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Improving TEA with COFFEE and CREAM: Incorporating Risk and Uncertainty
into Techno-Economic Analysis

Lo Al
!Massachusetts Institute of Technology
Monday Plenary - Andrew Lo, Kresge Main Theater (Building W16, upstairs), June 23, 2025, 9:00 AM -
10:00 AM

Techno-economic analysis (TEA) plays a critical role in evaluating the economic viability of deep-tech
initiatives by incorporating scientific and engineering considerations into traditional economic and
business modeling. In this talk, Prof. Lo will propose a general framework for TEA that is versatile
enough to be applied across a wide range of industries and ventures, with special emphasis on
Capital Outlays For Funding Early Enterprises (COFFEE) and Corporate Risk Estimation And
Management (CREAM). While this framework is broadly applicable, its focus is on technologies that
are First-of-a-Kind (FOAK), as they present unique challenges in terms of uncertainty and risk. An
illustrative example will be provided to show how COFFEE and CREAM can improve TEA for various
deep-tech ventures including biotechnology and nuclear power.



Commercialization and Industrialization of Fusion Energy by Organization of
Supply Chain

Konishi S*
IKyoto Fusioneering
Monday Parallel 1a - Commercialization, Kresge Main Theater (Building W16, upstairs), June 23, 2025,
10:30 AM - 12:00 PM

The current fusion development is considerably led by private sector. Both public and private entities
aim at the First Of A Kind fusion energy systems such as DEMOs or Pilot Plants, however the technical
strategies to follow will be rather different, because privates consider immediate deployment of their
technical achievements and products into the market. For example, while the technical success of
ITER magnet fabrication was not followed by the similar commercial products, the current private
High Temperature Superconducting magnet market led by private sector expects continued
production to expand its market following first successful generation machines. Because current
fusion programs are oriented the industrialization of fusion and encompass organization of supply
chain as a major element, integration of the fusion energy system will have to be developed and
verified to the Technical Readiness Level to be confident to provide as commercial products. Fusion
energy market is already being formed and competition for the share has started even before its first
sales of energy products.

Particular technical difficulties are identified as important in the field of blanket, material, fuel cycle,
energy conversion and nuclear technology. Because most of the projects currently going on or
planned emphasize plasma performance toward fusion reaction, these nuclear and plant technology
are concerned to be left as the major critical paths toward commercialization. This talk will overview
the current status of the fusion technology developments focused on private initiatives, and possible
early stage attempts for DT burning, blanket and energy technology. Typically the FAST (Fusion by
Advanced Superconducting Tokamak) project and its initial design led by Japanese private sector will
show a good example of the expected function as a platform to develop, evaluate and improve the
maturity of fusion energy technology that will be essential for power plants. It is expected to start its
operation in mid 2030 to generate the reactor relevant volumetric neutron flux with facing burning
DT plasma for technically meaning time scale of 1000 seconds. Advanced low aspect ratio tokamak
configuration with high temperature superconducting magnets is applied. Breeding blanket with
coolant will be equipped with fully functional thermal energy cycle and tritium extraction process to
verify their function under relevant condition. Power conversion system will generate electricity as
well as other energy applications such as hydrogen production from high grade heat from blankets at
the level of 100MW.



Leveraging public-private partnerships to unleash fusion energy
development in the U.S. and beyond

Allain J!
1US Department of Energy, Office of Fusion Energy Science
Monday Parallel 1a - Commercialization, Kresge Main Theater (Building W16, upstairs), June 23, 2025,
10:30 AM - 12:00 PM

American dominance in fusion energy will be predicated on the ability to build effective bridges
between public and private sectors. The Office of Science (SC) Fusion Energy Sciences (FES) is building
a portfolio of exciting opportunities bringing these sectors together. The Milestone-Based Fusion
Energy Development program, INFUSE, Private Research Facility (PFR), are among these key
elements. Furthermore, to best serve the interest of the American taxpayer and leverage the
investment of the uniquely vibrant U.S. private sector in fusion energy, SC FES released a Request for
Information on a Public-Private Consortium Framework (PPCF) and now branded as Fusion BRIDGE
(Bringing Regional Investments to Develop & Grow a US fusion Engine) pilot to leverage public-
private partnerships to support innovation in fusion energy technology development. Details of these
elements and how it aligns with the SC FES mission to support a competitive fusion power industry
will be presented.



Spain as showcase for electricity grid needs

Casas Marin J!
'Endesa
Monday Parallel 1a - Commercialization, Kresge Main Theater (Building W16, upstairs), June 23, 2025,
10:30 AM - 12:00 PM

In Spain, the demand for grid access is reaching very high levels due to the high appetite for
electrification of existing production processes, new industry looking to invest in Spain due to the
possibility to sign long term PPA contracts and investments in data centers, among others. Access
requests reach levels that could triple or quadruple all the power currently connected to the
Transmission and High and Medium Voltage Distribution networks.

The grid is becoming a bottleneck for the development of all access and connection requests.
Description of all the initiatives that could be developed to maximise the use of the network and to
ensure a development that would allow to accept the increased demand.



First operation results of the new upper Divertor in ASDEX Upgrade

Zammuto I, Herrman Al, Hobirk J!, WeiRgerber M?, Rohde V?, Schall G, Sieglin B!, Teschke M?, the
ASDEX Upgrade Team
!Max Planck Institute for Plasma Physics
Monday Parallel 1b - Magnets and Cryogenic Systems |, Sala de Puerto Rico (Building W20 Room 202),
June 23, 2025, 10:30 AM - 12:00 PM

ASDEX Upgrade is a midsize tokamak that has been operational since 1991, serving as a key platform
for fusion research with a total heating power up to 32 MW. Following a two-year maintenance
period, ASDEX Upgrade resumed operations in November 2024. During this upgrade phase, a new
upper divertor was installed to enhance the machine’s flexibility. The modifications included the
installation of an upper cryopump capable of extracting helium using charcoal, a new flat divertor
allowing bi-directional magnetic helicity, and two concentric coils designed to enable alternative
divertor configurations for improved exhaust handling.

The reassembly of the machine was completed within the planned timeframe autumn 2024.
However, due to time constraints, the electrical connection of the newly installed coils is scheduled
to be operational in early spring 2025. Consequently, the initial commissioning phase was conducted
without powering these coils. Despite this limitation, it was still possible to characterize the
behaviour of the upper divertor.

A significant initial finding is that, in the first upper single-null configurations, no leading-edge heat
loads were observed on the outer divertor tiles, which feature a flat profile—even in the presence of
disruption events. A more detailed assessment of the tile conditions will be available following the
scheduled machine inspection during the summer maintenance period.

Another interesting result comes from the first measurements characterizing the upper cryopump.
The cryopump consists of nearly seven identical modules, connected in series, toroidally distributed,
and positioned between the vacuum vessel and the inner divertor cooling plate. Each module
comprises 4K cryopanels coated with activated charcoal, housed within an 80K shield and a chevron
baffle. The upper cryopump is designed for a minimum effective pumping speed of 21 m3/s for D,,
but this value has been slightly exceeded during operation. In fact, depending on the pressure, a
value between 22 and 26 m3/s was measured. Nevertheless, during plasma operation with neon, an
additional unforeseen effect was observed. It was discovered that the charcoal absorbs neon, which
is used to mitigate disruptions when the plasma current exceeds 800 kA. Once the helium panel has
taken up neon, the upper cryopump releases it in subsequent shots. This issue appears to result from
excessive heating of the LHe panel. Based on preliminary evaluations, three heating sources are
causing this effect: the impingement of particles and their adsorption on the surface of the LHe
panel; the ECRH stray field and the plasma radiation reaching the cryopump.

To ensure the continuation of the experimental campaign, a temporary workaround has been
implemented. Meanwhile, potential solutions to address the cryopump issue are currently under
evaluation. This paper will present the initial results from the commissioning of the new upper
divertor and discuss ongoing efforts to optimize the system’s performance.



Calculating the expected critical current for 3D coils of arbitrary shape made
with VIPER-like HTS cable

Granetz R!
IMIT Plasma Science And Fusion Center
Monday Parallel 1b - Magnets and Cryogenic Systems |, Sala de Puerto Rico (Building W20 Room 202),
June 23, 2025, 10:30 AM - 12:00 PM

Superconducting coils utilizing VIPER-like HTS cable for tokamaks and stellarators are being designed,
built, and tested. In order to assess a coil's ability to operate at the desired current, and/or to
evaluate possible degradation of a coil's performance due to manufacturing processes, it is necessary
to calculate the expected critical current, Ic, of the coil. This is actually a difficult task, since the Ic of
HTS tape varies non-linearly with B-field magnitude, B-field angle to the tape plane, and
temperature. VIPER-like cables consist of stacks of HTS tape, and even though the cross-sectional
area of a stack is typically only a few mm2, the near-field generated by the current in the stack is high
enough to drastically reduce the Ic of the tapes within the stack. Therefore an accurate calculation of
the expected Ic at any location along the coil requires modeling each stack of HTS tape as a dense
array of current filaments, and the geometry of these filaments must reflect the geometry of the
tape stacks, which wind helically around the cable axis with a twist pitch of order 100-200 mm. At
high currents the far-field generated by the non-local parts of a coil can also reduce Ic at the location
of interest, and therefore must also be modeled as a set of current filaments, which can be of lower
spatial resolution, but which must reflect the geometry of the full coil. For irregular coil shapes, this
entails using specialized 3D coordinate systems, such as Frenet-Serret or related frames of reference.

A code to calculate the expected Ic for arbitrarily shaped 3D coils using VIPER-like HTS cable has been
developed at MIT PSFC. The code is specifically for coils operating in steady-state (such as for
optimized stellarators). The basic physics assumption is that at any location along the coil, the E-field
is uniform across the cable cross-section and equal to 1 uV cm (1e-4 V/m), which is the definition for
HTS being at critical current. The code reads in a .csv file containing the xyz-coordinates of the cable
centerline, and generates a dense array of current filaments representing the HTS tape stacks at the
desired location of interest along the coil, and a low-resolution array of filaments representing the
balance of the coil. The filaments reflect the actual geometry of the coil, and include the twisting
geometry of the HTS tape stack in VIPER-like cables. The code iterates the current in each of the
many current filaments at the location of interest, until each filament is at its Ic, which depends on
the B-field magnitude at each filament, and the B-field angle to each filament. Due to the non-
linearity of the problem, the calculation must be iterative, since changing the filament currents
changes |B| and its angle, which changes the Ic of each filament, and so on. In addition to requiring
the coil geometry as input, the code also requires the HTS tape characterization, Ic(B, angle, T),
where T is the operating temperature of the coil.



Overview of magnet testing and development for SPARC

Salazar E!, Sorbom B!, Adams J!, Diaz-Pacheco R?, Lobombard B?, Davis R*

1Commonwealth Fusion Systems, 2Massachusetts Institute of Technology
Monday Parallel 1b - Magnets and Cryogenic Systems |, Sala de Puerto Rico (Building W20 Room 202),
June 23, 2025, 10:30 AM - 12:00 PM

Commonwealth Fusion Systems (CFS) is advancing the SPARC tokamak, designed to achieve Q>1 and
serve as a stepping stone toward ARC, the first fusion power plant. SPARC's high-field, compact
tokamak design relies on groundbreaking High Temperature Superconducting (HTS) magnets,
including Toroidal Field (TF), Poloidal Field (PF), and Central Solenoid (CS) coils. These magnets utilize
two architectures: HTS Non-Insulated, Non-Twisted (NINT) technology for cryostable steady-state
operation and HTS Cable technology for pulsed, high-field applications. Following successful R&D and
demonstration campaigns through the TFMC and CSMC programs, CFS has established a
comprehensive manufacturing and qualification pipeline to ensure the reliability of every magnet.
This includes material qualification at low temperature and high field, sub-unit testing of
pancake/layer performance at 77 K, and full-coil cryogenic testing at SPARC operating conditions.
These tests de-risk the SPARC magnet systems and validate their readiness for integration, with all
facilities designed for scalability to support SPARC’s construction timeline.



Simplified Multiphysics Models for Quench in Non-Insulated Coils and
Implications for Fusion Power Plants

Korsun D?, Riva N?, Hartwig Z*, Golfinopoulos T*
IMIT Plasma Science And Fusion Center, 2Proxima Fusion
Monday Parallel 1b - Magnets and Cryogenic Systems |, Sala de Puerto Rico (Building W20 Room 202),
June 23, 2025, 10:30 AM - 12:00 PM

Non-insulated (NI) magnets made of high-temperature superconducting tapes are of interest for a
variety of different magnet applications, such as in the toroidal field magnets of future fusion
reactors and for in-field critical current testing of HTS tapes. One of the primary reasons for this is the
potential ability for NI coils to passively protect themselves against damage during a rapid global loss
of superconducting behavior, known as a quench. Some prior tests of NI coils have demonstrated
robust self-protection against thermal quench damage, but this does not appear to be universal; for
example, during the intentional quench test of the SPARC Toroidal Field Model Coil (TFMC), the coil
incurred significant thermal damage [1]. Consequently, the specific design and operational space in
which NI coils are intrinsically self-protected against thermal quench damage is not well understood.
To explore this self-protection regime and identify the primary coil design and operating conditions
that will enable self-protection, a variety of multiphysics quench models of NI coils have been
developed. Chief among these is a self-consistent axisymmetric 2D model of sudden-discharge in NI
coils that was built using COMSOL Multiphysics [2]. This model has been validated against, and shows
good agreement with, experimental sudden-discharge tests of NI and metal-insulated (M) coils [2].
In addition, a slab model of individual conductor turns was developed and coupled to this 2D model
to study how non-uniform critical current and current-sharing temperature within conductor turns
impact the thermal and electromagnetic evolution of quench in non-axisymmetric coils, such as
tokamak toroidal field coils. This coupled 2D-Slab model has been used to model the full winding
pack of the SPARC TFMC, and validation against the experimental results of the TFMC test campaign
is currently underway. This presentation will discuss the details of the developed quench models,
validation of the models (including against the SPARC TFMC), and preliminary exploration of the
passively-safe quench space and potential implications for the design and operation of NI coils for a
variety of applications, including fusion energy.

[1] Z.S. Hartwig et al, “The SPARC Toroidal Field Model Coil Program.” IEEE Trans. Appl. Supercond.,
no. Special Issue on the SPARC Toroidal Field Model Coil Project, 2024.

[2] D. Korsun et al, “Simplified Multiphysics Models for Open-Circuit Quench in Non-Insulated and
Metal-Insulated Superconducting Magnets.” IEEE Trans. Appl. Supercond. ASC 2024, submitted Sep.
2024, revised Dec. 2024, accepted Jan. 2025.

This work is supported by the MIT Plasma Science and Fusion Center SPARC Fellowship Fund.



Fusion Fuel Rebalancing Using Thermal Cycling Absorption Process

Pupkevich V?, Zhuang Y!, Ouellette D?, Cherniak D?, Ryland D?, Suppiah S, Vega Zufiga A!
!Canadian Nuclear Laboratories
Monday Parallel 1c - Tritium, Fueling, Exhaust, and Vacuum Systems |, Kresge Little Theater (Building
W16, downstairs), June 23, 2025, 10:30 AM - 12:00 PM

Many fusion power concepts under development are based on using fusion of deuterium and tritium.
One of the hurdles pertaining to the exploitation of this reaction is a necessity for continuous
separation of hydrogen isotopes to be recycled to the fusion reactor core due to a very low fuel burn
off (~ 1%). As shown in the figure below, a constant fuel rebalancing is required for reliable and
sustainable fusion reactor operation (see blocks highlighted in green). There are a number of
methods to separate tritium and deuterium with different technology maturity levels, amongst which
the Thermal Cycling Absorption (TCA) process is considered a viable contender. Canadian Nuclear
Laboratories (CNL) have developed several experimental systems for hydrogen isotope separation
based on this technology, and continue improving, advancing, and scaling up this process. A
substantial amount of data has been collected over the years, and the latest experimental results of
hydrogen isotope separation (i.e., deuterium and protium) in the CNL’s TCA system will be presented.
Insights into the commissioning of a novel tritium compatible system, as well as a comparison
between simulation results from a numerical model of the TCA process developed by CNL and
experimental data, over a wide range of experimental conditions, will be provided.

Simplified schematic of a fusion fuel cycle



DT muon-catalyzed fusion experiments

Shmayda W?, Knaian A?, Koukina E?, Kalow J?, Fagan C3, Shmayda R*
Tritium Solutions Inc., 2Acceleron Fusion Inc, 3Torion USA, 4Torion Plasma Inc
Monday Parallel 1c - Tritium, Fueling, Exhaust, and Vacuum Systems |, Kresge Little Theater (Building
W16, downstairs), June 23, 2025, 10:30 AM - 12:00 PM

Acceleron Fusion Inc., under DoE ARPA-E funding, is exploring the efficacy of deuterium-tritium
muon-catalyzed fusion at high temperatures (up to 1500K) and high pressures (up to 5 GPa) at the
Paul Scherer Institute (PSI) in Switzerland. The objective of these studies is to guide the design
concepts for power generation. To support this effort, tritium infrastructure has been installed at PSI
and the Acceleron deuterium-deuterium muon experimental station has been upgraded to deploy
4000 Ci of tritium safely. This effort comprises the construction of a tritium gas handling system
installed inside a glovebox. Helium is used as the cover gas inside the glovebox. This gas is
continuously purified using a secondary enclosure cleanup (SEC) system to remove air permeating
through the gloves and any tritium that has escaped from the primary process loop. Vacuum
effluents from the gas handling system are treated to capture tritium from the remaining gas is
discharged to the environment.

The primary process stainless-steel loop consists of a depleted uranium storage bed (DU bed), a 15 K
cold finger, a palladium/silver permeator and a circulating pump. Loop contents are measured using
pressure transducers and tritium process monitors. DT gas is transferred from the DU bed to the cold
finger, expanded into and assayed in a 1-liter tritium monitor, and passed through the palladium -
silver permeator to a diamond anvil cell held at 19 K. The DT gas entering the diamond anvil cell,
stripped of decay helium and all other impurities, is liquified before the cell is closed to generate
pressures as high as 930 MPa.

This presentation will outline the infrastructure installed at PSI and the key elements of the tritium
gas handling system, describe the emission mitigation equipment and summarize the effectiveness of
these packages during the week long execution of the experimental campaign.



Emerging physics and technological insights from the ASDEX Upgrade
shattered pellet injector project

Papp G*, Heinrich P!, Jachmich S?, de Marné P!, Dibon M?, Lehnen M?, Bernert M?, Sheikh U3, Artola
J2, Hobirk J%, Sieglin B, Fischer R?, Halldestam P?, Patel A', Tang W, Hoelzl M?, Peherstorfer T4,
lllerhaus J!, Miah M?, the ASDEX Upgrade Team?, the EUROfusion Tokamak Exploitation Team
Max Planck Institute for Plasma Physics, 2ITER Organization, 3Swiss Plasma Centre, EPFL, 4Institute
for Applied Physics, TU Wien
Monday Parallel 1c - Tritium, Fueling, Exhaust, and Vacuum Systems |, Kresge Little Theater (Building
W16, downstairs), June 23, 2025, 10:30 AM - 12:00 PM

The main goal of the ASDEX Upgrade (AUG) Shattered Pellet Injector (SPI) project - a collaboration
between IPP, the ITER Organization, and EUROfusion - is to enhance the physics basis for protecting
fusion reactors from large heat and particle loads by characterising the impact of the size and speed
distribution of SPI fragments on disruption dynamics. The AUG SPI is one of the most flexible SPI
systems. It has three independent guide tubes and pellet generation cells sharing a single cryocooler.
The supported pellet materials include argon, neon, protium, deuterium, and mixtures of neon and
deuterium. Barrel heaters allow for the fine control of pellet size and launch velocities between 70
and 800 m/s were achieved.

The three heads installed in the tokamak were chosen after an extensive characterisation of a dozen
prospective SPI geometries. During the laboratory commissioning we have optimised the injector
hardware, developed hundreds of automated pellet generation and launching recipes, and recorded
more than 1300 ultra high speed videos of pellet fragmentation. | will discuss the technical and
project management challenges of realising and operating such a flexible SPI system; as well as the
computer vision and machine learning methods employed in the analysis and design.

We executed over 200 plasma discharges to optimise SPI material assimilation, heat load mitigation,
and radiation asymmetries; and to generate a diverse dataset for model validation. Our results
indicate that rectangular shatter heads with mitre bends lead to more reproducible fragment sprays.
We observed pellet recipes leading to larger and faster fragments penetrate deeper and assimilate
better in the plasma. Neon doping of less than 1% in majority deuterium pellets was observed to
improve material assimilation. The total fraction of plasma energy radiated, and its spatial
asymmetry, show strong dependence on the pellet composition (total number of neon atoms) but
complex sensitivity to the shattering geometry. The results are corroborated by both 1D reduced
kinetic and 3D MHD simulations. The AUG experimental and modelling results allow for a better
design of SPIs for different fusion devices.



Tritium retention and protium ingress from stainless steel components
during a fusion pilot plants commissioning phase

Stahl T, Flynn H, Somers A
1Savannah River National Lab
Monday Parallel 1c - Tritium, Fueling, Exhaust, and Vacuum Systems |, Kresge Little Theater (Building
W16, downstairs), June 23, 2025, 10:30 AM - 12:00 PM

A fusion pilot plant’s tritium startup inventory defines the amount of tritium required on site to fill all
processing components and make up for losses like decay, burn up, and diffusion. During this
commissioning phase tritium diffusion and protium ingress have the potential to impact tritium
startup inventory. Several components of the fuel cycle for example: storage tanks, piping, distillation
columns, and pumps, will be made of stainless steel. The surface of stainless steel is an ideal place for
water layers to form when exposed to atmospheric humidity. This layer absorbs tritium and
deuterium through isotope exchange with protium, thus causing protium release and
tritium/deuterium diffusion into stainless steel. In this work, protium ingress and tritium uptake in
different components of the fuel cycle are investigated by using the quantitative tritium migration
model that was developed by Dr. Sharpe at the University of Rochester. This model is based on
Fickian diffusion, where water layers can be added to a metal surface. Preliminary results indicate
that the amount of protium entering the fuel cycle for a mile of quarter inch piping is much smaller
than the amount of tritium uptake by the pipe.



Advancement in the DTT First Wall design using additive manufacturing

De Sano G!, Furno Palumbo M'?, Paoletti D, Pizzuto A?, Polli G'?, Riccardi B, Roccella S?
IDtt S.c. ar.l., 2ENEA, Department of Fusion and Technology for Nuclear Safety and Security
Monday Posters 1, Lobdell (Building W20 Room 208), June 23, 2025, 10:30 AM - 12:00 PM

The design of the DTT First Wall (FW) is under finalization, paving the way to the upcoming
procurement stage. Recent qualification activities have identified the selective laser melting (SLM)
technology as a highly promising additive manufacturing method for the steel-based plasma-facing
components that form the FW. This approach offers enhanced design flexibility and mechanical
properties. Additionally, the most relevant loading conditions were listed as an input for the
engineering design. These include the deposition of thermal power during plasma operation and the
generation of electro-magnetic loads during disruption events.

This contribution presents a refined configuration of a FW module, developed after extensive design
optimization and simulation effort. The design was carefully adapted to meet the specific
requirements of SLM manufacturing technology, ensuring compatibility with large-scale production.
Subsequently, a detailed assessment of structural stability against the defined loading conditions was
performed. These results provide the groundwork to proceed and conclude the engineering design
activities.



The NSTX-U mission to bridge the spherical tokamak research and
development gap, informed by the Spherical Tokamak Advanced Reactor
(STAR) design study

Berkery J!, Menard J?, Kaye S, Maingi R, Parisi J*, Ono M*, Gorelenkov N, Emdee E!
Princeton Plasma Physics Laboratory
Monday Posters 1, Lobdell (Building W20 Room 208), June 23, 2025, 10:30 AM - 12:00 PM

In the new era of expanded private funding of fusion research and technology development there is
substantial interest in low aspect ratio spherical tokamaks (STs) as compact fusion pilot plants (FPPs).
The private company Tokamak Energy is pursuing this approach, as is the UK government through
the STEP program. At PPPL public sector researchers are currently providing physics and engineering
insights into the challenges and opportunities of a design of a Spherical Tokamak Advanced Reactor
(STAR). Many of the physics projections for an ST FPP look favorable, but these are based on large
projections in parameter space, mainly from results from the National Spherical Torus Experiment
(NSTX). The process of designing the STAR device is telling us what research and development gaps
need to be filled in the near future by experiments, including in the so-called Integrated Tokamak
Exhaust and Performance (ITEP) gap. The upgrade to NSTX, NSTX-U, will be put into operation soon,
and is targeting major performance increases to explore new physics regimes at low aspect ratio. The
design process of STAR is informing the crucial elements of the NSTX-U mission, and the public-sector
NSTX-U experiments will, in turn, be essential in informing the realization of future private-sector
compact FPPs.

The operational design point of STAR at A =2, R~ 4m, and targeting 100-500 MWe net electric power
was arrived at based in no small part on ST confinement scaling from NSTX. A major goal of the NSTX-
U mission is to extend the confinement physics to lower collisionality through an upgrade of 2x
toroidal field (0.5 = 1T), 2x plasma current (1 = 2MA), 5x longer pulse (1 = 5s), at least 2x heating
power (5 = 10MW for 5s, up to 15MW NBI + 4MW RF for 1-2s) which will result in up to 10x higher
nTtE (~*MJ plasmas). Pedestal height and width projections for STAR are also underlying the necessity
of further experimental validation of new gyrokinetic critical pedestal models. The STAR design also
assessed global stability and the possibility of non-inductive current drive, both of which will be
explored further in NSTX-U at high beta and low collisionality. Alfven eigenmodes driven by fusion
alphas were investigated as a concern for STAR and emphasized that NSTX-U will provide a unique
regime for studying this physics, as fast ions from neutral beam injection can be super Alfvenic.
Finally, power exhaust projections for STAR make clear the necessity of a heat exhaust solution and
have motivated various designs of lithium divertors, including a so-called “lithium vapor cave”, that
may be tested in NSTX-U, helping to close the ITEP gap.



Characterisation and Development of CVD Diamond-to-Metal Bonds for
Microwave Components in Nuclear Fusion Systems

Alatassi F*, Mummery P!, Pickering E?, Henderson M3, Craig S%, Khan A!
!Department of Mechanical and Aerospace Engineering, The University Of Manchester, 2Department
of Materials, The University of Manchester, UK Industrial Fusion Solutions Ltd, *UK Atomic Energy
Authority

Monday Posters 1, Lobdell (Building W20 Room 208), June 23, 2025, 10:30 AM - 12:00 PM

Advancements in nuclear fusion technology demand materials that can endure the extreme
conditions present in high-power microwave components, particularly concerning the substantial
power losses within waveguides [1]. These losses generate heat, leading to elevated temperatures
and thermal gradients across materials. Chemical Vapour Deposition (CVD) diamond has emerged as
a promising candidate for critical fusion reactor components due to its exceptional thermal
conductivity and mechanical properties [2]. This study focuses on developing and characterising CVD
diamond-to-metal bonds for microwave components serving as vacuum barriers in fusion systems.
The research explores bonding CVD diamond to metals such as stainless steel (SS 316LN), copper
(OFHC or CuCrZr alloys), and aluminium (6062).

Key analyses include pre- and post-cyclic fatigue testing to assess bond integrity in terms of vacuum
sealing and thermal conductivity. Scanning and Transmission electron microscopy [3] and X-ray
diffraction are employed to observe and characterise the behaviour of bonds under operational
stresses. Preliminary findings aim to inform the development of reliable, high-performance
components, advancing the integration of CVD diamond into nuclear fusion technologies. This work
contributes to enhancing the durability and efficiency of systems operating under extreme
conditions, supporting the progression of nuclear fusion as a sustainable energy solution.

[1] Kudryavtsev, I.V., Minakov, A.V. & Mityaev, A.E. (2019). The Influence of High-Power Microwave
Signal Transmission on the Thermoelastic Condition of a Waveguide. J. Mach. Manuf. Reliab. 48, 306—
313. https://doi.org/10.3103/51052618819040101

[2] Scherer, T. & Strauss, Dona & Meier, Andreas & Mathis, Yves-Laurent & Judin, Vitali & Mueller-
Sebert, Wolfgang & Smirnov, W. & Nebel, Christoph. (2011). Investigations of microwave and THz
radiation losses in CVD diamond and chemically modified diamond. MRS Proceedings. 1282.
10.1557/0pl.2011.452.

[3] Kaboli, Shirin & Burnley, Pamela C.. (2018). Strain Analysis in Polycrystalline Diamond under
Extreme Conditions. Microscopy and Microanalysis. 24. 980-981. 10.1017/51431927618005391.



Development of a dynamic average-value model for superconducting coil
power supplies in fusion pilot plant electrical systems

Burchill A!, Mateescu L!
Tokamak Energy
Monday Posters 1, Lobdell (Building W20 Room 208), June 23, 2025, 10:30 AM - 12:00 PM

The electrical power system of a Magnetic Confinement Fusion (MCF) Fusion Pilot Plant (FPP) will
differ significantly from those of conventional power stations. The requirements of personnel and
plant protection, as well as grid connection criteria compliance, remain imperative. However, to
these requirements are added the challenges of accommodating the pulsed demand of coil and
Heating and Current Drive (H&CD) power supplies.

This work presents the development of a dynamic average-value model (AVM) representing a generic
superconducting coil power electronic-based power converter. The model provides grid connection
and coil power interfaces, as well as control signals for interlocking, DC-bus charge control, and
output steering. The model also permits configuration of DC-bus voltage, control parameters and
gains, and operational current and voltage limits.

The power supply model developed is demonstrated within a plant-level FPP pulsed electrical power
system case study, a component of Tokamak Energy’s FPP project, supported by the US DOE
Milestone-Based Fusion Development Program. The power system case study includes multiple
instances of the power supply model driving the superconducting poloidal field coils of the tokamak.
The behaviour of the FPP pulsed power system during the phases of plasma ramp-up, flat-top, and
ramp-down are demonstrated, with the mutual inductive coupling of coils and plasma current
represented.



Advances of the High Flux Test Module (HFTM) towards a robust irradiation
device for Fusion-First-Wall-Level high dpa at IFMIF-DONES

Kupferschmitt A, Arbeiter F!
IKarlsruher Institut Fiir Technologie
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IFMIF-DONES is a material research facility under construction. It contains a deuteron particle
accelerator and a lithium target to generate high energy neutrons at around 14 MeV. The target is
enclosed in a test cell for radiation containment. Test modules are mounted into the test cell for
irradiation campaigns to research material behavior relevant for future fusion plants, like DEMO.

An important test module positioned directly behind the backplate of the target is the High Flux Test
Module (HFTM), which is currently being developed at Karlsruher Institut fiir Technologie (KIT),
among others, as a part of the EuroFusion Work Package for Early Neutron Source (WPENS). The
HFTM'’s objective is to allow high level irradiation (up to 50dpa) of small specimen test technology
(SSTT) at well-defined temperature conditions. After an irradiation period of several month up to 2.5
years microstructural analysis and mechanical testing shall be performed. The HFTM and its
instrumentation and control system shall allow to record as accurately as possible the temperature,
neutron flux and neutron energy spectrum experienced by the specimens. The design of the HFTM
aims to utilize as much of the available neutron flux as possible for sample irradiation by avoiding
parasitic volumes and bulk materials. The HFTM’s vessel walls, rigs and capsules in the beam
footprint are therefore designed to be as thin as possible. Cooling is provided by miniature cooling
channels in order to maximize volume of specimens in the beam footprint.

Pipes and Cables plugs (PCP) are located in the upper outer area of the test cell. The electrical signals,
power supply respectively the helium coolant are fed and discharged via cable bridges respectively
pipe bridges. These bridges are n-shaped and have connectors on the HFTM and on the PCP-side. The
bridges allow for the compensation of manufacturing tolerances between the test cell and the HFTM
and will be mounted with the help of robotic arms.

Previous design iterations included a “monolithic” container, i.e., it was planned to cut the cooling
channels into the “container” (which contains the capsules containing the specimens) using Electric
Discharge Machining. Our studies have shown that such a design is not feasible. We therefore
present a composite design where the miniature cooling channels are formed between rig walls. The
feasibility of manufacturing of similar thin-walled rigs has already been proven at KIT.

We have defined four load cases consisting of pressure and temperature profiles that allow us to
demonstrate that the HFTM design iterations approach compliance with the RCC-MRx under all
potential scenarios. We have carried out structural-mechanical Finite Element Analysis (FEA) for the
entire HFTM vessel. Special care was given to accurately resolve stresses in the thin-walled (1,2 mm)
parts of the container. We have proven that the entire HFTM is in compliance with the RCC-MRx for
load case #2 (constant maximum pressure and temperature) and that our design brings us close to
reaching compliance with the RCC-MRXx for the load case #4 (pressure difference between
compartments due to valve closure).
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Access to data from relevant test facilities is essential to derisk future power plant breeder blanket
technologies and guide their development. To address this need, a Systems Engineering approach
was adopted in delivering the UKAEA LIBRTI (Lithium Breeding Tritium Innovation) facility. Scheduled
to begin commissioning in 2027, LIBRTI is a pioneering flexible blanket irradiation test bed with 14
MeV Deuterium-Tritium (DT) neutrons. Its goal is to demonstrate controlled and repeatable tritium
breeding at relevant temperatures on engineering scale blanket mock-ups. LIBRTI will support
blanket concepts developed by the fusion community, with proposed breeder materials including
solid ceramics, molten salt, and liquid metal. The user-designed mock-ups will be tested in front of
the neutron source and connected to auxiliary services. The challenge lies in anticipating the needs
driven by future potential users, whilst also recognising and satisfying other stakeholders, including
the UK government, regulators, and suppliers. We propose a framework and methodology that
ensures cohesive alignment between stakeholder needs and facility design to maximise the benefits
to the wider fusion community.

Initially, the stakeholder needs on experimental and scientific objectives were elicited and prioritised.
Techniques including the Ishikawa diagram were used to qualitatively identify the experimental
parameters. Where necessary, assumptions were made based on a literature review of past tritium
breeder experiments and proposed blanket concepts for fusion power plants. These, alongside
legislative requirements, were fed into a single set of stakeholder needs. To encourage holistic life
cycle thinking, a Concept of Operations (ConOps) was developed, looking at integrated scenarios of
experiment commissioning, operation, removal, and decommissioning. The Product Breakdown
Structure (PBS) was established to provide a framework for the project data. Deriving from the
stakeholder needs, the Model-Based Systems Engineering (MBSE) method was used to perform a
functional analysis. Functions and performance measures specific to each breeder concept were
identified, forming a flexible operating envelope that can accommodate different experiments. These
were formalised into textual system requirements and iterated with the MBSE model. System
interfaces were identified between the facility and the mock-ups using Interface Control Documents
(ICD). Throughout this process, the project conducted interdisciplinary reviews to validate the
requirements and ensure that they address the stakeholder objectives.

As a result, scientific and engineering requirements were captured in a standardised method,
recording the rationale and ensuring traceability to create a shared understanding across disciplines.
These requirements guided sub-system optioneering towards defining the physical architecture, for
instance aiding a multi-criteria decision-making process for a sparge gas system that enables
sampling for dynamic tritium measurement. The ConOps provided a basis for HAZOP studies to
identify experiment safety hazards and develop safety requirements. This set of traceable
information ensures the project is robust, with a change management process established to
evaluate the impact of future changes. Our findings recommend this approach for defining the
problem space for future test facilities that face similar challenges.
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The EU-DEMO reactor design is progressing through conceptual stages and reliability studies are
performed on its systems to uncover any potential defect, weakness and imperfection that could be
present. One of the paramount systems of EU-DEMO is the Electron Cyclotron (EC) Heating system.
The EC system has the function to provide heating to the plasma during ramp-up and ramp-down
sequence but also for other tasks such as Bulk Heating (BH), Neoclassical Tearing Modes (NTM)
stabilization and Radiative Instability (RI) control.

As a first step of the reliability study, Failure Mode and Effect Analysis (FMEA) has been done to
identify events that could impact the intended function of the system. For each component, failure
modes, consequences caused by failures, and mitigation actions have been investigated. The
individual failure events were categorized based on the Unavailability Conditions (UCs) they could
cause.

Building on these findings, the next step of the study is a Reliability, Availability, Maintainability, and
Inspectability (RAMI) analysis using Fault Tree (FT) and Reliability Block Diagram (RBD) models. The
systems under interest for this second objective are the Transmission Line (TL) and Launcher section
of the ECH. The FTs were done to calculate the mean time to first failure (MTTFF) for the equipment,
considering all potential failure modes of its components. Meanwhile, RBDs were employed to
estimate the availability of the integrated systems. Results are presented in terms of inherent
availability of the TLs and Launcher systems integration over 20 years of operation. Additionally,
parametric studies were conducted to assess the influence of the assumptions on the availability
estimates.
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The Electron Cyclotron Heating (ECH) launchers for the DTT facility are currently being designed. The
aim is to inject power in different plasma locations with high flexibility to allow plasma current ramp-
up and ramp-down, central heating with tailored deposition profiles and Neoclassical Tearing Modes
(NTM) stabilization. Two antennas are developed, one for the equatorial port with six beam lines and
one for the upper port with two beam lines, with similar front-steerable mirror modules. Each beam-
line module is composed of a cooled corrugated waveguide launching a beam towards a fixed
shaping mirror (M1) and then to the plasma-facing plane mirror (M2) movable around two axes, both
cooled to sustain the high heat load due to the ohmic losses of the incident 1 MW beam and the
plasma radiation. Thermal loads also include plasma and microwave stray radiation. Main structural
loads on the mirrors and their supports, including the launcher supporting baseplate, are forces and
torques due to the induced EM currents, during normal operation and disruptions, interacting with
the high magnetic field in which the mirrors and supports are immersed. Thermal and structural
challenges, in particular on the M1 and M2 mirrors, have opposite solutions that require delicate
trade-off: optimal cooling requires high-thermal conductivity materials as copper alloys while low-
electrically-conductive materials are needed for having lower induced currents during disruptions.
Solutions under study for the mirror cooling for minimal deformations and stresses and for drive
mechanisms are presented. The possible reduction of induced currents during disruptions using
different materials, supporting structures and layouts is discussed.
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At Commonwealth Fusion Systems (CFS), we are developing the SPARC fusion device, a high-field,
compact tokamak designed to achieve net energy gain to demonstrate commercial viability of fusion
energy. SPARC employs advanced high-temperature superconducting (HTS) magnets that enable
stronger magnetic fields to maintain the plasma. These HTS magnets must be cooled to low cryogenic
temperatures to function as designed.

The CFS Nuclear Engineering team performs detailed energy deposition calculations to assess
neutronic heating to HTS magnets. A fine, detailed mesh of the Poloidal Field (PF) coils is used to
understand the relative distribution of heating throughout the coils. For this radiation transport
calculation, Monte Carlo N-Particle (MCNP) software coupled with advanced variance reduction
techniques is used to evaluate the impact of different plasma source terms on PF coil heating.

The energy deposition calculation is performed using a Python Application Programming Interface
(API) that enables an automated workflow to combine all aspects of the MCNP model for execution.
Due to the extremely fine mesh in the PF coils, a significant number of particles are required to
achieve acceptable statistics in the coil regions. To reduce the amount of compute time required to
reach the necessary number of particles, variation reduction techniques are implemented. A Silver Fir
Software (SFSW)-developed tool, Cottonwood, is used to generate weight-windows for the
unstructured mesh model. The motivating tally for the weight-windows is set to all PF magnets to
capture the impact of the changing plasma across different regions of the device.

The plasma source terms used in this calculation model a distribution of neutrons across a plasma
region. The change in fraction of neutrons emitted from each plasma region is expected to change
the energy deposition profile of the PF coils. Heating to the PF coils is calculated using energy
deposition tallies (F6 tally) within MCNP. The integral heating for each PF coil is compared across the
different plasma cases. Utilizing a fine mesh with variance reduction techniques enabled us to
accurately capture small changes in heating as a result of different plasma profiles.
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This work presents an open-source workflow for the conceptual design of inertial fusion reactors,
integrating neutronics, thermomechanics, and fluid dynamics through a consistent and automated
approach. Neutronics simulations are conducted using the Fusion ENergy Integrated multiphysi-X
(FENIX) code, which combines OpenMC via the Cardinal framework for neutron transport calculations
and MOOSE for finite element thermomechanical analysis. A custom Python package is used to
generate parametric reactor geometries, providing both constructive solid geometry (CSG) models
for efficient sensitivity analyses and detailed CAD models using CadQuery. The CAD geometries are
subsequently converted to DAGMC to enable detailed neutron transport simulations while ensuring
geometrical consistency between the neutronics and thermomechanical workflows.

The neutronics analysis provides key metrics, including Tritium Breeding Ratio (TBR), displacement
per atom (DPA), and heating deposition. The heating deposition results are then integrated into the
thermomechanical workflow within FENIX, where thermal and structural analyses are performed to
evaluate the reactor’s response to operational conditions. These analyses are validated against
results obtained using commercial tools such as Abaqus and open-source alternatives like Code
Aster.

Thermal-hydraulics simulations are performed using a custom system-level code to analyze the
performance of the coolant system, while computational fluid dynamics (CFD) simulations are used
to study the behavior and stabilization of lithium jets, which serve as a protective layer for the
reactor chamber. This workflow provides a comprehensive methodology for the integrated analysis
of inertial fusion reactors, with a focus on establishing consistent processes and supporting future
iterations of the conceptual design.
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Liquid metal breeding blankets have several advantages over solid breeders, including simplified
tritium extraction, dual functionality as a coolant, and elimination of mechanical stability concerns.
However, liquid metal blankets are highly conductive and will be free to flow within channels,
meaning they will directly interact with plasma dynamics via electromagnetic effects. In the process
of blanket concept development and pilot plant design, there is a growing need for simple models
that can effectively capture the interplay between the plasma and liquid breeding blanket. A 2D
implementation of MUG [1], a component of the Open FUSION Toolkit (OFT) [2], is under
development to solve the visco-resistive (in)compressible MHD with high geometric fidelity, which
will be applied to predict liquid metal flows as a result of evolving magnetic fields. Once implemented
and verified, MUG will be coupled with TokaMaker, a 2D MHD time-dependent plasma equilibrium
solver already available in OFT [3]. This tool will be leveraged to study the impact of plasma
disruptions on the blanket fluid, as well as if and how the blanket response alters the subsequent
plasma dynamics.

[1] C. Hansen et. al., 2015 Phys. Plasmas 22 042505
[2] https://github.com/OpenFUSIONToolkit/OpenFUSIONToolkit
[3] C. Hansen et. al. 2024 Comput. Phys. Commun. 298 109111
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Effective regulation of the plasma-density profile can play a critical role in achieving
magnetohydrodynamic stability, sustaining optimal fusion conditions, and maintaining confinement
in tokamaks. Traditional methods, such as gas puffing, face substantial time delays, especially in
large-scale reactors like ITER. Moreover, gas penetration into the core may be limited by pedestal
conditions in high-confinement operations. As an alternative, pellet injection offers faster response
times with the capability of deeper penetration into the plasma core but presents at the same time
significant challenges due to its discrete, on/off nature and complex control timing. This work
introduces a novel model predictive control (MPC) framework enhanced by deep reinforcement
learning to address these challenges. The proposed MPC scheme employs a linear control law
capable of managing discrete control inputs and handling the nonlinear plasma dynamics by
leveraging deep reinforcement learning. The plasma density profile evolution model is discretized in
space by using the finite difference method (FDM), enabling the application of MPC. The dynamic
pellet-injection process is modeled in discrete-time to accurately simulate fueling effects.
Reinforcement learning (RL) optimizes control policies amid the inherent variability of pellet injection
dynamics. Utilizing a deep Q-network (DQN) to handle the discrete control actions, the RL
component adapts online to changes, improving control accuracy and convergence. Simulation
studies validate the effectiveness of the proposed control strategy, demonstrating its capability to
maintain the desired plasma density profile with high accuracy and reduced control effort.
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In this paper, we propose a near real-time superconducting coil temperature prediction system using
deep learning. The PF coil is an essential component of the tokamak device, and KSTAR's PF coil must
be cooled to 4.5 K to maintain superconductivity. However, due to AC loss caused by changes in coil
current, the temperature of the PF coils fluctuates. To protect the magnet system, predicting coil
temperature is important as abrupt temperature increases can occur during abnormal events, such
as control failures. We developed a temperature prediction system based on a recurrent transformer
model. The model takes previous temperature data and predict multiple temperature points at once.
For near real-time applications, our system asynchronously collects input data from EPICS PV and
performs deep learning-based predictions concurrently. To validate the system, we trained the deep
learning model on KSTAR experimental data and tested it with experimental data. Our system
demonstrated effective near real-time forecasting of PF coil temperatures.
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The ITER Electron Cyclotron Emission (ECE) diagnostic system is located at Design Shield Mode 2
(DSM2), Equatorial Port 9 (EP9) to measure electron temperature profile and electron temperature
fluctuations, and also assess non-thermal electron distributions via the oblique view. Therefore, ECE
has both Radial and Oblique Views with two Hot Sources for calibration and two couples of mirrors
for two different optical views. This ECE diagnostic system shall be exposed to significant thermal
power due to unabsorbed electron cyclotron heating power in the plasma. It shall also receive the
large electromagnetic (EM) loads up to 100MN/m3 force density due to the eddy currents on the
copper mirrors generated by the short 16ms transient plasma disruption.

The simplified EM analysis model using magnetic field (B) data and flux variations (dB/dt) method
based on the worst case of plasma disruption MD_DW_EXP16MS_CATIII has been developed to
calculate the force and moments for each ECE component and support structure for EP9 DSM2 Bay2
and Bay3. The B and dB/dt method is using the constant B and dB/dt assumed for each local bay
space, but the real B and dB/dt are basically varied along the radial direction of each bay. The
complex global model with the local ECE components and support structure using Maxwell transient
will be developed to do EM analysis to compare the results of B and dB/dt model. The volumetric EM
force density of whole ECE components and support structure can be used for the subsequential
structural analysis. Combined with the thermal and nuclear loads, seismic and initial loads, the ECE
integration analysis can be finalized for the operation case. The detailed EM analysis results of Global
ITER model with ECE components and support structures will be presented.

*Work supported by the U.S. DOE under Contract No. DE-AC02-09CH11466 with Princeton
University. All U.S. ITER activities are managed by the U.S. ITER Project Office, hosted by Oak Ridge
National Laboratory with partner labs Princeton Plasma Physics Laboratory and Savannah River
National Laboratory. The project is being accomplished through a collaboration of DOE Laboratories,
universities, and industry. The views and opinions expressed herein do not necessarily reflect those
of the ITER Organization.
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Tokamak Energy is designing a Spherical Tokamak Fusion Pilot Plant (FPP) for integrated test and
validations of technologies, systems and processes required for commercial fusion energy
deployment. The FPP, which is targeting start of operations by 2035, will consist of an operationally-
relevant fusion environment. By exploiting the inherent plasma physics benefits of the Spherical
Tokamak, the FPP will demonstrate scalable net power in a fully-integrated system. Tokamak Energy
and its FPP design efforts are supported by the U.S. Department of Energy's Milestone-Based Fusion
Development Program.

Power exhaust is a major challenge in scaling from present-day devices to a power plant. A viable
power exhaust solution must include plasma-facing components (PFCs) capable of withstanding the
FPP environment (long service life, neutron irradiation, high heat and particle flux, electromagnetic
loads), while effectively coupling heat to the power generation system. An edge plasma scenario
which is compatible with both the PFC surface and the burning core plasma must be developed — this
places challenging constraints on the magnet, matter injection and vacuum systems.

We will introduce the workflows and tools under development by Tokamak Energy for exploring the
edge plasma operating space. We will also present outcomes to date in selection of edge magnetic
topology and our corresponding strategy for heat and particle flux mitigation, as well as technology
selection of PFCs including coolants, materials and heat removal method.
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In this contribution, we provide a detailed error analysis for the newly developed “Simulated Plasma
Input for Neutron Source” (SPINS) library for OpenMC through comparisons with existing plasma
source libraries in OpenMC. SPINS was created to allow flexible input of both simulated and
experimental plasma profiles to generate fixed source neutron profiles in OpenMC. The toolkit
implements 1D and 2D ion density and temperature profile input to determine volumetric neutron
emissivity of the plasma using the Saddler-Van Belle formula. The library integrates the source
function to sample neutron source locations proportional to the source strength, minimizing the
introduction of sampling error. The method results in a source for which the sampled density of
source sites is proportional to the actual density of the neutron emission rate in the plasma. While
the volume integration enables a flexible input of simulated and experimental plasma profiles, it is
accompanied by a discretization error which results from having a discretized source. Integration of
sampled source sites and comparison to the original 1D profiles is performed to assess the numerical
accuracy and effectiveness of the new presented method.
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ITER Diagnostic Equatorial Port Plugs (EPPs) are located in the Vacuum Vessel equatorial ports. Port
Plugs are faced the plasma; they are directly irradiated by neutrons produced by the fusion reactions
in plasma. Neutron irradiation results in heat release in port plug components and activates those.
This work presents activation analyses in support of the integration activity of the ITER Diagnostic
Equatorial Port Plugs (EPPs).

Three-dimensional neutronic analyses were performed in the past to calculate nuclear loads on the
components of the equatorial port plugs #2, #8 and #12, housing different diagnostics systems.
Calculations were performed with DISUNED 3.1.4 rev.2 tool based on MCNP Monte Carlo code, using
detailed representations of the ports integrated in the proper sectors from ITER reference MCNP
model. In these analyses the neutron flux energy spectra were calculated in the port plugs and in the
subcomponents, using a 175 VITAMIN-J energy group representation. These spectra have been used
as an input for the activation analyses carried out with FISPACT Il inventory code, employing TENDL-
2017 nuclear data libraries and considering the SA2 ITER reference operational scenario. Specific
activity, decay heat and contact dose rate of the port plugs components have been calculated after
the machine shutdown for different cooling times up to 104 years. Results of the activation analyses
at different cooling times will be presented in the paper along with a comparison between the ports
highlighting major differences and similarities.
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Analyzing density fluctuations provides significant insights into turbulence and transport processes in
fusion plasmas. In addition to the existing diagnostics for measuring density fluctuations at
Wendelstein 7-X (W7-X), a new beam emission spectroscopy (BES) is envisaged for W7-X operation
phase 2.4 starting mid 2026. The principle of this diagnostic is based on the observation of the light
emission of a beam of neutral particles in a plasma, which are excited by collisions with plasma ions
and electrons. The intensity of the light emission is proportional to the local plasma density.
Compared to existing diagnostics, this method enables a significantly higher spatial and temporal
resolution of density fluctuations. To achieve a high radial resolution the sightline must be tangential
to the local magnetic field and as collinear to the beam as possible to provide a sufficient Doppler
shift of the beam emission in order to allow a spectral discrimination of the beam emission from the
background light. The latter can only be achieved for W7-X close to the edge of the plasma resulting
in high radiative heat loads.

For this purpose, an optical system was developed that includes an immersion tube with a
retractable, cooled mirror. By means of a retractable lens system in the immersion tube and a fiber
bundle, an optimal image of the light emissions of the neutral particle beam is transmitted to a
camera for analysis. This paper describes the concept of the beam emission spectroscopy system, its
structure, its specific problems and the technical solutions for implementation at W7-X.
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The Fiberoptic Bolometer, FOB has been optimized and installed on DIII-D. The FOB is an optical
device that measures electromagnetic radiation in a vacuum environment. It utilizes a Fabry-Perot
interferometer to convert incident radiation into temperature variations; these temperature
variations are measured by discerning the shift in the reflection spectrum of the silicon cavity. The
novelty of this design is that it is immune to electromagnetic interference because it doesn’t use any
electronics. Instead, optical signals are used to measure miniscule thermal variations. A previous
iteration of this design was tested on DIII-D; several improvements have been identified and
implemented. These improvements reduce the undesired black body radiation that was troubling the
previous design.

The details of the design improvements are presented along with the computation of the harmful
radiation mitigation. The FOB was designed to be Fusion Pilot Plant relevant because it utilizes all
metal vacuum seals, is adjustable to various geometries, utilizes only vacuum compatible materials,
and work is ongoing to prevent optical fiber darkening using germanium doped fiberoptics. The FOB’s
purpose would be to diagnose the FPP’s plasma during the commissioning phase; more work will be
needed to deploy this during the D-T phase to prevent activation. The FOB is fabricated primarily
from stainless steel, copper and aluminum and utilizes mostly off the shelf technology. The base of
the design is a vacuum vessel that bolts onto a DN200 conflat port of DIII-D. This vacuum vessel also
supports a DN200 conflat aft flange, which plumbs in the eighty fiberoptic cables. The cables are
connectorized using ferrule connector, angle polished (FC/APC) technology to minimize attenuation.
A copper block is used to house the FOB'’s sensors. Its’ secondary purpose is to act as a heat sink for
the sensors to thermally equilibrate the bolometer array . The product development team has
successfully installed and calibrated the system on DIII-D.

Work supported by US DOE under DE-FC02-04ER54698, DE-AC05-000R22725, and DE-NA0003525.
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Measurements of critical performance metrics for fusion power plants such as fusion power, gain,
and ion temperature and density rely on an extremely well-calibrated and characterized set of
neutron diagnostics such as activation foils, fission chambers, and scintillator-based neutron
cameras. The in-situ calibration procedure entails a lengthy series of measurements using a known
standard of a neutron emitter such as Cf-252, and can be expensive to conduct frequently. Simulated
calibrations using Monte Carlo particle transport can be used to determine the strategy and schedule
of an in-situ calibration scheme, and assess sensitivities of detector responses to changes in the
system geometry. Yet simulation-based calibration procedures are significantly limited by the degree
of geometric fidelity of the model system and the computational cost of adequately sampling
detector regions. This work explores the use of The Random Ray Method (TRRM) to facilitate
Consistent Adjoint-Driven Importance Sampling (CADIS) as a new capability for local variance
reduction on CAD-based tokamak models within OpenMC. The stochastic nature of TRRM in OpenMC
is uniquely positioned to calculate adjoint neutron fluxes in complex fusion geometries where flux
anisotropy is ubiquitous. From the adjoint flux, we generate weight windows and a corresponding
source-biasing routine via the CADIS method over a single geometric representation. In this way,
analyst time is not spent modeling the system in a deterministic code to generate the adjoint solution
before transferring the corresponding weight window structure to a stochastic code to calculate the
forward (neutron flux) solution, and interpolation between meshes does not take place. In this work,
the TRRM-CADIS workflow is demonstrated on example problems relevant to fusion systems
including both deep shielding and streaming gaps, and its performance relative to conventional
discrete ordinates-Monte Carlo methods is assessed. As statistical uncertainties are decreased for a
given investment of computational resources, this method can improve confidence in the calibration
of detectors.
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To achieve nuclear fusion power generation, China is embarking on the construction of a key
infrastructure - the Comprehensive Research Facility for Fusion Technology (CRAFT) project. The
project aims to promote the early research and development of China Fusion Engineering Demo
Reactor (CFEDR), focusing on the research and development and verification of the main engine and
key components. The Central Solenoid Model Coil (CSMC) test platform is a sub-project of the CRAFT
project. The management and evaluation of the power system installation project is key to ensuring
the stable operation of the CRAFT power system, and is crucial to the successful construction and
later safe operation of the superconducting magnet research system.

This article takes the installation quality evaluation of the CSMC magnet power supply system
installation project as the research object, and uses the AHP-analytic hierarchy process to
systematically evaluate the installation quality of the CSMC power system installation project. The
installation quality is analyzed from the aspects of personnel factors, equipment and tool factors,
construction material factors, and construction environment factors. Based on the evaluation results,
suggestions are given for improving the quality of the installation project.
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SPIDER is the full-scale prototype of the ITER Neutral Beam Injector ion source, operating since June
2018 at the ITER Neutral Beam Test Facility in Padova, Italy. The SPIDER ion source shares the same
requirements as the ITER NBI ion sources in terms of RF power, operational pressure, geometry, and
extraction voltage. A high-voltage power supply, known as the Acceleration Grid Power Supply
(AGPS), provides the nominal acceleration voltage of -96 kV to the negative ion beam. Another set of
power supplies, called the lon Source and Extraction Grid Power Supply (ISEPS), is responsible for
plasma generation, magnetic filtering, polarization of beam source components, and negative ion
extraction up to 12 kV DC.

A distinctive feature of the SPIDER power supply system is its ability to handle frequent breakdowns
during operation without stopping it, occurring both on the extraction stage and, more critically, on
the acceleration stage, which result in load short circuits for the associated power supplies.
Therefore, the extraction and acceleration power supplies were designed with fast switch-off time,
minimized energy stored in the output filters, and output overvoltage suppressors. However,
breakdowns on the acceleration stage generate fast electrical transients with high current and
voltage peaks that propagate throughout the entire power supply system, impacting not only the
AGPS but also ISEPS and other connected components, beyond the limits assumed during the design
phase of each power supply.

SPIDER makes use of a large and interconnected electrical system, whose integration is not
straightforward, since it depends also on stray parameters that were difficult to quantify during the
design phase. While these parameters are typically negligible in industrial power systems, they
become significant in SPIDER due to its complex system and to the presence of high-frequency
transients characterized by hundreds of kHz and amplitudes of tens of kV.

This paper presents the analysis of the breakdown transients in SPIDER and consequent development
of two specific protections to mitigate the overvoltage in critical positions of the power supply
system: one on the AC medium-voltage grid supplying ISEPS and another at the output of the
generator providing the extraction voltage to the beam source. Designing these protections posed
significant challenges, including the need to limit fast transient voltage peaks caused by acceleration
stage breakdown far exceeding the original design specifications of components connected to the
extraction stage, the requirement for long operational lifetime with high reliability (managing up to
200 breakdowns per hour), and preventing damage to the power supply system in case of protection
failure.

We conducted extensive tests on a set of prototypes, until they achieved sufficient maturity for
installation in the plant.

The finalized protection system was then implemented and successfully tested in ISEPS under
nominal conditions, with breakdowns up to the full acceleration voltage, ensuring readiness for
SPIDER caesium operation in 2024.
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A new testbed for tritium extraction is being developed at Columbia University. This experiment will
demonstrate the feasibility of using molten salts in a vacuum-sieve-tray (VST) extraction system and
examine the scalability to larger experiments and future pilot plants.

One scientific goal will be to experimentally validate the extractability of hydrogenic species from
molten salts in a VST. The behavior and physical properties (permeability, diffusivity, and solubility)
of the hydrogenated molten salts will also be documented in VST-relevant conditions. This will help
refine computational models to predict and measure the extraction efficiencies of hydrogenic species
from hydrogenated molten salt droplets. FLiNaK will be used as a proxy for FLiBe and other
comparable breeding blanket-relevant salts. Another area of interest will be to validate the proposed
internal convective mechanism within oscillating droplets, which should allow for higher extraction
efficiencies and highlight the benefit of using a VST setup.

The experiment will be designed to incorporate modular diagnostics to study a variety of
phenomena. A combination of pressure, temperature, and RGA sensors will be utilized to
characterize the extraction efficiencies, and a high-speed camera will be used to capture the droplet
oscillations. Additionally, different geometrical parameters, such as nozzle diameter and chamber
height, will be studied to create a database to determine optimal conditions for maximizing hydrogen
extraction. COMSOL and other numerical simulations have been used to baseline operational
parameters. This experiment is designed as a batched operation rather than a closed-flow loop,
allowing for easy swapping and iterating of components. Future diagnostics can be incorporated to
study material corrosion, hydrogen permeability in steel, MHD effects in molten salt, and laser-
induced spectroscopy for real-time fluid flow analysis.

This small-scale interface of physics, engineering, and material science will allow students from
various fields to gain experience in the fusion technology ecosystem, engaging both graduate and
undergraduate students.

This poster will highlight the current status of the project, which will include the computational
models used to determine operational parameters and the engineering design of the experiment
(vacuum systems, gas systems, heating methods, controls, P&ID, geometries, and diagnostics).
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Radiation is known to cause single event upsets in semiconductor devices, which leads to data errors
in SRAM memory (bit flips). While usually undesirable, this effect also can be used as a mechanism to
detect radiation, in particular neutrons. Previous research shows that SRAM memory is capable of
detecting neutrons without permanent damage to the device, and that devices from different
processes and/or manufacturers vary in properties such as neutron interaction energy threshold and
overall cross section.

In the work described here, an SRAM bit flip neutron detector was assembled, programmed and
tested with a variety of sources. Two SRAM types with identical chip package and functionality, from
Renesas and ISSI, were tested with a Cf-252 source, DD and DT neutron generators, and high yield
neutron pulses from the Godiva (fission) and ZEUS (DT fusion) facilities. Additional tests were
performed with decapsulated chips and an alpha source. We observe that the number of bit flips
increases linearly with the neutron fluence. The ISSI SRAM is physically a smaller die, but shows 2-100
times more bit flips per neutron than the Renesas SRAM, depending on the neutron source. The bit
flips are distributed randomly across memory addresses, except for groups of three close neighbors
observed in the Renesas SRAM. No damage to the SRAM has been observed, even in the intense EMI
and high instantaneous flux of the ZEUS pulsed neutron fields. With a suitable calibration for bit flips
per incident neutrons, the detector can be used for quantitative measurements, and there is
potential to use the ISSI vs Renesas type to differentiate between DT and DD neutrons. With a cost
of <510 per memory chip with 4 million bits, the design is highly scalable into large arrays for higher
sensitivity. The chips are also conducive to rapid replacement in the case of operational damage. On
Helion Energy’s Polaris fusion generator, the SRAM detector will be fielded as a relative yield neutron
fluence detector with regular calibrations against indium and zirconium neutron activation foils.
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Structural steels with high-strength and high-toughness at cryogenic temperatures are key to
enabling high-field, compact, cost-effective tokamaks such as SPARC. The high magnetic fields
generated by high-temperature superconducting (HTS) magnets scale linearly with stress in the
magnets and their supporting structures requiring the use of special, high-strength steels. CFS has
identified, characterized, and qualified austenitic stainless steels to facilitate SPARC magnet
construction. A custom composition of 316LN(H) has been selected as the primary cryogenic
structural material due to a combination of favorable mechanical and non-magnetic properties as
well as commercial availability at scale. CFS, in collaboration with its partners, has produced
316LN(H) components for SPARC in multiple sizes and form-factors. The mechanical performance has
been characterized and meets or exceeds the structural requirements needed for SPARC operation.
Not only do these materials need to have exceptional properties, they also must maintain high
performance when welded. CFS has identified manganese modified 18Cr-16Ni-5Mo-0.16N L filler
metal coupled with a GTAW or GMAW process that can produce high performing welds that can
withstand SPARC loading. The characterization of 316LN(H) performance at cryogenic temperatures
and challenges in scaling steel structures to grid-scale fusion devices will be presented.
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Soft x-ray tomography is an important diagnostic on modern fusion devices, however the silicon
diode photodetectors that are used for in-vessel soft x-ray detection in many tokamaks are sensitive
to neutron damage, making them unsuitable for burning plasma devices like SPARC. This sensitivity
can be mitigated by placing the detectors far from the plasma, limiting their field of view and making
tomographic reconstruction impossible; or by using a neutron-hard in-vessel photodetector. One
promising detector technology is single-crystal diamond photodiode, which has been demonstrated
to have excellent tolerance against 14 MeV neutrons [1] and tested in high temperature
environments [2]. These diamond photodiodes have been demonstrated to work in a tokamak
environment in the form of single detectors [3]. Presented here is the design of a camera made from
an array of these diamonds. SPARC will employ several of these cameras in a single poloidal plane
and their overlapping fields of view will enable tomographic inversion of the emissivity profile [4].
The high temperature, high neutron flux, and disruption forces that will be experienced in SPARC
present a unique design challenge that is addressed here using simulation and planned physical
experiment.

Funded by Commonwealth Fusion Systems

[1] M. Pillon et al., Journal of Applied Physics, 104, 2008

[2] M. Angelone et al., Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 43, 2019

[3] F. Bombarda et al., “CVD diamond detectors for fast VUV and SX-ray diagnostics on FTU,” Nucl.
Fusion, 61, 2021

[4] S. Normile et al., Rev. Sci. Instrum., 95 2024
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The visible and InfraRed (IR) Wide-Angle Viewing System (WAVS) in ITER plays a critical role in real-
time machine protection and plasma control, while contributing to plasma-wall interaction studies.
As was shown in[1][2], the modeling of the WAVS IR synthetic images is important to predict the
diagnostic performance in the ITER all-metallic environment.

The goal of this work is the development of synthetic diagnostics to generate realistic IR camera
images for ITER, supporting the design of First Wall (FW) Heat Load Control functions. The present
analysis is therefore focused on the FW region, monitored by the Equatorial port viewing system
(EWAVS).

The FW heat load controller for ITER will be based on the evaluation of the thermal loads in real time
with a combination of surface temperature measurements from IR cameras and reconstruction of
the plasma heat flux impacting the Plasma Facing Components (PFCs)[3].

In this work we present the design of an innovative workflow for realistic estimation of heat fluxes
and First Wall Panels (FWPs) temperature evolution as monitored by the IR cameras. The model
allows the identification of a set of Regions of Interest (ROI) to be specifically monitored by the
WAVS, defining the real-time inputs to the plasma control system.

Plasma generated heat loads are reconstructed using the magnetic field line tracing tool SMITER,
which accurately maps the distribution of heat fluxes on PFCs. These reconstructions provide
boundary conditions for thermal models that simulate the surface temperature response using a 2D
transient model for heat diffusion in the FWP depth. The presented workflow is used to generate
synthetic images representing WAVS IR camera measurements under several ITER operational
scenarios, providing a performance assessment of the diagnostics and enhancing their reliability.
The reduced models used for FW surface temperature evolution combine a realistic dynamics and
are also studied for their potential real-time application. Validation of these models is conducted
using data from CEA experimental setups[2] and smaller tokamak experiments designed to assess
high-heat-flux conditions and IR camera performance.

Preliminary results discussed here demonstrate the accuracy and reliability of the models,
establishing them as robust tools for improving the safety of the ITER operation. To improve the
fidelity of the model, as future work, the reflections will be taken into account using the ray-tracing
code CHERAB. The integration of surface temperature predictions and plasma heat flux
reconstructions enables rapid machine protection actions, while addressing the complex reflection
mechanisms significantly enhances diagnostic reliability. The synthetic images also provide a
comprehensive diagnostic assessment, serving as a critical tool to evaluate the performance of the
WAVS IR systems under realistic operational conditions. The methodologies and findings presented
here can be extended to other tokamaks, contributing to the design of advanced diagnostics and
machine control frameworks.
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Runaway electrons (REs) generated during disruption events in tokamaks can carry mega-Ampere
level currents, potentially causing localized melting and vaporization damage to plasma-facing
components. Should the runaway electron risk predicted for future high-current devices be realized,
mitigating runaway electrons will be of paramount importance for the efficient operation of SPARC.
We evaluate the effectiveness of a Runaway Electron Mitigation Coil (REMC) — a passively driven
magnetic coil with an n =1 geometry — to prevent the growth of runaway electrons in SPARC. The
REMC achieves this by seeding magnetohydrodynamic (MHD) instabilities during the current quench,
generating field-line stochasticity that deconfines REs faster than they are generated. Using 2-D and
3-D MHD simulations in M3D-C1, coupled with externally imposed REMC fields, we perform high-
fidelity simulations of RE and magnetohydrodynamic activity during disruption events on SPARC.
M3D-C1 uses a fluid RE model, which is evolved self-consistently with the bulk MHD plasma, allowing
us to evaluate the efficacy of field-line stochasticity introduced by the REMC in preventing RE growth.
Future work will also explore incorporating the REMC directly into the M3D-C1 wall model, enabling
fully self-consistent simulations of RE mitigation via the REMC in M3D-C1.

*This work is supported by Commonwealth Fusion Systems.



Design of active disturbance rejection control strategy for resonant
magnetic perturbations coils power supply based on fractional order ESO

Jiang Q'?, Gao G!, Wang S?, Fu Z*
Institute Of Plasma Physics, Hefei Institutes Of Physical Science, Chinese Academy Of Sciences,
2University of Science and Technology of China.

Monday Posters 1, Lobdell (Building W20 Room 208), June 23, 2025, 10:30 AM - 12:00 PM

Abstract: The dynamic current output performance of the resonant magnetic perturbations coils
power supply in a Tokamak device is limited by the integral term of the traditional proportional-
integral (Pl) control strategy, resulting in suboptimal performance. Additionally, the disturbance
suppression capability of the Pl control strategy proves inadequate in the complex electromagnetic
environment of the vacuum chamber. To address these challenges, this paper established a
fractional-order mathematical model of the power supply system, accounting for the fractional-order
characteristics of inductors and capacitors. Based on this model, a fractional-order extended state
observer (FO-ESO) is designed to estimate disturbances in real time, treating them as an additional
state of the system. Furthermore, a transition process is incorporated to achieve fast current output
without overshoot. Simulation and experimental results demonstrate that, compared to the
traditional PI control strategy and the standard active disturbance rejection control (ADRC) strategy,
the fractional-order active disturbance rejection control (FO-ADRC) strategy significantly improves
the dynamic characteristics of high-current output in the power system. Specifically, it achieves faster
response speed and shorter output delay time. Moreover, the proposed strategy exhibits enhanced
robustness and anti-interference performance in the complex electromagnetic environment of the
vacuum chamber.

Key words: resonant magnetic perturbations coils power supply; active disturbance rejection control;
fractional order characteristics; extended state observer
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The SMall Aspect Ratio Tokamak (SMART) is a spherical tokamak (ST) that offers unique capabilities
for studying the potential of negative triangularity. It has been designed, constructed, and is
currently being operated by the Plasma Science Fusion Technology Laboratory (PSFT) at the
University of Seville. SMART has a total of 21 coils, organized into 7 independent circuits and driven
by modular power supplies (PS). The construction of the PS has been made with switching converter
technology based on IGBTs and supercapacitors [1]. PS provide the current profile for standard
copper coils: central solenoid, toroidal field system (12 coils), 3 pairs of poloidal field (PF) coils, and 2
independent PF coils [2].

This study presents the commissioning and validation process carried out on the PS and coils at
SMART. The actual operating parameters of the PS were measured during one second pulses. The
maximum rated current and slope were obtained, while the series impedance of the coils, the output
current ripple, induced noise, and the temperature rise were also measured. A comparison has been
made between the theoretical values in [1] and the experimental results, providing insight into the
performance of PS and areas for improvement.

The set-point currents are stored and programmed in the memory of the PS prior to activation.
During plasma discharge, the current profiles of two independent PS are controlled in real time (RT)
by a CompactPCl-Express PC, improving experimental flexibility and optimizing the control of vertical
displacements. The hardware architecture of the RT control is described and a simplified assembly
model is also presented to facilitate the upcoming integration of the MARTe2 framework [3].
Magnetic sensor measurements were taken to tune the variable time settings of the closed-loop RT
control system [4]. The results obtained provide essential information on the requirements of the RT
system for response time, signal integrity, and operational reliability.

[1] M. Agredano-Torres et al. 2021, Fusion Engineering and Design, 168, 112683
[2] S. J. Doyle et al. 2021, Fusion Engineering and Design, 171, 112706

[3] G. Avon et al. 2021, IEEE Industrial Electronics Society, 48115, 9589325

[4] F. Puentes-del Pozo et al. 2024 Rev. Sci. Instrum. 95, 083558
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Engineering design of magnetic confinement fusion devices requires various calculations ensuring
e.g. sufficient tritium breeding in the blanket (TBR), minimization of neutron heating to
superconducting magnets, and building support structures for magnets. In particular, stellarator coils
require careful design to ensure the design meets both engineering and physics requirements and
constraints due to traditional modular coil shaping and requirements for proximity to the plasma. We
have undertaken furthering the computational tools and workflows for these tasks. First, using the
parametric CAD generator parastell, OpenMC neutronics simulations at the CAD-level are performed
to calculate TBR and nuclear heating of magnets. Variance reduction techniques are required for
good statistics for the local nuclear heating in the magnets, and need to be further developed for
better targeting of the regions of interest. Additional engineering analysis workflows have been
developed to optimize structural element placement between modular coils, using ANSYS structural
optimization tools, in combination with finite-element analysis of the electromagnetic forces on the
coils along with structural calculations of stress and strain. Placement of lateral structural supports
are automated to minimize the displacement of the magnets below a nominal value, with future
work to tie in directly with plasma equilibrium optimization tools.
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Accurate predictions of neutron and gamma transport in inertial fusion energy systems are essential
for assessing structural material damage, heat deposition, and tritium breeding. This work uses a
workflow for high-fidelity simulations to examine the Laser Driven Fusion Integration Research and
Science Test Facility (LD-FIRST) which is Lawrence Livermore National Laboratory’s (LLNL) newest
proposal for a full-scale community testbed for fusion energy concepts. The proposed workflow
utilizes a high-resolution CAD-based model provided by LLNL, meshed for use in a neutron transport
simulation, enabling the mapping of neutron damage, energy deposition, and tritium breeding with
high accuracy. While previous analyses used one- or two-dimensional calculations to estimate the
parameters of interest, this high-fidelity workflow facilitates fully three-dimensional simulations,
offering detailed visualizations to identify critical regions of neutron damage, optimize tritium
breeding locations, and refine energy deposition profiles. By applying this advanced neutronics
modeling capability, this study provides insights into the performance and feasibility of LD-FIRST. The
results will inform design optimizations, material selection, and shielding strategies necessary for the
successful development of this test facility. Ultimately, this work supports LD-FIRST’s role in
advancing inertial fusion energy research by providing a robust framework for assessing neutron
transport effects in next-generation fusion systems.
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Future fusion pilot plants will operate in regimes far beyond current experience, and device design
will rely on physics-based prediction and extrapolation. Many concepts will also rely on simulation to
assess safety or to reveal and solve the complexities of system integration that may otherwise not be
apparent in physical components or models developed in isolation. The Fusion REactor Design and
Assessment (FREDA) SciDAC project is building a component-based, integrated plasma and
engineering modeling framework and data structure to enable self-consistent, iterative optimization
workflows for fusion reactor design. FREDA aims to provide a set of flexible workflows to support
various stages of the design process using a multi-fidelity model hierarchy, ranging from the simple
analytic descriptions to the highest fidelity, theory-based plasma and engineering modeling
developed by the fusion and fission communities. Goals and initial progress on the project objectives
will be presented. The plasma simulation backbone is IPS-FASTRAN with newly developed coupled
Core/Edge Pedestal/Scrape-Off-Layer (CESOL) workflows. A major gap for plasma+engineering
coupling is predicting heat and particle flux to and from the wall. Workflows have been developed to
map the heat flux from the far-SOL region of the plasma up to the first wall and divertor using both
lower fidelity and higher fidelity (BOUT++ and UEDGE) methods. Improvements have been made to
automatically generate mesh for plasma boundary modeling codes to enable scans in geometry and
physical constraints. FREDA incorporates the FERMI engineering modeling suite for self-consistent
evaluation of the thermal shields, limiters, blanket, magnets, and other surrounding structures with
predictions of temperatures, erosion, dpa, activation, tritium generation and transport, creep,
corrosion, material degradation, etc. Parametric generation of 3D CAD enables rapid iteration of
component geometry in response to plasma and loading specifications. FREDA parametrization tools
are being developed and tested to a) generate parametrized CAD components from user defined
modules called within the geometry generation, b) take an existing high fidelity CAD and defeature
for lower fidelity/faster analysis, or c) take an existing CAD and create parametrization for
optimization. Uncertainty quantification methods (DAKOTA) are being implemented to assess the
importance of parameters and model uncertainties within the system analysis and enable design
under uncertainty to reach desired device robustness and reliability.

* This work was supported by the US Department of Energy under contracts DE-AC05-000R22725
(ORNL), DE-AC52-07MA27344 (LLNL), and DE-NA0003525 (Sandia).
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The computation of nuclear responses for fusion reactors is a complex and resource-intensive
process. To give an order of magnitude of the problem, E-lite, which is an MCNP detailed model of
the entire ITER tokamak, is composed by more than 400 thousand cells and the text output files
produced by simulations performed on these models can easily occupy more than a few Gb of
storage. Dealing with all this armed only with text editors becomes virtually impossible and calls for
heavy automation to reduce human errors and speed up the neutronic analyses workflow. To
address these kinds of challenges, a great number of scripts was produced during the years at Fusion
For Energy (FAE). These scripts presented a wide range of maturity, verification level and
documentation quality. For this reason, the neutronics team of FAE recently decided to collect all
these codes, refactor them, generalize them, and aggregate them into a unique pip installable python
package named F4Enix. This allowed to simplify maintenance, add and extensive documentation,
allow synergies between the different parsers and add continuous integration and deployment
features. The library is essentially an API that allows to parse a wide range of file types that are
commonly used in neutronic analyses workflows. F4Enix is not the only python package developed
with this scope, but it presents unique characteristics with respect to other established libraries such
as PyNE. First, it is written in pure python, which helps with installation and integration with other
packages. Second, it includes parser for many types of files that are not available in other packages.
For the moment, F4Enix allows to parse and manipulate (with varying degree of completeness) the
following file types: MCNP input, output, meshtal, mctal, rssa, eeout and wwinp files; FISPACT I
legacy output (only to extract decay pathways); DISUNED additional files such as meshinfo, irrad and
react. To conclude, even if F4Enix started as an internal FAE project, it is quickly being introduced to
the FAE suppliers and, hopefully, to the whole neutronics community.
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Lithium-bearing liquid metals, such as liquid lithium (Li) and the eutectic lead-lithium alloy (Pb-Li), are
being investigated as breeder materials for fusion reactors. Aside from their beneficial qualities,
including no concern for radiation damage and superior thermal properties, they give rise to severe
corrosive environments leading to weight loss and surface recession of the structural materials thus
negatively impacting the structural integrity. Literature details Li penetrates structural materials via
grain boundaries (GBs); intergranular corrosion (IGC), resulting in chemically altered regions
surrounding the GBs in turn deteriorating mechanical properties such as hardness. Consequently, it is
essential to be able to predict this phenomenon in order to understand the governing factors and in
turn optimize the material and its microstructure to produce a corrosive resistant material to liquid
Li. Phase-field modeling (PFM), a widely employed computational method to simulate corrosion as
the underlying equations are built in a thermodynamic consistent manner, is utilized to simulate the
IGC process. Through a diffuse interfacial region, PFM tracks the interface between two phases:
metal and corrosive agent, implicitly using a phase-field order parameter thereby eliminating the
need for restrictive interfacial boundary conditions. The diffuse interface, in turn, allows for the
exploitation of experimentally determined physical properties that ultimately governs the
intergranular penetration of Li based on diffusion-dependent kinetics. The resultant dissolution of
alloying elements is consequentially tracked to evaluate the severity of corrosion. GBs and grains are
distinguished via an additional order parameter, solved independently to the primary kinematic
variables, thereby decreasing computational expense. Attributed to its high reactivity and immature
employment, there remains little experimental data regarding the interfacial properties between
liquid Li and structural materials, namely interfacial energy and the diffusivity of Li. Consequentially,
focus is placed on microstructural properties, including GB energies and solid-state diffusivity of
alloying element, to circumvent this obstacle. The model is validated against experimental
measurements for a ferritic/martensitic steel specimen exposed to static liquid Li. Thereafter, the
microstructural influence on the corrosion process was surveyed by altering grain properties,
including grain size, GB density and GB thickness. It was found near-surface GB density plays a non-
trivial contribution to the performance of the material. Yet, it was evident the grain size, which
dictates the bulk GB density, ultimately governs the severity to IGC. Subsequently, the incorporation
of saturation on the corrosion process shifted the apparent behavior of the material such that the
microstructural influence on corrosion depth became distinct in turn dampening the correlation with
weight loss. Moreover, the model has been extended to incorporate the kinetic effect of fluid flow on
the corrosion process to better emulate the dynamic conditions of a breeder system. The model has
been further extended to incorporate EBSD data, allowing for the impact of high- and low-angle GBs
on the corrosion process, to emphasize the corrosion performance under higher fidelity conditions.
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Maintaining and installing equipment in nuclear confined environments present significant
challenges, demanding precise planning and advanced technologies to ensure worker safety and
reduce radiation exposure. The Virtual Integration Platform for Engineering and Remote Handling
(VIPER) offers an innovative framework to enhance the design, simulation, and operational efficiency
of fusion energy projects. The platform’s immersive simulation capabilities offer realistic virtual
environments for validating complex engineering processes. These capabilities are crucial for high-
stakes nuclear operations where precision and safety are critical.

VIPER focuses on four interconnected domains: digital continuity, scale one immersive simulation,
nuclear applications, and Remote handling, leveraging state-of-the-art tools and methodologies. This
abstract highlights VIPER’s application in key fusion use cases, including WEST tokamak component
assembly (e.g., Plasma Facing Units, ICRH, and TWA antennas), ITER Tokamak maintenance and
decommissioning activities and DEMO remote maintenance.

In particular, the platform develops a stand-alone 4D viewer with integrated functionalities such as
sequence management and integration of the temporal dimension. By automating coupling to
model-based systems engineering (MBSE) principles and robust metadata management, the
application guarantees data accuracy and consistency throughout the design and operation phases.
In addition, the coupling with the XDE physics engine modules enables the integration of physical
analyses of operational feasibility, accessibility and ergonomics, as well as collision detection and
path-finding algorithms. Fully integrated into the engineering design process, it significantly reduces
information access times and improves team communication.

VIPER’s virtual environments also support the conceptualization and testing of fusion machine
designs, fostering stakeholder collaboration and refining design iterations. The platform’s evolution
embraces emerging technologies including investigations with new standards for enhanced
interoperability, real-time collaboration, and scalability. The integration of Artificial Intelligence
technologies will further optimize processes accelerating decision-making and improving overall
efficiency.

VIPER demonstrates transformative potential in fusion energy projects. Its unified platform for
design, validation, and remote handling enhances projects collaboration. With a forward-looking
roadmap, VIPER is poised to advance digital engineering methodologies, solidifying its role as a
cornerstone for the next generation of fusion energy systems.

Keywords: Virtual Reality, digital continuity, immersive simulation, nuclear engineering, Remote
Handling
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Thermal Shield (TS) is a key component of Chinese Fusion Engineering Test Reactor (CFETR). The role
of TS is to reduce radiation heat load transferring from the vacuum vessel (VV) and cryostat to the
magnets operating at 4.5 K. The TS of CFETR shall be properly designed so that the radiation heat
load is below the specified requirement for the magnets. There are 16 upper ports, 6 equatorial ports
and 16 lower ports for the CFETR TS. For TS, it is of importance to ensure that it can maintain thermal
loads. In this paper, a study is conducted on thermal analysis of TS. The total heat load and
temperature distribution are obtained. And structural analyses (normal operation and accident
condition) are also made to verify the strength of the TS structure under several typical conditions.
Based on the finite model (FE) of TS, the design of TS can satisfy the design requirements after
optimization.
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The electron cyclotron current drive (ECCD) system design activities for JA-DEMO is on-going. The
physical analysis of ECCD in JA-DEMO presented RF injection conditions and launcher design had
started. Due to severe radiation condition, the remote steering system is planned to be applied in JA-
DEMO launchers.

In this study, we will present a conceptual design of the upper port launcher for engineering analysis
modeling. To avoid the harmonic absorption region of ECCD in JA-DEMO plasma, an angle of more
than 60° in the toroidal direction is required for upper port injection, which is difficult to achieve by
direct output from the end of the waveguide using the remote steering system. Therefore, we
performed a conceptual design with a fixed front mirror that is angled in the toroidal direction in
front of the remote steering system. In the design, we planned to use 25 rectangular waveguides
with sides of 50 mm for remote steering, arranged in a 5x5 configuration, and to inject about 25 MW
from a single port. The movable mirror mechanism for remote steering, which is installed behind the
injection device, is installed outside the cryostat.

The structure of the launcher consists of waveguides surrounded by the shielding structure which is
stainless steel with water piping for radiation shielding and cooling. The engineering model is
developed for evaluation of the spatial radiation dose rate behind the port where the steering mirror
system locates. In addition, maintenance planning considering access to the equipment in the device
will be reported.
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Regulating plasma density at desired levels is crucial for achieving optimal performance in tokamaks.
While gas puffing has proven effective for fueling current devices, its performance is expected to
degrade in future reactor-grade tokamaks such as ITER due to increased device sizes and higher
plasma densities. This will lead to longer transit times from gas valves to the plasma edge and limit
gas penetration into the core. Furthermore, advanced plasma conditions will demand more precise
and rapid control to ensure optimal and safe operation. To address these challenges, pellet injection
has emerged as a promising solution, capable of delivering fuel directly into the plasma core.
However, the practical implementation of pellet injection for density control remains largely
unexplored in current tokamaks. The discrete nature of pellet injections, variations in pellet size and
injection speed, and the travel time of the pellet in the tubes all pose significant performance
challenges. To address these challenges, an adaptive control technique has been developed for the
regulation of the line-averaged electron density. The proposed approach coordinates gas puffing and
pellet injection while accounting for uncertainties in actuator responses and rapid shifts in plasma
conditions. Simulation studies indicate that the adaptive strategy is well suited to regulate density
around desired targets for a variety of operating scenarios, offering a robust path toward consistent
fueling in next-generation tokamaks.
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Reduced Activation Ferritic/Martensitic (RAFM) steels are strong contenders for structural
applications in fusion demonstration reactors, including the Spherical Tokamak for Energy Production
(STEP). Compared with austenitic alloys, RAFM steels offer superior thermal conductivity, low
thermal expansion, and high resistance to void swelling, rendering them particularly suitable for the
severe conditions encountered in fusion environments. Nonetheless, irradiation-induced hardening,
arising from a complex interplay of defects such as dislocation loops, bubbles, and precipitates,
degrades their mechanical performance. Decoupling the individual contributions of these defects is
therefore central to optimising material behaviour and ensuring the long-term reliability of fusion
reactor components.

Results from two complementary irradiation studies will be presented. In the first, EFDA FeCr alloys
(9-12% Cr), EFDA ultra-high-purity Fe, and T91 steels were exposed to 2 MeV protons at a fluence of
4.0 x 10" protons/cm?, generating displacement damage levels between 0.02 and 0.2 dpa. These
conditions replicated previous 20 MeV Fe-ion studies, which demonstrated that doses as low as 8 x
107° dpa can cause significant hardening. Therefore, the use of 2 MeV protons facilitated the
formation of dislocation loops, voids, and precipitates akin to those induced by 14.1 MeV fusion
neutrons.

In the second study, the role of yttrium-titanium-oxygen (Y-Ti-O) nano-oxide precipitates in managing
irradiation-induced defects was assessed by implanting 2 MeV protons into oxide dispersion-
strengthened (ODS) and non-ODS variants (14YWT and 14WT) to roughly 0.02 dpa and 0.2 dpa. The
key aim was to determine whether nano-oxide dispersions could mitigate defect accumulation
caused by transmutation reactions in fusion environments, ultimately diminishing swelling and
embrittlement.

Post-irradiation nanoindentation revealed clear contrasts in the hardness response of the examined
alloys. In 14WT, a pronounced increase in hardness and modulus emerged at 18-19 um below the
irradiated surface, coinciding with the region of peak damage. This abrupt rise in mechanical
properties points to the dominant influence of defect clustering and dislocation interactions in the
non-0DS alloy. In comparison, 14YWT demonstrated a far more uniform hardness profile, suggesting
that Y-Ti-O precipitates act as effective defect sinks by promoting vacancy—interstitial recombination
and limiting dislocation loop and void formation. These findings reinforce the role of nano-oxide
dispersions in enhancing the radiation tolerance of ODS steels by limiting defect accumulation and
maintaining mechanical stability.

This collected data is being integrated into crystal plasticity models to examine how specific defect
types influence irradiation hardening in ferritic/martensitic steels. Once refined, these models will
capture critical failure mechanisms, such as plasticity and fracture, and streamline the selection
process for future fusion reactor concepts.
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The United Nations World Water Development Report 2024 published by UNESCO warned about the
imminent risk of a global water crises, and the prospects of this exacerbating conflicts worldwide.
According to this report, 2.2 billion people still live without access to safely managed drinking water,
i.e. more than one quarter of the world's population. Between 2002 and 2021, droughts affected
more than 1.4 billion people, and climate change is expected to accentuate this problem.
Furthermore, freshwater demand has increased by almost 1% since the 1980s, and it is likely that it
will continue to grow as populations urbanize. Some countries have palliated the demand for
drinking water by using desalination plants powered by fossil sources. However, this results in a huge
emission of greenhouse gases: the pollution in 2020 amounted to around 76 million tons of CO2 per
year and is increasing year after year as more desalination plants powered by fossil fuels are opening
[1]. Therefore, nuclear desalination emerged as a cleaner alternative, where the electricity produced
in the nuclear power plant (NPP) is used to power the desalination plant, or the thermal energy
generated is used for a thermal desalination process, in a dual-purpose mode. This is where fusion
could play a crucial role.

As in any classical power-to-electricity conversion cycle, large low-grade heat losses are expected in
fusion NPPs. Some possible methods to boost the efficiency of future fusion NPPs such as hydrogen
production [2] and district heating [3] have been analysed. In this work, we explore the viability of
using fusion energy to produce freshwater, by studying the integration of a fusion NPP with a
Multistage flash desalination plant as the heat recovery technology. A set of desalination plant
layouts and power cycles are modelled using the numerical solver EES [4]. The boundary conditions
(heat sources and temperatures) were obtained [2] with the PROCESS code [5,6], taking as reference
the spherical tokamak pilot plant presented by Menard et al [7]. A portfolio of Rankine water cycles
and both helium and supercritical CO2 Brayton cycles are presented, with efficiencies in the range
0.3-0.5. The economic viability, which considers production and distribution costs (i.e., penalization
in the electricity production and pumping consumption) is discussed.

[1] G. Alonso et al, Overview in Desalination in Nuclear Power Plants, 2020
[2] J. Hidalgo-Salaverri et al, provisionally accepted in Nuclear Fusion, 2025
[3] P. Cano-Megias et al, IEE TPS, 2021

[4] SA Klein, Comput. Appl. Eng. Educ., 1993

[5] M. Kovari et al, Fusion Eng. Des., 2016

[6] M. Kovari et al, Fusion Eng. Des., 2014

[7] JE Menard et al, Nucl. Fusion, 2016
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With the rapid progress in fusion research worldwide, its integration with the electrical power sector
is becoming a critical topic of discussion. Unlike the large-scale fusion power plants in Europe and the
United States, the UKAEA's STEP programme focuses on commercializing relatively compact fusion
power systems, aiming to export electrical power above 100 MWe to the national grid. The STEP
Prototype Powerplant (SPP) adopts the microgrid concept of Distributed Energy Resources (DER) to
achieve higher flexibility and economic efficiency. However, its unique operational characteristics
present significant challenges to relay protection systems. The substantial variations in power flow
magnitude and direction, caused by the unique operational mode of the system and the integration
of large-scale DC energy storage devices, result in diverse fault characteristics that could potentially
lead to relay maloperation or misoperation, posing a risk of irreversible damage to the fusion reactor.
The integration of large-scale DC energy storage systems introduces rapid fluctuations in power flow
and bidirectional energy transfer, which complicate fault detection and isolation due to non-linear
transient behaviours and dynamic fault impedance. Presently, relay protection tailored to such
systems has not been fully addressed.

This research proposes a novel coordinated relay protection scheme tailored to the unique
operational characteristics of SPPs. The scheme includes adaptive fault detection algorithms, relay
coordination strategies, and real-time fault isolation mechanisms. Based on official UKAEA data, the
UK Grid Code for STEP, IEEE Std C37.105-2010, and IAEA Safety Standards No. SSG-34, the proposed
approach considers a wide range of fault scenarios to ensure robustness and adaptability. By
leveraging RTDS RSCAD software simulations, the study validates the scheme's feasibility through
comprehensive modelling of power supply systems, including grid connections, on-site generators,
and energy storage devices. The results demonstrate optimized power generation and storage
control, improved fault analysis accuracy, and enhanced system reliability across diverse operating
conditions. This work makes a significant contribution by addressing the gap in relay protection for
fusion power plants and providing a practical solution that advances the integration of fusion energy
with modern electrical grids. Supported by the STEP programme, this study lays a foundation for the
commercial deployment of fusion power systems.
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This paper describes the developmental aspects and features of 300 kVA, 400 V, 400 Hz three-phase
T-NPC IGBT based DC/AC Power Converter (Inverter) system as is being implemented with Testing
and Commissioning results. High Accuracy (< 1%), Stability (< 1%), wide range of output voltage
control (5%-100%), Fast transient response time (< 100 psec), and Low THD (< 5%) are the
requirements of the Power Supply System as it is integrated with un-controlled High Voltage AC/DC
Power Converter (HV-Rectifier) which in turn supplies the stable DC Power to Particle Accelerator
based application like Neutral Beam Injection (NBI) system in Fusion R&D program. The Inverter is
connected to front-end 12 pulsed SCR based AC/DC Power Converter (Controlled-Rectifier) forming
the DC-Link. The fine and course control of the output voltage is achieved by the Controlled-Rectifier
and Inverter respectively as per the requirement of load.

The validity of design performance and configuration is established and presented in this paper
under both steady-state and transient operating state.

Keywords: Inverter, Topology, Testing, Response Time, THD, High Voltage DC Power Supply
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The Electron Cyclotron Heating (ECH) system of the DTT tokamak foresees at present an installed
power of 32 gyrotrons (1 MW/170 GHz/100 s), located in a building ~100 m from the tokamak hall
and connected to it with a bridge. Sources are grouped in four clusters, each one equipped with its
own power supplies, Transmission Line (TL) and launchers. The TL is entirely based on the quasi-
optical propagation of beams and the layout is conceived with initial and final sections with Single-
Beam (SB) mirrors and a main intermediate section with Multi-Beam (MB) mirrors. The connection
between the first SB section and the MB and between the last MB mirror and the final SB section is
realized through beam combiner and splitter units, respectively. All the mirrors’ units are housed in
evacuated pipes to avoid the risk of arcing. The performance of the TL has been evaluated in terms of
spillover fraction and coupling with the fundamental TEMOO mode at the end of the TL both in the
ideal case and in case of deformation of the optical surface of the mirrors, due to ohmic losses, and
for reasonable misalignments. To limit the former, mirrors need to be actively cooled, and the
cooling layout has to be designed to limit temperature gradients. Misalignments include
deterministic sources, such as the effect of strong winds on the suspended corridor, and random
sources for installation errors. Supporting structures of the mirrors and housing units will be designed
to ease installation and to allow fine regulation after the installation. Two MB mirrors shall be also
equipped with actuation systems to recover the alignment between successive pulses, if needed.
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Digital Twins (DT) are computational objects designed to mirror real physical objects via a
combination of real time diagnostic data with computer models. DTs are used across many
industries to track the state of a component over the course of its operational lifetime, to predict
component failure, and to improve component performance. Commonwealth Fusion Systems (CFS)
used Digital Twin Prototypes (DTP) to design the ~25k SPARC plasma facing components by coupling
plasma power exhaust models directly to the 3D engineering CAD and manufacturing tolerances. As
PFCs are manufactured and installed, metrology data across multiple sources will be combined with
CAD models to generate 3D as-built CAD models of the PFCs. Every SPARC pulse will employ 3D PFC
state tracking for temperature, stress, and tungsten recrystallization on an interpulse timescale.
Visualization of the 3D BDT output will be accomplished by a standard plotting routines or by a high
speed graphics render engine.

Now, as CFS prepares for operations, this DT framework is being extended for use in the control
room by boundary physics operators. This Boundary Digital Twin (BDT) will connect forward models
across a range of physics and engineering domains. Plasma edge physics codes will provide radiation
profiles and target heat and particle fluxes. These physics codes will be coupled to 3D engineering
finite element models which provide temperature and stress distributions throughout the PFC in
addition to recrystallization kinetic predictions. Synthetic diagnostic and instrumentation models will
be developed for the BDT that can be compared to real experimental diagnostic data, and
autonomous discrepancy identification algorithms will be capable of flagging mismatches between
BDT diagnostic predictions and SPARC data and tuning the relevant physics models to generate good
agreement. Machine learning models will be employed to accelerate the BDT forward models where
needed, and data analytics across libraries of simulation and experimental data will identify trends
and patterns. The BDT will enable the boundary operators to achieve an accelerated experimental
schedule for SPARC while running the PFCs at maximum performance without compromising
protection. The CFS BDT project has only recently begun, a roadmap has been drafted, and resources
are being allocated across CFS and our affiliate collaborators. This work will summarize the work
already completed for the PFCs using a BDT, will highlight the CFS roadmap for this project, and will
provide a few example use cases for the framework.

Acknowledgement: Supported by Commonwealth Fusion System:s.
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Oxygen-Free High Conductivity (OFHC) copper has been proposed as a candidate material for the
heat sink interlayer in fusion reactor divertor components such as DEMOnstration Fusion Power Plant
(DEMO). However, gaps exist in their service life prediction, which remains insufficient to ensure
reliable engineering design and safety for advanced nuclear fusion reactors. This work aims to
address these gaps by conducting Low Cycle Fatigue (LCF) tests to evaluate the performance of
components subjected to the cyclic loading inherent in tokamak operations. We present the results
of LCF tests conducted on OFHC copper at room temperature and elevated temperature relevant to
its operational environment in DEMO. The tests were performed at a total strain range of 0.6%-0.9%
and a strain ratio of R= -1, providing insights into the estimated fatigue life and cyclic deformation
behaviour. Fractographic analysis using scanning electron microscopy (SEM) was also performed to
examine crack propagation and microstructural damage. The results revealed the cyclic softening
behaviour of OFHC copper, a characteristic that has also been observed in Eurofer97 ferritic-
martensitic steel. This work integrates a crystal plasticity finite-element model (CPFEM) incorporating
a phenomenological hardening law. The model accounts for kinematic hardening to simulate the
cyclic hardening/softening behaviour providing an understanding of the microstructural mechanisms
at play during cyclic deformation. By bridging the gap between experimental observations and
predictive modelling, the findings contribute to developing reliable design frameworks and safety
standards for future fusion reactor components.
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Kyoto Fusioneering Ltd. (KF) is a private fusion energy company headquartered in Tokyo, Japan. KF’s
mission is to serve the fusion industry by developing auxiliary thermal and fuel cycle systems, in
addition to gyrotron plasma heating that provide the necessary technologies on the way to a fusion
pilot plant (FPP). To address the technological challenges related to these systems, KF is developing
the UNITY program which includes a thermal cycle test facility named Unique Integrated Testing
Facility-1 (UNITY-1) housed at the Kyoto Research Center in Kyoto, Japan, a fuel cycle facility called
UNITY-2 being built in Chalk River, Ontario, and two blanket loop facilities, one which uses FLiBe
molten salt and the other pure Li, which are both located at Kyoto University. This work will show
Kyoto Fusioneering America’s (KFA’s) major areas of ongoing research and how the research has
served KF’s broader goals of developing UNITY, initiating collaboration with other entities to engage
them in the program, and accelerating the development of the first FPP.

KFA is based in Seattle, Washington and is the US subsidiary of KF. KFA is involved in a number of
activities from foundational R&D to fusion commercialization, which includes fostering both technical
and business relationships in North America that further KF’s goals whilst supporting the growth of
the U.S. fusion community. Many of these initiatives are DOE-led, and KFA has remained proactive at
staying involved in this space. For example, one of the areas in which KFA has had successes is in the
Innovation Network for Fusion Energy (INFUSE) program. KFA has won four INFUSE grants to date,
working with SRNL, PPPL, INL, and ORNL. Respectively, these projects explore lithium compatibility
for electrode materials, MHD modeling in flowing Li-Pb, investigation of tritium breeding ratios in Li-
6/Li-7 after thermal neutron irradiation, and Li-Pb interactions with blanket materials with varying Li
and Pb concentrations. These projects have allowed KFA to establish strong working relationships
with public partners, and access technical expertise that has helped further both UNITY and the US
fusion program.

KFA will stay engaged in the INFUSE program, as well as look to prospects in other initiatives such as
the Fusion Innovation Research Engine (FIRE) and Private Facilities Research (PFR) programs, allowing
the public sector to access KF’s capabilities.

Kyoto Fusioneering Ltd. acknowledges DOE funding provided to the national labs via the INFUSE
program.
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Plasma density is a key parameter in fusion plasmas, directly affecting the realization of ignition
conditions and the basic operation of future fusion reactors. Although the Greenwald density limit is
widely used to predict the maximum achievable density of tokamak plasma, significant deviations
from this limit have been observed in experimental data from the EAST device, revealing the
limitations of the Greenwald density limit scaling. To address this issue, this study proposes a
symbolic regression-based approach to derive an improved density limit scaling formula using density
limit experimental data from the EAST tokamak.

Specifically, in the first step we use the LightGBM algorithm for feature selection to identify the
plasma parameters that have the greatest impact on the density limit, including the scrape-off layer
power (PSOL), the safety factor (q95), the plasma elongation (k), and the minor radius a. These
features are taken in reference with the key parameters mentioned in the literature [M. Giacomin et
al., Physical Review Letters, 2022]. In this study, the MARFE event (multifaceted asymmetric radiation
from the edge movement) is regarded as a precursor of the density limit, and the average density
value at the moment of its start of movement is chosen as the density limit value. Secondly, a
symbolic regression model based on genetic algorithm is used to optimize the parameters of the
selected features, and the new density limit scalar formula is obtained by fitting in power law form
.The results show that the new model fitting coefficient of determination R2 reaches about 0.70,
which is much higher than the R2 fitted using Greenwald formula,which is only 0.17. In the derived
scaling formula, the power of the scrape-off layer, the safety factor, and the elongation are found to
be of high importance for density limit scaling. Since the value of a on the EAST device is basically
stabilized around 0.45, its influence on the density limit scaling formula is relatively small. The
derived formula is effectively captures the multivariate complex interaction effects that are not
adequately considered by the traditional methods, which significantly improves the accuracy and
physical consistency of the density limit prediction. This study demonstrates the feasibility of
combining machine learning techniques with experimental data to derive the density limit scaling
formula.
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A novel testing facility is being conceptualized to experimentally support the development of
prototypical components for divertors in Tokamak fusion reactors. The facility will be conceived to
operate in a wide range of thermal-hydraulic conditions, with the capability to reach high pressure
(up to 150 bar) and high temperature (up to 250°C) conditions, enabling rigorous testing of the fluid
dynamics and mechanical behaviour of components.

The primary focus of the facility will be the investigation of fluid dynamics, particularly around swirl
flows and within the targets of Plasma Facing Units (PFUs). With the use of advanced diagnostic tools,
including a four camera to a Tomographic Particle Image Velocimetry (Tomo-PIV) system, the facility
will enable in-depth analysis of fluid flow behaviors. This will provide valuable insights into how fluids
interact with complex geometries, helping to optimize the thermo-fluid dynamic performance of
fusion reactor in-vessel components.

In addition, the facility will support experimental campaigns focused on vibration and fluid-structure
interaction analysis. Flow-induced vibrations are critical factors that could potentially limit the service
life of key in-vessel components in a nuclear fusion reactor, particularly those involved in the heat
extraction system (e.g., the first wall, divertor, etc.). By employing high-sensitivity measurement
systems, both contact (accelerometers) and non-contact (Laser Doppler Vibrometer, LDV), the facility
will enable the measurement and subsequent analysis of the vibrational spectrum and the dynamic
interaction between fluids and solid structures (e.g., pipe-fluid-swirl) under various operating
conditions, as well as the vibrational characterization of the components through Experimental and
Operational Modal Analysis (EMA and OMA). These insights will enhance understanding of the
mechanical stability and dynamic response of the components, contributing to their reliability and
longevity.

With its combination of cutting-edge diagnostic tools and experimental versatility, the facility will
play a pivotal role in advancing research in fluid dynamics and structural mechanics for fusion
technologies. The integration of these experimental techniques into a unified platform will foster
interdisciplinary collaboration and enhance the efficiency of research efforts.
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The RFX-mod2 design introduces several novel features, such as the in-vessel passive stabilizing shell
(PSS) supporting the first wall (FW) and an array of in-vessel sensors, including magnetic, thermal,
and electrostatic diagnostics, along with extensive cabling housed within the vacuum chamber.
Additionally, the presence of two Viton O-rings, collectively spanning over 20 meters, introduces
unique challenges. These new elements significantly alter the vacuum system's behavior compared
to its predecessor, RFX-mod, due to the emergence of increased outgassing rates from in-vessel
components that were previously absent.

This work focuses on the evaluation and optimization of the vacuum system required for RFX-mod2.
The analysis considers the performance of the existing RFX-mod pumping system, which includes 10
turbomolecular pumps, each with a nominal pumping speed of 630 I/s for H,. While the high vacuum
stage is maintained without modifications, the medium and low vacuum stages are undergoing a
overall refurbishment. These revisions are aimed at improving reliability and compatibility with the
upgraded system, even though they do not contribute directly to an increase in the overall pumping
speed being the volume of the vacuum vessel substantially unchanged.

The study encompasses detailed calculations to assess the achievable vacuum levels and identifies
potential bottlenecks introduced by the new design features. These include evaluating the effects of
outgassing from the copper shell (covered by alumina coating for electrical insultation purpose), the
graphite first wall, and the large Viton O-rings. The findings are used to refine the vacuum system's
design, ensuring it meets the stringent operational requirements necessary for the successful
implementation of RFX-mod2.

By addressing the challenges posed by the upgraded machine's configuration, this work provides a
comprehensive framework for designing and implementing a vacuum system capable of supporting
the enhanced performance goals of the RFX-mod2 experiment.
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The Neutral Beam Test Facility (NBTF) plays a crucial role in advancing plasma heating and current
drive technologies for ITER. It aims to develop and test the high-performance 1 MeV neutral beam
injector (MITICA) and its negative ion source (SPIDER). To achieve the required negative ion density,
each experiment within NBTF employs four RF generators that supply as many couples of plasma
drivers, for a total rated power of 800 kW at 1 MHz.

The RF power supplies are currently being upgraded from tetrode-based oscillators to solid-state
amplifiers and are at the final procurement stage. This transition aims to address the instabilities
observed during experimentation with the oscillators, which prevented the achievement of nominal
power. Solid-state technology is expected to improve the operation of individual RF generators;
however, other side effects exist related to the simultaneous operation of the four units. Previous
observations indicate that the power delivery of RF generators to the load is influenced by mutual
coupling effects between the circuits they power. These effects cause the impedance seen by
individual generators to oscillate or deviate from optimal conditions, depending on frequency
synchronization and phase relationships among them. To enhance the operational efficiency and
reliability of the new solid-state amplifiers, we conducted an extensive analysis to identify and
address potential optimization areas. In particular, this study aims to expand on our previous
considerations on coupling-induced impedance deviations, to optimize power delivery to the load.
This emphasizes the importance of precise frequency and phase alignment to guarantee efficient
performance. Given the complexity of achieving this with the existing fixed-elements and
narrowband matching network, we explore various matching strategies to enable effective
isofrequency operation.
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Future burning plasmas will have appreciable populations of energetic fusion-born alpha particles.
Here, a system is proposed to experimentally explore the effects of these fast populations on existing
D-D tokamaks via selective RF heating of neutral beam particles through high harmonic fast waves
with deuterium cyclotron harmonics of 5 to 9. The proposed system is a high field side symmetric
center-fed traveling wave array antenna. Novel antenna features include the center feeding, high
field side launch, and additional straps dedicated to image current cancelation for reduced impurity
production.

The physics scenario was scoped on a selected DIII-D discharge for high single-pass damping and
good selectivity for ion damping over electron damping using the ray-tracing/Fokker-Planck codes
GENRAY [1] and CQL3D [2]. The antenna design workflow developed includes a custom optimization
tool built using a cost function that designs for launched power spectrum, image current cancelation,
and low reflection coefficient. The tool uses a combination of finite element method (FEM) analysis
software including COMSOL [3] for vacuum optimization, and the Petra-M FEM multi-physics
framework [4] for cold plasma optimization, as well as Python RF network analysis packages. We
show that the workflow presented here can produce a traveling wave array antenna with a desired
power spectrum, reflection coefficient, and reduced impurity production potential via the
cancellation of image currents, and that such an antenna placed on the high field side produces an
attractive system to produce fast ions in the correct region of parameter space, warranting future
more detailed studies. Recommendations are given for how best to take advantage of the traveling
wave arrays’ ability to passively impedance match using the optimization framework developed here.

1. A. Smirnov and R. Harvey, “Calculations of the current drive in DIII-D with the GENRAY ray
tracing code,” Bulletin of American Physics society, 40, 1837 (1995).

2. R. Harvey and M. McCoy, “The CQL3D Fokker-Planck code,” Proceedings of the IAEA Technical
Committee Meeting on Simulation and Modeling of Thermonuclear Plasmas, pp. 489-526 (1992)

3. “COMSOL Multiphysics.” https://www.comsol.com/

4, S. Shiraiwa, et al EPJ Web of Conferences 157, 03048 (2017)
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Recent nuclear fusion systems are based on superconducting coils that must be rapidly discharged in
case of faults, such as quenching, to protect both the coils themselves and the entire system [1]. This
operation is standardly performed by inserting a linear resistor in the coil circuit [2]. The discharge
time obtained with resistors is inversely proportional to the peak voltage produced across the coils,
so in many cases it is impossible to identify a good trade-off between the two contrasting
requirements.

In the last years, the use of varistors as an alternative to linear resistors for fast coil discharge has
been under investigation. Varistors are bi-directional semiconductors characterized by a non-linear
relationship between voltage and current. In particular, silicon-carbide (SiC) varistors have
demonstrated high-energy absorption capabilities [3] and the possibility to operate over a wide
temperature range [4]. Due to these properties, they are being considered for installation in next-
generation fusion machines to enable the emergency discharge of superconducting magnets, also
offering further operational advantages. For example, in the Divertor Tokamak Test (DTT) facility the
use of varistors allowed a compromise between peak voltage and hot-spot temperature in the design
of toroidal coil fast discharge units, and an increased operating range for the central solenoid
switching network units [5].

In addition, the use of varistors appears particularly attractive for protection of in-vessel components
as stabilizing plates and coil feedthroughs [6]. In this context, research is ongoing to develop new
production processes capable of meeting the required specifications.

Although several experimental characterizations of SiC varistors have been conducted, there is still a
lack of studies concerning the effects of neutron irradiation on these devices. This work aims to
address this lack by presenting a study on the electrical performance of SiC varistors after exposure
to different doses of 14 MeV-neutron irradiation at Frascati Neutron Generator (FNG) facility.
Multiple SiC samples were electrically characterized both before and after neutron irradiation, also
using a test facility able to replicate discharge conditions. Samples that successfully pass the high-
radiation characterization tests will be used to produce varistor prototypes that meet the
requirements for nuclear fusion applications. These prototypes could be installed in existing fusion
machines and further optimized for future fusion experiments, such as DEMO.
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Microwave diagnostics at SPARC include the Electron Cyclotron Emission (ECE) and Edge Scanning
Reflectometry (ESRL) systems, which are currently in their final design stages. These diagnostics face
significant engineering challenges, such as constrained space, high thermal and electromagnetic
loads, lengthy transmission lines (approximately 20 meters), and radiation shielding requirements for
laboratory components. Additionally, the limited accessibility of the tokamak area during operation
highlights the critical need for the development of in-situ calibration techniques for these systems.

The ECE system is a key diagnostic designed to measure the core electron temperature profile.
Operating at probing frequencies in the 245-455 GHz range, it will provide measurements in the first
harmonic O-mode at 12T magnetic fields and the second harmonic X-mode at 8T. The system offers
high spatial resolution with 24 radial channels, enabling at least 15 plasma measurements for
magnetic fields ranging from 11.5T to 12.2T, and will achieve a time resolution of 0.1 ms or better.
The system incorporates millimeter-wave hardware, optical components (mirrors), a beamline, and
vacuum windows, all of which must perform reliably in SPARC’s demanding operational environment.

The ESRL system will provide edge electron density profiles using both O-mode and X-mode
measurements across probing frequencies in the 18—90 GHz range. It is designed to measure electron
densities from 3x10™/m3 to 4x10%°/m3, corresponding to 0.004 - 0.5 of the Greenwald density limit
for the maximum plasma current (8.7 MA) operation. The ESRL system employs a bi-static
arrangement of horns and waveguides, vacuum windows, and a backend processing system,
overcoming similar constraints encountered by the ECE system.

Both ECE and ESRL systems share a midplane port and laboratory space, emphasizing the need for
efficient integration and interface optimization. Notably, the ECE beamline in the ex-vessel section
doubles as a support structure for ESRL waveguides, optimizing physical space utilization. These
systems advance the state-of-the-art in microwave fusion diagnostics, such as novel calibration
techniques for reflectometry and advanced hardware designs, especially for vacuum windows.

This work was supported by Commonwealth Fusion Systems.
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The urgency of addressing the climate crisis has accelerated advancements in fusion energy research.
A pivotal challenge is the development of breeding blankets, a key in-vessel component essential for
tritium breeding and thermal power generation, which are critical for demonstrating fusion’s
commercial viability. Within the European DEMO program, the Helium-Cooled Pebble Bed breeding
blanket (HCPB BB) is one of two designs under consideration. Extensive studies, including neutronics,
hydraulic, thermal-structural, and tritium breeding capability analyses, have been conducted to
evaluate its performance. Previous thermal-structural studies of the HCPB BB primarily employed the
nuclear design code RCC-MRXx for design verification against immediate plastic collapse (IPC),
immediate plastic instability, immediate plastic flow localization (IPFL) and progressive deformation
(PD) rules. As the HCPB BB is a plasma-facing component subjected to extreme operating conditions,
with high temperatures ranging between 300-550 °C, one of its primary failure modes is creep-
fatigue. Therefore, the current study aims to extend these efforts by utilizing RCC-MRx creep-fatigue
rules to develop methodologies for creep-fatigue lifetime assessment. Thermo-structural analysis
was conducted based on previous studies, and the resulting stress field was linearized at the regions
of interests in structural components: front wall, pressure tube and back support structures. . A
MATLAB-based program, incorporating RCC-MRx creep-fatigue rules and P91 alloy steel material
properties, was developed to evaluate the creep-fatigue life of these paths. The results reveal
significant variations in creep-fatigue life, ranging from approximately 22 million cycles in the back
support structures to as few as 356 cycles in the pressure tube, mainly driven by difference in the
temperatures used for the material properties and the stresses. Furthermore, the creep fatigue
analysis was repeated using material properties at average (400 °C) and maximum temperatures (550
°C) instead of linearized path temperatures. The results showed a reduction in variations in creep-
fatigue life, with values ranging from approximately 650 cycles to 14 cycles, highlighting the
conservatism in using simplified material operation temperature limits to inform breeding blanket
design. This is due to the regions limiting lifetime being affected by a combination of temperature,
stress fields, radiation damage, and helium accumulation. This study unlocks the potential to
combine robust breeding blanket design, assessment, and alloy development, enabling the rapid
identification of lifetime limiting structural regions of interest, operational conditions, and key
properties that need improvement.
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DTT is an experimental nuclear fusion facility located in Frascati’s ENEA Research Center. The aim of
this device is studying how to deal with the huge thermal and parcticle fluxes in the region of the
divertor, in a way to make possible to achieve the nuclear fusion as a reliable and stable power
source. The magnetic system of the device includes 3 different kinds of magnets: 18 Toroidal Field
Coils (TFC), 6 Poloidal Field Coils (PFC) and a stack of 6 modules for the Central Solenoid (CS). All the
magnets are built by superconductors operating at a temperature of 4.5K.

The casing structures of the Toroidal Field Coils (TFCs) and the support structures of the Poloidal Field
Coils (PFCs) are essential to ensure the mechanical stability and optimal performance of the Divertor
Tokamak Test (DTT) facility’s magnetic system. These structures must be carefully engineered to
withstand the extreme electromagnetic forces and thermal stresses encountered during operation.
This paper provides an in-depth analysis of the technical requirements, design considerations and
engineering strategies employed in the development and fabrication of these components. Key
aspects of the design process include the selection of structural configurations capable of enduring
cryogenic temperatures (4.5K) and high magnetic fields, while also addressing industrial constraints
such as cost-effectiveness and simplicity of construction.
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The Novatron [1] is a novel axisymmetric magnetic mirror-cusp concept. The magnetic field
configuration produces favorable curvature at the outer plasma surface that should be inherently
stable against interchange instabilities that have limited previous magnetic mirror devices. The first
iteration of the Novatron concept has recently become a reality as the N1 machine has been built
and first ionization tests with hydrogen plasma by ECRH heating have been performed at the Alfvén
Laboratory at the Royal Institute of Technology (KTH) in Stockholm, Sweden.

This poster presents an overview of the different technical subsystems of the N1 machine as well as
the architecture of the experiment control and data acquisition software NovaXC (Novatron
Experiment Controller) and the experiment and data management backend NovaDB (Novatron
Database).

During plasma experiments NovaXC coordinates all subsystems of the N1 machine including machine
control (vacuum, magnets and fuelling), RF heating, diagnostics timing and data acquisition. The
application is implemented in LabVIEW using the open DQMH framework which provides the basis
for a modular, scalable and maintainable architecture. It supports a modern team-focused
development process including source-code control, unit testing and continuous integration. The
application runs on a PXI chassis which also holds the main data acquisition and signal generation
instruments; however, external instruments and devices can be supported. Each instrument is
encapsulated in an application independent code module. The experiment control specific
functionality is implemented in subsystem code modules which follow a defined state sequence for
experiment shot execution. Subsystems define their configuration parameters as JSON Schema,
which allows validation and simplifies the interface to NovaDB. Further key features include an
intuitive operator interface, automated experiment sequence execution, and comprehensive data
logging using the hierarchical data format (hdf5). The architecture’s modular design allows for rapid
integration of new subsystems and changes to experimental parameters while maintaining
operational stability. Performance validation has demonstrated reliable control of experiment
parameters and successful automation of complex pulse sequences with dozens of subsystems
during multiple experimental campaigns.

NovaDB is our experiment and data management system. It is used to store contextual and
searchable data, in a SQL database, together with experiment data in a HSDS backend. The core of
NovaDB is its C# Core web service that implements a REST APl on top of a domain-driven design
model that allows storing, fetching, filtering and searching data. A web app written in HoloViz Panel
exposes an overview of the experiment data in a modern web Ul and allows administering the
configurations and recipes used during shot execution. A python client package allows querying the
actual datasets in python scripts for deeper data analysis.

NovaXC and NovaDB have been successfully deployed in the ongoing experiments with the N1
machine with potential applications in other plasma experiments requiring precise temporal control
and synchronization.

[1] J. Jaderberg et al, “Introducing the Novatron, a novel fusion reactor concept”. Preprint,
arXiv 2310.16711, 2023
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Energetic particle (EP) transport is a critical challenge in the burning plasma scenarios of the SPARC
tokamak. Understanding the interaction between EPs and various MHD events in SPARC could
provide valuable insights for improving confinement and performance. To explore these dynamics,
the SPARC primary reference discharge (PRD) case was used to investigate potential MHD instabilities
that may arise during SPARC operation. Linear M3D-C1 simulations revealed a dominant kink mode
with toroidal mode number n=1. The corresponding eigenmode structure appeared at multiple q flux
surfaces, which could get close to the edge plasma near the last closed flux surface (LCFS).
Investigating whether such fluctuations lead to significant EP transport is relevant to SPARC
performance. To address this, a kinetic (gyro-orbit) particle pusher was implemented in the M3D-C1
code, enabling the tracing of EP trajectories in the presence of MHD instabilities with SPARC
equilibria. Initial investigations demonstrate how energetic particles can be passively transported by
the saturated kink modes in nonlinear 3D simulations. These findings provide a foundation for self-
consistent modeling of EP dynamics coupled with MHD instabilities using M3D-C1. Furthermore, the
results can be validated against various EP diagnostics that are planned for installation on SPARC in
the near future.
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The DIII-D tokamak is one of the most highly diagnosed tokamaks in the world. However, there is not
a dedicated system to view the vessel under vacuum in the visible light spectrum. To inspect the
inside of the vessel, the machine must be vented. Rudimentary cameras on a stick have been used to
look through an unpopulated port but this is limited to a small number of ports that remain
unpopulated. Inspection of the Lower Hybrid Current Drive launcher was recently attempted, and
unsuccessful, using the pole method due to the lack of an available port near the launcher. The
highest fidelity inspection is human entry into the vessel which requires several days of work on
either end of the inspection. Human entry is possible on DIII-D due to the D-D only operations but
infeasible for a fusion power plant or experimental D-T tokamak. DIII-D would benefit from a system
that allows freedom to move about the inside vessel without the need for human entry.

A system for inserting a first-person view vehicle into the vessel will be presented. Challenges include
selecting a vehicle form factor that allows for entry via a small flange (avoids an overhead crane to
remove the flange), insertion /retrieval, illumination, mobility and diverse perspectives / points of
view.

Acknowledgement: Work supported by US DOE under DE-FC02-04ER54698.
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At the DTT plant in Frascati (Italy), a new solution was implemented to connect the large number of
diagnostics on the diverter test cassettes to ensure high system availability.

The different types of electrical and optical cables used by the diagnostic sensors installed on the
cassette must be able to be connected to the diagnostic room for the facility to function properly.
Four test cassettes are available on which the diagnostics are concentrated; they are designed to
reduce maintenance time.

The connector must also be easily removable and acts as a bridge between the cassette and the hall.
It operates in a small space under environmental conditions of high vacuum, baking temperatures,
radiation and electromagnetic forces without compromising reliability and functionality. The
preliminary design of the diagnostics connector compatible with remote handling was strongly
influenced by the need to create a system whose full functionality is always recoverable in the event
of failure of one of its parts. The design, although at a preliminary stage, required an iterative process
of requirements gathering, mechanical design, FEM analysis and RAMI analysis.

The mock-up is under construction and will be tested at DTT's Remote Handling facility, which is also
under construction. The test results will be important for the final version of the connector used on
the cassettes.
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The DIII-D program is embarking on a project to replace all of its graphite plasma-facing surfaces with
tungsten to address key core-edge integration challenges for fusion energy. A staged implementation
is proposed, where high heat flux surfaces are solid tungsten while lower heat flux (including
recessed) surfaces consist on W coatings on a compatible metallic substrate. For the first stage of
installation in 2027, the DIII-D lower divertor and the three poloidal limiters at midplane will be
replaced with ~5mm thick tungsten panels on copper mounting blocks ("pedestals"). These panels
will be "fish-scaled" for a single helicity geometry to prevent leading edges and reduce risk of
macroscopic metal melting. Initial thermal simulations indicate the capability of this design to
exhaust ~10 MW/m? of peak incident heat flux assuming a simple triangular distribution with 5 cm
radial width and pulse length of 6 seconds. Select additional tiles, such as the neutral beam (NB) fast
ion armor and known locations of significant NB shine-through, will also be armored with W panels.
Armor in lower heat flux areas will likely consist of W coatings of thickness < 1mm on TZM or
stainless steel. Coating technologies such as cold spray, atmospheric plasma spray, and chemical
vapor deposition are being evaluated. Similar concepts are being considered for the new all-tungsten
main wall of ITER. A joint operational assessment campaign is planned.

In later years, the divertor designs will include more innovative elements (e.g., negative triangularity)
and advanced tungsten alloys. The DIII-D PMI research team, in conjunction with the U.S. fusion
materials community, is examining a range of next-generation tungsten-based materials to enable
this transition. Potential solutions include W-based multi principle element alloys, dispersoid-
strengthened W, W fiber composites, and functionally graded W/SiC layers. Initial tests have been
conducted using the DIII-D Divertor Materials Evaluation System (DIMES). Samples are exposed to H-
mode plasma conditions with 30-40 Hz edge-localized modes (ELMs), allowing us to test the material
response to transient heating. Some samples protrude above the floor, with the top surface tilted at
a 10-15° angle towards the incoming plasma flux, facilitating a ~10x increase in power intercepted by
the surface with no change to divertor plasma conditions. The level of damage to the angled samples,
characterized by post-mortem microscopy and compositional analysis, varied widely between
different materials tested; initial results will be presented.

Finally, progress on solutions to other key challenges for the transition of DIII-D to an all-metal wall
will be addressed. These include, but are not limited to (a) changes to device start-up and
conditioning procedures; (b) plasma control and manipulation techniques; (c) diagnostic upgrades
and refurbishments. The DIII-D Wall Change-Out Project represents a significant leap forward for the
reactor relevance of the facility and this two-stage plan ensures DIII-D's research outputs maintain
their world-class status across this major transition.

Work supported by US DOE under DE-FC02-04ER54698, DE-AC02-09CH11466, DE-AC05-000R22725,
DE-AC52-07NA27344, and DE-SC0014264.
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The H3AT (Hydrogen-3 Advanced Technology) facility will consist of a closed-loop tritium fuel cycle
pilot plant connected to a Tokamak Simulator and experimental laboratory, with a tritium inventory
of up to 100g. The facility will have the capability to store, deliver, and purify tritium, and to provide
the infrastructure and safety systems required to operate safely, as well as to dispose of the
associated tritiated water waste.

To effectively simulate and control tokamak exhaust gases and other experimental gas profiles, Mass
Flow Controllers (MFCs) play a vital role. The two main subsystems in which MFCs have a critical
function in process control are the Tokamak Vacuum Simulator (TVS) and the Isotope Separation
System (ISS).

Mass flow control is a well-established sector of process control and instrumentation with various
designs to meet different physical, thermodynamic, and fluid dynamic properties. However, its
application within a tritium fuel cycle is not straightforward due to challenges associated with varying
process conditions such as temperature, pressure, composition, influence of tritium decay heat, and
the requirement for materials to be tritium compatible.

The study presented here focussed on the application of MFCs within the TVS subsystem. The main
operations of this system are the ITER-relevant Tritium Loop (TIRTL) operations, experimental
glovebox operations, Neutral Injection Beam (NIB) simulation, and Disruption Mitigation System
(DMS) simulation. All these operations require measurement and control of mixed composition
streams to simulate specific discharge profiles. Initial studies suggest that thermal MFCs are the most
suitable for these applications. They conduct their flow measurement via comparison of a
temperature differential which is sensitive to variations in the specific heat capacity of the process
gas relative to a calibration gas. The errors associated with measuring certain mixed gas flows within
the TVS system were found to be significant.

The study aimed to quantify and experimentally validate the errors associated with using thermal-
type mass flow controllers for flow measurement and control. The main method proposed to
manage this issue is quantifying the errors associated with simulating various gas profiles and
programming correction factors into the integrated control system. This will ensure the true mass
flow is used for process control. Further studies will be conducted to investigate alternative solutions
for MFC design to minimise errors.
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The Magnetic Energy Storage and Transfer system (MEST) is a technology designed to address the
issues of high active power transients and huge reactive power demand in future large fusion
reactors, such as DEMO. The MEST system employs an additional superconducting coil (sink coil) as
an energy storage to sustain the operation of the tokamak coil (load coil). Through a switching
section and a capacitor bank, it is able to transfer energy bidirectionally between the two
superconducting coils, to provide the required current to the load coil.

The power peaks required by the load are flattened by the MEST system, therefore only the average
active power has to be provided from the ac side via a conventional small rating power supply.
Reactive power absorption is also reduced accordingly, and it can be further minimized by utilizing
voltage source converters with an active front end.

A small-scale prototype of the MEST system is nearing completion, serving as a proof of concept and
enabling the investigation of scaling the design to higher power ratings in view of DEMO. The
prototype operates with resistive sink and load coils and follows a modular approach for the
switching section (combined with the capacitor bank), with two modules in total. The modules are
designed for the operation at 2 kV and 2 kA and can function independently or be connected
together to achieve higher ratings. This prototype will permit the evaluation of the advantages and
limitations of the specific topology, examine various configurations, test different control strategies,
and help identifying any unexpected experimental findings.

The first tests focus on verifying the prototype’s functionality, particularly the integration of the
components, and assessing the system’s ability to effectively control the currents in both coils. This
work presents the results of the initial tests, the first characterization of the circuit and the validation
of the developed numerical models with experimental data.
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The Tokamak a Configuration Variable (TCV) features an Electron Cyclotron Resonance Heating
(ECRH) system equipped with (currently) five microwave transmission lines. The three lateral ones
carry microwaves at the 2nd harmonic (X2) of the electron cyclotron frequency. This harmonic is
accessible from a tokamak's low magnetic field side, simplifying power delivery and thus plasma
heating. One pair of polarizing mirrors is included in each transmission line. These grooved mirrors,
whose groove’s depth depends on the microwave wavelength, can be rotated about their normal
axis to change the beam polarization. From a mechanical point of view, they can be modelled as
single-degree-of-freedom (SDOF) systems affected by harsh disturbances, among which friction plays
a major role. Controlling these devices properly is crucial to maximize the injected power's
absorption and prevent stray radiation from damaging in-vessel components. This work regards the
design of local controllers for real-time control of the four polarizers in two of the X2 transmission
lines of TCV. Before this work, the polarizing mirrors’ positions were set manually between pulses,
with no real-time tracking of the optimum polarization angles, which depend on plasma parameters
and the launching angle. A PID controller is designed and commissioned to overcome this limitation.
Real-time polarization control later allowed the possibility to study the effects of microwave
polarization on plasma; dedicated experiments were run to assess how polarization influenced both
plasma temperature and stray radiation, with the final goal of validating the current theoretical
model used to compute the optimum values for microwave polarization angles. Further experiments
will aim at deriving an experimental model relating temperature and polarization and stray radiation
and polarization, to be used in the upper levels of the control architecture.
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Body-centered cubic (BCC) single-phase solid-solution Refractory high-entropy alloys

(RHEAs), comprising Ta, Ti, V, and W, are proposed as candidate structural materials for nuclear
fusion, subject to specific downselecting constraints. The primary focus of this research lies in
investigating the defect recombination capability under the hypothesis that variations in the
potential energy landscape (PEL) determine the irradiation tolerance of RHEAs. Molecular
Dynamics (MD) will optimize the composition of RHEAs to achieve the most PEL

heterogeneity. Heavy self-ion irradiation will then be employed to compare various samples and
validate the simulation findings. To ensure consistent defect mobility, the irradiation temperature
will be maintained at one-third of each sample's homologous temperature (Tm). Additionally, In
situ ion irradiation transient grating spectroscopy (13TGS) and Transmission Electron

Microscopy (TEM) will be employed to evaluate thermal elastic properties and microstructures
to assess radiation-induced damage.
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Astral Systems is pioneering the development of fusion reactors for a wide range of applications,
including the production of medical radioisotopes, boron neutron capture therapy, neutron
activation analysis, nuclear materials analysis, nuclear security, and fusion-driven subcritical fission
power concepts. The innovative fusion reactor, Mark |, is equipped with two electrodes connected to
opposing polarity potentials, powered by an 18-kW direct current supply, and managed through a
LABVIEW-based graphical user interface. The reactor operates by confining gases like Deuterium (D)
or Tritium (T) within a vacuum vessel under carefully controlled voltage and current conditions. The
vessel, filled with gas at pressures of a few pascals, undergoes ionization through applied voltage and
current, initiating plasma formation and nuclear fusion. This process generates neutrons with
energies of 2.45 MeV for DD fusion and/or 14.1 MeV for DT fusion.

To ensure safety and efficiency, simulations were conducted to design a radiation bunker capable of
controlling the radiation dose around the reactor. The system is housed within a shielding bunker
featuring a 50cm thick water barrier, sufficient to shield up to 1e8 n/s DD neutrons. These measures
ensure minimal radiation exposure while enabling the reactor to operate at an optimal capacity of 3
mSv/h. Mark I’'s unique design enables significantly enhanced fusion rates using a novel lattice
confinement architecture. With dimensions of 50 cm in height and 20 cm in diameter, the reactor has
been successfully designed, fabricated, commissioned, and tested. It represents a breakthrough as a
multi-state fusion device. The reactor's parameters have been extensively characterized, with
relationships such as the Paschen curve, gas pressure versus applied voltage, system performance at
differing settings of the water-cooling temperature, and current-voltage dynamics mapped.
Additionally, key outputs like the voltage-neutron yield and current-neutron yield curves have been
determined, alongside many other variables which have been tested.

The performance of the Astral Mark | reactor, utilizing lattice confinement fusion, the radiation
bunker simulation results, combined with detailed reactor characterization data, underscore the
Mark | fusion reactor’s potential to revolutionize multidisciplinary applications. This breakthrough
demonstrates a promising pathway toward practical fusion technologies and their integration into
critical fields.
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Thyristor failures are the main factors for converter faults. For an anti-parallel system with 12 parallel
thyristors in one single bridge arm, faults could be worse, particularly for ITER poloidal field (PF)
converters. The bridge currents could be out of control, threatening the safety of related equipment.
This paper investigates the mechanisms behind four types of thyristor faults firstly. Based on the
reference voltage and bridge current balance control of PF converter modules, the potential
evolution of certain faults is further discussed. Since some faults might remain undetected as they do
not cause immediate overcurrent, secondly, existing protection logics for the PF converter are
presented and analyzed based on observed fault phenomena and underlying mechanisms. Thirdly, to
ensure timely detection and clearance of these faults, the protection logic is optimized using existing
sensor configurations. Finally, simulations are employed to verify the fault mechanisms, and the
protections are validated.
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Tokamak operation relies on accurate and efficient free-boundary equilibrium (FBE) solvers.
Traditional solution methods, such as those based on finite-difference and Picard iteration [1], can be
computationally expensive. This work introduces a novel approach using physics-informed neural
networks (PINNs) to solve both direct and inverse FBE problems. The direct problem determines the
2D poloidal-flux map given plasma conditions and poloidal-field (PF) coil currents. The inverse
problem calculates the required PF coil currents and the 2D poloidal-flux map for specified plasma
conditions and target shapes. The PINN surrogate models, first developed to address the direct
problem [2] and now to address the inverse problem, employ fully connected multi-layer perceptron
(MLP) architectures and incorporate the Grad-Shafranov equation as a physical constraint in their
loss functions, ensuring consistency between plasma conditions, PF coil currents, and the resulting
2D poloidal-flux map. Extensive training datasets were generated to encompass a broad range of
plasma configurations, including variations in plasma current, poloidal beta, major and minor radii,
triangularity, and elongation. The performance of the inverse-mode PINN developed in this work was
benchmarked against conventional FBE solvers, demonstrating high accuracy in replicating the
outputs of the FBE solver and achieving a low root-mean-squared error (RMSE) for the magnetic flux
maps. Furthermore, the direct and inverse-mode PINN models were integrated into a unified solver
capable of handling both types of equilibrium problems. This unified framework significantly
enhances computational efficiency, completing calculations in a fraction of a second compared to
tens of seconds for traditional iterative solvers. By combining speed and accuracy, the integrated
PINN-based solver offers a robust tool for real-time control and optimization applications in tokamak
research.

[1] Song, X. et al. (2024). Plasma, 7(4), 842-857.
[2] Wang, Z. et al. (2024). IEEE Transactions on Plasma Science, 52(9), 4147-4153.

*Supported by the US DOE (DE-SC0010537).
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A modular high current switching power supply system is currently under development for the
Columbia University Tokamak for Education (CUTE) experiment in construction at Columbia
University. Each of the 28 independent poloidal/OH and toroidal field (2 parallel circuits) coils will be
driven by 56 0.9 MVA (1kA, 900V) insulated-gate bipolar transistor (IGBT) H-Bridge switching power
amplifiers (SPAs) previously used for the HIT-SI family of devices. A new digital control system
utilizing the Raspberry Pi Pico microcontrollers to control each high-power SPA allows precise driving
of currents for each poloidal and toroidal field coil. Feed-forward operation is planned for initial
operations with proportional-integral differential (PID) feedback for coil current using onboard
digitizers and a minimum control loop period of 20us. Future updates to the system will support
realtime control through serial datalinks from a central control system. Initial low power tests have
demonstrated the Raspberry Pi Pico and PID control program’s ability to consistently output desired
current waveforms with an inductive test load. Design, implementation, and plans for the overall
power system will also be presented.
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The performance of a flowing liquid lithium divertor in fusion environment depends on its ability to
effectively withstand the heat from the plasma. The greatest advantage of flowing liquid plasma-
facing components (PFC) is the absence of a hard limit to the heat flux it can take without failing. The
practical limit is primarily defined by the flow speed of the liquid surface. This value often directly
depends on the average flow rate of the liquid metal in the manifolds circulating liquid metal in and
out of the fusion reactor vessel. Existing techniques to measure the average manifold flow rate
struggle at monitoring the open surface flow of liquid metal PFCs, due to the highly corrosive nature
of lithium as well as other engineering restrictions. At University of lllinois Urbana-Champaign, we
explore the utilization of ultrasonic techniques to measure the velocity distribution in the flow cross-
section. In this work, we discuss a number of engineering challenges associated with building a liquid
lithium ultrasonic velocity measuring sensor, such as the high acoustic mismatch between the liquid
lithium and fusion-relevant structural materials. We present the data produced by the multiphysics
simulations and early experimental results with water. And an initial concept design for a
measurement device is presented.

Tokamak Energy Ltd. sponsors the research at UIUC to construct a liquid lithium loop named APOLLO
to develop liquid lithium PFCs, particularly a divertor plate. Developing the abovementioned
technique is necessary for enhancing APOLLO’s experimental capabilities.
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The increase in the widespread use of high-temperature superconductors (HTS) has contributed to a
surge in fusion companies aiming to achieve sustainable burning plasmas through magnetic
confinement. This technology allows for stronger magnetic fields in more compact devices, with
wider operational margins than with conventional low-temperature superconductors. However, the
HTS tape form factor makes it better suited to planar magnets, and the adaptation to non-planar
stellarator magnets thus presents several challenges. We present work being done to design and test
non-planar HTS magnets for the Columbia Stellarator eXperiment (CSX), a quasi-axisymmetric device
composed of two optimized non-planar interlocked HTS magnets and two copper poloidal field
magnets. At present, prototype non-planar HTS magnets have been successfully tested in liquid
nitrogen, with ongoing efforts to achieve higher on-axis fields of 0.5 T in a cryogenic test stand.
Concurrently, the full-scale interlocked magnets are being designed and optimized. Prototype and
eventual full-scale magnets consist of HTS tape wound in channels on 3D-printed aluminum bobbins
and vacuum solder-potted. A gimballed winding mechanism maintains constant tension and
mitigates strain during the winding process. The prototypes are conductively cooled to 20 K target
temperatures using a coldhead in a bell jar test-stand, with additional heat shielding to optimize
cooling. Diagnostics and external controls are interfaced with LabView and include a high-current
power supply, scanning Hall probes, temperature sensors, and ion pressure gauges. This work aims to
enable the construction of a strain- and field-optimized university-scale HTS stellarator, addressing
critical engineering challenges in the adaptation of HTS technology for stellarator configurations.
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As a vital heat-load component in Tokamak, it is necessary to cool the divertor sufficiently and
efficiently. At present, a divertor module is composed of several plasma facing unit (PFU), resulting in
a large pressure loss. At the same time, due to the structural differences between different PFU, the
cooling water flow distribution in each PFU will be different, and in serious cases, the local heat
transfer capacity will be reduced. In this paper, a variety of divertor cooling channel structures are
proposed, and the flow analysis of each structure is carried out. The pressure drop and flow
distribution in PFU of different structures are compared, and the structural design is optimized. The
results show that after structural optimization, the flow pressure drop of a divertor module can be
reduced from 1.41MPa to 1.24MPa, and the maximum deviation of flow between each PFU is
reduced to less than 10%. The maximum deviation of flow in the vertical and horizontal sections of
the outer target are 6.5% and 8.8%, respectively. The maximum deviation of flow in vertical and
horizontal sections of the inner target are 6.8% and 0.6%, respectively. The results of this study will
be helpful for the future design of divertor and provide guidance for its structural optimization.
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Molten salts (MS) have emerged as promising multifunctional materials for the liquid breeding
blanket in nuclear fusion reactors due to their radiation resistance and heat transfer capabilities. In
fact, these materials can simultaneously perform the duties of breeder, neutron multiplier, and
coolant. However, the flow of MS is affected by magnetohydrodynamic (MHD) effects in the
presence of magnetic fields, altering flow patterns and posing challenges in the design of the reactor
cooling system. Most commercial Computational Fluid Dynamics (CFD) software typically use
standard turbulence closures that do not model the fluctuations of the Lorentz force in the turbulent
variables model equations. In addition, the high Prandtl number (Pr) of MS adds complexity to heat
transfer modeling.

This study addresses these limitations by evaluating the applicabiltity of MHD turbulence models
specifically tailored for MS applications in fusion reactors. The implemented models incorporate the
effects of MHD interactions and are validated against several benchmark cases and experimental
datasets representative of fusion reactor conditions. The results highlight the importance of accurate
turbulence modeling to better represent fluid-magnetic interactions in MS blankets, which are critical
for improving heat transfer, neutron shielding, safety, and tritium breeding. Conducted within the
OpenFOAM framework, this work contributes to open-source computational tools to support the
design and optimization of innovative nuclear fusion energy systems.

Acknowledgements: This publication is part of the project PNRR-NGEU which has received funding
from the Italian Ministry of University and Research — DM 352/2022
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Most of magnetic fusion devices rely mainly on coil loops as the primary type of magnetic sensors,
offering precision, reliability, and robustness. However, this type of sensors provide a derivative
signal which need to be time-integrated. Traditionally, analog integrators have been employed due to
their wide dynamic range, but they present a number of complexity challenges. For example, a
separate channel for the derivative (dB/dt) signals is also required for proper measurement and
control of fast events, plasma instabilities, and magnetic turbulences. Another crucial issue is related
to the hostile EMI environment, subject to constant disturbances and potentially damaging
overvoltage spikes, in which the system is operated.

In this work, we present the architecture and the subsequent validation tests of a unified system
developed for RFX-mod2, designed to manage 1736 magnetic (pick up coils, saddle coils and Vloops)
and 480 electrical signals (current and voltages of magnetic field coils), for a total of 2216.

Each channel is based on high-resolution analog-to-digital converters (1 MS/s, 20-bit ADCs) that
eliminates the need for analog integrators and the auxiliary acquisition channel, simplifying the
overall system and offering electrical characteristics comparable to good analog integrators.
Moreover, to ensure an adequate noise immunity and rejection, each acquisition channel is
galvanically isolated, effectively eliminating the ground loops disturbances generated by the
experiment's magnetic fields.

The system architecture has been implemented to be easily scalable: the basic element consist of 6U
boards, each one being an autonomous system housing 12 input channels and its own SOC-FPGA,
then combined in a 144 channel 6U sub-rack. Each board simultaneously provides three essential
functionalities needed in a fusion facility: a timing synchronization decoder, transient recording of
full-speed ADC data, and continuous Ethernet UDP/TCP transmission of pre-processed and
subsampled signals for real-time control system. This comprehensive approach allows for efficient
data acquisition, analysis, and integration into the experiment's control framework.
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Preconceptual design for a non-nuclear U.S. high field blanket component testing facility (BCTF) will
be presented, considering present and planned international capabilities and needs. A critical and
low technology readiness level (TRL) component to tritium and power-producing fusion concepts,
maturation of the blanket from the current low TRL (~2-3) to high TRL (~6-7) is required to ensure
performance requirements will be met, and before approval by safety and regulatory stakeholders.
BCTF requirements have been developed with community input and consist of (i) provide magnetic
field and gradient prototypic of the high field side of toroidal devices with field up to 10 T, (ii) provide
breeder loops at relevant temperatures (300-700 C), (iii) provide auxiliary coolant and heat rejection
loops (e.g. high pressure water, 8 MPa helium) and (iv) provide surface (“MW/m2) and simulated
volumetric heating (“MW/m3). These requirements produce the relevant non-nuclear environment
for qualifying meter-scale blanket components at the appropriate electromagnetic, thermal, and
mechanical loading, as well as high MHD Hartmann, Reynolds and interaction parameter values for
liquid metal breeding blanket concepts (Li, PbLi). Dual-cooled PbLi/He and Li/He are complementary
to international efforts. Hydrogen production simulants are presently under consideration. BCTF
design incorporates significant onsite materials, infrastructure and capability developed during
fabrication of the ITER central solenoid (CS). Excess Nb3Sn CS conductor in spools and wrapped as a
six-layer hexapancake, fully integrated 1kW@4K supercritical helium cryoplant, 24kL/s vacuum, and
50kA@15V power supply are present in the facility and integrated into the BCTF design.

Work supported by General Atomics corporate funding.
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Fast-response power supply systems play a vital role in modern industry, and their dynamic response
speed and output accuracy directly affect the performance of equipment. Aiming at the problems of
slow response speed and low accuracy of traditional fast-response power supply systems, this paper
proposes an optimization scheme based on PWM control. The scheme first analyzes the basic
principle of PWM control and its application advantages in fast-response power supply systems, and
then improves the fast-response power supply system from two aspects of hardware circuit design
and control algorithm optimization. In terms of hardware circuit design, high-frequency switching
devices and low-loss magnetic components are adopted to improve the switching frequency and
efficiency of the system; in terms of control algorithm optimization, advanced control strategies such
as fuzzy control and adaptive control are introduced to improve the dynamic response speed and
anti-interference ability of the system. Finally, the effectiveness of the proposed scheme is verified
by simulation and experiments. The results show that the optimized fast-response power supply
system has faster dynamic response speed, higher output accuracy, and stronger robustness, and can
better meet the application requirements of modern industry.
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This research reports on predicting fusion output using Bayesian Neural Networks (BNN) enhanced
by ensemble learning. Accurate prediction of fusion output is essential for optimizing the
performance, safety, and control of future fusion reactors. While traditional machine learning
methods have shown promising results in this field, they often lack the ability to quantify uncertainty
associated with predictions. BNNs provide a principled framework for incorporating and propagating
uncertainty, enabling more robust and reliable predictions, particularly in extrapolation to regions
where training data is limited.

Our approach analyzed experimental databases used in confinement scaling, employing an ensemble
of BNN architectures to predict fusion output based on various plasma parameters. We investigated
different inference methods within the Bayesian framework and evaluated their impact on prediction
accuracy and uncertainty quantification. The model's performance is assessed using standard metrics
such as Mean Squared Error (MSE), Root Mean Square Error (RMSE), Mean Absolute Error (MAE),
and the coefficient of determination (R2). Our results show an R2 of 0.64. However, when
extrapolating towards target design values for ITER and demonstration reactors, the uncertainty in
predictions increased significantly, highlighting the need for further model improvements and
additional training data to more accurately evaluate the probability of achieving these targets.

The findings demonstrate that BNN enhanced with ensemble learning can provide not only accurate
point predictions of fusion output but also valuable estimates of the probability of achieving target
goals. To quantify this uncertainty, we determinate the 2-standard-deviation (2std) band width the
predicted values. This representation provides a general indicator of prediction variability, which is
critical for quantifying the probability of achieving ITER and demonstration reactor targets . It further
aids in informing risk assessments and decision-making in fusion device operations.

Finally, we explored the sensitivity of BNN predictions to different input features, gaining insights
into the key plasma parameters influencing fusion performance. This study advances research into
the application of advanced machine learning techniques to address critical challenges in fusion
energy development. In particular, the quantified uncertainty represented by the 2std band offers
significant advantages over traditional methods, clearly quantifying the probability of achieving ITER
DEMO and demonstration reactor targets. Future work will focus on improving model accuracy and
identifying the necessary experimental devices and plasma data to reduce uncertainty.
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Remote maintenance represents an important function with many challenges in the design and
operation of a fusion reactor. The ITER project will demonstrate the design, integration and
operation of a Remote Handling System (RHS) able to perform both pre-planned tasks and
recovery/rescue operations in case of failure or abnormal conditions. The ITER Remote Handling
Control System (RHCS) is based on a man-in-the-loop concept due to the complexity of the tasks,
which are generally not automated, while executed step-by-step by the operator who has to make
decisions and may need to take direct control of the equipment. In order to make more informed and
aware decisions while supervising or teleoperating RH equipment movements, the operators are
provided with both real images coming from on-site cameras and virtual renderings, thanks to the
Virtual Reality (VR) System. The VR is part of the High Level Control System (HLCS) at the operator
workcell in a distant location, and is monitoring Remote Handling devices through a real-time
network connection. Since the VR System should be as accurate as possible in representing the real
robot configuration to effectively help the teleoperators and inform them in case of possible
collisions, a Structural Simulator is required as part of its features to model and visualize the dynamic
effects causing deviations of the real robot configuration from the nominal one, guaranteeing the
calibration of the VR environment to match the real world. The present paper introduces the
development activities of the Structural Simulator for the Virtual Reality System of the ITER RHCS. In
particular, the strategies to calibrate the VR environment by representing in the robot model the
kinematic and non-kinematic errors —i.e., the geometric errors caused by the clearances present in
the joints due to manufacturing tolerances and the non-geometric errors due to the joints/links
flexibility, respectively — are presented. The calibration strategies are applied to the case of the ITER
Cassette Multifunctional Mover (CMM) prototype in DTP2 facility at VTT Technical Research Centre
of Finland. After the import of the CAD models in VR environment and the implementation of the
kinematic and dynamic data, the kinematic model is corrected by adding error parameters,
transformation matrices at joints, or even virtual joints, to display the real robot configuration
considering the kinematic and non-kinematic errors. The location, type, and entity of the errors to be
corrected are either measured through test sessions at DTP2 facility or predicted through analyses
both of joints/links flexibility through FEM and of joints internal manufacturing tolerances
documented in technical drawings. Tests are then carried out to verify if the corrected VR model
matches the real one complying with the target accuracy, basing on the data measured on the CMM
physical prototype at DTP2 facility.
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Neoclassical toroidal viscosity (NTV) torque is a crucial source for toroidal momentum transport in
tokamaks and has significant influence on plasma instability and performance. Drift kinetic equation
(DKE) is the basic equation governing the physics law of NTV, and also the time efficiency bottleneck
of NTV numerical calculation. In this paper, a machine learning surrogate for solving DKE (DKE-ML) is
developed and coupled with phase space integral calculation to realize fast and high-fidelity NTV
torque computation. The main development process consists of four steps: First, to obtain a
comprehensive dataset for DKE, extensive numerical calculations of NTVTOK and MARS-F codes were
performed under various plasma conditions of Experimental Advanced Superconducting Tokamak
(EAST). Second, the surrogate model of DKE is designed and developed based on machine learning
method. Third, a novel and efficient hyper-parameter optimization algorithm is used to optimize the
model performance. Finally, the surrogate model DKE-ML, taking 1/5 computational time of the
original finite difference based DKE solver, is coupled with phase space integral process to realize
NTV torque computation. The coefficient of determination of DKE-ML is higher than 0.95,
demonstrating the high prediction accuracy. By coupling DKE-ML with phase space integral
calculation, the coefficient of determination of NTV torque prediction is higher than 0.99.
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Pellet injection is the principal technology developed for continuous efficient fueling to enable and
control a burning fusion plasma. The injection of solid pellets of hydrogenic isotopes (H2 and D2) into
plasmas been widely deployed on fusion experiments and has extensive development history. There
are key aspects of this technology that remain to be developed and demonstrated, particularly the
use of DT for continuous pellet fueling. TPI -1 at the PELIN Laboratory has demonstrated continuous
extrusion of DT mixtures, but only in low mixture concentrations, and low flow rates. It has not been
established how to operate a continuous screw extruder with high concentration mixtures and high
flow rates.
A primary challenge in extruding isotopic mixtures of hydrogen is due to the highly temperature
dependent dynamic shear strength of the isotopes. The shear strength of hydrogen isotopes is
known to increase strongly as the temperature decreases below the triple point. An extruder must
operate below the triple point temperature of the lightest isotope in the mixture to maintain a solid,
but this temperature results in a high shear strength for the heavier isotope. Depending on the
mixture ratio, this will result in much higher torque and thrust forces produced within the extruder
than are currently exhibited in single isotope extrusions operating at a specific temperature
optimized for that isotope. These enhanced loads on the extruder can cause leaks at the screw shaft
seal, nozzle seal, and shorten the lifespan of the extruder drive components.

This paper will detail the recent advancements at the Oak Ridge National Laboratory of using
HD as a DT surrogate mixture in a single-screw extruder-based pellet injector. Insights into injector
operation best practices and experimental results will be presented.
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Compact Torus Injector (CTI) is one of the most promising central fuelling methods for the future
fusion reactor, which must be implemented in a repetitive mode. The realization of CTl repetitive
operation mainly depends on its power supply system, and the pulse switch is the technical
bottleneck which restricts its further development. In response to this urgent need, two sets of high-
power pulse switch components have been developed. One set, based on the ignitron technology,
and a peak current of 330 kA, a half-wave pulse width under 20 us, a pulse frequency of 2 Hz, and a
total of 20 pulses operation have been achieved in experiments. However, the drawbacks of this kind
of switch are quite obvious. Specifically, its coulomb number is limited, and it cannot operate stably
for a long time.

The other set of switches is developed based on high - power semiconductor switches. It is
composed of two series - connected semiconductor switches: a GTO-like (Gate Turn-Off ) thyristor
and a Fast Recovery Diode (FRD). The switch module adopts a low - inductance coaxial structure. The
GTO-like thyristors are employed to control the turn - on of the main circuit, and the FRDs are used
to protect the GTO-like thyristors by turning them off in advance. A pulse power discharge test
platform for the semiconductor hybrid switch module is designed. When the applied voltage is 10 kV,
the peak current of the discharge circuit reaches 200 kA, the half-wave width of the current
waveform is 15 s, the repetitive rate is 10 Hz (under a peak current of 100 kA), and a maximum of
100 pulses have been achieved. This indicates that the FRDs can effectively prevent the switch
module from being damaged by reverse overvoltage, and the switch module can enhance the
parameters and reliability of the power supply. In the future, the operating conditions with large
currents can be met by increasing the number of parallel connections.
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Antennas in fusion reactors generate radio frequency (RF) fields and plasma sheaths that interact
with the local plasma which can result in increased erosion of the antenna structure relative to the
typical plasma sheath formed in front of plasma-facing components held at a constant electrical
potential. The RF Plasma Interaction Experiment (RF PIE) at Oak Ridge National Lab (ORNL) is used to
simulate this RF antenna structure. RF PIE is an Electron Cyclotron Resonance microwave-based
plasma source (2.45 GHz, <5 kW) with an RF biased electrode. RF PIE can provide relatively clean
spectral plasmas and a simplified viewing geometry with a large solid angle making spectral
measurements easier to capture. One side effect of RF fields and the RF sheaths they produce is
increased sputtering rates. Antennas are commonly made of tungsten which can withstand the high
temperatures from a fusion plasma, but as a high-Z material it will result in excessive radiative power
losses in the plasma when introduced as an impurity. Alternatively, silicon carbide (SiC) is a lower-Z
material that will result in lower radiative emission and also has been demonstrated to be less
susceptible to neutron damage. This presentation shows a comparison between pure W, pure SiC,
and a W-SiC composite material with regards to their manufacturability and suitability for an RF
plasma environment. The composite material is being manufactured using spark plasma sintering, a
hot-pressing technique involving rapidly heating a powdered sample mixture while it’s under
pressure. This technique allows for different composite materials to be created with varying atomic
concentrations of W and SiC. After each material is annealed, it is exposed to a He or D plasma
(10724 m-2 fluence and 10718 m-2s-1 flux density) and biased with a RF voltage ranging 0-500 V.
Sample exposures are performed at both room temperature (22 C) and at 600 C.

Two important factors to consider when choosing an antenna material are the material’s ability to
resist erosion and resist retaining large amounts of hydrogen isotopes. Micro-trenches (10 x 10 x 6
um) are etched into the samples along with fiducial depth markers along one wall. Erosion is
calculated using SEM images of the trenches before and after exposures to measure the depth
change of the trenches using the fiducial markings. A spectrometer is used periodically during the
exposures to measure sputtering rates and confirm results from the trenches. Thermal desorption
spectroscopy (TDS) is used after the exposures to measure the hydrogenic retention of each sample.
Initial results from pure tungsten TDS measurements followed the expected pattern of an increase in
H retention with an increase in the RF bias voltage applied to each sample. As a material incurs more
damage from the plasma, there are more places for hydrogen to be trapped in the surface. Further
comparisons with pure SiC and the W-SiC composite material will be discussed.
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In recent years, human beings are constantly seeking solutions to solve the energy crisis problem,
and nuclear fusion energy has become one of the most promising clean energy sources. The
generation of nuclear fusion energy needs to be established on the construction of fusion reactors,
and the urgent problem to be solved in order to achieve fusion power generation is the materials
issue, especially for plasma-faced tungsten and reduced activation ferrite/martensite steel (RAFMs).
In this paper, the first wall structural material of blanket (RAFMs) was investigated and a new
fabrication method was proposed. The RAFMs powder doped with 0.5wt.% Y203 particles (oxides
dispersion strengthening steel, ODS steel) were manufactured by selective laser melting (SLM) and
the samples were regulated by normalizing and tempering heat treatment. The effect of Y203
particles on the microstructure and properties of RAFMs was analyzed. It was observed by X-ray
diffraction that the phase of ODS steel was mainly Fe-Cr phase, oxides with low content was unable
to be detected, the diffraction peak was difficult to separate from the matrix so it was basically
consistent with RAFM steel phase. In the microstructure of ODS steel, a small number of micro-cracks
occurred and were concentrated around the oxides, which was mainly related to the high melting
point of Y203. The interface between Y203 and the matrix was prone to stress concentration due to
the difference in properties during the forming process, and the direction of crack expansion was
perpendicular to the direction of the lath boundary. The TEM micromorphology showed that Y203
particles and Yi-Ta-O oxides are dispersed in the matrix. These oxides could effectively nail the
dislocations and played an important role in improving the mechanical properties of RAFMs. In this
paper, the changes of grain before and after iron ion irradiation were also compared. The grain
increased with the irradiation dose both of RAFMs and ODS steel, while the increased degree of ODS
steel was smaller than that of RAFMs which was proved that Y203 particles can nail grain boundaries
and hinder grain growth, thus improving the radiation resistance. The results of stress-strain curves
at room temperature showed that the average tensile strength of ODS steel reached 983 MPa and
about 774 MPa after heat treatment. The average tensile strength of RAFMs was about 911 MPa and
665 MPa after heat treatment, which proved the dispersion strengthening effect of Y203.
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The development of reliable joining technology for superconducting conductors like as cable in
conduit conductor is critical for advancing fusion energy systems. In this study, a method to join
superconducting conductors of uniform dimensions while ensuring operational stability. The joining
process involves partially removing the superconducting strands on both sides and embedding the
remaining strands onto a copper core, followed by soldering. This approach significantly reduces
contact resistance. Furthermore, to ensure cryogenic stability, high-temperature superconducting
(HTS) strands are stacked within the copper core, allowing current to flow through the HTS strands in
the event of coolant temperature rise. This joining technology not only provides robust electrical and
mechanical connectivity but also addresses key challenges in maintaining superconducting
performance in harsh fusion environments. In this paper, we will present manufacturing process and
the results of the contact resistance measurements.
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After an exhaustive study of generative Al services and the selection of the appropriate providers and
technology, the current proposal to use a secure generative Artificial Intelligence (Al) platform with
nuclear fusion-specific data is currently underway for TJ-1l and W7X stellarators. This includes data
migration, integration, and the study of the expected feedback using chatbots. The creation of the
hybrid cloud and its connectivity, as well as data integration and the use of a vector database, is
already finished. Subsequently, and in parallel with the processed data from TJ-1l and W7X,
specialized large language models (LLM) were programmed, trained, and validated to compare them
with other self-learning models generated by complex algorithms and processes commonly used in
both TJ-1l and W7X devices. From here, the ultimate goal is to develop relevant use cases related to
pattern recognition and image classification issues that will be addressed using generative Al services
and, if necessary, reinforcement learning of the previously generated LLM models. Additionally, this
task pursues to use the conversational interface as a common framework for extracting significant
and hidden insights that can be scientifically validated
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The Magnetic Recoil Spectrometer (MRS) has been used at the OMEGA Laser and National Ignition
Facilities for over a decade to measure the neutron spectrum in inertial confinement fusion (ICF)
experiments. This allows important parameters to be diagnosed, such as areal density, yield, ion
temperature, and alpha heating, which are essential for evaluating implosion performance. While the
current MRS, with a CR-39 array as the detector backend, has been incredibly useful in support of the
ignition experiments at the NIF, it is not ideal for higher-repetition-rate scenarios. Moreover, the
etching and scanning procedure used to process the experimental data from the CR-39 typically takes
weeks post-experiment. To substantially improve signal-to-background and data turnaround time,
the next-generation MRS (MRSnext) being designed for the experimental facility at Pacific Fusion will
use electronic detection. This poster discusses design options for the electronic backend readout of
MRSnext, which include silicon strip detectors, segmented scintillators coupled to photomultiplier
tubes, Si-PIN photodiodes, and a CVD diamond array coupled to an oscilloscope. Using synthetic
MRSnext signal to model the performance of each design, a study was performed to determine
which design best suits the experimental needs of Pacific Fusion.
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A high power gyrotron system is used for plasma production and sustainment by electron cyclotron
resonance heating (ECRH) in fusion reactors. An ECRH system in the Large Helical Device utilizes
gyrotrons with megawatt output power. This megawatt electromagnetic wave transmitted through a
circular corrugated waveguide is partly reflected back to the gyrotron and can be a cause of unstable
gyrotron oscillations. The reflected beam may also propagate at an angle relative to the waveguide
axis. In order to largely reduce the reflected beam intensity while retaining as much of the forward-
propagating gyrotron beam as possible, we aim to optimize the length of a filter consisting of a gap
with absorbing walls between waveguide sections in a transmission line. A semi-analytical model is
developed using diffraction theory to calculate the transmitted power of the HE11 mode as a
function of filter gap distance for a wide range of beam angles, including a perfectly aligned beam to
approximate the forward gyrotron beam. Before implementing this filter, we use a vector network
analyzer to measure the scattering parameters for an experimental mock-up of this filter with varying
gap distances. These sophisticated models are used to inform the gap filter design and length
optimization.
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Fusion experiments produce vast amounts of diagnostic data collected from multiple shots across
heterogeneous diagnostics, covering diverse spatial and temporal scales. As fusion research
advances, the ability to detect anomalous data automatically is crucial for optimising performance
and ensuring data reliability. We propose a framework that leverages underlying trends within this
extensive dataset and uses uncertainty quantification to achieve robust and automated anomaly
detection.

Data processing routines that convert raw measurements into usable quantities are susceptible to
interference, fatigue, calibration drift, and spurious events, which can introduce anomalous data
points. These anomalies are often buried within large datasets, and require manual, time-consuming
extraction efforts. Without intervention, multi-shot data analysis workflows risk misidentifying useful
data and discarding entire plasma shots due to a few anomalous data points. This limits the use of
historical data and can obscure critical trends. Moreover, undetected anomalies may mask
underlying issues, increasing the likelihood of repeated failures in future experiments. This challenge
becomes even more critical for future reactors, where proposed digital twins rely on good-quality
data.

To address these challenges, we propose an uncertainty quantification framework based on Gaussian
Processes (GPs), offering a robust, data-driven approach to anomaly detection. GPs capture complex
data characteristics, such as length scales and periodicity, while naturally accommodating aleatoric
uncertainty (inherent noise) and epistemic uncertainty (irregular and missing data). Their
probabilistic nature, inherently providing uncertainty quantification, allows credible intervals to be
established, enabling the identification of anomalous data points beyond expected system
fluctuations.

Accurate anomaly detection using GPs benefits from dense data coverage to distinguish genuine
anomalies from system noise and reproducible physics phenomena. Correlations across spatial and
temporal dimensions, including multiple shots, contribute to this data coverage. Despite measuring
different quantities, substantial correlations exist between distinct diagnostics. This allows anomaly
detection in one diagnostic to leverage complementary data from others. However, the volume of
the resulting data makes standard GP methods computationally infeasible.

To overcome this limitation, we propose a hybrid workflow combining GPs with deep learning
techniques to process large, heterogeneous diagnostic datasets efficiently. By learning latent
representations of the data, our framework enables self-prediction of each diagnostic signal, with
uncertainty thresholds facilitating automatic anomaly detection. This approach not only streamlines
the cleaning of historical data but also enables deeper investigation into the root causes of
anomalies, ultimately enabling more reliable fusion operations and maximising experimental output.
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Addressing plasma exhaust is a critical challenge for the ARC power plant and other tokamak power
plants. The localized power and particle fluxes impacting the plasma-facing components risk
exceeding current technological limits, particularly regarding the power-handling capacity and
materials' erosion lifetime. Modeling the plasma boundary is key in evaluating and optimizing
magnetic topology for plasma exhaust management, identifying constraints and parameters for the
wall and divertor design. One of the objectives of the experimental campaign for the SPARC
tokamak[1] is to identify high-dissipation divertor scenarios suitable for the ARC power plant[2]. A
dedicated divertor chamber has been integrated into the SPARC design to experimentally test the
promising alternative divertor configuration of the X-Point Target (XPT). This magnetic configuration
integrates a long-legged divertor and a secondary X-point within the divertor volume. These features
offer significant advantages, including the localization of the peak radiation in the divertor region and
an increase in the plasma-wetted area on the divertor targets. Experiments and modeling[3,4] have
shown a significant reduction in the heat flux peak on the wall compared to conventional divertor
configurations, achieving a fully detached divertor with corresponding cold targets (Te5 eV).

In the present study, the plasma conditions are characterized using the edge transport fluid code
SOLEDGE3X[5] in 2D, integrated with the kinetic code EIRENE for the neutral particle description. The
modeling domain extends up to the first wall, providing power and particle flux distributions in the
Scrape-Off Layer (SOL), the divertor region, and the entire wall perimeter. Two configurations of
possible XPT experiments for SPARC are studied: the Connected and the Disconnected Double Null
(CDN/DDN). The power exhaust performance of these scenarios is compared against each other and
as well as against the CDN with vertical divertor targets, one of the conventional configurations
planned for SPARC. All the cases are in H-mode, with the toroidal field of 12T and plasma current of
5.0 MA, at the same upstream separatrix density condition, n=0.5x1020m-3, and with the same
power entering the SOL, PSOL=17MW. Extrinsic divertor impurities are excluded at this stage,
considering a pure deuterium plasma. The modeling shows the differences between the three cases
in particle, power, and radiation distributions in the SOL, as differences in fluxes to the wall. This
detailed 2D study provides a starting point for assessing the potential of the XPT configuration as a
high-dissipation regime for a future ARC power plant.
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The ARC fusion power plant will produce 400 MW net electric and is targeting operation in the early
2030s at a site in Chesterfield County, Virginia. ARC will build upon lessons learned from SPARC,
focusing on a high-field, standard aspect ratio, ion cyclotron-heated, inductive, DT tokamak. ARC
design is progressing in a series of rapid iterations, incorporating inputs from plasma physics,
mechanical engineering, process engineering, materials science, nuclear engineering, architecture,
and other disciplines. Critically, ARC is being designed with capital cost, levelized cost of electricity,
and customer needs as the central drivers from the beginning, ensuring that the design process
results in a product which is economical and fits market needs. The current iterative design effort
will culminate in a pre-conceptual design for ARC and an accompanying plasma physics basis. This
pre-conceptual design will include key flexibility to incorporate learnings from early SPARC operation
and other parallel R&D efforts, such as on the molten FLiBe salt blanket, plasma facing and structural
materials, remote maintenance of tokamak components, tritium technology, and other areas. This
presentation will describe the current state of the ARC design, ongoing design efforts, and
connections to key R&D inputs.
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The Spherical Tokamak for Energy Production (STEP) programme aims to deliver a UK prototype
fusion energy plant, targeting 2040, and a path to commercial viability of fusion. Fusion plant design
is an unprecedented engineering challenge that requires extrapolation into uncharted territory. Its
complex and evolving nature, often arising from unpredictable behaviours, drives change across the
system of systems and lifecycle, making design inherently difficult. Furthermore, as we push the
boundaries, new scientific and technological discoveries will emerge, likely leading to a redefinition
of fundamental rules and requiring an adaptive approach to engineering design.

A concept for the STEP prototype powerplant (SPP) was published [1], which highlighted the
challenges of creating a balanced system of systems and translating complex integration challenges
into practical engineering and design. This led to a better understanding of the design defining
features, key risks and uncertainties, and how these relate to the design objectives of generating 100
MWe of net electrical power, be tritium self-sufficient, demonstrate high-grade heat, and
demonstrate a route to commercial levels of plant availability. By reviewing the concept against the
objectives, the design team has also explored a larger machine size, architectures and a solid breeder
in the blanket. Technology development roadmaps have been developed that increase design
confidence by identifying the key testing and prototyping capabilities that will be required.

Alongside these, the overall programme will also make strong use of digital modelling to accelerate
design development and provide enhanced predictive capability. In particular, the aim is to (a)
provide a rigorous basis for extrapolation from the conditions of an experimental test rig to those of
SPP, and (b) to understand the interfaces and couplings between the different subsystems. In this
contribution, we will illustrate these features through an updated STEP design, highlighting the key
design changes that have been made and their wider impact. We will then discuss the key technology
development plans going forward, designed to target the minimisation of risk and uncertainty.
ACKNOWLEDGEMENTS

This work has been funded by STEP, a major technology and infrastructure programme led by UK
Industrial Fusion Solutions Ltd (UKIFS), which aims to deliver the UK’s prototype fusion powerplant
and a path to the commercial viability of fusion.

REFERENCES

[1] I.T. Chapman, S.C. Cowley and H.R. Wilson, Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences 382, 20230416 (2024), and papers therein.



Preparation of the European Fusion Roadmap

Elbez-Uzan J?
1EUROfusion
Monday Parallel 3a - Next Steps |, Kresge Main Theater (Building W16, upstairs), June 23, 2025, 4:00
PM - 5:30 PM

The design of DEMO in Europe benefits largely from the experience gained from the design, licensing,
and construction of ITER, which remains the crucial machine for the validation of the DEMO physics
and part of the technology basis. However, work done in the pre-concept design phase and the gate
review revealed that the DEMO design and operating space is heavily constrained by physics and
technology with key technological challenges beyond ITER. Several studies were recently launched by
the DEMO Central Team (DCT) to define the optimum DEMO design space heavily constrained by
physics and technology, aiming to minimize either the machine size or the technical risks, and to
facilitate an earlier DEMO deployment.

The reduction of the electricity output (now set to about 350 MWe for DEMO in Europe, still within
the original stakeholder requirement range) does not bring any significant size reduction if the other
key stakeholder requirement of a 2-hour pulse duration is maintained. However an adequate plasma
safety factor margin is now introduced, which provides operational safety (less disruptivity) for the
plasma scenario, and allow to “insulate” the engineering design from physics uncertainties, coming
from extrapolation to present to larger future devices, leveraging the performances on such plasma
safety factor. High-field magnets do not lead to a reduction in machine size, as large structures are
needed to withstand the forces, and the limiting factor remains the transient heat load protection
criteria for the divertor, based on ITER-like technology. We see significant benefits going to a DEMO
with a lower aspect ratio both from the standpoint of minimizing the heat load on the divertor, the
size of the toroidal field coils mechanical structures and adding adequate plasma stability margin.
These tasks integrate initial inputs available for design and integration activities, including
simulations and validations, CAD models, load assessments, and sensitivity analyses accounting for
uncertainties. A dedicated working group has been established to explore potential improvements to
the DEMO design point using lower Technical Readiness Level (TRL) solutions. These include
advanced structural materials, innovative plasma configurations, alternative machine architectures
for maintenance strategies, and alternative neutron shielding materials. In addition, essential
enabling technologies (breeding blanket, T fuel cycle, divertor, materials, remote maintenance) were
found to have a very low maturity. To mitigate this low TRL, the feasibility assessment of a plasma-
based VNS has been undertaken by the DCT and some very preliminary design considerations are
provided here. The VNS would serve as a facility for testing and qualifying crucial nuclear fusion
technology components in parallel to DEMO design and construction. This facility would be
complementary to both ITER, which is focused on burning plasma physics, and to DONES, which is
focused on large dpa in small material samples. The VNS feasibility study was concluded with the
basic design of the tokamak machine integrated with the main plant systems including provisions for
maintenance and able to meet safety & licensing requirements. VNS offers the relevant environment
to test and qualify fusion nuclear components and a large area to install BB TBMs i.e. =25 m? on the
outboard side. The EUROfusion Scientific and Technical Advisory Committee (STAC) reviewed the
outcome of the VNS feasibility study.
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In the SPARC tokamak [1], neutron flux monitors (NFM) will measure real-time neutron flux in the
tokamak hall and convert the measurement to fusion power via calibration. Such measurements are
of great importance for demonstrating fusion power breakeven (Q = Pfus/Pin > 1), machine
protection and plasma operations. To cover the wide dynamic range of DT and DD neutrons in
different SPARC campaigns [2], from ~108 n/s calibration range to 5x10'" n/s primary reference
discharge (PRD), multiple types of NFMs are proposed [3]. This work will present the latest results of
characterization of a BFs-filled proportional counter (PC) and a U238 fission chamber (FC). BF; PCis a
highly sensitive detector for calibration range. U238 FC, which has overall low sensitivity and is
especially insensitive to neutrons < 1 MeV, is a promising candidate for direct fusion neutron
measurements for PRD. Experiments are performed to characterize these detectors’ linearity, gamma
discrimination capability, sensitivity to source neutrons of different energy, and flux shaper design.
DT and DD neutron generators are operated at different voltages to produce neutrons of different
energy and intensity. OpenMCI[4] is used to simulate both the experiments and the detectors’
performance in SPARC. The U238 FC is equipped with a Borated polyethylene (B-PE) box with an
opening channel to filter out scattered neutrons from the surroundings so as to prioritize direct
neutrons [5][6]. The FC showed great linearity to both DT and DD neutrons and insensitivity to
gamma. BF3 PC, as a thermal neutron detector intrinsically, will have both a B-PE box to prioritize
direct neutrons and a high density PE (HDPE) sleeve to moderate fast neutrons locally. More
experimental results will be available before the conference. We also considered a Lithium-based
scintillator as a potential upgrade to the NFM system [7]. This detector also showed great linearity to
neutrons and decent gamma discrimination performance.
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SPARC is a compact, R=1.85, high field, Bt0=12.1 T, tokamak presently under-construction in Devens,
MA. It will be used to demonstrate net fusion energy, Qfus > 1, for the first time in a magnetically
confined plasma. Achieving this milestone in its first campaign using a DT, ICRF-heated L-mode
requires a range of diagnostics for basic plasma control, control at high current and power density,
tools for scientific learning and accurate measurement of performance metrics like fusion power.
Specifics of the ~50 classes of diagnostics [1] are outlined, including how they are engineered into the
overall facility and the tokamak’s port-plugs, plasma facing components and vacuum vessel. A
summary of in-progress fabrication and assembly activities is included, highlighting opportunities
where enhancements are possible using private-public partnerships. To the extent possible, a
common hardware platform for data acquisition and control has been developed to simplify
integration, operations, and software development. The platform supports 96 channels of analog to
digital sampling at 18 bits and 10 MS/s, and enables onboard real-time digital signal processing. This
platform is intended to be used across many diagnostics, with limited remaining gaps filled with the
small range of COTS products. An overview of how data from SPARC’s diagnostics will be organized
and maintained to facilitate fast, inter-pulse learning is provided.

This work supported by Commonwealth Fusion Systems
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Over decades, Fourier Transform Spectrometers (FTSs) have become a standard diagnostic tool to
measure Electron Cyclotron Emission (ECE) spectra in the millimeter-wave range in leading fusion
devices like Alcator C-Mod [1], DIII-D [2], EAST [3], JET [4] [5], LHD [6], JT-60 [7], JT-60U [8], TFTR [9],
and W7-X [10] . FTSs provide critical information about radiative power loss, non-thermal electron
populations, and global temporal and spatial characteristics of the electron temperature profile Te.
Due to its high accuracy and reliability, FTSs are indispensable for cross-calibrating other diagnostic
instruments, such as heterodyne radiometers with multiple active components. Furthermore, the
consistency between absolutely calibrated FTSs and Thomson scattering systems can be tracked by
comparing the Te profiles determined by the aforementioned diagnostics. This is a prerequisite of
any non-thermal study which requires to measure ECE radiation of perpendicular polarisation
directions over multiple harmonic ranges for the radial as well as the oblique line of sights. For the
above reasons, two FTSs of Martin-Puplett interferometer type [11] will be used at ITER, to probe
ECE spectra, ranging from 70 GHz to 1 THz. Both FTSs probe simultaneously ordinary and extra-
ordinary polarizations of the ECE radiation for either perpendicular or oblique (9.25°) view on the
ITER plasma. ITER’s FTSs are designed for high throughput, excellent polarization sensitivity, and ease
of calibration. In addition, the signal loss is reduced leading to a precise spectral analysis, making the
FTSs ideal for ECE studies on larger time scales.

A prototype FTS system has been [12] [13] built with a 15 mm double-sided scanning range,
operating at 50 Hz. This setup achieves a spectral resolution of 10 GHz and a temporal resolution of
10 ms. It serves as a testing platform for key ITER components, including smooth-walled circular (ID
72mm and OD 88mm) waveguides[14], Miter bends and vacuum compatible waveguide joints
designed for broadband transmission lines and local blackbody calibration sources. The performance
of these transmission lines, optimized for low-loss signal transport over a 40 to 50 meters distance,
has been measured using a newly developed electrically heated calibration source. The average
transmission coefficients for a ~10 m transmission line, excluding water vapor absorption bands,
were determined to be 0.64 for the frequency range 100-400 GHz and 0.43 for 400-1000 GHz. The
hot calibration source features a pyramidal silicon carbide surface (200 mm in diameter), a spiral
heating element, and a precision temperature control system, ensuring a stable and reliable
calibration procedure for the diagnostic at hand.

This paper highlights the design and current status of the FTS diagnostic hardware, calibration setup,
data analysis techniques, and system characterization. Additionally, recent ITER prototype
transmission measurements conducted using the hot/cold technique are discussed.

The views and opinions expressed herein do not necessarily reflect those of the ITER Organization.
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High-resolution X-ray crystal spectroscopy (XRCS) has been a workhorse on numerous
tokamaks to measure the ion temperature and toroidal rotation profiles from the Doppler
broadening and shift, respectively, of intrinsic or seeded impurity line radiation emission. SPARC will
be a first-of-its-kind tokamak that will similarly employ this diagnostic. The TOFU open-source,
python-based synthetic diagnostic code suite was originally developed to analyze measured XRCS
spectra from the WEST tokamak [1]. Here we applied the code as a predictive tool as we designed
the XRCS system for SPARC [2, 3].

In this talk we will present cross-validation with the similar, but foundationally different XICSRT
code suite developed and already benchmarked for the XRCS system on ITER [4]. Excellent
agreement is found across codes in both the shape and magnitude of the resultant photon flux on
the detector for spherically, cylindrically, conically, and toroidally bent crystals in rotating plasmas
with radially peaked or hollow emissivity profiles. Rocking curves are calculated by TOFU for the
quartz and germanium crystals considered at arbitrary Miller indices including thermal expansion and
miscuts using ideal dynamical diffraction theory and were benchmarked against pyTTE [5]. We then
use the companion code, SPECTRALLY, to fit the detector images using Gaussian and pseudo-Voigt
line shapes as well as chi-squared or Cash statistics. TOFU is then used to perform Phillips-Tikhonov
inversion-regularization [6] of the radial emissivity profiles, and the error in reconstructed local ion
temperature and toroidal rotation profiles given a certain number of installed lines-of-sight into the
plasma is discussed.
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Thea Energy is pursuing a roadmap toward a fusion pilot plant through the development of Eos, a
sub-breakeven, deuterium—deuterium, beam-target fusion stellarator neutron source facility. Eos is
designed to produce radioisotopes, and by incorporating a tritium breeding blanket, it will generate
up to 0.2 grams of tritium per day or approximately 70 grams per year. Eos requires about 40 MW of
electric power to support this ambitious goal to achieve a neutron production rate of 2.5 x 10717
neutrons per second.

A primary objective of the Eos stellarator project is to advance new stellarator technologies by
demonstrating several key milestones. These include achieving plasma confinement times longer
than 400ms sustaining 200 million Kelvin plasma temperatures and maintaining high-performance
operational regimes. Ultimately, the project aims to showcase an integrated system capable of
breeding tritium using specialized absorbers in a dedicated blanket system, thereby moving closer to
realizing a scalable, reliable fusion power plant. This vision aligns with Thea Energy’s broader mission
of contributing to a clean, carbon-free energy infrastructure.

The Eos stellarator design features a unique combination of superconducting Encircling Coils and
modular Shaping Coils, which precisely form magnetic field geometry to maintain stable plasma
confinement. Meanwhile, advanced heating and current drive systems, such as Electron Cyclotron
Resonance Heating (ECRH) and Negative Neutral Beam Injection (NNBI), will support the high
temperatures required for effective D-D fusion reactions. By integrating these technologies, the Eos
stellarator will serve as a testbed for both plasma physics research and engineering innovations that
directly inform the path toward a future pilot plant.

This paper focuses on the conceptual design and layout of the Eos Power Supply System, which
delivers critical power to each of the major subsystems: Encircling Coils, Shaping Coils, ECRH, and
NNBI. The overarching power architecture was driven by physics requirements and system-level
constraints, ensuring that each subsystem operates under optimal conditions. To achieve this, novel
topologies of power supplies and control algorithms have been developed and validated using
extensive simulations that capture the variety of operating modes Eos will experience. These
simulations were performed using high-fidelity modeling tools to account for transients, load
variations, and real-time control needs.

A key outcome of this work is the establishment of a comprehensive power consumption profile for
Eos, detailing both peak and average loads. This profile underpins the conceptual design of a local
distribution substation, enabling the power system to seamlessly handle significant load fluctuations.
By mapping these loads to the broader facility infrastructure, Thea Energy ensures that the Eos
facility remains reliable, efficient, and adaptable to evolving experimental scenarios.

Lastly, the conceptual layout of the Eos Power Supply System was proposed, which integrates a
power distribution system and all power supply system components in a manner that supports rapid
testing, iterative development, and straightforward scalability. This approach not only facilitates
smooth day-to-day operations but also lays a robust foundation for Thea Energy’s long-term
objective: developing a commercial-scale fusion pilot plant.
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STEP (Spherical Tokamak for Energy Production) is an ambitious program with the goal of designing
and building a prototype fusion energy plant in West Burton (Nottinghamshire) that can demonstrate
the delivery of net electricity to the electrical grid. Its ultimate goal is to pave the way for the
commercial viability of fusion technology.

Fusion power plants, like STEP, have an array of large parasitic electrical loads, which are necessary
to initiate and sustain the fusion reactions. These loads are typically much larger and more dynamic
than the ones found on conventional power plants. During start-up mode and throughout the
experimental/ commissioning phases of STEP, these parasitic loads need to be powered by external
sources, as STEP will not be capable of power generation during these periods. STEP is planning to
supply these loads using power sourced from the electricity transmission grid and/or some form of
on-site Electrical Energy Storage System. The exact split between the two power sources will be
dependent on the future electrical characteristics of the 400 kV grid connection at the West Burton
site.

STEP’s electrical distribution network is expected to experience periods in which rapid electrical
loading and unloading will occur. These power dynamics are caused by the large number of power
converters embedded within the electrical plant, which support plasma control within the tokamak.
The majority of these fast power transients are expected to be managed by Electrical Energy Storage
Systems. This is necessary in order not to breach the limits and constraints imposed upon STEP by the
respective Industry Codes (e.g. Grid Code). In the future, it may be beneficial to dedicate some
Electrical Energy Storage Systems to maintaining plant voltage levels within acceptable limits and to
providing reactive power support across a wide range of load dynamics. Furthermore, like in
conventional power stations, Electrical Energy Storage Systems could provide back-up power during
emergency events.

In the wider context of low carbon energy systems, there is great interest in Electrical Energy Storage
for grid applications. This is due to their ability to support variable renewable energy sources that are
connected to the electricity grid in a decentralised way. The focus is mainly on battery energy storage
systems (BESS), due to their large energy density compared to other technologies. But STEP, as well
as other fusion power plants, have a wide range of ESS requirements, and for some of them, energy
density may not be the most important characteristic.

This work presents STEP’s Electrical Energy Storage requirements and explores the current and future
technology landscapes, considering the solutions that are best suited for the support of STEP’s future
operations.
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SPIDER is the full-scale prototype of the ion source for the ITER Heating Neutral Beam Injector, while
MITICA serves as the full-scale prototype of the ITER Heating Neutral Beam Injector itself. The
development and operation of SPIDER and MITICA, along with the transfer of experience gained on
the ITER injectors, are part of the collaboration between Consorzio RFX and the ITER Organization.
The ITER Heating Neutral Beam (HNB) Injectors produce negative ions using plasma generated by 8
RF antennas, known as RF drivers, supplied in pairs by 4 RF generators. Originally, free-running
tetrode oscillators were used, but significant limitations and issues exhibited from the very beginning
of SPIDER operation pushed for the change of the technology to solid state switching amplifiers.
Positive results from tests conducted in facilities like BATMAN and ELISE at the Max Planck Institute
for Plasma Physics in Garching have reinforced this decision.

The development of RF Solid-State Amplifiers (RFSSA) rated for 200 kW on 50 Q, operating at 1 MHz
+80 kHz, was addressed to meet the specific requirements of the HNB: the management of resonant
loads, such as the drivers and their matching network, as well as plasma initiation and fault tolerance
in cases of plasma loss or RF breakdowns.

The RFSSA implements 24 RF modules rated at 10 kW peak, combined through a ferrite core multi-
primary transformer. This choice allows full power operation either in moderately mismatched
conditions or with a faulty module, allowing for improved operational margins and plant availability.
The base module includes an independently controlled DC link power supply, a full H-bridge inverter
driven at the desired frequency, and a two-cell output filter. The RF output power level can be
controlled either with the DC link voltage for slow power transients, of through the H-bridge PWM
for fast variations.

Integration of the RFSSA units into the SPIDER and MITICA plants was designed taking into account
the lessons learned from the past experience with RF oscillators: implementation of
countermeasures for RF stray currents, adoption of design margins for the mutual coupling between
RF circuits, as well as requirements for the filters to limit the voltage total harmonic distortion.

Key innovations in the amplifier control design include automatic recovery mechanisms following a
breakdown that involves the RF circuits in the source, and the capability for adjustable phase
frequency-synchronized operation of the RFSSA supplying different driver pairs to mitigate beat
phenomena observed with oscillators.

Moreover, to minimize the integrated commissioning time on site, factory testing was planned under
conditions that closely simulate operational scenarios, by means of a resonant dummy load that
mimic the actual ion source load.

The RFSSA development, awarded by Consorzio RFX to the company OCEM Energy Technology, has
now reached completion, with all systems tested and installed, ready for operational deployment in
the SPIDER and MITICA experiments. The detailed design, the addressed issues, the results of the
testing campaigns and the performance of the amplifiers will be presented, confirming the
effectiveness of the design choices made throughout the project.
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The Liquid Immersion Blanket: Robust Accountancy (LIBRA) project explores the liquid immersion
blanket concept as a tritium breeding fusion reactor blanket design. This project addresses the need
for tritium sustainability, which is critical for the viability of DT fusion reactors. Before the full scale
LIBRA system is developed, operations at a smaller scale are underway in the Build A Better Yield
(BABY) Blanket campaign, which is performing irradiations of 1L of molten CILiF salt using 14MeV DT
fusion neutrons produced by a neutron generator. In order to make assessments of the efficacy of
the tritium breeding system, the neutron input received by the molten salt must be well understood.
Neutron energy and flux are measured using a Cividec Diamond DT-Fusion Neutron Monitor, a
Cividec Diamond Proton Recoil Telescope, and activation foils. The calibration of these detectors and
the design of the measurement setup will be presented in this poster. Additionally, the neutron
generator has been characterized through a series of measurements, which will be presented
alongside their implications for the BABY experiments. This work allows for a more complete
understanding of the neutron environment of the BABY experiments, helping to evaluate the
effectiveness of the tritium breeding design.
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Stochastic Petri Net (SPN) and Semi-Markov Process (SMP) are powerful and widely used approaches
for modelling, dead-lock detection and safety analysis of stochastic processes in complex systems.
However, applying these two methods is rarely seen in formal risk analysis, especially for quality risks
(QRs), which refer to the system’s capability and performance to fulfil its objectives, measured in the
time domain. This paper presents a novel approach to identifying QRs during the conceptual design
stages based on the fundamentals of SPN and SMP, using either statistical analytics or Monte Carlo
simulations to solve the design problem, depending on the complexity of the SPN network. The
framework provides a quantitative approach to facilitate hardware configuration selection with the
cost constraints between different design concepts and benchmarking them under the Cumulative
Distribution Function (CDF). Two case studies are presented to demonstrate the method’s
applicability: the design of an industrial AGV and the concept development of a remote maintenance
system for the In-Bioshield area of the DEMO fusion power plant. Initial results showed potential in
identifying quality risks, addressing the systems’ worst-case scenarios, and finding optimal design
specifications in the early design stages.
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As strides are being made towards overcoming the physical and engineering hurdles to fusion
power, attention must also be paid to issues relevant to successful commercialization. Central to
addressing such issues is the incremental development of a safety and reliability case that
appropriately identifies and evaluates risk in a fusion power plant design. Although fusion is to be
regulated by the nuclear regulator in the United States, its risk profile differs significantly form that of
previously regulated fission reactors. Thus, the approach to developing a safety and reliability case
would benefit from a basis in familiar risk assessment and regulatory practices, while embracing a
risk-informed approach not tethered to that of the nuclear fission industry. To this end, we report on
our progress in applying the Safety-in-Design (SiD) methodology to fusion plant design and safety &
reliability analysis.

SiD is a systems engineering-based approach that uses established industry assessment methods,
both qualitative and semiquantitative, to provide a technology neutral approach for designs with
novel technologies and limited operations experience. Decomposing a proposed design using
functional and physical architectures facilitates a graded, risk-informed analysis that ensures depth of
analysis is appropriate to a given system. For example, although prior experience from fission designs
might suggest prescriptive use of highly quantitative methods like Probabilistic Risk Assessment
(PRA), this may not be necessary given the substantially differing hazard profile of present fusion
designs. The SiD methodology presents two key benefits. First, it can help uncover and resolve safety
and operability issues early in the design process, reducing financial and time costs incurred when
uncovering such issues later, while improving safety and reliability outcomes. Second, a robust, SiD-
based safety case aids in communication with regulators, investors, and other stakeholders and—
thanks to the use of internationally-recognized risk assessment and systems engineering methods—
can also facilitate multinational collaboration.

This paper discusses the approach and progress in tailoring an SiD approach for fusion
applications. Three primary avenues of research are presented. First, the finalization of a body of
knowledge (BoK) compiles and curates the state of the art in fusion designs and their technology,
focusing on associated hazards, reliability issues, regulations, and their management strategies as
they support a systems engineering approach. Second, preliminary applications of SiD to extant
fusion designs—including a post-hoc analysis of the Joint European Torus’s (JET) Active Gas Handling
System (AGHS)—are discussed. Finally, we discuss the potential to incorporate Model-Based Systems
Engineering (MBSE) into the SiD methodology.
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The austenitic stainless steel 316L(N)-IG is mainly employed for the structural material of the core
machine considered for the in-vessel components for the ITER. Based on in-service experience and
research results from fusion programs, a solution-annealed 316L steel type proves most suitable
material to resist a high radiation dose. For application in ITER, minor modifications are necessary,
particularly concerning the Co (cobalt) and Nb (niobium) contents, to align with radiological safety
limits and with the rewelding requirement. In the case of fusion reactor, activated cobalt significantly
influences occupational dose levels during maintenance and severe accidents. Additionally, niobium
produces long-lived radioisotopes that could play a crucial role in decommissioning and waste
disposal for in-vessel components.

The VQC 1A components of ITER in-vessel components shall be made using 316L(N)-IG. Specially, all
VQC 1A in-vessel components with a final thickness less 5 mm should be fabricated from cross-forged
(and/or upsetting) material, which can be either Electro-Slag Re-melted (ESR) or Vacuum Arc Re-
melted (VAR).

This paper describes the entire fabrication process and requirements of the 316L(N)-IG for the ITER
VQC 1A components in terms of RCC-MR 2007. The present work focuses on the inspection method
and evaluation level of Ultrasonic Test (UT) to verify the quality of forging material. From the
conservative point of view, the conventional standards of ASME Section V, Article 23, SA-745 (ASTM
A745) and EN 10228-4 for the Austenitic Stainless Steel, were also compared.
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The lon Cyclotron Resonance Heating (ICRH) antenna of the Divertor Tokamak Test (DTT) facility is
expected to perform several tasks through the radio frequency waves injected into the plasma core.
As the power coupling decreases with the distance from the plasma edge, an in-vessel frontal part
facing the plasma directly is necessary to reach the required power. The antenna can therefore
undergo demanding electromagnetic (EM) loads (i.e. the Lorentz force density J x B) due to the
interaction of the total magnetic field B with the induced current density J, caused by rapid plasma
current and position variations in case of a disruption event. Considering a major disruption event
with a current quench time of 4 ms starting from the DTT reference single null equilibrium, the
present work wants to focus on the eddy currents pattern and the consequent forces and torques
acting on and transmitted to the cantilevered supporting structure sustaining the in-vessel frontal
part. The hypothesis of infinitely rigid body is made for the frontal part components to transport the
resultant forces and torques. Moreover, two different architectures of the supporting structure are
compared. The eddy currents computation and the structural analyses are performed by the means
of the tools CARIDDI and ANSYS structural respectively.

Keywords: Divertor Tokamak Test, ICRH antenna, supporting structure, structural analysis,
electromagnetic loads
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Within the EUROfusion Consortium, in the context of the workpackage Materials (WPMAT), tungsten
fiber reinforced tungsten composite (Wf/W) materials have been developed to overcome the
intrinsic brittleness of pure W as potential plasma facing material (PFM). Wf/W materials have
showed improved fracture toughness and increased ductility, reducing crack propagation by
exhibiting a pseudo-ductile behaviour. The “pseudo ductility” is generated by the interaction
between the W fibers and the W matrix by means of energy-dissipation mechanisms.

In this context, Wf/W materials have been used to realize small-scale mock-ups based on the so-
called ITER-like monoblock design. Among the different type of Wf/W materials, long-fibers Wf/Ws
have showed improved strength and reinforcement effect compared to short-fiber Wf/Ws. At the
Special Technologies Laboratories of ENEA Frascati (ENEA-TES), Wf/W monoblocks with different
characteristics have been joined to CuCrZr ITER Grade (CuCrZr-1G) cooling pipes by hot radial pressing
(HRP) with an Oxygen Free Electronic Grade copper (OFE-Cu, Cu) interlayer manufactured by casting.
In order to assess the quality of the fabrication processes, Non-destructive examination (NDE) by
ultrasonic testing (UT) have been performed. Long-fibers Wf/W monoblocks can easier replace pure-
W monoblocks in the current consolidated fabrication process of a target divertor for ITER which
foresees a Cu interlayer and diffusion bonding joining with a CuCrZr-IG cooling pipe.
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The water-cooled lead lithium (WCLL) blanket has been chosen as European reference concept for a
DEMO reactor. In the proposed design, liquid metal velocities in the columnar-arranged breeder units
(BUs) are very small. This weak purge flow is required to circulate lead lithium (PbLi) towards external
ancillary facilities for purification and tritium extraction. When the electrically conducting PbLi moves
through the strong plasma-confining magnetic field, magnetohydrodynamics (MHD) affects the flow
distribution and creates increased pressure drop compared to hydrodynamic conditions.

Previous MHD analyses have been performed for a single column of breeder units with focus on
pressure drop in poloidal manifolds that distribute PbLi among BUs. Manifolds have been identified
as key and possibly critical components for the performance of blanket modules, since the major
fraction of pressure drop arises in these elements. Moreover, they determine partitioning of the PbLi
flow among breeding zones.

While the ITER TBM is formed only by two columns of BUs, in a DEMO reactor design the number of
parallel poloidal feeding and draining manifolds is larger. As a consequence, liquid metal has to be
distributed from a single supply line into those channels via complex 3D geometries. In the present
design of a blanket outboard segment, this is achieved by a toroidal expansion chamber located in
the lower part of the module. The present analysis considers the MHD flow in the chamber, that
expands from a radial circular entrance pipe along the toroidal direction towards two circular holes in
the back plate through which the liquid metal is then distributed into the poloidal manifolds.
Pressure and electric potential distributions are calculated via an asymptotic numerical approach
valid for intense magnetic fields when inertia effects are negligible. Pressure losses, which arise
preferentially from 3D MHD effects in the expansion and contraction regions, are quantified.



R&D activities carried out for cryopumping to provide customized needs for
Fusion Research

Mukherjee S*, Gangradey R', Gupta V2, Nayak P!, Panchal P!, Mishra J!, Agarwal J!, DasS?,
Agravat H!, Banaudha M?, Raval D, Khan Z'?, Khirwadkar S*, Tanna V*?, Jha R?, Saxena Y?,
Kasthurirengan S*
Institute for Plasma Research, 2Homi Bhabha National Institute, 3Centre for Cryogenic Technology,
Indian Institute of Science

Monday Posters 3, Lobdell (Building W20 Room 208), June 23, 2025, 4:00 PM - 5:30 PM

To cater the need of future energy demand nuclear fusion is one of the promising solution. The
readiness of the fusion power is strongly depends on the availability of its subsystems and their
associated technologies. Cryopumping is one such technology and addressed to provide the solution
to the vacuum. Various tokamaks like JET, ASDEX, EAST, DIII-D, JT60 has considered cryopumping to
get the clean vacuum either in-vessel or out-vessel application and is also considered for ITER. Aiming
to the need for Indian fusion program, R&D activities are being carried out at Institute for Plasma
Research (IPR) to develop cryopump for the various customized needs. The major areas are selection
of sorbent and adhesive materials and their thermal and vacuum characterization, design and
development of hydroformed cryopanels and shields, pump design, prototyping and test
experiments for vacuum pumping performances. For the sorbent characterization BET pore and
adsorption isotherms were studied for different sorbent types at 77 K to 4.2 K. Cryogenic adhesives
were developed with industry and tested. Hydroformed cryopanels were designed and fabricated in
sizes 500 mm (L) x 100 mm (W) x 1.5 mm (sheet thickness) for small scale cryopumping experiments
and 1000 mm (L) x 200 mm (W) x 0.8 mm (sheet thickness) for single and multi-panel cryopumping
experiments. Pump geometries were optimized using MOLFLOW+ software developed by CERN for
better transmission probabilities and capture co-efficient estimation. For Small scale to mutipanel
cryopump arrangements ~ 2,000 I/s to more than 30,000 I/s pumping speeds were achieved for
helium gas when the cryopanels were operated near 4.5 K using liquid helium. As a part of the
performance evaluation cryopanels were cooled by liquid nitrogen (at 80 K) for leak tightness and
structural integrity. During the process, pumping experiments were carried out for the pumping of
nitrogen and argon gas and significant pumping effect is gained. Inspiring by this, for the immediate
application customized liquid nitrogen based cryopump developments were initiated. First prototype
80 K cryopump with a pump opening 400 mm provide pumping speed of 3616 I/s (Experimental
average) for Nitrogen and 15928 I/s for water vapor with tested pumping capacity more than 6000
mbar-l/s. One such 80K pump is custom built and is used in SST-1 tokamak during its baking cycle for
the pumping of water vapor and nitrogen having pumping speed greater than 25,000 I/s for H20 and
3200 I/s (Max.) for N2 respectively. The pump has been operated when the in vessel components are
at ~150 °C making it one of its first kind. This shows large potential for the cryopump operating at
80K. For the applicability one small size similar kind 80K cryopump has also been integrated to the
IPR’s High Heat Flux (HHF) Test Facility and experiments were performed. The pump provides 1197
I/s pumping speed for nitrogen and 5106 |/s for water vapor. In this paper, in house research and
developed activities carried out at IPR in the diverse field of cryopumping and its application
experience will be presented.
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The full power configuration of the Divertor Tokamak Test (DTT) facility will include 32 independent
Electron Cyclotron Resonance Heating (ECRH) front-steering launching mirrors. A highly compact, 2-
degrees-of-freedom steering mechanism based on in-vessel piezoelectric walking drives is currently
under design. This solution is intended to minimize space occupation within the ports — allowing for
the launchers within the limited DTT duct space — while optimizing dynamic performance and control
bandwidth. Wherever feasible, flexures replace traditional hinges, with the combined advantages of
eliminating wear and backlash, thus extending component lifespan and enhancing steering accuracy.
At the same time, flexible joints introduce elastic resistance to the steering motion, which must be
counteracted by the actuators. This reduces the force available for resisting other external
disturbances, like electromagnetic loads, and decreases the maximum acceleration achievable by the
steering mirror, which negatively affects the promptness to control input changes. In order to
strongly mitigate elastic resistances, a negative stiffness element called "stiffness compensator"”,
based on pre-compressed springs, has been designed. A detailed analysis of the stiffness
compensator is presented, along with a robustness assessment taking into account manufacturing
uncertainties. The result is a "quasi-zero-stiffness" (or "statically balanced") steering mechanism,
which can benefit from the increased positioning accuracy following from the absence of friction
without compromises on the available driving force.
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High-pressure helium gas cooling is an attractive solution for thermal management of the fusion
blanket first wall, as this coolant is chemically and neutronically inert and separable from hydrogenic
species. However, due to the low thermal mass of helium, geometric optimization of these channels
is required to provide sufficient cooling at manageable flowrates and pumping burdens. Increasingly,
analysis and optimization of these coolant channels relies on computational fluid dynamics
simulations, and these require relevant experimental data for turbulence model validation.

Toward this end, a high-pressure helium gas flow visualization system has been employed to image
the flow of helium in flow channels with one-sided heating, mimicking the blanket first wall
environment. Flow of helium at 4 MPa pressure and flow rates up to 68 g/s (Reynolds number
60,000) is supplied to rectangular channel test sections, with uniform heating applied to the bottom
wall of the channel at heat fluxes varied between 50 and 100 kW/m?2. A high-speed camera is used to
image index of refraction gradients in the fluid via background oriented schlieren (BOS), and
temperature and pressure instrumentation are used to characterize thermal hydraulic performance
of each channel. Cross-correlation of time-resolved BOS images is then used to calculate time-
averaged 2D helium velocity fields. Flow in additively manufactured channels is examined in this
manner, including both featureless channels and those containing ribs and baffling as heat transfer
enhancements. Key elements of the flow induced in these channels, such as separation and
recirculation regions, are identified and compared to accompanying simulation predictions.
Strategies are discussed for ongoing and future validation of these simulations, with the aim of model
deployment for blanket cooling design and optimization.
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The Centrifugal Mirror Fusion Experiment (CMFX) at the University of Maryland College Park is a
magnetic mirror that augments plasma stability and reduces transport by using a central cathode to
generate a strong radial DC electric field in order to induce a strongly sheared azimuthal ExB flow.
The neutron emissions from the plasma were diagnosed with a suite of liquid organic scintillators.
Measurement of neutron yield was absolutely calibrated using two well-characterized 2-inch EJ-301
and EJ-301D detectors. A more sensitive 10-inch EJ-301 detector was cross-calibrated to make time
resolved measurements of the neutron rate under various experimental conditions, with peak
neutron rates in excess of 1077 n/s. Permanently installed He-3 tubes were also cross-calibrated for
total yield measurements. With this suite of detectors, the fusion power and scientific energy gain of
CMFX were studied as functions of bias voltage and fueling over 120 discharges. Neutron rate
measurements were also used to constrain the ion temperature which is inferred to be about 1 keV
according to preliminary interpretive simulations of the experiments with MCTrans++. Finally, the
fusion triple product is estimated to be on the order of 10718 keV s m-3 in the highest performing
discharges.

CMFX is supported by ARPA-E Grant No. DE-AR0001270. The MIT team and equipment for this
research was partially supported by Commonwealth Fusion Systems under RPP020
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The design of stellarator power plant concepts is challenged by the highly integrated nature of many
extraordinary design problems involving numerous disciplines, leading to slow design cycles. Systems
codes accelerate the design process by exploring the design space automatically using optimisation,
building on 0D/1D models that are integrated to capture the complex behaviour of the full system.
These codes then provide designers with a first estimate for architectural decisions, and form a
starting point for further analysis by disciplinary design teams.

Unfortunately, the 3D nature of stellarators means 0D/1D models are insufficient to capture design-
critical physics. Therefore, stellarator concept design requires 3D models notably for plasma and coil
shaping, but also for further engineering evaluation. However in turn these currently cannot be
integrated to capture the full system performance. This gap between high fidelity and high
multidisciplinary design codes bottlenecks the engineering design of future stellarator power plants,
such that fewer configurations can be evaluated for engineering and commercial viability.

This research addresses this issue with the realisation that this problem is not necessarily unique to
fusion, reviewing state of the art concept design literature from aerospace. A qualitative comparison
shows similar design challenges in aerospace, featuring complex, large-scale, and multidisciplinary
optimisation problems.

Three main recommendations are extracted from aerospace literature. First, best-practice gradient
computation methods are discussed, enabling efficient large-scale optimisation. Subsequently, an
exploration of the field of multidisciplinary design analysis and optimisation (MDAO) shows the
methods developed in aerospace enabling optimisation over heterogenous modular disciplines. The
final recommendations include methods to ease (re)configuration of such MDAO systems, which may
facilitate integration in fusion system engineering processes.

We argue that these aerospace recommendations would address problems currently faced in
stellarator concept design, suggesting incorporation in future stellarator design frameworks. This
should ultimately allow faster design of better stellarator concepts.
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Fusion power plants employing the deuterium-tritium fuel cycle will need to self-sufficiently produce
tritium, due to its scarcity. This self-sufficiency may be achieved by surrounding the fusion device in a
lithium-based tritium breeding blanket. Many lithium-based molten salts could be theoretically
employed in such a blanket, but many of these salts lack basic physical and thermal property
measurements with documented errors, which are necessary to accurately model the neutronics and
thermodynamics of the blanket. This work aims to start filling this knowledge gap by measuring the
density of CILiF (LiCl + LiF) and FLiPb (LiF + Pb,F) molten salts through the hydrostatic method. The
weight of a nickel bobber was measured while submerged in the molten salt and compared with its
weight in the air, and the differences in these weights was used to determine the density of the salt.
This method was calibrated with high density organic liquids of precisely-known densities.. The
densities were measured for various compositions of each salt from 20 °C over each salt
composition’s respective melting temperature to 800 °C. The errors from salt temperature, bobber
weight, and bobber volume were documented and propagated through the density calculation. A
polynomial was fitted to the data to form a density correlation based on salt temperature and
composition. A comparison between results from this work and others from the literature was made.
Additionally, a simple toroidal tritium-breeding blanket was modeled with OpenMC for various
compositions of the various salts with their measured densities, and the tritium breeding ratio (TBR)
and energy multiplication of each case were evaluated and compared to models using previous
density estimates for each salt. Lastly, the effect of the uncertainty of the density measurement on
the TBR and energy multiplication was quantified.
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The "European Research Roadmap to the Realization of Fusion Energy" highlights the heat exhaust as
one of the leading challenges in the development of fusion power plants. To address this issue, a
dedicated facility, i.e. the Divertor Tokamak Test (DTT) facility, is currently at the early stages of its
construction at the ENEA Frascati Research Center in Italy.

To replicate plasma scenarios relevant to DEMO operation, the DTT tokamak will rely on a
superconducting magnet system featuring low critical temperature, cable-in-conduit
superconductors. This system will include 18 toroidal-field coils (providing a magnetic field of 5.85 T),
6 poloidal-field coils (for the shaping and stabilization of the plasma), and 6 central solenoid modules,
all of which will be actively cooled by means of supercritical helium (SHe) at approximately 4.3 K.
Furthermore, the superconducting feeders, cryopump panels, and thermal anchors of the gravity
supports of the magnet system will also be cooled by SHe at 4.3 K. Meanwhile, the thermal shields
and high-temperature superconductors associated with the current leads will operate at
temperatures of 80 K and 50 K, respectively. A large-scale cryogenic plant (or cryoplant), capable of
guaranteeing an estimated cooling power of 11 kW equivalent at 4.5 K, will be necessary to meet the
cooling demands of these systems.

This work employs newly developed, dynamic, system-level models to support the analysis of the
forthcoming proposals for the DTT He refrigerator configuration. The target is to minimize the cooling
power requirements and, consequently, the operational costs of the system, still keeping the
necessary flexibility envisaged in an experimental facility. The study adopts models of standard
cryogenic plant components—such as cold compressors, heat exchangers, and thermal buffers—
available in the CryoModelica library of the 4C code. These models are employed to perform
simulations of the DTT cryoplant performance for different transients and layouts, and to scan
different values of its operational parameters to optimize the design. By comparing these variations,
the resulting system-level analysis provides useful insights to support the choice of the optimal
cryoplant design for the DTT facility.
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Due to the high complexity of Remote Handling (RH) procedures in fusion reactors, a virtual-only
Verification & Validation process is insufficient to ensure correct operations of RH equipment.
Physical tests in dedicated facilities are essential for validating and commissioning the robots, as well
as training human operators. The DTT RH Facility is currently under procurement as part of the
Divertor Tokamak Test (DTT) project. Its requirements and functions have been defined, and a
preliminary logical architecture has been designed [1]. The Facility is divided into four main sub-
systems: Buildings & Services, Mockups, Robots, and Control System. Given the complexity of
integrating multiple subsystems, ensuring successful interface integration has been a key focus
throughout the tender processes.

Following the previously presented conceptual design [2], this paper discusses advancements in the
final design of the Mockups sub-system and interface management between sub-systems. The
Mockups accurately reproduce the real DTT components, enabling reliable testing of RH equipment
and procedures. By leveraging a model-based approach, interface management and integration
across all sub-systems, particularly between Robots and Control System, have been performed. The
use of SysML (Systems Modeling Language) diagrams has proven effective in defining the final logical
architecture to meet all stakeholders' requirements, leading to more efficient conflict resolution.

The final designs for the RH Facility's Robots and Control System, along with the manufacturing
phases, are expected to be completed by 2025.

[1] Di Gironimo, G., Buonocore, S., Micciche, G., Reale, A., & Zoppoli, A. (2023). Preliminary
architecture of the DTT remote handling test and training facility. Fusion Engineering and Design,
195, 113978.

[2] Zoppoli, A., Dalla Palma, M., Marino, F., Marzullo, D., Massanova, N., Reale, A., & Di Gironimo,
G. (2024) Concept Design of the Mockups System for the DTT Remote Handling Facility. (In
publishing) Fusion Engineering and Design.
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The DIII-D negative triangularity divertor (NTD) shape development campaign in 2023 faced
numerous challenges due to the DIII-D poloidal field (PF) coil system as well as the operational space
required to avoid vertical and MHD instabilities. Detailed investigation of the NTD shape control
challenges revealed the insufficient power supplies for each PF coils as the primary cause. This
resulted in the usage of different power supply and PF coil pairings for different shapes, also termed,
as patch panels on DIII-D. The patch panels used during the 2023 campaign were determined to have
two major issues: (1) the power supply used on the divertor PF coils were insufficient and did not
allow as high of a current as desired and (2) no hardware constraint on the boundary flux was used,
so the PF coil currents for the same shape varied in different discharges.

Prior to the NTD shape development campaign in 2024, General Atomics Tokamak System Toolbox
(GA-TokSys) was extensively used off-line for the identification and inclusion of optimized algorithmic
and hardware configurations for the NTD shapes. The primary focus for the application was the
expansion of the achievable NTD plasma parameter operating space to the fullest extent possible
given the existing DIII-D PF coil set and their respective actuating power supplies. A modified plasma
breakdown strategy was proposed with a non-standard PF coil pair, permitting connection of
additional power supplies to the coils closer to the vicinity of the X-point. The modified breakdown
algorithm was implemented in the DIII-D plasma control system (PCS) and off-line closed-loop
simulations were performed to confirm an achievable breakdown null using the non-standard PF coil
pairs. The achieved breakdown null quality was only modestly reduced compared to the standard
breakdown strategy. In addition to the modification of the plasma breakdown, a set of new hardware
configurations were also proposed for constraining the total poloidal field coils contribution to the
plasma boundary flux and thereby reducing the demand in PF coil currents. The selection of the
hardware configuration and the tuning of the NTD plasma shape controller were evaluated off-line
utilizing the closed-loop simulation between the DIII-D PCS and GA-TokSys non-linear plasma
evolution code, GSevolve. After successful off-line verification and validation of the proposed
approaches with GA-TokSys simulation library, dedicated experiments were performed for evaluating
the performance of the modified plasma breakdown algorithm and exploration of wider range of
NTD shapes and the range of plasma currents for a given NTD shape. Experiments confirmed the
successful implementation of the new breakdown methodology. The selected hardware
configuration was able to achieve a new NTD shape was developed with average negative
triangularity of 0.3 with up to 1.2 MA of plasma current and 1 MW of injected power. In this shape at
0.8 MA with 2 MW of injected power, scans were conducted over a wide range of X-point height and
divertor leg length.

Work supported by US DOE under DE-FC02-04ER54698, DE-AC52-07NA27344 and DE-SC0022270
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A tritium-deuterium mixture delivery system was designed and implemented for the Muon-catalyzed
Fusion Experiment (MuFusE) at the Paul Scherrer Institute (PSl) in Switzerland. The MuFusE
Collaboration aims to narrow the gap between theoretical predictions and experimental outcomes in
deuterium-tritium (DT) muon-catalyzed fusion processes.

The primary process loop of the tritium handling system is crucial for the safe and efficient delivery of
tritium to the muon-catalyzed fusion experiment. The components include depleted uranium beds
for tritium storage with controlled release and minimal tritium inventory, gas input connections for
helium and deuterium supply with precise pressure regulation, a cryostat with a cold finger for
accurate temperature control and efficient gas transfer, a tritium compatible palladium silver
permeator for maintaining high gas purity levels essential for fusion reactions, and an expansion tank
for safety during cryogenic operations.

These components interact to serve the roles of tritium storage, mixture creation, purification, target
loading, and gas recovery. The design and operation of the primary process loop ensure minimal
tritium inventory, high purity levels, and operational flexibility, critical for achieving the experimental
goals while maintaining stringent safety standards.
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Liquid breeder concepts are under consideration in various magnetic-confinement fusion projects
aiming for rapid commercialization, as using a coolant that also acts as a breeding material can
maximize the Tritium Breeding Ratio by incorporating more breeding material into the first wall
design. Among liquid breeders, molten salts such as Lithium-Beryllium Fluorides (FLiBe) are of
particular interest. To enable coupling with a secondary circuit for power generation or hot fluid
production, the molten salt must transfer heat through a heat exchanger (HX) that ideally minimizes
tritium permeation.

This study explores the preliminary design of a salt-to-salt HX, focusing on the potential of Triply
Periodic Minimal Surfaces (TPMS) as the interface between hot and cold fluids. TPMS are three-
dimensional periodic surfaces generated using trigonometric functions. Their unique geometry, with
no sharp edges and a high surface-to-volume ratio, significantly enhances heat transfer efficiency
while maintaining low pressure drops. By slightly extruding these surfaces, TPMS can define separate,
non-intersecting volumes, making them suitable for 3D-printed HX structures. Certain TPMS
geometries, such as Gyroids or Diamonds, are especially effective for HX applications due to their
peculiarity of dividing the space into equal, complementary volumes.

Considering the high mass flow rates of molten salts required on both sides of the HX, beside the use
of parallel circuits an advanced modular design approach is proposed and adopted in this paper. This
choice limits the dimension of the component, making TPMS-based designs feasible for 3D printing.
For the FLiBe salt, given specified inlet and outlet temperatures and inlet conditions for the solar salt
on the secondary side, a methodology is presented to scale from a single HX module to a modular
system. The performance requirements for the single module was derived from the overall requested
performance as a function of the number of modules adopted in the design, enabling the design of
the entire system from the optimization of the single module. To check the capability of performing
an accurate design of a single HX module, a Gyroid-based HX was designed using Computational Fluid
Dynamics (CFD) simulations. The module was then fabricated via 3D printing and tested in a water-
to-water experimental setup at Politecnico di Milano. The test results are presented and compared
to the numerical predicition, showing the extent to which the simulations reliably capture the HX
performance.
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Sustaining fusion reactions in tokamaks requires heating plasma to thermonuclear temperatures
while maintaining confinement and stability. Neutral beam injection (NBI) and radio frequency
waves, such as electron cyclotron range of frequency (ECRF), are used for heating, current drive, or
fueling, which in turn shape the plasma current, temperature, and density profiles. COTSIM, a
control-oriented predictive code, has been enhanced with neural-network surrogate models for
transport and sources. A neural network version of the updated Multi-Mode Model (MMM 9.0.10),
known as MMMnet, predicts turbulent transport with high accuracy and significantly faster
computation times compared to the traditional MMM [1]. Additionally, neoclassical transport
contributions are calculated using the Chang-Hinton model. NubeamNet [2], a neural network
version of the Monte Carlo NBI module, predicts the effects of NBI efficiently and with reduced
computational overhead. A simplified Gaussian beam model has been implemented in COTSIM to
compute electron cyclotron (EC) heating and current drive. This model incorporates the Gaussian
beam structure and employs the cold plasma dispersion relation to calculate the beam trajectory
while accounting for weakly relativistic effects. The EC power deposition, localized at resonance
layers where the wave frequency matches the electron cyclotron frequency, depends on the
location-varying magnetic field and is computed using Westerhof's model. Plasma resistivity is
modeled using a simplified Spitzer approach, while the self-generated non-inductive bootstrap
current, essential for steady-state tokamak operation, is calculated using the Sauter model. The
equilibrium is solved using a fixed-boundary equilibrium solver. The height and width of the H-mode
edge pedestal are determined using the PEDESTAL module, which incorporates an empirical model
for the L-H transition based on a threshold for the power crossing the separatrix. This integrated
modeling approach, together with neural-network-based surrogate models, significantly enhances
COTSIM’s predictive capabilities, enabling fast and accurate prediction of temperature and safety-
factor profiles in DIII-D discharges. Comparisons with experimental data from DIII-D demonstrate the
accuracy and reliability of the integrated model. These modeling developments are critical for
advancing tokamak plasma research and optimizing fusion reactor design and operation.

[1] T. Rafig et al., Phys. Plasmas 20, 032506 (2013).
[2] S.M. Morosohk, et al., Fusion Engineering and Design 163, 112125 (2021).

*Supported by the US DOE DE-SC0010661 and DE-FC02-04ER54698.
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Beryllium intermetallic compounds are considered as promising materials for use in various fields of
science and energy due to their unique physical and chemical properties. The Bel2Ti is a prime
candidate for application as a neutron multiplier in projects utilizing the HCPB concept of solid-state
breeder blankets, selected for DEMO and testing at ITER. This is due to its high melting point,
resistance to radiation swelling, low activation and excellent corrosion resistance. However, in order
to expand the range of applied materials, it becomes relevant to study alternative variants. One of
such promising materials is chromium beryllide Be12Cr, which has similar characteristics to Be12Ti,
such as high thermal and radiation resistance. Nevertheless, this material requires additional
research, especially in terms of studying its corrosion resistance in a vapor-gas environment.
Crushed samples of chromium beryllide Be12Cr produced by JSC “Ulba Metallurgical Plant” (Ust-
Kamenogorsk, Kazakhstan) were chosen as the object of study. In this work high-temperature
corrosion of chromium beryllide Be12Cr during isothermal heating to 1000°C in the presence of
water vapor in the purge gas was studied. The crushed beryllide samples were a heterogeneous
fraction with particle size from 1 to 4 mm and different particle shapes. The use of crushed samples
was motivated by the need to increase the area of contact between the material and the vapor-gas
medium, which allows a more detailed study of corrosion processes at the microlevel.
High-temperature corrosion experiments with crushed Bel12Cr beryllide samples were carried out on
the TIGrA experimental complex, which allows thermogravimetric analysis (TG), differential scanning
calorimetry (DSC), and mass spectrometric (MS) measurements in one experiment. In the course of
the work, the dependences of the pressure change of corrosion products (H2, HD, D2) and the rate of
change of mass of crushed Be12Cr samples at different temperature modes were determined.The
temperature dependences of the effective constant of water vapor interaction with Be12Cr samples
obtained during corrosion experiments have been established. In addition, post-corrosion material
science studies were carried out with Be12Cr samples subjected to corrosion interaction with water
vapor. These studies included the analysis of microstructural changes and X-ray diffraction analysis,
allowing to evaluate the changes in the phase composition and structure of the material after
exposure to the vapor-gas environment.

The research was funded by the Science Committee of the Ministry of Science and Higher Education
of the Republic of Kazakhstan with Program number BR21882237.
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The complexity of next-generation fusion systems is becoming increasingly unmanageable, due to
many interrelated subsystems, technologies and conflicting requirements. Design information lacks
the overview, consistency and traceability that is needed to make effective decisions and prevent
rework. This is a drawback of traditional engineering approaches that spread out design information
over domain-specific documents, such as interface reports, 2D diagrams or requirements lists. There
are often no mechanisms in place to manage interrelations between documents effectively.

Model-Based Systems Engineering (MBSE) is the key to managing this complexity. MBSE builds a
single network model of the engineered system that contains all relevant design information. The
model can be inspected through automatically generated views that are tailored to the needs of all
people involved in the project. Because there exists no duplicate information, the model is always
up-to-date and self-consistent. This cannot be said for traditional document-based approaches.
Despite the potential benefits for design quality, communication efficiency and project performance,
MBSE is not widely adopted in nuclear fusion engineering.

In this contribution, we present a novel MBSE method and tool for nuclear fusion subsystems. We
first specify the engineered system’s components, interfaces, functions and requirements in the
Elephant Specification Language (ESL), a textual systems modelling language. Then, an ESL compiler
converts the specification to a large-scale integrated data model. This process includes various
consistency checks and verification steps. Finally, the model is visualized in cabling and piping
diagrams, functional flow diagrams, requirements lists, interface reports and Dependency Structure
Matrices (DSM). All of these views can be adapted in scope and depth to display the most relevant
information. Any design change, applied to the ESL specification, leads to updated views within only
several minutes.

We report how this approach has supported the development of the Visible Spectroscopy Reference
System (VSRS), ITER’s visible Bremsstrahlung diagnostic. As the VSRS matured over a period of four
years, the model was continuously adapted to reflect the actual design state. The views supported
communication with both internal and external stakeholders for port integration, design for
modularity, interface management, cabling management, instrumentation and control (1&C)
architecture and signal chains.

In a second demonstration, we show how model elements can be reused across multiple systems.
ITER’s In-Vessel Lighting System consists of nine subsystems that are spread over various ports. Each
subsystem has an independent model, but uses components from a common technological basis.
Leveraging such commonalities across subsystems has significant cost- and effort-saving potential.

The MBSE method has demonstrated particular value for systems engineers, project managers and
external stakeholders. We recommend a wider adoption to nuclear fusion projects, where the
method can be improved and tailored to specific needs. A step towards product family engineering is
an important recommendation for application on the level of full fusion power plants.
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A computational tool is being developed at Columbia University to investigate the feasibility of
molten salts in a vacuum-sieve-tray (VST) tritium extraction system and evaluate its scalability to
larger experiments and pilot plants. This tool supports the design of the CTEX testbed and predicts
the extraction efficiencies of hydrogenated molten salts, with a focus on FLiNaK.

The simulation framework is divided into two phases: the mixing phase, where hydrogen dissolves
into molten FLiNaK under controlled pressure and solubility constraints, and the transient extraction
phase, where hydrogen separation dynamics are analyzed. Key factors such as hydrogen solubility,
mixing efficiency, liquid flow rates, droplet formation, hydrogen diffusion, and chamber geometries
are modeled to assess system performance. Further enhancements will incorporate the effects of
oscillating droplet geometries on mass transfer, as well as coupled heat transfer mechanisms to
improve mixing efficiency.

This approach provides insights into optimizing hydrogen recovery and system design for tritium
breeding applications. Experimental data from CTEX will be used to validate and refine the tool,
enabling accurate predictions of extraction efficiency for various VST geometries, hydrogenic gas
inputs, and alternative liquid breeding materials. The integration of simulation and experimental data
aims to advance multi-scale modeling and accelerate the development of VST systems.

This poster will highlight the governing physics of mixing and extraction dynamics, key assumptions,
the CTEX testbed's role in the simulation, and initial results on mixing and extraction efficiencies.
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Tungsten (W) is the most eligible Plasma Facing Material (PFM) for the European demonstration
fusion power plant (EU-DEMO) divertor target. At plasma operative conditions, such as high
temperatures, High Heat Flux (HHF) cycles and neutron irradiation, W is subject to recrystallization
which causes embrittlement. A proper doping of W with Potassium (K) can improve the PFM
properties. Nano K-bubbles dispersed at the W grain boundaries can increase irradiation resistance
and can hinder the motion of grains, leading to suppression of recrystallization.

New K-doped W Laminates (KdWL) materials were developed by Field Assisted Sintering Technique
(FAST). Water-cooled ITER-like divertor target mock-ups were fabricated using KAWL monoblocks.
The KAWL monoblokcs were joined to CuCrZr ITER Grade (CuCrZr-IG) cooling pipes by hot radial
pressing (HRP) with an Oxygen Free Electronic Grade copper (OFE-Cu, Cu) interlayer manufactured by
casting. Non-destructive examination by ultrasonic inspection were performed to assess the
fabrication process and to later analyse the KAWL mock-ups behaviour under HHF tests. KAWL mock-
ups have demonstrated to withstand up to 2000 HHF cycles at 20 MW/m2. KdWL is an excellent
candidate as armour material for a future water-cooled DEMO divertor target.
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The system design models of tokamak fusion reactors can be parameterized and coupled to enable
holistic code-based exploration and optimization of tokamak geometry. System codes have been
developed for the major systems of the tokamak, but some systems such as the Remote
Maintenance (RM) system have not been extensively codified. Development of RM systems has
largely remained a decoupled process. We explore parameterization of Computer Aided Design (CAD)
models and feasibility assessment scripts as the means to introduce a method to assess
maintainability as a quantifiable optimization goal in the early convergence loop of tokamak
geometry. Several tokamak design points have been studied that provide reference cases to
approximate and link input and output parameters for the RM system design. EUROfusion DEMO is
used as a basis for generating the CAD model, but we remain agnostic to tokamak configuration
variations while exploiting and linking historical design data. The aim of the presented work is to
accelerate and harmonize the creation of variations of the tokamak geometry coupled with
numerical maintainability evaluation for plant architecture assessments. Hierarchical skeleton-based
modelling methodology is utilized to model a responsive parameterized tokamak including
geometrical elements of the RM system and installation paths of In-Vessel Components. Parallel to
the development of the CAD model we construct a script to collate and export RM feasibility
assessment values. The RM feasibility assessment is based on a selection of individual feasibility
criteria, and mapping of the criteria to geometrical elements of the CAD model. The criteria effects
are normalized and combined to provide converged feasibility values for tokamak design points.
Range of design points are generated with the parametrical model and assessed utilizing the
assessment script.
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Maintenance of DEMO breeding blanket includes the removal and replacement of plasma facing
components. Due to the components having an active cooling loop, multiple coolant pipes need to be
removed to allow access to the tokamak. The connection then needs to be reconnected using the
replacement components. To fulfil the safety requirements, the welded connection needs to be
inspected and approved for operation. Due to space restriction of DEMO Tokamak, welded
connections need to be inspected from the inside of the pipe, which is called in-bore inspection.
During the testing of in-bore inspection system, it is noted that the measurement result is affected by
the quality of the odometry. Due to the complex layout of the pipe and slip between encoder wheel
and pipe wall, odometry using only encoder delivers inconsistent result. Therefore, a correction
method for the odometry is developed to circumvent this issue.

This study presents the result of measurement correction using IMU and visual odometry. The
resulting measurement correction will then be compared with the original measurement data using
only encoder. With the result from each visual inspection system, a comparative advantage and
disadvantage analysis of each method. The result of the analysis is then used for further
development and integration of the inspection system into the overall cut and weld concept
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Achieving high plasma density is crucial for maximizing fusion power output in tokamak devices like
ITER and the Fusion Pilot Plant (FPP). However, increasing the density through methods like pellet
injection and gas puffing raises the risk of exceeding stability limits, leading to the onset of
magnetohydrodynamic (MHD) instabilities and disruptions. Therefore, enforcing stability constraints
while regulating plasma density is critical. Conventional density-control approaches rely on using pre-
designed density profiles that satisfy the density limits as references for feedback control. However,
real-time changes in plasma operating conditions could shift the stability limits themselves, leading
to the immediate breach of the stability limits and compromising safety. This work proposes a
reinforcement learning-based controller that regulates the plasma density profile while actively
enforcing a pre-selected stability limit. The controller prioritizes tracking a reference density profile
when the stability limit is satisfied. However, whenever the stability limit shifts, it dynamically adjusts
the density profile to avoid violations, sacrificing reference tracking if required. Two controller
versions, enforcing the Greenwald limit and edge stability limit, were trained in a control-oriented
one-dimensional environment. Feedback simulations demonstrate the controller’s effectiveness in
regulating the density profile and its robustness in satisfying the stability limit.

*Supported by the US DOE (DE-SC0010661, DE-SC0010537).
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The next fusion device with a 5SMA plasma current in China will be built and perform the first plasma
discharge in 2027. For the plasma discharge with such parameters, once the disruption occurs, the
local high thermal load, electromagnetic stress and runaway electrons will cause serious damage to
the device. Therefore, a disruption mitigation system (DMS) integrating muti-injectors has been
preliminary designed in order to mitigate the deleterious effect resulted from plasma disruption and
to ensure the safe operation of tokamak device. The DMS consisted of three sets of shattered pellet
injection system units with muti-injectors, totaling 22 injectors. One containing 10 injectors would be
installed on middle port A, and the other would be installed on upper port G and K, each of which
contains 6 injectors. As for every pellet injector, it can use cryogenic cooling provided by liquid
helium to desublimate material gases in the gun barrel and form the cylindrical pellet. Every pellet
injector included a pellet producer, a gas feeding system, a propellant gas suppressor, a pellet
diagnostic system and 5 or 3 injectors shared a vacuum pumping system. And every injector can work
independently to form the different material pellets (Ne, D2, H2, Ar, or the mixture of different
gases) with D*L=20x30 mm, whose material can be adjusted according to the physics requirements.
The formed pellet will be accelerated to the velocity of 500 m/s by using the high pressure He of >50
bar, and the propellant gas would be removed during the process of the pellet and the propellant gas
passing through the suppressor. Finally, the pellet would travel down the transmission tube, and
breaking into fragments by shatter at its end before injecting into the plasma. And the fragment
plume and injected direction can be adjusted by the structure of shatter. Additionally, we also built a
test stand and conducted related tests to validate key components of the disruption mitigation
system.
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ITER's Start of Research Operation (SRO) targets the generation of plasmas reaching ~7.5 MA for
durations exceeding 100 seconds. Effective control of fueling, density, impurity dosing, edge-localized
modes (ELMs), and H-mode transitions is critical. To support model-based controller design, the Gas
Injection System (GIS) and Pellet Injection System (PIS) have been modeled so that a complete fueling
control system can be developed and assessed to address ITER's complex requirements and
challenges. These challenges involve lag-time due to lengthy gas lines, fueling efficiency decay at high
plasma temperatures and densities, synchronization of multiple actuators, and balancing ELM pacing
with fueling needs using an advanced Actuator Manager (AM).

The GIS and PIS models utilize 1-D particle transport models for the gas flow and diffusion through
the pipe and the pellet transport through the Flight Tubes (FTs) which have been implemented within
the Plasma Control System Simulation Platform (PCSSP). Furthermore, the particle deposition into
the plasma as well as the plasma-neutral interactions are modeled through the RApid Plasma DENsity
Simulator (RAPDENS). The results presented here demonstrate the feedforward and feedback control
with the complete integration of the GIS, PIS, AM, RAPDENS, and support functions for modeling the
smooth transitions between fueling modes, and effective handling of actuator failures. This paper
presents the architectural design, simulation results, and future strategies for optimizing fueling
control on ITER.
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Nuclear fusion power reactors will require low-cost, high-efficiency, reliable, and easy-to-maintain
power electronics for plasma heating. Current RF heating systems use vacuum tube linear amplifiers
to send waves to plasma-heating antennas via transmission lines, where system efficiencies are
below 50%. Time-varying plasma dynamics lead to impedance variations which can result in
inefficient antenna-plasma coupling, causing reflections that can damage components along with
additional waste heat. Switchmode RF amplifiers, which operate solid-state transistors as on-off
switches with a network to create an RF output, have achieved very high efficiencies, with an ideal
efficiency of 100% for some topologies. The ability to handle variations in load impedance by voltage
and phase control with a suitable combining network could enable improved RF-plasma coupling
over the whole plasma operation envelope. We are developing a High-efficiency Amplifier for RF
Plasma (HARP) innovation that combines these two features into a system suited for plasma
operation. Such a system is designed to improve wall-plug efficiencies and reliability of RF heating
systems for nuclear fusion reactors. The HARP system consists of switchmode RF amplifiers (currently
of the Class-E type) connected via a Reactance Steering Network (RSN) to handle plasma load
impedances. For a specified voltage ratio and phase difference between the amplifiers in the two
branches, the RSN splits the power flow in such a way through the branches that each RF amplifier
sees a pure resistive impedance instead of the load impedance, which may be inductive or capacitive.
Maintaining pure resistive load is critical to achieving high efficiency and reducing thermal stress for
Class-E amplifiers. The RSN can enable higher efficiency operation over a range of load impedance
values by tuning the voltage ratio and phase difference knobs, thus showing promise as a method to
handle variable plasma loads. In our DOE SBIR Phase |, we demonstrated high-efficiency Class-E RF
amplifier operation at 27.12 MHz, tested RSN operation with some representative loads from an
inductively coupled plasma model we made, and simulated and tested power-combining of boards to
scale up to higher power systems relevant to fusion applications. The next phase of our project is to
develop the real-time control capability of the HARP system to handle plasma load temporal
variations (with the goal of improving the overall coupling efficiency) and to scale up the RF power to
make the system relevant for fusion plasma heating. The frequencies demonstrated for this
innovation range from 100s of kHz to 10s of MHz, relevant to plasma heating techniques including
ICRH and HHFW. High board efficiency and plasma coupling are critical to advancing fusion reactors
by increasing their net energy efficiency.
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The plasma control system for the MAST Upgrade experiment provides a flexible framework for
multi-parameter plasma shape and gas input control via the concept of virtual actuators. In this
scheme, multiple controllers can be employed in parallel, each of them driving a virtual actuator that
is optimised for the parameter under control. The operator then has flexibility to vary the mapping of
each virtual actuator to sharing coefficients for the physical plant actuators. This mapping capability
exists in similar guises for both poloidal field (PF) circuits and gas injection valves but, due to its more
varied parameter space, most scenario development has been focussed on virtual circuit design.
Many of the PF coils are positioned for flexible control of the divertor leg geometry, but their close
(in-vessel) proximity to the plasma means that the change of coil currents needed to move the
divertor leg are highly dependent on the location of the divertor leg with respect to the coils.

The first campaigns of MAST Upgrade have seen significant exploitation of the virtual circuit method
to achieve a wide range of plasma shape scenarios and various techniques have been developed. The
main workhorse has been based on local linearisation methods using the TokSys framework (in
collaboration with General Atomics) for simulation and testing. These have proved successful in
controlling principal shape and divertor parameters such as outer gap and outer strike point radius
immediately upon deployment. An alternative design tool based on spherical harmonics has also
been demonstrated to produce more generalised scenario-agnostic virtual circuits for use in certain
conditions. This method has additionally been used to develop rebalancing circuits that can
redistribute PF currents without disturbing the shape parameters to avoid or mitigate coil current
saturation conditions. Work is now under way to develop real-time adaptive virtual circuits that track
the plasma geometry and adjust the circuits accordingly, further reducing the operator workload and
opening up the operating space. The next steps will move toward use of machine learning for
automatic virtual circuit adaptation and the design of virtual circuits for additional and alternative
shape parameter definitions, such as squareness and flux expansion.

Upgrades and improvements to the plasma control system are ongoing, including migration to a
faster more capable hardware platform with greater capacity for additional control. The
development of a Real Time Data Network will enable a wider range of diagnostic measurements to
be transmitted to the plasma control system for incorporation into more sophisticated plasma state
estimation, event detection and control schemes to support our international collaborations.

This work has been (part-) funded by the EPSRC Energy Programme [grant number EP/W006839/1].
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Fusion power plants have the potential to be the solution to the energy crisis, but their design and
safe operation pose significant technological challenges, one of them being heat removal at high
temperatures under high heat flux conditions. This research focuses on predicting Critical Heat flux
(CHF) using CFD in the Double wall tubes (DWTs) of the EU water-cooled lead lithium Test Blanket
Module (WCLL-TBM) for ITER. Water is circulated through the First wall (FW) and DWTs to remove
heat from TBM. These cooling elements are exposed to high heat fluxes up to 0.5 MW/m2. Critical
heat flux (CHF) causes a sharp temperature rise, risking component failure. Accurate CHF prediction
is vital for the safe operation of TBM. Generally, the prediction of CHF is made by using empirical
correlations or look-up tables, but the accuracy of these predictions is often debatable as they are
derived from historical data for straight pipes, and are highly dependent on operating conditions.
On the other hand, advanced multiphase computational fluid dynamic CFD is capable of detailed
analysis of flow boiling for a more extensive range of geometry and operating conditions. The
Eulerian-Eulerian multiphase approach coupled with modified Rensselaer Polytechnic Institute (RPI)
wall boiling models was adopted in the simulation of the boiling phenomena. Void fraction and
temperature at the wall are the main indicators of CHF occurrence, therefore the accuracy of the CHF
simulation relies on the selection of appropriate wall boiling models and the momentum closures. An
assessment of various combinations of boiling and momentum closure models has been conducted,
and their performance was systematically compared with available experimental data for straight
vertical pipes. The most appropriate model identified from this optimization exercise was utilized to
simulate the flow in the DWT. The flow boiling simulations indicate that the chance of occurrence of
CHF is very low during normal operation, the maximum vapor fraction observed is only 3% at walls.
Furthering the study, analysis to determine the CHF in the DWT was carried out. This exercise was
conducted in two ways, increasing heat flux and decreasing mass flow rate. Simulation initiated with
a low heat flux and then incrementally increased by 0.025MW/m?2, allowing convergence at each
step. This process was continued until a sudden rise in wall temperature was observed, indicating
CHF occurrence. A similar approach was taken for mass flow rate by reducing the value until CHF was
attained. The maximum vapor fraction of over 90% was detected (>90% CHF criteria) between the
bend and outlet section. The simulation indicated a risk of CHF after the bend but only when heat
flux is increased well beyond normal operating conditions or mass flows are reduced well below the
nominal operating flow rate. Also, the CFD calculated CHF was verified against available empirical
correlations. Therefore, the flow boiling analysis supports a semi-mechanistic approach to accurate
prediction of two-phase flow, CHF, and maintaining safety margin within the WCLL-TBM. These CFD
results provide confidence in the acceptability and accuracy of the thermal-hydraulic design of the
WCLL-TBM.
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This work shows how changing model uncertainty and fidelity impacts the location of the most
promising operating points for tokamak experiments and power plants. SPARC is a tokamak designed
to achieve burning plasma conditions [1]. Both empirically-based models used in conjunction with a
Plasma Operating CONtour (POPCON) solver [1] and physics-based models [2] have been used its
design and operation planning. First, Monte Carlo analysis is performed that draws from distributions
for assumptions related to confinement, H-mode transitions, profile shape, and impurity
concentrations. Then, multifidelity Bayesian optimization is leveraged to scan the importance of
individual assumptions as well as small possible deviations from device design. Improving access to
H-mode, reducing uncertainties on confinement, maintaining full planned auxiliary power availability,
and reducing the core dilution as a result of edge-radiator impurities are found to be levers for
obtaining planned or better performance. Expansion into the effect of medium-fidelity physics-based
transport models instead of empirical scaling laws is ongoing.

[1] Creely A J, et al.. Overview of the SPARC tokamak. Journal of Plasma Physics 86, (2020).

[2] Rodriguez-Fernandez, P. et al. Predictions of core plasma performance for the SPARC tokamak.
Journal of Plasma Physics 86, (2020).

Acknowledgements: This work is supported by the National Science Foundation Graduate Research
Fellowship under Grant No. 2141064 and by Commonwealth Fusion Systems, under RPP020.
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Tritium breeding is fundamentally required for a sustainable deuterium-tritium fusion fuel cycle.
Breeder concepts are divided into solid and liquid media. In each case, tritium must be harvested
from the breeding medium. Tritium extraction from solid breeders typically relies on a sweep gas,
such as helium with water and hydrogen constituents, to carry away tritium from lithium-containing
ceramic materials. Liquid breeders produce tritium from lithium-containing liquids such as the liquid
metal lead-lithium (PbLi), molten salt (FLiBe), and liquid metal pure lithium (Li). Two experiments
featuring liquid breeder materials in forced convection loops are operating at the Safety and Tritium
Applied Research Facility at Idaho National Laboratory. These experiments are equipped to provide
essential validation data for tritium transport in candidate liquid breeders for informing and
advancing extraction concepts. The first experiment is the Tritium Extraction eXperiment (TEX), a
liquid metal PbLi loop that is testing the vacuum permeator tritium extraction concept. Currently a
1000-mm long, 12.7-mm outer diameter, and 0.5 mm wall thickness vanadium tube is installed in the
test section. Two helical permeation window sensors made of pure iron are installed upstream and
downstream of the test section in diverging wye-branch sensor ports to measure extraction
efficiency. A moving magnet pump and vortex flow meter are installed to pump and measure the
PbLi flow rate. A plenum with a helium cover gas enables the measurement of evolution rates into
the cover gas. A hydrogen injection system is installed with four closed-end pure iron tubes injecting
deuterium into the PbLi through permeation. The second experiment is the Molten Salt Tritium
Transport Experiment (MSTTE), a fluoride salt loop designed to measure tritium permeation through
structural 316 stainless steel tubing in a flowing salt system. MSTTE is currently filled with molten salt
FLiNaK. The molten salt pump is a canned-rotor pump supplied by Copenhagen Atomics. Deuterium
is injected in a similar permeation method to TEX. This presentation highlights the capabilities,
specifications, status, and preliminary data of these two forced-convection loop experiments.
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A tritium breeding blanket is an essential technology that internally covers fusion devices to produce
elevated amounts of tritium during operation. For commercial fusion energy, the blanket system
must maintain a Tritium Breeding Ratio (TBR) appreciably greater than 1 for fuel cycle sustainability.
The blanket must also withstand the extreme device environment and allow for tritium extraction.
Additionally, in an accident scenario, understanding how and where tritium is released is necessary
to quantify the maximum possible radiological release. Because of these challenges, it is important to
accurately model tritium transportation within the fusion device to motivate improved functionality
and safety in the blanket subsystem. Experimentally measuring tritium online is difficult and
unreliable for long-term research capabilities. Because of this complication, an accurate pairing of
measurable system parameters to tritium production and movement in the blanket channels using a
simulated model is critical for the increased technology readiness level of fusion breeding blankets.
Multiphysics Object-Oriented Simulation Environment (MOOSE) is an object-oriented multiphysics
finite element software that can model complex phenomena in nuclear devices while consuming
reduced computational resources. We are developing a model using MOOSE heat transfer and
thermal-hydraulic solvers to determine how variation in device power history affects measurable
channel flow, coolant temperature, and neutron/gamma flux for a given blanket geometry under
different operational scenarios. Furthermore, we are evaluating how these changes can be linked to
understanding the in-situ tritium inventory.

The blanket geometry used in this work models the coolant lead lithium (DCLL) blanket from the
fusion nuclear science facility (FNSF) design. The DCLL blanket consists of sixteen channels with a PbLi
breeder, helium coolant, and reduced-activation ferritic-martensitic (RAFM) steel structure. This
model expands upon previous work at Oak Ridge National Laboratory. The present paper gives an
overview of the demonstration blanket model and analysis methodology, along with preliminary
results on the link between operational history and temperature/flow distributions.

Future work will link the measured parameters to the tritium movement within the blanket using the
TMAP8 MOOSE application. The iterated model will also couple in neutronic modeling through
Cardinal and OpenMC, which will allow simulation of the neutron/gamma flux detectors. The
research completed is an initial step toward an accurate model for tritium tracking in a fusion system
that will be used for inventory data, design improvement, non-proliferation, accident analysis, and
breeding efficiency.
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The Fusion Linear Accelerator for Radiation Effects (FLARE) is a high flux, steady state, 14-MeV
neutron source facility developed by SHINE Technologies. The FLARE facility provides the most
intense steady-state DT fusion neutron flux available, making it a unique and powerful facility for
R&D testing in support of fusion power technologies, including development and testing of radiation-
hardened diagnostics and sensors, testing of tritium breeding blanket technologies, fusion product
monitoring and other diagnostics, and DT fuel cycle studies.

FLARE is comprised of a neutron generator, a tritium purification system (TPS), an irradiation bunker,
and other essential infrastructure. The neutron generator creates a steady-state deuterium (D+) ion
beam which is then accelerated to energies as high as 315 keV and magnetically focused into a target
gas chamber filled with gaseous tritium (T3). A fraction of these ions undergo a DT fusion reaction,
producing high-energy (14-MeV) neutrons.

As the D+ beam slows down through the gas target due to electron interactions, it results in a line
source of neutrons of varying intensity over its length of ~100 cm, with a 1/r*1.3 radial dependence
in neutron flux. This geometry produces a large volume with high spatial uniformity in neutron flux
available for testing. FLARE routinely operates with an accessible DT neutron flux of ~ 5 x 10° n/cm?s
(over 10 n/cm? over one operating day) and fast neutron flux levels of up to 1.8 x 10" n/cm?s have
been measured with this technology at a maximum DT neutron output of 4.6 x 10" n/s.

The TPS continuously recovers mixed deuterium and tritium gas, cleans and isotopically separates the
tritium, and returns a purified steam of T, to maintain target gas pressure in the neutron source,
allowing for long-duration, steady-state operation. A differential pumping system is used to maintain
the pressure differential between the gaseous target and the accelerator region which must remain
approximately one-million-fold lower pressure to operate in a stable manner.

SHINE’s DT fusion neutron source technology will be deployed as the driver of a testbed facility for
tritium breeding experiments at the UK Atomic Energy Authority’s Culham Campus as part of the
Lithium Tritium Breeding Innovation (LIBRTI) program.



First measurement of the velocity slip coefficient and the tangential
momentum accommodation coefficient (TMAC) of pure tritium
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The tangential momentum accommodation coefficient (TMAC) describes to what degree the
reflection of a molecule in a surface interaction is specular or diffuse, and is therefore an important
quantity for gas dynamics simulations and tritium processing in future fusion power plants. To the
best knowledge of the authors, up to now, no TMAC values for tritium can be found in literature:
neither ab initio calculated, nor experimentally obtained. At the Tritium Laboratory Karlsruhe, with a
license to handle up to 40g of tritium, we have set up the CryoViMA experiment aimed at measuring
the viscosity of tritium. The CryoViMA setup is based on a spinning rotor gauge, with a stainless steel
rotor. The measurement principle and accuracy has been verified using helium, hydrogen and
deuterium. In this measurement, the deceleration rate (DCR) of the spinning rotor is measured in
dependence of the pressure of the surrounding dilute gas. In addition to the viscosity, the analysis of
the data acquired in this manner also allows access to the velocity slip coefficient, from which the
TMAC can be extracted as described in [1]. The CryoViMA setup allows for cooling over a wide
temperature range using evaporated liquid nitrogen. With slow thermal cycling, this system enables a
high-resolution measurement of the temperature dependence of the TMAC between 110 K and 300
K. In this contribution we will present first experimental values for the velocity slip coefficient and the
TMAC of tritium on stainless steel in a temperature range from 110 K to 300 K.

[1] P. Tekasakul, et al. ,, The Spinning Rotor Gauge: Measurements of Viscosity, Velocity Slip
Coefficients, and Tangential Momentum Accommodation Coefficients”. Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films 14, Nr. 5 (1. September 1996): 2946-52.
https://doi.org/10.1116/1.580249.



First Results of Corrugated Circular Waveguide Fabrication by Copper Cold
Spray Additive Manufacturing
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Corrugated circular waveguides are key radio frequency (RF) components in electron cyclotron
plasma heating systems for fusion devices, such as tokamaks and stellarators, as they allow low loss
transmission of millimeter waves over long distances (>10m) between RF sources and in-vessel
launching structures. Cold spray (CS) additive manufacturing is a process in which micro-particles are
accelerated by a gas jet to impinge onto a substrate to form a coating, typically with high density and
low oxidation. Due to the high deposition rate, relative low cost, excellent substrate/deposition
interface quality, and geometric scalability, CS is a promising technology for the manufacturing of
long (>3m) sections of corrugated waveguide. For producing corrugated waveguides using this
methodology, spraying copper onto an externally corrugated cylindrical substrate followed by a
chemical removal of the substrate to produce an internally corrugated structure is proposed using a
VRC Gen Il high pressure CS system controlled by a Fanuc M-710iC 6-axis robotic arm. First results of
copper depositions onto both flat and cylindrical corrugated substrates representative of 100-200
GHz waveguide are presented; material porosity, grain structure, surface roughness and RF losses are
reported for various spray parameters, post processing, substrate material, and corrugation aspect
ratios.



Improving resistance to helium ion irradiation of tungsten with second
phase dispersoids

Saefan A!, Hargrove C!, Marin A!, Wang X*
1Ken and Mary Alice Lindquist Department of Nuclear Engineering, Pennsylvania State University
Monday Posters 3, Lobdell (Building W20 Room 208), June 23, 2025, 4:00 PM - 5:30 PM

Tungsten (W) has been selected as the material for plasma facing components (PFCs) in various
tokamak devices due to its excellent thermal conductivity, high sputtering resistance, and low tritium
retention. Despite these advantages, W-based PFCs face notable challenges during long-term
operation in fusion reactors, such as embrittlement during temperate cycling, high-dose neutron
damage, and high-fluence helium (He) ions in tokamak divertors [1]. Incorporating second-phase
carbide or oxide particles into the W matrix has been demonstrated effective in suppressing the grain
growth at high temperatures and improving the material ductility at lower temperatures [2].

In this presentation, we will show that dispersion phases can further improve the material resistance
to He ion irradiation [3]. Dispersion strengthened W (DSW) embedded with micrometer-sized carbide
dispersoids (e.g., TiC, ZrC, or TaC) were fabricated using spark plasma sintering (SPS), and then
irradiated by 200 keV He ions up to a fluence of 4.5x1017 ions/cm-2 at 850 °C. Dense bubble
formation was found inside the W grains and some dispersoids, with large, dense bubbles
concentrated along W grain boundaries. In contrast, nearly no bubble could be observed at the W-
dispersoid interfaces, and bubble density near the interfaces is lower than that in the grain interiors,
suggesting that these interfaces can inhibit bubble growth. By tuning the sintering pressure, time,
and temperature, we achieved finer grain sizes for both W and the dispersoids, reducing them to the
scale of hundreds of nanometers. This refinement resulted in a similar suppression of bubble
formation near the W-dispersoid interfaces. Thus, optimizing SPS parameters to refine grain size
offers a promising strategy for improving the alloy's resistance to He irradiation. Meanwhile,
significant elemental intermixing was observed near the W-dispersoid interfaces in some DSW alloys,
such as those containing TiC. In these intermixed regions, helium-induced bubbles were evident,
likely due to reduced melting points and increased vacancy mobility caused by intermixing. In
addition, surface chemistry assessment revealed the enhanced protective role of ZrC, leaving metallic
tungsten enriched from the surface to the subsurface region without any carbidization of tungsten,
outperforming TiC and TaC. These findings emphasize the need for further optimization of the alloy
composition and sintering process to enhance the performance of DSW.

This work is supported by US DOE under DE-SC00210005. Helium implantations were supported by
the Center for Integrated Nanotechnologies (CINT), an Office of Science User Facility operated for the
U.S. DOE Office of Science. Los Alamos National Laboratory, an affirmative action equal opportunity
employer, is managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA,
under contract 89233218CNA000001.
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Development and characterization of Tritium Compatible Roughing Pump
for Fusion Fuel Cycle
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Kyoto Fusioneering in collaboration with Canadian Nuclear Laboratories, under the auspice of Fusion
Fuel Cycles Inc. is developing the Exhaust system for Fusion Fuel Cycle.

Fusion reactors require large dry vacuum and transfer pumps for a variety of applications, including
backing and roughing for torus evacuation, fuel cycle gas transfer and processing, and facility vacuum
for safety systems. Commercially available mechanical oil-free pumps have been used successfully in
tritium-bearing gas facilities. However, oil-free scroll pumps have been found to have low pumping
speeds for hydrogen gases at high discharge pressures, which presents a challenge to the long-term
operability and maintenance strategy of larger pumps when used with tritium.

To overcome these challenges, the Tritium Process Laboratory of the Japan Atomic Energy Research
Institute, in collaboration with Mikuni Engineering, has developed mechanical oil-free reciprocating
pumps for various tritium services. The main advantage of reciprocating-type pumps is their expected
species-independent evacuation performance for all gas species over a wide range of discharge
pressures. The developed pump is a prime candidate to be used with ITER vacuum roughing system
for heavy tritium use. However, the original model suffered from defects such as wear of the piston
and inner valve ring during prolonged operation, which led to a new model developed by Kyoto
Fusioneering and Mikuni Engineering. This new model solves these problems and offers improved
pumping capacity.

In this presentation, we report on the pumping exhaust characteristics of our newly developed
reciprocating pump using light gases such as He and Q2, which are commonly used in the fusion fuel
cycle. Our findings support the installation of these pumps in future fusion plants.



Overview, Construction Status, and Engineering Challenges of the Vacuum
Systems for the Material Plasma Exposure eXperiment (MPEX)
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The Material Plasma Exposure eXperiment (MPEX) is under construction at Oak Ridge National
Laboratory. MPEX will be a first-of-its-kind steady-state linear plasma device that will enable neutron-
irradiated materials to be exposed to fusion reactor-relevant divertor plasma conditions for the study
of plasma-material interaction. This facility will be capable of generating high heat fluxes and high ion
fluences to test fusion divertor prototypic plasma-facing materials at steady-state for up to 106
seconds with in-situ diagnostics and magnetic fields up to 2.5 T. This presentation will provide an
overview and construction status of the MPEX vacuum systems that promote efficient heating of the
plasma, create an environment for prototypic divertor plasma conditions, enable in-situ diagnostics,
and maintain vacuum during transportation and further diagnostic examination of the tested
material. Due to the operating environment and performance requirements of MPEX, many
engineering challenges came up during the design and fabrication phases of the MPEX vacuum
systems. This presentation will also discuss the lessons learned and implemented, as well as the
knowledge leveraged from the ITER project, to develop and manufacture the vacuum systems for
MPEX.

This work was supported by the Oak Ridge National Laboratory managed by UT-Battelle, LLC for the
U.S. Department of Energy under Contract No. DE-AC05-000R22725.



Interpretable machine learning method for fast and accurate prediction of
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Bao N'?, Zhou W!, Yan X?3, Meng Y?, Sun Y?
1Anhui University, 2Hefei Institutes of Physical Science, 3Forschungszentrum Jilich
Monday Posters 3, Lobdell (Building W20 Room 208), June 23, 2025, 4:00 PM - 5:30 PM

Neoclassical toroidal viscosity (NTV) torque plays a crucial role in influencing the toroidal rotation of
tokamak plasma, thereby impacting plasma instability and overall performance. Accurate numerical
simulation of NTV torque is essential for experimental design and understanding of the relevant
physics processes. However, the high computational cost of calculating NTV torque and the black-box
nature of end-to-end machine learning (ML) surrogate models present significant challenges in
practical applications. In this study, an ML method for NTV torque computation was constructed by
utilizing Bayesian parameter optimization strategy to explore the best ML model parameters, based
on a comprehensive dataset obtained from extensive numerical simulations of NTVTOK and MARS-F
codes under a variety of plasma conditions of the Experimental Advanced Superconducting Tokamak
(EAST). The resulting optimal model, based on Extreme Gradient Boosting (XGBoost) algorithm,
achieved high accuracy with coefficient of determination (R?) of 0.99 in predicting NTV torque.
Moreover, the inference time was reduced by three orders of magnitudes compared to the
traditional numerical code. In addition, explainable artificial intelligence (XAl) technique is employed
to provide physics insights for the model prediction and improve model transparency. This work
offers an interpretable machine learning approach for fast and high-fidelity prediction of NTV torque,
thus enabling the efficient modeling of plasma momentum transport in tokamak experiments.



Magnetic Field Compatibility Experiments of Ultrafast, Eddy Current Driven
Actuators - ITER DMS Fast Shutter and ITER DMS Support Laboratory
Propellant Valve Tests
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The ITER Disruption Mitigation System (DMS) [1] is a machine protection system for ITER, designed to
mitigate plasma disruptions through the injection of cryogenic pellets [2]. This process involves high-
pressure gas valves and ultrafast, eddy current driven actuators that must function reliably in the
presence of strong magnetic fields near the tokamak. This study investigates the magnetic field
compatibility of two key devices: the Propellant Valve and the ITER DMS Fast Shutter.

The Propellant Valve, developed by the HUN-REN Centre for Energy Research for the ITER DMS
Support Laboratory Project [3], is a eddy current driven valve capable of releasing high pressure
propellant gas within milliseconds, meeting the stringent requirements of laboratory Shattered Pellet
Injector (SPI) systems [4][5]. The ITER DMS Fast Shutter, designed to mitigate premature disruptions
caused by the propellant gas overtaking the pellets, employs an eddy current actuator to rapidly
block the gas path [6][7][8]. Both devices were tested at the ITER Static Magnetic Field (SMF) test
facility [9] to evaluate their performance under high magnetic field strengths, up to 275 mT.

This contribution will show the key performance parameters such as expelled gas consistency and
wear behaviour of the Propellant Valve, as well as the closing time and wear of the shutter actuator
under varying magnetic field conditions. The findings are essential for ensuring the reliability of ITER
DMS components in a high magnetic field environment.

Keywords: ITER DMS, Eddy Driven Valve, Fast Shutter, Magnetic Field Testing, Static Magnetic Field
Test Facility
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DIII-D HFS LHCD System Commissioning
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The DIII-D RF Systems is adding a new high field side (HFS) Lower Hybrid Current Drive (LHCD)
system. The HFS LHCD system is expected to expand the range where the RF absorption into the
plasma is possible beyond the limitations of the present ECH/ECCD system.

The DIII-D HFS LHCD system at 4.6 GHz will validate a novel approach for RF noninductive off-
axis current drive for r/a~0.6-0.8. The centerpost placement of the launcher improves wave
accessibility and penetration while reducing plasma interaction issues and associated coupler
damage.

The 2 MW power system with eight 4.6 GHz klystrons has been installed. The high voltage power
supply, cooling water circuits, and instrumentation and control commissioning has been completed,
while the eight klystrons commissioning and conditioning is underway. All the eight klystrons were
operated with power injection in the dummy loads with total power above 700 kW. The pulse length
was extended to 3000 ms for five of the systems. Klystron and transmission line conditioning
continues to increase pulse length and output power for the FY25 experiments.

The LHCD HFS launcher components and in-vessel waveguides were additively manufactured from
GRCop-84. The waveguides and launcher assembly have been installed on the DIII-D centerpost, and
the dedicated diagnostics that will be used to monitor the plasma conditions of interest, the launcher
status, and the RF effect on plasma have been installed. The LHCD instrumentation and diagnostics
include optical arc detection, impurity monitor for plasma-material interaction, pyrometer to
monitor thermal response, thermocouples, visible camera monitors, Langmuir probes, and
reflectometer for density profile measurements. The latest progress on the DIII-D HFS LHCD System
commissioning will be presented.

Work supported by the U.S. DoE, Office of Science, Office of Fusion Energy Sciences, using User
Facility DIII-D, under Award Number DE-FC02-04ER54698 and by US DoE Contract No. DE-SC0014264.



Engineering design of an automated facility at MIT for cryogenic neutron
irradiation and testing

of REBCO superconducting tapes for fusion devices
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Large-scale superconducting magnets using Rare Earth Barium Copper Oxide (REBCO) high
temperature superconductor (HTS) are the key to compact net-energy magnetic fusion devices. Such
devices require REBCO magnets to operate within intense fast neutron and gamma radiation fields,
presenting engineering challenges. Of principal concern is the exposure to lifetime neutron fluences
in excess of 10" cm-? with kinetic energies (E_kin) greater than 0.1 MeV. The impact of these neutron
fluence levels on REBCO critical current (Ic), critical temperature (Tc), n-value (n), and operational
lifetime has not been well characterized at cryogenic temperatures (20 — 40 K) expected for
superconducting fusion magnets. Cryogenic proton irradiation work has shown the need to follow
cryogenic irradiation with in situ characterization of Tc and Ic at cryogenic temperatures with
external magnetic fields without warm-up to room temperature, which can alter the microstructure
and bulk superconducting properties through thermal annealing. A facility for REBCO cryogenic
neutron irradiation and testing is being designed and will be constructed at the MIT 6 MW fission test
reactor (MITR-Il) and target irradiation of multiple REBCO tapes to total neutron fluences of 6x10'®
cm-?(E_kin > 0.1 MeV) in a 2-month campaign. Ic and Tc testing without warm-up is done by
integrating instrumentation and current leads into a REBCO irradiation chamber with external
magnetic fields provided by a 14 T magnet. Once the REBCO is installed in the chamber and cooled to
the target temperature, the irradiation and testing procedure is as follows. First, the chamber is
positioned so the REBCO is located within the bore of the magnet and the samples are characterized
between 0 and 14 T at multiple magnetic field angles (8) and temperatures (T). Then, while kept at
cryogenic temperatures, the chamber is moved into position to expose the samples to fast neutrons
for 1 week. Post-irradiation, the chamber is positioned with the samples within the magnet bore for
characterization. This process is repeated over a two-month irradiation campaign, resulting in
Ic(B,T,0) and Tc(B,1,8) data as a function of fast neutron fluence above 0.1 MeV. The design of the
facility and the approach to challenges associated will be presented. This includes maintaining the
cryogenic temperatures (20 — 100 K) of the sample for over 2 months through all phases of
irradiation, enabling a robust approach to obtain Ic and Tc measurements at different magnetic field
angles, integrating instrumentation and fixtures that are compatible with the harsh radiation
environment, respecting size constraints for tooling to fit into both MITR-Il and the 14 T magnet bore,
and designing the chamber and processes to minimize material activation and radiation dose to
personnel.
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Controlling vertical stability dynamics in Q > 1 DT fusion tokamaks such as SPARC[1], ARC[2], ITER[3],
and STEP[4] is critical for maintaining stability and mitigating disruptions. This study presents a
physics-guided machine learning framework designed to enhance real-time stabilization of vertical
displacement events (VDEs) while addressing engineering constraints such as power supply limits and
actuator response times.

The framework integrates transformer-based machine learning (ML) surrogate models pre-trained on
SPARC simulations, Alcator C-Mod disruption database, and fine-tuned synthetic datasets from
equilibrium solvers. The model predicts key vertical instability metrics for SPARC, such as rigid and
non-rigid vertical growth rates, inductive stability margins, and maximum controllable displacements,
with computational efficiency suitable for real-time control. Reduced-order plasma models[6] (e.g.
MEQ-RZIp, MEQ-FGE) are incorporated to enforce physical consistency and optimize power
allocation for PF coils under thermal and electrical constraints.

To address the variability across machines (such as ARC and ITER), we integrate transfer learning
techniques, including multi-domain preconditioning and fine-tuning with machine-specific data. Our
initial results demonstrate a <5% error in predicting vertical stability metrics for ARC, with sub-
millisecond inference times on GPU hardware. This level of performance is attributed to the
incorporation of the Fourier feature embeddings within our surrogates during transfer learning,
which efficiently captures non-local dependencies in the plasma responses; while residual
connections mitigate vanishing gradient flow issues during training. These findings underscore a
pathway toward scalable and integrated vertical stability control solutions for future fusion power
plants, where proximity control must address broader challenges, such as steady-state operation and
multi-objective optimization. Further validation in experimental and prototype systems is planned to
bridge the gap between research and deployment in fusion power plant environments.

This work is partly funded by Commonwealth Fusion Systems.
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The study presented is part of a wider effort to evaluate NITE-SiC/SiC as a candidate structural
material in the Liquid Sandwich Vacuum Vessel (LSVV) concept for ARC-class fusion energy devices.
The LSVV design proposes the use of a non-conductive structural material shell made of Silicon
Carbide composites like Nano Infiltration Transient Eutectic Phase Silicon Carbide Matrix reinforced
with Silicon Carbide fibers (NITE-SiC/SiC) enclosing a conductive liquid (like molten lead). This
assembly is contained within the liquid immersion blanket.

We will present the results of the first stage of an experiment aimed at understanding the evolution
of thermal diffusivity of cubic-SiC (CVD) during exposure to a fusion relevant neutron spectrum. It is
known that the fusion neutrons produce significant transmutation products, the effect of which on
thermal diffusivity is currently unknown. Single ion irradiations were performed on the CLASS
accelerator at the Massachusetts Institute of Technology at intermediate temperatures with Si4+ and
He2+ ions to understand the temperature and dose rate effects on thermal diffusivity evolution in
the context of ion irradiation. Thermal diffusivity has been measured in-operando using Transient
Grating Spectroscopy. Each irradiation has been performed twice, once with a 3.4 um grating spacing
and once with a 6.4 um grating spacing. These results are important as they are the first in-operando
measurement of a key material property which will give unique insights into the evolution and
saturation of diffusivity as a function of dose. Moreover, by irradiating with small and large grating
spacings, the system will be tuned to allow in-operando measurements of thermal diffusivity during
dual ion irradiation in an effort to understand the effects of gaseous and metallic transmutants. This
represents the second stage of the project.



Commonwealth Fusion System's path to power on the grid
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Commonwealth Fusion Systems (CFS) has been executing a path to fusion power plants since before
its inception in 2018, with a goal to put fusion electrons on the grid in the early 2030s and to rapidly
scale fusion power production thereafter. CFS is executing a milestone-based approach to fusion
power plants based on the high field tokamak. It is currently the largest and most capitalized private
fusion company and has systematically developed fusion-specific capabilities and recruited a diverse
and capable team from fusion and adjacent industries. CFS has chosen a technical path that
leverages the science demonstrated in prior tokamaks, and couples this with high field magnets
based on REBCO superconductors and compact simplified designs. Working with MIT, CFS
demonstrated a large bore 20T non-insulated fusion magnet in 2021. CFS demonstrated high field
pulsed magnets in 2024. We have now put both technologies into serial production in a dedicated
factory. Our current project, SPARC, is a DT burning plasma based on these magnets and is designed
to close the remaining plasma physics gaps for a power plant and provide an integrated
demonstration of our project execution, supply chain, and manufacturing capabilities. SPARC
construction started in 2021 and is approximately 60% complete and is on track to operate in 2026
and reach DT Q>1 operations in 2027. In parallel to completing SPARC, CFS is preparing plans for the
first power plant, ARC, using the expertise and designs formed during SPARC. As part of this program,
CFS is developing materials, blanket, maintenance, and tritium systems in collaborations with others.
The first ARC will be built outside Richmond VA in collaboration with Dominion, a major US utility,
and provide 400MW to the PJM grid for paying customers.

In parallel to developing its power products, CFS is making significant efforts towards developing a
stand-alone, diversified, and robust fusion industry that can deploy commercial power plants around
the world. We believe that this presents a unifying goal for the community and we actively work to
make this a reality by partnering with diverse organizations, advocating for fusion, expanding the
stakeholders, and evolving the ecosystem. We are excited by the recent pace the fusion endeavor
can and must move.



Design of a liquid Lithium Blanket for a Spherical Tokamak Fusion pilot Plant
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Tokamak Energy is designing a Spherical Tokamak Fusion Pilot Plant (FPP) for integrated test and
validations of technologies, systems and processes required for commercial fusion energy
deployment. The FPP, which is targeting start of operations by 2035, will consist of an operationally
relevant fusion environment. By exploiting the inherent plasma physics benefits of the Spherical
Tokamak, the FPP will demonstrate scalable net power in a fully integrated system. Tokamak Energy
and its FPP design efforts are supported by the U.S. Department of Energy's Milestone-Based Fusion
Development Program. As this will be a deuterium tritium (DT) machine it is essential that the
tokamak has a breeder blanket to create its own tritium fuel.

The low aspect ratio of spherical tokamaks increases the solid angle of the outboard breeding blanket
and decreases the solid angle of the inboard central column. This geometric effect enables a viable
outboard-only breeding blanket solution particularly when optimized with the choice of liquid lithium
as the breeder material. The choice of liquid lithium opens an additional benefit: the reduction, or
even the elimination of a requirement for lithium-6 enrichment.

The design of the liquid lithium breeder blanket has been carried out using a combination of
Neutronics, computational fluid dynamics (CFD), Magnetohydrodynamics (MHD), and mechanical
simulations. The work presented shows the details of the design process including the neutronics
calculations using Monte Carlo radiation transport codes [GEANT4 , MCNP] the CFD and mechanical
calculations using ANSYS software suit and the MHD calculations using analytical solutions and Open
foam calculations.



Readying Tritium Breeding Blankets for Fusion Machines: Validating Designs
Through Emerging Experimental Facilities

Baus C!
IKyoto Fusioneering
Tuesday Parallel 1a - Blankets and Tritium Breeding |, Kresge Main Theater (Building W16, upstairs),
June 24, 2025, 10:30 AM - 12:00 PM

The most ambitious Fusion Pilot Plant (FPP) programmes aim to begin operation in the early 2030s.
Yet, as of 2025, no tritium breeding blanket—or even a blanket module—has been tested for its
three fundamental functions: heat extraction, tritium breeding, and neutron shielding. Breeding
blankets remain one of the most critical yet least technologically mature fusion components.

While new designs continue to emerge, few progress beyond the (pre-)conceptual stage, and even
fewer undergo experimental validation. In this talk, | highlight recent successes in testing breeding
blankets and the key gaps that remain. Emerging integrated testing facilities will advance
understanding of thermomechanics, thermohydraulics, tritium breeding and extraction, and
electromagnetic effects on medium-sized blanket modules. However, material damage, maintenance
schemes, and methods to manufacture full-scale blankets remain largely reliant on computational
models, with significant uncertainties due to poorly understood or complex physics.

| also present Kyoto Fusioneering’s latest efforts to close these gaps and, most importantly, outline
the most feasible path to deploying breeding blankets in the coming years.
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Fusion blankets are fundamental to the success of fusion energy systems, serving three primary
functions: power extraction, tritium breeding, and shielding for magnets. In the absence of a
dedicated nuclear-blanket component test facility (n-BCTF), relevant nuclear testing can begin
immediately by utilizing existing fission capabilities to advance blanket technology. This paper
presents a comprehensive set of current irradiation experiments leveraging available capabilities to
address power extraction, tritium breeding, and shielding requirements for fusion blankets. These
experiments include: 1) a thermal convection loop and the Advanced Test Reactor (ATR) to study
power extraction and irradiation-induced corrosion, 2) solid breeder irradiation in the Neutron
RADiography reactor (NRAD) to understand tritium release behavior, 3) irradiation of solid breeder
materials in the High Flux Isotope Reactor (HFIR) to investigate mechanical integrity, 4) irradiation of
Li-6 enriched breeder specimens for neutronic benchmarking, 5) shielding requirements for high-
temperature superconductor magnets under neutron irradiation in the Massachusetts Institute of
Technology Reactor (MITR), and 6) the design of an n-BCTF utilizing a fission neutron source.
Collectively, these experiments address critical challenges that have been difficult to investigate
without an n-BCTF.
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Breeding blanket (BB) design is key for the feasibility of a future fusion power plant connected to the
grid. Yet, current developments can only be considered as pre-conceptual in most cases, with very
low TRL levels.

The main functions of a breeding blanket could be summarized in (i) tritium breeding, for a self-
sufficient fuel cycle, and (ii) heat recovery, for a commercially viable energy conversion to electric
power. However, there is a myriad of other requirements a BB design must also comply with in
addition to fulfilling these two main functions. These pose challenges involving a number of
disciplines which demand approaching the design with an integrated view from the very beginning.
Since the design of any future fusion power plant will be highly conditioned by the design of its
breeding blanket concept, the authors believe this integrated BB design approach should be one of
the starting points for any fusion reactor design initiative. Despite the significant growth in the last
years of private and public initiatives to design and build future fusion reactors, available experience
worldwide in actual BB design and the almost endless list of associated challenges remains quite
limited. In this context, exploiting the experience and lessons learnt from the most advanced
breeding blanket prototypes currently under development, those of the ITER Test Blanket Module
(TBM) program, seems particularly sensible.

The paper presents some general reflections based on lessons learnt from the development of the
European TBM program for ITER over the last 15 years in connection with some preliminary
engineering activities carried out in parallel for the definition of breeding blanket concepts for future
fusion power plants.
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Electron cyclotron heating (ECH) will be a critical requirement for tokamak-based fusion power
plants. It will require gyrotrons that are lower cost and more efficient than currently available. The
efficiency must exceed 60% with the output power in waveguide and will require advanced power
supply systems. Calabazas Creek Research, Inc. (CCR) is developing advanced gyrotron systems
meeting the requirements for fusion power plants.

The United Kingdom Atomic Energy Authority estimates that each plant will require 150 — 300, one
MW gyrotrons [1]. With 150 gyrotrons as currently available, the cost of the ECH power will exceed
S2M/day, based on a wholesale electricity cost of $0.30/kWh. Current gyrotrons operate at 50%
efficiency with a single stage of collector depression. Simulations indicate the CCR’s thee-stage design
will achieve efficiencies exceeding 70%. Conventional gyrotrons also output the RF power in a
Gaussian mode, and a Mirror Optical Unit (MOU) couples this into the transmission line. CCR’s direct
coupler outputs the gyrotron’s RF power in a 97% pure, HE11, waveguide mode. Eliminating the
MOU will reduce the gyrotron station cost by approximately $500,000 [2]. The direct coupler reduces
RF losses in the gyrotron by 2-4% and eliminates MOU losses of 4-8%. In a power plant, each
percentage efficiency increase will save tens of thousands of dollars per hour.

The three-stage collector and direct coupler are estimated to increase delivered RF power efficiency
by 21%. This will reduce the operational cost of an ECH system with 150 gyrotrons by $394K per day,
not including the savings from reduced cooling costs.

The three-stage collector is an extension of the two-stage collector CCR built in 2007. The additional
stage increases the simulated efficiency from 63% to more than 70%. The reduced power densities
allow fabrication using standard, oxygen-free copper, and no collector sweeping is required. Current
gyrotrons use hardened copper and continually sweep the electron beam to prevent thermal failure.
A gyrotron with three collector stages will require three voltage supplies and three current supplies,
in addition to the cathode voltage and heater supplies. This will require management of more than a
thousand power supplies in a fusion power plant. CCR and N.C. State University initiated
development of Machine Learning (ML) for gyrotron power supply control. The initial development
focused on the collector voltage supplies and demonstrated that the appropriate voltage could be
determined within 3% of the optimum value.

This presentation will present results to date and describe future development plans.

This development was funded by U.S. Department of Energy Grant No. DE-SC0024794.
References

[1] T-DR136-22 Research & Development Plan for STEP gyrotrons, Appendix 6, UKAEA request for
tender, October 2022.

[2] Arnie Kellman, General Atomics, private communication, March 2012.
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The WEST superconducting tokamak, equipped with an actively cooled divertor, focuses its studies
on preparing future tokamak operations in an all-tungsten (W) environment like ITER [1]. A notable
feature is that the plasma heating systems installed and under installation are only RF (Radio-
Frequency) systems. This paper provides an overview of recent progress made in achieving pulse
durations close to 1000 seconds by generating plasma current using the LHCD (Low Hybrid Current
Drive) system, while maintaining the inductive loop voltage (V-loop) close to zero. In parallel with
these experiments, two new RF heating systems are being developed at WEST: an lon Cyclotron TWA
(Travelling Wave Array) antenna operating in the 52-62 MHz frequency range and an ECRH (Electron
Cyclotron Resonance Heating) system with a power capability of 3 MW/ 1000 s operating at the
frequency of 105 GHz. The TWA antenna concept would allow to operate with low power density and
low voltage increasing the reliability of the system compares with traditional ICRF antennas. The
ECRH system aims at increasing the margin to reach H-Mode regimes, controlling W-impurities in the
plasma core and mitigating MHD instabilities. The TWA antenna design progress are presented in this
contribution and a particular attention is paid to the development and installation of the new ECRH
system. The WEST ECRH system will operate with three gyrotrons manufactured by THALES
company [2]. The first gyrotron was conditioned on the new FULGOR gyrotron test bench (FUsion
Long Pulse Gyrotron LabORatory) in KIT. Efficiencies close to 35% and 45% in non-depressed and
depressed collector operation respectively, were achieved with an RF power of 1.2 MW at 105 GHz. A
second gyrotron will be conditioned in KIT during the first quarter of 2025. Both gyrotrons installed
and commissioned at WEST would be ready to deliver 2 MW during the 2025 WEST experimental
campaigns, with the antenna equipped with three water-cooled steering mirrors. The ECRH system is
being commissioned by the WEST team in close collaboration with experts from the European ECRH
network. Finally, an overview of the plasma scenarios planned for the use of ECRH in WEST will also
be presented.

[1] J. Bucalossi et al., Nucl. Fusion 64, 112022 (2024), https://doi.org/10.1088/1741-4326/ad64e5

[2] L. Delpech et al, Fusion Eng. Des. 186 (2023) https://doi.org/10.1016/j.fusengdes.2022.113360
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For an economical, steady state tokamak fusion power plant, efficient off-axis current drive is a
critical enabling technology. High field side lower hybrid current drive (HFS LHCD) is a potential tool
for efficient off axis current drive. From simulations of high gmin, DIII-D discharges, efficient off-axis
current at r/a~0.6-0.8 with peak current density up to 0.4 MA/m2 and 0.14 MA/MW coupled is
achievable with n| |~2.7 at 4.6 GHz.[1] From the HFS, LH waves are expected to have improved
accessibility and penetration[2] and single pass absorption.[3] In preparation for experiments, the
HFS scrape off layer density profile has been characterized and found to have steeper profiles and
less fluctuations than the low field side. This is expected to mitigate coupling and plasma material
interaction challenges.[2] Furthermore, the HFS SOL density profile can be accurately predicted using
global plasma quantities using machine learning. A compact launcher, located behind the center
post protection tiles, is designed to distribute power poloidally utilizing a traveling wave, 4-way
splitter and toroidally with a multi-junction that determines the launched wave spectrum.[4] To
minimize reflections and electric fields in the coupler, each aperture has an integrated matching
structure. The coupler is expected to couple 1.6 MW with a power density ~32 MW/m2. To
simultaneously satisfy these machine requirements, a novel copper alloy, GRCop-84, developed for
aerospace is used due to its favorable high strength, thermal and electrical conductivity, and readily
manufactured using additive manufacturing (AM).[5] In the future, the Laves-phase precipitate,
Nb2Cr4, can replaced by another suitable Laves-phase precipitate compatible with neutron
environment, for example Ta2V4. Using AM, the embedded RF matching elements to ensure proper
power splitting and minimize reflections, precise waveguide twists and bends can be readily
manufactured. The AM primary limitations, component size and surface finish, were overcome
through optimized joining techniques and incorporating chemical polishing. The klystrons have
reached power and pulse length suitable to begin first plasma experiment. To minimize power
conditioning, a vacuum window is located at the input of the poloidal splitter. The largest electric
fields are in the phase shifters within the pressurized waveguide section. The vacuum window is a
half wavelength alumina brick brazed into a CuCrZr window sleeve. To improve the brazing quality,
the CuCrZr window sleeve is copper plated prior to the brazing to avoid issues associated with CrZr
despite its low concentration. The latest simulations, design and system status will be presented.
This will be the first application of LHCD from the HFS and provides an excellent opportunity to
validate HFS RF wave physics, LHCD physics models, and RF AM technologies.

Work supported by US DOE under DE-FC02-04ER54698 and DE-SC0014264.

[1]  S.J. Wukitch et al., EPJ Web Conf. 157, 02012, (2017).

[2] P.T. Bonoli et al, Nucl. Fusion 58, 126032, (2018)

[3] G. Rutherford et al, Plasma Phys. Contr. Fusion 66, 065024 (2024).
(4] A.H. Seltzman et al., Nuclear Fusion 59, 096003 (2019).

[5] D.L. Ellis NASA/TM 2005-213566 (2005).
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This work presents fusion power maturity level matrix and establishes standard definitions and best
practices for using the matrix for a fusion powerplant design. The approach applies systems
engineering thinking to the engineering design process.

When working with unknown and novel science, the development work and steps required for a
design to reach concept level is not easily read across from other projects. Additional
reviews/milestones are needed to ensure efficient and effective progression of the design, and due
to the novel/new technologies being developed; there is no readily available precedent or industry
best practice. Using guidance from the Royal Institute of British Architects as a well-known industry
example in the built environment, there are only 2 levels before concept design is reached. This
reflects the relative maturity of the construction industry and the use or re-use of 'standard' design
solutions but is idealistic for a fusion plant. NASA Concept Maturity Levels framework was developed
to measure space mission projects and becomes increasingly programme orientated and less
appropriate for developing a fusion powerplant at higher maturity levels. Fusion Power Maturity
levels (FP-ML) presented in this work are fusion relevant, and FP-ML will help to progress the design
process in smaller chunks to help manage risks associated with new technologies.
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Within the IFMIF-DONES (International Fusion Materials Irradiation Facility - Demo Oriented Neutron
Source) project a classical systems engineering framework is tailored to the needs of neutron
irradiation facility development [1]. DONES, an accelerator-based D-Li neutron source, aims to
provide material testing under conditions simulating the first wall of future nuclear fusion reactors
(such as EU DEMO). The complexity of the facility - highlighting main systems such as Test, Lithium
and Accelerator Systems - necessitates a robust interdisciplinary approach to ensure integration and
traceability across subsystems, researchers and involved industries alike.

The systems engineering framework employed for DONES merits not only from expertise in nuclear
fusion but also from other projects like ESS (European Spallation Source). It implements Systems
Engineering Body of Knowledge (SEBoK) principles [2]. A Plant Breakdown Structure (PBS) defines the
system and subsystem boundaries while a Work Breakdown Structure (WBS) defines the main
working fields. A dedicated Project Integration Team oversees this framework, facilitating traceability
and consistency through detailed design documents, requirement matrices, and interface sheets.
This approach ensures alignment with safety codes and standards, design objectives, and operational
performance targets. A unique approach of establishing dedicated workforces (called Integration
Work Groups) has been implemented for IFMIF-DONES to ensure the success of interdisciplinary
fields, for example: accelerator alignment, diagnostics, operation and other groups.

Integrating digital tools, including CAD Configuration Models [3], Interface Management Systems and
Requirements Management Systems enhances real-time collaboration across geographically
dispersed research institutions and industry collaborators. These systems address challenges, such as
inter-system dependencies. Furthermore, iterative design updates reflect ongoing research and
adaptation to emerging requirements and interfaces. This systematic approach ensures the facility’s
readiness for commissioning and operational excellence while enabling its adaptation to future
fusion research milestones.

In the scope of this work, | would like to present the Systems Engineering approach detailing the
implementation of the SE foundations (structure and management rules) and requirements,
interface, CAD configuration and interdisciplinary field management highlighting special cases unique
to IFMIF-DONES.

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.

[1] A. Munoz et al, 10.1016/j.fusengdes.2019.111326
[2] A. Zsdkai et al, 10.1016/j.nme.2022.101199
[3] D. Sdnchez-Herranz, et al., 10.18429/JACoW-IPAC2023-TUPMO019



The first formal heat treatment of CRAFT TF high field coil

Wu Y12, Wang W2, Qin J!, Wu Y2, Yu M?!
Hefei Institutes of Physical Science, Chinese Academy of Sciences, 2 University of Science and
Technology of China
Tuesday Parallel 1c - Project Management, Systems Engineering, and Virtual Engineering, Kresge Little
Theater (Building W16, downstairs), June 24, 2025, 10:30 AM - 12:00 PM

Manufacturing a prototype toroidal field (TF) coil of the Comprehensive Research Facility for Fusion
Technology (CRAFT) engineering is one of the key sub-projects of the China Fusion Engineering Test
Reactor (CFETR) device. The CRAFT TF coil is designed with the capital letter “D”, with maximum
dimensions of approximately 19.5 min length, 11.5 m in width, and 1.1 m in height. The high-field
and medium-field windings of the TF coil consist of the Nb3Sn cable-in conduit conductor (CICC).
Given that Nb3Sn superconductors are highly sensitive to stress and strain, the manufacture of TF
coils will still adopt the “wind and react” process. Heat treatment is a crucial step in the
manufacturing of TF Nb3Sn coils. To complete the heat treatment of the TF Nb3Sn coils, we designed
the largest heat treatment system for superconducting coils in China, the full argon atmosphere oven
heat treatment system. This paper will show the results of the first formal heat treatment
experiment of CRAFT TF high field coil, including heat treatment system heat transfer fine model, coil
deformation analysis, witness sample results, experimental temperature analysis, coil cleanliness
analysis.
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In recent years, there has been a rise of private fusion endeavors developing projects to demonstrate
their technologies. These projects are a crucial milestone in the commercialization process to prove a
given concept, reduce commercialization risk, and attract further investment. Alongside the
significant technical challenges associated with developing a fusion technology, start-ups face
additional timeline pressures due to funding milestones and investor interests. While previous
government-led fusion projects also faced timeline pressures, they often had flexibility to ensure
project completion.

With limited peer examples, there are substantial unknowns regarding the risks of accelerated fusion
projects. Hatch's experience with first-of-a-kind (FOAK) projects has shown that, despite caution,
project delays, cost overruns, and cancellations can occur.

This paper presents learnings from Hatch's FOAK projects in the process engineering industry,
nuclear projects, and fusion projects, as well as published case studies, focusing on the risk mitigation
and, in some cases, the risk acceptance required for accelerated fusion projects.
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OpenStar Technologies is a private fusion company exploring the levitated dipole concept for
commercial fusion energy production. OpenStar has manufactured a new generation levitated dipole
leveraging the advances made in high-temperature superconducting (HTS) magnet technologies since
the last experiments of LDX. OpenStar’s first experiment called “Junior” aims to replicate and extend
the results of LDX in a 5.2 m vacuum chamber with a modest ECRF power < 50 kW. Importantly, this
experiment integrates novel HTS power supply technology on board the dipole magnet. Recently
OpenStar has completed its first experimental campaigns with the Junior experiment, achieving first
plasmas in late 2024. Experiments conducted with the full levitated system are planned for early
2025. This presentation provides an overview of the main results from these experiments and details
improvements planned for future campaigns.
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The Tokamak Systems Monitor (TSM) software will provide operators with timely assessments of
machine health, component lifetime, and early warnings of potential faults. Among its key functions,
the TSM will employ data-driven anomaly detection methods to identify unexpected or abnormal
behavior across a broad range of systems and diagnostics. This work presents an initial proof-of-
concept for anomaly detection applied to gyrotron pulses, leveraging data from the European
gyrotron prototype. The method combines dimensionality reduction and clustering techniques to
identify deviations from expected operational patterns. This approach enables the detection of
subtle anomalies that might otherwise go unnoticed. While this first demonstration focuses on post-
shot anomaly detection for gyrotrons, the methodology is designed to be adaptable to other systems
and signals within the TSM, contributing to the improved maintenance strategies and reliability of
the tokamak.
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There will be a large demand of highly enriched 6Li compounds for breeding blanket of a fusion pilot
plant. In the meanwhile, establishing Li enrichment process with no use of harmful element is a
primary challenge to replace conventional chemical exchange process using mercury, which has
environmental risks due to its toxicity. Electrodialysis can separate lithium isotopes by utilizing the
mobility difference between ©Li and ’Li in a Li-ion conducting membrane. An efficient multistage
design with less waste is needed to bridge a technological gap between today’s experimental and the
target engineering scale. However, detailed multi-stage design and optimum operational conditions
remain still unclear. Here, numerical calculations for multi-stage systems are carried out to clarify key
design parameters for an efficient enrichment system with reflux that can operate continuously.

The isotope separation factor in a single cell was experimentally investigated by applying voltage on a
Li-conducting electrolyte that separates pure water and LiOH solution. As a pretreatment, a voltage
of 2 V was applied for 24 hours at each experimental temperature to avoid possible influence of
isotope bias existing in the membrane. After the electrodialysis tests, Li isotope ratios in the source
(Xe,s and X7,s) and condensed solutions (Xe,c and X;,c) were quantified by inductively coupled plasma
mass spectrometry (ICP-MS) to obtain heads separation factor w. As a result of the single cell
experiment, Bl were obtained to be 1.056-1.073 in the temperature range of 293-323 K.

A calculation code for multi-stage electrolysis cells has been constructed to calculate concentration,
isotope fraction, flow rate in each cell and the separation performances. Each electrolysis single cell
was connected by two different ways, so called as cross- and straight- type. In symmetric multi-stage
cells, the overall separation factor w did not effectively increase with number of the stage (n); even
with a very large system with n > 70, the overall separation factor in the cross and straight types
were still below the experimental @ value in the single cell. Enhanced overall separation factor of
cascade system, recovery ratio of bLi isotope, and required stage for 90% enrichment will be
presented in the conference. These findings provide a new strategy to improve the overall efficiency
and therefore provides design scheme for further scale up of the mercury-free enrichment method.
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The fusion energy industry is evolving as technologies mature and demonstration facilities progress.
As such, the need for an engineering base of expertise is rapidly growing. There is an opportunity to
better define the competencies required to fulfill the demands of certain fields in fusion engineering.
Specifically, this paper aims to characterize engineering competencies needed to effectively deliver
the ITER Project contributions to lon Cyclotron (IC) and Electron Cyclotron (EC) Heating & Current
Drive (HCD) Transmission Line (TL) systems. In this application, the benefits include (1) a defined
body of knowledge across functional roles, (2) a transparent development framework to attract and
retain talent, and (3) a credible means to prepare the engineers for future opportunities in the fusion
industry.

The paper will present a project-specific competency matrix that defines technical knowledge & skills
that can be achieved through a tailored selection of education, key experiences, and training. The
matrix will be both informed by past project experiences and forward-looking project needs. Multiple
functional roles will be defined to support the range of work activities, including technology
development, final design & manufacturing. A graded approach based on seniority and contribution
expectations will be formulated to support the range of expected staff. Core technologies, key
engineering principals and auxiliary systems will be considered.

*This work was supported by the United States Department of Energy contract DE-AC05-000R22725.
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A breeding blanket, a key subsystem of fusion tokamaks, converts fusion energy into thermal energy.
Poloidal and toroidal variation in the solid angle between blanket modules and the plasma cause
non-uniform neutron wall loading (NWL) across the modules. This NWL non-uniformity causes
spatially non-uniform nuclear heat deposition along the poloidal direction, resulting in a gradient of
volumetric heat generation within the blanket modules.

This study examines the impact of poloidal spatial resolution of heat source on the temperature
distribution within a water-cooled ceramic breeder blanket module. For numerical analysis, a 3D box-
shaped blanket module with a multilayer structure was modeled and analyzed using a magnetic
coordinate system to analyze the non-uniform heat deposition in flux surfaces. The poloidal
distribution of local heat generation was derived using a neutron-transport code (MCNP).
Subsequently, we evaluated the effect of spatial resolution in local heat generation on temperature
distribution using the ANSYS Fluent code. Among the four inboard blanket modules, we focused on
the uppermost inboard blanket module, which is subject to the steepest poloidal NWL gradients. This
is due to its position relative to the plasma and the significant variation in solid angle between the
blanket surface and plasma. To analyze the impact of these gradients, three volumetric heat
generation scenarios were considered: (1) uniform distribution, (2) 5-cell discretization along the
poloidal direction, and (3) 40-cell discretization along the poloidal direction. In the uppermost
blanket module, the tungsten layer, which is subject to the highest volumetric heat generation,
exhibited a local heat generation difference of up to 11.6 MW/m? between the uniform condition
and 40-cell discretized condition. This highlights that employing a uniform heat generation can
significant underestimate local heat sources in blanket modules. While poloidal variations in NWL
significantly influence local temperature distributions, their impact on the average tungsten layer
temperature remains minimal, with the uniform heat generation condition yielding 441.5°C
compared to 442.1°C under the 40-cell discretized condition. Under the 40-cell discretized condition,
local tungsten temperatures were up to 20.1°C higher than those predicted by the uniform
assumption. These findings underscore the necessity of considering poloidal heat source variations in
thermal design, especially to mitigate the risk of structural materials exceeding operational
temperature limits. Overall, this study provides valuable guidelines for module-level thermal design
of breeding blankets, enabling precise thermal behavior predictions and ensuring structural integrity
under operational conditions.
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The water-cooled lead lithium (WCLL) breeding blanket has been selected to be tested during the
experimental campaign carried out in the International Thermonuclear Experimental Reactor, ITER. In
this blanket concept, lead lithium (PbLi) eutectic alloy serves as tritium breeder, neutron multiplier
and heat carrier. Volumetric heating in the liquid metal is produced by the high-energy fusion
neutrons that release their kinetic energy via nuclear reactions with blanket materials. In the
breeding zones of the WCLL blanket, which consist of regions delimited by first wall, back-plate and
radial-toroidal stiffening plates, the thermal power is extracted by water-cooled pipes around which
the PblLi circulates.

The features of the liquid metal flow in the blanket at fusion relevant parameters are determined
mainly by the action of driving buoyancy forces, due to density gradients, and braking effects caused
by viscosity and electromagnetic forces. The latter originate from the interaction of the moving
electrically conducting PbLi with the plasma-confining magnetic field. The characteristics of the
established magneto-convective flow, which affect heat and mass transfer in the blanket, depend on
thermal conditions, such as differential or volumetric heating, geometry, electrical properties of the
structural material, reciprocal orientation of gravity and magnetic field.

In the present study, we investigate numerically magneto-convective PbLi flow in closed geometries
with volumetric thermal load or differential heating and internal cylindrical obstacles that represent
cooling pipes. The effects of applied temperature gradient, strength and orientation of imposed
magnetic field are studied via 3D numerical simulations. The aim of the analysis is getting an
overview of flow features and heat transfer properties depending on operating conditions and
geometrical set-ups. This could allow identifying the arrangements that are more favorable to heat
transport in the breeding zones.
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Solder is used as a component in magnets containing rare-earth barium copper oxide (REBCO)-based
high-temperature superconductors (HTS). It is an integral constituent that allows for efficient
electrical, thermal, and mechanical connection between individual superconducting tapes. Solder
vacuum-pressure-impregnated (VPI) HTS magnets are a critical technology in high-field fusion devices
like the SPARC tokamak. Since 2020, the High-Temperature Superconductor Solder Facility at the
Massachusetts Institute of Technology Plasma Science and Fusion Center (MIT PSFC) has been used
to solder about 80 superconducting components, including the SPARC Toroidal Field Model Coil
(TFMC) and Central Solenoid Model Coil (CSMC), as well as cold bus cables for the Superconducting
Magnet Test Facility at the MIT PSFC, and a number of samples for process development. The facility
builds upon prior process development at the center carried out in smaller satellite facilities in the
years prior to the SPARC TFMC program. This broad experience has yielded a well-controlled,
consistent, and reliable process. This poster will provide an overview of the facility’s capabilities, as
well as lessons learned from the multitude of magnets manufactured. Notable results will be
described, including the successful soldering of the SPARC TFMC and CSMC, and research showing
low performance degradation from exposure to SPARC-scale solder manufacturing processes.
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Austenitic stainless steel 316L, widely used in fusion experiment reactor vacuum vessel for its
excellent corrosion resistance and mechanical properties, has garnered attention for additive
manufacturing (AM) applications, particularly in critical industries such as aerospace, biomedical, and
chemical processing. This study investigates the magnetic permeability of 3D-printed 316L
components produced using selective laser melting (SLM) and other AM techniques. Magnetic
permeability is a crucial parameter for ensuring material compatibility in applications requiring non-
magnetic behavior, such as medical implants and electronic shielding.

The study evaluates the influence of print parameters, such as laser power, scanning speed, and
post-processing treatments, on the microstructure and magnetic properties of 316L. Results reveal
that 3D-printed 316L exhibits variations in magnetic permeability compared to its conventionally
manufactured counterparts due to residual stresses, anisotropy, and phase transformations induced
during the printing process. Post-processing techniques, including heat treatment, are analyzed for
their effectiveness in reducing magnetic permeability and restoring the material’s non-magnetic
nature.

This research provides critical insights into optimizing AM processes to meet stringent magnetic
property requirements, paving the way for broader adoption of 3D-printed 316L components in
sensitive applications. The findings also highlight the interplay between AM parameters and material
properties, contributing to the development of standardized guidelines for 3D printing austenitic
stainless steels.
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In tokamak reactors, vertical elongation of the plasma enables higher performance at the cost of
requiring active stabilization of the plasma’s vertical position. To achieve experimental flexibility in
present-day tokamaks, the vertical stability control system must be able to recognize and respond to
unstable vertical motion over a wide range of plasma conditions. This work is focused on optimizing
the interpretation of the existing magnetic diagnostics on NSTX-U to improve the performance of the
vertical stability controller and assess how the controller can be expected to perform in new
scenarios such as those with negative triangularity shapes.

The NSTX-U vertical stability controller performs Proportional-Derivative control on the vertical
position of the plasma as estimated from poloidal flux loop measurements. The NSTX-U database
contains 43,170 well-converged EFITO1 equilibria from 803 plasma discharges during initial NSTX-U
operation, which are used here as a reference for assessing the controller’s performance. Comparing
the plasma current centroid vertical position from these equilibria to the estimates of the vertical
position made by the controller, the coefficient of determination is only -0.0671. This indicates that,
on average, the vertical stability controller was not effective at determining the true vertical position
of the plasma. In theory the controller may be able to stabilize the plasma position even without
precisely knowing it, and therefore the time-series cross-correlation between the EFITO1 and
controller estimates may serve as a better metric for comparison. However, the time-series analysis
shows a positive correlation above 0.80 in only about 7% of discharges, leaving significant room for
improvement in the interpretation of the magnetics diagnostics.

The performance of the vertical stability controller should improve if the model for estimating the
vertical position can be improved. The existing model takes a weighted sum of poloidal flux
measurements from 4 pairs of sensors to estimate the vertical position. By re-fitting the existing
model to the EFITO1 data, the fit can be improved to have a coefficient of determination of 0.409
with a time-series cross-correlation above 0.80 for 25% of discharges. Further analysis shows that a
near-perfect recreation of the plasma positions with a simple linear model requires knowledge of all
coil and vessel currents, and is therefore not possible with the information available in real-time. To
improve upon the existing model, a variety of new models are developed by considering different
combinations of measurements from flux loops, Mirnov coils, and Rogowski coils, and adding
increased mathematical complexity to the model such as nonlinear terms. Introducing nonlinear
terms into the model leads to overfitting of the data. Using the linear model with all available
magnetics signals produces a coefficient of determination of 0.85 and time-series cross-correlation
above 0.80 for about 78% of discharge, a significant improvement over the previous model. Machine-
learning is now being deployed to try to make further improvements to the vertical position model.
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The In-Vessel Viewing and Metrology System (IVVS) is a diagnostic tool for the ITER project, designed
to inspect plasma-facing surfaces within the tokamak. Following the construction and validation of a
full-scale prototype of the measurement probe compatible with the ITER radiation and vacuum
environment in 2023, recent progress has showcased its application on a full-scale ITER divertor
inner-vertical target (IVT) and on real, damaged tungsten Plasma Facing Unit (PFU) from CEA WEST
that had been exposed to plasma and displayed deposition of films of tungsten on the surface. This
deposition is currently being studied, as detachment of the films caused disruptions in the WEST
tokamak, and so could have major implications for the ITER project or any tungsten-based tokamak.
The tests done by Bertin have successfully validated the performance of the IVVS at ITER- relevant
viewing angles, distances, and focal parameters, over ITER-specific geometries, and at full cable/fiber
length, confirming its suitability for in-vessel use. They have also shown the capabilities of the system
to detect flaking of the tungsten with real tiles.

On the IVT measurement campaign, the system clearly detected geometrical features such as tile
gaps and edges, with the metrology channel providing precise range measurements with precision on
planar areas of 0.1 mm from 0.5-10m and angles from 0-60 degrees. Over the full IVT geometry,
dimensional errors are <1 mm. Viewing measurements provided high-contrast images with spatial
resolution limited by sampling density. The viewing channel was able to identify damage caused by
heat treatment, even when the surface changes were sub-10 micron in dimension.

Additional measurements were conducted on other tungsten tiles that had been exposed to plasma,
demonstrating the IVVS's capability to detect and analyze deposited films and other surface
damages. These findings further validate the IVVS's suitability for monitoring the condition of the
ITER first wall.
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A real-time (RT) exhaust gas analyzer on ITER, also known as Diagnostic Residual Gas Analyzer (DRGA
[1]) will sample the divertor pumping duct and thus, indirectly, the sub-divertor. Based on recent
tokamak data, it is anticipated that the thus-measured, sub-divertor neutral gas composition will be
representative of the corresponding ion species composition in the main plasma, over a few-seconds
of plasma-wall equilibration times [2, 1]. This is a significant aspect of the physics basis of this
diagnostic system. Toward its validation for ITER, time-dependent SOLPS-ITER simulations are
performed in which the core boundary condition of 3He/(3He + D + T) concentration is abruptly
changed, with the goal to deduce a measurable change in the divertor pumping gap on a timescale
consistent with ~1-sec detection capability. The 3He concentration is a critical parameter for an ICRH
scenario that is efficient in heating T ions in the core plasma [3]. Early simulations showed promising
trends, albeit with the impurity neutrals assumed to remain quasi-steady state [4]. More accurate
time-dependent simulations, capturing the dynamic response of both plasmas [5] and neutrals [6],
will be presented here. In parallel, an emerging, collaborative effort on W7-X is seeking to use an
early ITER DRGA prototype, now fully integrated into this largest stellarator in operation [7], to study
how the non-axisymmetric, yet periodic, sub-divertor regions related and respond to core plasma
compositional changes. The status of initial, synergistic (albeit still steady-state) modeling studies on
W7-X, related to this RT exhaust analysis on W7-X, will also be summarized. This includes the
validation of multi-scale, multi-species modeling using DIVGAS, adapted to W7-X [8], and recently
extended to include helium (He) [9]. More recently, DIVGAS has been coupled successfully with
EMC3-EIRENE for hydrogen plasmas [10]. Starting from the hydrogen exhaust analysis in ref. [11],
also He exhaust is studied using EMC3-EIRENE and the coupling to DIVGAS for He exhaust is analyzed.
An update on related experiments will also be included.
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The SPARC Runaway Electron Mitigation Coil (REMC) is an asymmetric, in-vessel copper coil intended
to prevent the build-up of relativistic “runaway” electrons during a plasma disruption. A sufficiently
large population of runaway electrons can damage plasma-facing components and are a serious
potential failure mode for future high-current, power-producing tokamaks. In SPARC, these high
energy electrons could carry several megaamperes of current[1]. The REMC prevents the build up of
runaway electrons by creating stochasticity and decreasing the electron confinement in the plasmas
when current runs through the dominantly n=1 coil.

To avoid interfering with tokamak ramp-up and ramp-down, the SPARC REMC circuit includes a slow
(~50 ms) switch. Recent ThinCurr analysis shows that the coil is expected to float to 1.75 kV relative
to its grounded housing when the switch is open during a disruption. The REMC also contains several
joints that will be exposed to a wide range of pressures due to the use of Massive Gas Injection
during disruptions[2]. A robust electrical insulation strategy is required to prevent arcing either
directly or through Paschen breakdown of the gas.

The REMC's uses several methods to prevent arcing to ground, including: spray coated alumina for
the bulk of the coil, magnetic field as an insulator to inhibit arcing at the joints, and a resistor in
parallel with the switch to limit the total in-vessel voltage build-up. This presentation will discuss the
theoretical basis for improved resilience to voltage breakdown in the presence of a background
magnetic field and present scalings for how Paschen curves are modified in the presence of a
background magnetic field. Results of testing voltage breakdown at the REMC joints in the presence
of a strong background magnetic field will also be discussed. Finally, the impact of a parallel resistor
on REMC operation as well as other always-conducting REMC operational modes will also be
discussed.

Work supported by Commonwealth Fusion System:s.

[1] R.A. Tinguely et al, Nuclear Fusion, 2021
[2] R. Sweeney et al, Journal of Plasma Physics, 2020
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Levitated Dipole Reactors (LDRs) are an attractive option for magnetic confinement fusion power
plants, offering desirable plasma physics and rapid iteration times when compared to other
confinement schemes. An LDR consists of a magnetically levitated high temperature superconducting
core magnet which is surrounded by the fusion plasma. A key challenge in proving the viability of the
concept is showing that the system can be engineered to function in an environment with high D-T
and D-D neutron flux. Three key requirements have been identified: 1) thermal inefficiencies require
the total heating of the core magnet to be <1% of the thermal output of the reactor for the plant to
achieve break even; 2) the total heating of the core magnet must be low enough to achieve
commercially viable duty cycles; 3) the neutron degradation of the HTS must be slow enough to keep
the cost of electricity competitive. Similar to other magnetic confinement concepts, adding neutron
shielding decreases the performance of the reactor and therefore increases the overall device size
and cost. Hence, the shape and material of the neutron shielding must be optimized to minimize this
impact while still meeting the aforementioned key requirements. This work presents how the
geometry of an LDR is leveraged along with optimized shield profiles and materials to design efficient
neutron shields for high performance LDRs.
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The usual method for Monte Carlo transport geometry description is constructive solid geometry
(CSG), but this approach can be challenging and error-prone, especially for complex models like
fusion power devices since CSG is not a natural geometry representation for engineering analysis. For
such geometries, the open-source transport code OpenMC supports Direct Accelerated Geometry
Monte Carlo (DAGMC) for representing CAD-based models. Traditionally, the DAGMC workflow relies
on Coreform Cubit for surface tessellation, with results stored in the Mesh Oriented DatABase
(MOAB) as a collection of triangles with their associated connectivity and topology. In this study, we
demonstrate a streamlined CAD-to-simulation workflow utilizing the AttiladMC contiguous mesh
generator and the PyDAGMC Python interface to assign metadata to Attila’s mesh for transport in
OpenMC. The Attila-PyDAGMC workflow provides a relatively more straightforward method of
generating discontiguous mesh models than Cubit, with the advantage that the resulting H5M file
can be utilized as both an unstructured mesh for tallies and a DAGMC model for particle tracking.

The OpenMC Fusion Benchmarks GitHub repository is an open-source platform for benchmarking
OpenMC against fusion experiments available in the Shielding Integral Benchmark Archive and
Database (SINBAD). Benchmarks are typically defined and archived using CSG. With recent
improvements in CSG-to-CAD workflows, the FNG HCPB Tritium Breeder Module Mock-up CSG model
is converted to CAD geometry, aiming to standardize the CAD format within the repository. To this
end, we analyze performance differences between CSG models, DAGMC models from the traditional
Cubit workflow, and contiguous and discontiguous mesh-based DAGMC models from the AttiladMC-
PyDAGMC workflow.

A major drawback of simulations using CAD-based geometries is the higher computational cost of ray
tracing in DAGMC compared to CSG. To address this, we introduce mixed-precision ray tracing using
Intel’s Embree ray tracing kernel, which highlights performance improvements and advances in CAD-
based simulations.
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The magnet system of the stellarator fusion device Wendelstein 7-X (W7-X) is composed of three
different groups of coil systems. Beside the main magnetic field, which is created by a
superconducting magnet system there are by two sets of normal conducting coil groups, the trim
coils positioned outside of the cryostat and the control coils inside the plasma vessel.

The control coil system consists of ten 3D shaped coils with dimensions of 1.8x0.3x0.2 meters each),
their power supplies, two separate cooling systems, high current feeds and an autonomous remote
control system. The design of the ten individual power supplies is based on four-quadrant current
converters using Mosfet-Transistors. They provide individual bipolar DC currents of up to 2.5 kA in
steady state operation and a superposed common AC current of up to 625 A of low frequencies for
each coil. The magnetic field created by the control coil system allows for the correction of error
fields, to influence the islands at the plasma boundary and for the sweeping of the separatrix, e.g. the
point of the largest power position, across the divertor.

After the operation phase (OP) 2.1 in 2023, the necessity for a larger influence on the island size and
positioning by the control coils using higher DC currents above 2.5 kA became evident.

This paper describes the calculations, simulations and tests to evaluate the feasibility and the
measures that have been taken to increase the current output of the power supply system from 2.5
kA to 3.5 kA for short pulse operation as well as the first results during the OP2.3 campaign of W7-X.
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Due to the low natural abundance and short half-life (12.3 years) of tritium, fusion energy systems
need to replenish the burned and dissipated tritium inventory from the tritium-breeding blanket to
be sustainable. The tritium-breeding blanket produce tritium when bombarded by high-energy
neutrons from Deuterium-Tritium fusion reaction in the vacuum chamber. Lithium (Li)-based
materials are leading candidates for such blanket due to their ability to produce tritium via nuclear
reactions. Li-based ceramics are one of the most promising technologies for breeder blanket
materials. Unfortunately, current materials suffer from irradiation-induced embrittlement, and
adding allowing elements lead to reduced tritium production efficiency.

To address these challenges, we develop a multiscale tritium transport model to accelerate the
design of a novel tritium-breeder cermet, leveraging the advanced manufacturing capability at Idaho
National Laboratory, with aims at optimizing mechanical integrity and tritium generation and
extraction. The model integrates mesoscale simulations with engineering-scale analysis conducted in
TMAPS (Tritium Migration Analysis Program, version 8). TMAPS8 is a Multiphysics Object-Oriented
Simulation Environment (MOOSE) framework -based, open-source, Nuclear Quality Assurance, Level
1 (NQA-1) compliant application designed to provide cutting-edge multiscale capabilities for tritium
transport and fuel cycle modeling. The research explores the influence of key material characteristics,
including the fraction of ceramics and metals phases and ceramic microstructure on tritium transport
within cermets. This study aims to link cermet microstructure and tritium performance.

The presentation will detail the modeling and results, highlighting microstructural effects on tritium
transport. The findings underscore the potential of the cermets to improve tritium production
efficiency and enhance the safety and reliability of fusion energy systems.
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In our previous study (Jung et al., Fusion Sci. Technol., 2025), we proposed a heat pipe for cooling
radio frequency (RF) antennas in fusion reactors as an alternative to forced convection cooling, which
may pose additional efficiency and reliability challenges. A heat pipe is a widely-used passive cooling
device that utilizes the latent heat of vaporization and the surface tension of the wick, operating
without moving parts or forced flow. Considering the high temperature of plasma-facing components
near 1000 K, liquid metals are recommended as the working fluid. However, the strong magnetic
fields inherent in magnetic confinement fusion reactors additionally impose magnetohydrodynamic
(MHD) effects on electrically conducting liquid metals. The MHD pressure drop along the liquid
channel is known to significantly impair the heat transfer of the heat pipe (Carlson and Hoffman, J.
Heat Transf., 1972, Matthews et al., Fusion Eng. Des., 2019), with the corresponding capillary limit
under the MHD effect determining its performance. Hence, a detailed analysis on the MHD pressure
drop is conducted for a rectangular channel with insulated and conducting walls. The liquid metal
flow in the heat pipe channel can be described as a locally fully developed MHD flow, as typical
Hartmann numbers are high, on the order of 1,000, while the flow remains laminar along with a
negligible magnetic Reynolds number. The fully developed MHD pressure drops are investigated by
varying the aspect ratio and the orientation of the applied perpendicular magnetic field, accounting
for the potential effects of a 3-D geometry. The square channel shows minimal variation in the MHD
pressure drop with the magnetic field orientation, making it a desirable geometry in terms of uniform
mass flow rate and heat flux distribution. In addition, the test plan on liquid metal channels in a large
bore magnet is proposed to validate MHD pressure drop and the heat pipe performance in various
configurations.
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Burning plasma devices, such as ITER and future electricity-generating fusion facilities, impose new
engineering challenges for fusion diagnostics that diverge substantially from prior experience. ITER
diagnostics include various reflectometry systems, one of which is the Low Field Side Reflectometer
(LFSR) that uses the frequency-dependent phase shift between a launched and reflected microwave
to determine the plasma edge electron density. A broadband microwave beam is launched from the
Diagnostic Hall and travels through ex-vessel regions (Gallery, Port Cell, & Interspace) via lengthy
transmission lines (TLs) constructed of aluminum or stainless-steel circular tubing. The signal then
reaches an in-vessel plasma facing antenna where it probes the plasma and is then reflected back to
the Diagnostic Hall for processing. The overarching technical challenge is maintaining the required TL
alignment to achieve acceptable reflected signal quality considering the potential misalignment
tolerances resulting from the span of TLs containing several bends, mirror assemblies, secondary
windows, and airgaps along with the non-uniform expansion of in- and ex-vessel components that
occurs due to cyclic thermal loading. A Gaussian Telescope (GT) mechanism has been designed as a
mechanical quasi-optical coupling device to accurately transmit the signal from the in-vessel antenna
to the ex-vessel system under the temperature induced differential motion conditions. The GT
uniquely integrates the physics and mechanical engineering aspects of plasma fusion diagnostic
systems and has undergone multiple iterations of prototyping and design refinement to achieve
desired transmission characteristics. The poster presentation aims to provide the technical
requirements, engineering approach, and microwave test results of the GT design to share lessons
learned and assist in the design of diagnostics in future integrated fusion facilities based on burning
plasmas.
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The Liquid Nitrogen Superconducting Test Facility at the MIT Plasma Science and Fusion Center
(PSFC) provides a versatile and efficient environment for testing superconducting components,
particularly for high-temperature superconductors (HTS) including tapes, cables, and coils. The
facility, operational since 2020, plays a critical role in quality assurance for components such as the
SPARC Toroidal Field Model Coil (TFMC) and Central Solenoid Model Coil (CSMC), and is supporting
the development of HTS manufacturing processes. The test facility features a range of cryostats, with
capacities from 20 to 4000 liters, and is designed with flexibility to accommodate evolving test
requirements. This poster will evaluate how cryostat design impacts testing performance, including
configurations with both silicon fiberglass linings and G-10 inner shell protection. These designs are
assessed for their impact on liquid nitrogen usage and structural integrity.

The test setup includes a scalable 16 kA, 10 V power supply, and fast data acquisition system that
captures data from up to 96 voltage taps, temperature sensors, and current sensors in real-time. The
integration of a flow sensor into the LN2 setup allows for precise measurement of LN2 usage during
filling, and also facilitates billing calculations based on actual consumption. Estimates of LN2 usage
per hour are provided, allowing for an accurate understanding of operational costs and thermal
performance. Data from temperature and magnetic field sensors, including RTDs, Cernox, Hall
sensors, and fiber optic current sensors, are analyzed to optimize testing protocols and materials
performance. The facility's intuitive control system enables dynamic adjustments to current ramp
waveforms and real-time reprogramming during tests.

A recent example of the facility's capabilities is the CSMC experiments of the eddy current AC losses
analysis of PIT-VIPER masked joint HTS cable, representative of a sub-assembly for the SPARC
magnet, where data from voltage taps were used to characterize the sample and compare with
predicted values. The facility's modularity, advanced measurement capabilities, and cryostat design
innovations ensure its continued relevance for superconducting material testing and development.
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Neutron diagnostic systems are essential for the successful operation of nuclear fusion reactors.
These systems must provide accurate measurements of neutron flux and neutron energy distribution
while withstanding the extreme radiation environment inherent to fusion reactors. A critical
component of such diagnostic systems is the analogue amplifier. To ensure high energy resolution,
the charge amplifier must be placed close to the detector to minimise electronic noise and signal
degradation. However, this placement exposes the amplifier to high neutron fluxes, necessitating a
thorough understanding of its radiation tolerance and operational lifetime.

CIVIDEC's Cx-Mini is a small footprint ultra-low-noise charge sensitive spectroscopic preamplifier
specifically designed for high-count-rate neutron measurements. With a Full Width at Half Maximum
(FWHM) of 180 ns and gain of 3.5 mV/fC, the Cx-Mini delivers excellent time resolution and high-
resolution neutron energy measurements for Deuterium-Deuterium and Deuterium-Tritium fusion
plasmas.

In this study, five Cx-Mini amplifiers were irradiated at the TRIGA Mark-Il fission reactor in Vienna.
The amplifiers were exposed to 1 MeV-equivalent neutron fluences ranging from 1e12 up to 5el15
neutrons/cm2. To eliminate the impact of the neutron energy distribution, the 1 MeV-equivalent
neutron flux for silicon was used, following the Non-lonizing Energy Loss (NIEL) scaling hypothesis.
This represents the neutron flux of monoenergetic 1 MeV neutrons that would generate the same
damage as the real neutron energy distribution, enabling lifetime estimations for a wide range of
neutron environments.

The amplifiers were electronically calibrated before and after irradiation to determine their gain,
noise and pulse characteristics and evaluate the performance stability as function of dose. These
measurements aim to identify the radiation-induced degradation of the preamplifier performance
and establish lifetime limits for the Cx-Mini. The results provide critical insights into the design of
radiation-hard electronics for future neutron diagnostics for nuclear fusion.
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The assessment of worker and public safety impacts from the deployment of fusion power plants
(FPPs) requires evaluation of the radiological source term (i.e. the amount and nature of the
radioactive materials) that could be released during accidents or security incidents. This requires
analysing the radioactive inventory within the FPP and determining the fraction that inventory could
be mobilised under adverse conditions. Most commercial FPP concepts currently under development
are in the early design stage, have limited data on radioactive inventories, and state that their
current designs are expected to have radioactive inventories one order of magnitude less than ITER,
proposals for EU DEMO, and other previous FPP design studies. This work provides estimates for FPP
hazard inventories using publicly available information and the associated radiological source terms.
Tritium is identified as the primary radiological hazard across FPP designs, but there are significant
differences in both tritium inventories and in accident mobilisation due to differing design choices.
Consequently, establishing a consistent relationship between FPP technologies and radioactive
inventories is challenging. The study highlights the need for standardised methodologies to
accurately assess and compare radioactive material inventories in FPPs. It also emphasises the
scarcity of safety assessment data for many developing FPP concepts, underscoring the importance
of integrating safety considerations in early design stages.
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The rapid advancements in fusion energy research underlines an urgent need for a strong workforce
capable of driving future fusion engineering and technology developments. These advancements,
coupled with the needs for commercial fusion energy, highlight the pressing need to grow and
sustainably develop the talent pipeline in fusion engineering and technology. To address this critical
demand, we have launched the “Initiatives to Grow New Innovate Talent to Enable Fusion Energy
(IGNITE Fusion Energy)” project, funded by the Department of Energy’s Reaching a New Energy
Sciences Workforce (RENEW) program. This project aims to leverage the collective strengths of six
academic institutions (Tennessee Tech University, Tennessee State University, Tuskegee University,
Southern Adventist University, Missouri University of Science and Technology, and University of
Tennessee — Knoxville), the Oak Ridge National Laboratory (ORNL), and more than ten private fusion
companies to create workforce training initiatives and enhance curriculum development, thereby
preparing a new generation of researchers and technicians for careers in fusion engineering and
technology.

This initiative is developed around the following three objectives. (1) We are establishing a student
mentoring program to involve undergraduate and graduate students through consecutive summer
internships at ORNL and a private fusion company, where they will gain hands-on experience with
cutting-edge research and commercial applications of fusion technology. Students will also benefit
from continued mentorship in the form of career guidance and professional development during
academic semesters. (2) We are collectively developing a series of new courses and special-topics
modules to be implemented at participating universities, which will later be shared publicly with the
broader academic community. This curriculum development effort will be guided by private fusion
companies and national lab leaders, reflecting the needs and recent advancements in fusion
engineering and technology. (3) To promote the sustainability of the project efforts, we will create an
inaugural entrepreneurship and innovation focused bootcamp — the Fusion Innovation Bootcamp —
designed for sustained training and participation of students in fusion engineering. Student trainees
will engage with fusion startup professionals, national lab researchers, and university faculties in a
dynamic curriculum featuring lectures, panels, hands-on sessions, and pitch presentations.

The integration of student mentoring, curriculum development, and bootcamp engagement ensures
that the training and involvement of participants is sustained beyond the duration of this RENEW
project and into the future of fusion engineering and technology. This RENEW project aims to
sustainably improve workforce conversion and retention in the fusion industry, enrich fusion
engineering curricula across academia with vital course materials, and establish a sustainable talent
pipeline from academic institutions to the public and private fusion sectors.
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The achievement of nuclear fusion power presents numerous challenges that extend beyond the
inherent complexities of nuclear physics and require multidisciplinary approaches. As the area of
research continues to expand, the need for an efficient system of data management and knowledge
retrieval has become increasingly critical. Addressing this challenge requires not only improving data
accessibility but also enabling seamless interaction between human understanding and machine
processing.

An interconnected system for online data, that can bridge this gap, holds significant appeal to many
disciplines beyond nuclear fusion energy. To address this need, new data models have been
developed based on graph structures and ontology frameworks, that can be read both by humans
and machines. These two approaches represent complementary data models that, when used
together, can enhance the accuracy and richness of the final Knowledge Base (KB).

The development of a KB of fusion energy, which organizes domain-specific information into
structured categories and representations, will accelerate the development of more "FAIR" data
sharing, disseminating and referencing. Over time, such a system will foster collaborations between
all partners in a fusion supply chain, helping to de-risk the design, development and construction of
fusion power plants, while also reducing the barriers to understanding between field experts, funding
agencies and policy makers.

In this work, we present an automatic approach to generate a graph-based KB of nuclear fusion
energy starting from a large corpus of scientific documents and by leveraging the inference power of
pre-trained Large Language Models (LLMs). We will also present the development of a Knowledge
Graph Retrieval-Augmented Generation (KG-RAG) machine. This combines the advanced linguistic
skills of modern generative Al with domain-specific knowledge extracted from previously unseen
sources. This KG-RAG enables the effective retrieval of domain-specific information and the
generation of accurate answers to user queries while minimizing model hallucinations and the
production of plausible but fictitious responses. In the end, we discuss the challenges encountered
throughout the project, including data scoping, knowledge extraction, and managing noise in the
retrieval and generation processes.
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Volumetric Neutron Source is a nuclear plasma device that serves as a 14 MeV neutron for testing
and qualification of the Breeding Blanket (BB) to be run in parallel to both ITER operation and the
DEMO design process. VNS is expected to be small, with an associated low power, a tritium
consumption of around 1.5 kg per full power year, and with an easy access to the fusion core. The
safety principles and approach are designed to be proportionate to the safety and environmental
risks associated with the given performance levels. The foundational safety principles employed in
the pursuit of safety are Defence in Depth, ALARA, and passive safety. These principles collectively
serve to mitigate risks and enhance the robustness of safety systems in complex environments. At
the top level, three Fundamental Safety Functions are defined for VNS: confinement of hazardous
materials, reduction of workers’ exposure and limitation of the environmental impact. Being the goal
the definition of supporting safety functions, the use of safety analyses are mandatory to assess that
the VNS design aligns wih it. As part of the safety assessments, preliminary accidental analysis studies
have been conducted to support the assessment of the dynamic response and implications related to
accidental conditions. The accidental analyses have been performed through the MELCOR 1.86
system code. The MELCOR model comprises the Shielding Blanket (SB), a water-cooled Test Blanket
System, modelled as circuits with water as working fluid, as well as the Vacuum Vessel (VV) and its
extensions. The basic modeling has been performed using Control Volume Hydrodynamics (CVH)
nodes, Flow Links (FL) for the flow paths, valves and pumps. Different Heat Structures have been
used in order so represent solid components and working fluids different from water. To guarantee
the completeness of these analyses, it is crucial that potential accident event sequences are
thoroughly identified. This requires the identification of Postulated Initiating Events (PIEs). Two
events have been evaluated as reference events: an in-vessel Loss Of Coolant Accident (LOCA) from
BB and SB with Loss Of Offsite Power (LOOP), and an ex-vessel LOCA from BB with SB loop with
LOOP. In the context of in-vessel events, the VV Pressure Suppression System (VVPSS) served as an
effective mitigation mechanism, significantly limiting radiological releases and effectively confining
contaminants during the accidental scenario. About the ex-vessel event, the analysis demonstrates
that the facility's safety systems, like pressure relief flaps, effectively mitigate pressure buildup and
limit radiological releases during the ex-vessel LOCA scenario. However, the water flashes into steam
that invade the galleries close to the Upper Pipe Chase (UPC). The UPC results in rising in
temperature which causes to the stop of the normal operation of the detitriation system, entailing in
firstly a release of tritiated water (HTO) into the tokamak building and than leakage toward the
environment. Safety analyses are conducted to ensure that the design effectively provides all
required safety functions and meets all safety requirements.
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Several liquid metal concepts have been proposed for use as first wall components in magnetic
confinement fusion reactors. One prominent metal currently under investigation is lithium. For a
liquid metal layer to protect other reactor components the surface of these components must be
fully wetted with the metal. Recent research has clearly demonstrated that a simple flat plate is not
sufficient to encourage wetting of flowing lithium at temperatures low enough to prevent significant
lithium evaporation.

The Test Housing for Advanced Liquid Aloy Surface Studies and Applications (THALASSA, formerly
known as MEME) is being used to follow up on previous research at the Center for Plasma Material
Interactions (CPMI) showing that a porous surface encourages more wetting with lithium than a
smooth surface. To test this, a continuous flow liquid lithium loop is constructed within THALASSA
and connected to a modular plate holder. The modular nature of this plate holder allows for different
plates of various surface geometries to quickly be installed and tested. Previous work using this
system has shown the importance of the placement of loop components in relation to the plate and
how the direction from which lithium enters the plate affects how the plate is wetted.

Ongoing research aims to provide evidence that a either a porous or channeled surface, or some
combination thereof can be wetted sufficiently to provide an uninterrupted protective layer to the
wall of a divertor region while maintaining lithium at low enough temperatures that evaporation
does not significantly contaminate the core plasma or lead to material loss of the working fluid of the
loop. The next phase of research will use a Helmholtz coil to simulate a toroidal magnetic field to
analyze the behavior of the flowing lithium in the presence of such a field.
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This paper discusses the neutron diagnostics of the SPARC tokamak and shows how it will establish
multiple independent and redundant estimates of the total fusion power (Pfus). SPARC is a compact,
high field, DT tokamak, under construction and assembly by Commonwealth Fusion Systems (CFS) in
Devens, MA. One of its mission goals is to demonstrate a fusion breakeven, i.e., the fusion gain
(Qfus)>1 as early as possible. SPARC is designed to approach Pfus~140 MW, Qfus~11, and DT neutron
yield rate (dYn/dt) ~ 5e19 n/s. The latter is measured with varying degrees of temporal, spatial and
energy resolutions using the four distinct neutron systems of SPARC; namely, neutron flux monitors,
neutron activation system, radial neutron camera, and a magnetic proton recoil spectrometer. The
target accuracy on Pfus is set at <t10%, and design targets and early sensitivity studies show that the
majority of the systematic uncertainties can be well-contained under £10%. To achieve that, a high
intensity (>1e8 n/s) DT neutron generator will be used for an in-situ calibration of the SPARC neutron
diagnostics during the commissioning phase. Absolute calibration is supported by high fidelity
neutronics model(s) of the device and its surroundings. SPARC further plans to use the spectrometer
(with its ab-initio calibration) and camera systems to provide absolute neutron yield, an approach
that has high potential cost and time savings. With an overview of the state of the SPARC neutron
systems’ designs and prototyping, the paper presents preparations per system to build workflows for
estimating neutron yield rate and Pfus and their respective uncertainties.
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As an important component of switching power supply, high-frequency transformer plays the role of
voltage conversion, electrical isolation, energy conversion, etc., and is widely used in the power
supply of auxiliary system of Tokamak devices. However, the transformer is easy to be disturbed by
the strong stray magnetic field generated by the Tokamak device in the surrounding space, which
leads to the change of its operating characteristics and affects the output performance of the
switching power supply. The accurate model of high frequency transformer in strong magnetic field is
the premise of power supply immunity design. This paper proposes a transformer model in strong
magnetic field based on finite element simulation and neural network. The finite element simulation
is used to calculate the field distribution of the transformer under different strong magnetic field
conditions, and the key parameters that can describe the performance of the transformer are
extracted. The relationship model between the key performance parameters of the transformer and
the strong magnetic field parameters is established through the neural network and brought into the
simulation model of the power supply. Finally, the simulation results of the power supply are
compared with the test results of the real power supply in the strong magnetic field to prove the
accuracy of the proposed scheme. This paper provides a novel idea for the establishment of magnetic
element model in strong magnetic field.
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Sustaining the rapid growth of the fusion industry will require a proportionate increase in the supply
of skilled workers who can engineer, manufacture and deliver critical components for nuclear fusion
machines. Few universities worldwide provide specialized education in fusion energy, and those
focus mostly on physics rather than engineering. Thus, the global challenge of engineering workforce
gap will be felt particularly acutely in the fusion industry in the decade to come. Here we present a
novel approach to massively accelerate and expand university training of fusion workforce through
project-based learning.

Launched in 2024 at UNSW Sydney, “AtomCraft” is a world-first university engineering course that
aims to deliver the first tokamak entirely design, built and operated by undergraduate students. The
students are exposed to real-world engineering practices and challenges, with a focus is on the
design and construction phases. This contrasts with other small-scale university tokamaks, which
focus on providing operational access to an existing machine.

The project will deliver a new prototype every 3 years (not all tokamaks), each addressing specific
design constraints, informed by our industry partners. The first machine is a conventional small-scale
tokamak with a major radius of 0.3 m, aspect ratio of ~4 and targeted toroidal field of 0.1 T. The main
technical goal is to demonstrate a 100 ms pulse with ECRH-assisted plasma breakdown and a peak
plasma current of 5 kA.

Through AtomCraft, students are equipped with foundational knowledge on how to design and
integrate tokamak subsystems, in close collaboration with industry partners. Students are developing
skills in: vacuum engineering, RF engineering, power electronics, plasma diagnostics and EM and
plasma simulation. We will outline our current progress and lessons learned thus far. The design
methodology underpinning the AtomCraft tokamak is also presented, and is intended as a reference
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Safe tritium management in fuel cycle facilities requires robust containment and confinement
strategies to minimise environmental impact and ensure worker safety. The H3AT (Hydrogen-3
Advanced Technology) facility, UKAEA's tritium processing facility currently under design, employs a
multi-layered approach to tritium confinement. Primary containment is achieved through highl
integrity, low-leakage components within the process pipework, secondary containment is provided
by gloveboxes, and an Atmosphere Detritiation System (ADS) serves as the final protective layer.
Achieving effective tritium confinement in the facility requires overcoming the challenge of
integrating the multiple layers into a cohesive containment and confinement system, particularly
maintaining stable pressure control within gloveboxes under varying operational conditions and
ensuring seamless coordination across containment mechanisms.

The H3AT facility’s design demonstrates how integrating gloveboxes equipped with precise pressure
control mechanisms and the ADS through a common manifold ensures effective tritium confinement
and robust protection against environmental releases. Secondary containment systems have often
been prominent safety measures in tritium-handling facilities, providing an essential line of defence
against potential releases [1-2]. In contrast, the H3AT facility’s multi-layered approach evenly
distributes risk reduction across all containment layers, minimising reliance on any single system. The
ADS not only serves as the final protective layer by removing and recovering tritium from gaseous
effluents to reduce releases to ALARP levels but also maintains sub-atmospheric pressure in
gloveboxes. Additionally, the pressure control system within the gloveboxes ensures operational
stability by responding to deviations from permissible pressure ranges, enhancing safety and
containment reliability compared to traditional single-barrier approaches.

This integrated approach represents a shift toward holistic tritium safety designs in fusion facilities,
emphasising the interplay between active and passive systems to enhance both operational stability
and environmental protection. Balancing these containment strategies, the H3AT facility aligns with
broader industry goals of achieving ALARP for tritium emissions while maintaining operational
efficiency. The H3AT facility’s design process contributes valuable insights to the evolving standards
for tritium management in fusion and other advanced nuclear technologies. By addressing current
challenges, it sets the stage for developing more resilient and adaptable containment systems, with
lessons directly applicable to future large-scale tritium handling facilities, such as ITER and STEP.
Once operational, the H3AT facility will generate critical data and operational experience, further
refining strategies for tritium containment and confinement.

Keywords: Containment, confinement, detritiation, glovebox, pressure control.
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The development of fusion energy presents unique challenges, requiring regulatory frameworks that
are both proportionate and forward-thinking. These frameworks must ensure safety, security, and
environmental protection, foster public confidence, and support technological advancement. This
work explores the UK’s journey toward establishing a regulatory framework that enables public and
private fusion companies, focusing on the integration of scientific assessments into policy decisions,
and the importance of collaborative stakeholder engagement.

Central to the UK’s approach is the balance between fostering innovation and proportionate
regulation whilst maintaining safety standards. The UKAEA Technology Report for fusion was created
leveraging publicly available safety studies on early fusion power plant concepts. Within this the level
of risk that may be associated with hypothetical accident scenarios at large fusion power plant were
shown to be low. The UK has aimed to address concerns from both the public and industry
stakeholders via Government Consultation on its proposals for a regulatory framework for fusion,
ensuring that regulation keeps pace with technological developments. Collaborative dialogue among
policymakers, researchers, and industry representatives has also been instrumental in shaping
strategies that align with global best practices, positioning the UK as one of the leaders in the fusion
regulation.

Key themes of this process include the importance of proportionate regulation, and the necessity of
maintaining public trust through transparent and evidence-based decision-making. This work
highlights how the UK’s experience could contribute to international co-operation in establishing a
harmonised regulatory framework for fusion and provide a pathway for navigating the complexities
of fusion regulation. Such an approach not only facilitates technological innovation but also ensures
that safety and public confidence remain at the forefront of the fusion journey.
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A non-linear multiphysics component scale finite element blanket model and homogenized
viscoplastic material model was developed for modeling irradiation and cavity swelling creep in the
dual cooled lead lithium (DCLL) blanket. Since the constitutive behavior of a material and the
evolution of the voids within are highly coupled process, a theorem proposed by Bishop and Hill was
employed to match the dissipative potential and ensure accurate constitutive behavior of the blanket
material system. The viscoplastic model is based on Gurson-Tvergaard-Needleman implementation
that is widely used for modeling damage evolution in ductile materials. A separate model that
correlates changes in neutron damage and operational temperature to void swelling of F82H steel at
fusion relevant temperatures is provided to supply the volume fraction of the voids. The results of
the homogenized stress and the stress induced evolution of the cavities in the first wall, back wall,
separation plate of the blanket for a period of 3000hrs are presented. Results are compared with
another Leblond-Perrin-Suquet based viscoplastic model for the DCLL blanket.
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To study shared issues for ARC-based fusion energy system concepts, the design of outer fuel cycle
(heat transfer system) components needs to be explored. In particular, the primary heat exchanger
serves as an interface between the outer fuel cycle and power conversion systems while influencing
the inner fuel cycle system. Therefore the primary heat exchanger(s) has to transfer the heat
required for power generation that results in the heat exchanger having the largest surface area in
the outer fuel cycle. The high amount of surface area also yields significant tritium mass transfer
meaning the primary heat exchanger(s) impacts the inner fuel cycle. These attributes force design
requirements and limitations on the primary heat exchanger to include tritium barriers to reduce
tritium fuel losses and radiological risks. The heat exchangers are assumed to have molten salt (FLiBe)
transferring heat to a solar (nitrate) salt. The solar salt is selected for the existing supply chain for
concentrated solar power plants.

In this study, the design space of primary heat exchanger(s) are explored using design limits and
figures of merit with respect to both inner and outer fuel cycles. The design limits and figures of
merit are based on both fusion energy systems and cross-cutting molten salt reactor technologies
due to inherent commonalities. The initial design limits include coolant and material temperatures,
allowable pressure drop, localized flow velocity and maximum tritium losses. While the initial figures
of merit includes coolant volume, component size, temperature drop, and manufacturability. With
estimated design limits and figures of merit, the design space is determined using heat exchanger
sizing calculations for shell and tube heat exchangers with and without heat transfer enhancements.
The sizing calculations are done using pre-established methods used for any industrial heat
exchanger coded in Python. Whereas, the design space is established using Pareto-front based multi-
objective optimization connected to the sizing calculation code. The multi-objective optimization will
involve balancing both design limits and figures of merit mentioned. Down-selected primary heat
exchangers designs are presented with detailed knowledge gaps that will need to be addressed.
These knowledge gaps will then be addressed in follow-on studies using both computational and
experimental studies.
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Levitated dipole experiments have demonstrated successful plasma confinement and validated
fundamental magnetospheric physics in laboratory settings. However, these experiments have lacked
the heating power density required to achieve fusion-relevant plasma conditions leaving their
performance as fusion devices yet to be experimentally investigated. Following the completion of
OpenStar Technologies' first device "Junior", the next-generation machine "Tahi" is designed to
achieve dense, hot thermal ion populations to investigate their performance in this plasma regime
and provide the stepping stone necessary for the development of future higher-performance devices.
Planned for construction by 2027, Tahi offers significant upgrades to previous levitated dipole
experiments in its heating systems, magnet performance, and plasma diagnostics. This work provides
an overview of the current design status of these systems, predictions of machine performance, and
details how these key systems will enable completion of Tahi's physics goals.
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To meet the world’s growing energy demands, fusion energy technologies are rapidly growing. With
the increasing demands of the fusion industry, there is a need for growth in the workforce. In a 2020
report from the Fusion Energy Sciences Advisory Committee (FESAC), it was identified that the fusion
and plasma communities have low participation of women and underrepresented minorities. FESAC
encourages programs to broaden recruitment pools to increase opportunities for these
underrepresented groups in national laboratories, universities, and private industry. To help recruit
and ultimately develop a more diverse workforce in fusion research, the University of New Mexico
and the University of Tennessee-Knoxville are working together to create a widely available liquid
metal summer school. Within that school, we aim to develop an educational module focused on
modeling and simulation with the open-source MOOSE application [1]. While NCRC applications like
RELAP provide high-fidelity models for these concepts, MOOSE allows for increased accessibility of
these capabilities and a larger variety of multi-physics modules. Additionally, it allows for the
introduction of these modeling capacities earlier in students’ careers.

In the presented work, one training module is discussed in depth. This module is meant to teach
students to model the University of New Mexico’s Lobo lead loop in MOOSE. The Lobo lead loop
supports numerous studies on molten lead interactions, including corrosion and erosion of structural
materials, instrumentation, radioisotope retention, and thermal hydraulics. Modeling the loop in
MOOSE allows for the computational understanding of thermal hydraulics under a wide variety of
boundary conditions. While this represents a specific application of MOOSE, the course will help
students build broad foundational skills in modeling and simulation. We will begin by outlining the
learning objectives for the module. A broad overview of the course contents and delivery methods
will be outlined. Finally, lessons learned from the first administration of the course will be discussed.
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The Diagnostic Residual Gas Analyzer (DRGA) is a multi-sensor diagnostic system for the ITER project
and is capable of measuring fusion gas compositions with very high resolution [1]. The DRGA can
resolve isotopic compositions of hydrogen and helium as well as other heavier elements and
compounds [2]. The DRGA analyzes the composition of gases in a vacuum chamber with mass
spectrometry and optical gas analysis techniques. Measurements from residual gas analyzers (RGA,
the sensors providing the mass spectrometry), Charge Coupled Devices (CCD) cameras (used for
optical spectroscopy detection), and Pirani/Cold cathode gauges are combined to calculate partial
pressure of various fusion gas species. The Joint European Torus (JET) had a functionally equivalent
system for sub-divertor neutral gas analysis (JET internal name KT5) [3]. JET is closest to the ITER
tokamak in terms of operating parameters and size, thus providing important validation of the
approach for ITER, including experience with DT plasmas [2]. Oak Ridge National Laboratory (ORNL)
has developed a DRGA prototype to validate various instruments, both commercially available and
specialized. The prototype can provide ITER like pressure conditions and gas species [4, 1]. ORNL has
developed a LabVIEW™-based software to interface with various instruments on the prototype, to
explore how to overcome dependence on vendor-provided, standalone solutions. The software
acquires raw data from various instruments simultaneously and processes them to produce useful
physics data. This software will help validate the hardware as per the ITER requirements of
measuring various gas species within specified constraints. This paper will explain the software
architecture and operating states of the DRGA in detail. The operation state machine orchestration is
designed similar to ITER operating modes. The Graphical User Interface (GUI) is designed considering
the DRGA physics needs for visualizing gas species concentrations in profile plots and trend charts for
individual masses. The software helps identify and decode the communication protocol of
commercial instruments to acquire raw data. Understanding of the communication protocol will help
to develop an Experimental Physis Control system (EPICS) based software for ITER machine in future.
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Structural components in a fusion reactor must withstand the diverse range of demands placed on
the components, including 14 MeV neutron irradiation, He exposure and temperatures up to 650°C.
Joints between structural materials must maintain integrity during operations, but residual stresses
that are left after welding can cause them to fail unpredictably. The main candidate structural
materials for breeder blanket module designs are reduced activation ferritic/martensitic (RAFM)
steels because of their reduced swelling, high temperature capability and the faster decay of induced
radioactivity following service [1]. RAFM steels, such as Eurofer97, will be used in the UK Atomic
Energy Authority’s (UKAEA) STEP (Spherical Tokamak for Energy Production) programme’s breeder
blanket design, which involves a complex assembly process; a joining strategy must be developed
using a range of techniques.

Electron beam and laser welding are promising techniques for RAFM steels, with little distortion and
high pass speed compared to gas tungsten arc welding, for example. RAFM steels are sensitive to
rapid temperature changes due to the solid-state phase transformations that occur in the fusion
zone, which cause residual stresses to be generated in the weld. Post-weld heat treatments have
been used to reduce these stresses but cannot completely recover the original parent microstructure
[2].

Several techniques have been used to measure the residual stress across Eurofer97 laser welds, such
as neutron diffraction [3] and Bragg edge imaging [4] before and after a standard post-weld heat
treatment. Whilst they show that the residual stresses have decreased, concentrations of residual
stress remain that can cause engineering complications such as buckling or cracking. In line with
UKAEA’s NEURONE (NEUtron iRradiatiOn of advaNced stEels) programme, of which joining is a key
area of research, this work explores the application of novel post-weld heat treatments to Eurofer97
electron beam welds. These will be analysed ex-situ and in-situ using neutron diffraction cross-
validated with the contour method, a destructive technique developed by Prime at Los Alamos
National Laboratory [5]. Characterisation using EBSD is used to reveal the changes in microstructure
across the fusion and heat affected zones of the weld.
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Neutron flux in fusion reactors causes voids and swelling in materials—and creates nuclear waste in
materials susceptible to neutron activation of long-lived isotopes. Current additive manufactured
niobium-based copper alloys such as GRCop-84 have high yield-strength due to precipitate
formations, which prevent swelling. Neutron activation of niobium produces long-lived isotopes; new
reduced-activation copper alloys with similar yield-strength are needed. The yield-strength of a
material can be estimated through analysis of the material’s precipitate size distribution from
electron micrographs of focused-ion-beam (FIB) milled cross-sections. Current analysis relies on hand
annotation due to varying contrast, noise, and image artifacts present in micrographs, slowing
iteration speed. We present a filtering and segmentation algorithm for detecting precipitates in FIB
cross-section micrographs, optimized using linear genetic programming (LGP), which accounts for the
various artifacts. Our LGP environment uses a domain-specific language for image processing
centered around iterative processing of an input (folding), where we can reliably generate, mutate,
represent, and execute filter pipelines. Our environment produces optimized human-interpretable
MATLAB code representing an image filtering pipeline. Under ideal conditions—a population size of
60 and a maximum program length of 6 blocks—our system was able to find a near-human accuracy
solution with an average evaluation error of 1.79% when comparing segmentations pixel-by-pixel to
a human baseline. Our automation work enabled faster iteration cycles and furthered exploration of
the material composition and processing space: our algorithm processes a 3.619 megapixel image in
~2 seconds on average. This ultimately enables convergence on strong, low-activation, precipitation
hardened copper alloys for additive manufactured fusion reactor parts.
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The connection between projected fusion reactor performance and helium enrichment in the edge
plasma is explored using the plasma edge code SOLPS-ITER. The first fusion power plants (FPPs) will
use the deuterium-tritium (D-T) fusion cycle, and on-site production and recovery of tritium must
sustain (or exceed) the fueling needs of the plant. Recently, it was proposed that the tritium usage in
steady state, equilibrated fusion reactors could be characterized by a generic, dimensionless figure of
merit: the “Tritium Burn Efficiency”, or “TBE” [1]. Since each D-T fusion reaction will produce one
neutron (used to breed tritium) and one alpha particle (pumped out of the divertor as helium ash),
this metric relates the rates of fuelling input to the core plasma, tritium burn, and helium exhaust to
derive analytical expressions for the tritium throughput and global helium content. In this framing,
the reactor performance is fundamentally dependent on the permitted helium gas fraction in the
divertor and the effective pumping speeds of both helium and unburned hydrogenic fuel.

This study addresses the applicability of TBE for characterizing fusion devices through evaluation of
helium transport and enrichment in the divertor plasma, in both existing experiments and then for
next-step devices. Although existing tokamaks do not produce significant fusion-born alpha particles,
these machines can still provide a reasonable test environment for studying helium exhaust and
transport, where helium can be injected as an extrinsic impurity species. Existing impurity
enrichment studies using helium performed on the DIII-D tokamak with induced scrape-off layer
flows at various puffing/pumping speeds are modeled using SOLPS-ITER, matching reported
experimental conditions [2]. Though tritium is not used in these experiments, since TBE is dependent
only on quantities relating to helium in the edge plasma, the TBE parameter can still be used to
interpret and predict the relationship between observed helium enrichment and fusion performance.
For D-only plasmas, preliminary estimates of TBE from reported values in existing work suggest TBE
of >5-10% should be achievable, but further analysis is needed to better understand the efficacy of
TBE in the presence of the complex dynamics of the plasma edge. The simulations performed in this
work provide a validated baseline for further physics studies on divertor helium enrichment. The
experimental conditions for the existing discharges are held constant, and the influence of various
processes (such as helium transport, recycling, and pumping speeds) on helium enrichment in the
divertor are explored. The resulting impact of these factors on TBE is discussed.

[1] D.G. Whyte et al 2023 Nucl. Fusion 63 126019

[2] M.R. Wade et al 1998 Nucl. Fusion 38 1839
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The SPARC tokamak includes several separate and interconnected vacuum and high purity systems
that need to meet strict and sometimes unique cleanliness and material compatibility requirements
to ensure they meet functional requirements for plasma startup and operation, diagnostic systems
function, cryogenic system performance, and tritium processing compatibility. There are many
examples of poor performance, delays, and damage in the history of fusion due to contamination and
debris left in the machine after assembly and maintenance. A vacuum cleanliness program has been
implemented to mitigate risks caused by poor vacuum quality for each of the separate and
connected vacuum volumes, establishing cleanliness requirements and material restrictions for
manufacturing, inspection, and operation.

This report describes the technical cleanliness requirements that the integrated SPARC vacuum
systems need to meet depending on the driving vacuum, plasma, and tritium compatibility
requirements. We present a strategy for managing technical risk and validation methods through the
use of guidance, thresholds, qualification tests, and integrated outgassing and leak rate budgets. A
summary of the technical basis and impact assessment behind these driving requirements and the
development of general impurity limits and outgassing budgets, material restrictions and tritium
management strategies is presented. We describe the expected outgassing rates and system vacuum
partial pressures from initial evacuation, bake, and cooldown of the device, and present example
measurements of cleanliness and outgassing rates used to evaluate materials.
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Disruption Mitigation System Shattered Pellet Injector (DMS SPI) technology is emerging as a critical
machine protection subsystem for larger tokamaks, preventing severe damage from plasma
disruptions. A novel diagnostic approach employs thermal wave propagation within the injector
barrel to provide in-situ assessment of this safety-critical system. By introducing a controlled thermal
disturbance in the barrel and measuring temperatures at two distinct points, both the phase shift
and amplitude variations of the resulting thermal waves can be tracked. From these measurements,
the material’s thermal diffusivity is derived, which allows the detection of pellet presence or absence
in the barrel. This method offers a non-intrusive means of evaluating the readiness of DMS SPI
components in future fusion reactors. Moreover, its capability to distinguish between loaded and
unloaded states could significantly enhance reliability, ensuring that SPI pellets are deployed
accurately when incipient plasma instabilities arise. Consequently, thermal wave analysis stands as a
promising step toward more robust, in-situ monitoring of DMS SPI systems, ultimately contributing to
the reliable operation of fusion devices.
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One of the main objectives of the EU-DEMO plant is to demonstrate the feasibility of generating
electricity from nuclear fusion while developing the technological solutions necessary for both
plasma control and broader operational demands. However, the plant’s significant radioactive
inventory, intrinsic complexity, and high-enthalpy cooling loops demand a robust safety strategy to
fully harness fusion power’s environmental benefits. In this context, the Tokamak building—serving
as the ultimate confinement barrier—must address critical challenges related to overpressurization
and radioactive mass transport hazards. Under the EUROfusion Safety and Environment (SAE) work
package, extensive safety studies are being conducted to guide design improvements, focusing on
the thermal-hydraulic behavior of the confinement building under design-basis accident (DBA) and
design extension condition (DEC) scenarios, as well as on source term mobilization.

This paper discusses the development of a thermal-hydraulic model of the EU-DEMO Tokamak
building and, as part of a verification phase, presents a benchmark analysis employing MELCOR and
GOTHIC codes. The main goal of this work is to estimate the ultimate pressurization of the different
building areas and the potential radiological releases within the scope of a code-comparison
approach. A preliminary model of the heat ventilation and air conditioning system and the vent
detritiation system has been included to simulate the impact of dynamic confinement barriers during
a loss-of-coolant accident scenario. Results suggest that building design improvements may be
necessary to maintain pressure within safety limits; initial mitigation strategies are also explored to
enhance the overall safety performance of the building.
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Plasma energy breakeven SQ_p = P_{fus}/P_{aux} > 1S has long been sought as evidence for fusion's
feasibility as a source of energy. The SPARC tokamak, now under construction in Devens, MA by
Commonwealth Fusion Systems (CFS) is predicted to not only achieve $Q_p > 1S but enter the
burning plasma regime SQ_p > 55 producing at most 140 MW of DT fusion power or $\sim 5 \times
107{19}$ neutrons per second. In order to verify this predicted performance, a suite of four neutron
diagnostics is being designed and built for the machine. This includes a poloidal neutron camera
which will be capable of resolving neutron emission in time, space, and energy, from which the
neutron emissivity and ion temperature profiles can be derived. With an appropriate calibration, the
fusion power can also be assessed. Neutron cameras have been fielded on many other magnetic
confinement fusion devices (JET, TFTR, LHD, MAST-U) but the SPARC neutron camera will be the first
to operate with energy-resolved detector units, enabling more accurate emissivity reconstructions
and measurement of the ion temperature profile. This spectral capability is enabled by two modern
detector technologies: single-crystal chemical vapor deposition diamonds and deuterated-xylene
liquid organic scintillators. By combining these two detector technologies, the SPARC neutron camera
will be capable of operating over three orders of magnitude for both deuterium-deuterium (2.45
MeV) and deuterium-tritium (14.1 MeV) neutron emission. In this presentation, we share details of
the design of the spectrometric detector units, including results from a complete NCAM channel
model assembled at CFS and MIT with custom detector prototypes. We also present synthetic
tomographic reconstructions of both neutron emissivity and ion temperature for a range plasma
scenarios and present a methodology for quantifying the uncertainty in neutron camera
measurements.

This work is supported by Commonwealth Fusion Systems.



|IQ demodulation with real-time transmission line compensation for ITER
bolometer diagnostics

Fiorenza F!, Capella L%, De Tommasi G!, Neto A?, Pironti A, Sartori F?
lUniversity Of Naples Federico II/CREATE, 2Fusion For Energy
Tuesday Posters 1, Lobdell (Building W20 Room 208), June 24, 2025, 10:30 AM - 12:00 PM

The reference sensor for the ITER bolometer diagnostic is a miniaturized metal resistor bolometer,
similar to other machines [1] . Resistive bolometers detect the temperature change in the absorber
by a change of resistance in a metallic

resistor placed underneath the absorber. Two absorbers, measurement and reference absorber, are
combined within one bolometer channel while the reference absorber is shielded from plasma
radiation. The resistors underneath both absorbers are combined in the electrical scheme of a
Wheatstone bridge. This results in a very sensitive signal proportional to the incoming plasma
radiation. The Wheatstone bridge is mounted on the vessel of the tokamak, whereas the acquisition
system needs to be distant from the vessel due to possible radiation damage. Therefore, a
transmission line, whose length is not negligible, connects the sensor with the acquisition system.
Due to low-bandwidth noise, which is impossible to filter without affecting the measurement signal,
the input voltage of the bolometer is modulated to bring the information content in high frequency
and consequently increase the signal-to-noise ratio. Then, with a synchronous IQ demodulation the
original signal is recovered. However, since the transmission line distortion is not negligible, its effect
needs to be taken into account during the demodulation process. In this paper, a possible adaptation
of the synchronous IQ demodulation to compensate for the transmission line distortion is presented.
Using a square wave as the modulation signal, it is possible to recover the amplitudes of the distorted
first and third harmonics, and by knowing the ratio between the

first and third harmonics of the square wave signal, it is possible to make a frequency-based online
identification of the transmission line (similar frequency-based techniques can be applied also in
mechanical systems [2]). This method can identify the transmission line at experiment time, allowing
also to cope with possible changes in the frequency response of the transmission line during the
pulses due to thermal effects. Therefore, distortion effects get compensated giving a precise
estimate of the power radiated by the plasma. The effectiveness of the proposed approach is
demonstrated with simulations and finally, a real-time implementation of the whole modulation-
demodulation process with transmission line compensation using the envisaged real-time framework
for ITER diagnostics and a Wheatstone bridge is shown
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Runaway Electrons (REs) are beams of relativistic electrons which can occur during transient events

in tokamaks. These beams can carry 10s-100s of MJ of energy in power plant scale fusion reactors,
and have caused wall melting, vaporization, and even a superconducting magnet quench in previous
to