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1. Introduction
In the pursuit of the goal of commercial fusion as an abundant and safe source of energy,

the stellarator is a leading concept with compelling attractiveness and demonstrated
performance. In this white paper we, as a community of US researchers from Universities,
National Laboratories, and Private Industry, involved in studying the stellarator concept, lay out
the programmatic and technical motivation for a new mid-size stellarator research facility in the
US.

This contribution is complementary to several other whitepapers authored by members of
our community which address different mid-scale stellarator aspects. A community based
technical facility proposal has been prepared by F. Parra, et al: Flexible Stellarator Physics
Facility. Two private stellarator companies have submitted proposals supporting the
development of a mid-scale stellarator: Thea Energy (C.P.S. Swanson, et al.), Type One Energy
(W. Guttenfelder, et al.).

2. Context
The motivation and vision for a mid-scale stellarator has been previously described in a

series of publications and whitepapers surrounding the APS-DPP community planning process
(CPP) in 2018-2020 which culminated in the documents: A Community Plan for Fusion Energy
[1], and the FESAC Long Range Plan [2], both of which recommend the construction of a
mid-scale stellarator facility. A few of the most relevant contributions are:
● A U.S. Intermediate Scale Stellarator Experiment [3]
● Overview of and Reasoning for a Stellarator Strategic Block in the U.S. Fusion Program [4]
● Advancing the physics basis for quasi-helically symmetric stellarators [5]
● Stellarator Research Opportunities [6]

While the motivations for such a mid-scale stellarator facility remain essentially unchanged
(see Section 3), the many advancements in our understanding of stellarator physics since the
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APS-DPP CPP have made such a facility ever more compelling. Key findings and developments
in theory and modeling have enabled the design of experiments with superior optimization
compared to existing devices, including: (a) the identification of quasi-symmetric configurations
with excellent neoclassical and fast-ion confinement [7][8], (b) the introduction of new
gyrokinetic codes capable of incorporating turbulent transport as an optimization objective (GX,
[9]), (c) enhanced stellarator MHD modeling capabilities (M3D-C1 [10]), (d) validated
understanding and modeling of neoclassical transport (SFINCS [11]), (e) tools for simplifying
coils and reducing engineering tolerances, (f) further development of US stellarator optimization
tools such as SIMSOPT [12], STELLOPT, and DESC [13], (g) improved equilibrium codes like
DESC and SPEC, and (h) the utilization of dipole coils and permanent magnetics.

Moreover, there is growing fusion community interest and support for the stellarator, as
demonstrated by the crowd that gathered to attend the 2024 APS-DPP mini-conference The
Stellarator Path to an FPP – a Public & Private Endeavor.

3. Motivation and Outstanding Gaps
The U.S. program needs a mid-scale stellarator to realize the potential predicted by a solid

body of theory and simulation. Notably, it is possible to combine the advantages of the
stellarator (steady state, no current drive, no disruptions) with the good confinement regularly
achieved in tokamaks. The top priorities for experimental work, and the motivation for a
mid-scale stellarator experiment are:
● Turbulence control. A particular aspect of interest for stellarators is the exploitation of 3D

magnetic fields to reduce and control turbulence, demonstrated theoretically through
optimized configurations that have reduced simulated turbulent transport [14][15][16]. In
addition, quasisymmetric configurations, with their associated low flow damping in the
symmetry direction, provide another important mechanism for turbulent suppression
though sheared flows [17].

● Non-resonant divertor. The non-resonant divertor [18] promises a robust exhaust
solution for 3D configurations. Unlike other types of stellarator divertors, the non-resonant
divertor should be resilient to equilibrium changes such as those introduced by finite
bootstrap currents [19]. To fully take advantage of this US invention, one of the priorities of
the US program must be the experimental demonstration and optimization of this exhaust
solution.

● MHD stability at large beta. LHD and W7-AS have reported that the linear MHD beta
limits can be crossed experimentally without catastrophic effects on the plasma [20][21]. If
demonstrated in reactor-relevant plasmas, this resilience of the stellarator to theoretical
MHD limits would be advantageous for an FPP. A combined program of theory, simulation
and experiment is needed to elucidate the effect of MHD stability in different stellarator
configurations.

● Confinement of fast particles. Confinement of fast particles has been considered a
problem in some stellarator designs, but modern optimization techniques produce
confinement similar to that in tokamaks [3][7][22][39]. Fast particle-driven instabilities can
also enhance fast particle losses above neoclassical levels [23][40][41]. A US experiment
is needed to demonstrate experimentally that configurations with the desired energetic
particle confinement can be built and to assess the role of energetic particle instabilities.
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● Coil Simplification. Many new theoretical techniques and computational tools now allow
optimized stellarator magnetic fields to be generated through a variety of techniques in
addition to the traditional modular coil design. Alongside these new developments, there
are great advancements of modular coil designs that are robust against manufacturing
tolerances and deformations. Moreover, coil designs which offer ample space between
coils for attractive maintenance schemes and space for a breeding blanket have become
attainable [24].

4. Facility Description and Technical Proposal
Numerous concepts for stellarator designs exist which range from large helical coils, to

modular 3D shaped coils, to a combination of saddle coils and planar coils. Moreover, the coil
geometries can be used to form optimized magnetic field configurations that follow either a
quasi-isodynamic magnetic field structure (W7-X) or use quasi-symmetry as underlying
principle for improved confinement (HSX, MUSE).

The US has historically taken leadership of the quasisymmetric approach which provides
excellent fast-ion confinement and facilitates flows in the direction of symmetry which may
reduce anomalous transport due to flow shear similar to tokamaks. Therefore, it is proposed to
continue this path and further augment US leadership in the field of quasi-symmetric stellarators
with a new mid-scale device.

Within the provided budget range ($180M - $720M) different mission scopes and device
sizes can be proposed. At the higher end of this range a device could simultaneously
demonstrate ion and electron turbulence optimization, non-resonant divertor performance,
fast-ion confinement, and core-edge integration at reactor relevant collisionalities. Such a
stellarator could feature a major of R=3 m, a minor radius a=0.6 m, and a medium magnetic
field strength of 2.5 T. At the lower end of the budget range a mission to study turbulence and
non-resonant divertor strike-line physics is possible utilizing an experiment with a major radius
of 2 m, and a magnetic field strength of 1.7 T.

A technical description of these options for a proposed mid-scale stellarator facility can be
found in the whitepaper: Flexible Stellarator Physics Facility, by F. Parra, et al, which has been
co-authored by many members of the NSCC with affiliations ranging across universities,
national laboratories and private industry.

5. Synergy with Privately Funded Companies
There has been strong growth in private investment into fusion companies. As of writing,

there are at least eight private companies that aim to develop fusion power plants based on the
stellarator concept: Type One Energy (USA)[26], Thea Energy (USA)[27], Stellarex (USA)[28],
Proxima Fusion (Germany)[29], Gauss energy (Germany)[30], Helical Fusion (Japan)[31],
Renaissance Fusion (France)[32], and nT-Tao (Israel)[33]. Two of these companies have been
awarded DoE grants that promote private-public partnerships through the highly competitive
Fusion Milestone Program: Thea Energy and Type One Energy.

The private companies all aim to develop their intermediate and next-step devices on
aggressive schedules aimed at the fastest possible path to a fusion power plant. Such
aggressive commercially focused goals may in some cases limit the ability for these companies
to pursue exploratory science and deep theoretical understanding and, depending on the
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strategy employed by a given company, motivate the use of demonstrated designs and
technologies relative to innovative, but unproven, concepts.

Several key ways in which a mid-scale user facility would complement and augment goals
of the private fusion industry include:
● Scientific innovation. Experimental demonstration of innovative theoretical

advancements and proposed novel concepts will lead to better designs that can be
incorporated into future higher performing commercial designs. Examples are the
development of new quasi-symmetric magnetic field configurations with unprecedented
fast-ion confinement or the new turbulence metrics and codes which have allowed for the
identification of turbulence optimized configurations. Another excellent example is the
non-resonant divertor which is currently unproven but has the potential to drastically
improve the stellarator concept.

● Physics Studies and Theoretical Validation. A research program that focuses both on
basic science, in addition to applied physics and engineering aspects, is critical for
validation of sophisticated theoretical models and the development of robust predictive
capability. Such predictive model validation is a pressing need for the private companies. A
national research program based on open science is enhanced by extensive participation
and collaboration between universities, national labs and private industry.

● Comprehensive Diagnostics. A comprehensive suite of diagnostics are a strength of
user-facilities and are needed for detailed validation of theoretical models.

● Flexibility. A stellarator built specifically for scientific innovation and a research mission
can have a large amount of flexibility in terms of achievable magnetic configurations and
divertor designs. For instance, a publicly funded stellarator does not exclusively need to
demonstrate strongly improved confinement. Additional coil sets can be installed that allow
for the comparison of optimized and degraded magnetic field structures.

● Experimental Access. The ability to conduct research in an experiment with low neutron
activation is key to supporting the previous points.

● Workforce Development. The field of fusion science, and stellarator physics in particular,
is complex and development requires a highly trained and experienced workforce. These
workforce demands will only grow with the success of the private companies endeavors. A
stellarator user-facility would provide ideal opportunities for education and training across
a wide range of disciplines and with research timelines compatible with graduate
education through the Ph.D. level.

The development of a mid-size stellarator user-facility presents many opportunities for
extensive private-public partnerships including participation in design, construction,
experimental operation, and coordinated development of open-source theoretical and
engineering codes. Such a facility would also be highly beneficial towards the development of
any other fusion configurations that utilize 3D shaping, and the computational tool development
and validation will be broadly applicable to the fusion community.

Further discussion on benefits to the private industry and opportunities for partnerships
can be found in the white papers submissions by the private companies Thea Energy (C.P.S.
Swanson, et al) and Type One Energy (W. Guttenfelder, et al).
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6. International Landscape and Opportunity for US Leadership
There are currently two major operating stellarator facilities in the world: W7-X in Germany,

and the Large Helical Device (LHD) in Japan (LHD is scheduled to be shut down in 2025). Now,
is a prime opportunity for the US to become a global leader with a new mid-size facility; such a
US experiment would immediately become the most advanced stellarator in the world and
would take a leading global role in stellarator research alongside W7-X.

Both W7-X and LHD have provided technical demonstration of high-power long-pulse
operation and W7-X has experimentally confirmed successful neo-classical optimization for
energy confinement [34][35] along with absence of impurity accumulation (largely due to
turbulent transport) [36]. However, it has found its performance significantly hampered by
turbulent ion heat transport [37]. W7-X has utilized profile shaping techniques with transient
success [38], but further experimental work is needed. W7-X has also demonstrated energy
handling with its island-divertor, including the ability to achieve robust heat detachment and
impurity retention; however, particle exhaust remains a challenge.

The most promising solutions to these challenges, which are the motivation for the US
mid-scale stellarator proposed herein, cannot be addressed on W7-X due to its specific design
choices. Additional context on research activities and limitations at W7-X and the role of a new
US stellarator facility in the global context are provided in the whitepaper by F. Parra, et al.

7. Synergy with Existing US Stellarator Experiments
A new mid-scale stellarator experiment would be embedded in the suite of existing US

small stellarators primarily operated by universities. These stellarators have historically not only
contributed to workforce development but have also laid the groundwork for the US leadership
in quasi-symmetric stellarator research. The HSX stellarator at UW Madison, for instance, is the
world's first quasi-symmetric stellarator experiment and has received significant attention as it
successfully demonstrated the benefits of quasi-symmetry with respect to neoclassical
transport. Moreover, the CTH stellarator in Auburn has pioneered research in terms of disruptive
MHD events and is currently moving towards studies of non-resonant divertors, MUSE at PPPL
is exploring the use of permanent magnets and quasi-axisymmetry, and HIDRA at U. Illinois is
performing ground-breaking research with respect to liquid metal PFCs. New small experiments
are being built such as the STAR_Lite stellarator at Hampton university and the CXS
experiment at Columbia university.

Moving forward, the existing small-scale stellarators will be used as test-beds for targeted
theory studies and diagnostic development which can then be applied to the more
reactor-relevant conditions of the proposed medium-scale experiment. Moreover, US students
will gain hands-on working experience at the university scale experiments and can
simultaneously perform high visibility through collaborations on the new user facility.

8. Conclusion
A new mid-size stellarator is needed to retire risks and innovate towards a high

performance, economically attractive, stellarator Fusion Pilot Plant. Such a stellarator, built as a
user facility, would make the US a global leader in stellarator understanding and strongly
augment private industry, providing a program of innovative research, concept validation,
theoretical advancement, and workforce development. Growing support and interest for
stellarators by the fusion community and private industry affirms this rationale.
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