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1 Preface

1.1 Objective
The SH TCP’s objective is to improve the physics base of the Stellarator concept and to enhance the effective-
ness and productivity of research by strengthening co-operation among member countries. All collaborative
activities of the worldwide stellarator and heliotron research are combined under the umbrella of this pro-
gramme, which promotes the exchange of information among the partners, the assignment of specialists to
facilities and research groups of the contracting parties, joint planning and coordination of experimental pro-
grammes in selected areas, joint experiments, workshops, seminars and symposia, joint theoretical and design
and system studies, and the exchange of computer codes.

1.2 Organization
The joint-programming and research activities are organized via the Coordinated Working Group Meetings
(CWGM), an interactive workshop to facilitate agreements on joint research actions, experiments and publi-
cations under the auspices of the SH-TCP. The bi-annual “International Stellarator-Heliotron Workshop”
(ISHW) serves as a forum for scientific exchange.

2 Chair’s Report

2.1 Membership
The SH TCP has six members: Australia, China, the European Union, Japan, Ukraine, and the United States of
America. The ExCo was informed by the IEA's legal office that it has come to their attention that Rosatom did
not finalise the process to join the S-H TCP, and thus Russia are not a current signatory to the Implementing
Agreement.

2.2 Meetings
2.2.1 International Stellarator and Heliotron Workshop (ISHW)
A special issue of the papers from the 23rd ISHW in Warsaw was published in the Journal of Plasma Physics
(https://www.cambridge.org/core/journals/journal-of-plasma-physics/collections/the-23rd-international-
stellarator-heliotron-workshop-ishw). The 24th ISHW will take place on Sep. 9-13, 2024 in Hiroshima, Japan.

2.2.2 Coordinated Working Group Meeting (CWGM)
The Coordinated Working Group met for the 23rd time in June 2023 in Kyoto, Japan. In advance to the meeting,
a permanent working group structure was established, consisting of three topical groups: “TC – Core transport
and confinement in multi-ion plasmas”, “SOLDIV – Energy, particle and impurity transport in the SOL and di-
vertor”, and “EPMHD – Energetic Particles, MHD, and High-Beta”. Spanning these topics, in total nine consol-
idated joint actions (JA) and joint experiments (JE) were initiated and progress will be tracked during the next
working group meetings.

2.2.3 52nd SH TCP executive committee meeting
The annual ExCo meeting took place on October 18, 2024 on the venue of the IAEA Fusion Energy conference
in London. The ExCo confirmed the role of the ISHW as the main workshop of the stellarator community. Based
on an IAEA initiative, the ExCo discussed the possibility of establishing another technology focused meeting as
a satellite to one of the larger fusion conferences, thereby strengthening the link to the tokamak community.
The ExCo also nominated new stellarator representatives to several ITPA topical groups.

With regard to the possibilities for participation of private fusion enterprises in the TCP, the ExCo agreed that
“limited sponsorships” can be offered to companies with an existing link to at least one of the Contracting
Parties. The terms of participation will include access to Coordinated Working Group meetings, as the starting
point of topical collaborations.
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3 Milestones achieved

3.1 Wendelstein 7-X Operation
The operational campaign on Wendelstein 7-X with fully water-cooled first wall and divertor was concluded
end of March 2023. A highlight was the record discharge with 1.3 GJ energy turnaround. Here, a well-con-
trolled and stable hydrogen plasma was created with average 2.7 MW electron cyclotron resonance heating
(ECRH) power for 480 seconds duration. During the entire operation phase, a large number of smaller issues
with diagnostics, heating, data acquisition and control had to be addressed. This has limited the efficiency in
conducting the campaign program, but was of utmost importance to fully commission the integrated scientific
operation of Wendelstein 7-X. Nevertheless, a lot of useful data was acquired and the reliable operation of the
water-cooled first wall was clearly demonstrated. In particular, progress was made in the radiation physics of
detached plasmas and the plasma transport across magnetic islands. A significant success was the combined
ECRH and neutral beam injection (NBI) heating of hydrogen plasmas with non-transient 1 MJ diamagnetic
energy and 2.2 keV ion temperature. The scientific results were presented in an overview talk during the IAEA
Fusion Energy Conference (FEC) in London. The maintenance and enhancement phase starting with April 2023
was ended as planned at the end of January 2024 and device commissioning for the next operation phase has
started. A technical task force was established to coordinate measures for improvement of reliable plasma
operation.

3.2 US Stellarator program
The US continues to support a robust and diverse program for stellarator research including a strong program
of international collaborations, domestic experiments and theoretical development.

There are now four active domestic stellarator experiments: the MUSE stellarator (MUSE, Princeton Plasma
Physics Laboratory), the Helically Symmetric eXperiment (HSX, University of Wisconsin Madison), the Hybrid
Illinois Device for Research and Applications (HIDRA, University of Illinois at Champaign-Urbana), and the Com-
pact Toroidal Hybrid (CTH, Auburn University); additionally three new stellarator experiments are under active
development Stellarator for Training and Research (STAR_Lite, Hampton University), the Columbia Stellarator
eXperiment (CSX, Columbia University), and the Educational Table Top Optimized Stellarator (ETOS, University
of Wisconsin Madison). These experiments span a variety of magnetic configurations (classical, hybrid, QA,
QH, QI), are each targeting important open questions in stellarator physics, and, in the case of the new exper-
iments, utilizing and validating state of the art design and fabrication methods.

The US continues broad activities in the development of theory and computational models for stellarator phys-
ics. Some notable developments are: continued progress in stellarator optimization and design supported by
the Simons Collaboration on Hidden Symmetries and Fusion Energy; development of high fidelity MHD and
gyrokinetic predictive codes; theoretical basis for energetic particle interactions with Alfvenic instabilities.

Finally a new development in the US is the formation of several private companies developing stellarator-
based devices. Two of these companies, Thea Energy and Type One Energy, have been awarded grants through
the Department of Energy Fusion Milestone Program, thereby formalizing a framework for public-private part-
nerships between these companies, universities, and national laboratories.

3.3 US collaborations with W7-X and LHD
A substantial part of the US focus in stellarator research continues to be international collaboration on W7-X
(IPP-Greifswald, Germany) and LHD (NIFS, Japan). Many US universities, national laboratories and private in-
dustry participated in the Op2.1 W7-X high-heat flux divertor campaign (2022-2023). This participation in-
cluded leadership in the scientific planning and organization, operation of a variety of critical diagnostics and
systems, and broad participation in the scientific program. Many of the existing diagnostic systems underwent
substantial upgrades in preparation for the most recent campaign, with a particular emphasis on readiness for
steady state operation. A notable US contribution to the W7-X campaign is the Continuous Pellet Fuel Injection
which has now been fully installed and integrated at the W7-X facility and is ready for routine use in the up-
coming experimental campaigns. There are several new systems currently in development by US research
institutions for W7-X including a Heavy Ion Beam Probe, a Scintillating Fast Ion Loss Detector, a Beam Emission
Spectroscopy diagnostic and an Impurity Powder Dropper.
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3.4 ECRH blips for wall conditioning at W7-X
The Ukrainian team (KIPT) participated in series of successful experiments on ECRH blips generation for wall
conditioning purpose. Partially ionized plasma were generated at each blip, and Plasma decay was faster than
the diffusive decay.

3.5 Plasma confinement in TJ-II
In recent years, an improved confinement regime has been reported at TJ-II, that is observed after cryogenic
pellet injection into NBI-heated plasmas [García-Cortés et al. 2023 Phys. Plasmas 30 (7) 072506.
https://doi.org/10.1063/5.0151395]. The extension and characterisation of this regime, which resembles post-
pellet high-performanace plasmas in W7-X and other devices, has been a focal point of the experimental re-
search at TJ-II. A salient feature of this so-called Pellet-induced Enhanced Confinement (PiEC) at TJ-II is that is
lasts several confinement times and is often only interrupted by the end of the NBI heating. PiEC was first
observed after a single pellet injection. In recent experiments, double and triple injections have been per-
formed. These showed larger improvement factors, nearing a 50% increase with respect to comparable refer-
ence discharges, when the pellets of small size are used [McCarthy et al. IAEA FEC 2023]. The improvement
observed in PiEC is considerably larger than in H-mode plasmas. The re-commissioning of the active CXRS
system has allowed characterising PiEC ion temperature profiles. First results show a clear increase in Ti and a
reduction of ion heat diffusivity in those conditions. Configuration and isotope dependence studies are sched-
uled for the coming TJ-II campaign, whereas local power balance and its comparison with gyro-kinetic simula-
tions will be attempted in the medium term.

3.6 Study of a breeding blanket concept for stellarators
To follow on the conceptualization of a mature HELIAS reactor, different engineering and technological aspects
have to be studied, improved and solved. Starting from a very preliminary reactor design called “HELIAS 5-B”
(5-field-period) with a fusion power of 3000 MW [Palermo et al., 2024 Energy 289, 129970.
https://doi.org/10.1016/j.energy.2023.129970], a conceptual design of a breeding blanket (BB), a key reactor
component, has started. The design is based on a DCLL (Dual Coolant Lead Lithium) architecture, following the
large experience achieved in CIEMAT in BB designs for DEMO tokamak. The conceptual DCLL design includes
different calculations from neutronics (tritium breeding ratio, power density distributions, shielding) to mag-
netohydrodynamics (related to the use of a liquid metal moving within a magnetic field). In addition, remote
maintenance strategies are being analysed and alternative designs of the first wall.

3.7 CIEMAT-QI stellarator optimization
First quasi-isodynamic CIEMAT-QI4 configuration possessing simultaneously low neoclassical transport, small
bootstrap current, very good fast-ion confinement at β~1.5%., excellent fast-ion confinement at (reactor-rel-
evant values) β~4%, reduced turbulent transport and ideal MHD stability up to β=5% has been achieved
[Sánchez et al., 2023 Nucl. Fusion 63 066037.htpps://doi.org/ 10.1088/1741-4326/accd82; 2023 Calvo 29th

IAEA Fusion Energy Conference].  These results paved the way towards stelllarator reactor.

3.8 Rotational transform dependence of energy confinement in Heliotron J
The high configuration flexibility of the Heliotron J provides us with the physics study on the role of magnetic
configuration on plasma performance. The impact of rotational transform on confinement has been studied
in Heliotron J. The rotational transform is controlled by changing the current ratio between helical and toroidal
coils. Principal component analysis of configuration properties shows that rotational transform ι scan experi-
ment can be realized independently of bumpiness and aspect ratio. A trend of confinement degradation with
increasing rotational transform has been observed, which contradicts the scaling laws for both tokamaks and
stellarator/heliotron. The ι dependence cannot be explained by neoclassical transport, suggesting a need to
examine other mechanisms such as turbulent transport.

3.9 JSPS Advanced Core-to-Core Network for High-Temperature Plasma Dynamics and Structure
Formation Based on Magnetic Field Diversity

Institute of Advanced Energy (IAE), Kyoto University won the Core-to-Core Program implemented by the Japan
Society for the Promotion of Science (JSPS) in 2019. The program was approved for five years (Apr. 2019 –
Mar. 2024) with an interim evaluation. The program is named “PLADyS” Advanced Core-to-Core Network for

https://doi.org/10.1063/5.0151395
file:///C:\Users\thk\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\5T5244CJ\289
https://doi.org/10.1016/j.energy.2023.129970
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High-Temperature PLAsma Dynamics and Structure Formation Based on Magnetic Field Diversity. This pro-
gram is designed to create a top world-class research center with Max Planck Institute for Plasma Physics
(Germany), University of Wisconsin-Madison (USA), and Southwest Jiaotong University (China). One of the
scientific goals is to elucidate the trigger and the dynamical evolutions of structural formation. The program
includes developing a research program of multi-scale structure formation human resource development, per-
sonnel exchange for young researchers and students, remote international collaboration experiments, inter-
national and domestic seminars, summer school, and lectures.

3.10 Construction of the CFQS stellarator at SWJTU, China
The stellarator research got continuous support from both national and local governments.  In March 23-26,
2023, the “first domestic conference on stellarator physics and technology” was held successfully in Ermei,
China, which was hosted by Southwest Jiaotong University (SWJTU). At SWJTU, the construction of the CFQS
device moved forward by collaboration with NIFS, Japan. The original schedule is slightly delayed due to the
impact of the coronavirus pandemic. Till now, the 16 modular coils have been finished and tested in high
quality. The vacuum vessel and the supporting system are still under construction. It is foreseen that all the
components will be completed and assembled in SWJTU in April of year 2024. In addition, supported by the
national natural science foundation of China (NNSFC), an international collaborative programme entitled “In-
vestigation of the isotope effect on plasma confinement properties in the Large Helical Device (LHD)” has been
executed for two campaigns at LHD in 2023. Moreover, a new bilateral program between NSFC and Japan
Society for the Promotion of Science (JSPS), entitled “Role of magnetic field symmetry in the formation of
plasma flow, turbulence, and transport barrier”, has been approved in 2023, which will be executed under the
collaboration between SWJTU and NIFS.

Meanwhile, the stellarator research activities in SWJTU have been sponsored by the local government. Re-
cently, the Sichuan province and Chengdu city approved another Major Science and Technology Infrastructure
Project (250 million CNY) for SWJTU, by which a new Plasma Physics Laboratory for stellarator research is
established.

3.11 Status of Uragan-2M stellarator
Uragan-2M did not operate in 2023.

4 Future plans

4.1 Operation Phase 2 of Wendelstein 7-X
Commissioning of W7-X for Operation phase 2.2 will start at the end of January 2024. Plasma operation will
start in June 2024 with 4 weeks of plasma commissioning in June/July, and 14 weeks of proposal controlled
operation starting in September 2024.

The years to come for Wendelstein 7-X are dominated by the sequence of routine device commissioning,
plasma operation and maintenance. It is planned to achieve 18 GJ energy throughput at good plasma perfor-
mance until the end of 2027. Until 2030, upgrading the heating systems to a total of 30 MW is foreseen, where
the power increase of gyrotrons to 1.5 MW or even 2 MW each is of particular importance. From 2025 onwards
deuterium operation is planned. In parallel, the development of design and technologies for a full-metal tung-
sten device is running.

4.2 Two additional LHD campains
The final campaigns of LHD without Deuterium operation will take place between March-June 2024 and Octo-
ber-December 2025. A call for proposals has been issued.

4.3 TJ-II and OLMAT
Using its unique advanced plasma diagnostics and reinforced capability in theory and modelling, the TJ-II pro-
gramme will continue its support to the development of plasma scenarios in W7-X and contribute to the un-
derstanding of critical challenges in fusion plasmas focussed on the physics of density profiles, decoupling
between particle and energy transport and fast ion driven transport mechanisms. The OLMAT facility will ad-
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dress testing prototypes to provide new data on the behavior of divertor target materials under DEMO-rele-
vant heat loads, including optimization of CPS geometry for Liquid Metals (Sn) and ITER relevant first wall
materials (W).

4.4 CIEMAT-QI stellarator optimization: physics and technology integration

Plasma physics and fusion technology have been significantly advanced in stellarators. Recent achievements
include Stellarator Physics Optimisation (neoclassical, fast particle and turbulence optimization in CIEMAT-QI4)
and Engineering Optimisation (e.g. stellarator breeding blanket). The physics and technology strands now need
further convergence and integration towards a fusion reactor.

4.4 CFQS operation
After commissioning in 2024, CFQS will start its first plasma with 0.1 T magnetic field strength. The next task
is to check the quasi-axisymmetric (QA) magnetic configuration by mapping the magnetic topology, and mean-
while scientifically prove the major advantage of a QA stellarator in confining plasmas with reduced magnetic
ripple, and hence, neoclassical transport in comparison with previous conventional stellarators.

4.5 Relocation of H1 in University of South China (USC)
University of South China (USC) has transported components of the H1 stellarator to China from Australian
National University at the end of 2022. At present, USC is making efforts for reassembling the device and
restoring the operation and experimental capability of H1, followed by physical studies.

4.6 Heliotron J
The Heliotron J-Team will carry out the physics experiments such as the configuration study, turbulence
transport, electron internal transport barrier, stabilization of energetic-particle-driven MHD instabilities, sto-
chastic acceleration by using the flexible magnetic field control in Heliotron J. New diagnostic systems are
being developed such as multi-channel sub-millimeter wave interferometer, edge beam emission spectros-
copy, electron cyclotron emission, multi-channel Doppler reflectometer, near-infrared spectroscopy and up-
graded Langmuir probes.

4.7 Uragan-2M
There is a plan to operate the Uragan-2M device in 2024, and the preparation work is ongoing.

4.8 ICRH experiments on LHD and W7-X
The Ukranian team plans to continue participation in ICRH experiments at LHD and W7-X.
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