radiation-induced change of the 

spectral properties of fiber Bragg gratings-based sensors at other research reactors.
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G. Plasma-facing Components 

Investigation of the interaction of liquid tin-lithium alloy with austenitic 

stainless steel at high temperatures 

Yuriy Ponkratov¹, Irina Tazhibayeva¹, Yuriy Gordienko¹, Aleksei Vertkov², Vadim Bochkov¹, 

Yevgeniy Tulubayev¹, Kuanysh Samarkhanov¹, Nurkhat Orazgaliyev¹ 

¹ Institute of Atomic Energy Branch of the National Nuclear Center of the Republic of Kazakhstan, 

Kurchatov, Kazakhstan 

² JSC "Red Star", "Rosatom" State Corporation, Moscow, Russia 

 

The promising direction during the development of new-generation fusion reactors (FR) is to 

study the possibility of using fusible metals, such as: lithium, tin, gallium, as a plasma - facing 

material. A variety studies has been conducted on operating tokamaks and stellarators. In most 

cases, these studies were conducted using lithium or lithium capillary-porous structures (CPS). 

However, there was a serious problem while using of liquid lithium in FR's chamber. Lithium 

evaporates intensively at high temperatures and subsequently deposited on the inner surfaces 

of discharge chamber. An option to solve this problem is the use of lithium-tin alloys and 

lithium-tin CPS instead of lithium. Stainless steel is usually used as the CPS matrix material. 

The paper presents the results of studies of corrosion interaction of Sn-Li alloy (75 at. % and 

25 at. %) with ER309L stainless steel (SUS316 analogue) at 600 °С and 800 °С, the interaction 

time was about 100 hours for each temperature. The equipment, methodology and algorithm 

for conducting corrosion experiments are described. According to results, relative weight loss 

for stainless steel was determined, which was 3.54 10² g/m² and 4.07 10³ g/m² at 600 °C and 

800 °C, respectively. The parameters of the Arrhenius dependence of the effective dissolution 

constant of ER309L stainless steel were determined, which were K0=273±25 mol/c∙m², the 

activation energy of the process Es=123±15 kJ/mol. A detailed analysis of results of post-

experimental studies of stainless steel samples performed via microstructural, X-ray phase and 

energy dispersion analysis, during which the contribution to corrosion of the formation of 

intermetallic compounds was determined. 
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F. Magnets, Cryogenics and Electrical Systems 

New features of the TRAPS code for accurate 3D magnetic field 

calculations 

Patrick Hertout, Quentin Le Coz, Philippe Moreau, Alexandre Torre, Louis Zani 

CEA-IRFM, France 

 

The TRAPS code (Trapezes, Rectangles And Plasma Scenario) has been developed in the early 

90’s to evaluate with a great accuracy the maximum magnetic field on the Toroidal Field system 

of ITER preliminary design, so-called FEAT (Fusion Energy Advanced Tokamak). TRAPS 

allowed to take into account the coil trapezoidal cross sections (modelled with a uniform current 

density in this preliminary version) and showed that FEM code results (strongly dependant on 

the meshing refinement), gave an under estimation of the field of about 4 %, which is crucial 

for superconducting magnets.  

TRAPS code’s accuracy (10–6 to 10–8 relative error) comes from the mathematical methods 

used for the computation of the magnetic field induced by trapezoidal cross sectional 

conductors (straight segments, circle arcs or full circles): The Biot-Savart law integration is 

carried out fully analytically in the cross section, and even analytically along the segments.  

This paper briefly describes these calculations, the way their accuracy was improved, and three 

recently implemented new features:  

- A modelling of individual circular cross sectional conductors by trapezes and rectangles, for 

Toroidal Field system and Central Solenoid of tokamaks. 

- A modelling of a plasma current by a virtual casing of thin current elements on the plasma 

boundary, made up of trapezes. 

- Field line calculations (tangentially to the total magnetic field at any point).  

These last two developments allowed to compute the particle trajectories during WEST 

discharges, and to compare them with the position of the plasma facing components.  

The new modelling of circular cross sectional conductors was successfully applied on an ITER 

CS module and on the DEMO TF system, showing significant under estimation of the magnetic 

field compared with the preliminary massive modelling (0.1 to 0.2 T).
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B. Experimental Devices and Facilities for Fusion Research 

CHIMERA Facility PbLi Loop Upgrade and proposed WCLL Breeding 

Zone Experimental Campaign 

David Horsley, Thomas Barrett, Michal Baster, Fazal Chaudry, Petros Efthymiou, Adomas 

Lukenskas 

UKAEA, Culham Science Centre, Abingdon, Oxfordshire OX14 3DB, United Kingdom 

 

Liquid metals are utilised within contemporary fusion reactor concept designs to address the 

challenges of neutron shielding, tritium breeding self-sufficiency and reactor cooling under 

high surface and volumetric heat fluxes. The development of designs for ITER Test Blanket 

Modules and DEMO Breeding Blanket requires an understanding of the magnetohydrodynamic 

effects and their impact when coupled with the physics of a fusion relevant environment. 

Coupled modelling activities are employed to ensure phenomena throughout the component are 

within suitable limits. 

A facility named CHIMERA is currently under construction at UKAEA in South Yorkshire that 

will enable testing of large in-vessel components under a fusion relevant environment. This 

paper presents the concept design for the CHIMERA PbLi loop and the planned research 

objectives associated with testing a ‘first of its kind’ DEMO Water Cooled Lithium Lead 

(WCLL) Breeding Zone (BZ) Prototypical Mock-Up. This will provide the opportunity for 

enabling research to develop numerical codes and verify designs at component and system 

scales.  

The loop will deliver PbLi to a sample which can be exposed to individual or combination load 

phenomena. It is designed to operate independently with its own heat rejection function, 

featuring hot and cold ‘legs’ to reduce corrosion which aids compatibility with connected plant 

components. A systems engineering approach is followed to produce a design that meets the 

functional requirements whilst satisfying safety risks that arise from identified hazards. 

A research campaign will feature representative WCLL BZ geometries that investigate the 

magnetohydrodynamic effects on pressure loss and heat transfer at a system level as these can 

only currently be observed through experimentation. The objective of the research campaigns 

will be to perform these first of a kind experiments to realise high impact results, contributing 

towards alleviating current design uncertainty and risk, to the benefit of BZ design and the 

fusion community. 
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C. Plasma Heating and Current Drive 

Novel High Power Monitors and Loads for ECH Transmission Lines 

James Anderson, Kurt Zeller, Charles Moeller, John Doane, Ian Holmes 

General Atomics, USA 

 

Many microwave-based heating and current drive (H&CD) systems fielded in new fusion 

facilities require overmoded corrugated waveguides to efficiently transmit high power. The 24 

corrugated waveguide-based transmission lines forming ITER’s electron cyclotron heating 

(ECH) system will each transmit 1 MW of continuous power at 170 GHz. Future devices such 

as STEP and FPP will require even more transmission lines, as microwave based-systems 

become the primary means for H&CD. The technology for these transmission lines is rapidly 

advancing at General Atomics (GA), with the development of new materials, new cooling 

approaches, and new components such as inline diagnostics and loads. Transmission line 

diagnostics are used to provide crucial real-time information related to the status of the EC 

system, which in turn affects other systems. One example is the power monitor miter bend, 

which has been designed and built to be compatible with ITER 50 mm diameter waveguide 

lines. This device provides instantaneous voltage signals calibrated for HE11 power in both 

forward and reflected propagating directions. In addition, GA has designed an in-line power 

monitor which couples signals through the side of the waveguide to provide an indication of 

power in the transmission line as well as to identify frequency shifts. A 50 mm diameter version 

of this device has been built and successfully tested at QST in Japan. GA has also developed a 

mode monitoring miter mirror which provides power for different modes in the transmission 

line. This device has been built, tested, and implemented for the ECH system at DIII-D. Finally, 

a new type of calorimetric RF load has been developed for ECH systems which is compact, has 

few parts, no welds and can absorb 1 MW incident power with <0.5% reflection independent 

of input polarization. The load has also been tested at DIII-D with promising results.
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E. Diagnostics 

Diagnostic and status update on the nuclear linear plasma device JULE-PSI 

Rahul Rayaprolu, Lothar Scheibl, Micheal Reinhart, Dirk Nicolai, Arkadi Kreter, Gennady 

Sergienko, Sebastijan Brezinsek, Bernhard Unterberg, Christian Linsmeier 

Forschungszentrum Jülich, Germany 

 

Future DT fusion reactors will operate with steady-state discharges of hours. In these 

discharges, the plasma facing materials (PFMs) of the first wall will be simultaneously 

bombarded with plasma particles and neutrons, leading to erosion, and retention of tritium, as 

well as significant neutron damage of the wall components [1]. Presently, experimental data 

under harsh conditions and DT-fusion neutrons is sparse and produced only at JET. Thus, there 

is an urgent need to qualify the erosion and retention of neutron-irradiated PFMs under long-

term steady plasma conditions and controlled experimental conditions.  

JULE-PSI is a new linear plasma device being constructed at Forschungszentrum Jülich to 

investigate plasma-surface interactions on irradiated PFMs for ITER and future fusion reactors 

[2]. The machine, JULE-PSI, is conceptualised and designed to handle activated samples (after 

neutron or high energy proton irradiations and JET-DT operation) and will be placed and 

operated within a hot cell [3]. The device operation, sample exposure control, plasma 

characterisation and large portion of the post-exposure analysis will be done remotely. 

Laser based methods such as LID-QMS [4] and LIBS [5] are well established for retention 

measurement and material composition studies. Additionally, the laser-based methods are non-

destructive and ideal for application remotely into a hot cell. Therefore, laser-based methods, 

LID-QMS and LIBS are the preferred analysis techniques for post-exposure in-situ sample 

analysis in JULE-PSI. LIBS will use a short-pulse ps-laser routed through an optical articulation 

arm into the hot cell and will provide material composition information. A fibre-optic ms laser 

pulse will be used for LID-QMS measurements to determine solely the fuel retention without 

damaging the activated sample made. This contribution will provide a status update on JULE-

PSI design in a hot cell along with the design and implementation plans for LID-QMS and LIBS 

on the exposition and analysis chamber. 
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D. Plasma Engineering, Plasma Control, and CODAC 

Fast Fixed-Point FPGA Model Predictive Control for Tokamak Plasma 

Current and Shape Control 

Samo Gerksic 

Jozef Stefan Institute, Slovenia 

 

Plasma current and shape control (PCSC) is a challenging multivariable control problem with 

relatively fast dynamics. Model predictive control (MPC) is an online-optimization based 

approach related to linear-quadratic Gaussian (LQG) control that is able to consider constraints 

on control signals and thus enlarge the stabilizable region. The considered PCSC MPC schemes 

involve imposing constraints on some of the controlled signals, in particular on the magnetic 

coil currents. In practice there are limitations on the placement of constraints, because the 

available actuation may not facilitate the enforcement of all constraints placed on system 

states/outputs. To avoid highly undesirable conditions where the on-line optimization problem 

of MPC would become infeasible, soft output constraints are used (in case of infeasibility, a 

solution as close as possible to the violated constraints is found). For MPC on-line optimization, 

an iterative quadratic programming (QP) solver based on the dual fast gradient method (FGM) 

is used. With appropriate model reduction and MPC complexity reduction techniques applied, 

such control has already been shown computationally feasible for the ITER PCSC control 

implementation using a standard desktop computer [1], and using a floating-point field-

programmable-gate-array (FPGA) implementation.  

In this work, we propose an order of magnitude faster FPGA computational implementation 

based on fixed-point arithmetic, suitable also for experimentation on smaller dynamically faster 

tokamaks. We use a high-level synthesis (HLS) FPGA programming approach with semi-

automatic conversion of C-code algorithms without manual HDL coding, in a similar way as 

previously for the simpler primal FGM algorithm [2]. Matlab Fixed-Point Converter is used for 

the conversion to fixed-point arithmetic; then, Xilinx Vitis is used for programming the target 

FPGA device. 
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C. Plasma Heating and Current Drive 

An RF Ion Source for DIII-D Neutral Beams 

Brendan Crowley, Andrea Zamengo, John T Scoville, Jared Squire 

General Atomics, PO Box 85608, San Diego, California 92186, USA 

 

The Neutral Beam Injection System (NBI) on the DIII-D tokamak includes four beamlines, 

each equipped with two ion sources. The eight ion sources operate nominally at 75-83 kV and 

are capable of injecting up to 20 MW for plasma heating and current drive.  Ongoing 

enhancements to the capabilities of DIII-D, however, would benefit from the development of 

higher powered neutral beam sources. Specifically, the aim is to operate NBI sources at 93 

kV/85 A delivering a total of 24 MW after neutralization and transmission losses. To enable 

this advance, each ion source would be required to operate at 30% higher power than heretofore, 

which is beyond the capability of the present hot cathode sources and aging auxiliary power 

supplies.  

Radio Frequency (RF) inductively coupled plasma sources (ICP) offer many advantages over 

hot cathode sources for NBI applications. These advantages include ease of maintenance, fewer 

cables, smaller power supplies, and the ability to have the power supply at ground potential.  

Another significant advantage is the elimination of the need for several isolated arc chamber 

plates at varying potentials that can cause failure by shorting out at higher potentials.  

Here we report on the progress of RF ICP development efforts at DIII-D.  Results are presented 

from a small RF ion source that was built to study antenna design and the optimal operating 

parameters needed to achieve the desired plasma density, electron temperature and uniformity. 

Based on these results a conceptual design of a new ion source is discussed. The presented 

design includes the layout of the system, equipment location, power supply details, and thermal 

and mechanical modeling of the antenna, chamber and Faraday shield.
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H. Vessel/in-vessel Engineering and Remote Handling 

Structural behaviour characterization of ST40 Inner Vacuum Chamber 

(IVC2) during a plasma VDE using ANSYS Workbench 
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³ ENEA, Frascati, Rome, Italy - Univesity of Tuscia, Largo dell’Università, Viterbo, 01100, Italy 

 

The paper aim to define the structural behavior of the ST40 Inner Vacuum Chamber (IVC) 

under the action of electromagnetic loads from plasma fast UVDE scenario. This spherical 

tokamak is owned by Tokamak Energy Ltd, and it is the highest field device of its kind. The 

considered loads are obtained from the electromagnetic analysis [1] of the device and 

interpolated on the structural model through the distance based average mapping method. 

Indeed, the study represents the final phase of the proposed procedure and it verifies the 

compatibility for non-conventional low aspect ratio tokamaks. The maximum load due to eddy 

current and the maximum load generated by halo current (two different time steps) are studied 

in two different analyses. The analyses were carried out considering the entire ST40 model with 

high degree of detail, allowing to approximate with extreme precision its real behavior and to 

extrapolate the stress and deformation conditions on all the device elements. Specifically, the 

completeness of the realized and analysed model has guaranteed to study the global and the 

local stress state generated on the IVC, on its supports and on all the components that weigh on 

it. 
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B. Experimental Devices and Facilities for Fusion Research 

Population of a Preliminary ST40 Disruptions Database for VDE 

Electromagnetic Predictive Studies 
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Plasma disruptions pose high risks to the high-performance experimental plasma operations, 

threatening the machine integrity and availability. The design of future fusion devices is driven 

also by the purpose of reducing the causes triggering such events, as much as possible. 

Therefore, the evaluation of the plasma disruptions effects and their characterization are crucial 

aspects in the mechanical design of the components and in the mitigation strategies to cope with 

them. To support the ST40 Tokamak operations, causes and effects associated with disruptions 

have been investigated in this paper, both from physical and engineering standpoints. ST40 is 

a Spherical Tokamak (ST) designed and built by the private company Tokamak Energy Ltd. 

based in UK, which is presently operating on its path to fusion power. This paper presents a 

disruptions database analysis aimed at characterizing off-normal plasma scenarios in ST40 

2021-2022 experimental campaign. Among these events, Vertical Displacement Events (VDEs) 

are one of the major concerns considering that they produce intense up-down asymmetric 

induced current distributions. Since Electromagnetic (EM) loads during VDE phases are among 

the components design drivers, in these studies, VDE predictive simulations have been 

performed. In particular, the reconstruction of plasma dynamic behaviors, starting from 

experimental data, after a disruption comparative benchmark analysis with numerical validation 

purpose is presented. These analyses have been performed by using MAXFEA and are the 

starting point to investigate the plasma vertical displacement and to evaluate EM loads on ST40 

mechanical components. In summary, the paper focuses on disruption studies supported by the 

population of a preliminary ST40 disruptions database for VDE EM predictive analyses, aiming 

at providing lessons to be learnt for the next ST40 experimental campaign and for the design of 

future ST devices.
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G. Plasma-facing Components 

Polycrystalline Diamond Exposed to Deuterium Plasma 
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Mikhail Lavrentiev² 
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Diamonds intrinsic hardness, excellent thermal conductivity and low atomic number make it a 

highly promising candidate as a plasma facing material. Furthermore, diamond has a wide band 

gap which can be tuned through the presence of boron doping - making the material of interest 

for in-vessel sensors. Boron incorporation in diamond may also alter its properties in a 

beneficial way when exposed to energetic plasma particles.  However, as with the previously 

used graphite, concerns over tritium retention and resultant chemical etching have so far limited 

research interest in the use of synthetic diamond. In order to study tritium retention, the 

DELPHI facility at the Culham Centre for Fusion Energy was used to expose polycrystalline 

diamond samples (provided by Element 6) to deuterium plasmas. Deuterium ions were 

accelerated to an energy of 0.2keV to 1keV for a 5 hour exposure time, achieving a fluence of 

around 5.5x10²¹ Dm⁻².  Exposed samples were analysed using Thermal Desorption 

Spectroscopy. Increasing implantation energy resulted in additional release peaks observed in 

the 800-1100K temperature range not seen at lower energies. These peaks were interpreted as 

an additional bonding mechanism, a likely candidate for which is inter-grain deuterium. 

Experimental work was complemented with molecular dynamics simulations in LAMMPS on 

the University of Bristol’s high performance computer - Blue Crystal Phase 4. In these 

simulations, both varying implantation energy and the presence of grain boundaries were 

explored.
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E. Diagnostics 

Neutronic analyses for Standard Modular Equatorial Diagnostic Port Plug 

in ITER 
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The standard modular Equatorial Port Plug (EPP) in ITER is at its final stage of design. It serves 

as common platforms for different diagnostics systems which are integrated together in three 

cassettes called Diagnostic Shielding Module (DSM). The equatorial port #12 will host an EPP 

with six diagnostics: the Visible-Infrared Camera and the H-alpha Monitor, integrated in DSM 

#1, the Glow Discharge Wall Conditioning (GDC), the Radial X-rays Camera and the Hard X-

rays Monitor, installed in DSM #2 and the Core Thomson Scattering in DSM #3. The EPP 

should not only serves as a diagnostic port, but also it has to provide the necessary shielding to 

allow for maintenance in port interspace and in port cell. This work is devoted to nuclear 

analyses performed to assess the nuclear loads and the shielding performance of the system. A 

very detailed neutronic model of EPP #12 have been developed and integrated in a 40° ITER 

sector MCNP model (C-model). The implemented model has been used to evaluate the neutron 

and gamma flux distributions from the first wall to the port cell, with D1SUNED v3.1.4 code. 

The impact of radiation cross-talk with neighboring ports has been assessed during and at the 

end of ITER operations. Results are presented and discussed.
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F. Magnets, Cryogenics and Electrical Systems 

A combined algoritmh for the design of HTS toroidal and poloidal magnet 

systems with a view to DEMO 
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The European Roadmap to Fusion Electricity represents the main way to obtain within the next 

three decades the DEMOnstration fusion reactor, aiming to a net Gain of Energy Q=40. The 

2018 DEMO baseline considers a 2000 MW tokamak device, and a target performance of 6 T 

on the plasma centroid which is about 9 m from the machine axis. To account the effect of the 

ripple and the radial built of the thermal shield, the outer radius of the TF inner leg is 

approximately 4.3 m. In the current designs, the TF winding packs are planned to operate in a 

range of B = 12–13 T and is based on low temperature superconductors (LTS). The Nb₃Sn 

performances are limited to the J/T/B domain, which means that it is difficult ensuring a stable 

functioning over a current density J ≈ 50/100 A/mm² considering T = 4.2 K and the above-

mentioned magnetic field. To operate with different ranges of these parameters, the high 

temperature superconductors (HTS) can be considered to improve the main magnet systems.  

The rationale behind the exploration of a fully HTS or Hybrid HTS/LTS design of the TF WP 

is twofold: on the one hand, it is possible to maintain the target performance of the machine and 

plasma redesigning the radial built of each magnet as a function of a more efficient cable in 

terms of critical current density; on the other hand, it is possible to keep constant the machine 

power leading the plasma field to higher value and consequently define a new set of radial 

builds with a new consistent D-shaped TF coils and poloidal magnet systems. The HTS CS is 

optimized to reach the highest magnetic flux. The new layouts are defined with a dedicated 

explorer algorithm capable of accounting the main constraints to reshape the machine 

consistently.
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D. Plasma Engineering, Plasma Control, and CODAC 

Identification of physics events for the characterization of disruptions in 

JET 
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¹ Laboratorio Nacional de Fusión. CIEMAT, Madrid, Spain 

² Consorzio RFX (CNR, ENEA, INFN, Universitá di Padova), Italy 

 

The Sequence of Physics Events (SPE) that lead the plasma towards a disruption vary among 

discharges. An Event, in this work, refers to a physics signature (e.g. a peaked electron density 

profile, a hollow Te profile, SXR and bolometry peaking factors), whose duration may vary 

from few ms to several hundreds of ms. The SPEs have a direct influence in the evolution of 

the pulses. Then, it is reasonable to assume that their identification can provide crucial 

information to keep the discharges within a safe operational space. 

In this work, first, a set of Event detectors (each one targeting a distinctive disruptionrelated 

phenomenon) have been considered. These detectors have been applied to JET disruptive 

discharges in the range of #94152 to #97137 (June 2019 – March 2020) (corresponding only to 

the Baseline and the Hybrid scenario experiments). Each of these disruptive shots has been 

characterized by its corresponding SPE. 

Once the main signatures of the disruptive behaviour have been determined, the last step of the 

work consists on the comparison of these SPEs. The objective is to identify which of them are 

more prone to occurring and to describing their impact on the discharge evolution. To provide 

just one example of our findings, a recurrent SPE is characterized by a radiative peaking event 

(duration of tens of milliseconds) and another posterior radiative peaking event (duration of 

~100ms), which overlap with a pronounced hollow Te profile before the disruption fully 

develops and the plasma current quench takes place). 

This kind of analysis has been performed independently for the Baseline and the Hybrid 

scenarios and it investigates the most common SPEs that drive the experiments to the 

disruption. 

 

 

* See the author list of Overview of JET results for optimising ITER operation by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France,10–15 May 2021). 
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A. General Reviews for DEMO, Power Plants and Plant Systems 

FAROES: an open-source code for optimization of fusion systems 

Jacob Schwartz, Egemen Kolemen 

Princeton University, USA 

 

FAROES (Fusion Analysis, Research and Optimization for Energy Systems) is a new open-

source package for the technological and economic modeling of fusion systems, especially 

tokamaks. It is written in python and uses OpenMDAO, a framework for multidisciplinary 

design, analysis, and optimization. This lets users easily select any set of inputs to act as a 

design variables, any set of outputs to act as constraints, and any output to act as the objective. 

It also acts as an interface to various optimization drivers; a gradient-based optimization scheme 

allows for rapid evaluation of the design space. So far, a zero-dimensional model of a steady-

state NBI-driven tokamak has been constructed. The code is built in a modular manner, so that 

components can be reused for other types of devices. A pulsed tokamak model is in progress 

and future improvements to a 1D plasma model are envisioned. As an open-source tool there 

are a variety of potential roles for FAROES models. They have been used to study the effects 

of plasma triangularity on the economics of a DEMO-like steady-state tokamak, and as a data 

source for studies in the GenX electricity systems capacity expansion model. They could also 

be used for initial scoping of designs, as potential substitutes for PROCESS as a low-

dimensional kernel for more sophisticated codes, as models for technology assessment, or for 

teaching fusion systems design. 
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E. Diagnostics 

Structural Analysis of the ITER Upper Port Mounted Bolometer Camera 
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The ITER bolometer diagnostic provides the absolutely calibrated radiation emitted by the 

plasma, which is a part of the total energy balance. The development of its components is 

especially challenging because of the extreme environmental conditions within the vacuum 

vessel during plasma operation. Reliable measurements have to be assured while being 

subjected to high neutron fluxes as well as plasma radiation resulting in temperatures of the 

components exceeding 200 °C. In addition to the thermal loads, the bolometer camera housing 

is exposed to mechanical loads caused by electromagnetic forces (EM) during transient events 

of the plasma operation, called disruptions.  

Bolometer cameras are positioned all over the plasma vacuum vessel. This paper describes the 

structural analysis of a camera located in the upper port plug. To examine all important 

structural responses of the camera body, a multiple nonlinear finite element model has been 

generated. The EM loads have been calculated by a general electromagnetic model, taking into 

account the contribution of all structural parts and electromagnetic loading starting with 

simulations using the DINA code. From the wide range of DINA results the worst case load 

scenario has been chosen. The thermal loads during both baking and operation scenarios are 

calculated by a specific thermal model. 

The analysis validates the camera design, and optimization plans are proposed. A critical point 

is the mounting connection of the camera, which has to sustain EM forces in the range of 100 

kN. A wedge-type shear key design is employed, to reduce the problematic shear force on the 

mounting bolts due to EM loads. Pre-stressing the shear keys allows accommodating the 

thermal expansion difference between the camera housing and the port plug structure. The 

output of the analysis also includes the interface loads to the port plug for further integration 

verification.
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G. Plasma-facing Components 

Liquid Lithium Dropper System to Investigate Liquid Lithium Wettability 

of Porous Tungsten Plasma Facing Components 
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Solid, high-Z materials such as tungsten-based alloys and alloy composites are attractive for 

use as plasma facing components (PFCs) in magnetic fusion reactors because of their low 

sputtering yield, high melting point, and high thermal conductivity [1]. However, the use of 

these high-Z PFCs poses challenges during transient event operation such as dust generation, 

surface melting, cracking, and droplet ejection [2]. A possible solution to protect the fusion 

plasma from high-Z impurities is to coat the PFCs with a low-Z metal such as lithium. With 

lithium in a liquid form, it is possible to continually replenish the surface coating and therefore 

maintain a low-Z plasma interface while tolerating both high steady-state and transient heat 

fluxes in the high-duty cycle environment of a fusion reactor [3]. Optimal wetting of the liquid 

Li on the substrate is important to ensure the protection of the PFCs [2], entrain impurities, and 

achieve optimal hydrogen retention [4] for a low-recycling regime.   

An in-vacuo liquid lithium dropper system was designed as a part of the IGNIS-2 facility at 

Penn State’s Radiation Surface Science and Engineering Lab. The lithium dropper has the 

capability of directly applying lithium drops to substrates to enable measurements of their 

wetting properties. Both the dropper and the sample holder are equipped with multiple heating 

elements (≤ 900 °C). Liquid lithium wettability studies are being performed on nano-and 

mesoporous (sub-micron, 10–20 micron, and > 20 micron pores) tungsten substrates fabricated 

via spark plasma sintering, and characterized before and after applying Li using X-ray 

Photoelectron Spectroscopy, Scanning Electron Microscopy and Auger Electron Microscopy. 

The Li droplet applied to the substrate is video recorded in-situ at temperatures up to 400 °C by 

a multi-stage optical system. Contact angles at different temperatures and substrate porosities 

will be measured to determine an optimal design of PFC surface microstructures. 
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E. Diagnostics 
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The Wide Angle Viewing System (WAVS) for ITER is a major diagnostic for machine 

protection, plasma control and physics analysis. The diagnostic will measure the surface 

temperature of the plasma facing components by infrared thermography being one of its main 

roles to protect them from damage. It will also image the plasma emission in the visible range. 

The full system is composed of 15 lines of sights located in four equatorial ports (3, 9, 12 and 

17). 

As part of the ex-vessel optics, the first element of the optical chain is the Optical Hinge (OH). 

It is constituted by two folding mirrors which face the port plug exit optical beam. The mission 

of this component is to compensate the differential motion between the vacuum vessel and the 

building, during normal operation and baking. This function will be performed by means of a 

piezo actuator coupled to the OH upper mirror (and a set of reference switches) to drive the 

vertical displacement of the mirror in order to get the desired alignment position of the optical 

beam. The piezo actuator has been identified as the main critical item of the OH what has 

motivated the fabrication of an OH prototype (for one line of sight) aimed at performing a set 

of tests to validate the piezo actuator under operation conditions. The tests have consisted in 

the characterization of the piezo actuator behaviour with the nominal load after being irradiated 

to the dose expected in ITER. Moreover, additional tests have been conducted to find out the 

influence of the cable length from the piezo actuator to the controller in the performance. A 

description of these tests and the results obtained will be presented in the paper. 
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G. Plasma-facing Components 

Multiphysics simulation and analysis of a divertor cassette 
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In pursuit of high-fidelity analysis of large tokamak components, we present the results of 

multiphysics simulations of a divertor cassette using MOOSE (Multiphysics Object-Oriented 

Simulation Environment). MOOSE is an open-source integrated modelling framework with 

proven scalability to tens of thousands of cores. Parallel performance is a priority in our 

engineering workflows as we work towards calculations of ever-increasing scale and 

complexity. This work combines our own modules developed for neutronics and tritium 

transport with the in-built framework capabilities of heat transfer and stress analysis. 

Using a realistic ITER-like divertor cassette geometry, we simulate a complete thermo-

mechanical loading scenario and investigate how the resultant temperature and stress fields 

impact tritium retention over the component lifetime. We look to assess three-dimensional and 

direct-coupling effects where they may otherwise be neglected and quantify their significance 

when compared to simplified approaches.  

Tightly coupled simulations on detailed and complex three-dimensional geometries present 

obvious challenges, however, we demonstrate the tractability of modelling large fusion 

components (exhibiting multiscale and multiphysics phenomena) by effectively employing 

HPC resources. We contrast our own results in this paper against existing analyses to highlight 

the new insight this provides. Finally, we consider the broader scope of the capabilities 

demonstrated and indicate future directions of interest.
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I. Fuel Cycle and Breeding Blankets 

Gas adsorption modeling of helium at very low temperatures considering 

quantum effects 
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Efficient cryogenic vacuum pumping, based on cryosorption, is of major importance in the 

pumping systems of the main components (cryostat, torus, NBI) of many fusion reactors. Under 

these conditions the gas flow is rarefied and numerous computational studies have been 

performed by employing mainly the Direct Simulation Monte Carlo (DSMC) method and also 

kinetic model equations to reliably simulate gas adsorption and support the design of cryogenic 

pumping. In all previous studies the intermolecular potential (IP) is approximated by the hard-

sphere and variable hard sphere models, mainly due to their simplicity, while more physical IP 

models (e.g., Lennard-Jones) may also be applied. A major pitfall of the classical IP models is 

that they all contain adjustable parameters, which are extracted from experimental data and the 

fitted parameters are valid only in narrow temperature ranges. Another significant pitfall is that 

they cannot capture quantum effects, which have been recently found to be not negligible in the 

transport of light gases when the temperature is lower than 300K [1]. Based on all above, in the 

present work, the effect of quantum scattering in the adsorption of helium at surfaces 

maintained at low temperatures (about 4K) is computationally investigated. The flow setup is 

similar to the one in [2] but now the flow is modeled via the linearized Boltzmann equation and 

the DSMC method by employing the ab initio potential with quantum and classical scattering. 

The computed adsorbed particle flow rates are compared to deduce the effect of the quantum 

approach in terms of the imposed temperature and sticking coefficient. 
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G. Plasma-facing Components 

Equilibrium and divertor optimisation in spherical tokamak reactors 
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Managing the heat exhaust presents one of the main challenges in the design of a spherical 

tokamak reactor. The development of a robust exhaust solution is intrinsically linked to the 

optimisation of the plasma equilibrium, together with a compatible poloidal field (PF) system. 

A multidisciplinary design framework should balance a host of often conflicting physics and 

engineering requirements and identify a set of self-consistent constraints. This work employs 

an iterative approach which fully integrates the core and edge plasma scenarios, ensuring 

compatibility with the available technology.  

The aim of this paper is to assess several magnetic configurations consistent with the UKAEA 

STEP prototype reactor designs. Firstly, we use the FIESTA free-boundary equilibrium code to 

optimise the global configuration for a chosen double-null scenario, employing both standard 

and advanced exhaust-handling schemes. We then analyse the local scrape-off layer (SOL) 

magnetic topology in order to assess the divertor performance. We discuss the advantages and 

disadvantages of each configuration in terms of the divertor metrics, the effects on plasma 

scenario, and the implications for whole reactor design. 

The inner divertor proves to be the most challenging issue in a compact device such as STEP. 

The small target area and reduced SOL width at the small strike-point radius lead to excessive 

heat loads beyond the power-handling capacity of standard concepts. We propose an alternative 

inner X-divertor configuration and compare it with the standard divertor optimised for maximal 

connection length and poloidal flux expansion. The objective is to achieve the optimal global 

configuration with a realistic coilset, taking into account space constraints and material 

limitations. We discuss the feasibility of each considered exhaust solution in STEP, where the 

PF shaping coils are placed either in unfavourable locations outside of the toroidal field (TF) 

coil or mounted inside the TF and operating near their engineering limits.
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F. Magnets, Cryogenics and Electrical Systems 
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SPIDER experiment is the full-scale prototype of the radiofrequency (RF) inductively coupled 

negative ion source of the ITER Neutral Beam Injector. The ion source is installed in a vacuum 

vessel and operated at low pressure of H2 or D2. The plasma is generated via RF coupling inside 

the so-called RF driver and the RF system is rated to deliver a total power of 800 kW at 1MHz. 

The experience acquired since 2018 during the extensive SPIDER operation sheds light on the 

specific critical aspects arisen in such a complex and unique facility. Their detailed analysis led 

to possible design improvements of several SPIDER components and the identified solutions 

will be implemented during the long shutdown started at the end of 2021. The paper reviews 

analyses and implementation of upgrades on RF and DC high-current circuits on board the 

source. The study includes the development of additional electrostatic screens on high voltage 

RF vacuum capacitors and ceramic breaks to improve their electrical insulation strength. 

Specific upgrade of RF coil dielectric support, a component of the RF driver, is also described 

which resulted in a novel component called “dolfin”. Its design aims to reduce with respect to 

previous solutions the electric field on critical points and to increase the sputtering resilience. 

In addition, a revision of the installation of the so called Electro Magnetic Shield (EMS) around 

the RF driver is discussed, which implements electrical connection to the source body to avoid 

the generation of RF magnetic field in the driver due to eddy currents, while preserving 

shielding effectiveness. Finally, to improve the ion source accessibility for maintenance and for 

visual inspection during operation, a geometrical modification is applied to the 600 A bus-bar 

feeding the source bias system responsible in particular for the reduction of the co-extracted 

electrons.  
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The ITER Visible and InfraRed Wide Angle Viewing System (VisIR WAVS) is a major system 

for the monitoring of the components facing to the plasma. It is of upmost importance as it is 

involved in the machine protection, in basic and advanced controls, and in physics analyses. 

The diagnostic reaches the final phase of its design for the Equatorial Port #12 (EP#12) and 

IRFM designed a very detailed model for the In-Vessel part with three lines of sight 

implemented in EP#12.  

This paper presents the neutronics analyses that have been performed in the framework of two 

contracts with Fusion for Energy F4E, the FPA-407/SG#04 and GRT-1146 grants. The nuclear 

analyses covered both mode-0 for the nuclear heating calculations in supply to the 

thermomechanical analyses, and mode-1 for the dose rate calculations in the InterSpace after 

the shutdown of the plasma. The paper describes the methodology used in the neutronics study 

and the main results are presented. Some optimizations of the design taking into account the 

implementation of additional protections are also analysed in order to show how the particles 

behave when SS316L(N)-IG blocks are introduced in the First Mirror Units and in the Hot 

DogLeg of the system. Additionally, the paper presents the waste inventory of the diagnostic 

and focuses on the main materials used in the different components: SS316L(N)-IG, 

SS316L(N), SS660, SS316L, Al₂O₃, CuCrZR-IG, and Inconel-625. 

The main conclusions will deal with the respect of the ALARA principle, demonstrating that 

the design tends to be compliant with it as much as possible. They will also focus on the 

assessment of the relative contribution of the diagnostic to the total dose rate in the machine 

thanks to comparisons with a free-of-Vis IR WAVS configuration and with a breakdown of the 

contributions from the different components in the reactor.
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In the frame of the safety studies for EU-DEMO reactor, important attention is given to the 

mitigation of hydrogen concentration in the vacuum vessel and connected volumes since it 

would lead to a possible hazard in releasing tritium and activated dust. In fact, the risk of 

explosion cannot be excluded a priori if H₂ stockpiles. For this reason, in both water and helium 

cooled blanket concepts of EU-DEMO, the problem is under investigation with a cross-

reference between the available technologies in fission (such as the Passive Autocatalytic 

Recombines – PAR) and fusion application. In particular, the recent analyses pointed out on 

the implementation of the PARs into the Vacuum Vessel Pressure Suppression System 

(VVPSS) or in linked systems.  

In this paper, the Hydrogen behaviour (main mobilized tritium source term) is evaluated for the 

Helium-Cooled Pebble Bed (HCPB) VVPSS concept. In particular, MELCOR 1.8.6 model of 

the VVPSS, based on past activities aimed at dust transport and thermohydraulic analyses, is 

adopted.  

The paper will introduce the applicability of the PAR technology in the operation range of the 

fusion devices, analyzing the problem of the recombination rate due to dilution of H₂ inside the 

Helium blowdown in the case of HCPB. The analyses will preliminary investigate the 

stratification of the hydrogen mass inventory inside the VVPSS.
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D. Plasma Engineering, Plasma Control, and CODAC 

Identification of H-mode Density Limit key events by ISOMAP at AUG 
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The main purpose of H-Mode disruption avoidance experiments is to avoid already the abrupt 

loss of energy confinement and to seek to recover the plasma to the previous, high confinement, 

stable state. Thus, one of the main challenges is to promptly detect key events in disruptive 

paths to handle in real-time disruptions with the appropriate actuators. In this context, in [1] the 

authors proposed a Machine Learning algorithm as real-time detector of the starting times the 

of H-mode degrading and breakdown phases and the MARFE formation in disruptions known 

as HDL. The manifold of 26 disruptions, coming from such HDL experiments performed at 

AUG from 2011 to 2016, have been mapped by the ISOmetric MAPping (ISOMAP) algorithm. 

The manifold is defined by 14 plasma parameters: q95, li, Wmhd, Dtot, fGRW, PTOT, four radiated 

power measures extracted from the bolometer horizontal camera profile, and three electron 

temperature measures got from the ECE radiometer profile. All latter quantities are available in 

real time. The test pulses have been projected into the ISOMAP allowing the tracking of the 

HDL disruptions through its characteristic phases. We succeeded to optimize the criterion that 

allows the automatic identification of the HDL key events. The present paper focusses on this 

improvement, the generalization capability of the ISOMAP [1] and on testing false alarms. For 

this purpose, the database has been enlarged adding 39 HDL disruptions selected from the most 

recent avoidance experiments, 12 L-Mode disruptions without previous H-Mode phase and 28 

regularly terminates pulses. Preliminary results show that the ISOMAP allows the automatic 

detection of the degrading H-mode and breakdown starting phases with a mean deviation of 

100 ms and 45 ms respectively. A new event detection criterion is under investigation to 

improve the performance. 
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Design criteria are being developed for the DEMO in-vessel components as part of a dedicated 

development project (DDC-IC). Exhaustion of ductility design rules in ASME-BPVC (Section-

VIII, Division-2) and the ITER SDC-IC were reviewed and found to be over-conservative in 

high stress triaxiality conditions and under-conservative in low and negative stress triaxiality 

conditions. Large loads, including many with low or negative triaxialities, are expected in in-

vessel components of the DEMO fusion reactor. The criterion presented here has been 

developed for the design assessment of in-vessel components for exhaustion of ductility. The 

proposed criterion is based on the T-criterion and postulates that failure by exhaustion of 

ductility occurs when a critical value of either distortional or dilatational elastic strain energy 

density is reached. Using data from materials testing of Copper Chromium Zirconium and 

Eurofer 97 at multiple temperatures and stress triaxialities, finite element models were created 

to determine the stress and strain state at failure. These are used to validate the failure criterion 

and obtain the critical elastic strain energy densities. Use of the proposed criterion reduces 

conservatism at high triaxialities, where loading is dominated by hydrostatic tensile stress. This 

will allow designers to significantly increase allowable strains, by a factor of more than two in 

some cases. The rule will also better assess failure strain in loading dominated by deviatoric 

stresses, which are either not addressed or overpredicted in existing design rules.
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The objective of this work was to apply parametric geometry creation to the Breeder Blanket 

design process. Breeder Blankets are a key component for fusion power plants by breeding 

tritium fuel and generating useful heat. This makes them multifaceted systems interfacing with 

plasma, fuel cycle and power infrastructure. The creation of parametric geometry allows tight 

integration of the analysis used to assess Breeder Blankets to accelerate development cycles. 

The work presented utilised a design service contract to create a parametric blanket geometry 

tool, Parablank. Parablank is a python library that generates automated parametric geometries 

using CadQuery and Jupyter-CadQuery - Python bindings for Open Cascade Technology 

Kernel. Multiple configurations of Breeder Blanket models were created in an efficient method 

while utilizing the interactive option of Jupyter-CadQuery, eliminating the need for external 

CAD packages.  

Parablank utilises a hierarchical structure to aid with alignment with Blanket Design Bill of 

Materials. Each part within the structure has primitive solids forming the components that 

creates assemblies of different systems in the blanket. This hierarchy is unified into a superior 

assembly level which constructs a Breeder Blanket module. The parametric nature of the tool 

allows for detection and remediation of overlapping geometries. 

Parablank can generate flow networks of interconnected flow channels in the system and can 

be used as an input for 1D flow software, such as Flomaster, to evaluate thermal hydraulic 

behaviour and perform Computational Fluid Dynamics analyses of the entire Blanket. 

Parablank generated geometries have been evaluated against homogenised CAD packages, to 

perform neutronics studies and have shown the ability to produce a higher degree of accuracy. 

An overview of this and other integrated tools for parametric analysis coupled with 

investigation on a broad number of Breeder Blanket designs will be covered herein.
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The NORTH device is proving to be a versatile and educational platform to investigate basic 

plasma physics phenomena, plasma turbulence, and plasma-wave interactions. Additionally, it 

serves as platform to develop and test diagnostic techniques. 

The advantage of small devices like NORTH is their flexibility and accessibility. Their plasma 

dynamics are representative of the phenomena occurring in the scrape-off layer of bigger 

devices. At the same time, probes can be used across the whole plasma volume to measure the 

plasma properties at different scales, allowing agile testing of concepts or theories. 

The main diagnostic on NORTH is based on multiple Langmuir probes. They are biased for 

fast measurements of the density. The data are acquired with a sampling frequency of 1 

MHz/channel with a 16-bit digitizer. Additionally, we have installed a radiometer composed of 

a RF probe, a set of notch filters, amplifiers, and a fast digitizer (8-bit, 12.5 GSps). It is used to 

measure the wave spectra with a bandwidth of 5 GHz. Visible imaging of the discharges is 

achieved by a fast camera (up to 40 kfps) combined with a tomographic system based on 

multiple linear CCD cameras.  

In this contribution we show the use of the three systems combined for investigating turbulence 

and non-linear wave phenomena. Features in the spectra measured by the radiometer are 

correlated to the density map evolution measured by the probes and to the data recorded by the 

imaging systems.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Shutdown Dose Rates In-Cryostat Outside the EU-DEMO Vacuum Vessel 
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Future fusion reactors using deuterium-tritium fuel will exhibit high fluences of high-energy 

neutrons inside and around the reactor vessel. As well as causing material damage, fusion 

neutrons will activate materials, the decay of which leads to radiation fields in and around the 

reactor after shutdown. Gamma-ray emission from activated materials is a particular 

radiological hazard during periods of reactor shutdown. This must be accounted for in the 

design of the reactor shielding to ensure that risk are reduced as low as reasonably achievable. 

Recent neutronics work has evaluated the shutdown dose rates (SDDRs) in the EU 

DEMOnstration power plant (DEMO) around the ports and throughout the cryostat, 

incorporating prospective shielding improvements to the vessel and ports. These include 

changes to the vessel material and outboard thickness, updates to the equatorial port electron-

cyclotron (EC) design, and proposed changes to the shielding design of the lower port, outboard 

midplane limiter and upper port. 

Prior to the proposed shielding design improvements, calculations for the model including the 

helium-cooled pebble bed (HCPB) blanket showed that radiation leakage through the blanket 

and vacuum vessel leads to biological-equivalent SDDRs (following 12 days' decay) above 

1000 µSv/h throughout the cryostat, ignoring additional contribution from the ports. Inclusion 

of the proposed vessel changes reduces this dose rate to below 100 µSv/h. The work finds an 

approximate order-of-magnitude reduction in SDDR throughout the cryostat when all proposed 

shielding improvements are applied. The work shows that to further reduce dose rates inside 

the cryostat, improving the shielding performance of the ports is required, with particular 

emphasis on the lower and the equatorial EC ports which currently dominate the dose rates. 

 

Acknowledgment 

This work has been carried out within the framework of the EUROfusion Consortium and has 

received funding from the Euratom research and training programme 2014-2018 and 2019-2020 

under grant agreement No 633053. The views and opinions expressed herein do not necessarily 

reflect those of the European Commission. This work has also been carried out with funding 

from EPSRC Grant EP/T012250/1.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 681 

P-2.188 Poster 

H. Vessel/in-vessel Engineering and Remote Handling 

Preliminary structural design verification of the DEMO breeding blanket 
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Concepts of the BB transporter and transfer cask have recently been developed by EUROfusion 

for the demonstration fusion power plant DEMO to carry out the remote replacement of the 

breeding blanket (BB). Here preliminary structural analyses of the Breeding Blanket (BB) 

transporter and transfer cask are presented. A series of elastic structural analyses following the 

RCC-MRx and EN 13001-3 design codes and addressing primary design stresses are presented. 

The remote handling system is positioned on top of the Vacuum Vessel (VV) upper port. Load 

actions considered arise from the dead weight of all components, from the handling of BB 

segments and from seismic events that can occur while remote handling is being carried out 

and the reactor is in shutdown mode. This work deals with the transfer cask, including the rails 

on which the BB transporter moves to retrieve or install a BB, and the transporter itself, i.e. 

skids, beams and the radial trolley. The sub-assemblies from the radial trolley to the actual 

segments are modelled as being external loads. 

The analyses are performed using a numerical Finite Element (FE) static structural model. 

Simplifications to conceptual design geometries are made for model parts that are not the focus 

of the analysis. A mixture of solid and beam elements was necessary to model the whole 

assembly of the transfer cask. Extensive use of contact and joint definitions was made in order 

to capture the quasi-static setup. 

The results were used for design improvements and for a quantification of key parameters, such 

as reactions on bearing rollers and forces in the lifting chains. Results generally show that the 

design concept of the in-vessel handling system is feasible with only a few component 

dimension modifications required to meet the set criteria.
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J. Materials Technology 

Study of the Oxidation Resistance of SMART Materials via Nanoscale 

Analysis 
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Tungsten is a candidate material for the first wall in a fusion DEMOnstration power plant 

(DEMO). But in case of a loss-of-coolant accident (LOCA) with air ingress, tungsten readily 

oxidizes and forms volatile tungsten oxide. To suppress the oxidation of tungsten in an 

accidental scenario in DEMO, Self-passivating Metal Alloys with Reduced Thermo-oxidation 

(SMART) are being developed. The unique aspect of SMART materials is that they are able to 

adapt their properties according to the environment. They are resistant to sputtering under 

regular plasma operation and are capable of forming a self-passivating oxide layer in an 

accidental scenario, suppressing oxidation and withstanding temperatures of up to 1000 °C. In 

this work, the SMART material containing 11.4 wt.% chromium and 0.6 wt.% yttrium (W-

11.4Cr-0.6Y) is studied. 

To understand the oxidation mechanisms in SMART materials, it is important to obtain 

nanoscale information using advanced characterization techniques such as Atom Probe 

Tomography (APT). Using APT, we can get the three-dimensional elemental distribution at an 

atomic scale, quantify the segregation of elements at grain boundaries and interfaces, and get 

information for carrying out modelling studies. According to the APT analysis of W-11.4Cr-

0.6Y, in the as-sintered state, there is no free yttrium and we find Y2O3 precipitates, primarily 

along grain boundaries. After oxidation, a protective chromia scale is formed on the surface, 

with yttrium framing the grains of the oxide, while the Y2O3 precipitates in the bulk of the alloy 

become YCrO3. Yttrium seems to have a “cleaning” action, binding to oxygen and reducing the 

internal oxidation of chromium, hence enabling chromium to diffuse and form the protective 

oxide layer. Further analyses are being performed to get more information about the role of 

yttrium in the oxidation process. Electron microscopy is used along with APT for a correlative 

approach to nanoscale characterization and analysis.
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C. Plasma Heating and Current Drive 

Mockup Test of ITER Equatorial Launcher optics 
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Yamazaki, Noriyuki Kobayashi, Taku Nakai, Koji Takahashi 

National Institutes for Quantum Science and Technology, 801-1 Mukouyama, Naka, Ibaraki 311-0193, 

Japan 

 

Japan Domestic Agency (JA-DA) is responsible to procurement of the equatorial electron 

cyclotron (EC) launcher. The optical design was finalized in 2020 in QST. Soon after, the 

mockup of ITER equatorial launcher (EL) optics was prepared in order to experimentally verify 

the calculated beam profile, internal scattering, and the functionality of EL. The mockup 

simulating the internal structure of the top row (one third of whole internal structure) consists 

of two mirrors (a fixed mirror and a poloidal steering mirror) and metallic walls made of thin 

stainless steel (SS) plates. Several kinds of waveguide supports were also prepared in order to 

install waveguides at 8 locations and along 8 directions as designed. With some signal 

generators and detectors, beam patterns were measured to seek spatial profile of output beam 

to find that the beam locations, widths, and directions are sufficiently close to those as predicted 

by wave calculation performed in the design phase. Additionally, wave detection system with 

high dynamic range of above 30 dB enabled to measure and estimate the amount of internally 

scattered RF power which is not absorbed by the SS wall. As a result, at least 0.6 % of total 

power comes out after scattering and thus RF power of 22 kW/m² out of 85 kW/m² could be 

excluded from the stray-RF heating condition of integrated launcher structural design.
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G. Plasma-facing Components 

Advances of Inter-Pulse and In-situ Plasma-Material Interaction (PMI) 

Diagnostic Technology for Fusion Devices 
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The dynamic and extreme conditions of thermonuclear fusion tokamak plasmas render material 

surfaces almost impossible to examine in real-time, surface-sensitive conditions.  However, 

combining particle-probe techniques in-situ and in-between plasma shots enable diagnosis of 

the plasma-material interface in a fusion reactor. The nature of re-deposited film surfaces of 

plasma-facing components of various regions in a fusion device vary depending on the complex 

plasma transport characteristics of the device.  Most charged-particle implantation depths range 

between 1-100’s of nm (e.g. for fuel particles of D and T and He).  Although diffusion-driven 

mechanisms will result in much deeper penetration of hydrogen in candidate materials, the 

dynamic accumulation and transport at the plasma-facing material interface will be critical in 

determining the burning plasma fusion operation window.  Moreover, the surface chemistry 

and its impact on hydrogen transport recycled to the plasma or its transport to the bulk via 

permeation will also impact both fueling requirements and safety margins.  Therefore, 

unravelling atomic-level mechanisms during plasma exposure at the plasma-material interface 

is critical [1]. 

In this work Allain will present the various in-situ and inter-shot PMI diagnostic systems being 

developed in his group including the MAPP platform systems.  The MAPP platform has been 

integrated in compact tokamak devices such as NSTX-U, LTX-U [2-3], and the linear plasma 

device Proto-MPEX at ORNL.  PMI diagnostic systems also include HIDRA-MAT and 

development of non-charged particle probe systems using small-angle neutron scattering.  

Design, technology development and the underpinning science that these diagnostic systems 

enable will be presented.  Finally, emergent surface-sensitive techniques and in-situ inter-pulse 

systems for fusion will be discussed and challenges outlined. 
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D. Plasma Engineering, Plasma Control, and CODAC 

Progress in the optimization of wall conditioning techniques for the reliable 

operation of KSTAR plasmas 

Kwangpyo Kim, Hyunmyung Lee, Hyungho Lee, Hyunseok Kim, Jaein Song, Namyong 

Joung, Kaprai Park 
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In tokamaks, wall conditioning plays a crucial role in achieving the highest plasma performance 

as well as the successful plasma start-up by both reducing impurities and recycling from the 

plasma facing components. Then, a proper wall conditioning strategy by a wide variety of 

techniques needs to be established to maintain the best wall condition during the machine 

operation period. In general, baking of the internal components inside vacuum vessel is 

recognized as the most effective method to reduce main impurity sources such as oxygen. 

Several plasma-assisted discharge cleaning methods can be used to remove impurities 

remaining on the wall surface or reduce the retention level of hydrogen within the penetration 

range of hydrogen ions. Although the underlying mechanisms of the wall conditioning 

techniques have been understood well, the development of effective wall conditioning strategy 

relies on the lessons from the experience in operating tokamak machines and should be 

developed under the machine operating environment. In particular, when an event which 

requires the temporary vent of the vacuum chamber occurs during the experiment campaign, a 

quick and reliable recovery procedure of the wall conditioning should be applied. Surely, the 

recovery procedure in wall conditioning can be different depending on the event types or how 

long the vessel is exposed to air-venting conditions during the reparing period. The recovery 

procedure of wall conditioning has established to respond various incidents in vacuum vessel 

of KSTAR. After various recovery procedure, the effect on the plasma start-up was evaluated 

according to the wall environment of the vacuum vessel. Based on the results, the recovery 

procedure in wall conditioning has established for optimum vacuum environment in vacuum 

vessel on KSTAR.
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D. Plasma Engineering, Plasma Control, and CODAC 

Characteristic Test of Dual Shattered Pellet Injection Systems of KSTAR 
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Dual shattered pellet injection (SPI) systems were installed in KSTAR (Korea Superconducting 

Tokamak Advanced Research) to study disruption mitigation in support of the ITER DMS 

(Disruption Mitigation System) design activities. KSTAR has two identical pellet injectors that 

can shoot pellets simultaneously from opposite toroidal locations. Each injector can shoot up to 

three pellets. The pellet integrity and velocity after formation have been measured using 

microwave cavity (MWC) systems since 2019. However, this diagnostic provides only limited 

information on the pellet integrity, especially for partially broken pellets. Therefore, an optical 

pellet diagnostic (OPD) system monitoring the pellet has been installed in the first stage 

viewport of the differential pumping system and is operational since 2021. 

The KSTAR SPI systems offer a wide parameter range that must be characterized before the 

experimental campaign. To satisfy the experimental requirements, a proper procedure for pellet 

formation and acceleration must be commissioned. We carry out the characteristic test by 

scanning the pellet parameters such as formation duration, temperature, heating, propellant gas 

pressure, and pulse length. The resulting pellet velocity, integrity, and tilt can be measured with 

the OPD system. These tests can be performed without plasma operation also because no 

additional information is needed from plasma interaction. This presentation describes the result 

of the characteristic tests of single and multiple injections of dual SPI.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 687 

P-2.194 Poster 
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Heavy-ion irradiation effects on electrical properties and hydrogen isotope 

permeation behavior of ceramic coatings 
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Tritium permeation through structural materials in fusion reactor blanket systems causes fuel 

efficiency reduction and radiological hazards. To mitigate tritium leakage, the tritium 

permeation barrier (TPB) has been developed using ceramic coatings such as zirconium oxide 

(ZrO₂) and yttrium oxide (Y₂O₃) coatings. In recent years, the irradiated effects on 

microstructure and hydrogen isotope permeation behavior of TPB coatings were investigated 

through heavy-ion irradiation. However, most of the analytical methods were destructive and 

time-consuming, which is undesirable to apply to the actual reactor components. In this study, 

the relationship between electrical properties and deuterium permeation behaviors for irradiated 

TPB coatings were investigated by comparing the electrochemical impedance spectroscopy 

(EIS) as a simple analytical method and the conventional deuterium permeation measurement. 

ZrO₂ and Y₂O₃ coatings were fabricated on reduced activation ferritic/martensitic steel F82H 

substrates by metal organic decomposition and radio-frequency magnetron sputtering, 

respectively. The coated samples were irradiated using 6.0 MeV nickel ion or 2.8 MeV iron ion 

with a displacement damage of up to 10 dpa at room temperature. Thereafter, the EIS was 

conducted on the damaged samples in the frequency of 1‒105 Hz and the temperature of 200‒

550 °C, and deuterium permeation measurements were also performed at 300‒550 °C. 

The electrical conductivities for the undamaged ZrO₂ coating monotonically increased with 

temperature, while those for the damaged one showed a constant value at 200‒350 °C and then 

increased as with the undamaged one at 400 °C and higher temperatures. The irradiation defects 

would affect the charge transfer and recover at more than 400 °C. The discussion about the 

comparison of the deuterium permeation behavior with the EIS results for the coatings and the 

relationship between electrical properties and hydrogen isotope permeation behavior will be 

included in the presentation.
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B. Experimental Devices and Facilities for Fusion Research 

Alpha particle losses in high-field spherical tokamaks from ST40 to power 

reactors 

Jari Varje, Chris Marsden, James Bland, Michele Romanelli, Steven McNamara 
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Confinement of fusion alpha particles is critical for future fusion reactor design both for 

achieving high performance due to alpha self-heating, and for machine protection due to fast 

ion wall loads. This is particularly important in spherical tokamaks (ST), which are more 

susceptible to increased losses compared to conventional tokamaks due to the compact 

geometry. 

In this contribution we present results for alpha particle confinement and losses in STs modelled 

using the Monte Carlo orbit-following code ASCOT, which simulates alpha particles in a 

realistic 3D magnetic fields and wall geometry. The magnetic field can include various static 

and dynamic magnetic perturbations including MHD modes. Losses are simulated on a fine 

triangular mesh for detailed wall load estimates. 

Simulations have been performed for several high-field ST configurations ranging in size from 

the present day ST40 tokamak up to conceptual power reactors. Sensitivity of the losses was 

investigated with a range of magnetic fields and plasma currents, as well as 3D perturbations 

including toroidal field ripple, and characteristic MHD instabilities such as toroidal Alfven 

eigenmodes. The results are discussed in the context of reactor concepts and fast particle 

diagnostics.
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D. Plasma Engineering, Plasma Control, and CODAC 

US ITER Research and Design Contributions to the ITER Disruption 

Mitigation System 

Trey Gebhart, Larry Baylor, Steven Meitner, M. Nance Ericson, Tim Bigelow, David 

Rasmussen 

Oak Ridge National Laboratory, Oak Ridge, TN, USA 

 

The shattered pellet injection (SPI) technique for mitigating the effects of tokamak plasma 

disruptions was first pioneered in the US and demonstrated on the DIII-D tokamak. The SPI 

technique was shown to provide superior density assimilation and material penetration for 

disruption mitigation (DM) than massive gas injection and was subsequently chosen as the 

baseline DM system for ITER. Mitigating disruptions and their effects is essential for ITER 

component and machine longevity as the thermal and electromechanical loads, along with the 

possible formation of runaway electron beams, can have serious negative consequences. 

US ITER has a standing agreement with the IO to provide R&D support for the design of the 

SPI system, which is led by the IO. Recently, at Oak Ridge National Laboratory (ORNL), a 

liquid helium cooled SPI test stand was designed and fabricated to provide information on large 

pellet formation, release, survivability, dispersion, and downstream fragmentation. The use of 

protium as a base pellet material is unique to ITER and presents various challenges during the 

formation and release processes. This paper will present the supporting R&D conducted at 

ORNL for the ITER SPI system and will highlight the differences between protium and 

deuterium use for large pellets. 

Currently, the method of dislodging and accelerating pellets on ITER is through the use of a 

fast valve which delivers a pulse of high-pressure gas to the rear of the pellet. The US is 

currently developing an eddy-current driven valve that operates in the environment presented 

during use on ITER. This valve will be tested in a ~ 0.4 T magnetic field generated by a 

Helmholtz coil configuration. The valve will be pulsed 3000+ times to ensure survivability over 

the required lifecycle of the valve. The current status of the design and testing of this valve will 

be outlined in this paper.
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I. Fuel Cycle and Breeding Blankets 

Membrane material development for fuel cycle applications 
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Membranes are the basis of several promising tritium fuel cycle technologies such as the 

vacuum permeator for tritium extraction from PbLi in the breeder blanket and the 

superpermeable membranes for plasma exhaust processing. The US Blanket and Fuel Cycle 

program specifically aims to develop V- and Fe-based membranes to drastically reduce the 

membrane cost and limit the quantity of long-lived waste. The hydrogen permeation through 

these materials is known to attenuate in the presence of nonmetal impurities (species containing 

C, N, and O). Dense Pd thin films deposited on the surfaces protect membranes from the uptake 

of impurities, but the thin-films undergo intermetallic diffusion with the base-metals. Through 

an ARPA-E GAMOW project, Idaho National Laboratory and Colorado School of Mines are 

collaborating to investigate Pd-V intermetallic diffusion and develop intermetallic diffusion 

barriers that stabilize the protective Pd surface layers. Atomic layer deposition and magnetron 

sputtering are used to deposit candidate interlayers (e.g. Al2O3) tailored to enable high and 

stable hydrogen permeation rates. The efficacy of the interdiffusion barriers is assessed with 

hydrogen permeation testing coupled with material characterization.
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E. Diagnostics 

A new concept for polarimetric Thomson scattering diagnostics 
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Fusion plasmas generate intense radiation (neutron and gamma-ray) and cause degradations of 

optical components, e.g., lenses and optical fibers, with wavelength dependence. High electron 

temperature (Te) measured by incoherent Thomson scatterings would accompany a systematic 

error from the deteriorated spectrum. Many references have suggested that depolarization effect 

of Thomson scattering apart from the conventional spectrum measurements can provide Te 

without the systematic error in fusion plasmas. The polarization state due to the relativistic 

effect is needed to be evaluated with some dedicated optical components. 

This presentation provides a new concept, which has not been presented before. No dedicated 

optical components for polarization measurements are needed. Collection optics receive 

scattered lights from one spatial position in the plasma using two lasers. The ratio between the 

two scattered signals provides Te. The polarization angle of one laser is perpendicular to the 

scattering plane, which is widely used in conventional Thomson scattering diagnostics. 

Employing an additional laser with the polarization angle parallel to the scattering plane gives 

the signal ratio the Te dependence without total transmission in the system. It is required that 

the pulses of the two lasers be separated within a short time (~100 ns) to evaluate the ratio 

without Te changes in the plasma. In order to show the feasibility, the author simulated the 

accuracy based on parameters in a fusion device, JT-60SA. The ratio of the polarized scattered 

light to the depolarized one can be evaluated from Te ~ 10 keV at a scattering angle = 113 deg. 

When use of one spectral channel (796 – 941 nm) in a polychromator was assumed, the relative 

error in Te was ~ 12%. This concept with two lasers does not need spectral transmission of the 

optical components and can be applied for various fusion devices with high Te.
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The posture optimization of vehicle manipulator for ITER Blanket Remote 

Handling System 
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In the ITER Blanket Remote handling System, the blanket module is replaced by a vehicle-type 

manipulator that move on an articulated rail in the vacuum vessel. 

Since the manipulator takes various postures, the natural frequency changes variously. The 

seismic input has a dominant frequency at about 8 Hz, and it is desirable that the natural 

frequency of the manipulator avoids the dominant frequency of this earthquake. The vehicle 

manipulator consists of eight axes and has redundancy. This paper describes an optimization 

method to away the primary natural frequency of the Vehicle Manipulator from the 

predominant frequency of the earthquake by using the redundant axis of Vehicle Manipulator. 

In the optimization, the position of the end effector is fixed and the distance between the natural 

frequency of the manipulator's primary mode and the dominant frequency of the seismic input 

is evaluated.
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F. Magnets, Cryogenics and Electrical Systems 
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negative ion accelerator in ITER HNB 
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ITER HNB requires a 1-MeV and 5-stage negative ion accelerator, the largest accelerator (3 m 

x 4 m) installed in a vacuum. One of the issues for such a giant accelerator is vacuum insulation 

between the accelerator and the vessel, even with a long gap of 1 m because the sustainable 

voltage decreases with the surface area of the electrode. To achieve a target voltage of 1 MV, 

the reduction of the applied voltage per stage by using multiple electrostatic shields was 

proposed. So far, to design the shields, a scaling law of the voltage holding capability is being 

developed by the voltage holding tests with simple planes and coaxial electrodes.  

This time, a prototype shield has been designed by applying the scaling law as a multi-plane 

electrode with a polygon surface, which is also an advantage of manufacturability. Based on 

the design, 1/5 mockup shield for the 200 kV stage has been developed and tested. As a result 

of the voltage holding test using 1/5 mockup, the voltage holding capability of the stage between 

grounded vessel to –200 kV shield was 30% lower than the design, while the result of the stage 

between –200 kV to –1 MV shields was well agreed with the design. In addition, the discharge 

was observed on the edge of the shields when the voltage was applied to 0 to –200 kV shield. 

While the design has been updated to include the effect of the edge based on the past results, 

the design and experimental result agreed well. It means that the design technique including the 

edge effect has been experimentally verified and contributes to the design of the ITER HNB 

accelerator.
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H. Vessel/in-vessel Engineering and Remote Handling 

Comparative study of volumetric NDT methods for ITER blanket cooling 

pipe remote handling 

Takuya Iwamoto, Yuto Noguchi, Nobukazu Takeda 
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Remote handling technology is vital for ITER because components inside the vacuum vessel 

will be radioactivated after the D-T reaction and not accessible to humans. When replacing the 

first wall and the shield block, cutting, welding, inspection of the weld quality of the cooling 

pipe are required. Regarding inspection of the cooling pipe, non-destructive testing (NDT) tool 

needs to have detectability for defects that could impair the required structural integrity of the 

pipes and be small because the target location is only accessible from the in-bore side of the 

pipe. In addition, the NDT tool is required to be designed considering various factors such as 

radiation resistance and long-distance transmission compatibility. 

We evaluated the applicability of UT, ECT, EMAT, which have the potential to be 

implemented, in terms of detectability and space limitation as preliminary research for 

developing the NDT tool. Regarding UT, the numerical analysis result shows that high 

detectability can be obtained with the point-focusing probe. Therefore, we fabricated point-

focusing UT probes and performed the demonstration experiment using specimens (plate shape, 

SS316, 3mm thickness) with simulated defects. The experiment result shows that simulated 

defects can be inspected except for the smallest simulated cavity. As for ECT, we performed a 

preliminary experiment using the absolute probe. The experiment result shows that simulated 

cracks can be inspected, although it is difficult to inspect simulated cavities due to lift-off noise. 

For EMAT, the numerical analysis result shows that it is difficult to generate appropriate 

acoustic fields to inspect possible defects because space constraints limit coil shape inside the 

cooling pipe. 

From the above results, we consider UT and ECT as potential methods for implementation and 

plan to perform more detailed examinations.
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B. Experimental Devices and Facilities for Fusion Research 

Neutronics analysis for conceptual design of target system based on a 

deuteron accelerator-driven fusion neutron source 

Seonghee Hong, Sungjin Kwon, Mu-Young Ahn, Hyoseong Gwon, Hyun Wook Kim, 

Sungbo Moon, Namil Her, Seungyon Cho 

Korea Institute of Fusion Energy, 169-148 Gwahak-ro, Yuseong-gu, Daejeon 34133, South Korea 

 

One of the challenges of the fusion demonstration reactor (DEMO) is the radiation hardness 

capability of its components including the structural materials. A dedicated neutron source is 

required to study radiation-induced damage of the structure and the functional components 

under the neutron environment with high energy and high intensity in DEMO.   

Therefore, in this paper, neutronics analysis for the conceptual design of the target system for 

the fusion neutron source was conducted using MCNP6.1 with TENDL-2019 deuteron and 

neutron cross-section libraries. The deuteron accelerator-driven neutron source using the 

beryllium static target of 20 cm x 20 cm was designed considering the various requirements - 

irradiated sample size, required neutron flux, and technical feasibility. The neutron yield and 

neutron energy spectrum for the deuteron beam of 30 MeV to 50 MeV were evaluated. As a 

result, the highest neutron yield of forward direction, emitted in front of the beryllium target is 

4.84E+14 n/s/mA when the deuteron beam energy is 40 MeV, the thickness of the beryllium 

target is 5.57 mm. Similar to the fusion neutron energy spectrum, the ratio of neutrons with 10 

MeV to 15 MeV is high. In addition, the design of the beryllium target was performed to 

investigate the blistering effect caused deuteron beam inside the target. The thickness of the 

beryllium target was reduced to 4.82 mm. Then, a mitigation layer that is resistant to the 

blistering effect of 0.4 mm was added. The candidates of the mitigation layer are vanadium, 

niobium, tantalum, and palladium. The forward direction neutron yield with all mitigation 

layers was slightly reduced compared to the beryllium target of 5.57 mm. The forward direction 

neutron yield of the vanadium layer is 4.77E+14 n/s/mA, which is the highest. The neutron 

energy spectrum with all mitigation layers is slightly softening.
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G. Plasma-facing Components 

Design of an Integrated Lithium Soaking Chamber for Testing the Thermo-

hydrodynamics of Architected Tungsten Substrates 

Trevor Marchhart, Jean Paul Allain, Martin Nieto Pérez, Camila López-Pérez 

Pennsylvania State University, USA 

 

The plasma facing components in the divertor region of a tokamak are often made from a high-

Z material, such as tungsten, due to its high thermal conductivity, high melting point, and low 

sputtering yield [1]. However, under transient heat modes such as ELMs, elevated surface 

temperatures in combination with He+ irradiation could lead to development of surface tendrils, 

decreasing structural integrity and under certain circumstances, enhanced erosion [2]. The use 

of low-Z liquid metal surface coatings, such as lithium, in conjunction with a high-Z metal 

substrate such as a tungsten-based material shows promise as a plasma-facing component 

design.  

An in-vacuo liquid metal injection system has been designed to aid R&D of architected 3D 

tungsten-lithium substrate configurations. A loading chamber allows for the loading of lithium 

without oxidation and precise back-pressure control of liquid flow via an argon line. Porous 

tungsten structures of varying internal geometries can be inserted into the chamber and clamped 

into place by the injection manifold. Liquid lithium surface stability, replenishment rates (e.g., 

studying the avoidance of dry-out), and surface chemistry of exposed Lithium will all be 

analyzed for various tungsten architectures. E-beam dry out studies and ion-irradiations will be 

conducted in-situ and analyzed via an optical camera setup. The chamber is connected to the 

IGNIS-2 facility at Penn State, which gives tungsten-lithium interfaces being tested access to 

XPS and LEISS for surface chemistry analysis post-injection. This chamber will also improve 

the efficiency of the lithium dropper contact angle experiments described by [3]. Heat transfer 

and fluid flow simulations are being conducted in COMSOL to better understand the necessary 

back-pressure to supply sufficient flow to various substrates.  

 

Acknowledgment 

This work is supported by DOE Contract DE-SC0021119. 

 

References 

[1] V. Philipps, J. Nucl. Mater. 415 (2011) S2–S9. 

[2] G. Sinclair et al. Sci. Rep., 7, (2017), 12273. 

[3] C. López-Pérez, this conference. 



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 697 

P-2.204 Poster 

I. Fuel Cycle and Breeding Blankets 

Tritium Release Behavior from Neutron-Irradiated Li₂TiO₃ with 20wt% 

Li₂ZrO₃ Pebbles under Different Atmosphere 

Akito Ipponsugi¹, Kazunari Katayama¹, Tsuyoshi Hoshino² 

¹ Kyushu University, Japan 

² National Institutes for Quantum Science and Technology (QST), Japan 

 

Solid tritium breeders are an important material required for the fuel cycle of fusion reactors. 

Hence, it is necessary to understand how the bred tritium releases from the material. The 

previous work [1] showed that Li₂TiO₃ with 20wt% Li₂ZrO₃ (LTZO) ceramic pebbles 

developed in QST had an excellent tritium release property because most tritium is released as 

HT under H2 gas condition. However, the tritium release behavior is not fully understood yet 

considering the upcoming high-flux irradiation test and tritium separation and purification 

system design. Therefore, further investigation on water vapor release property and tritium 

release property from LTZO was carried out in this study. 

The water vapor release property was measured by heating from room temperature to 900 °C. 

It was found that LTZO had diverse vapor release mechanisms derived from Li₂TiO3 and 

Li₂ZrO₃ that affect tritium release behavior from the surface. 

Regarding the tritium release property, first, approximately 0.5 g of the pebbles heated at 300 

°C in advance were irradiated by thermal neutrons with the fluence of 1.65×10¹⁵ /cm². The 

irradiated pebbles were heated from room temperature to 900 °C and kept until the completion 

of tritium release under various purge gas species, such as Ar, 1% H₂/Ar, 16% H₂O/Ar gas flow. 

In all the samples, there were one or two HTO peaks between 300 and 500 °C and no major HT 

peaks. Only about 0, 15 and 5% of the total tritium released could be recovered as HT under 

Ar, H2, and H₂O gas conditions, respectively.  

The similarity of the shape of peaks under H₂ and Ar conditions indicates the tritium diffusion 

rate is relatively high, and the tritium was desorbed together with the surface water before the 

water formation reaction and the isotope exchange reaction with H₂ occurred.
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F. Magnets, Cryogenics and Electrical Systems 

Assessment of hysteresis loss for KSTAR superconducting magnet during 

AC losses measurement 

Hyunjung Lee, Giil Kwon, Seokho Nam, Hyun Wook Kim, Yong Chu 

Korea Institute of Fusion Energy, South Korea 

 

The KSTAR superconducting magnets have been operated for more than a decade since 2007, 

and the AC losses experiment has been conducted annually to the PF1UL magnets while the 

currents are linearly charged up to 4 kA or 15 kA with the various ramping rates. The total AC 

losses are dominated by a hysteresis loss and the coupling loss. The other losses including the 

eddy current loss are assumed negligible. The hysteresis loss is the function of the current 

plateau with no relation to the current ramp rates, but the coupling loss increase with higher 

ramp rates. The hysteresis loss from the measured total AC losses is estimated by the 

extrapolation of the total loss measured with respect to the ramp rates. However, the total losses 

increased sharply at the ramp rate below 0.5 kA/s. It is caused by the high frequency terms in 

the applied current, which is accompanied by the control logic of the KSTAR superconducting 

magnet power supply, and resultantly it cause additional coupling current loss. Therefore, we 

intend to assess the hysteresis loss of the KSTAR PF1UL magnets by the numerical analysis of 

the coupling losses at the low ramp rate to improve the accurate assessment of the AC losses in 

this paper.
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E. Diagnostics 

Development of 3-D tomography with infrared imaging video bolometer to 

elucidate the mechanism of the radiative collapse 
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Measurements of radiation from plasmas contribute to achieving a fusion reactor by 

investigating the mechanism of the power balance, the impurity transport, density limit, etc. In 

particular, it is important to elucidate the mechanism of radiative collapse and avoid it to 

maintain the high-density steady-state plasma. The InfraRed imaging Video Bolometer (IRVB) 

is installed in the Large Helical Device (LHD) to capture the radiation from the plasma and 

reconstruct its spatial profile with a tomography technique. 

In this study, we develop a 3-D tomography technique using the unique configuration of 

tomography zones derived from the mesh coordinates used by EMC3-EIRENE (E3E). 

Before analyzing experimental results, we develop the synthetic diagnostics of IRVB and 

tomography zones using the fine E3E mesh because it is based on the magnetic structure of 

LHD, which defines the regions where plasma is confined and radiates.  

LHD has ten toroidal periodicities, and a periodic section in the range of toroidal angle φ = 0 – 

36 has a stellarator symmetry plane at φ = 18. Therefore, the original mesh is defined between 

0 – 18 toroidally. The number of tomography zones is 252 (14 by 18 radially/poloidally and 

toroidally, respectively). The IRVB has 520 channels (20 by 26 radially and toroidally, 

respectively) and a top-down field of view. The Tikhonov regularization is used for 

tomography, and the L-curve method determines the optimal regularization parameter. 

We reconstructed the 3-D radiation profile using a simulated IRVB image. The absolute error 

between the reconstructed profile and E3E one is relatively low in the range of 0 – 9 degrees. 

In contrast, it has increased in the range of 9 – 18 degrees. It seems to be due to the lack of 

IRVB's field of view. Adding another IRVB or optimizing the IRVB configuration would 

enhance reconstruction quality.
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E. Diagnostics 

Application of VERDI detectors for ITER materials activation product 

inventory estimation 
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Konstantina Mergia¹, Lee W. Packer², Ion Evangelos Stamatelatos¹, JET Contributors* 
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² UKAEA, Culham Centre for Fusion Energy (CCFE), Science Centre, Abingdon, Oxon, OX14 3DB, 
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The VERDI detector is a passive neutron detector, based on the multi-foil activation technique, 

developed for measurements in harsh environments, such as those encountered in fusion 

devices. During the 2019 Joint European Torus (JET) Deuterium-Deuterium (DD) campaign, 

irradiation studies of ITER materials samples were performed at the JET Long Term Irradiation 

Station (LTIS) aiming at the evaluation of neutron transport and activation calculation 

predictions. In these experiments, VERDI detectors were used to determine the neutron fluence 

and energy spectrum at the irradiation position of the samples.  

In this work, the VERDI detector results at the LTIS are used as input to FISPACT-II 

calculations to predict the radionuclide product inventory of the irradiated ITER material 

samples. The results of the calculations are compared against the experimental measurements 

presented in [1]. The application of the VERDI detector for neutron detection in fusion devices 

is demonstrated and, moreover, data are provided for refining the activation products 

estimations in ITER and reference materials under neutron irradiation in a real fusion 

environment for benchmarking of codes and data used in ITER nuclear analysis. 
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F. Magnets, Cryogenics and Electrical Systems 

Design of poloidal field coils for COMPASS Upgrade 

Pavel Hacek, Pavel Junek, Tomas Markovic, Jakub Hromadka, Viktor Veselovsky, David 

Sestak, Josef Havlicek, Martin Hron, Radomir Panek 
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The paper aims to describe the design of the poloidal field coils of the COMPASS Upgrade 

(COMPASS-U) tokamak. COMPASS-U will be a new compact, medium-size, high-magnetic-

field and high-density device currently being constructed at IPP Prague, Czech Republic. 

COMPASS-U will be capable of addressing some of the key challenges in the field of the 

plasma exhaust physics, advanced confinement regimes, advanced magnetic configurations and 

materials for next-step devices. The main parameters of the COMPASS-U tokamak are: major 

radius 0.84 m, minor radius 0.28 m, toroidal magnetic field 5 T, plasma current 2 MA, discharge 

length 1-5 s. 

PF coils circuit consists of 10 coils with a top-down symmetric arrangement. The number of 

turns in individual PF coils varies between 32 and 64. Each PF coil is powered by its individual 

power supply with current range of ±25 kA. PF coils allow access to ITER-like plasma shape 

at full plasma current as well as sufficient flexibility to create different plasma shapes. The 

possible plasma shapes include single-null plasma with triangularity up to 0.6 and double-null 

and snowflake geometries.  

The paper will present the final coils design as well as coupled electromagnetic thermal and 

structural ANSYS analysis of PF1a and PF4 coils. PF coil windings were optimized with 

respect to error magnetic fields and their coupling to COMPASS-U plasma. The corresponding 

analysis will be presented as well.
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B. Experimental Devices and Facilities for Fusion Research 

Manufacturing, installation and preliminary testing of POSEIDON, a 

Permeator Against Vacuum mock-up with niobium membrane 
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In the WCLL BB (Water Cooled Lithium-Lead Breeding Blanket) of EU DEMO reactor, 

tritium has to be extracted from LiPb to be used as fuel in the plasma. For this reason, different 

extraction technologies are under investigation, the Permeator Against Vacuum (PAV) is one 

of the proposed technologies. In this paper, POSEIDON, a PAV mock-up with niobium 

membrane in a cylindrical configuration, is presented. Particular focus is on joining the Nb 

tubes with a 10CrMo9-10 (A182 F22) plate; indeed, a dedicated manufacturing and welding 

procedure, based on a vacuum brazing with a nickel-based brazing alloy, was developed to 

perform this joint. The brazing was analyzed by a metallographic investigation that was carried 

out on a set of niobium tubes welded with F22 plates by cutting a section of the joint, which 

was then embedded, polished, etched and observed under optical microscope. Moreover, 

samples of niobium tubes brazed with F22 plate were tested in pressure with helium at room 

temperature up to 24 bar. Finally, all the brazed joints were analyzed with a stereoscopic visual 

inspection. The possibility to verify the quality of these brazed joints is fundamental for the 

future DEMO application. Hence, a part of the activity was dedicated to find a suitable Non-

Destructive Testing technique to inspect the particular geometry of this PAV. Then, 

POSEIDON mock-up was installed in TRIEX-II facility at the R.C of Brasimone and the 

preliminary characterization tests at 450 °C were performed. These include the verification of 

the vacuum seal, the calibration of the instrumentation, the resistance of the welded joints in 

the harsh LiPb environment and the operation with flowing LiPb at different flow rates. Besides, 

the compatibility of niobium and 10CrMo9-10 (A335 P22) with LiPb was analyzed in flowing 

condition at 500 °C up to 4000 h.
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J. Materials Technology 

Numerical modelling of the contact electrical resistance and bonded area of 

the diffusion bonding tests on Gleeble 3800 comparing with the theoretical 

diffusion model by Hill and Wallach 

Tétény Baross¹, Péter Bereczki², László Jánosi³, Gábor Veres¹ 
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² Department of Material Science, University of Dunaújváros, Hungary 
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One of the major components in the ITER vacuum vessel are the Blanket Modules, where the 

cooling channels are manufactured by HIP (Hot Isostatic Pressure) diffusion bonding process. 

For a good quality of the bonding, a thorough control is required during the manufacturing 

process. The proper welding parameters depend on the material properties, the surface 

preparation, contaminations and oxides.  

Diffusion bonding experiments were performed on specimens made from 316L on a Gleeble 

3800 Thermal-Mechanical Physical Simulation System. Diffusion bonding and reference 

experiments were executed with same parameters for comparison. The contact electrical 

resistances were determined in earlier works as an exponential decreasing function in time, that 

can predict the increasing contact area during the diffusion bonding process. 

The theoretical calculation of the contact electrical resistance was determined on the bonded 

surface based on a Zhang (2012) theoretical model as the function of the contact ratio. The 

contact resistance decreases under 10-5 (Ohm) after reaching the 10% contact ratio. In this way 

the contact electrical resistance (in time) determined by the numerical modelling of the Gleeble 

tests, and the contact electrical resistance derived by the Zhang equations had the same order 

of magnitude and give comparable results.  

A theoretical diffusion bonded area model (a/b) by the Hill and Wallach model was executed, 

which was compared by the ratio (A/B) through the numerical modelling. However, the 

theoretical diffusion bonding models show much faster bonding, the ideal model and the 

possible oxidation on the surface gave a good explanation on this phenomenon. 

A numerical modelling method was worked out through the Gleeble tests to determine the 

bonded area during the diffusion bonding, which gave comparable results to other theoretical 

models of the diffusion bonding on the mating surfaces.
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I. Fuel Cycle and Breeding Blankets 

Hydrogen trapping in intermetallic beryllium alloys 

Pavel Vladimirov, Dmitry Bachurin, Ramil Gaisin, Michael Dürrschnabel, Christopher Stihl 

Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany 

 

Effective neutron multiplication is essential for increasing tritium production in lithium 

ceramics and closing fuel cycle of nuclear fusion reactors. Beryllium intermetallic compounds 

are considered as advanced solid neutron multiplier materials for the advanced HCPB DEMO 

tritium-breeding blanket design. Although, beryllides are not intended as tritium-breeding 

materials, both tritium and helium are generated as by-products of neutron multiplication 

reactions. For evaluation of tritium inventory accumulated within beryllides, deep 

understanding of hydrogen diffusion and trapping in beryllides is indispensable. 

This paper is devoted to computer simulation of hydrogen behavior in several prospective 

beryllides like CrBe₁₂, TiBe₁₂, VBe₁₂ and ZrBe₁₃ using density functional method as 

implemented in the VASP computer package. To estimate hydrogen mobility in intermetallic 

compounds, stable interstitial positions for hydrogen were identified using universal approach 

based on Voronoi tessellation. In the next step, the diffusion barriers for the shortest jumps 

between these positions were estimated using nudged elastic band method for TiBe₁₂. Static 

relaxations were used for evaluation of the hydrogen trapping energies to vacancies for all 

compounds. The general tendency in all considered beryllides is that hydrogen is less bound to 

the second alloying component (0.2–0.45 eV) than to beryllium (0.6–0.8 eV).  

The obtained results are verified against the available experimental data on neutron irradiation 

and deuterium release after implantation. This comparison confirms reasonable agreement 

between experiments and predictions of the computer simulations.
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G. Plasma-facing Components 

Wall cratering upon high velocity dust impact 
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Dust-wall impacts fall into the hypervelocity (HV) regime when the impact speed approaches 

the compressional wave speed in both materials. Pure HV impacts are accompanied by 

complete dust vaporization and wall crater formation with the excavated volume possibly 

exceeding that of the dust. Thus, HV impacts constitute a potential unidentified source of gross 

erosion. 

Electrostatic signatures and postmortem evidence of HV impacts were first obtained in FTU 

[1]. However, dust dynamics codes were unable to identify physical mechanisms capable of 

accelerating dust at such high speeds. Recent postmortem evidence from FTU (2013 shutdown, 

2019 decommisioning) further supported the realization of HV impacts and revealed a strong 

correlation with runaway electron (RE)-induced damage [2]. In particular, it has been suggested 

that RE dissipation on the limiter causes an explosive damage event which leads to the ejection 

of ∼1km/s solid dust. This brings forth the question of whether HV impacts can be harmful for 

future reactors.  

Given the lack of computational models that can account for the complex HV phenomena [3], 

a pure experimental study is performed. Nearly monodisperse W spherical dust populations are 

prepared that are accelerated to high speeds (0.5-3km/s) towards a W plate by a two-stage dust 

gun shooting system. The crater characteristics (diameter, depth) are then obtained by means of 

scanning electron microscope, optical microscope and mechanical profiler. Analysis revealed 

that three regimes are realized for such impact speeds (plastic deformation, sticking, partial 

disintegration). The large impact statistics allowed the formulation of reliable scaling laws for 

the crater characteristics as functions of the impact speed and dust size, which can be employed 

for erosion estimates in future reactors. 
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I. Fuel Cycle and Breeding Blankets 

Design of a scaled mockup of the WCLL TBM for MHD experiments in 

liquid metal manifolds and breeder units 

Christina Koehly, Leo Bühler, Cyril Courtessole 
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The current reference concept for a European liquid metal test blanket module (TBM) for ITER 

is a water-cooled lead lithium (WCLL) blanket. The liquid alloy lead-lithium (PbLi) is used as 

breeder, neutron multiplier, and heat carrier. Pressurized water cools the blanket structure and 

the breeding zone by a large number of cooling pipes immersed in the liquid metal. The spatial 

distribution of these pipes interfering the breeding zone and manifolds is a critical issue. 

Efficient heat removal from the liquid metal has to be ensured to avoid local hotspots in the 

fluid or in blanket walls. The highest liquid metal velocities occur in the feeding and draining 

manifolds, which represent quite complex geometrical structures. It is expected that the 

magnetohydrodynamic (MHD) flow of PbLi in the manifolds generates the major fraction of 

pressure drop. Moreover, the design of the manifolds has a decisive influence on the flow 

partitioning in the blanket, and their contribution to the overall performance of the module is 

significant. 

In order to investigate the MHD impact on the liquid metal flow, a scaled mockup of the WCLL 

TBM has been designed with focus on detailed measurements of flow quantities in the 

manifolds. The geometry of the mockup manifolds has been derived from the ITER TBM 

design. It takes into account internal solid obstacles such as cooling pipes, which block parts of 

the fluid volume and force the flow to complex 3D meandering paths. The present paper gives 

an overview of the WCLL mockup design and measurement system. The mockup has been 

integrated in the liquid metal loop of the MEKKA facility of the Karlsruhe Institute of 

Technology to perform MHD experiments. Results will improve the current understanding of 

MHD flows in WCLL manifolds and help to improve and optimize the design of WCLL 

blankets.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Nuclear Waste Analysis of JET, utilising Nuclear Waste Enhancements to 

MCR2S, including the Cell-under-Voxel Method 
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As the operational period of the Joint European Torus (JET) nears its scheduled conclusion in 

2023, accurate predictions of the nuclear waste inventory and end-of-life shutdown dose rates 

based on actual operations are required for the transition to the repurposing and 

decommissioning of the reactor. The novel Rigorous Two-Step (R2S), Cell-under-Voxel (CuV) 

method for nuclear waste analysis used in the newly updated Mesh Coupled-R2S (MCR2S) 

code has been employed to give precise predictions for the waste inventory and shutdown dose 

rates in JET. Previously, waste analysis has been performed using cell-based or mesh-based 

methods. The cell-based method directly calculates the waste classifications of the cells using 

an inventory code, FISPACT-II. The mesh-based method imposes a mesh over the geometry 

and calculates the waste classifications of the mesh voxels, such as with MCR2S. This novel 

application of the CuV method within MCR2S for waste analysis maintains the accuracy of 

cell-based methods, removing any material and flux mixing between components, whilst 

benefiting from the efficiency and increased results resolution provided by mesh-based 

methods. From this analysis, shutdown dose rates from individual in-vessel components after 

extraction were obtained and a contact dose rate map of the vacuum vessel was produced to 

guide waste management considerations. Also, crucially, the CuV method increased the 

precision of waste inventory predictions, allowing for a more rigorous decommissioning of the 

machine. 
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EPICS is the technology for distributed control used by ITER in all its systems. EPICS uses an 

architecture based on a distributed protocol that allows the exchange of control data (process 

variables) between different elements and subsystems. In its previous versions, EPICS used 

"Channel Access" as the communication protocol, and its control variables had a simple 

structure that allowed the exchange of a very limited set of primitive data types. From its new 

version 7, EPICS uses a new "PV Access" protocol, and its process variables allow for nested 

data types that can form very complex data structures which can contain thousands of fields. 

From the perspective of data storage, these new PVAccess variables and their nested data types 

include important challenges both at a functional level and at a performance level. 

In this paper, the new EPICS storage system that has been implemented for ITER is presented. 

This system stores the EPICS process variables in standard HDF5 files that ensure not only the 

accessibility and maintainability of the data, but also its full compatibility with the rest of the 

ITER data storage system. This publication details both the design of the new system and key 

technological aspects of its implementation, which have made it possible to meet the scalability 

and performance requirements of a long-pulse machine with these characteristics.
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The ITER Visible and Infrared Wide Angle Viewing System (WAVS) is a diagnostic aiming 

to optically monitor the tokamak first wall for machine protection. The WAVS will be located 

in four Equatorial Ports (3, 9, 12 and 17) comprising 15 lines of sight (LoS). The Final Design 

in Equatorial Port 12 (EP12), including three lines of sight, is currently being developed through 

a Specific Grant from F4E awarded to the Consortium constituted by CEA, CIEMAT, INTA 

and Bertin Technologies. 

The Interspace Afocal Module (IAM) is one of the WAVS components located in the Interspace 

area. The IAM consists in a refractive optical system with two doublets of lenses per LoS, which 

relays the pupil ahead, controlling at the same time the beam diameter. The afocal sets are 

placed in the IAM support structure, which is directly attached to the Interspace Support 

Structure. 

In order to assure the optical performance, the IAM has to withstand all the relevant loads 

defined for the Final Design, including the electromagnetic (EM) loads developed in the 

Interspace area under EM events. Volumetric forces during transient EM events arise from the 

interaction of the background magnetic field with the eddy currents induced in the conductive 

components when they experience time-varying magnetic fields. In case of Category III and IV 

loads, including load combinations with certain Major Disruption and Vertical Displacement 

Event cases, the IAM integrity has to be ensured since its structure is classified as Safety 

Relevant.  

The EM volumetric loads are calculated through a 3D Finite element model and will serve as 

inputs for the later structural analysis. The paper summarizes the EM analysis of the IAM, 

performed by CIEMAT, to validate its Final Design. 
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Infrared (IR) thermography system is a key diagnostic in fusion devices to monitor the Plasma 

Facing Components. However, deducing the surface temperature from IR images is challenging 

in fully metallic and reflective environment, causing important measurement errors (from few 

% up to 100% in cold regions [1]). Such errors are critical for machine operations with risks of 

components damage due to a temperature underestimation or false alarms limiting the plasma 

performances due to temperature overestimation. 

Our objective is to develop a robust and efficient numerical inverse method for estimating 

temperatures from IR image. The paper presents the construction of synthetic IR databases, to 

be employed for training a deep neural network architecture aiming at retrieving actual surface 

components temperature. 

The challenge is building an optimised database, representative of tokamak experiments and 

with a sufficient number of images to train a neural network. The main difficulty is the 

computing time required to get high fidelity simulations. Monte Carlo Ray Tracing (MCRT) 

code, able to handle complex models of geometry and materials properties, requires 12H per 

images with 4-core CPU.  To solve this issue, several solutions have been implemented: (1) 

development of faster analytical models (30 seconds per image) to simulate extreme cases 

(diffuse and purely specular surfaces) (2) using Latin hypercube algorithm coupled to principal 

component analysis to optimally enrich the dataset (3) using High Performance Computing 

solutions developed by the industry. 

Last, an additional way to compensate for the few numbers of MCRT simulations available is 

to use transfer learning techniques mixing low and high fidelity simulations. By combining 

those different techniques, the final dataset increases from five hundred images originally 

simulated with MCRT to ten thousands. 

 

References 

[1] "Simulation of the Infrared Views of the Upper Port VIS/IR Imaging System of ITER", M.-

H. Aumeunier, Jean-Marcel Travère, R. Reichle, Thierry Loarer, Eric Gauthier, Dominique 

Chabaud, and E. Humbert.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 711 

P-2.219 Poster 

B. Experimental Devices and Facilities for Fusion Research 

Construction of Hot Helium Leak Test Facility for the ITER Blanket Shield 

Block and Status on Hot Helium Leak Test 

Junsung Chang¹, Sawoong Kim¹, Kwanwoo Nam¹, Sikun Chung¹, Duck-Hoi Kim², Nam-Il 

Her¹, Hyeon-Gon Lee¹, Ki-Jung Jung¹ 

¹ Korea Institute of Fusion Energy, South Korea 

² ITER Organization, France 

 

The ITER Blanket Shield Block (SB) is one of a main in-vessel components to contribute in 

absorbing radiation and particle heat fluxes from plasma and providing Thermal shielding to 

the Vacuum Vessel (VV) and external vessel components. The SB is manufactured by using of 

316L(N)-IG stainless steel with internal cooling channels made by deep drilling process. The 

water headers are adopt mainly plasma side of SB and closed by cover plates with welding 

process. Therefore, each of the SBs have to be confirmed the soundness of welded parts and to 

reduce the risk of incorporating leaks during/after the manufacturing process. Vacuum leak tests 

shall be performed both at ambient temperature and at the maximum (or minimum) working 

temperatures of the component, with the pressure differential in the same direction as for 

operation of the component. 

The ITER Korea Domestic Agency (KODA) had been finished to construct and commissioning 

test the 1st Hot Helium Leak Test (HHLT) facility at January, 2019. And the ITER KODA had 

been successfully completed the verification of performance for 1st HHLT facility according 

to the original HHLT protocol at March, 2019. Since then, KODA had been finished to 

construct and commissioning test the 2nd HHLT facility at March, 2020. 

Currently, KODA is carrying out Hot Helium Leak Test (HHLT) of SBs using two HHLT 

facilities. This paper provides the information on the design and construction of HHLT facility, 

and reports the status of the HHLT of the SB



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 712 

P-2.220 Poster 

E. Diagnostics 

Analysis of the mechanical transmission in the Optical Hinge of the Wide 

Angle Viewing System diagnostic for ITER 

Santiago Cabrera¹, Esther Rincón¹, Alejandro Fernández Navarro¹, Ricardo Carrasco García¹, 

Fernando Lapayese¹, Mercedes Medrano¹, Fernando Mota¹, Carmen Pastor¹, Ángel de la 

Peña¹, Augusto Pereira¹, Francisco Ramos¹, Carmen Rodríguez¹, Vicente Queral¹, Alfonso 

Soleto¹, Laurent Letellier², Frédéric LeGuern³, Juan José Piqueras³, Eduardo Rodríguez⁴ 

¹ Laboratorio Nacional de Fusión, CIEMAT, 28040 Madrid, Spain 

² CEA, IRFM, F-13108 Saint-Paul-Lez-Durance, France 

³ Fusion for Energy, Josep Pla 2, Torres Diagonal Litoral B3, 08019 Barcelona, Spain 

⁴ Department of Construction and Manufacturing Engineering, University of Oviedo, Campus de 

Gijón, 33203 Gijón, Spain 

 

The ITER Visible/Infrared Wide Angle Viewing System (WAVS) is an optical diagnostic 

aimed at monitoring the first wall for machine protection purposes. The WAVS will be 

composed by 15 different lines of sight (LoS) distributed around ITER vacuum vessel in 

Equatorial Ports (EP) 3, 9, 12 and 17. EP12 final design is currently being developed by a 

Consortium constituted by CEA, CIEMAT, INTA and Bertin Technologies, within the 

Framework Partnership Agreement financed by F4E. 

During ITER operation, the movements of the Vacuum Vessel (VV) due to radial and vertical 

thermal dilatations and deformations produce relative displacements between the optical 

components inside the Port Plug (PP) and those located in the Interspace (IS). These 

displacements decrease the quality of the image and decenter it in relation to the sensor affecting 

the optical performance. 

To correct these undesirable effects, the WAVS is provided with a set of two flat mirrors per 

LoS forming an Optical Hinge (OH) in which one of the mirrors is driven vertically while the 

other remains fixed. This subsystem has been identified as critical for the diagnostic 

performance.  

ITER environmental conditions are incompatible with electrical motors due to the radiation and 

high magnetic field. Piezo-ceramic motor technology is a good candidate for the movement 

compensation system. However, one of the problems of this technology is that it can only 

withstand reactions in the movement direction but not transversally. This work discusses the 

different technologies viability for the motion system and describes the design optimization and 

analyses of the connection between the mobile mirror and the motor. 
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The ITER neutral beam system for heating and current drive (HNB) requires to generate a 

deuterium negative ion (D-) beam of 1 MeV and 40 A for 1 hour. QST as Japan Domestic 

Agency (JADA) is in charge of procuring a 1MV high-voltage power supply (1 MV, 60 A, 1 

hour) consisting of a DC generator (DCG), a DC filter (DCF), a transmission line (TL), and 

1MV Insulating transformer. High reliable 1MV power supply system for the HNB is assured 

through experiences of NB test facility (NBTF, constructed in Italy) and experiences of JT-60U 

negative-ion-based NB system (N-NBI). 

For the NBTF, the 1MV power components procured by JADA were assembled with 

components procured by European Domestic Agency (EUDA), such as inverter for the DCG 

and power supplies for negative ion generation fed from the insulating transformer. In 2021, 

integrated commissioning of the components for achieving 1MV output has been started. 

Validation of numerical circuit analysis has been performed with this test. 

The behavior of the power supply was examined by simulating discharge at several locations. 

When the external breakdown is occurred, the detailed circuit model of NBTF figures out the 

propagation of the overvoltage from the outside to the inside of the component.  The DCG 

diode-to-tank stray capacitance, transformer leakage inductance, and winding-to-tank stray 

capacitance were critical parameters to simulate the overvoltage in case of the external 

breakdown. 

Based on the experience with JT-60NNBI, the protection components such as reactors, dumping 

resistors and voltage clamping capacitors were designed to satisfy nominal withstand voltage 

across one diode (36 kV) and phase of the insulating transformer (around 100 kV). These 

protections can also be applied to improve the reliability of the HNB. In addition, not only the 

protective components also interlock logic was constructed to protect ITER and ITER HNB 

itself.
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Shattered Pellet Injection (SPI) is the baseline technology of the current ITER Disruption 

Mitigation System (DMS). As the DMS is a key for ensuring the lifetime of in-vessel 

components, the reliability of the successful pellet injection must be guaranteed. A conceptual 

design for a novel Optical Pellet Diagnostic (OPD) has been developed for the DMS, which 

will not only detect the successful pellet launch, but also will measure the basic parameters of 

the pellet (size, integrity, velocity). The main aim of the diagnostic is to detect whether the 

pellet is broken, spins or the flight path is tilted. Special attention was given to the optic design 

to ensure that the diagnostic is compatible with the harsh ITER environment. 

The concept utilizes two detector systems: a CMOS camera system and an ultrafast high 

sensitivity APDCAM-10G detector camera. The diagnostic would provide three high resolution 

images of the pellet few centimetres apart as well as high temporal resolution APDCAM-10G 

signals, which can be reconstructed to lower spatial resolution pellet images. The conceptual 

design also consists of a ~6m long relay optics, which transmits the light from the interspace 

area to the port-cell in a realistic path.  

The OPD concept was tested experimentally in two ways. The mock-up of the real-size 

diagnostic was built, where the imaging quality the relay optics is being tested.  A simplified 

version of the diagnostic was designed, manufactured and installed in the DMS test laboratory 

at the Centre for Energy Research. The detector system was tested with real pellet launches, so 

the illumination concept and the data analysis tools could also be checked and verified. 

The conceptual design of the diagnostic as well as the measurement results from the test system 

in the DMS support laboratory and the mock-up system will be discussed in the paper.
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Since the first plasma performed in December 2016, the WEST tokamak has undergone several 

upgrades of its plasma facing components. It is now entering Operation Phase 2 with in vessel 

components fully actively cooled and a lower divertor made entirely of ITER-like tungsten 

monoblock plasma facing units. In parallel, the plasma performances and duration have 

continuously progressed requiring improved plasma control and Real Time machine 

protections. 

The vertical instability control loop has been upgraded. Based on an optimization of the delay 

at each stage of the control loop, this upgrade uses raw magnetic data coupled to a real time 

vertical displacement observer in order to increase the operation domain (i.e. plasma 

elongation). It is used by different shape control modes which address various operation issues 

such as X-point formation or gap control. 

Plasma density control is handled by the Plasma Control System (PCS) which addresses either 

the 21 piezo valves for gas injection or the pellet injector using generic feedforward and/or 

feedback controllers. 

Heating systems of WEST (ICRH and LHCD) are also driven by the PCS. The latter controls 

both the power and the phase of the antennas. More recently, in order to perform plasma 

discharges sustained during up to 1000s, a feedback control of the loop voltage using the LHCD 

power was implemented. Operating a fully-actively cooled metallic machine requires Real 

Time machine protection strategies to avoid water-leak or other damages to the first wall. On 

WEST, such protections are based on spectroscopic density measurements of impurities and on 

the infrared monitoring of critical components. They either trigger minor adjustments of the 

reference scenario (e.g. decreasing of the requested heating power) or a plasma soft termination. 

This paper is an overview of the developments performed in the aim to operate WEST Phase 2.
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Following the first Deuterium-Tritium Experiment (DTE1) at UKAEA, modifications were 

investigated to the Joint European Torus’ (JET) gas introduction systems – comprising of the 

gas introduction and gas distribution system (GI/GD) in the Active Gas Handling System 

(AGHS), and Neutral Beam Injection (NBIs) and the Tritium Injection Modules (TIMs) on the 

torus – to increase the gas feed capabilities of the JET facility to better support future 

campaigns. During DTE1 about 100 g of tritium was supplied from AGHS to JET users. During 

DTE2 and the Tritium-Tritium Experiment (TT) about 250 g and 630 g of tritium respectively 

was supplied to JET users for the campaigns to the end of 2021. The tritium and deuterium gas 

supply systems of the fuel cycle can be underestimated as having fewer technical or scientific 

challenges based on lower equipment design complexity. However, operational experience has 

shown these systems have the potential to bottleneck a campaign programme.  

This publication outlines the upgrade requirements foreseen following DTE1, for operations in 

the DTE2 and TT campaigns, how these changes impacted the gas supply operations and where 

limitations were encountered. Additionally, the JET experimental programme emphasised the 

complexity of the interfaces around these gas supply systems. These limitations and complexity 

included – torus gas injection requirements versus gas supply capabilities; the logistics of gas 

supply involving multiple control room locations; communication routes between gas supply 

systems and teams; and safely controlling and tracking tritium gas movements. 

The latest JET tritium campaigns highlighted a number of challenges for future facilities 

looking to operate in both batch and continuous gas injection operational modes. The 

conclusions from this publication intend to provide a starting point for how to address these 

challenges and optimise gas supply in support of future fusion programmes. 
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The design of the water-cooled divertor in fusion reactors is based on a joint structure consisting 

of a tungsten (W) armour and a copper-based heat sink. However, dissimilar thermo-mechanical 

properties (melting temperature, thermal conductivity, coefficient of thermal expansion) of the 

two constituent materials impose severe constraints on fabrication and use of such material 

combination. High heat flux (10–20 MW/m²) imposed on the divertor components combined 

with cyclic thermal shock events, lead to the accumulation of plastic strains and fracture at the 

bonded interface between the two materials. 

The goal of the conducted research was to develop a W-Cu heat sink material with enhanced 

reliability, thermal conductivity and control of the coefficient of thermal expansion (CTE). In 

order to overcome the challenges of component design and enable greater freedom in terms of 

composition, W-Cu composites were produced by a combination of additive manufacturing and 

liquid melt infiltration. W lattice structures were manufactured using laser powder bed fusion 

(LPBF) followed by infiltration with molten Cu. A series of samples was produced with 

variation in Cu content from 5-60 vol. % and evaluated in terms of thermal, electrical and 

mechanical properties. Additionally, in order to verify the feasibility of fabrication and to 

minimize the effects of the high mismatch in CTE (CTECu ≈ 4CTEW), a functionally graded 

W-Cu composite was produced. Final material exhibited comparable thermo-mechanical 

properties to the conventionally manufactured W-Cu materials, however with an expanded 

composition range (and shape complexity). On the other hand thermal expansion coefficient 

was lower across the entire composition range (4.5–5.8 ×10⁻⁶ K⁻¹) which can be ascribed to W 

connectivity throughout the material.
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Gyrotrons are key components for electron cyclotron heating and current drive (ECH/CD) in 

fusion reactors. In ITER, 20 MW ECH/CD system is applied using 24 sets of 170 GHz / 1 MW 

gyrotrons and QST procures 8 sets of the ITER gyrotron systems. Besides the 170 GHz 

gyrotron, we have been developing multi-frequency gyrotron to assist various ITER operations. 

The target frequency is 104 GHz for 1.8 T operation and 170 GHz for 2.65 T and 5.3 T 

operations. As an additional frequency, the oscillation at 137 GHz is also available. In order to 

reduce the stray RF-power at each frequency, a built-in mode converter and four mirrors in the 

gyrotron has been optimized. A pair of mirrors inside the Matching Optical Unit (MOU) are 

also optimized for all three frequencies simultaneously and achieved around 95 % of mode 

purity for HE11 mode in calculation at the inlet of the waveguide of 50 mm diameter. This is 

important since the frequency can be switched without changing the mirrors inside the MOU 

and the high mode purity is also critical from the viewpoint of the stray RF reduction at the 

ECH/CD launcher. These design works were successfully completed. A prototype gyrotron and 

MOU were manufactured, and the tests have been started. In the short pulse experiments, the 

output beam patterns at triple-frequencies are measured at gyrotron window and it is agreed 

with the design patterns. After confirmation of the beam pattern, the pair of MOU mirrors are 

carefully adjusted with the short-pulse experiments and the mode purity of 93.9 % (104 GHz), 

94.3 % (137 GHz) and 94.6 % (170 GHz) were achieved, which are close to the calculation. 

These results show the validity of RF-design of multi-frequency gyrotron and MOU, and also 

shows the successful manufacturing of gyrotron and MOU.
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A LaBr₃:Ce scintillator based hard X-ray (HXR) spectrometer has been developed for runaway 

electron studies in Korea Superconducting Tokamak Advanced Research (KSTAR). The 

spectrometer is composed of the scintillator, a photo-multiplier tube (PMT), PMT gain 

monitoring system and raw-waveform recording flash analog to digital convertor (FADC). The 

gain monitoring system provides pulsed reference light to the PMT, and the amount of PMT 

gain changes are estimated by using the recorded raw-waveform of the reference light and off-

line data analysis routine. In the off-line data analysis routine, the pulse pile-up rate is also 

estimated. The operation stability of the spectrometer system is monitored by using the 

estimated gain changes and pulse pile-up rate. The energy calibration of the spectrometer is 

performed by using the radioisotope sources; Cs-137, Co-60 and Am-Be. The initial operation 

results in the KSTAR ohmic and neutral beam heated plasma discharges are described.
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Microwave (MW) reflectometry is currently considered as a possible solution in DEMO to 

measure the radial edge density profile and to provide data for the feedback control of plasma 

position and shape. The primary integration approach for the reflectometry system involves the 

inclusion of several groups of antennas and waveguides (WGs) into a Diagnostics Slim Cassette 

(DSC), a full poloidal sector with 20–25 cm of toroidal thickness made of EUROFER dedicated 

to diagnostics. The DSC is expected to be integrated with the DEMO breeding blanket (BB), 

possibly sharing the input and exhaust cooling lines. As the passive front-end components of 

the reflectometry system (antennas and WGs) will be directly exposed to the plasma, an 

effective cooling system design is required to keep the operating temperatures below the limits 

established for the DSC materials under neutron irradiation. Furthermore, the mechanical 

stresses experienced by the DSC should not compromise its structural integrity.  

This paper presents the results of an updated design of the cooling system proposed for the 

DSC, for a segment located at the equatorial plane inboard, one of the locations where the 

system is expected to operate at higher temperatures. The steady thermal analysis was 

performed by coupling ANSYS Mechanical with ANSYS CFX, taking into account the 

volumetric nuclear heat loads calculated with MCNP and the plasma thermal radiation 

calculated in the previous work. The maximum temperature obtained was below the 

temperature limit for EUROFER under neutron irradiation (550 °C). The thermal map was then 

used as input in a structural analysis, which showed that the current design of the DSC fulfils 

the level-A requirements of RCC-MR for Immediate Plastic Collapse (IPC), Immediate Plastic 

Instability (IPI), and Immediate Plastic Flow Localization (IPFL).
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E. Diagnostics 

Comparison Study on the Derivation of In-Structure FRS during Seismic 

Events for Application of ITER Upper Port 18 

HeeJin Shim¹, Jaemin Kim¹, Munseong Cheon¹, Sunil Pak² 

¹ Korea Institute of Fusion Energy, 169-148 Gwahak-ro, Yuseong-gu, Daejeon, 305-806, South Korea 

² ITER Organization, Route de Vinon-sur-Verdon, CS 90 046, 13067 St. Paul Lez Durance Cedex, 

France 

 

The design of in-structure components of ITER port plug requires the determination of the 

seismic action on the particular points of interest in which the components are going to be 

determined. The usual way to represent the seismic event used in practice is by Floor Response 

Spectral (FRS). A suitable methodology to find the seismic FRS at a particular location of a 

Diagnostic system by a “direct spectra-to-spectra method” is developed for application of ITER 

diagnostic components. The developed methodology in the frequency domain, has four main 

steps: first, conversion of the response spectral into artificial equivalent Power Spectral Density 

(PSD); second, performing random vibration analysis using the artificial equivalent PSD; third, 

extraction of the output PSD at specific points; fourth, inverse conversion of the generated PSD 

into response spectra. This methodology to find seismic FRS at the particular points of in-

structure in upper port 18 is presented in this work. A comparison result for the different finite 

element model is also discussed. 

 

Disclaimer 

The views and opinions expressed herein do not necessarily reflect those of the ITER 

Organization.
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B. Experimental Devices and Facilities for Fusion Research 

Gas composition change during operation of a compact discharge fusion 

neutron source with a closed deuterium supply system 

Takumi Matsuo¹, Shunsuke Kenjo², Keisuke Mukai³, Juro Yagi³, Satoshi Konishi³ 

¹ Graduate School of Energy Science, Kyoto University, Uji 611-0011, Kyoto, Japan 

² Graduate School of Energy Science, Kyoto University / National Institutes for Quantum Science and 

Technology, Japan 

³ Institute of Advanced Energy, Kyoto University, Uji 611-0011, Kyoto, Japan 

 

A compact cylindrical fusion neutron source has been developed for various applications, such 

as a D–T fusion neutron source for blanket neutron transport experiments for blanket 

development. Currently, the operation of a discharged fusion device is mostly deuterium–

deuterium (D–D) fusion, in which D₂ fuel is continuously fed to initiate a discharge chamber 

and produce neutrons followed by evacuation. However, deuterium–tritium (D–T) fusion 

operation requires a closed supply system for tritium. In the closed system, fuel D₂ gas is diluted 

by light hydrogen released from the inner wall of the vacuum chamber and the surface of the 

electrodes. In this study, we analyzed the changes of gas composition during discharge for 

stable operation, using a system that supplies and recovers fuel with metallic hydrogen storage 

materials. 

The intermetallic compound, ZrCo was used as the metallic hydrogen storage material, and the 

sample was prepared by arc melting. The crystal structure was identified by X-ray diffraction 

(XRD), and confirmed that the sample was pure ZrCo. Cylindrical neutron source was operated 

using the small ZrCo bed attached to the chamber for reversible supply and recovery of 

hydrogen isotopes. The operation was preceded by a continuous supply of deuterium to reduce 

the effect of isotope exchange. A variable leak valve was installed and the gas composition 

change during the discharge in the fuel confinement system was observed with a quadrupole 

mass spectrometer (QMS). The results of the gas analysis showed that increase of hydrogen(H) 

and deuterium was diluted by the increase of discharge current and operation time. It was also 

experienced the response time for delivery and recovery of deuterium by ZrCo was longer than 

expected, and an improvement of the system is considered.
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E. Diagnostics 

Magnetic diagnostics for the high temperature operation tokamak 

COMPASS-U 

Tomas Markovic¹, Andre Torres¹, Karel Kovarik¹, Ekaterina Matveeva¹, Vojtech Balner¹, 

Vladimir Kindl², Pavel Turjanica², Vladimir Weinzettl¹, Ivan Duran¹, Olena Hronova¹, David 

Fridrich¹, Martin Imrisek¹, Fabien Jaulmes¹ 

¹ Institute of Plasma Physics of the Czech Academy of Sciences, Czech Republic 

² Faculty of Electrical Engineering, University of West Bohemia, Czech Republic 

 

This contribution presents the final design of the magnetic diagnostics hardware of the 

COMPASS-U tokamak [Vondracek, Fus. Eng. Des. 17 (2021) 112490] that is presently under 

construction at IPP Prague. The engineering solution and positioning of the diagnostic coils 

(both high and low frequency compatible), flux and saddle loops, Rogowski coil segments and 

diamagnets is described, and the spatial constraints on the sensors, and their signal cabling and 

vacuum feedthroughs are discussed. Symmetry and redundancy of the sensor arrays are 

discussed from the perspective of the detection of toroidal asymmetries of currents in the 

plasma, plasma facing components and vacuum vessel, and from the risk mitigation point of 

view. 

Since the tokamak is planned to operate at temperatures of the vacuum vessel up to 500 °C, 

appropriate sensor and cabling material is considered in the design and tested in a high 

temperature vacuum chamber. The following materials have passed the testing: mineral 

insulated cable on a 316L structure, glass fiber insulated cables, bare copper wires on ceramic, 

and thick printed copper on ceramic plates. The capabilities of the sensor arrays to reconstruct 

and control the plasma equilibrium (specifically the separatrix clearances from plasma facing 

components) within the required precision are demonstrated by series of EFIT++ runs. 

Capability to detect high frequency plasma oscillations is demonstrated by a benchmark 

calibration of the high frequency coil prototypes using Helmholtz coils, and predicted by 

tokamak VV eddy current simulations using ANSYS Maxwell software. These simulations also 

show that magnetic signal shielding by eddy currents will be kept within the operational and 

scientific constraints for magnetic diagnostics performance of this full metal tokamak.
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I. Fuel Cycle and Breeding Blankets 

Simulation based systematic error budget for the measurement of the 

Sieverts-constant for PbLi 

Robin Größle, Nicolas Bekris, Ion Cristescu, Alexander Marsteller, Florian Priester, Marco 

Röllig 

KIT, Germany 

 

We have designed and built a new setup at the Tritium Laboratory Karlsruhe (TLK) for the 

measurement of the Sieverts-constant of tritium in lithium-lead (PbLi). A first key feature of 

the experiment is to reduce the systematic impact of the hydrogen solubility in different 

materials by using aluminium and glass parts for the majority of the setup and choosing stainless 

steel only where no alternatives are available. Combined with a careful design and layout of all 

internal volumes and variable buffer vessel sizes and an adjustable PbLi amount of 100 g or 

1000 g, the setup provides high-sensitivity access to a broad range of possible Sieverts-

constants. The symmetric layout of the feed and extraction side aims for both, adsorption and 

desorption measurements with high sensitivity in the wide range of Sieverts-constants 

mentioned in literature. Therefore, for a new experiment it is crucial to be able to cover this 

wide range and to be able to test experimentally the impact of systematic effects.  

For a successful determination of the Sieverts-constant the handling of the lithium lead is 

crucial. Impurities such as oxides can have a great impact on the performance of the facility as 

well as on the Sieverts-constant itself. Therefore, methods for cleaning, storage and transfer 

have to be tested and defined.  

In this contribution, we present the calculations and dynamic simulations to estimate the impact 

of systematic effects like the temperature gradient, gas leakage and the accuracy of the pVT 

measurement to the Sieverts-constant. A systematic error estimation is crucial to plan the 

experimental campaigns and to extract the Sieverts-constant with its error budget from the 

experimental data.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

DPA and helium production assessment in EU DEMO HCPB divertor 

Simona Breidokaite, Gediminas Stankunas 

Lithuanian Energy Institute, Lithuania 

 

EU DEMO should be the first of its type, and as a demonstrational fusion power plant, it will 

have to show that it can produce energy. The availability and longevity of the plant will be 

comparable to that of a commercial fusion power plant. The capacity to provide considerable 

net electric power to the grid (300 MW to 500 MW) safely and continuously is one of DEMO's 

significant criteria. 

The high energy and density neutron fluxes are one of the most important issues limiting the 

lifespan of the EU DEMO reactor. The neutrons cause defects, leading to the transmutation of 

elemental atoms when they contact the divertor component materials. Many of these reactions 

produce gases, notably helium, which can induce material swelling and embrittlement. 

In this paper, we study the DPA (displacement per atom), heat loads and helium production in 

divertor. For calculations, the 2017 DEMO baseline was used with a homogenized Helium 

Cooled Pebble Bed (HCPB) breeder blanket and the detailed divertor configuration. These 

calculations were performed using the MCNP6 code with FENDL 3.2 nuclear data library.
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B. Experimental Devices and Facilities for Fusion Research 

Density Pumped-out in KSTAR Double Null Transition Discharge 

Jaegon Lee¹, Boseong Kim¹, Jin Myung Park², Chan-Young Lee¹, Yong-Su Na¹ 

¹ Seoul National University, South Korea 

² Oak Ridge National Laboratory, USA 

 

Most fusion reactor concepts are designed to operate in Double Null (DN) configuration to 

bring its many advantages, especially in power exhaustion [1]. Among the experiments on this 

DN, it was observed that the density gradually decreased and the confinement improved in the 

process of transitioning from Lower Single Null (LSN) to DN in KSTAR [2]. This improvement 

is analyzed to have occurred because the increase in the beam particle and energy contents from 

the decreasing density has overtaken the reduced energy. In this paper, two studies are presented 

to determine the cause of this density decrease. First, considering that the radial particle flows 

inside the Last Closed Field Surface (LCFS) differs according to the relation between the 

gradient B drift direction and the location of the active X-points [3], the effect in DN was 

investigated. The second is the effect of neutral transport recycled from the particle flux near 

the inner divertor, which diminishes when the magnetic field configuration changes to DN. For 

these studies, TRIASSIC-C2 was developed which was improved to cover the entire region of 

tokamak [4,5,6], and benchmarked with SOLPS-ITER [7]. 
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G. Plasma-facing Components 

Hydrogen isotopes permeation through liquid tin supported by a nickel 

substrate 

Teppei Otsuka, Ryo Hatano, Masashi Inoue, Alexander Potekhin, Kirill Krimov 

Kindai University, Japan 

 

Liquid tin (liq. Sn) is one of candidate materials for liquid metals divertor facing to hydrogen 

isotopes plasma.  However, properties of hydrogen isotopes in liq. Sn, i.e. solution, diffusion 

and permeation of hydrogen isotopes, are not fully clarified yet. In the present study, gas driven 

permeation behavior of deuterium through liq. Sn supported by a nickel substrate has been 

investigated with respect to a thickness of liq. Sn, and temperature and pressure dependence of 

feeding deuterium gas. 

A circular plate of pure Ni (φ 21.3 mm x 0.3 mm thick) separated two containers vertically: At 

the upper container, liq. Sn layer with a thickness of 3, 6 or 7 mm was contacted with the Ni 

plate, and a deuterium gas was fed on the liq. Sn surface at a constant pressure ranging from 13 

to 93 kPa (upstream side). Then, permeation rate of deuterium from an opposite surface of the 

Ni plate was monitored by a quadrupole mass spectrometer at the downside container evacuated 

by a vacuum system (downstream side). 

After starting of deuterium gas feeding at the upstream side, deuterium permeation rate 

increased for a short time but gradually decreased to become a constant value indicating an 

overshooting phenomenon. Taking the constant value as a steady-state permeation rate for 

deuterium, they increased proportionally with a square root of the feeding pressure of deuterium 

gas. Note that the steady-state permeation rates were not influenced by the thickness of the liq. 

Sn layer. Consequently, the permeation rates of deuterium through liq. Sn and the Ni plate were 

3 ~ 4 orders of magnitude smaller than that for pure Ni at 13 kPa over a temperature range from 

673 K to 873 K. After the permeation experiments, two containers including solidified Sn and 

the Ni plate were cut to observe a cross-sectional view of an interface between Sn and Ni, where 

an alloying layer of 30~40 µm was formed. 

A model of deuterium permeation through liq. Sn and the Ni plate is proposed as follows; 

concentration of deuterium in the liq. Sn layer immediately became uniform due to large 

diffusivity of hydrogen isotopes in liq. Sn. Then, deuterium in liq. Sn dissolved into Ni at an 

interface of Sn and Ni at a concentration determined by a deuterium potential in liq. Sn. 

Meanwhile, after formation of the alloying layer, a deuterium potential in the alloying layer was 

plausibly lowered in comparison with that in liq. Sn, resulting in the overshooting phenomenon. 

In the paper, microstructures of the alloying layer and its influence on permeation behavior of 

hydrogen isotopes through liq. Sn and the substrate will be discussed in details.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 728 

P-2.236 Poster 

E. Diagnostics 

A novel fast digitizer setup for microwave measurements of ion dynamics 

and plasma-wave interaction 

Théo Verdier¹, Roddy Vann², Asger Jacobsen¹, Thomas Jensen¹, Jesper Rasmussen¹, Stefan 

Nielsen¹, the ASDEX Upgrade Team* 
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Measuring the interaction of high-power microwave beams with plasmas can yield valuable 

information on confined ion dynamics, as exploited using collective Thomson scattering (CTS), 

and phenomena such as parametric decay instabilities. A heterodyne CTS receiver measuring 

within several frequency ranges is installed at ASDEX Upgrade for this purpose. The diagnostic 

employs a fast digitizer, currently powered by an NI PXIe-5186 PXI oscilloscope used for 2-

channel 8-bit sampling at 6.25 GS/s. A main limitation of the current setup is its on-board 

memory of 1GB, which constrains the total acquisition time per discharge. 

Here, we describe a novel fast-digitizer setup that allows improved sampling capabilities at a 

fraction of the cost of industrial digitizers. Specifically, this new setup is centered around a 

high-performance analog-to-digital converter (ADC), operated through an FPGA carrier, which 

allows acquisition at 10 GS/s and an analog bandwidth of 5 GHz. However, the main 

improvement lies in the capability of live data streaming to the acquisition computer, unlocking 

access to continuous measurements. This optimizes scientific returns as data covers full 

discharges, which also greatly facilitates discharge planning and diagnostic operation. The 

ADC is furthermore potentially capable of a 12-bit precision, which would increase the 

resolution by a factor of 16. This would be particularly relevant for measurements at low signal-

to-noise ratio, such as the CTS fast-ion spectral wings. 

This contribution presents the first discharge measurements acquired with this new setup, along 

with a discussion on calibration techniques. With its low cost, easy reproducibility, and superior 

sampling capabilities, such a setup could be of general relevance for microwave diagnostics at 

existing and future fusion devices. 

 

 

* See author list of H. Meyer et al. 2019 Nucl. Fusion 59 112014. 
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B. Experimental Devices and Facilities for Fusion Research 

Tritium Laboratory Karlsruhe – Technically matured from basic 

technology to advanced experiments and analytics 

Jürgen Wendel, Uwe Besserer, Robin Größle, Marco Roellig, Magnus Schloesser, Stefan 

Welte 

Karlsruhe Insitute of Technology (KIT), Germany 

 

The Tritium Laboratory Karlsruhe (TLK) was built as a unique pilot scale isotope laboratory 

following establishing concepts. Its focus scoped in gaining experience in safe tritium handling 

and processing of tritium amounts in the range of several mole per day. Original scientific tasks 

were mostly related to fusion applications such as the qualification of inner surfaces, materials 

for tritium facing components, and foremost of all, the development of fusion relevant tritium 

processing plants for plasma exhaust purification as well as water detritiation. 

TLK sheltered Experiments like CAPRICE, HITEX (cooperation with CFFTP), CAPER, 

TRENTA etc. which necessitated the development, design and manufacture of customized 

tritium compatible process components like permeators, membrane reactors, catalysts and 

separation columns. In order to benchmark, control and guarantee the operation and safety of 

these processes and the tritium confinement, analytical methods had to be developed. These 

methods include gas chromatography, mass spectrometry, laser raman spectroscopy, infrared 

spectrometry etc. 

Thus TLK matured into a unique laboratory with international collaborations in the field of 

fusion technology and beyond, having a wide portfolio of expertise in tritium technology. 

This expertise enabled TLK to host the complex KarlsruheTritiumNeutrino-Experiment 

(KATRIN), applying all knowledge learned in 25 years of operation, to guide the setup of the 

experiment and to ensure safe and reliable operation in prolonged measuring campaigns.  

Over three decades TLK processed large amounts of Tritium without any incident, confirmed 

its excellent capability for scientific education and training and is still required for its expertise 

and consultancy in the fields of research, technology and by governmental requests. 

This paper presents the development of the TLK, starting from the first outline design to the 

current experiments and operations in support of KATRIN, while giving an insight into 

administrative, technical and scientific work done over the last 30 years of operation.
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G. Plasma-facing Components 
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Optimising the design of in-vessel components is a necessary step in the EUROfusion roadmap 

to the realisation of the DEMOnstration fusion power plant. Efficient cooling of the divertor is 

considered integral to effective energy extraction and protection of plasma-facing materials. 

Copper-Chromium-Zirconium (CuCrZr) is a candidate material for cooling pipes in the divertor 

due to its excellent thermal conductivity and good mechanical strength. The material forms a 

W/Cu/CuCrZr monoblock system within the divertor. A fundamental understanding of the 

failure modes of the CuCrZr and Cu are critical to develop and calibrate models used in 

engineering design against failure. Preliminary studies of CuCrZr tensile behaviour show that 

the prominent final failure mechanism is void nucleation, growth, and coalescence, over the 

stress triaxiality range ~0.33 to 0.7. It is not known if this failure mechanism is consistent in 

other loading conditions with different triaxiality factors. 

This work aimed to quantify the ductile damage by achieving a statistically representative void 

volume, a key input for the Gurson-Tvergaard-Needleman finite element model. The model 

aims to predict the CuCrZr failure mechanism under untested triaxial conditions. The failure 

behaviour of Cu and CuCrZr (1.0 wt.% Cr, 0.1 wt.% Zr) dogbone specimens (gauge length and 

diameter: 1 mm, 0.25 mm respectively) under tensile loading at room temperature was 

investigated by synchrotron-based in-situ X-ray computed tomography and diffraction. The 

study showed void growth within a shear band, with indication that void-sheeting occurred, 

before single plane catastrophic shear dominated. The void growth and resolution were limited 

by the small sample size and low beam energy, respectively, and therefore only qualitative 

observations were made. Further studies with a higher energy beam will be conducted to 

achieve the resolution required for a quantitative measure of void volume fraction. Part of this 

work was previously presented in poster format for the ICFRM-20 conference.
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J. Materials Technology 

Exploring CuCrFeVMoTi system for high heat flux applications 

Alvaro Rodríguez López¹, Miguel Ángel Monge Alcázar¹, Begoña Savoini Cardiel¹, Yanicet 

Ortega Villafuerte², Ángel Muñoz Castellano¹ 

¹ Universidad Carlos III Madrid, Spain 

² Universidad Complutense de Madrid, Spain 

 

The development of nuclear fusion reactors such as DEMO (DEMOnstration Power Plant) 

requires extensive research into new materials capable of withstanding the extreme operating 

conditions inside the fusion chamber. 

In the development of advanced materials, high entropy alloys (HEAs) are considered as 

potential candidates to be used for plasma-facing or divertor armor components for fusion 

reactors, due to their interesting properties such as excellent mechanical properties, corrosion 

resistance and even self-healing properties after irradiation damage. 

In this study, three HEAs from the CuCrFeVMoTi family were produced by vacuum arc 

melting: Cu5Cr35Fe35V20Ti5, Cu5Cr35Fe35V20Mo5 and Cu5Cr35Fe35V15Mo5Ti5. These 

materials could be used as thermal barriers between the plasma facing materials and the 

components of the cooling systems of the reactor vessel. To explore the compositional effects 

on the microstructure, the alloys were analyzed by scanning electron microscope, elemental 

mapping, EBSD and X-Ray diffraction. Mechanical properties were evaluated by Vickers 

hardness, nanoindentation measurements and compression tests. 

The Ti-rich HEAs exhibit dendritic microstructures with segregated Cu and Ti regions. Both 

alloys have remarkably high hardness values, with the Ti-Mo-HEA showing the highest 

hardness. On the contrary, Ti-free alloy shows a single phase with large equiaxed grains and a 

homogeneous distribution of elements and the lowest hardness values. 

A detailed analyses of the contribution of each phase to the bulk hardness and Young modulus, 

together with the study of the evolution of the microstructure and mechanical properties with 

thermal treatments, were performed.
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In-situ Synchrotron investigation of the mechanical properties of oxide 

dispersion strengthened Eurofer97 at elevated temperatures 
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Augmentation of the mechanical properties of reduced activation ferritic martensitic (RAFM) 

steels through oxide dispersion strengthening (ODS) is a promising means to increase the high 

temperature operating limit of candidate structural materials. In the presented work, the effect 

of temperature on the elastic and microstructural properties of 0.3% wt Y2O3 oxide dispersion 

strengthened steel Eurofer97 is investigated using synchrotron high energy X-ray diffraction 

in-situ tensile testing, alongside the non-oxide strengthened base steel as a point of comparison. 

Analysis of the evolving microstructure with tension at a variety of test temperatures allows the 

single crystal elastic constants to be experimentally determined, and the effect of ODS on bulk 

response and elastic anisotropy are noted. Furthermore, the effect of temperature on the 

evolving dislocation density and character in both materials is interrogated, providing insight 

as to deformation mechanisms present. Finally, the constitutive flow stress model is used to 

evaluate the factors affecting yield strength, allowing the strengthening contribution of the 

oxide particles to be evaluated. 

Note: This work was previously presented as a talk at the 5th Postgraduate Research 

Symposium on Ferrous Metallurgy 2021.
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J. Materials Technology 

High heat flux testing method of plasma facing component materials 

Zdeněk Veselý, Milan Honner, Matěj Hruška 

University of West Bohemia, 301 00 Pilsen, Czech Republic 

 

Nuclear fusion represents a great expectation for a clean, safe and almost unlimited source of 

energy. One of the important tasks in the development of fusion technology are plasma facing 

components of fusion reactors.  

These materials must withstand extreme operating conditions of the fusion reactors such as high 

fluxes of plasma species (ions, electrons, neutral atoms and high-energy neutrons) and high heat 

fluxes. The materials must have very high thermal conductivity for heat dissipation from the 

fusion environment, high melting point and large thermal shock resistance. 

High heat flux (HHF) testing method for testing of plasma facing components had been 

developed at UWB NTC. The tested material is loaded by using high power continuous laser at 

wavelength of 1030 nm. Scanning head enables precise specification of the loaded area on the 

surface of tested material.  

The achievable heat flux up to 300 MW.m⁻² depends on the laser power, absorptivity of the 

material and required size of the sample area to be loaded. The duration of heat loading can be 

set according to the testing requirements in the range of tenths up to tens of seconds. The 

material testing procedure can be performed both in inert gas atmosphere or in a vacuum 

chamber. The surface temperature of the loaded material is measured utilizing up to three 

infrared camera systems with different detection possibilities at the wavelengths of 1 μm, 3–5 

μm and 7.5–13 μm. 

The developed HHF testing method can be used for testing of plasma facing component 

materials against both time averaged heat loads in the order of 1-20 MW.m⁻² and transient heat 

loads in the order of 50–300 W.m⁻² that can be achieved during the operational conditions in 

the fusion reactors. 

The possibilities of HHF testing method application for plasma facing components are showed 

on wolfram samples.
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J. Materials Technology 

Modelling the effects of DEMO Plasma Transients on Eurofer 97’s 

Microstructure 

James Hargreaves, Tomas Martin 

School of Physics, University of Bristol, Bristol, United Kingdom 

 

The reduced activation ferritic/martensitic steel Eurofer 97 (8.89Cr-1.11W-0.44Mn-0.19V–

0.14Ta wt.%) is the reference structural material for DEMO’s plasma-facing first wall (FW) 

[1]. Despite protection by limiters, W-armour, and/or shattered pellet/massive gas injection, 

plasma disruptions may impose high (0.75 MW m–2) transient thermal loads on the FW, causing 

Eurofer 97’s max. design temperature of 550 °C to be briefly exceeded [2]. Over time, repeated 

transient exposure may significantly alter Eurofer 97’s normalised-tempered lath martensite 

microstructure and secondary phases, affecting mechanical properties, and creep and corrosion 

resistance [3]. Prior to DEMO licensing, the effects of this unique thermal degradation 

mechanism on Eurofer 97 must be comprehensively characterised. 

The effects of isothermal ageing (1000 h and 100,000 h) and repeated exposure to mitigated 

disruptions on the microstructure of Eurofer 97 has been explored by numerical simulations, 

implemented in the CALPHAD software Matcalc. Simulation results are supported by 

experiments on representative samples of Eurofer 97 using a plasmonic-enhanced laser thermal 

exposure technique. Microanalysis of laser-exposed Eurofer 97 employed scanning electron 

microscopy (SEM), energy-dispersive X-ray (EDX), and electron backscatter diffraction 

(EBSD). 

A single transient reaching a peak of 700 °C promotes the relaxation of Eurofer 97’s martensitic 

sub-grains into a new microstructure consisting of equiaxed ferrite grains and Cr-rich carbides. 

After 100 transients reaching 700 °C significant precipitate ripening was observed. Further 

exposure resulted in grain size coarsening from 0.1–2 µm to a maximum of 5–40 µm after 1500 

transients at 850 °C. Consequences of the observed microstructural evolution may include 

sensitisation and increased susceptibility to irradiation-assisted stress corrosion cracking 

(IASCC), loss of toughness due to precipitation hardening, and altered creep behaviour, as MX-

type precipitates ripen. 
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G. Plasma-facing Components 

High Heat Flux testing of Full-Scale Prototypes at HECZA facility 

Tomáš Kubásek, Richard Jílek, Lukáš Toupal, Ladislav Vála 

Research Centre Řež, Hlavní 130, 250 68 Husinec-Řež, Czech Republic 

 

As plasma facing components, the First-Wall Panels of the ITER reactor will have to endure 

extreme heat loads in the range of 2 MW/m² (Normal Heat Flux) to 4.7 MW/m² (Enhanced 

Heat Flux). As such, these panels have to undergo extensive testing in order to be qualified for 

use in the reactor. One of the first steps is High-Heat-Flux (HHF) testing of the Full-Scale 

Prototypes (FSP). The campaign for testing these prototypes was initiated in March 2021 and 

is currently underway at the HELCZA (High Energy Load Czech Assembly) facility. The tested 

components are exposed to various heat fluxes ranging from 0.5 to 2.5 MW/m². In order to pass 

the test, each prototype must endure 7500 cycles (30 s on, 30 s off) at 2 MW/m² and 

subsequently 1500 cycles at 2.5 MW/m². In total, three FSPs from different manufacturers will 

be tested throughout this campaign. This paper presents the results obtained from the described 

HHF testing of FSPs at HELCZA facility.
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F. Magnets, Cryogenics and Electrical Systems 

Feedback Regulated Toroidal and Solenoidal Field Coil Discharges at the 

NORTH Tokamak 

Thomas Jensen¹, Riccardo Ragona¹, Martin Jessen¹, Mikhail Gryaznevich², Stefan K. Nielsen¹ 

¹ Technical University of Denmark, Dept. of Physics, Lyngby, Denmark 

² Tokamak Energy Ltd 173 Brook Drive, Milton Park, Abingdon, OX14 4SD, United Kingdom 

 

NORTH is a small tokamak using regular copper cables in both the toroidal, poloidal and 

solenoidal field coils. The current source consists of a modular setup of super capacitors that 

can be configured for either long duration >15 s, low intensity 0.1 T toroidal fields or short 

duration <5 s, high intensity > 0.25 T fields. The capacitor bank enables off-grid, high current 

discharges on the order of 1.2 kA. A quick recharging time of less than 10 minutes makes it 

possible to execute experiments in rapid succession. The key component for controlling the 

super capacitor discharge is the Insulated-Gate-Bipolar-Transistor (IGBT) enabling pulse-

width-modulated (PWM) adjusted current waveforms with a 3300V/1200A rating. 

Manipulating kilo ampere currents with PWM is not trivial. The switching action induces very 

high voltages capable of breaking even very robust power electronics components if the current 

is not precisely controlled. Techniques similar to those used in switch-mode power supplies are 

critical for fault-free operation.  

This work describes the design of the configurable field coil circuit with current sensing 

feedback control. Circuit characterization of the capacitor bank/IGBT actuator/field coils and 

verification of the simulations. Subsequently a mapping of the magnetic fields as a function of 

the field coil current is done and adjustments made to provide the desired toroidal magnetic 

field. Similar work is progressing with the solenoid circuit with focus on optimizing the plasma 

current drive capability. Preliminary results are promising, indicating that a confining magnetic 

field with low ripple and robust current drive control is close to reality.
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E. Diagnostics 

Feasibility of the EDICAM camera for runaway electron detection in JT-

60SA disruptions 
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Hungary 

² Swiss Plasma Centre, École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland 

³ Centre for Energy Research, Budapest, Hungary 

⁴ National Institutes for Quantum and Radiological Science and Technology, Naka, Japan 

 

Runaway electrons are highly energetic particles which are generated in tokamaks whenever 

strong electric fields are present, such as, for example, disruptions. In future high-current 

devices a large fraction of the plasma current can be converted into runaway electron current 

and the subsequent runaway beam might cause significant damage to the plasma facing 

components. 

Visible cameras, like the EDICAM camera system installed on the JT-60SA tokamak [1], are 

often used to detect synchrotron radiation from runaway electron beams in fusion devices. In 

this work we present runaway electron simulations in JT-60SA disruptions and investigate the 

feasibility of the EDICAM system for the detection of runaway electron synchrotron radiation. 

The DREAM [2] disruption runaway electron simulation code was used to model a massive 

material injection induced disruption. The runaway electron distribution function from the 

kinetic DREAM simulation was given to the SOFT [3] synthetic synchrotron diagnostic 

framework and the visible radiation was calculated for the parameters of the EDICAM camera 

system. We found that a sufficiently energetic runaway beam can generate visible radiation in 

disruptions that can be detected by the EDICAM camera. 
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B. Experimental Devices and Facilities for Fusion Research 

Dust produced by plasma off normal event in the Vacuum Vessel: 

experimental analyses of the deposition inside a Pressure Suppression Tank 

during a LOCA 

Luca Berti, Miriam Ibba, Alessio Pesetti, Michele Raucci, Guglielmo Giambartolomei, 

Donato Aquaro 

University of Pisa, Italy 

 

This paper deals with experimental and numerical analyses concerning the deposition of the 

dust, produced in the Vacuum Vessel of the nuclear fusion reactor ITER, and entrained inside 

the Pressure Suppression Tanks by the steam and gases during a Loss of Coolant Accident 

(LOCA). 

The dust, mainly tungsten and beryllium, is produced by the erosion of the divertor or of the 

first wall due to plasma off-normal events, like plasma disruptions and vertical displacement 

events. 

The activity is performed in the frame of a research program performed at the University of 

Pisa, funded by the ITER organization, for studying the behavior of Vacuum Vessel Pressure 

Suppression System (VVPSS). 

A reduced scale of VVPSS was built at the University of Pisa (1/22 geometrical scale). 

The experimental rig is composed by an electric steam generator and steam and air mass flow 

rate control lines. Steam with (or without) air is sent in a condensation container, partially filled 

with water. These fluids entrain a mass of dust measured by a dust micro-dosing system. The 

air and the non-condensed steam flow in the atmosphere through a demister and HEPA filters.  

A tests campaign was carried out, in this experimental rig, injecting a simulant dust (aluminum 

oxide) in a flux of steam and air into the condensation tank. The dust deposition on the different 

surfaces of the condensation tank was measured as well as the decontamination efficiency of 

the tank by the water. The tests were performed at different values of steam, air and dust mass 

flow rate.  

During the test, the dust concentration in the water was measured and compared with the 

average one. The results demonstrated that about 99 % of dust is deposited on the tank surfaces 

and only a quantity less than 1% is discharged with the water.
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J. Materials Technology 

Impact of brazing residual stresses and defects in tungsten-Eurofer97 

dissimilar joints for nuclear fusion 

Tristan Calvet¹, Yiqiang Wang², Minh-Son Pham¹, Catrin Davies¹ 

¹ Department of Mechanical Engineering, Imperial College London, SW7 2AZ, United Kingdom 

² United Kingdom Atomic Energy Agency, Culham Science Centre, Abingdon, Oxfordshire OX14 3DB, 
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First wall cooling channels for future fusion nuclear reactors (DEMO) will likely have a 

Reduced Activation Ferritic Martensitic (RAFM) steel (Eurofer97) joined to a refractory metal 

(tungsten) either with vacuum brazing or an alternative joining technique (e.g. welding, AM, 

HIP). Owing to very distinct thermal expansion coefficients of the two metals, residual stresses 

result from the joining process. Additionally, the limited compatibility of tungsten with brazing 

alloys may induce various defects (brittle phases and pores) which further impact the life 

expectancy of Plasma Facing Components (PFCs). 

   

In this work, residual stresses resulting from the brazing of tungsten to Eurofer97 is estimated 

with both a neutron beam diffraction technique and Finite Element Analysis (FEA). 

Experimental measurements and FEA were conducted on small pieces (13.5 x 6.5 x 6 mm3) of 

tungsten and Eurofer 97 brazed together with a copper-based alloy. It is found that simulating 

adequately the residual stresses proves itself to be difficult. Preliminary FEA models are thus 

complemented with additional simulation steps and material properties such as annealing and 

phase transformation to close the gap between experimental measurements and simulation 

results. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrocopy (EDS) are 

then used to identify brazing defects and brazing interphases suggesting further challenges for 

the estimation of residual stresses and material damage in brazed joints.  Two brazing 

configurations are then experimentally tested to compare the strength of different brazing 

interlayer configurations. Potential improvements for the joining of tungsten to Eurofer97 in 

PFCs are finally discussed.
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G. Plasma-facing Components 

Studies of self-passivating SMART alloys with reduced brittleness 

Jie Chen¹, Andrey Litnovsky¹, Xiaoyue Tan², Jan Coenen¹,³, Christian Linsmeier¹ 

¹ Forschungszentrum Jülich GmbH, Institute for Energy and Climate Research - Plasma Physics, 

Germany 

² School of Materials Science and Engineering, Hefei University of Technology, China 
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Self-passivating Metal Alloys with Reduced Thermo-oxidation (SMART) have been 

considered as a promising plasma-facing material in fusion power plants. The modern SMART 

alloys consist of tungsten as matrix, chromium as a passivating element and yttrium as an active 

element. It has been shown that SMART alloys exhibit excellent oxidation resistance via 

forming a chromium oxide scale in both dry and humid environments at 1000 °C. The self-

passivation can suppress sublimation of radioactive volatile tungsten oxides in case of air 

ingress during a loss-of-coolant accident in a power plant. However, current SMART alloys 

feature intrinsic brittleness and high hardness, which imposes significant problems to their 

practical application, e.g. during joining to the structural material. Therefore, this study is aimed 

at toughening SMART alloys while retaining their anti-oxidation property via modification of 

their microstructure. In the present work, the laboratory bulk SMART alloys are fabricated via 

a powder metallurgical route, i.e. mechanical milling of elemental powders and field-assisted 

sintering technology. The influence of impurity content, grain size and phase formation on the 

mechanical properties is studied. A representative SMART alloy shown in previous studies has 

an overall homogenous microstructure, a grain size of ~ 200 nm and a hardness of 1217 HV0.5. 

Now several approaches have been tried to overcome the brittleness. First, attempts are made 

to produce SMART alloys of a dual phase which consists of a soft Cr-poor matrix and an anti-

oxidant Cr-rich phase. Furthermore, for manufacturing nanocrystalline SMART alloys with a 

great potential for deformability, low temperature holding between 900 °C and 1200 °C during 

FAST sintering is adopted to achieve densification with minor grain growth. It is also suggested 

to incorporate Y2O3 particles into W-Cr grains to further inhibit grain growth instead of 

dwelling at grain boundaries that might weaken the grain boundary strength. Details of the work 

are presented in this contribution.
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E. Diagnostics 

Feasibility study of alkali beam emission spectroscopy on the HSX 

stellarator 
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Beam emission spectroscopy (BES) is a powerful diagnostic method to measure density 

fluctuations in the outer regions of magnetically confined plasmas, widely used in many 

devices. Such a system can be considered for the Helically Symmetric Experiment (HSX), a 

modular stellarator built at the University of Wisconsin–Madison to study plasma confinement 

in a quasi-helically symmetric magnetic field. As a first step in this process, we performed the 

feasibility study of an alkali beam BES system in which we considered two plasma scenarios 

of the device, and two alternative observation locations. One of the operation modes are in 

accordance with the current capabilities of the machine, with low peak density (4.5·10¹⁸ m⁻³), 

low ion temperature (50 eV) and high electron temperature (2 keV).  The other plasma scenario 

is based on the predicted parameters achievable after a planned upgrade, boosting the electron 

and ion densities into a more fusion relevant region. The beam evolution (density attenuation 

and light emission) of neutral lithium and sodium beams in the plasma were simulated, and 

further calculations regarding the expected photon current by the proposed observation systems 

were also performed with RENATE-OD. Finally, the possibility of density reconstruction from 

measured light profiles was studied by applying Bayesian reconstruction algorithms on the 

simulated light profiles. 

We found that the expected photon currents on the detectors are exceptionally high, implying 

the possibility for a valuable alkali BES system on the device, with a high signal-to-noise ratio. 

This might enable the direct measurement of turbulent structures across most of the minor 

radius.  On the other hand, the low densities and temperatures in the pre-upgrade configuration 

manifest in unusual beam evolution across the plasma exhibiting an amplified sensitivity of the 

beam emission to the electron temperature. Implications of this aspect on the foreseen 

measurement capabilities are elaborated in detail.
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G. Plasma-facing Components 

Analysis and Design of the Actively Cooled JT-60 SA Divertor 

Francesca Cau, Davide Kleiner, Alfredo Portone, Luigi Reccia, Pietro Testoni, Valerio 

Tomarchio 

Fusion for Energy, Spain 

 

In the frame of the Broader Approach Activities, Fusion for Energy (F4E) is in charge of the 

design and manufacturing the JT-60 SA Actively Cooled Divertor (ACD). The ACD will be an 

upgrade of the already existing divertor designed by the Japanese National Institute for Science 

and Technology (QST).  

The ACD consists of 36 units in total, being each unit around 1.8m wide and 1.3m tall. Each 

unit is composed of a Stainless Steel Cassette Frame that supports the High Heat Flux (HHF) 

and the Normal Heat Flux (NHF) elements. The HHF components are made of Graphite (CFC) 

tiles and a TZM heat sink. They are actively cooled with water at an inlet pressure of 2 MPa. 

The NHF components are made of Graphite tiles bolted to explosion bonded CuCrZr/SS plates 

cooled with water at 1.4 MPa.  

The main difference between the ACD and the QST divertor is the presence of HHF Elements 

in the vertical targets suitable for steady state operation. Due to the additional presence of these 

elements, the supports have been re-designed in order to sustain the mentioned electromagnetic 

and thermal loads. The design has aimed also at easing and improving the manufacturing 

processes, in particular harmonizing all cassette and support variants (e.g. for diagnostics 

installation) and by making most of the components (cassette frames, NHF supports, etc.) 

compatible with all ports locations. 

In this paper, the main design features of the new divertor are described in detail, together with 

the electromagnetic, thermal and mechanical analyses that have been performed to justify the 

feasibility of the proposed design. The design justification is crucial in view of the tendering 

and manufacturing phases, whose start is foreseeing in the second half of 2022.
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D. Plasma Engineering, Plasma Control, and CODAC 

Modelling, design and simulation of plasma magnetic control for the 

Spherical Tokamak for Energy Production (STEP) 

Himank Anand¹, David Humphreys¹, Oliver Bardsley², Zichuan Xing¹, Jayson Barr¹, Anders 

Welander¹, Mike Walker¹, Morten Lennholm², Hendrik Meyer², Joshua Mitchell² 

¹ General Atomics, San Diego, CA, USA 
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Centre, Abingdon, United Kingdom 

 

Magnetic controller performance requirements and design solutions for the Spherical Tokamak 

for Energy Production1 (STEP) are driven by the need to produce equilibrium and scenario 

trajectories, maintaining steady plasma vertical stabilization and shape control for a period of 

thousands of seconds or longer while avoiding contact with the plasma-facing components. 

Axisymmetric magnetic control schemes including vertical stabilization, plasma current 

control, plasma shape control and poloidal field coil current control for STEP are being 

developed using a suite of control analysis tools (known collectively as TokSys2) supporting 

the integrated plasma control design process. The vertical growth rate based on a linear rigid 

plasma response model in TokSys is used for assessing the controllability of the vertical 

instability in STEP.  Time constants related to the assumed exponential decay of current density 

induced in the vessel structures through a stepwise change in the plasma current density or coil 

voltages are determined and used to characterize plasma boundary and X-point controllability. 

TokSys closed-loop simulations with the axisymmetric linear and non-linear, free-boundary 

evolution code GSevolve3, are performed. The simulations are used for the assessment, 

identification, and verification of algorithm implementation and controller performance for the 

various axisymmetric control systems. Dynamic control performance and controllability are 

shown to be consistent with noise-affected scenario requirements under reasonable power 

supply and sensor performance assumptions.
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B. Experimental Devices and Facilities for Fusion Research 

Wall conditioning, boronisation and dust in ST40 

Mikhail Gryaznevich 

Tokamak Energy Ltd, United Kingdom 

 

Three boronisations have been performed to improve wall conditions in ST40 (design 

parameters: R/a = 0.4/0.25 m, Bt = 3 T, Ipl = 2 MA flat top up to 1 sec, NBI-power 2MW, NBI-

energy Eb = 25–50 keV, ECRH 1–2 MW) which resulted in significant improvements in the 

plasma performance. Spectroscopy, RGA and plasma temperature were used to monitor these 

improvements. During boronisation, a film with the thickness ~ 100 microns has been formed. 

After 1st and 3rd boronisations, significant reduction in the carbon emission have been 

observed, plasma current (at the same Uloop) and plasma temperatures increased. Also, after 

boronisation it was possible to reduce the plasma density which was essential for achievement 

of the hot ion mode [1]. However, the 2nd boronisation has not resulted in such improvements, 

probably because it was done shortly after the 1st one. Also, appearance of significant amount 

of dust has been observed in CCD camera images. This resulted in often disruptions at ~ 

150msec in the discharge. A possible reason for the dust formation was probably a non-settled 

amorphous structure of the film. That is why after the 3rd boronisation 15min Deuterium GDC 

has been done with a goal to transfer the film into the diamond-like one in a similar way as was 

done on GLOBUS-M (which used ~ 200 plasma shots for this [2]). No dust formation and 

disruptions have been observed since then, although more analysis will be done to evaluate the 

possible role of D-GDC. The discharge flat-top duration has been increased to up to 200 msec, 

limited by the solenoid volt-second capacitance and the duration of the heating neutral beams. 

5 min He GDC between shots have been used for the wall conditioning. Details of boronisation 

and GDC procedures will be described. 
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I. Fuel Cycle and Breeding Blankets 

Progress in the development of the HCPB TER architecture 

George Ana¹, Ovidiu Balteanu¹, Ion Cristescu², Radu Ana¹ 

¹ Institute for Cryogenics and Isotopic Technologies - ICSI, Romania 
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The reference technology for BEMO Helium Cooled Pebble Bed breeding blanket for the 

tritium extraction is based on tritium release in a He purge gas followed by a 2-stage tritium 

recovery process from the purge gas in the Tritium Extraction and Recovery system. The 

recovery process is based on reactive and cryogenic molecular sieve beds. Several risks have 

been identified with the reference technology for the system, like low reliability of BB system 

due to large pressure difference between the cooling system and the purge gas in TER, or large 

amount of LN2 consumption during the operation of the cryogenic beds operation. The 

development of the TER system architecture proposes replacement of the cryogenic beds with 

getter beds and the operation of the system at the same pressure as the breeding blanket, 80 

bara. By this development, the risks identified with the reference technology are mitigated or 

excluded.
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E. Diagnostics 

Electron Cyclotron stray radiation detector studies for JT-60SA 
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Most of the present and future magnetic fusion devices rely on high power mm-waves injection 

for a variety of applications like plasma breakdown, heating and control. Since under specific 

operating conditions the mm-waves might not be fully absorbed, potentially damaging in-vessel 

components, the detection of the non-absorbed radiation is recommended. Among the options 

for stray radiation detection, we consider here the possibility to exploit the solid body bolometer 

and its use for JT-60SA. Analysis of the residual power fraction expected for low absorption 

plasma conditions is presented, considering the dependence on the Electron Cyclotron 

Resonance Heating (ECRH) system and plasma parameters of JT-60SA. The residual power 

hitting the wall is evaluated looking at direct illumination and cross-polarization effects. The 

possibility to integrate a sensor for EC stray radiation, adapting the solution of the detector 

developed for ITER, is the main outcome of this study. In the ITER bolometer the differential 

thermocouple principle is considered to single out the nuclear heating and the microwave loads. 

A key component of the detector is the metal body with a ceramic coating layer, optimized for 

170 GHz and 60 GHz. Mm-waves characterization of different coating samples has been 

performed to identify the optimal solution for JT-60SA considering its multi-frequency ECRH 

system (138 GHz, 110 GHz, 82 GHz), and will be here presented. The experience from JT-

60SA equipped with these sensors will be also useful for their future use in ITER.
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J. Materials Technology 

Melt infiltrated tungsten–copper composites as advanced heat sink 

materials for divertor application 

Diana Knyzhnykova, Aljaž Iveković, Saša Novak 

Jozef Stefan Institute, Slovenia 

 

The diverter is a vital component of the fusion device, designed to extract heat and plasma 

impurities and to protect the surrounding walls from thermal and neutron loads. Therefore, it is 

subject to the highest heat loads in the reactor. According to the current design, the DEMO 

divertor consists of a serial array of rectangular units, tungsten monoblocks, connected to a 

copper alloy (CuCrZr) cooling tube running through the central region of the monoblocks. 

Tungsten serves as a functional plasma-facing armor material, whereas the copper alloy tube 

acts as a structural heat sink to remove the heat from the first wall. Maintenance of structural 

integrity under high-heat-flux (HHF) fatigue loads is a critical concern for assuring the reliable 

HHF performance of a plasma-facing divertor target component. Next to the failure of plasma 

facing W due to plastic low cycle fatigue (LCF) cracks, failure at the W-Cu interface as a result 

of stress accumulation and/or neutron embrittlement of the Cu interphase is a major concern. 

To mitigate this risk of interphase failure, a functionally graded transition between the heat sink 

and the armor material is proposed. W lattice structures were manufactured using field assisted 

sintering technique (FAST) followed by infiltration of Cu melt into porous preforms, resulting 

in a W-Cu composite material. A series of W samples with variation in porosity was produced 

by variation of initial W particle size. During molten Cu infiltration, the effects of temperature 

and atmosphere on the infiltration process were evaluated. Final W-Cu composites were 

characterized in terms of density and microstructure.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 748 

P-2.256 Poster 

I. Fuel Cycle and Breeding Blankets 

HCPB TER components performance validation 
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The reference technology for recovery of tritiated water from the DEMO Helium Cooled Pebble 

Bed (HCPB) Breeding Blanket is based on molecular sieve beds operated at 2 bar(a). This 

operating condition may lead to a low reliability of the Breeding Blanket (BB) system due to 

large pressure difference (78 bar) between the cooling system and the purge gas in the tritium 

recovery system (TER). Therefore, investigations about the increase of the operating pressure 

of the molecular sieve has been done, with respect to its adsorption capacity performance at 

high pressure (80 bar) and high superficial velocities (> 0.2 m/s). The capture for water utilizing 

Na-Y molecular sieve type was investigated in view of determining the influence of the 

superficial velocity and pressure onto the adsorption capacity and onto the shape of the mass 

transfer zone.
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J. Materials Technology 

Helium ion analogue irradiations to match the HIDOBE beryllium and 

beryllide study – initial results 
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To establish comparison between long term neutron irradiation studies and intense ion 

irradiations, FIB lifted-out beryllium samples ~2μm thick were irradiated with 300kV He⁺ at 

Huddersfield’s Microscope and Ion Accelerator for Materials Investigation (MIAMI) centre to 

fluence of 10¹⁷ ions/cm². Radiation times of approximately 1 hour were used at similar 

temperatures to the High Dose Irradiation of Beryllium (HIDOBE) multi-year neutron study, 

then FIB re-sectioned to obtain a cross-section of the implantation profile. 

At the expected peak He implantation, bands of bubbles were found, larger with higher 

implantation temperature (from 2–3 nm at 387 °C to 50 nm at 600 °C). SRIM simulations 

showed the HIDOBE-equivalent ratio of [displacements per atom]/[concentration of He] could 

be expected at half the depth of peak He implantation. At that depth, both long dislocations and 

loops were found. Precipitates (some containing O, Fe, Al, Ti, U, Si and some simple Be oxides) 

and grain boundaries attracted bubbles, larger at higher temperature (up to 200 nm near a grain 

boundary at 600 °C) as in the HIDOBE experiments. Grain boundaries were enriched in Fe, 

also as in HIDOBE. Different sample preparation artefacts were found, dependent on He 

irradiation temperature, suggesting resputtered material (Be and grid Cu), implanted FIB Ga 

and oxide may template matrix bubbles. These initial results indicate some correspondence with 

neutron results in terms of bubble nucleation and precipitates but dislocation analysis is 

obscured by contamination (plans to remove this are ongoing). 

Beryllides were studied following a similar regime but to higher temperatures, showing no 

measurable bubbles but grain refinement at low irradiation temperatures and antiphase 

boundaries that are possible He trap sites at higher temperatures.
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E. Diagnostics 

X-ray Fluorescence for in-situ surface characterization of plasma-facing 

components 

Carli Smith¹, Jean Paul Allain¹, Camilo Jaramillo² 

¹ Pennsylvania State University, USA 

² University of Illinois, USA 

 

Measuring the evolution of plasma-facing-components (PFCs) in a tokamak or stellarator 

environment is extremely challenging, in part due to limited options for surface diagnostics 

which can operate in-situ. To help address this challenge [1], we study the potential of various 

diagnostic techniques. Grazing-emission x-ray fluorescence spectroscopy (GE-XRF) uses 

photons to probe surface composition at nanometer-scale resolution and can be used as an in 

situ diagnostic tool during irradiation [2]. As a proof-of-concept demonstration, sensitivity 

levels of XRF were measured in a Shimadzu EDX-7000 Energy-Dispersive X-Ray 

Fluorescence Spectrometer at the University of Illinois. The samples used were W-1%wtZrC, 

W-10%wtZrC, W-1%wtTiC, and W-10%wtTiC. For all samples, the peaks at 8.4 keV, 9.7 keV, 

and 11.3 keV correspond to the Lα, Lβ, and Lγ emission lines of tungsten, respectively. The 

spectra of W-TiC show an increase in intensity of the Kα titanium emission line at 4.5 keV 

from the 1% to 10% sample. This intensity increase indicates that GE-XRF can detect changes 

in the chemical species concentration and diagnose PFCs in a tokamak environment.  

Further XRF tests measured the surface composition of heat-treated W-1%wtZrC samples using 

the X-Ray Diffraction (XRD) facility at the Materials Characterization Lab at Penn State 

University. Results showed peaks at the W and Zr emission lines for all samples, indicating that 

heat treatment of samples does not change our ability to perform surface characterization. In 

the future, we will explore the capabilities of other advanced techniques, including high-

resolution Rutherford backscattering spectroscopy (RBS), and direct recoil spectroscopy 

(DRS), specifically to observe hydrogen retention behavior and diagnose PFC lifetime. 
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F. Magnets, Cryogenics and Electrical Systems 

Control strategy for the Magnetic Energy Storage and Transfer system 

(MEST) 
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In fusion experiments, SuperConducting (SC) coils are usually supplied by thyristor converters; 

their use, with the typical voltage and current waveforms needed to set-up and sustain the 

plasma, can generate a power quality not acceptable by the ac power transmission grid 

operators. To improve the power handling and quality, a new Magnetic Energy Storage and 

Transfer (MEST) system has been conceived as an alternative for SC coils supply. It is based 

on smart use of the SMES technology and allows introducing a certain degree of decoupling 

between the grid and the load. The MEST operation is based on the storage and transfer of the 

needed energy between the load coil and an additional storage inductor named Sink Coil (KC); 

the energy transfer is realized via capacitors switched by fully controllable semiconductors. 

The MEST operating principle and the conceptual scheme was presented in [1], while this paper 

will focus on the control system. A control strategy, based on two decoupled control loops, has 

been conceived with the aim both to guarantee the desired current on the load coil and the 

compensation of the system losses. A model of the MEST with the proposed control system has 

been developed to analyze the performance through numerical simulations. The control strategy 

and the simulation results will be presented and discussed in the paper. 
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I. Fuel Cycle and Breeding Blankets 

Tritium Extraction and Recovery system (TER) for the Helium Cooled 

Pebble Beds with steam in the helium purge gas 
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Based on the outcomes of the existing conceptual design for He purge gas containing steam 

several technologies considered suitable for the Tritium Extraction and Recovery System of the 

HCPB have been evaluated. In view of tritium recovery from the helium loop two steps are 

required: removal of the tritiated water from helium loop followed by tritium recovery from 

water. 

The adsorption/desorption process using Reactive Molecular Sieve Beds (RMSB) can be 

successfully used for removal of the tritiated water from helium purge loop of the TER HCPB. 

In this case, the tritium recovery from the tritiated water is straight forward by isotopic exchange 

with a hydrogen/deuterium swamping gas. In addition, the use of the RMSB for the helium 

purge gas containing steam allows that slightly tritiated water, resulted as tritium recovery by 

isotopic swamping, to be returned in the helium purge loop. Therefore, there is no need for 

further processing of tritiated water since the water is used as carrier closed loop of the tritium 

in the helium purge loop.   

The paper aims to present the main advantages of tritium removal from the helium purge loop 

containing steam based on RMSB technology and a proposal for the configuration of the TER 

HCPB based on RMSB technology will be presented. The estimation of the tritium inventory 

based on various purge gas flow rates and steam content in the purge gas will be introduced as 

well.
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E. Diagnostics 

Computationally efficient methodology of 3D thermal-hydraulic analysis of 

Diagnostic Shielding Module #2 of ITER Equatorial Port #11 
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The process of design justification of Diagnostic Shielding Modules (DSMs) of port plugs of 

the International Thermonuclear Experimental Reactor (ITER) includes a stage of thermal-

hydraulic computational analysis. The ITER tokamak operates in a pulsation mode that means 

the nuclear heating affecting DSMs is unsteady, and transient analysis is required. Three-

dimensional (3D) approaches for fully coupled thermal-hydraulic analysis, which imply 

simultaneous computations for fluid and solid parts of a 3D DSM model, lead typically to 

"heavy" numerical models being very expensive from the computational point of view, 

especially for transient simulations. In order to significantly reduce the consumption of 

computational resources, the present 3D thermal-hydraulic analysis of Diagnostic Shielding 

Module (DSM) #2 of ITER Equatorial Port #11 was performed using one-way coupling. Firstly, 

steady-state CFD computations of turbulent flow were performed for the front part of DSM 

cooling system, which is a high-density network of channels of complex geometry. Obtained 

in CFD analysis map of wall shear stress on surface of channels was then converted into a map 

of local heat transfer coefficient using a simple and conservative approach based on known 

empirical correlations for turbulent flow in a circular pipe. For the back part of DSM cooling 

system, which basically consist of many relatively long channels, an individual (single) value 

of heat transfer coefficient for each of the channels was directly evaluated using empirical 

correlation. The heat transfer coefficient maps obtained for both parts of DSM cooling system 

were used finally as a boundary condition in transient thermal analysis of the solid part of the 

DSM model. Details and justifications of the described computationally-efficient methodology 

are presented.
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J. Materials Technology 

Radiation tolerance of silicon carbide fibre / silicon carbide matrix 

composites for breeder blanket applications 

Max Rigby-Bell, Viacheslav Kuksenko, Chris Bearcroft, Chris Smith, Gyula Zilahi, David 

Bowden 

UKAEA, United Kingdom 

 

Silicon carbide fibre / silicon carbide matrix (SiCf/SiCm) composites have found use in the 

aerospace and nuclear fission industries due to their low density, high temperature strength, and 

tolerance to energetic radiation. As such, SiCf/SiCm composites have been proposed as 

candidates for structural applications in tokamak breeder blankets. In collaboration with leading 

SiCf/SiCm composite manufacturers, we have assessed the tolerance of three grades of 

SiCf/SiCm composite to high energy He²⁺ irradiation up to 10,000 appm implanted He at 700 

°C. Using a combination of scanning and transmission electron microscopy, Raman 

spectroscopy, X-ray diffraction, and micro-mechanical testing, the three grades have been 

characterised in their pristine and irradiated states to determine their suitability to blanket 

structural applications.
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E. Diagnostics 

Nuclear design of a shielded cabinet for electronics: the ITER Radial 

Neutron Camera case study 
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The Radial Neutron Camera (RNC) is a diagnostic located in ITER Equatorial Port #1 providing 

several spatial and time-resolved parameters for fusion power estimation, plasma control and 

physics studies. The RNC measures the uncollided 14 MeV and 2.5 MeV neutrons from 

deuterium-tritium (DT) and deuterium-deuterium (DD) fusion reactions through an array of 

neutron flux detectors located in collimated Lines of Sight. Signals from RNC detectors (fission 

chambers, single Crystal Diamonds and scintillators) need preamplification because of their 

low amplitude. These preamplifiers need to be as close as possible to the detectors in order to 

minimize signal degradation and must be protected against fast and thermal neutrons, gamma 

radiation and electromagnetic fields.  

The solution adopted is to host the preamplifiers in a shielded cabinet located in a dedicated 

area of the Port Cell, behind the Bioshield Plug.  

The overall design of the cabinet must ensure the necessary magnetic, thermal and nuclear 

shielding and at the same satisfy weight and allocated volume constraints and maintain its 

structural integrity. The present paper describes the nuclear design of the shielded cabinet, 

performed by means of 3D particle transport calculations (MCNP), taking into account the 

radiation streaming through the Bioshield penetrations, the cross-talk effect from the 

neighboring Lower and Upper Ports. We present the assessment of its nuclear shielding 

performances and analyze the compliancy with the alert thresholds for commercial electronics 

in terms of neutron flux and cumulated ionizing dose.
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B. Experimental Devices and Facilities for Fusion Research 

Design features and simulation of the new-build HELOKA-US facility for 

the validation of the DEMO HCPB IHTS system 
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For the EU DEMO helium cooled pebble bed (HCPB) an indirect coupled design (ICD) is 

selected for Conceptual Design Phase. An Intermediate Heat Transfer and Storage System 

(IHTS) using molten salt as heat transfer fluid is equipped with an Energy Storage System to 

decouple the pulsed plasma output of PHTS (Primary Heat Transfer System) from the 

conventional power conversion system. The maintenance of stable He and molten salt 

parameters during transitions of dwell to pulse and vice versa is challenging for the design of 

molten salt loop, HE/molten salt heat exchanger as well as coupling with helium loop. To 

investigate such conditions, a new R&D infrastructure HELOKA-US (Helium Loop Karlsruhe 

– Upgrade Storage) is developed at KIT. It is funded partially by EUROfusion within the 

European Framework Program 9. The facility is designed to simulate 1/1000 of the power of 

one DEMO HCPB PHTS cooling loop. The HELOKA-US project is composed of two phases. 

Phase 1 is dedicated firstly to validate prototypical components such as heat exchangers and 

molten salt loop operation under stationary and transitional conditions, as well as to test and 

develop control strategies for DEMO HCPB IHTS optimization. In Phase 2 a DEMO 

representative helium loop including a He-blower will be extended. The heating of helium and 

cooling of molten salt are provided by the existing HELOKA-HP infrastructure.  Finally, Phase 

1 and Phase 2 are integrated to prove and validate the coupling of molten salt loop and helium 

loop. Presently, the detailed design of the molten salt loop to handle various operation modules 

is extensively established. EBSILON simulation which was used for DEMO ICD BOP 

modelling is used to define the HELOKA-US facility parameters. The talk presents the detailed 

concept and features of the experimental program of this new infrastructure focused on the 

needs of EU DEMO.
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B. Experimental Devices and Facilities for Fusion Research 

TCAP Integration in the Tritium Infrastructure of the Tritium Laboratory 

from ICSI RM. Valcea 

Alina Elena Niculescu, George Ana, Gheorghe Bulubasa 
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A Tritium Laboratory (TRI-Valcea) is under development on ICSI site from Rm. Valcea. The 

lab will serve as infrastructure for fusion associated research activities related to tritium. The 

lab will enable a wide variety of experimental work like tritium science, process development 

or materials detritiation processes. The capabilities of the lab will ensure an advanced tritium 

infrastructure to feed, recover, store and recycle tritium for safely managing the radioactive 

isotope. 

One of the processes able to recover tritium from the lab infrastructure or experiments for re-

storage is the thermal cycling adsorption process (TCAP), which is a semi-continuous 

chromatographic process for hydrogen isotope separation that uses metal hydrides as packing 

materials. 

Based on the lab requirements for tritium recycling (e.g. "poor" tritium containing mixtures), 

throughputs and storage concentration for tritium, a TCAP process is in view for 

implementation.  This paper will present the mathematical models and computer simulation 

programs had in view for  the design calculation and optimization of the future TCAP operation.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Semi-quantitative determination of a tritium removal facility characteristic 

risk 

Gheorghe Popescu, Liviu Stefan, George Ana, Iulia Stefan, Alina Elena Niculescu, Gheorghe 

Bulubasa, Ciprian Bucur 
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Due to their radiotoxicity tritium gas and especially tritium oxide represents the characteristic 

hazard of a detritiation plant (Tritium Removal Facility, TRF). Consequently, the risk of 

explosion and uncontrolled releases of T2O is considered to be the characteristic risk of these 

installations.  

The maximum risk value will define the plant-specific risk, associated with the maximum 

credible accident, even if it will be outside the design boundaries. Therefore, the TRF 

characteristic risk will be characterized by the maximum credibility of the most unfavourable 

initiating event and the consequences of the maximum possible release of radioactive material 

through the penetration of all the defence-in-depth barriers. Having it in the "green area" will 

be in grade to confirm the chosen TRF design and to consolidate the public trust in the nuclear 

energy safety. 

This paper presents a semi-quantitative risk determination, starting from the preparation of site's 

specific hazards list, quantities and conditions in which dangerous materials are found, through 

the assessment of main accident scenarios generated by credible initiating events that may lead 

to the most severe accident. The largest uncontrolled release of radioactive material will be 

modelled together with the quantitative dispersion of radioactive material releases into the 

atmosphere, using the HotSpot program.
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Evaluation of gamma-ray dose distribution in toroidal direction of LHD 

vacuum vessel from radionuclides generated in deuterium plasma 

experiment 
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The evaluation of radionuclides inside the vacuum vessel is required for the safe maintenance 

and the estimation of activation level of fusion devices. The Large Helical Device (LHD), Toki 

Japan, has performed deuterium plasma experiments from 2017, and radionuclides have been 

accumulated in the components such as the vacuum vessel. In this work, gamma-ray spectra 

and dose rate in the vacuum vessel of LHD were evaluated using an in-situ measurement by a 

portable high-purity germanium (HPGe) detector, to be compared with a numerical calculation 

for evaluating the occupational exposure in the maintenance of LHD experiments. 

The in-situ measurements using the HPGe detector were performed at 20 positions along the 

toroidal direction of LHD, every O-port and between each O-port. Measurement duration was 

set to 240 seconds for each. For the numerical simulation of photon transport using MCNP6, 

the inner wall of the vacuum vessel was set as a gamma-ray source to evaluate the detection 

efficiency of photo-peaks in the HPGe detector. Using the estimated efficiency of 

photoelectronic effects inside the HPGe detector by MCNP6, the concentrations of 

radionuclides in the armor tiles on the inner wall of the vacuum vessel were evaluated. Those 

estimated concentrations were compared with the measured activities of armor tiles removed 

from the vacuum vessel. 

As the result, gamma-rays from Co-58, Mn-54, and Co-60 were measured. The measured 

activities of Co-58 and Mn-54 generated by fast neutrons in the armor tile were almost 

consistent with those estimated in the calculation. The radioactivity of Co-60 in the armor tile 

showed an underestimated radiation dose compared to the calculation, indicating the gamma-

ray transport from the outer region of the vacuum vessel is important for overall estimation of 

radiation dose. The effect of low energy neutron transport in the occupation exposure estimation 

will be discussed in the presentation.
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J. Materials Technology 

Thermal and Mechanical characterization of Lithium Orthosilicate Pebble 

Bed as Breeder Material for Nuclear Fusion Technology 

Alessio Pesetti, Michele Raucci, Donato Aquaro 

University of Pisa, Italy 

 

The path toward limitless carbon-free energy source via nuclear fusion technology deals with 

the availability of tritium, for fueling the most promising fusion reaction with deuterium. The 

tritium half-life (13.2 y) and limited availability (mainly from heavy water fission reactors and 

cosmic rays interacting with higher atmosphere layers) require its direct production in the fusion 

power plant in which it is needed as fuel. This achievement is pursued implementing lithium 

element (Li6 and Li7) in the blanket modules as tritium breeder, reacting with neutron (thermal 

and fast, respectively) for providing tritium (and an alpha particle). One of the most promising 

blanket configurations implements lithium orthosilicate in pebble bed packing structure. The 

evaluation of thermal conductivity and stress-strain relationship (in addition to random and 

average packing factor, average coordination number and local packing factor) constitutes the 

key phase for such a breeder structure characterization and acceptance. 

At University of Pisa, Department of Civil and Industrial Engineering, a dedicated experimental 

facility was implemented, instrumented and operated for performing precise measurements of 

lithium orthosilicate pebble bed thermal conductivity, in a pressure-controlled environment 

ranging from vacuum to about 10 bar with air or helium. The facility was highly instrumented 

with about 20 thermocouples of 1 mm of diameter for reliable acquisition of stationary 

measurements. In addition, the experimental facility implements a vertical piston, designed for 

compressing pebble packing structure and determining thermal conductivity under different 

compressing loads. The entire facility and experimental activity is described in detail. 

Moreover, uniaxial compression tests for characterizing single pebble were carried out at UNIPI 

and presented. 

The analyzed pebbles are produced in the same UNIPI DICI department, adopting an innovative 

and cold drip casting procedure, suitable to provide high quality pebbles. 

Very promising and encouraging results in terms of pebble density, strength and thermal 

conductivity were achieved.
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L. Non-magnetic Fusion Technologies 

Thermo-hydraulic analysis of the reverse flow in the ITER Vacuum Vessel 

Pressure Suppression System with Relap5 code, due to hydrogen 

deflagration accident 

Alessio Pesetti, Donato Aquaro 

University of Pisa, Italy 

 

The Vacuum Vessel (VV) of the International Thermonuclear Experimental Reactor (ITER) is 

designed to maintain its structural integrity up to a pressure value of 0.15 MPa. Postulated 

accidental scenarios LOCA (Loss Of Coolant Accident), occurring in the in-vessel components 

cooling water systems, required a dedicated safety Pressure Suppression System (PSS) aimed 

to receive and condense the steam released from the VV. It is called VVPSS and is composed 

of four tanks of 100 m³ each, partially filled with water: 60 m³ in three Large LOCA Tanks 

(LLTs) and 40 m³ in the single Small LOCA Tank (SLT). Along with the steam, hydrogen is 

carried into the VVPSS tanks, produced by radiolysis and thermolysis in the VV. The possible 

hydrogen deflagration or combustion (with dedicated ignitors) in the larger cover gas of the 

SLT must be numerically investigated, for evaluating the water inventory lost due to reverse 

flow and possible hazardous water hammer. In this scenario, reverse flow occuring in the SLT 

was computed with RELAP5 mod 3.3 code, performing a sensitivity analysis on the hydrogen 

oxidation process, pressurization slope, check valve closure time and thermodynamic 

conditions (48 overall calculations). No hazardous water hammer was observed (2 bar of 

maximum overpressure near the valve) and the higher water mass lost (check valve closure 

equal to 10 s) resulted of about 7200 kg, not enough for compromising the SLT condensation 

capabilities, even if reverse flow (i.e., hydrogen oxidation) occurs during the first phases of the 

LOCA transient.
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D. Plasma Engineering, Plasma Control, and CODAC 

Simulation and developments for large pellet formation and acceleration 

for shattered pellet injection of the ITER DMS 
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Among the technological developments needed for ITER, the disruption mitigation system 

(DMS) is one of the most challenging since it has to mitigate the consequences of high-energy 

plasma disruptions to ensure the lifetime of ITER’s in-vessel components. 

In the framework of the "Technology Fundamental Studies for DMS" contract between ITER 

Organization and CEA, the DSBT (Low Temperature Systems Department) designed and 

operates a pellet injection test bench to produce and accelerate large cryogenic pellets from 10 

to 28.5 mm diameter with length/diameter ratios up to 2. The objective of this activity is to 

study and to optimise the pellet formation and acceleration process using hydrogen, deuterium, 

neon and mixtures of these gases. 

Analytic and numerical studies were used to define the geometrical and cryogenic parameters 

for the pellet desublimation in the in-situ condensation cell of the cryostat. An analytical model 

has also been developed for the pellet acceleration in a single stage gas gun to validate the 

propellant valve design aiming at achieving velocities of up to 500 m/s for hydrogen pellets and 

200 m/s for neon pellets. 

The complete test bench is composed of the gas propulsion system, the cryostat, the flight tube 

and the target chamber with viewing ports. The mechanical assembly is completed with specific 

instrumentation and fast data acquisition systems for the observation of the pellet formation and 

acceleration. The pellet integrity and trajectory are characterised by shadowgraphy with high 

resolution or high speed cameras located at 1 m and 3 m after the barrel exit and with an 

accelerometer and a target foil in the target chamber. 

This paper details the simulation studies, the selected test bench design and first obtained 

results.
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Amorphous ceramic coatings as an enabling technology for DEMO 
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DEMO will be fueled by a tritium-deuterium mix, thus the in-situ production of tritium to 

sustain the fusion reactions assumes a critical importance. To have a proper tritium balance, it 

will be mandatory to reduce to negligible the quantity of tritium leaving the breeding zone by 

permeation through the steel structures. We report on the latest results about amorphous 

aluminum oxide (Al2O3) barriers deposited by Pulsed Laser Deposition (PLD), which is 

currently considered as one of the most promising solutions to achieve this target. Optimized 

PLD coatings underwent several fusion relevant experiments. First, deuterium permeation tests 

showed an unprecedented Permeation Reduction Factor (PRF) > 105 at 450 °C, at the limit of 

the instrumental sensitivity. In addition, the PRF values are only slightly affected by both high 

energy electron irradiation (1,8 MeV) and thermal cycling (for several days). Moreover, coated 

samples underwent corrosion tests involving both Pb 16Li (up to 7000 h, 550 °C, static and 

flowing conditions) and lithium based ceramic pebbles (550 °C and 800 °C, 730 h), which are 

the two breeding materials considered for DEMO. Despite the excellent adhesion and the lack 

of corrosion signs, post-test analyses accomplished by X-ray Diffraction (XRD), Atom Probe 

Tomography (APT), X-ray Photoelectron Spectroscopy (XPS), and Focused-Ion-Beam Time-

Of-Flight Secondary Ion Mass Spectrometry (FIB-TOF-SIMS), highlighted the interaction 

between the ceramic coating and lithium. Thermodynamic considerations and basic 

characterization of the coatings after exposure, allowed to have new insights about this process. 

In addition, coated samples were tested in DEMO relevant conditions, i.e. tritium permeation 

tests in a nuclear fission reactor, exposing also the samples to flowing Pb 16Li. Prospects of 

PLD will be critically discussed and its impact on DEMO BB analyzed.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Control of beryllium mobilisation in nuclear fusion exhaust system 

Anna Widdowson¹, Charles F. Ayres¹, Joe Banks¹, Elzbieta Fortuna-Zalesna², Matthew 

Hook¹, Ilona Karnowska-Peterski¹, Marek Rubel³, JET Contributors* 

¹ UK Atomic Energy Authority, Culham Science Centre, Abingdon, OX14 3DB Oxfordshire, United 

Kingdom 

² Warsaw University of Technology, 02-507 Warsaw, Poland 

³ KTH Royal Institute of Technology, Fusion Plasma Physics, 100 44 Stockholm, Sweden 

 

In the context of nuclear safety this contribution reports the first ever published data on 

beryllium mobilisation in the active (tritium contaminated) exhaust line of a fusion device and 

demonstrates the efficacy of the filtration system. 

JET started using beryllium in combination with carbon wall components in 1989 and since 

2010 has operated with a predominantly beryllium main chamber wall as foreseen in ITER–

JET ITER-like wall. The erosion, migration and deposition of beryllium due to plasma-wall 

interaction is well documented. Here the mobilisation of beryllium beyond the plasma-facing 

environment and the vacuum vessel into the active exhaust line is presented. 

The replacement of a cartridge filter in JET has provided a unique opportunity to study the 

control of mobilised beryllium in the active exhaust line. The filter was located 2m from the 

isolation gate valve below the JET vacuum vessel. It was housed in a cannister containing seven 

filters; just one was removed for analysis. Smears of the inner surface of the cannister showed 

beryllium contamination levels at 25 µg/m² indicating that beryllium is mobile to the filtration 

system. The filter was dissected and beryllium contamination levels assessed by chemical 

analysis of thin ~2 cm² pieces. The outer layers of the filter material were grey in colour with 

1200 µg/m² beryllium contamination (normalized to size of analysed sample). The inner layers 

were white and beryllium analysis at the limit of detection. This is commensurate with airflow 

and filtering from outer to inner layers. Scanning electron microscopy reveals carbon as a main 

contaminant, to be expected as the JET wall was carbon based prior to 2010. No beryllium 

deposits/particles were detected. 

The work highlights that beryllium as well as tritium hazards must be considered during 

maintenance or decommissioning of exhaust lines but is also positive in demonstrating the 

control of beryllium by appropriate filtration. 

 

 

* See the author list of “Overview of JET results for optimising ITER operation” by J. Mailloux 

et al. to be published in Nuclear Fusion Special issue: Overview and Summary Papers from the 

28th Fusion Energy Conference (Nice, France, 10–15 May 2021). 
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C. Plasma Heating and Current Drive 

Resonance cavity as an education tool in PlasmaLab@CTU 

Jana Brotankova¹, Jan Mlynar¹, Daniel Svorc¹, Michal Farnik¹, Jan Hecko¹, Daniel Mazur¹, 

Miroslav Pfeifer¹,² 

¹ Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Czech 

Republic 

² Institute of Plasma Physics of the CAS, Prague, Czech Republic 

 

Interaction of microwaves with plasma is one of fundamental topics in plasma control, 

diagnostics, and heating for thermonuclear reactors. The Resonance cavity is one of the 

educational tools for microwave diagnostics and plasma generation [3] in the PlasmaLab@CTU 

[1] [2], a new laboratory at the CTU in Prague which is to train new fusion physicists and 

engineers in plasma physics and technology with focus on the plasma diagnostics. 

The Resonance cavity is a metal cylinder placed in a glass recipient. It can be evacuated via 

holes in the top lid. Plasma is generated by roughly 70 W of 13.5 MHz. Two antennas are placed 

inside the resonator in the bottom lid to launch and measure the resonant modes in the cavity 

[4]. Plasma density can be estimated from the shift of the resonance peaks with/without plasma. 

The experiment can operate with five gases. It can be remotely controlled via its own interface 

through the internet. The remote control is an important feature of the PlasmaLab@CTU. It 

aims in continuing in the tradition of educational events already established by the GOLEM 

tokamak and other laboratories [5]. 

The contribution will present the design of the Resonance cavity, and measurements of the 

density as the function of the pressure in different gasses. It will also present this experiment as 

an educational tool for the fusion community. 
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G. Plasma-facing Components 

High Heat Flux Exposure of Dispersion-Strengthened Tungsten Alloys as 

Fusion Plasma-Facing Materials 

Chase Hargrove, Xing Wang, Carli Smith, Ashrakat Saefan, Trevor Marchart, Jean Paul 

Allain 

Pennsylvania State University, University Park, PA 16802, USA 

 

Tungsten (W) is a material of choice as a plasma facing component (PFC) in the divertor region 

of fusion tokamak reactors. Tungsten has highly desirable thermomechanical properties such 

as its high melting point (3422 °C) and low coefficient of thermal expansion (4.5 °C⁻¹). 

Additionally, tungsten’s high sputter threshold is favorable in terms of plasma-material 

interactions (PMI). Despite these, tungsten is inherently brittle which is exacerbated under 

neutron irradiation, and its low recrystallization temperature can present further complications. 

The Radiation Surface Science and Engineering laboratory (RSSEL) is investigating carbide 

dispersion-strengthened tungsten alloys fabricated via spark-plasma sintering (SPS) to combat 

these drawbacks. Edge localized modes (ELMS), have the potential to further expose PFCs to 

transient energy loads on the order of GW/m². These can further damage tokamak components. 

In collaboration with FZ-Julich, pure heat loads of 0.19, 0.38, and 1.6 GW/m² are applied to 

W-1 ZrC(wt%) samples in the linear plasma device PSI-2. 1, 100, and 1000 pulses are applied 

to the samples while surface temperatures are held to room temperature, 400 °C, and 1000 °C. 

The resulting microstructure is analyzed via scanning electron microscopy (SEM) and X-ray 

fluorescence spectroscopy (XRF). Optical profilometry is utilized to determine surface 

roughness while Vickers microhardness tests assess mechanical stability under high heat fluxes. 

While it has been shown that strength and recrystallization temperature are increased due to 

carbide dispersoid additions [1], the material exhibits surface roughening and crack growth 

mechanisms upon high heat exposure [2]. The effect of temperature on these mechanisms is 

investigated. These techniques help sample correlate surface composition of impurities and 

tungsten alloy morphology post exposure to heat flux conditions in PSI-2. 
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E. Diagnostics 

Novel installation of fast cameras at tokamak GOLEM 

Sara Abbasi, Jana Brotánková, Jakub Chlum, Jan Mlynář, Jakub Svoboda, Vojtěch Svoboda 

¹ Czech Technical University in Prague, Za Slovankou 1782/3, 182 00 Prague, Czech Republic 

 

Tomographic inversion of radiation [1] determines spatial distribution of tokamak plasma 

radiation sources [2] using line integrated plasma projections data. For measurements of the 

projections, fast visible radiation matrix cameras became broadly applied on tokamaks in recent 

past. These novel cameras opened new possibilities in high temperature plasma studies [3].  

The tokamak GOLEM [4] of the Czech Technical University in Prague strives to implement 

up-to-date diagnostics with enhanced temporal and spatial resolution. Therefore, a novel 

diagnostic system of two crossed monochrome cameras Photron FASTCAM MINI UX 50 with 

a Maximum Frame Rate of 160,000 fps (1280 x 8 pixels) in 12-bit ADC dynamic range [5] was 

integrated into the GOLEM diagnostics. The proposed contribution will detail their novel port 

mounts (vertical and horizontal) at the GOLEM tokamak which have been designed so that 

additional optical measurements of the plasma core (e.g. plasma spectroscopy) is possible. 

As the main purpose of this study, we shall focus in particular on the frame rate potential which 

is high enough to allow detection and observation of highly transient phenomena in the GOLEM 

plasmas. Progress in solving specific challenges of the ill-conditioned tomographic inversion 

via the algorithm [6] optimisation and testing for tokamak GOLEM will be presented together 

with the first tomographic results. Furthermore, prospectives of implementing further inversion 

constraints e.g. linked to integration of another visible light diagnostic data will be discussed. 

 

References 

[1] Mlynář, J. et al., Fusion Science and Technology 58.3 (2010): 733-741. 

[2] Brotánková, J, Ph.D. thesis, Charles University in Prague (2009). 

[3] Odstrčil, M. et al., Review of scientific instruments 85.1 (2014): 013509. 

[4] Svoboda, V. et al., Journal of Fusion Energy 38.2 (2019): 253-261. 

[5] http://photron.com/wp-content/uploads/2015/11/Mini-UX-REV16.9.29.pdf. 

[6] Svoboda, J. et al., Journal of Instrumentation 16.12 (2021): C12015.

http://photron.com/wp-content/uploads/2015/11/Mini-UX-REV16.9.29.pdf


32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 768 

P-2.276 Poster 

K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Nuclear Fusion impact on the requirements of power infrastructure assets 

in a decarbonized electricity system 

Umberto Giuliani, Chiara Bustreo, Giuseppe Zollino, Marco Agostini 

Consorzio RFX (CNR, ENEA, INFN, Università di Padova, Acciaierie Venete SpA), Corso Stati Uniti 

4, 35127 Padova, Italy 

 

According to the international commitments for climate change mitigation taken in the last 

decade, the de-carbonization of energy systems is going to be one of the major drivers of the 

process. European policies are taking shape towards the goal of making EU carbon-neutral by 

2050, an economy with net-zero greenhouse gas emissions. The electrification of energy end 

uses and a consistent growth of electricity generation from low-carbon technologies are key 

points of these plans. Other key elements are the achievement of higher efficiencies in energy 

end uses and the development of alternative fuels such as renewable gases (green or blue 

hydrogen, biomethane, synthetic natural gas). 

Carbon free electricity can be produced by both nuclear and renewable energy sources. 

Nevertheless, although all of them can be economically viable in terms of ‘Levelized Cost Of 

Energy’, their exploitation is likely to require power system upgrades with adequate energy 

storage systems, flexible generators and transmission/distribution grid enhancements (power 

infrastructure assets) that may lead to relevant additional system costs. 

Each geographical region can rely on different ‘Variable Renewable Energy’ generation 

resources and potentials. Also, exogenous constraints may exist, e.g. linked to the transmission 

grid connection capacity increase. 

Therefore, each power system is almost unique, and in order to find the least cost feasible and 

reliable generation mix detailed hourly simulations are often necessary. 

In this paper, long term power generation scenarios will be simulated with the COMESE code, 

a dispatch model able to perform detailed regional power systems analysis. The operation of 

the transmission grid is simulated, on an hourly basis, through a transport model in order to 

assess the necessary grid enhancement and to estimate the related costs. In this context the 

impact of fusion will be assessed in terms of mitigation of the overall system cost of electricity 

in the Italian case.
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G. Plasma-facing Components 

Progress on the Magnetohydrodynamic Effects of Gradient Magnetic Fields 

on Free-Surface Liquid Metal Flows 

Brian Wynne¹, Zhen Sun², Francisco Saenz Castro¹, Egemen Kolemen¹ 

¹ Princeton University, USA 

² Princeton Plasma Physics Laboratory, USA 

 

Plasma-facing components (PFCs) in a fusion reactor must be capable of continuous operation 

while withstanding extreme heat and particle fluxes for extended periods of time. Concepts with 

a flowing liquid metal are promising as an option for PFCs, as they can be self-healing and 

replenishing, as well as effective for heat removal. For fusion devices, a non-uniform magnetic 

field along the radial direction exists. However, the effects of these toroidal magnetic field 

gradients on free-surface liquid metal flows are not well known. This was investigated 

experimentally using a galinstan alloy in LMX-U at PPPL, which has magnetic field gradients 

on the order of 1 T/m. A laser-sheet apparatus was developed for surface height and fluctuation 

measurements and a particle tracking method was used to measure the surface velocity. The 

liquid thickness along the streamwise and magnetic field directions was characterized and the 

effect of uniform and gradient magnetic fields on liquid metal thickness was distinguished and 

compared by changing the relative position of the channel. Preliminary experimental results 

show that a positive magnetic field gradient can reduce the magnetohydrodynamic (MHD) drag 

on the liquid flow. While the transverse magnetic field interacts with the flowing liquid metal 

to induce currents perpendicular to the streamwise direction, the magnetic field gradient may 

also induce streamwise currents, as was seen in initial simulations using COMSOL. 

Additionally, the stability of the surface over the magnetic field gradient is of interest to avoid 

disruptions and splashing. The study of gradient effects is reported so as to be taken into account 

for future designs. Plans for further development include investigating the effect of a changing 

magnetic field with time.
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G. Plasma-facing Components 

Tritium retention in plasma facing materials of JET ITER-Like-Wall 

campaigns and factors influencing it 

Anete Stine Teimane, Elina Pajuste, Patricija Kalnina, Gunta Kizane 

University of Latvia, Latvia 

 

In preparation for the DT campaign, three ITER-Like-Wall (ILW) projects have been carried 

out at Joint European Torus to test plasma facing materials relevant to International 

Thermonuclear Experimental Reactor – ITER. First wall of the vacuum vessel is made of bulk 

beryllium tiles and selected tiles have been removed from the vacuum vessel during shutdowns 

for further analysis ex situ.  

Tiles from 3 locations of the vacuum vessel were analysed, and results compared regarding the 

tile position in the vacuum vessel, carbon impurity deposit layer thickness, differences in the 

exploitation conditions during three ILW campaigns and amount as well as type (physical or 

chemical) of tritium retained. Tritium results have been compared to deuterium data published 

by other authors. 

Tritium measurements were performed by using various methods - thermal desorption 

spectroscopy, full combustion, and chemical etching of beryllium. Prior to tritium 

measurements, scanning electron microscopy and energy-dispersive x-ray spectroscopy was 

used to study structure of the plasma-facing surfaces and cross section.  

Experimental results revealed that tritium content in beryllium samples over all three campaigns 

is in range of 0.75∙10⁹ to 984∙10⁹ tritium atoms per square centimetre of the plasma-facing 

surface area (atoms/cm²).  

Results obtained within this study eases the assessment of tritium retention mechanisms and 

estimation of its possible inventory in larger machines such as ITER, gives an insight to the 

factors influencing tritium retention and further analysis of hydrogen isotope retention which 

plays an important role for the safety of ITER operation.
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I. Fuel Cycle and Breeding Blankets 

Experimental results of Deuterium/Hydrogen co-current permeation 

through Nickel membrane, in non-steady-state surface limited regime 

Nicolae Bidica, Narcisa Ghimis, Bogdan Monea 

National Research and Development Institute for Cryogenics and Isotopic Technologies, Romania 

 

The issues related to tritium permeation through structural materials of fusion reactors are very 

important from both radiological safety and tritium fuel management points of view. A better 

understanding of mutual influence among hydrogen isotope species in multi-isotope permeation 

is also very important for accurate assessments and predictions on permeation rates, and 

unresolved issues or even controversies related to this kind of isotopic effect still persists. This 

work presents the experimental results of deuterium and hydrogen co-current permeation 

through a very thin (0.1 mm) nickel membrane performed in non-stationary and surface limited 

regime (SLR). Previously, the permeation of pure deuterium was experimentally investigated 

(in non-stationary SLR) within the rage of 10–2 – 10 Pa for deuterium driving pressure and the 

range of 473 – 773 K for membrane temperature, and the kinetics surface transport coefficients 

have been determined. Then, the permeation of deuterium/hydrogen mixtures of several ratios 

was tested (also in non-stationary SLR) within the same range of total pressure as previous 

tests, but keeping the effective partial pressure of deuterium as close as possible to some of the 

already tested deuterium pressures in previous experiments of pure-deuterium (mono-isotope) 

experiments so that the comparison between multi- and mono-isotope permeation be more 

relevant. The results indicate increases in deuterium permeation rates as an effect of hydrogen 

co-permeation.
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J. Materials Technology 

CRYSTALLOGRAPHIC EVOLUTION OF AN ODS FERRITIC STEEL 

AFTER THERMAL AGING 

Moisés Oñoro¹, Julio Macías-Delgado¹, María A. Auger¹, Jan Hoffmann², Vanessa de Castro¹, 

Teresa Leguey¹ 

¹ Universidad Carlos III de Madrid, Spain 

² Karlsruhe Institute of Technology, Germany 

 

Oxide dispersion strengthened (ODS) reduced activation ferritic (RAF) steels fulfill the highest 

requirements of structural material candidates for future nuclear fusion reactors. The ODS RAF 

steel variants can improve the mechanical strength response at high temperatures at least in 100 

K compared to the non ODS steel counterparts. Their exceptional radiation damage resistance 

is based on the dispersion of nanosized oxide particles that limit dislocation motion and acts as 

sinks for radiation-induced defects. In addition, the presence of secondary phases enhances the 

mechanical response of this material. ODS RAF steels, characterized by a ferritic matrix, 

exhibit different grain morphologies, depending on the thermomechanical process performed 

on the material; as in hot cross rolled (HCR) ODS RAF steels where an elongated grain 

morphology microstructure is developed.  

An ODS steel with nominal composition Fe-14Cr-2W-0.4Ti-0.3Y2O3 (wt. %) was 

manufactured by mechanical alloying of prealloyed powders, compacted by hot isostatic 

pressing (HIP), HCR at 1473 K and annealed at 1273 K. Afterwards, a set of samples was 

submitted to thermal aging at 873 K for 2000 h to evaluate the performance of the material at a 

relevant temperature in the long term. Microstructure and secondary phases were characterized 

by scanning electron microscopy (SEM) and semi-quantitative energy dispersive X-ray 

spectroscopy (XEDS) chemical analysis. Further, their thermal evolution was correlated with 

the mechanical behavior [1]. This study presents the crystallographic characterization of the 

ODS steel before and after thermal aging. Electron backscatter diffraction (EBSD) results 

highlight the distinctive features of an anisotropic and high dislocation dense material, 

characterizing texture and grains misorientation. EBSD maps show an almost completely 

recrystallized matrix, with the presence of strong α and γ fibers in the annealed condition [2]. 

After thermal aging, results describing the thermal stability are presented, compared with the 

as-annealed state, and correlated with the mechanical behavior observed.
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E. Diagnostics 

Development status of sub-mm unambiguous interferometer for 

COMPASS-Upgrade 

Mykyta Varavin, Jaromir Zajac, Josef Preinhaelter 

Institute of Plasma Physics of the CAS, Za Slovankou 3, 182 00 Prague 8, Czech Republic 

 

The COMPASS-U tokamak (ne = 5x10²⁰ m⁻³, R = 0.9 m, a = 0.27 m, Bt = 5 T, Ip = 2 MA) [1] 

is under construction in the Institute of Plasma Physics in Prague. Combination of high 

temperature vessel 300–500°C, high plasma densities, toroidal magnetic fields and plasma 

current is a big call for the diagnostic design [2]. Based on simulation the differential 

("unambiguous") interferometer concept for real-time line-integrated electron density 

measurements [3] was proposed.  

Combination of simulation methods is used. Raw estimation was done based on WKB method 

and Helmholtz equation-based method. Ray tracing simulations by Matlab code based on 4th 

order Runge-Kutta method and 2D COMSOL simulations were done. As a precise method for 

wave propagation the 2D full-wave COMSOL simulation was chosen. The plasma profiles are 

simulated by METIS. Correction coefficient calculations for a non-linear dependence of the 

refraction index on plasma density were done. The unique study of phase measurement 

inaccuracy caused by O-X-mode parasitic interference was done. Method of correction such 

error was proposed.  

The study of different plasma shapes, plasma density profiles and possible mechanical 

vibrations influence to the density measurement is presented. Based on these simulations the 

special cassette port-plug design was proposed. The technical solution of the interferometer 

based on the solid-state element technology is presented. Conceptual design of the quasi-optical 

focusing system including the in-vessel reflection mirror placed on the central column is also 

introduced. The introduced concept allows the precise phase measurements in a wide density 

range and compatible with a real-time density feedback system. 

A similar solution was successfully used on COMPASS tokamak. 
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I. Fuel Cycle and Breeding Blankets 

Graphene-based electrochemical pumping for tritium separation 

Elina Pajuste¹, Guntars Vaivars¹, Ingars Reinholds², Antons Kizilovs², Andris Lascinskis¹, 

Anete Stine Teimane¹, Rudolfs Janis Zabolockis¹ 

¹ University of Latvia, Latvia 

² Baltic Scientific Instruments, Latvia 

 

Existing methods for tritium separation are either time and energy consuming or expensive. 

New separation methods with larger separation factors, reduced number of stages and energy 

consumption are needed. An alternative approach for hydrogen separation were proposed by 

Hidalgo et al [1]. Method is based on technique using graphene based – electrochemical 

pumping. Electrochemical pumping applies fuel cell principle – the membrane-electrode 

assembly consists of two catalytic electrodes deposited on a proton conducting membrane. 

Hydrogen gas or water is split on one side to the proton and electron, which recombines on the 

other side of the membrane. NAFION® (sulfonated tetrafluoroethylene based copolymer) was 

proposed as a proton exchange membrane coated with graphene layer [1]. Graphene membrane 

serves simultaneously as a semi-transparent hydron barrier and a drain electrode for proton and 

deuteron [2]. However, there is no experimental data on application for tritium. The present 

study reports of the development of a set-up for separation of tritium both from water and gas 

based on the concept described above. Additionally, special attention is dedicated to evaluation 

of the radiation stability of the developed system, thus choice of radiation stabile materials 

instead of NAFION® and test under potential exposure conditions is discussed in this study. 
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J. Materials Technology 

Humidity Effects on Neutron Irradiated Beryllium 

Rudolfs Janis Zabolockis, Elina Pajuste, Liga Avotina 

University of Latvia, Latvia 

 

Advantages of beryllium for nuclear fusion stem from its low mass number, thermal durability, 

and capability of neutron moderation and multiplication. However, the risks associated with 

toxic beryllium and beryllium oxide dust contamination must be considered. Moreover, 

behavior of neutron-irradiated beryllium during the potential loss of vacuum (LOVA) and 

coolant accidents (LOCA) has not been sufficiently evaluated. This study focuses on neutron-

irradiated beryllium interactions with an air of differing humidity, simulating fusion reactor 

malfunction. 

Beryllium in the form of pebbles produced by the rotating electrode process has been used in 

the study. Both non-irradiated and neutron-irradiated pebbles were thermally treated and 

studied using thermogravimetric/differential thermal analysis in airflow (12 L/h) with select 

humidity levels: dry with relative humidity (RH) < 5 %, ambient 30-40 % RH, humid > 90% 

RH. 

Thermally treated pebble surface was investigated with scanning electron microscopy (SEM) 

and element content was determined with energy dispersion X-ray spectrometry (EDX). 

Thermal treatment showed an increase of mass that is directly proportional to the RH in the 

airflow with the largest mass increase observed in humid airflow. The mass increase was 

associated with the growth of an oxide layer. Neutron irradiation damage of beryllium increases 

the oxidation rate.  

SEM and EDX analysis revealed a substantial number of cracks as well as the formation of 

irregular shape nanoparticles of BeO. Such particles easily become airborne and therefore pose 

a risk for reactor personnel as well as emergency responders. 

Neutron irradiation coupled with LOVA, LOCA, or other sources of oxygen and water upon 

heating results in a highly fragile beryllium oxide layer that can break down forming nanosized 

particle dust of BeO. The results obtained in this study are to be implemented in future research 

regarding nuclear fusion material safety and updating of process hazard analysis evaluations 

and comprehensive safety protocols.
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E. Diagnostics 

Preliminary gas desorption studies from tungsten exposed to He plasma in 

GyM linear device using Laser Induced Desorption Spectroscopy 
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Laser Induced Desorption Spectroscopy (LIDS) has been used to investigate the helium 

desorption from coatings and bulk tungsten in laboratory experiments as a prerequisite for the 

later application in-situ in the GyM linear device. Tungsten coatings were deposited on a silicon 

substrate by magnetron sputtering process. After a preliminary surface characterization and 

before studying the gas desorption by LIDS, both types of tungsten samples were exposed to 

helium plasma in the GyM linear device. A Nd:YAG laser with constant output power leading 

to a smooth controllable increase of layer temperature was used, resulting in a complete 

desorption of gases in a point heated by the laser. The desorbed gases were detected up to 200 

amu/e with a QMS (Quadrupole Mass Spectrometer).  

The results of the application of LIDS on tungsten targets exposed to a wide range of helium 

fluxes, fluences, and impact energies under different surface temperatures are presented and 

compared with Thermal Desorption Spectrometry (TDS) and Laser Induced Breakdown 

Spectroscopy (LIBS).
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J. Materials Technology 

Characterization of ODS-Cu alloys produced by mechanical alloying 

Carsten Bonnekoh¹, Andrei Galatanu², Michael Rieth¹ 

¹ Karlsruhe Institute of Technology, Institute for Applied Materials – Applied Materials Physics, 

Germany 

² National Institute of Materials Physics, Romania 

 

Irradiation campaigns have demonstrated the need for a heat sink material with improved 

microstructural stability under neutron fluences. CuCrZr had been the front-runner candidate 

for the water-cooled divertor concept so far, but shows an irradiation-induced dissolution of the 

hardening Cr-precipitations starting at 350 °C, which is accompanied by the degeneration of 

the materials properties. Oxide dispersion strengthened (ODS)-Cu alloy are promising material 

candidates for the replacement of CuCrZr. 

In this study, we have acquired the thermophysical and mechanical properties of four extruded 

ODS-Cu rods, which were produced by the KIT industrial partner CEP using mechanical 

alloying. The microstructures were characterized using EBSD. The result addressing the ODS-

Cu alloys are compiled with the CuCrZr properties as well as data for pure Cu. 

The yield strength of the ODS alloys ranges at room temperature from 550 MPa to 300 MPa, 

whereby in the first approximation the latter value is equivalent to CuCrZr. The yield strength 

increases with the fraction of ODS particles. At the intermediate temperature regime, the ODS-

Cu alloys possess a by around 30 MPa lower yield strength in comparison to the CuCrZr 

reference. This is most likely an effect of the lack of solid-solution-forming elements. However, 

the situation reverses substantially after a 100 h aging procedure at higher temperatures. The 

thermal conductivity depends on the oxide content as well. While the alloy with the least ODS 

particles outclassed CuCrZr and even approaches the results for pure Cu at 600 °C and beyond, 

the higher yields strength of the alloys with raised oxide density goes at the expense of the 

thermal conductivity. 

In summary, this first screening of ODS-Cu alloys has revealed promising results regarding 

their structural and functional properties, while the combination of ODS particles and ultrafine-

grained microstructure provides a high density of supposed sinks for irradiation defects.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 778 

P-2.286 Poster 

E. Diagnostics 

Sensitivity of CVD diamond detectors to gamma rays 

Milan Vićentijević¹, Milko Jakšić¹, Georgios Provatas¹, Tomislav Suligoj² 

¹ Ruđer Bošković Institute, Zagreb, Croatia 

² Faculty of Electrical Engineering and Computing, University of Zagreb, Zagreb, Croatia 

 

Single crystal CVD diamond detectors are an important diagnostic tool for beam optimization 

in many accelerator facilities. This is due to the two main advantages of diamond detectors over 

silicon detectors: high radiation tolerance and the ability to operate at high temperatures. The 

high-quality, electronic grade diamond crystals also offer high stability and fast response. 

Therefore, it is no surprise that CVD diamonds will be used as uLoss Monitors at DONES. One 

of the most important requirements for uLoss monitors is higher sensitivity to neutrons 

compared to gamma rays.  

We investigated the sensitivity of the diamond detector to gamma rays using a ²⁴¹Am source. 

The copper filter was placed over the ²⁴¹Am source, allowing only 26 keV and 59 keV gamma 

rays to pass. The reference spectrum was obtained using a NaI scintillation detector. The 

diamond crystal was connected to a state-of-the-art, low-noise preamplifier to achieve high 

energy resolution. Both the 26 keV and 59 keV peaks were successfully detected with an energy 

resolution of 8.2 keV and 7.7 keV, respectively. A comparison of the irradiation time with the 

number of detected counts showed that diamond has a detection efficiency four orders of 

magnitude lower than the NaI detector. Comparison of the two peaks corresponding to the 26 

keV and 59 keV gamma rays also shows that the detection efficiency of diamond decreases 

exponentially as the energy of the gamma rays increases.
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H. Vessel/in-vessel Engineering and Remote Handling 
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The Pre-Conceptual Design activities to develop the EU-DEMO divertor, promoted in the 

framework of EUROfusion Consortium, were officially concluded in late 2020. As result of the 

pre-conceptual design review, baseline design and the key technology options were identified. 

In particular, in pre-conceptual stage the reduced activation steel EUROFER97 was chosen as 

structural material for the divertor cassette body and the operational condition was set at 180°C 

and 3.5 MPa as minimum Fracture Toughness Transition Temperature (FTTT) at the damage 

level corresponding to 1.5 full power years (FPY). However, considering a DEMO with 48 

cassettes, over 30 years operation, such relatively short divertor life poses the question of waste 

management. In this context, the DEMO divertor design team is investigating methods to 

possibly re-use the cassette and to finally recycle materials, minimizing the amount of final 

waste to be disposed. The main solution is identified in the change of the working operating 

temperature of the cassette body, assuming coolant water at T = 300 °C and p = 15 MPa, which 

allows for a longer cassette operational life and, at the same time, simplifies the general plant 

layout assuming the same PWR condition as in the Breeding Blanket. 

This paper presents the main consequences of the updated coolant parameters, which required 

the revision of the geometrical layout of the cassette body to deal with the higher operating 

pressure. The sections of the cassette body have been preliminary dimensioned by formula (e.g. 

ASME Sect. VIII div. 2, EN rules or RCC-MRx) and cassette cooling pipes have been revised 

assuming P91 steel at PWR conditions. Then, the developed CAD model have been analyzed 

against PWR coolant pressure in FEM environment.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 780 

P-2.288 Poster 

D. Plasma Engineering, Plasma Control, and CODAC 

Control-Oriented Core-SOL-Divertor Model to Address Integrated Burn 

and Divertor Control Challenges in ITER 

Vincent Graber, Eugenio Schuster 

Lehigh University, USA 

 

The real-time regulation of a burning plasma's temperature and density, or burn control, will be 

necessary to produce high fusion power in future tokamaks like ITER. This is made more 

challenging due to the plasma's nonlinear characteristics and the interdependence between the 

core-plasma and edge-plasma regions. For example, a raising plasma temperature leads to 

increasing reactivity and therefore to more alpha-particle heating, which further increases 

temperature. Furthermore, a raise of the fusion power increases the heat flow through the 

scrape-off-layer (SOL), which can compromise the integrity of the divertor without proper 

safeguards. For control design, a model-based approach is attractive because it can directly 

incorporate the nonlinear, coupled, burning-plasma dynamics into the design. To facilitate this 

design approach, a control-oriented core-SOL-divertor (CSD) model is presented in this work. 

In this CSD model, a core-plasma model captures the nonlinear dynamics of the core's density 

and temperature, and a SOL-divertor model defines the plasma conditions at the separatrix and 

divertor including the heat load on the target plates. The core-plasma and SOL-divertor models 

are coupled through the exchange of various variables. In particular, the SOL-divertor model 

yields the separatrix temperature and the influx of recycled particles into the core-plasma. These 

variables influence the power and particle balances captured by the core-plasma model. In 

return, the core-plasma model determines the intensity of the heat and particles fluxes across 

the separatrix, and this outflow strongly impacts the SOL-divertor model. Therefore, the power 

and density of the core-plasma, which can be readily modulated through external heating 

systems and pellet injection, can be viewed as control knobs for the SOL-divertor region in 

addition to the gas puffing. In simulations of the CSD model, it is demonstrated how external 

actuation can be utilized to meet burn control and divertor control objectives simultaneously.
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C. Plasma Heating and Current Drive 

Design and Analysis of MAST-U Electron Bernstein Wave Launcher 
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MAST-Upgrade (MAST-U) is a medium sized spherical tokamak of major radius of 0.85 m 

and magnetic field of up to 0.75 T. The spherical tokamak has the advantage of being a very 

compact device that can achieve high plasma densities with a low toroidal magnetic field. 

Nominally, the first 4-5 electron cyclotron resonances are not accessible, excluding the use of 

conventional microwave electron cyclotron absorption as a heating mechanism. However, the 

microwaves can be converted to the Electron Bernstein Wave (EBW), which can then access 

the resonance layer and provide either electron heating or high efficiency current drive. The 

conversion to the EBW requires precise injection angles of the microwave beam to the magnetic 

field lines for optimum coupling, which places requirements on the launcher. 

The MAST-U EBW launcher is being designed with sufficient flexibility to explore the 

optimisation of EBW under a variety of plasma scenarios and with sufficient steering range to 

validate the physics basis of the EBW conversion. The launchers are designed based on 

Gaussian optics with each of the two 0.9 MW beams capable of being reflected from its own 

mirror at the equatorial plane (both co and counter current drive) or 70 cm above the equatorial 

plane (co current drive). The mirrors are designed to withstand the thermal load of each beam 

using a copper surface for high reflectivity, but supported from a graphite structure to minimise 

the induced electromagnetic forces during plasma disruptions. 

Two actuator designs are being implemented that will provide real time steering capabilities for 

optimum coupling of the microwave power through the evolution of the plasma pulse. 

Interceptor plates are also included to "catch" the non-absorbed power. Sensors are imbedded 

in the interceptor plates to estimate the non-absorbed power fraction of the refracted beam for 

verification of the EBW physics models.
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I. Fuel Cycle and Breeding Blankets 

Fusion Plant Mockup for energy conversion and fuel cycle -A new 

approach for fusion commercialization- 

Satoshi Konishi¹, Shutaro Takeda¹, Keisuke Mukai², Richard Pearson¹, Colin Baus¹, Juro 

Yagi², Kiyoshi Seko¹, Taka Nagao¹ 

¹ Kyoto Fusioneering Ltd., Uji 611-0011, Japan 

² Institute of Advanced Energy, Kyoto University, Uji 611-0011, Kyoto, Japan 

 

An integrated fusion plant mockup is designed and will start its construction to demonstrate the 

technology for the conversion of net fusion energy output.  Although ITER is expected to start 

its operation in 2025 and a number of plans have already started to test fusion burning in the 

near future, evaluation as viable energy product will remain as a critical challenge. Kyoto 

Fusioneering Ltd. has launched a project to build a world first facility UNITY (Unique 

Integrated Testing facilitY) to test a blanket power train and fuel cycle based on the technology 

developed at Kyoto University. This program is based on private funding with a support by 

Japanese government, and a number of Japanese fusion industry will join as supplier. 

Construction starts in 2022 and the operation is scheduled from late 2023. 

The integrated loop has a main loop that circulates LiPb liquid metal, and will have a power 

conversion subsystem, tritium fuel extraction and simplified primary fuel cycle. Up to the 

temperature of 1000 degree with a small blanket and heat exchanger module made of SiC 

composite, and as power trains, open brayton cycle, rankine cycle, CO2 cycle and hydrogen 

production will be tested. Bred tritium recovery will be tested with Vacuum Sieve Tray 

technology. Other liquid breeders such as molten salts and liquid Li are also studied to interface. 

Simulated plasma chamber, including wet condition will be attached, to test pump train 

compatible with tritium and fusion environment, followed by a simplified direct recycle fuel 

system. Although no tritium or fusion reaction is involved, an integrated technology energy 

conversion and tritium fuel self-sufficiency is expected to be evaluated at the Technical 

Readiness Level of 5 or higher. The presentation will report the outline of the entire project 

with design and some prior test results.
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I. Fuel Cycle and Breeding Blankets 

Electrochemical transport of Bi in Li–Pb eutectic alloy to liquid Pb 

electrode using chloride molten salt 

Fu Nomoto¹, Yuto Murata¹, Juro Yagi², Keisuske Mukai², Satoshi Konishi² 

¹ Graduate School of Energy Science, Kyoto University, Uji 611-0011, Kyoto, Japan 

² Institute of Advanced Energy, Kyoto University, Uji 611-0011, Kyoto, Japan 

 

Liquid lithium lead eutectic alloy (Li–Pb), a candidate of tritium breeding material in a fusion 

blanket, is easy to contain bismuth (Bi) as an initial impurity or transmutation product from 

lead (Pb). In neutron fields, Bi is transmuted to polonium (Po), a radioactive element. However, 

the extraction method for Bi has not yet been established. 

In this research, an electrochemical method using chloride molten salt was employed to reduce 

Bi. This method has been suggested to have the potential to reduce several kinds of impurities. 

In this experiment, an electrochemical cell filled with chloride molten salt (LiCl 59.2 mol % – 

KCl 40.8 mol%) was prepared, and Li–Pb in an alumina crucible was placed in the chloride 

molten salt as the counter electrode. The working electrode was the liquid lead in a glass tube. 

The reference electrode was also Li–Pb and the potential was standardized against the potential 

of Li+/Li–Pb. Here, 2 g of Bi was added to 200 g of Li–Pb as an impurity. Then, cyclic 

voltammogram (CV) was performed in the range of 0.7 V to 1.5 V. Based on the CV results, 

chronoamperometry (CA) was performed at 1.4 V for 40 h. Assuming that all the current by 

the CA was used for the oxidation reaction from Bi³⁻ to Bi in Pb electrode, the coulomb 

equivalent to 400 mg of Bi transfer. Furthermore, CV were performed at appropriate time 

intervals during the CA process. 

As a result, qualitative analysis using Field Emission Scanning Electron Microscopy (FE-SEM) 

confirmed the existence of Bi in Pb electrode. Detailed quantitative analysis using Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) is also ongoing.
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I. Fuel Cycle and Breeding Blankets 

Integration of MELCOR for Fusion and TMAP4 for fusion reactor systems 

analysis and tritium inventory tracking 

Matthew Eklund, Adriaan Riet 

Idaho National Laboratory, Idaho Falls, ID, USA 

 

The design of fusion reactors requires the prediction of radioactive tritium migration during 

normal operating conditions and accident scenarios. Safety standards such as those from the 

U.S. Department of Energy (DOE) require that fusion reactor designs limit the release of 

hazardous material to the environment. In addition to safety requirements, the rarity of tritium 

supplies for burning D-T fusion plasma requires tritium breeding blankets. Computational 

modeling of migration of tritium and various reaction products throughout the fusion reactor 

serves to create designs that fulfill these requirements. MELCOR-TMAP, owned and developed 

at Idaho National Laboratory (INL), is an integrated system-level engineering code adapted for 

the analysis of fusion reactor systems. The history of the conception and evolution of the 

MELCOR-TMAP code, as well as its current capabilities and plans for future development, are 

discussed. 

MELCOR-TMAP was conceived by the integration of the MELCOR for Fusion and TMAP4 

(Tritium Migration and Permeation version 4) codes. MELCOR for Fusion was based on 

MELCOR, a time-dependent system-level thermal-hydraulic code developed by Sandia 

National Laboratory, which has been widely used in fission reactor modeling. It served as an 

ideal candidate for modeling fusion energy systems due in part to its existent transient accident 

analysis and radionuclide transport capabilities. This was adapted into MELCOR for Fusion 

with the addition of fusion reactor models and fluid properties. It went through further 

development based on emerging fusion reactor technologies such as those implemented into 

ITER. Tritiated water (HTO) transport, multiple multiphase fluids in different loops, and other 

accident scenario models have since been added to MELCOR for Fusion. TMAP4 (Tritium 

Migration and Permeation version 4) was developed by INL for tracking the movement of 

hydrogen species in connected structures through diffusion and trapping processes. The plans 

for future advancement of MELCOR-TMAP’s capabilities are also discussed.
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D. Plasma Engineering, Plasma Control, and CODAC 

Fast Model-Based Scenario Optimization in NSTX-U Enabled by Analytic 

Gradient Computation 

Brian Leard, Eugenio Schuster, Sai Tej Paruchuri, Tariq Rafiq 

Lehigh University, USA 

 

Model-based optimization offers a systematic approach to advanced scenario planning. In this 

case, the feedforward-control inputs (actuator trajectories) that are needed to attain and sustain 

a desired scenario are obtained by solving a nonlinear constrained optimization problem. This 

class of problems generally minimize a cost function that measures the difference between 

desired and actual plasma states. Several numerical optimization algorithms, such as sequential 

quadratic programming, require repeated calculation of the cost function gradients with respect 

to the input trajectories. Calculating these gradients numerically can be computationally 

intensive, increasing the time needed to solve the feedforward-control optimization problem. 

This work introduces a method to analytically calculate these cost function gradients from the 

plasma dynamics. This can significantly reduce the computational time and allow for fast 

feedforward-control optimization, which would eventually enable optimal scenario planning 

between discharges. The performance of the feedforward optimizer with analytical gradients is 

compared to a traditional optimization algorithm based on numerical gradients for different 

NSTX-U scenarios. The plasma dynamics in the optimization algorithm are simulated using the 

Control Oriented Transport SIMulator (COTSIM). Results of the work show that analytical 

gradients consistently reduce the computation time while achieving trajectories that are 

comparable to those obtained by traditional optimization algorithms based on numerical 

gradients. 
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Material activation due to water irradiation in simple tokamak model 

Igor Lengar, Domen Kotnik 

Jozef Stefan Institute - Reactor Phyics Department, Slovenia 

 

Water is the cooling fluid of present large tokamaks and the candidate medium for future 

tokamaks like ITER and DEMO. During fusion reactor operation the water gets activated in the 

first wall due to reactions with neutrons. The resulting activated nuclei N-16 and N-17 emit 

gamma rays and the O-19 nuclei emit neutrons, half-lives of the reactions range between 4 and 

27 seconds. The neutron flux and correspondingly water activation are largest when the water 

flows through the first wall. However, the majority of decay takes place at larger distances from 

the first wall, consequently a considerable amount of the decay radiation takes place also 

outside the biological shield. 

The majority of studies is devoted to calculations of the dose at different positions during 

reactor operation. In the present study the activation of materials due to the radiation, 

originating from the transported water, is evaluated. The comparison of this secondary 

activation from water outside of the bio-shield is compared to the activation of materials due to 

the radiation from the plasma.  

The study is performed with a combination of MCNP neutron transport for determination of 

water activation by plasma neutrons, calculation of the irradiated water transport in combination 

with its decay for determination of the secondary source term, the transport of the secondary 

neutrons and gammas and calculation of activation. The study is performed on a simplified 

model of a large tokamak in order to evaluate the simplified procedure as opposed to lengthy 

more detailed calculations. The importance of the activation of materials due to water transport 

is estimated.
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D. Plasma Engineering, Plasma Control, and CODAC 

Model-based Linear-Quadratic-Integral Controller for Simultaneous 

Regulation of the Current Profile and Normalized Beta in NSTX-U 

Hassan Al Khawaldeh, Brian Leard, Sai Tej Paruchuri, Tariq Rafiq, Eugenio Schuster 

Lehigh University, USA 

 

Achieving advanced scenarios that are characterized by steady-state operation, stable plasma 

confinement, and high-performance plasmas is one of the primary objectives of National 

Spherical Tokamak eXperiment - Upgrade (NSTX-U). Active control of important plasma 

profiles and scalars may be necessary to achieve these objectives. In particular, control 

algorithms that can optimize the tokamak performance to achieve the desired plasma profiles 

in any given scenario may be necessary. In this work, a model-based optimal control algorithm 

is developed for feedback control of the current profile in NSTX-U. The linear finite-

dimensional control model is derived by discretizing and linearizing the magnetic diffusion 

equation in combination with empirical correlations for electron density, electron temperature, 

and noninductive current drives. The linear time-variant model is then used for designing a 

linear-quadratic-integral (LQI) controller that is capable of regulating both the safety factor and 

the normalized beta around desired targets. The controller determines neutral beam injector 

powers and the overall plasma current to achieve the desired current profile and normalized 

beta. The proposed controller is tested in higher-fidelity nonlinear simulations that employ 1D 

models for both current and temperature profiles using the Control Oriented Transport 

SIMulator (COTSIM). The closed-loop simulations show the effectiveness of the controller at 

shaping the safety factor in NSTX-U while achieving the desired normalized beta. 
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D. Plasma Engineering, Plasma Control, and CODAC 
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Spatially Moving Electron Cyclotron Current Drives 

Sai Tej Paruchuri, Tariq Rafiq, Eugenio Schuster 
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The plasma control systems in next-generation tokamaks like ITER will balance competing 

control objectives to achieve the desired level of performance in advanced scenarios while 

preventing magnetohydrodynamics instabilities/disruptions. During conventional tokamak 

discharges, the deposition profile of the electron cyclotron current drive (ECCD) is usually 

fixed in space. However, the deposition profile can be modified in real-time by changing the 

angles of the mirrors that reflect the electromagnetic waves generated by the ECCD. Altering 

the deposition profile, in turn, varies the controllability of the system. For instance, changing 

the ECCD deposition profile may place the power demands necessary to achieve a particular 

scenario within saturation limits. Therefore, using the ECCD position, which is related to the 

ECCD mirror angle, as a supplementary controllable variable may facilitate access to a given 

target scenario. However, active control algorithms have not been designed so far to fully 

exploit this capability in real time. In this work, a model predictive controller that can handle 

actuation locations as control inputs is developed. In particular, the controller is designed to 

regulate both the auxiliary powers and the ECCD positions in a pre-defined optimal sense to 

achieve the control objective of attaining and sustaining a target current profile. The proposed 

controller is tested for a DIII-D tokamak scenario in nonlinear simulations using the Control 

Oriented Transport SIMulator (COTSIM). 
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C. Plasma Heating and Current Drive 

Neural Network Model of Neutral Beam Injection on EAST to Enable Fast 

Transport Simulations 
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The neutral beam injection (NBI) system on EAST injects energetic neutral particles, which 

collide with electrons and ions after becoming ionized in tokamak plasmas and heat the plasma 

through Coulomb collisions. Moreover, it injects a non-inductive current drive and toroidal 

torque, which causes the plasma to rotate in a toroidal manner. The effects caused by the NBI 

system, such as plasma heating, power deposition, current drive, total neutron rate, momentum 

transfer, and shine-through, are modeled in simulations by using a comprehensive module 

called NUBEAM [1]. However, NUBEAM is computationally intensive since it relies on Monte 

Carlo methods. In this work, a neural network model has been developed as a surrogate model 

for NUBEAM on EAST. The database for neural-network model training and validation is 

generated by running TRANSP simulations with the NUBEAM module for experimental 

discharges from recent EAST campaigns (after the latest NBI upgrade). Simulation results 

illustrate that the trained neural network has the capability of replicating the predictions by 

NUBEAM while demanding a significantly shorter execution time. 
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Coordinated by the IAEA Atomic and Molecular Data Unit, the Coordinated Research Project 

on Data for Atomic Processes of Neutral Beams in Fusion Plasma is intended to provide 

evaluated and recommended data of the principal atomic processes relevant for heating and 

diagnostic neutral beams in fusion plasmas. As an instrument to achieve this goal, a code 

comparison benchmark on beam penetration and photoemission was organised. The purpose of 

the benchmark was twofold. First, to evaluate the collisional-radiative models from the 

perspective of the atomic data applied, level of details and complexity and the method of the 

closure of the system of equations. Second, to verify and explore the applicability of the 

different physics models. The participating codes (namely: RENATE, RENATE-OD, BBNBI, 

FIDASIM, SOS, CHERAB, CRM by O. Marchuk) apply different levels of detail and 

methodology to solve the governing rate equations. The effect of different approaches to the 

underlying physics on beam attenuation and beam penetration is analysed. Conclusions on the 

applicability of the different physics models are presented, along with some code-specific 

developments. As one of the consequences of the effort, we also introduce the framework that 

was recently set up by IAEA to store and promote the recommended atomic data.
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G. Plasma-facing Components 

W dust produced using Magnetron Sputtering Gas Aggregation operated 

with hydrogen content 

Tomy Acsente¹, Valentina Marascu¹, Lavinia Gabriela Carpen¹, Elena Matei², Gheorghe 

Dinescu¹ 

¹ National Institute for Laser, Plasma and Radiation Physics, Romania 

² National Institute of Materials Physics, Romania 

 

A serious issue regarding the proper operation of tokamak fusion devices (those of present, but 

also the future ITER) is the presence of dust in their vessel. Apart from disturbing the plasma 

parameters, the dust can raise safety issues, related to exceeding the permissible radiological 

limits due to tritium retention and the possible inhalation of dust by operators during a loss of 

vacuum event [1]. To predict and understand these effects, dust samples produced, as much as 

possible, in conditions similar to those from a Tokamak (for example using plasma methods), 

are necessary. In this work, we focus on the production of W dust in H₂/Ar mixture using the 

magnetron sputtering gas aggregation technique [2]. The amount of H₂ content was 

progressively increased (replacing Ar), the pressure of the H₂/Ar mixture being 100 Pa. We 

noted that the synthesis rate of W dust is promoted by the amount of H₂, increasing up to 60 

mg/hour for 30% H₂ content. Moreover, even when the H₂ amount is higher (up to 60%), the 

dust production rate presents a significant value (around 10 mg /hour). SEM investigations 

show the dependence of the particles morphology over the H₂ amount. 
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SPIDER, the ion source prototype for ITER neutral beam injectors, has been in operation since 

2018. The experiment includes a system of Ion Source and Extraction Power Supplies (ISEPS), 

whose design dates back to 2011. Since then, the experience gained has led to substantial 

changes, the most dramatic modification being the complete replacement of the radiofrequency 

power supply, described elsewhere. This contribution provides an up to date picture of the non-

radiofrequency part of SPIDER ISEPS, detailing at the same time the modifications undertaken 

since the time it was commissioned. 

A first group of design changes has involved a set of high current single quadrant resonant 

converters, known as Ion Source Support power supplies (ISSS). The ISSS perform several 

functions, including current supply to the magnetic filter field, polarisation of electrodes and 

heating of filaments for plasma ignition. The latter has been made more robust and flexible, 

adding a new voltage regulation capability. Power and signal cabling and measurement 

electronics have been optimised, to reduce electromagnetic disturbance during load short-

circuits, termed "grid breakdowns". Two main power supplies have undergone a substantial 

redesign, with new requirements coming from physics: ability to operate with bipolar current 

and a twofold increase of the rated output voltage. The control loops of these power supplies 

have also been modified by the industrial supplier, with the aim of minimising "loss of control" 

incidents. 

Other design modifications involve the Extraction Grid power supply, which applies a high 

voltage down to –12 kV dc to the extraction gap inside the beam source. The output filter and 

passive overvoltage protections of the power supply had to be redesigned from scratch, since 

the original configuration would cause an overvoltage across the output during grid 

breakdowns. As part of the process, also the output voltage measurement and associated 

electronics have been reviewed.
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B. Experimental Devices and Facilities for Fusion Research 

High temperature cooling circuit for JUDITH 2 with in-situ high purity 

control 
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High heat flux testing for screening of different design solutions, low cycle fatigue assessment 

and component qualification is an indispensable tool for the design and construction of nuclear 

fusion devices like W7X, ITER, DEMO and beyond. During these tests as well as in the 

operational lifetime of the component, thermal conditions may occur, as this is e.g. the case in 

the strike point region of the divertor, in which the control of the water chemistry plays an 

essential role in avoiding the formation of material deposits acting as thermal barrier layers. 

As the water chemistry is affected, as function of time, by all components in the cooling circuit 

of the test facility that are in contact with the coolant, besides the use of suitable components 

like pumps, piping and valves, a regular and thorough control is the minimum requirement. In 

the new installation of the high temperature (≤ 120 °C, 4 MPa) cooling circuit of the electron 

beam facility JUDITH 2 an in-situ real-time high purity control was implemented including a 

purification loop working at a maximum of 40°C and comprising a mixed-bed resin cartridge 

and membrane degassing. 

For commissioning and the assessment of the functionality of the system, high heat flux tests 

on actively cooled Cu-based mock-ups with and without purification have been performed with 

cyclic thermal loads up to 20 MW/m2 assimilating the specifications for the qualification of 

divertor components for ITER. The inner surface of the cooling tube has been assessed by 

subsequent surface and metallographic inspection.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 794 

P-2.302 Poster 

K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Conceptual Approach to the Development of Geometry Models for DEMO 

Neutronics 
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The development of the conceptual design of the European DEMOnstration fusion power plant 

requires a continuous effort on updating and refining neutronics models for radiation transport 

and shielding simulations. The strategical approach for DEMO neutronics involves a rigorous 

data management, involving in particular the maintenance of generic and application specific 

models. A single geometry model for specific neutronics applications can be derived making 

use of a unique generic one by replacement of any simplified filler with a detailed structure. A 

conceptual approach of model hierarchy has been devised to provide a versatile structure for 

model implementation and development. 

The paper presents a procedure to develop a geometry framework (or generic model) made up 

from blocks representing boundaries for accommodation of dedicated geometry models of 

different reactor systems. The generic model makes use of an updated torus sector model of the 

DEMO tokamak based on the available CAD design for the 22.5  toroidal sector of the latest 

DEMO baseline 2019. A complex multi-step process is applied to ensure high quality MCNP 

geometry model representations with controlled approximations. A practical use of the generic 

model is demonstrated with a focus on high-fidelity nuclear analyses for Breeding Blanket (BB) 

applications. In this case, the model represents a 11.25  toroidal segment (half of a regular 

torus sector). A preliminary geometry block structure employing MCNP universes is adopted 

that enables the development and the replacement of various reactor components relevant for 

BB and in-vessel analysis. The latest design of the Helium Cooled Pebble Bed (HCPB) BB has 

been incorporated and analysed in terms of important nuclear responses, such as Tritium 

Breeding Ratio and radial profiles of nuclear power generation. The effect of the new generic 

model on such analyses and corresponding nuclear performances is discussed.
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H. Vessel/in-vessel Engineering and Remote Handling 
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The hard lubrication is defined that the thin films are deposited by radio-frequency magnetron 

sputtering from the target material on substrate in order to improve their desired properties such 

as hardness, friction and wear resistance. Especially, the MoS₂ coating can be used in high 

vacuum and aerospace environments for lubrication purposes, which low friction is required. 

Unlike fluid lubrications, MoS₂ is suitable for use in a vacuum environment because it has low 

outgassing pressure and lack of migration. For this reason, the sputtered MoS₂ coating method 

is primarily considered for ITER shield block and their mechanical assemblies.  

A common deposition technique widely used is magnetron sputtering, the magnetron sputtering 

process is ideally suited to coat precision mechanical component with its exquisitely thin 

thickness. It also permits friction coefficient and durability of the MoS₂ coating. However, its 

application of sputtering to surfaces by the technique of depositions is a complex process 

involving many variables. Particularly, the coating on the spiralock female thread of blanket 

central bolt insert which is to assemble the shield block and first wall, is difficult to have 

uniform coating deposition due to its shadow effect. Therefore, it is necessary for understanding 

the process conditions and effects of sputtering parameter to achieve the uniform coating having 

the required friction coefficient. Details of parametric study with various sputtering conditions 

on the simple dis and spiralock female thread to reach required friction coefficient and uniform 

coating thickness, are presented in this paper.
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E. Diagnostics 

Ionization and electron capture processes induced in collisions between Li⁺ 

and He(1s) and N(2p) atoms 

Musab Al-Ajaleen, Abdelmalek Taoutioui, Károly Tőkési 
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The electron processes induced in ion-atom collisions are crucial and central in various research 

domains such as fusion plasma in tokamak reactors and interstellar space [1]. The modeling 

and control of these processes rely on the accurate cross sections of the induced electron 

processes.  

In this work we present accurate cross sections for single electron processes, mainly ionization 

and electron capture in collision between Li⁺ ion with helium and nitrogen atoms. For sake of 

simplicity, the considered collisional systems are treated as three-body problem. The target 

atoms are described within the single active electron approximation using Garvey model 

potential where only the outermost electron is involved in the collision dynamics [2]. Regarding 

the projectile, in the first approximation, it is treated as a frozen core model and the charge of 

the projectiles are +1 in the entire time of the collision. In the second approximation, the 

projectile-target interaction is described by a model potential which takes into account the 

screening effect by the projectile electrons [2]. The scattering problem is solved within the 

frame of the classical trajectory Monte Carlo (CTMC) [3].  

We present total, angular, and energy differential cross sections for single ionization and single 

capture processes from intermediate to high impact projectile energies (10 keV-10 MeV).  Our 

results are compared to the available experimental data which allowed us to test the validity of 

the frozen core approximation. 
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E. Diagnostics 
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Single crystal diamond radiation detectors have in certain conditions higher radiation hardness 

compared to silicon. In many applications, it is important to discriminate fast neutron from 

gamma radiation, which is done conventionally by means of pulse shape discrimination 

techniques or with the use of conversion layers. However, at low operating temperatures (<70 

K), this discrimination is difficult to perform as the signals are significantly reduced in 

amplitude. In such cases, an alternative discrimination technique would be required. One of the 

possibilities could be specific arrangements of electrodes, organized in configurations which 

takes into advantage the different average ranges of the particles resulting from neutron 

interactions within the diamond and the detected gamma rays. 

In the present work, we report preliminary studies of the response of a diamond detector 

designed with a specific electrode arrangement, aiming to be used for the measurement of fast 

neutrons in mixed radiation environments. Results of first measurements, carried out at the 

Laboratories for Ion Beam Interactions and Nuclear Physics of the RBI will be presented. The 

latter, demonstrate the detector efficiency in neutron/gamma discrimination. Moreover, the 

obtained results are evaluated by comparison with Monte Carlo simulations, carried out within 

the Geant4 framework. In addition, simulated response functions of possible electrode 

configurations are investigated and discussed.
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parameterisation 
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The Cold Mass Support (CMS) is a basic structural component of the feeder system of the EU 

DEMO tokamak. Goal of this structural element is not only to provide support to the 

containment duct – wiring the cryogenic lines, electrical bus bars and instrumentation to the 

magnets – in terms of both gravity loads and Lorentz forces, but also to isolate low temperature 

elements from the ambient, reducing the (conductive and radiative) heat load. In this work an 

optimisation procedure adopted for the preliminary design of the EU DEMO CMS is described, 

making use of a shape parameterisation based on Radial Basis Functions (RBF). Structural and 

thermal numerical grids are morphed from a baseline configuration, and complex shape 

variations are achieved by means of an advanced meshless procedure based on CAD parametric 

surfaces, respecting geometrical constraints. A response surface based optimisation is finally 

performed to obtain a preliminary CMS candidate able to fulfil both structural and thermal 

targets. 

 

Acknowledgment 

This work has been carried out within the framework of the EUROfusion Consortium, funded 

by the European Union via the Euratom Research and Training Programme (Grant Agreement 

No 101052200 — EUROfusion). Views and opinions expressed are however those of the 

author(s) only and do not necessarily reflect those of the European Union or the European 

Commission. Neither the European Union nor the European Commission can be held 

responsible for them.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 799 

P-2.307 Poster 

J. Materials Technology 

Thermomechanical Characterization of Laser Powder Bed Fusion W for 

heat sink fusion applications 

Elena Tejado¹, Alexander Von Müller², Sandra Tarancon¹, Jeon-Ha You², Jose Ygnacio 

Pastor¹ 

¹ Departamento de Ciencia de Materiales-CIME, Universidad Politécnica de Madrid, Madrid, Spain 

² Max-Planck-Institut für Plasmaphysik, Garching, Germany 

 

Additive manufacturing (AM) by selective laser melting (SLM) is particularly beneficial in 

producing metallic components, enabling more efficient designs while simplifying the 

production process. For heat sink fusion applications, AM would allow the fabrication of novel 

designs and complex shapes that cannot be produced using traditional manufacturing methods, 

while achieving higher performance through improved heat transfer and reduced thermal 

stresses in the plasma-facing to cooling system joint. These benefits would improve the 

reliability and component life of the heat sink, whose ITER-like design is based on a W/CuCrZr 

divertor monoblock, but, in an advanced design, a honeycomb-tailored composition W-Cu 

composite could be foreseen. 

However, SLM has unique characteristics, such as a rapid thermal cycle and localized heating, 

that can cause unconventional issues in W, for example heavily oriented and deformed grains 

or microcracking, the latter being primarily caused by its intrinsic brittleness and the presence 

of impurities. Therefore, mechanical characterization and material development are still 

necessary to benefit from AM for applications related to fusion.  

This presentation reports the progress of our effort to AM tungsten via laser powder-bed fusion 

and its characterization. On the one hand, this includes the thermomechanical behaviour in the 

temperature range between 25 °C and 1000 °C under a high vacuum atmosphere (10⁻⁶ mbar). 

On the other hand, its microstructure and texture were analyzed and quantified by using optical 

microscopy and electron backscattered diffraction.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 800 

P-2.308 Poster 
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The tungsten divertor of a tokamak is exposed to intense fluxes of hydrogen (deuterium and 

tritium) and helium. The inventory of hydrogen retained in the reactor must be assessed in order 

to stay within the safety limit (1 kg for ITER). Experiments have shown that the presence of 

helium – and helium bubbles – affected the retention of hydrogen in tungsten. 

This work aims at investigating the synergies between helium and hydrogen by modelling 

sequential implantation-desorption of deuterium in tungsten exposed to helium. The model is 

implemented in the hydrogen transport code FESTIM [1], and the results are compared to 

experimental measurements mainly Thermo-Desorption Spectrometry (TDS) [2]. 

Four hydrogen traps are required to reproduce the experimental TDS spectra. The TDS spectra 

are fitted with FESTIM and traps densities and detrapping energies are identified. One of these 

traps represents the trapping of hydrogen around helium bubbles formed close to the surface. 

The bubble concentration and bubble radius distribution are obtained from a dedicated helium 

transport code [3]. The three additional traps are secondary defects induced by the helium 

implantation, such as vacancies. The results suggest that helium can occupy these secondary 

defects, inhibiting the trapping of hydrogen until helium is desorbed at high temperature. 

The second part of this work is the investigation of the effect of indirect production of helium 

in tungsten from transmutation. To this end, neutronics simulations are performed with 

OpenMC [4] to estimate the production of helium in the first wall and in the divertor of DEMO. 

These results are then used as a source term in the helium transport model [3] to better assess 

the interactions between hydrogen and helium. 
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For the DEMO fusion reactor, several options of the Toroidal Field (TF) coil design were 

proposed. The winding of the TF option 1 is graded in order to optimize the amount of the 

superconductor according to the amplitude of the applied magnetic field in individual layers, as 

well as to limit the stress applied to the conductor using thicker jacket where the Lorentz forces 

are the highest.  

Such conductor grading implies interlayer joints to electrically and thermally connect layers 

made of two grades of Nb₃Sn conductor. For the good operation of the Tokamak, both the 

electrical resistance and the AC loss must be sufficiently low. A novel conductor splicing 

technique has been recently developed at Swiss Plasma Center (SPC) based on diffusion 

bonding and copper spray coating.  

This method has been applied to join two conductors of the third generation of React-and-Wind 

Nb₃Sn conductor referred to as RW3. A joint has been prepared from two short conductor 

sections (overlap joint) and assembled with a return conductor section to build a SULTAN 

sample. 

This paper presents the results of the joint test in terms of resistance for various background 

field values, before and after application of cyclic loading. Joint resistance values below one 

nano-Ohm are measured in relevant operating conditions (8 T and 66 kA). For both legs of the 

SULTAN sample (the leg containing the joint and the other leg without joint), the AC loss is 

assessed by Helium gas flow calorimetric for different excitation frequencies. Relevance of the 

proposed interlayer diffusion-bonded joint method for fusion application is discussed.
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The importance of the CO₂-free power plants has been recognized, and the urgency to build 

them is growing year by year. Fusion reactors of various types can complement renewable 

electricity sources, and guarantee constant and weather independent base electricity production. 

Stellarators represent a very promising branch of fusion power plants, due to their inherently 

steady-state nature, requiring less parasitic power consumption to maintain a plasma current. 

However, this comes at the expense of complex coil shapes to create the necessary magnetic 

field confining the plasma. In magnetic-confinement plasma configurations, the energy 

confinement – and hence the achievable fusion power – increases with the strength of the 

magnetic field. Presently, the largest stellarator is Wendelstein 7-X designed for 3 T on-axis 

(6.7 T in the winding pack). The first experimental campaigns have been successful, reaching 

recording triple product for stellarators. For a power-station, it is necessary to scale up the 

stellarator size and magnetic field.  

We outline possible options to build stellarator magnets with the ~12 T peak-field in the 

winding pack based on Nb₃Sn or with even higher fields in the coils made of HTS tapes. The 

complex 3D geometry is one of the stellarator-specific challenges. While many magnet designs 

were proposed for the tokomaks, only a few studies were devoted to high-field stellarator 

magnets. We benefit from the experience gained from ITER tokamak (under construction), as 

well as tokamaks in the design phase like EU DEMO and high-field compact machines. We 

assess advantages and disadvantages of both options, and evaluate possible risks and challenges 

specific to the use of these technologies in the stellarators. The work is carried out within the 

framework of the EUROfusion Consortium.
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The ITER In-Vessel Coil (IVC) system plays a major role in the mission of the ITER machine. 

The IVC consists of two systems: the vertical stability coils and the edge localized mode (ELM) 

coils. The vertical stability coils are two poloidal field coils located above and below the 

tokamak's mid-plane. They provide fast vertical stabilization of the plasma. The ELM coils, an 

array of 27 coils fixed to the wall of the vacuum vessel, provide resonant magnetic perturbations 

in order to control the plasma so that certain types of plasma instabilities called edge-localized 

modes are avoided.   

A major advantage of the coil design is the choice of the same conductor material and 

dimensions for both VS and ELM coils, long conductor length that eliminates the need for any 

internal joints and copper welding for the joints between coils and feeders.  

The in-vessel coil’s location behind the Blanket shield modules (BSM) present special 

challenges in terms of high nuclear radiation, high temperatures and large electromagnetic 

forces. A mineral insulated conductor (MIC) is well suited to this harsh environment but is not 

commercially available in large cross-section (59 mm outer diameter) and long lengths 

(minimum 65 meters). It consists of a hollow copper conductor, actively water-cooled, 

surrounded by a layer of magnesium oxide insulation and a stainless steel jacket. In total, the 

IVC requires more than five kilometres of conductor.   

The qualification of the conductor has concluded successfully in September 2018, as confirmed 

by in-factory manufacturing readiness reviews and the series manufacturing is in progress. 

ITER has already received all conductor lengths foreseen for the production of the VS coils, 

feedthroughs and some of the feeders.  

The contracts for the qualification and manufacturing of the feedthrough expansion joints, 

feedthroughs, joints, VS and ELM coils are under way. 

This paper will give an overview of the manufacturing progress on ITER In-Vessel coils 

conductor and other IVC components.
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DEMO represents DEMOnstration power plant. After ITER demonstrating its technological 

and scientific feasibility of fusion energy. DEMO will open the way to its industrial and 

commercial exploitation. Due to high radiation and hazard environment inside the fusion 

reactor, remote maintenance should be suggested for different tasks. 

Breeding blanket as one main component of the tokamak, its maintenance arises different 

concerns on reliability, feasibility, and time. In ITER, there are about 400 block shields on the 

VV, lots of time and costs are spent on maintenance such component due to high accuracy and 

safety requirements. In DEMO, several solutions to overcome different shortcoming of 

breeding blanket remote maintenance in ITER are proposed.  

Concept one introduces one blanket segment concept, the whole blanket consists of about 50 

blanket segments, and each blanket segment can be removed from the upper port of the vacuum 

vessel. Some remote maintenance tools such as hybrid kinematic mechanism can be used to 

support this concept. Concept two introduces some modification on the vacuum vessel and 

toroidal coils, by expanding the architecture of tokamak a bit, more space can be reserved during 

the blanket removal process. Concept three introduces the in-vessel repair of damaged part, 

which does not need to remote the blanket as a whole. 

In conclusion, models of each concept and theories behind are illustrated and explained in the 

paper; risk analysis are carried in different scenarios. The results show the potentials of 

developing proposed concepts.
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In this paper, a variable curvature elephant trunk robot is designed based on the bionic principle 

to complete the visual inspection and assisted flaw detection tasks in the bottom of the divertor 

and the vertical upper window complex pipe area of the Demonstration Fusion Power Plant 

(DEMO). It offers a miniaturized and lightweight structure with similar load capacity and 

position accuracy to a rigid robot. It can be installed as a sub-system of DEMO remote handling 

maintenance system on various mobile maintenance platforms or at the end of Multi-Purpose 

Deployer (MPD) and can penetrate into various confined spaces and multi-obstacle 

environments to complete operational tasks. The kinematic model of the robot is established 

based on the DH method. Based on the analytical method and the improved tractrix method, 

the trajectory planning and trajectory tracking motion control are carried out, as well as the 

simulation verification of the control method by the joint Adams/Matlab simulation. Finally, a 

test prototype with a 1000 mm arm length containing five variable-section joint units is built 

based on the simulation model. The trajectory experiment verifies the correctness of the design 

of the structure and drive system and the effectiveness of the control method.
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H. Vessel/in-vessel Engineering and Remote Handling 

Sensitivity Analysis of Manipulator Control for DEMO Remote 

Maintenance 

Ming Li, Huapeng Wu, Ruochen Yin, Changyang Li, Guodong Qin, Heikki Handroos, Juha 

Koivisto 
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Remote maintenance (RM) plays critical role in the successful operation of future DEMO plant, 

where various robotic systems will be employed for different tasks, ranging from the in-vessel 

mover, pipe joint handling cask, vertical maintenance manipulator, multipurpose deployer to 

divertor cassette deployer etc. Due to the evolving nature of the DEMO concept design, the 

precise task requirements and environment constraints are yet uncertain for the RM robotic 

systems, which means the design of the RM robotic system needs to tolerate certain deviation 

of the requirements. This study investigates the effects of the deviations of the robotic dynamic 

parameters on the performance of the robotic control system, in terms of control system 

stability, position tracking accuracy and the feasibility of the actuators. The sensitivity analysis 

method is applied in the study, where the various payload, the robotic kinematics and structural 

parameters, the friction models and the controller parameters are taken as the inputs, and the 

control system stability, the position accuracy, and the torque requirements are taken as the 

outputs. A close loop subsystem of TARM (Telescopic Articulated Remote Mast) from 

UKAEA is taken as the study objective in the simulation. The preliminary results show that the 

friction models and large payload values have the prominent effect on the system stability, 

positioning accuracy, and the output torque of the robotic system, as well as the close loop 

controller parameters. The results also suggest that the sensitivity analysis of the control system 

could yield a reasonable initial controller parameter with respect to the variation of the dynamic 

parameters of robotic system. A boom experiment has been setup in the laboratory and the 

results are consistent with those from the simulation and suggest that the sensitivity analysis 

method could suggest rational initial values for controller parameters with respect to varying 

payload and other dynamic parameter variations.
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Robotic Grasping is one of the most common tasks during remote handling maintenance. Due 

to the extreme environments inside the fusion vacuum vessel (VV), the grasping methods are 

required high stability and reliability. End-to-end grasping neural networks can hardly meet 

these requirements, especially when the optical sensors perform poorly on the metal made 

objects and backgrounds. The methods that combines neural networks together with traditional 

computer vision algorithms, which could output high-quality grasping results consistently. 

However, those methods lacked generalizability and could not handle different components. In 

this paper, we use unsupervised learning methods to enhance the algorithm's robustness while 

maintaining the stability of the output and high success grasping rates. The experiment result 

shows that our method could recognize different shapes of components well and output the 

appropriate grasping pose under the challenging environment.
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The relevance of the research is caused by development of a fusion energy, where issues of 

surface modification of plasma-facing materials of the first wall and divertor of a fusion reactor 

are of great importance. Therefore, obtaining a reliable database on the properties of materials 

and other elements in contact with plasma, simulation of the plasma effect on their surfaces 

using an imitation installation are are highly relevant tasks of material research in modern 

physics when developing thermonuclear technology, including research at the Kazakhstani 

Material Testing Tokamak KTM. 

The presence of structural materials and their impurities in the installation chamber will lead to 

the formation of mixed layers in the plasma-facing surfaces during redeposition due to erosion. 

In particular, carbon in the chamber of fusion reactors entails a number of problems. Carbon 

acting on the divertor surface can penetrate into the divertor volume and promote erosion and 

formation of porous layers on the tungsten surface and leads to tungsten carbidization. 

Hence, the goal of the research is to study external effects at a high energy flux and plasma 

irradiation on the structure and physical and mechanical properties of tungsten with a carbide 

layer, under conditions close to a fusion installation and the Kazakhstani Material Testing 

Tokamak KTM. 

In this research, the results of experimental studies on the effect of plasma irradiation with a 

carbidized tungsten surface are obtained. Data on the structure and properties of tungsten with 

a carbidized near-surface layer have been obtained. 

The practical significance of the research lies in the fact that the research results will be used in 

designing of fusion reactor components, analysis of the resource and degree of erosion effect 

of divertor components on plasma parameters.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 809 

P-2.317 Poster 
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Reactor experiments on irradiation of two-phase lithium ceramics 
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The design of future fusion reactors involves the production of tritium inside the breeder 

blanket. The most promising material for a breeder blanket today is lithium ceramics of a two-

phase composition - lithium orthosilicate Li₄SiO₄ (LOS) and lithium metatitanate Li₂TiO₃ 

(LMT) in various ratios [1–3]. Tritium is formed in lithium under neutron irradiation by the 

reaction ⁶Li(n,α)T. Further, this tritium is extracted from the blanket with a purge gas and 

returned to the fusion zone, realizing the concept of a closed thermonuclear cycle. 

Irradiation under the fission reactor conditions is still one of the few available methods for 

estimating the parameters of tritium generation and release from lithium-containing materials 

in the in-situ mode. This paper presents the results of experiments on neutron irradiation of two-

phase lithium ceramics of various ratios (LOS + 35 mol% LMT (pebble size 250–1250 μm), 

LOS + 35 mol% LMT (pebble size 500 -710 μm) and LOS + 25 mol% LMT (pebble size 500–

710 μm) at the WWR-K reactor. 

Irradiation of each batch of samples lasted about 20 days. The experiments were carried out by 

the in-situ vacuum extraction method (during irradiation with continuous pumping out, a 

change in the gas composition in the chamber with the sample was recorded). The paper will 

present the results of a comparative analysis of the parameters of tritium and helium release 

from different samples of lithium ceramics under irradiation conditions. 

These studies are a logical continuation of previous works carried out by the authors [4,5], in 

which ceramic samples with the composition of LOS + 25 mol% LMT (pebble size 250–1250 

μm) were studied. 
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I. Fuel Cycle and Breeding Blankets 

Study of interaction of hydrogen isotopes with titanium beryllide (Be12Ti) 
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Titanium beryllide Be12Ti is a known candidate material for the blankets of future fusion 

reactors, and it could also find wide application in fission reactor reflectors as well as in rocket 

and space technology. Interest in studies of titanium beryllide with hydrogen isotopes is due, 

considering the production and accumulation of tritium in this material during neutron 

irradiation, to the importance of understanding the processes occurring during the interaction 

of hydrogen isotopes with beryllide under various conditions. At the same time, new knowledge 

about the mechanisms and processes caused by the interaction of hydrogen isotopes with this 

material will allow predicting the terms and conditions of operation of products based on 

titanium beryllide in the future. 

This paper presents experimental data on thermodesorption of hydrogen isotopes from samples 

of monolithic titanium beryllide (manufactured at UMP JSC) pre-saturated with these isotopes 

under different conditions. Thermodesorption experiments were carried out by vacuum 

extraction in the temperature range 20 ÷ 120 °C at a sample heating rate of 10 ÷ 50 °C/min. 

Based on the experimental results, the parameters of the interaction of hydrogen and deuterium 

with titanium beryllide were determined; isotope effects were established.
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The ITER Visible Spectroscopy Reference System (55.E6.VSRS) is going to be one of the first 

optical diagnostic systems in the ITER tokamak chamber. For front-end mirrors M1 and M2, 

active and passive protection will be implemented. The mirrors are expected to experience 

contamination with beryllium and tungsten and will be protected with a mechanical shutter 

closing the optical input orifice. To maintain the M1 and M2 optical performance, a radio-

frequency (RF) plasma cleaning system will be implemented as a method of active protection. 

RF discharges operating at 13.56 MHz or at 40.68 MHz are considered as candidate 

technologies to remove mirror contaminants by physical sputtering in helium and argon in the 

pressure range of 1–10 Pa. It is assumed that ion energies in the range of 100–200 eV and ion 

fluxes in the range of (1–5)∙10¹⁹ ions∙m⁻²s⁻¹ can be achieved with 100–300 W of power in the 

discharge plasma. Both mirrors M1 and M2 shall be combined with the RF power electrodes 

and with independent power transmission circuits. The power transmission circuit has been 

reconsidered based on the updated characteristics of cables and feedthroughs, their dimensions 

and ITER operational requirements. New designs of compact L-C pre-matching elements for 

M1 and M2 using Al₂O₃-ceramic plates with metal layers on them, which are integrated behind 

respective mirror units, are simulated and their feasibility is discussed. The designs of the 

shutter and of the front-end optics compartment have also been updated and are discussed in 

the context of mirror cleaning and general ITER operational conditions. This also includes the 

results of a parallel research project on mirror cleaning and discharges in breadboarding 

experiments. The validation of the proposed plasma cleaning approach is foreseen during 

vacuum-plasma tests in breadboarding experiments in a new mock-up of the front-end optics 

compartment of the VSRS system.
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Injection of heavy gas near exposed surfaces is one of the options for mitigation of disruption 

and additional protection of plasma-facing components in fusion devices. The injection aims to 

dissipate the plasma energy through an increasing radiation from a shielding layer and, as result, 

decreasing the heat loads to the plasma-facing components. 

This paper presents experimental studies of the energy transfer processes to solid surfaces from 

powerful plasma within a quasi-stationary plasma accelerator QSPA-M test-bed facility [1,2]. 

Variation of the plasma stream energy density (up to 1 MJ/m²) has been performed to study the 

shielding layer properties. Special additional gas injector was designed for injection of noble 

gas cloud (argon) along the exposed target surface. Influence of magnetic field on the energy 

transfer was investigated too. 

Simulation experiments have shown that increase of the neutral gas density in front of the 

surface leads to essential decrease (till 1.5 times) of the energy value delivered to the target 

surface. In strong magnetic field (up to 1 T), the fraction of dissipated in energy by the shielding 

layer is increased. The thickness of the screening layer grows during local Ar injection. The 

plasma electron density near the surface increases significantly up to (1-3)×10¹⁸ cm⁻³ at local 

gas injection along exposed surface. The influence of magnetic field on half-widths of Ar II 

spectral lines (i.e. electron density value) is found to be not substantial. 
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A liquid metal divertor is one of the considered alternatives to a full metal divertor for DEMO 

and future fusion devices. Liquid metals have promising advantages as self-healing surfaces, 

pronounced vapor shielding, and low degradation under neutron irradiation. Capillary porous 

structures (CPSs) filled with Li, Sn are tested with various plasma-surface interaction (PSI) 

devices under extremely high particle and heat loads relevant to fusion reactor conditions [1-

3]. 

This work presents experimental studies of PSIs during QSPA plasma impacts to the Sn CPSs 

in conditions, simulating disruption and ELM-like loads. The 3D tungsten target filled by Sn 

(design described in [4]) was exposed to the plasma streams with the energy density up to 3 

MJ/m² which results in tungsten melting and evaporation. The sample initial temperature 

between plasma pulses had two options: sample 1 remained at a room value, sample 2 pre-

heated to 300 °C which close to Sn melting point. The number of plasma irradiations reached 

100 pulses. Observations of plasma interactions with the exposed targets were performed with 

a high-speed digital camera PCO AG. 

Particle ejection is observed during PSI for pre-heated as well as cold CPS targets. The 

difference in the number of particles ejected from the targets during exposition is negligible. 

Values of the velocities and the start-time from the irradiated targets are in the same range for 

both tests. Particles leave the target surface during all expositional pulses for both CPS targets. 

The threshold character of the ejection is more pronounced for the cold target. The main mass 

losses occur during the first plasma pulses. After the 100 pulses reduced Sn pool is observed. 

Moreover, areas without Sn occur on the exposed targets. Nevertheless, the severe damage of 

the W base of the CPS targets is not revealed during high cycle powerful plasma loads. 
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Wendelstein 7-X (W7-X) has been upgraded with ion-cyclotron heating becoming available for 

the forthcoming experimental campaign. The ICRF system is a versatile tool for fast-ion 

generation, ion heating, wall conditioning and to support the plasma start-up in W7-X. A swift 

qualification of the ICRF system is therefore required to efficiently exploit the new capabilities. 

To this end, the stellarator Uragan-2M (U-2M) in Ukraine supports the experimental program 

of W7-X. A two-strap antenna mimicking the W7-X antenna was installed on U-2M to conduct 

dedicated preparatory ICRF experiments. Specific studies focused on plasma production 

scenarios suitable for implementation at W7-X. The minority scenario developed at U-2M was 

also successfully qualified for ICRF plasma generation on the LHD. 

This paper summarizes previous results and new studies on the ICRF plasma creation both in 

pure gases and gas mixtures. In all the experiments, the antenna operated in monopole phasing 

with applied RF power of ~ 100 kW. The research for plasma creation was carried oat RF 

frequency near the fundamental hydrogen cyclotron harmonic. 

The ICRF plasma production experiments with H₂+He mixture showed that the gas breakdown 

and plasma creation are achieved at lower pressure compared to operation with pure He and 

similar RF power. Adding a hydrogen minority allowed one to triple the plasma density as 

compared with pure helium. Highest plasma density (∼10¹³ cm⁻³) can be obtained in gas 

fuelling mixture of 14% hydrogen in helium. While addition of deuterium to the H₂+He mixture 

leads to small changes in the parameters and characteristics of the plasma, in the D₂+H₂ mixture 

and a low hydrogen concentration (∼15–20 %), only a low density plasma of no more than 10¹¹ 

cm⁻³ is produced. These findings provide a acceleration of the qualification program on W7-X 

by specifying the required settings for the qualification of the W7-X ICRF system.
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The focus of this work is the development of a novel composite material that has to withstand 

the immense heat and particle fluxes in future fusion reactors. The wall material is based on the 

element tungsten, which already shows a very high compliance with the requirement profile in 

its pure form and is therefore already used for the most stressed areas in the divertor of ITER. 

However, pure tungsten is inherently brittle below the ductile-brittle transition temperature 

(DBTT) and cracks could lead to a complete failure of the respective wall component. To 

mitigate this problem and to improve the mechanical properties of the tungsten composite based 

components, new fabric types have been developed which are based on radially braided yarns 

with seven core- and 16 sleeve filaments. These were processed via chemical vapor deposition 

of tungsten into a multilayer structure to form a solid composite material. KLST-type samples 

cut from this composite material reached densities over 97 % and fiber volume fractions 

between 14–17 %. The produced material shows very promising mechanical properties with 

pseudoductile behaviour even at room temperature and without the integration of an interface. 

In addition, over 10,000 load cycles between 155–270 N were successfully applied without 

breaking the samples, which equals > 91.65 % of the maximum load. Based on these results, 

further upscaling projects and the integration of this component in a final, industrially produced 

component is planned.
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The EU DEMO Tokamak is foreseen to be equipped with an EC system for plasma heating, 

MHD control and thermal instability suppression. Up to six launchers will be installed into 

equatorial ports with the aim to inject a maximum of 130 MW millimeter wave power at 

dedicated positions into the plasma. This paper presents the current layout of the typical EC 

system launcher components within the available space reservation areas in the equatorial level 

of the DEMO baseline model. Beside the general arrangement of the EC launcher components, 

preliminary design features of the launcher port plug modules, an active cooling system 

approach, integration concepts for mirrors and waveguides of the optical system, the shielding 

component formation, and safety important elements of the first containment barrier of the 

launcher are presented. Furthermore, relevant aspects of assembly and potential Remote 

Maintenance procedures are discussed. 
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Estimation of the dynamic evolution of electron plasma density during a tokamak discharge is 

crucial since it directly affects the plasma performance, confinement and stability, therefore it 

needs to be monitored and controlled. Knowledge of the density profile can also be used to 

control in a more direct way the desired aspects of the plasma density, for example choosing to 

control the core, volume averaged or edge density, replacing control methods that rely e.g. on 

a single line-averaged electron density from a specific interferometer chord. The reconstruction 

of the density profile can be performed with the RAPDENS code [1], employing the Extended 

Kalman Filter technique. The code collects the electron plasma density measurements from the 

available real-time diagnostics and uses them to constrain the solution of a predictive model 

that describes the 1D particle transport equation for the electron plasma density. 

Following recent improvements to the code for use on ASDEX-Upgrade [2], we report on the 

application of this method for routine reconstruction of density profiles in the TCV tokamak. 

In particular the transport coefficients of the electron diffusion equation, as well as the 

ionization depth of the fueling gas, have been tuned heuristically with the available off-line 

diagnostics data for higher fidelity reconstruction of density profiles in L-mode, H-mode and 

negative triangularity discharges in TCV. We also present an extensive comparison of real-time 

estimated density profiles with the off-line Thomson scattering measurements across a wide 

range of experimental conditions. Finally, we report first results on integrating the Thomson 

scattering data in real-time in order to further increase the accuracy of the real-time profile 

estimation. 
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G. Plasma-facing Components 
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One of the challenges facing the development of the EU-DEMO reactor is the successful 

exhaust of power not associated with neutrons. It is expected that ~300 MW will reach the 

plasma edge. A substantial fraction of it will be radiated still inside the confined plasma, leaving 

120-150 MW to cross the separatrix (the upper boundary being more likely). If a standard 

divertor were built with no mitigation measure applied, this would deposit over a surface of ~ 

1m², leading to unbearable conditions. 

Careful divertor design, combined with extrinsic impurity seeding favoring radiative power 

redistribution, could open the possibility to operate EU-DEMO. However, many questions are 

open. Modeling is affected by uncertainties, whose major source is probably due to lack of 

knowledge on perpendicular transport. Moreover, an extended region of acceptable plasma 

parameters around the nominal operational point could help making the reactor robust to 

transients. 

Parallel to the baseline Single Null (SN) divertor, other configurations are being considered, 

among which are Super-X (SX), Double Null (DN), Snowflake and X-Divertor (XD). Here, we 

analyze comparatively the SN and XD options. We assess the respective acceptable parameter 

spaces by a series of SOLPS-ITER runs adopting the fluid-neutral model. Acceptable 

conditions are defined by the combination of power density to the target < 10 MW/m², electron 

temperature Te = 5 eV, and upstream density not exceeding 60% of the Greenwald limit. The 

XD divertor does present a larger operational range than the standard SN, which we 

subsequently analyze in terms of geometrical divertor characteristics. Connection length, 

grazing angle and magnetic flux spreading play a role in the improved XD performance. Finally, 

we present a first attempt at running the SOLPS-ITER code with kinetic neutrals on a selected 

XD case, estimating the possible differences observed when a more accurate model is adopted.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Economically optimized design point of high-field stellarator power-plants 

and experimental devices 

Victor Prost, Francesco A. Volpe 
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High Temperature Superconductors expand the design space of stellarator power-plants and 

experimental devices toward high magnetic fields B, enabling compact major radii R. The 

present paper scans the space of B, R, and other design parameters, finding solutions that are at 

the same time physically sound, buildable, and minimize the capital cost of the power-plant and 

levelized cost of fusion electricity. Similarly, it identifies minimum-cost design points for next-

step burning plasma stellarator experiments of fusion gain 1 < Q < 10. The study assumes a 

Wendelstein-like stellarator of reduced aspect ratio. Plasma-facing, flowing liquid metal walls 

protect it from high heat and neutron fluxes. The study relies on first principle calculations and 

established zero-dimensional empirical scaling laws. Power flows are illustrated by Sankey 

diagrams. Plasma operating contours are used to determine the reactor’s start-up path. 

Sensitivity analyses are conducted to identify the most critical parameters that have the highest 

influence on the economics of the power plants. Such analysis suggests that an ignited 

stellarator power-plant of aspect ratio A < 4, R < 4 m, B > 9 T, and normalized plasma pressure 

β~ 5 % would minimize both the cost of electricity and capital cost while achieving a net electric 

power of about 1 GW.
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G. Plasma-facing Components 
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The motion of DEMO divertor under electromagnetic (EM) loadings has been analyzed through 

FEM tool ABAQUS. The purpose is to determine a conservative dynamic amplification factor 

(DAF) for divertor in order to apply static analysis approach but considering the inertia loading 

effect due to dynamic impact. DAF is to amplify the loadings in static analysis, to make values 

such as strain & stress be over the corresponding values in dynamic analysis, to allow the 

monotonic damage assessment based on static analysis. 

The traditional theories of vibration with continuous cyclic loading have been reviewed. Gaps 

have been found between the mathematical theories and FEM model analysis with usually only 

single impulse.  

Four groups of simulations have been performed with various setups in FEM due to currently 

uncertainty in the fixation of divertor. After frequency analysis, displacements in static and 

dynamic analysis have been compared and the ratios in between have been calculated. The DAF 

for each group has been suggested, by comparing the amplified static displacement and stress 

state to those in dynamic analysis. It is found that DAF is decreased by increasing the rigidity 

of the fixation. A general DAF for divertor under EM loading shall lie between 1.5 and 2 under 

condition that there is no account for moments. 
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C. Plasma Heating and Current Drive 

Design of electrodes for high voltage tests in MITICA 

Daniele Aprile¹, Giovanni Berton¹, Giuseppe Chitarin¹,², Tommaso Patton¹, Nicola Pilan¹, 

Marco Tollin¹, Matteo Valente¹ 

¹ Consorzio RFX, C.so Stati Uniti 4, 35127, Padova, Italy 

² Department of Engineering and Management, University of Padova, Strad. S. Nicola 3, 36100, 

Vicenza, Italy 

 

MITICA is the full size prototype of the Neutral Beam Injector for ITER and is currently under 

construction at Consorzio RFX, Padova, Italy. MITICA in-vacuum components include a 

negative ion source, a 1 MeV accelerator, a neutralizer, a residual ion dump and a diagnostic 

calorimeter. 

Before the completion of MITICA construction, an experimental campaign is foreseen, 

dedicated to the investigation and the optimization of 1 MV voltage holding in vacuum. The 

campaign will be performed using a realistic mock-up of MITICA ion source and accelerator 

and will possibly include the test of one or two additional electrostatic shields to improve 

voltage holding. The importance of this campaign is due to the fact that voltage holding is very 

dependent on specific electrode geometry, and that, in literature, there are very few results of 

voltage holding in vacuum up to 1 MV. 

During the first experimental phase, the following electrodes will be installed: the mock-up of 

ion source and extraction grid (biased at –1MV), the mock-up of electrostatic accelerator (5 

stages), and an additional ground plate, mounted on vessel floor, for electric measurements of 

discharges. Depending on the results of the first phase, intermediate electrostatic shields biased 

at –600 kV and –200 kV might be successively tested. 

The paper describes the motivations and preparation of the high voltage test campaign in 

MITICA and the design of the mock-up electrodes, including electrostatic and mechanical 

analyses. The construction and installation of the electrodes is foreseen for 2022.
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I. Fuel Cycle and Breeding Blankets 
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Versatile and robust gas analysis technologies for the quantification of hydrogen isotopologues 

are an essential requirement for the fusion industry. Although several techniques are available, 

they all have disadvantages for on-line measurement. Therefore, a flexible on-line instrument 

with high specificity, sensitivity and dynamic range is an attractive proposition for a range of 

applications. In this paper, we describe the development of a gas phase Raman Spectroscopy 

device using state-of-the-art Hollow Core Microstructured Optical Fibre (HC-MOF). 

A HC-MOF can be filled with the sample gas for measurement which enables an extended 

interaction length between the light guided in the fibre’s core and the confined gas, significantly 

improving sensitivity compared to similar Raman instruments. Use of the HC-MOF as a sensing 

probe can also facilitate remote measurements in hazardous environments. Here, IS 

Instruments, ORC and Jacobs are focussing on moving this technology beyond a lab 

demonstration to a deployable instrument. The initial development phase focussed on 

demonstrating the quantification of gas species of interest to the nuclear industry, ranging from 

simple diatomic gases e.g. H₂ to potential contaminants such as heteronuclear organic species. 

Results showed both a linearity of response across a wide concentration range (ppm to % level) 

and the potential for low limits of detection (< 1 ppm for H₂). 

The next stage of development work was carried out under the Fusion Industry Programme’s 

Challenge Scheme, funded by the UK Atomic Energy Authority and has demonstrated the 

technology’s ability to accurately identify and quantify H₂, D₂ and HD at concentrations 

typically found in fusion facilities. The results showed the technology can simultaneously 

identify the three species with a linearity of response that enables rapid quantification. 

Future development work will be discussed including the measurement of tritium species as 

well as further development of the robustness of the technology for deployment on plant.
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I. Fuel Cycle and Breeding Blankets 

DEMO divertor compatibility with pumping requirements 
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In this paper the effect of the divertor geometry and the magnetic configuration on the pumping 

efficiency is analysed based on a scaling law approach [1]. This includes a sensitivity analysis 

to the different type of divertor target shape, the x-point height, the strike point positions and 

the distance of the neutral source from the pump slot´s location. Advantages and disadvantages 

of a configuration with a dome or a liner are discussed and their compatibility with the optimal 

x-point height, required for achievement of the high neutral density in the sub-divertor is 

assessed. The fuel particles compression and the enrichment factor of He and impurities are the 

main optimisation criteria. The conditions of vortex formation which hamper the flow of 

neutrals in the sub-divertor are discussed for the different divertor configurations. 

The model provides important design information including the neutral gas pressure at the 

vicinity of the pumping port in terms of the pumping speed at the entrance to the pumping port 

and the conductance needed for evaluation of the pumping systems and the pump technology.

  

The analytical approach allows prompt assessment of the pumping flux and the required level 

of divertor closure in alternative DEMO divertor configurations. It can define the operational 

space to be explored in a follow-up step with higher numerical effort (for example by using the 

DIVGAS code) and can be used for checking the consistency of boundary conditions. 
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J. Materials Technology 
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in methane enviroment 
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The use of tungsten for areas with high ion and heat fluxes does not adequately resolve the 

problems accompanying interaction between plasma and divertor surface [1]. These 

circumstances determine the concern in continuing to use graphite and carbon-graphite 

materials as plasma-faced ones. However, erosion and transport of sputtered graphite and 

carbon-graphite materials will lead to simultaneous irradiation of W with hydrogen isotopes, C 

atoms, and hydrocarbon molecules, which will lead to the formation of a mixed W–C surface 

layer [2]. 

This paper provides research results of the structural and phase state of near-surface tungsten 

layers after irradiation with a methane ion beam. Based on interaction with an electron beam, 

gaseous methane decomposes into fragments such as H⁺, H²⁺, C⁺, CH⁺, CH²⁺, CH³⁺ and CH⁴⁺, 

which enables simulating the conditions of local transfer of C atoms along surfaces wetted by 

plasma by means of hydrocarbons. 

The structural and phase state of the near-surface tungsten layers was researched using SEM, 

TEM, and XRD methods. The temperature dependence of microstructural evolution and phase 

transformations has been determined. Carbide phase generation was recorded after irradiation 

at 1000 °C. Three phases of tungsten carbide (WC, W₂C and WC1–x) were observed, mainly as 

mixtures of two phases (WC, W₂C). According to the results of microstructural analysis, it was 

found that presence of a carbon coating as a continuous film is observed on the sample surface 

during the interaction between tungsten and methane. Thermally unstable carbon film is 

destroyed under high temperatures and carbon is already chemically bounded forming tungsten 

carbide phases, as XRD results evidence. 
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H. Vessel/in-vessel Engineering and Remote Handling 

High-speed technology in the field of fusion 
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In few last decades, great attention was paid to development in the field of fusion technology. 

Currently, basic concept, needs and time schedules for the nearest fusion projects around the 

world are clearly known. Probably the most important for Europeans is International 

Thermonuclear Experimental Reactor (ITER) followed by first fusion Demonstration Power 

Plant (EU DEMO). However, beside activities dealing with fusion, the significant R&D 

progress has been done in the case of high-speed technologies as well. The new materials, 

improved mathematical procedures and innovative approach of engineers make todays’ high-

speed technology more robust, applicable in the wide range of power and environment. 

Moreover, there are many industrial paths such as transport of gases where high-speed 

technology uses its advantages and already reaches the highest efficiency. It all makes high-

speed technology a suitable candidate to be installed inside support circuits of fusion 

technologies such as Primary Heat Transfer Circuits (PHTS) based on Helium Cooled Pebble 

Bed (HCPB) of EU DEMO. Therefore, the article tries to acquaint readers with technology of 

helium TurboCirculators (TC) with output power of hundreds kW already installed inside 

experimental testing facility HElium LOop KArlsruhe (HELOKA) in Germany and in HElium 

For FUSion (HEFUS-3) located at ENEA Brasimone, Italy where key part of ITER is tested 

and scaled, conceptual the same, TC applicable inside EU DEMO project based on HCPB 

PHTS.
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Fusion power has well-attested and attractive inherent safety and environmental features, to 

diminish supplies of fossil fuels and threats of climate change catastrophe. Nuclear fusion 

power has the potential of becoming a clean, zero-carbon and inexhaustible energy source. P91 

steel is a key material considered for use in a fusion reactor for components such as thick-walled 

cooling-water pipes between in-service reactor components. Due to the extreme conditions 

generated by a fusion reactor, specifically irradiation, assembles and maintenance must be 

conducted autonomously. Laser welding is one of the fast and most reliable methods for remote 

manufacturing and maintenance, although the residual stress is often along with the welding 

procedures. The detrimental residual stress negatively affects the structural integrity of 

engineering components via initiating the cracks and distortion and weakening the fatigue 

strength, resulting in the reduction of in-service time. Inspection and interpretation of the 

residual stress by a fast, reliable and cost-efficient method is essential to optimise the 

manufacturing protocols and avoid failure. In this work, two plates of P91 steel were butt-

welded via single laser welding technology. The residual stress is quantitatively identified by 

plasma focused ion beam and digital image correlation (PFIB-DIC) and nanoindentation 

measurement at a finer scale. Additionally, owing to performing the line scan across the fusion 

zone (FZ), heat affect zone (HAZ) and base material (BM) by nanoindentation, the residual 

stress distribution over the weldment is identified. The mechanical properties are learnt from 

tensile tests and investigation of micro-hardness on as-welded, as-received and stress-released 

as-welded status. The microstructural and fractography analysis is accomplished to achieve 

correlation with the residual stress and mechanical properties. Insights obtained will contribute 

to building up a predictive tool of mechanical property and lifespan for fusion power plant 

components.
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The shielding liner is part of the divertor cassette and comprises a tungsten plate and Eurofer97 

channels with diffusion bonded joints. 

As the joints are prone to cracking, due to neutron embrittlement, low Ductile to Brittle 

Transition Temperature, etc, this necessitated a deterministic, code compliant fast fracture 

assessment on the joint areas of the shielding liner. 

 A 3-D finite element crack-body analysis with a 1:3 (depth:length) aspect-ratio semi-elliptical 

crack, utilizing novel Boolean share-topology features in ANSYS to allow cracks on bonded 

contact surfaces, was undertaken on four locations on the joints 

Stress Intensity Factor (KIC) was calculated and compared to Eurofer97 KICmat = 200 MPa√m 

at 200C (8 dpa), using the most severe load case; Normal Operation Condition (2 times (partial 

safety factor) 3.5 MPa fluid channel pressure at 180C+thermal loads). 

The maximum calculated value was KIC = 30 MPa√m, which was less than KICmat, showing 

no fast fracture. 

The analysis shows that cracks in the joints will either crack arrest and remain the same size or 

will ductile tear and propagate in a controlled manor e.g. with fatigue loading, for the lifetime 

of the component. 

In the future, crack-body analysis will have a prominent role and serve as a valuable tool for 

In-vessel components. 
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Flux symmetry and operational comparison of EJ276 and EJ309 

scintillators for fusion neutron spectroscopy at SPIDER 

Oisin McCormack¹, Isabella Mario², Matteo Zuin³, Luca Giacomelli⁴, Gabriele Croci⁴, Andrea 

Muraro⁴, Luigi Cordaro³, Giuseppe Gorini², Enrico Perelli Cippo⁴, Giovanni Grosso⁴, Davide 

Rigamonti⁴, Marica Rebai⁴, Roberto Pasqualotto³, Marco Tardocchi⁴ 

¹ Università di Milano-Bicocca, Piazza della Scienza 3, Milano, Italy 

² INFN Milano Bicocca, Piazza della Scienza 3, Milano, Italy 

³ Consorzio RFX, Corso Stati Uniti 4, I-35127 Padova, Italy 

⁴ ISTP CNR Milano Bicocca, Via Cozzi 53, Milano, Italy 

 

The first neutrons generated by Deuterium-Deuterium beam-target fusion reactions (2.45 MeV) 

at the SPIDER negative ion source facility in Padua have recently been reported. The system 

has been upgraded from a single EJ276 plastic scintillator-based neutron detector to include an 

array of five EJ309 liquid scintillators and a NaI gamma-ray spectrometer. Initial parametric 

analysis of subsequent D-D fusion data reported unexpected behaviour in the flux 

measurements of the array, particularly in the comparison of the EJ276 versus the EJ309 and in 

the neutron flux beam symmetry. This paper addresses these behaviours and provides insight 

into the functionality of the detector array and the beam symmetry, through an in-depth analysis 

of the signal waveforms acquired, along with Monte Carlo simulations of the expected neutron 

counting sensitivities of the detectors. It has been found that a data transfer limit has affected 

some of the high-statistic acquisitions associated with the EJ309 detectors. However, careful 

analysis allows for an approximation of the neutron flux for each device, revealing flux 

measurements and beam symmetry dynamics more in line with expectation, confirming the 

functionality of the detector array, accompanied by a outlook for improving the system.
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A. General Reviews for DEMO, Power Plants and Plant Systems 

Conceptual design of the Steam Generators for the EU DEMO WCLL 

Reactor 

Amelia Tincani¹, Cristiano Ciurluini², Alessandro Del Nevo¹, Fabio Giannetti², Andrea 

Tarallo³, Claudio Tripodo⁴, Antonio Cammi⁴, Alessandra Vannoni², Marica Eboli¹, Tommaso 

Del Moro⁵, Pierdomenico Lorusso⁶, Luciana Barucca⁷ 

¹ ENEA, Brasimone, Italy 

² DIAEE, Sapienza University of Rome, Rome, Italy 

³ CREATE, Naples, Italy 

⁴ POLIMI, Milan, Italy 

⁵ DIAEE, Sapienza University of Rome, Italy 

⁶ ENEA, Frascati, Italy 

⁷ ANN, Genoa, Italy 

 

In the framework of the EUROfusion Horizon Europe Programme, ENEA and its Linked Third 

Parties are in charge of the conceptual design of the steam generators belonging to EU DEMO 

WCLL Breeding Blanket Primary Heat Transfer Systems (BB PHTS). In particular, in 2021, 

design activities and supporting numerical simulations have been carried out in order to achieve 

a feasible and robust preliminary concept design of the Once Through Steam Generators, 

selected as reference technology for the DEMO Balance of Plant at the end of the Horizon 2020 

Programme.  

The design of these components is very challenging, because they have to deliver the thermal 

power removed from the two principal blanket subsystems, i.e. the First Wall (FW) and the 

Breeder Zone (BZ), to the Power Conversion System (PCS) for its conversion into electricity, 

operating under plasma pulsed regime and staying in dwell period at a very low power level 

(decay power). Consequently, the OTSG stability represents a key point for these systems 

operability and the success of a DEMO BoP configuration with direct coupling between the BB 

PHTS and the PCS.  

In this paper, the authors have reported and critically discussed the FW and BZ steam generators 

thermal-hydraulic and mechanical design, the developed 3D CAD models as well as the control 

strategy and the main results of the performed stability analyses. Indication of future design 

improvement will be also highlighted. 

 

Acknowledgment 

This work has been carried out within the framework of the EUROfusion Consortium, funded 

by the European Union via the Euratom Research and Training Programme (Grant Agreement 

No 101052200 — EUROfusion). Views and opinions expressed are however those of the 

author(s) only and do not necessarily reflect those of the European Union or the European 

Commission. Neither the European Union nor the European Commission can be held 

responsible for them.



32nd Symposium on Fusion Technology (SOFT 2022) | 18–23 September, Dubrovnik, Croatia | hybrid 

Version 2 | 2022-09-29 830 

P-2.338 Poster 
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A fire risk analysis has been conducted for the lithium lead (LiPb) component room inside 

DEMO Tokamak Building as a part of safety assessment carried out in FP9 Eurofusion Work 

Programme. The fire risk analysis included both hazard identification and consequence 

assessment. Based on the fire hazard identification, several fires were simulated in different 

conditions in the LiPb component room, and the consequences were analysed. The 

computational fluid dynamics (CFD) simulations were made with Fire Dynamics Simulator 

(FDS) software. As a result, the possible propagation mechanisms of the fire, the effects of the 

fire on its surroundings and the possibility of the release of dangerous materials to the 

environment were assessed. As an outcome, it was demonstrated that the fire safety of the room 

is on acceptable level in terms of potential fire damages to the equipment. A fire originating in 

the room is likely to propagate to or damage only equipment which are located relatively close 

to the fire origin, the exact distance depending on the size of the fire. Elsewhere than directly 

above the fire, the gas temperature is probably not high enough to cause ignition or severe 

damage. Also, recommendations were made for future design work. However, it should be 

noted that the available specifications, which this study was based on, are still on very early 

stage, and many assumptions had to be made in the study.
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The second operating phase of the W7X stellarator, with an expanded set of plasma-facing 

components compared to the first phase, includes the test of divertor tiles with a continuous 

heat load that can reach 10 MW/m². The divertor tiles are cooled by subcooled water at 2.4 MPa 

and 20-30 °C. Beside the traditional cooling channels, several cooling options could be of 

interest, also thanks to the development of Additive Manufacturing techniques. Here a novel 

cooling concept, based on a network of parallel arrays of channels, with sub-millimetre 

dimensions (micro-channels, MC) and connected by Z-manifolds, is investigated. This concept 

was originally designed for cylindrical cavity cooling in high power gyrotrons, but was adapted 

to planar geometry. A 0.1 m x 0.1 m flat tile is designed with such cooling option, to be tested 

in the GLADIS facility at IPP, under intense ion beams flux. In order to check the uniformity 

of the cooling capability underneath the heated surface, detailed CFD simulations of the mock-

up are performed using a multi-scale approach, aiming at limiting the dimension of the 

computational grid. First, the detailed hydraulic characterization of a single MC is performed, 

to build the hydraulic characteristic of groups of 6 MC in parallel. Then, the block of 6 parallel 

MC is substituted with an equivalent porous strip, suitably calibrating permeability and inertia 

coefficients in the Darcy-Forchheimer formulation for the hydraulic characteristic in a porous 

medium. The model is verified simulating an entire array of MC with a detailed CFD analysis, 

as well as with the hybrid modelling including detailed CFD in the Z-manifolds and several 

equivalent porous strips in parallel, replacing the MC. Eventually the hybrid model is used to 

verify the uniformity of the flow distribution in the entire cooling device. The accuracy of the 

hybrid model is also discussed. 
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J. Materials Technology 

Numerical analysis on wakes generated downstream by disturbances in a 

concave open channel water flow 
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In the DONES (DEMO-Oriented Neutron Source) neutron source a single accelerator line 

delivers 125 mA of deuterons at 40 MeV to a flowing liquid lithium target with a free surface 

facing the deuteron beam. Neutrons with fusion-relevant spectrum are generated by a stripping 

reaction and used for material samples irradiation. The high-speed (up to 15m/s) lithium jet has 

to maintain a prescribed thickness and to remove the heat providing the desired neutron flux. 

Reducing the thickness of the lithium film can lead to the penetration of the deuteron beam in 

the target structure and cause the local overheating of the back plate.  

One of mechanisms affecting the free surface stability in the liquid flow is the occurrence of 

stable wakes generated by geometrical discontinuities at the nozzle edge (e. g. chemical 

compounds or nozzle edge defects). 

The objective of this work is to test the ability of turbulence models to reproduce the wake 

structures on the free surface water flow in the concave open channel. Detailed numerical 

analysis is based on the experiments conducted at the water flow test facility FIDES at 

Karlsruhe Institute of Technology. The measured height of wake profiles downstream the jet 

flow was compared with numerical simulations. Eddy-viscosity turbulence models: Realizable 

K-Epsilon and K-Omega SST have been applied. The free surface flow was simulated using 

the Volume of Fluid (VOF) method. In addition, two-phase interaction correction terms 

implemented in the transport equations were tested and discussed. 

Simulation results show that turbulence models are able to predict the forming of wakes induced 

by disturbances with varied width and penetration depth at the nozzle edge. Both models 

slightly over predict the depth of the wakes with the maximum deviation of 5%. Activation of 

the turbulence damping and artificial viscosity models improve the dynamic of the wake 

evolution downstream. 
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B. Experimental Devices and Facilities for Fusion Research 

An overview of the key indicators to assess the operation reliability and 

performance of WEST 
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WEST is a superconducting, actively cooled, full tungsten (W) tokamak with a flexible 

magnetic configuration allowing upper/lower X-point or double null. Since the first plasma was 

achieved in December 2016, 5 experimental campaigns have been carried out.  

Based on electronic data logging and manual record of events by the operation core team, the 

technical performance and tokamak operational reliability have been assessed covering the two 

last WEST campaigns. This inventory is the first step to identify the key indicators to be 

monitored, additional fields of analysis to be initiated and relevant actions in order to improve 

the performance of the upcoming campaigns. 

The present study focuses on tokamak reliability, time of the 1st plasma every morning, pulses 

frequency and their ranking, and factors that affect these results. 

The daily experimental session is organized in two shifts allowing up to 13 hours of plasma 

operation.  

On average, WEST achieves 79% of the scheduled experimental time. The remaining 21% are 

roughly composed of a delay of the 1st plasma in the morning (7%) and 14% of technical 

breakdowns. 

The time between pulses is 26 minutes on average. This value is constant all along the 

experimental campaigns excepted when Ion Cyclotron Resonant Heating is required. 

Finally, a discrete ranking is assigned to each pulse that measures the compliance of pulse with 

the on-going scientific experiment. A relevant “quality” indicator then estimates the ratio 

between the successful pulses satisfying the Scientific Program requirements and total amount 

of executed pulses.
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G. Plasma-facing Components 

Alternative Joining Solutions for DEMO Divertor Plasma Facing 
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Within the roadmap of the DEMO reactor design, R&D activities have been promoted for the 

technological development of Plasma Facing Components. A dedicated task in the WP-DIV 

deals with the consolidation and verification of the current target concepts envisioned for 

DEMO, i.e., the ITER-like concept and the back-up concept with WfCu composite pipe. A 

research activity has been undertaken at ENEA to support the back-up concept, finding 

alternative technological solutions for monoblock-pipe joining in order to reduce the use of 

materials having high activation and/or degradation under neutron irradiation. In particular, the 

possibility of joining the monoblocks to the pipe without using brazing alloy has been 

investigated. A procedure consisting in a casting of copper with the impregnation of the W 

fibers and junction of the W monobloks in a single process has been developed. For this 

purpose, an experimental device made in boron nitride has been designed and realized to 

accommodate the elements to be joined (i.e., W monoblock and pre-wrapped W fibers) and the 

copper tube to be casted. The assembly has been undergone to a high temperature casting 

process and the mock-up obtained has been examined by non-destructive UT. Furthermore, an 

experimental sensitivity analysis has been performed to assess the influence of the brazing alloy 

foils thickness on the onset of residual stresses at the pipe-monoblock interface. Such stresses, 

relevant for CuCrZr pipe-monoblock joints, are reduced for WfCu pipe-monoblock joints, since 

the thermal coefficient of the composite pipe is close to the bulk W, requiring thinner foils of 

brazing alloy. Three mock-ups with four monoblocks and WfCu pipes have been realized by 

brazing procedure using GemCo, with interlayer thickness of 0.5 mm, 0.3 mm and without 

interlayer. The three manufactured pipe mock-ups have been examined by UT before and after 

exposition to high heat flux. 
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I. Fuel Cycle and Breeding Blankets 

Permeation Experiment for Asymmetry Surfaces (PEAS):  New permeation 

system to advance surface characterization and control 

Masashi Shimada, Thomas Fuerst, Robert Pawelko, Chase Taylor 
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A new U.S. Blanket and Fuel Cycle (BFC) program was formed in 2019 to accelerate fusion 

technology development of blanket systems, plasma exhaust, and tritium processing to meet 

the aggressive timeline to build a fusion pilot plant in the U.S. by 2040. One of the critical R&D 

areas identified in the US BFC program is the development of metal foil pumps that can 

drastically reduce the size and cost of the tritium processing plant with a direct internal recycling 

scheme [Ref: Ch. Day et al., "THE DEMO FUEL CYCLE, Novel technologies for tritium 

inventory reduction" 27th IAEA Fusion Energy Conference (2018)].  

In the first phase of the U.S. BCF program, Idaho National Laboratory aims at developing A) 

Reliable hydrogen permeation measurement systems, B) Reliable hydrogen transport properties 

database in candidate membranes, C) Predictable modeling of super-permeation behavior, and 

D) Gas- and plasma-driven permeation system with in-situ (in-vacuo) surface characterization 

before designing a prototype metal foil pump. This paper reports the design and commissioning 

of the Permeation Experiment for Asymmetry Surfaces (PEAS), a novel permeation system to 

advance surface characterization and control on superpermeable membranes. In-vacuo surface 

cleaning and Auger surface characterization on both front/back surfaces will help us understand 

the material evolution in membranes (e.g., surface chemistry, material interdiffusion) required 

to maintain hydrogen isotopes super-permeation for the development of metal foil pumps. 
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I. Fuel Cycle and Breeding Blankets 

The Design of Tritium Breeding Blankets for Spherical Tokamaks using 

Parametric CAD 

James Hagues, Jonathan Naish, Lee Packer 

UKAEA, United Kingdom 

 

Next-generation fusion reactor designs rely on tritium breeding to provide fuel for the D-T 

reaction. Parametric CAD tools can be used to investigate the impact that reactor geometry 

variations have upon the Tritium Breeding Ratio (TBR). This work studies the effect of various 

reactor geometry changes on the TBR through the automatic generation of reactor geometries 

using parametric CAD and the radiation transport code OpenMC [1]. The relationship between 

TBR and major radius, minor radius, divertor geometry, port size, and first wall design is 

explored. 

The EU-DEMO reactor designs include both inboard and outboard breeding. However, 

spherical tokamak reactor designs have smaller central columns so have little space within 

which to integrate an inboard blanket. In the absence of inboard breeding, parametric CAD 

studies show that the aspect ratio (major radius / minor radius) has a significant impact on TBR. 

A small aspect ratio produces a narrow central column which decreases the probability that 

source neutrons will be absorbed within it. 

This work finds that although the removal of the inboard breeding blanket decreases TBR 

significantly, the change in aspect ratio of a spherical tokamak increases TBR. This allows a 

spherical tokamak to achieve similar TBR to a conventional tokamak despite the absence of 

inboard tritium breeding. The OpenMC results have been compared to MCNP and match within 

5%.
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C. Plasma Heating and Current Drive 
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In the framework of the development of Electron Cyclotron system for the ITER fusion 

reactors, crucial components include gyrotrons. Their duty is to generate mm-waves that are 

injected in the vacuum vessel to perform different functions, among which plasma heating, 

current drive and control of instabilities. The generation of power must be synchronized by the 

plasma control system, to be promptly activated when the conditions of the plasma require it. 

However, during the testing phases of the MW-class prototypes, issues in controlling and 

maintaining the rated performance for pulse duration longer that a few seconds were 

encountered. The electron beam driving the mm-wave is emitted by the cathode, operating in a 

well-defined emission region. This component must be heated up and kept at constant 

temperature, compensating for the variations due to the beam extraction and avoiding spurious 

emission from other regions. For these reasons the need for a deeper understanding of the 

phenomena governing the thermal dynamical behaviour of the Magnetron Injection Gun (MIG) 

arose, with the goal of implementing control actions to guarantee the output power of the 

gyrotron.  

To achieve this deeper understanding, an accurate analysis of the system is needed, which calls 

for a likewise accurate method of simulating the component. Thus, a series of numerical 

simulations were performed using the Finite Volume Method (FVM) to study the heat transfer 

inside the MIG, mainly based on radiation in a complex geometrical envelope, together with its 

dynamical behaviour. In this work we will describe how these simulations were set-up and the 

results obtained both for steady state and for transient time simulations. In the end, we will 

propose how these results could be utilized for future developments, with the final aim of 

creating a control system to stabilize the gyrotron beam current.
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G. Plasma-facing Components 

Beryllium dust generation caused by HHF tests 
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Research Centre Řež, Hlavní 130, 250 68 Husinec-Řež, Czech Republic 

 

Beryllium is expected to be used as a plasma-facing material of the ITER reactor components. 

One such component is the ITER first-wall panel which contains a layer of beryllium tiles on 

the plasma-facing surface. Full-Scale Prototypes (FSP) of these panels are undergoing 

qualification through a series of cyclic High-Heat-Flux (HHF) tests at the HELCZA (High 

Energy Load Czech Assembly) facility. Such process directly and indirectly causes 

disintegration of the beryllium surface and results in a dust formation. With regards to the 

beryllium toxicity, it is crucial to monitor the occurrence and the spread of the mentioned dust 

to ensure personnel safety. Moreover, it is necessary to decontaminate FSPs from beryllium 

dust at the end of HHF tests. This study deals with the monitoring of the beryllium dust 

concentration levels on the FSP after HHF testing and its spread to the vicinity of the testing 

area, with the aim to provide a basis for safe operation.
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Compact tokamak reactors present an exciting new route to commercial fusion energy.  Their 

small size and flexible design allow rapid, agile and cost-effective development, with a high 

degree of innovation at every stage.  The Spherical Tokamak (ST) design allows particularly 

efficient use of the magnetic field for plasma confinement, good plasma stability, and a low 

overhead in terms of energy consumption during operation compared with conventional 

tokamaks.  The compact design means that maximally efficient radiation shielding of the 

superconducting magnet coils is of critical importance.  Tungsten carbide- and tungsten boride-

based materials provide core technologies for this purpose.  Incorporation of hydrogen-

containing materials can potentially provide further benefits.  Tungsten carbide-based materials 

are also relevant for other reactor components, including the divertor and first wall.  We provide 

a short overview of our programme of experimental work on the development of these materials 

for fusion engineering applications, including key aspects of materials processing, 

characterization, property measurements, and response to irradiation.  We also discuss recent 

computer modelling studies of neutron and gamma ray attenuation in these candidate shield 

materials as well as transmutation product formation that will likely occur during operation.
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I. Fuel Cycle and Breeding Blankets 
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The Water-Cooled Lithium Lead (WCLL) breeding blanket is one of the European blanket 

designs proposed for DEMO reactor. The tritium generated in the liquid breeder permeates into 

structural materials and could give rise to potential issues regarding the fuel self-sufficiency 

and safety. In this context, a tritium transport analysis is essential for the evaluation of the 

tritium inventories in the different domains and tritium permeation fluxes into the cooling water.  

This study models a portion of the unit of the outboard equatorial module of the WCLL. The 

neutronics analysis, performed with the MCNP Monte Carlo transport code, allows the 

assessment of the tritium generation rate in the lithium-lead and the volumetric power 

deposition in the different domains, both used as an input of the model. The LiPb flow is solved 

including buoyancy forces and the magnetohydrodynamic (MHD) effect. In addition, in order 

to take into account the pulsed operation of DEMO reactor, that affect the temperature, velocity 

field and tritium transport, a suitable algorithm was developed. The transport analysis included 

advection-diffusion of tritium into the LiPb, transfer of tritium from the liquid interface towards 

the steel, diffusion of tritium inside the steel, transfer of tritium from the steel towards the 

coolant, advection-diffusion of diatomic tritium into the coolant.
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K. Safety and Environment, Socio-economic Studies and Technology Transfer 

Fusion Safety and Security in Peacetime and Wartime 
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Nuclear fusion has clear advantages versus fission both in safety (environmental impact in case 

of accident and waste), and security (i.e. non-proliferation questions). In fact, under IAEA 

statutes, at present none of the materials available in a fusion power plant are categorised as 

being of nuclear safeguards significance or require the Non-Proliferation Treaty controls. 

However, because fusion neutrons could be used to generate fissile material, fusion power 

plants will have to be subject to international safeguards. Moreover, full access to large scale 

tritium technology could be another proliferation concern. 

In peacetime, fusion reactors have a low environmental impact: the only radioactive wastes 

produced from fusion would be tritiated and neutron-activated materials, no transuranics or 

fission products. Fusion does not rely on a critical mass of fuel, so there are only small amounts 

of fuel in the reaction zone, making nuclear meltdown impossible. 

This study originates from the recent return of full-scale war in Europe, after 77 years since the 

end of WW2. Safety and security aspects of fusion facilities, if unfortunately located in a 

modern battlefield are addressed, with a comparison to similar scenarios for fission. 

The most severe case is a nuclear power station heavy bombing, with failure of the primary 

containment and fire. Environmental impact is modelled in both cases (fission and fusion) by 

means of the HOTSPOT code. 

Less catastrophic scenarios deal with the loss of off-site power and the concurrent malfunction 

of some safety systems: ATWS for fission and Vacuum Chamber and Cryostat rupture for 

fusion are compared. 

Finally, a scenario in which a reactor falls under control of terrorists or militia from a rouge 

state is considered, in terms of security and proliferation questions. 

In all cases, the worse is the scenario, the better fusion compares to fission.
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C. Plasma Heating and Current Drive 

Influence of plasma grid-masking on the results of early spider operation 
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SPIDER is the prototype ion source for the heating negative-ion beam injectors for ITER. 

Similarly, to the future injectors, the ion source is wholly contained inside the vacuum vessel, 

so that voltage holding depends on the background gas pressure. During the recent operation of 

the prototype negative ion source for ITER HNB, the number of extraction apertures was 

limited to operate the ion source with nominal filling pressure while minimizing the vessel 

pressure. The technical solution was to apply a machined molybdenum sheet downstream from 

the plasma-facing electrode of the accelerator. In this contribution, we discuss the implications 

of this configuration, highlighting possible influences on the experimental results obtained so 

far, and the differences that can be expected in the future high-current operation (with all 1280 

apertures). Among others, the possible effects on the use of caesium, the negative-ion density 

at the extraction region, the perveance of the extractor, the profile of neutrals along the 

accelerator, will be discussed. 
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I. Fuel Cycle and Breeding Blankets 

Development and Applications of OpenMC for Fusion Technology R&D 
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Nuclear analysis is one of the primary rate-limiting steps in the design and deployment of fusion 

technology. Within the current fusion neutronics ecosystem there are a number of challenges 

analysts and design teams face that contribute to this bottleneck, including license compatibility 

issues, export control restrictions, scalability, CAD/CAE integration and data transfer, complex 

multi-code workflows, and code validation. Many of these challenges can be overcome through 

focused development of the liberally licensed, open-source Monte Carlo code, OpenMC. Here 

we present an overview of ongoing development efforts to bring high-fidelity shutdown dose 

rate (SDDR) workflows to OpenMC and illustrate the applications enabled by the individual 

components of this workflow. SDDR calculations typically involve particle transport, 

transmutation, source generation, variance reduction, and benefit greatly from the geometry 

conforming capabilities of tetrahedral unstructured meshes (UMs). This makes the SDDR 

workflow the perfect use-case for fusion neutronics as it spans the nuclear analysis endpoints 

needed for designing fusion technology. For example, in the context of tokamak design, 

computing nuclear heating, damage rates, activation, tritium breeding, and thick shield doses 

are among the calculations enabled by the components of the SDDR workflow, all of which 

constitute vital inputs to other design teams. OpenMC provides an accessible, user-friendly 

platform on which to build this toolchain in a sustainable manner that simultaneously supports 

both industry and academia and stands to foster increased collaboration between the two. As 

examples, we present some of the fusion technology R&D projects taking place at MIT, 

including a molten salt tritium breeding experiment as well as a novel vacuum vessel design 

and how each project leverages OpenMC for its nuclear analysis needs.
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I. Fuel Cycle and Breeding Blankets 
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The first version of the tritium transport modelling libraries for EcosimPro were co-developed 

by CIEMAT and EAI in 2010. Initially, the code was focused on addressing safety and fuel 

self-sufficiency issues for both breeding blanket systems and the fuel cycle of a nuclear fusion 

reactor. EcosimPro libraries have become a reference in European programs to evaluate tritium 

inventories and losses due to permeation to the environment in Test Blanket Module and 

Breeding Blanket systems. During these years, verification, validation and even benchmarking 

processes with other codes were carried out in parallel to these works. Likewise, the inherited 

error in the results of the code due to the uncertainty in the measurement of the properties of 

fusion functional materials used as input was evaluated. 

The compilation of this process is presented in this work with the purpose to establish a degree 

of confidence in the future models results.
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The high ductile-to-brittle transition temperature (DBTT) of tungsten combined with its high 

hardness make machining incredibly difficult. These properties typically result in the poor-

quality machined surfaces and short tool life. In this study, TiAlN coated carbide tools with 

different rake angles (8°, 10°, 12° and 14°) were tested in conventional milling at different 

cutting speeds (60 m/min, 100 m/min and 150 m/min) and preheating temperatures (400 °C, 

500 °C and 600 °C). The resulting surfaces were examined, and the assessment of relevant 

surface/sub-surface features was performed to investigate the impact of deformation. Surface 

evaluation revealed the presence of ductile and brittle fracture regions. Contrary to other 

commonly machined metals, this study showed that, for tungsten, machining at 60 m/min 

produced the best performance with the 14° rake resulting in the longest tool life while 

preheating has no effect. Further assessment of the tool wear at the optimized cutting speed and 

rake angle revealed that the tool nose was the location of principal structural weakness where 

additional strengthening could enhance tool life and improve machinability. 
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