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ARTICLE INFO ABSTRACT

Keywords: Magnetic confinement fusion research has so far prioritized the tokamak concept, which presents greater
Stellarators design simplicity at the cost of control complexity in comparison to stellarators. Recent progress on high-
Fusion power plants temperature superconductors (HTS) has enabled a new generation of high-field tokamaks with more compact

Stellarator reactors

- designs. However, the presence of large magnetic fields implies correspondingly large plasma currents, raising
Fusion reactor study

Stellarator optimization challenges regarding plasma stability. Meanwhile, key milestones have been reached in recent years by

Fusion technology Wendelstein 7-X, the world’s most advanced stellarator, and breakthroughs in computational optimization

Sector splitting have enabled radically improved stellarator designs. In this paper, we present a concept for a new class of
quasi-isodynamic (QI) stellarators leveraging HTS technology to overcome well-known challenges of a tokamak.
This class of QI-HTS stellarators, labeled Stellaris, is shown to achieve an extensive set of desirable properties
for reactor candidates simultaneously for the first time, offering a compelling path toward commercially
viable fusion energy. We summarize a comprehensive reactor study, ranging from optimization of the plasma
confinement region to first wall cooling, divertor considerations, blanket design, magnet quench safety,
support structures, and remote maintenance solutions. Our results demonstrate that a coherent set of trade-offs
between physics and engineering constraints can lead to a compelling stellarator design, suited for power plant
applications. We anticipate that this work will motivate greater focus on QI stellarators, in both publicly and
privately funded research.

1. Introduction production [6], water desalination [7], and direct carbon capture from
the atmosphere [8].

Decarbonization of the energy sector plays a key role in addressing Fusion stands as a major competitor in the race to supply a signifi-
climate change [1,2]. New technologies — including artificial intelli- cant fraction of the world’s future clean energy demands [9]. Economic
gence, with its explosive energy consumption needs — further heighten studies for magnetic confinement extrapolate overnight capacity costs
the need for carbon-free energy sources on an accelerated timeline [3]. for future fusion power plants in the range of 1-10 $/W [10-13]. Result-

Alongside the need for clean electricity, there is growing energy de-

ing cost estimates for fusion energy range between 20-100 $/MWh [14,
mand for carbon-free heat generation [4], hydrogen [5] and ammonia
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15]. As more detailed cost estimates become available alongside greater
maturity of the fusion ecosystem, there are indications that the price
of fusion energy will be competitive even relatively early in fusion’s
technological development [16]. The fuel for fusion is not subject to
resource scarcity, as the reactants, deuterium and lithium-6 — as well
as neutron multipliers such as Pb, Be, Ti, Mn, or Zr — are abundantly
available on Earth, capable of providing virtually limitless resources
for future generations. The promise of fusion technology is therefore of
the highest relevance for providing human civilization with sustainable
energy in the coming centuries.

Under this premise, fusion is being globally pursued through various
concepts. Among the magnetic confinement approaches, large-scale
projects aiming to close the gap toward a fusion power plant include
(but are not limited to) the international research tokamak ITER [17];
the STEP spherical tokamak program [18] in the UK; the high-field
conventional tokamak concept of SPARC [19] in the United States, and
CFETR [20] in China. Various demonstration device conceptual studies
are additionally under investigation [21,22].

While tokamaks have historically been viewed as the clearest path
to a fusion power plant, they are prone to plasma disruptions [23],
which pose a significant challenge for commercially viable operation.
Extensive ongoing scientific efforts aim to solve this issue through pre-
diction [24-26] and mitigation methods [27-30], but there have been
no experimental demonstrations that would indicate reliable usage in
a power plant setting.

The stellarator is a similar technology to the tokamak, with com-
parable energy confinement properties [31,32]. However, stellarators
with no net toroidal current in the plasma avoid problematic current-
driven plasma disruptions by design. These stellarators have the ability
to run in steady-state, intrinsically reducing thermal and mechanical
component fatigue and eliminating the need for an expensive plasma
current drive system. Although in principle tokamaks can also operate
in long pulses or even in steady-state, achieving the required steady-
state current drive is both technologically challenging and economi-
cally demanding, requiring high electrical efficiencies. The absence of
current-driven disruptions in current-free stellarators greatly reduces
the need for active control of the plasma—circumventing the need for
in-vessel coils, which present challenges in environments subjected to
high neutron fluxes. Other advantages of stellarators over tokamaks
include the absence of a Greenwald-like density limit [33-35], allowing
operation at significantly higher densities. This is advantageous because
fusion power scales favorably with the square of the fuel density. Fur-
thermore, stellarators do not exhibit the unfavorable ‘Eich-scaling’ [36]
of heat exhaust deposition width on divertor plates seen in tokamaks.
On the contrary, stellarators have shown large wetted areas on divertor
plates [37-40] and good access to almost complete ‘detachment’ [41-
43], an operation scenario that eases the heat exhaust challenge on the
plasma-facing components.

Among the most prominently discussed options, the quasi-iso-
dynamic (QI) stellarator [44] is particularly promising for reactor appli-
cations due to its intrinsically minimized self-induced currents, like the
bootstrap current [45,46]. Optimized stellarator concepts without QI
symmetry can, in general, feature significant toroidal plasma currents.
Such concepts present a strong dependency of plasma equilibrium
properties on plasma profile shapes, are potentially subject to current-
driven disruptions, and - since their bootstrap current does not vanish
— likely do not have the ability to use the island divertor concept as
an exhaust concept without employing further (unexplored) control
systems. Among the investigated stellarator options, the modular, low-
shear, QI stellarator holds the highest technological readiness level,
following exploration in Wendelstein 7-AS (W7-AS) [47] and the more
recent Wendelstein 7-X (W7-X) stellarator [48-50].

W7-X went into operation in 2015, and reached its full design
specifications only recently, in 2022. Within a few years, W7-X exper-
iments have demonstrated the reduction of neoclassical transport to a
level at which turbulence is the major driver for heat transport in the
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Table 1

Comparison of the design concept presented in this paper (Stellaris) against the two
most recent Wendelstein stellarators. W7-AS values are extracted from [47]. W7-X
values are taken from [31].

W7-AS W7-X Stellaris
Minor radius [m] 0.18 0.5 1.3
Major radius [m] 2.0 5.5 12.7
Av. magnetic field strength [T] 2.6 2.5 9.0
Av. power density [MW/m?] 10 0.3 6.1
Peak ion temperature [keV] 1.7 3.4 15
Peak electron density [10%° m—3] 4 2 5
Peak triple product [keV s m—3] 4.6x10'8 5.1x 10" 12.4 x 10!

plasma [51]. It is difficult to overstate the importance of this achieve-
ment: W7-X’s results demonstrate that optimized stellarators can now
be designed to achieve neoclassical transport levels similar to those
of tokamaks. Therefore, optimized stellarators are now fundamentally
limited by the same physical (turbulent) phenomena that also constrain
tokamaks, while maintaining the critical steady-state capability and
stability advantages of stellarators.

Historically, stellarator reactor concept studies such as the ARIES-CS
study [52], the extrapolation of LHD to heliotron-based fusion reac-
tors [53,54], or the HELIAS studies [55-60] have provided important
platforms for the fusion community to discuss the extrapolation of
physics and the validity of concepts from experiment to reactor scale.
However, despite successful operation of W7-X [50,51,61,62], one can-
not merely scale W7-X to an economically attractive reactor size, due to
a number of known limitations including high fusion-born fast particle
losses [63], insufficient plasma-coil distance to fit a neutron shield
and blanket at moderate machine sizes [12,64], and high turbulent
transport levels, particularly ITG transport [65,66]. Moreover, W7-X’s
usage of NbTi as a superconductor [67] does not easily scale to the
magnetic field strength required for a reactor.

In recent years, the community has proposed various solutions
to address these challenges. For example, fast particle losses can be
mitigated through precise numerical optimization techniques [68-72].
The issue of insufficient plasma-coil distance has been tackled with
new cost functions for stellarator optimization [73] and more com-
pact blanket designs [10]. Turbulent transport suppression has been
demonstrated in the presence of strong density gradients [74-77] as
well as in plasma geometry optimization efforts [71,78-81]. Addi-
tionally, advances in high-temperature superconductors (HTS) have
paved the way for achieving higher magnetic field strengths in modern
devices [82-85]. Despite this, there is currently no comprehensive
stellarator reactor concept study that simultaneously integrates these
developments into a single, coherent design. Therefore, it remains
unclear whether these advancements can be effectively combined to
create a stellarator that is viable for commercial power plants while
remaining feasible from an engineering perspective.

In this paper, we aim to bridge that existing gap by presenting
a stellarator configuration optimized for all essential reactor aspects,
including an engineering feasibility study. We argue that the config-
uration and concept introduced here offer a promising pathway to a
D-T stellarator power plant. This study extends recent breakthroughs in
the numerical optimization of QI stellarator plasma shapes, specifically
the ‘SQuiD’ configurations [70,71], toward a viable stellarator fusion
reactor.

The design introduced here represents the first of a new class of QI
stellarator designs harnessing the high-field potential of HTS magnets.
In this paper, the first conceptual design within this class is denoted as
Stellaris.

Relevant machine parameters of Stellaris are highlighted in Table 1,
providing a comparison to the two most recent Wendelstein stellarators.
Note that not all peak values displayed in this table were achieved
in the same experiment for each device—peak density values were
achieved independently of the peak temperatures. Stellaris represents
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a significant leap in scale and performance, being approximately 2.6
times larger in major radius than W7-X and operating at a magnetic
field strength that is 3.6 times higher. This substantial increase in size
and magnetic field strength results in an anticipated triple product that
is roughly 200 times larger than that of W7-X.

The paper is structured as follows. In Section 2.1, we provide an
overview of Stellaris. We present an analysis of plasma properties
in Section 2.2, and the physics basis in Section 2.3. An engineering
analysis is then presented, focusing on fueling (Section 2.4), heating
(Section 2.5), divertor design (Section 2.6), a thermal analysis of the
first wall (Section 2.7), neutronics for the first wall, the blanket and
neutron shield (Section 2.8), magnets (Section 2.9), support structures
(Section 2.10), and a remote maintenance solution (Section 2.11). In
Section 3, we summarize the achievements presented in this paper and
the impact we anticipate they will have on fusion research.

2. Concept and analysis

In this section, we provide an overview of the Stellaris concept and
proceed through different aspects of analysis, ranging from physics to
engineering properties.

2.1. Overview

Stellaris is a quasi-isodynamic stellarator device with modular coils,
a minimized toroidal plasma current, a magnetic island chain at the
edge allowing for an island divertor, and HTS superconducting mag-
nets. The device closely follows the W7-X stellarator model, with the
addition of multiple improvements necessary for a reactor candidate.
The device features a 4-fold discrete rotational symmetry (‘number of
field periods’) in addition to ‘stellarator symmetry’, an internal discrete
flip-mirror symmetry [86].

The underlying plasma configuration of Stellaris belongs to the class
of recently proposed SQuID-configurations [71], adapted to meet the
requirements of a power plant by dedicated optimization for larger coil-
plasma distances. Key parameters of the device are displayed in Table 2.
The major radius is approximately 12.7m while the minor radius is
1.3m. By comparison, ITER has a minor radius of about 2.0m [87]
and the ARC tokamak concept approximately 1.1 m [10]. We adopt
high-temperature superconductors for the modular coils, and remote
maintenance is enabled through the splitting of modular sectors. The
device is sized to provide about 2700 MW of peak fusion power. Con-
sidering the power multiplication incurred in the blanket (Section 2.8),
Stellaris is predicted to produce approximately 3150 MW of thermal
power and (assuming a simple electrical conversion efficiency of 1/3)
nearly 1GW of electrical power.

A schematic view of the device is shown in Fig. 1. A comparison
of component sizes with ITER and ARC is shown in Fig. 2. We note
that the displayed machines have different plasma volumes and fusion
power targets: for ITER, V' = 840 m® and P,, = 500 MW; for ARC,
V = 141 m® and Py, = SOOMW; for Stellaris, ¥ = 425 m? and
Prusion ® 2700MW. As shown in Fig. 2, although Stellaris has a larger
volume than ARC, its non-planar magnets are analogous in size to the
TF magnets of ARC, and are smaller than the ARC Poloidal Field (PF)
magnets (not shown).

In the following section, we survey the different subsystems of
Stellaris, beginning with attributes of the plasma configuration with
different profile shapes and proceeding to expected physics properties,
followed by requirements of the heating system to achieve the chosen
operational point, analysis and design of the divertor concept, the
first wall, blanket, shield, coils, and support structure, and finally, the
remote maintenance concept.

Fusion Engineering and Design xxx (xxxx) Xxx

Table 2
Key parameters of Stellaris, the high-field stellarator fusion power plant concept
presented in this paper. ECRH stands for ‘electron cyclotron resonance heating’.

Variable Value
Minor plasma radius [m] 1.3
Major plasma radius [m] 12.7
Plasma aspect ratio [1] 9.8
Plasma volume [m?] 428
Plasma surface area [m?] 940
Axis av. magnetic field strength [T] 9.0
Peak conductor magnetic field strength [T] 24.9
Peak coil current (single coil) [MA] 15.4
Number of toroidal field coils [1] 48
Stored magnetic energy [GJ] 111
Required plasma-coupled ECRH power [MW] 50
Peak fusion power [MW] ~2700
Peak thermal power (after blanket multiplication) [MW] ~3150
Peak electric power [MW] ~1000
Peak neutron wall load [MW m~2] 4.05

Fig. 1. Overview of Stellaris. Pictured here are the non-planar modular coils (green),
the support structure (light grey) and the cryostat (outermost grey shell). The red region
indicates the blanket. Blue ‘stripes’ around the (pink) plasma show the location of the
magnetic islands which are used to divert the plasma at the edge. One sector splitting
interface is shown in blue. The inner radius of the cryostat is 6.5 m, its outer radius
is 18 m. A person is shown for scale.

b}

(@) (b) (0

Fig. 2. Size comparison between one of the ITER TF coils (a), one of the ARC tokamak
TF coils [10] (b), and one of the non-planar stellarator coils of Stellaris (c).

2.2. Plasma properties

The stellarator plasma and its properties are of central importance to
all reactor subsystems. The stellarator configuration employed here is
a variant of the family introduced in [71], called ‘SQuIDs’. The plasma
configuration for Stellaris was optimized to allow for distant coils using
the target formulation from [73] and low fast particle losses using a
precise QI formulation from [70].
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1)
Magnetic Field Strength (T)

Fig. 3. Visualization of the QI stellarator configuration used for Stellaris. Shown is the
VMEC free-boundary plasma boundary at (f), = 3% with its magnetic field strength.
Corresponding coils are shown with their (correctly sized) winding packs for one
rotationally symmetric module (one full field period).

1/A

Lys/Ro 1/ Asharanov

—YCOBRAVME

— W7-X
— QIPC
—— Hydra
— SQuID

Fig. 4. Comparison between the proposed QI configuration (SQuID) and 3 previously
published configurations: W7-X [91],QIPC [92,93], and Hydra [94]. Radial values are
normalized by the largest (outermost) and smallest value in the set of configura-
tions. The metrics included in the plot summarize a subset of the reactor-relevant
requirements listed in Section 2.2; see Section 2.2 for a description of each dimension.
Each configuration is evaluated at its optimized volume-averaged plasma g value. The
meaning of the axis labels are explained in the main text.

The configuration used for this study satisfies all relevant reactor re-
quirements simultaneously, including feasible modular coils that leave
sufficient space for the required thickness of shielding and breeding
materials surrounding the plasma, good flux surface quality at finite
p, equilibrium resiliency with respect to finite g effects, ideal-MHD
stability, reduced neoclassical transport, and compatibility with the
island divertor concept. Additionally, at a sufficiently high peak elec-
tron temperature of about 19 keV, the configuration has the ability to
prevent impurity accumulation in the plasma core by creating a positive
radial electric field. Details on the methodology used to obtain the
stellarator configuration are obtainable from Ref. [71]. The rotational
transform is chosen to have values between 0.86 on the axis and 0.98
at the edge, avoiding low order resonances in the main confinement
volume. The corresponding set of electromagnetic coils is optimized by
minimizing the normal component of the magnetic field vector on the
last flux surface of the plasma boundary, as introduced in [88]. The
total magnetic field is the superposition of the vacuum field generated
by the electromagnetic coils and the field generated by the plasma
currents. We use the virtual casing principle [89], as numerically
implemented by [90], to compute the field generated by the plasma
currents. The coils, together with plasma boundary at the targeted g
value of (), = 3%, are shown in Fig. 3.

Table 3 presents several high-level plasma and engineering param-
eters of the stellarator plasma and its coil-set.

In this paper, unless otherwise stated, we use the free-boundary
equilibria obtained with the VMEC code [95] for analysis. The term
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Table 3

Main configuration parameters of Stellaris scaled to a minor
radius of @ = 1.3m. Coil information provided in this table
refers to the center filament. Additional information is given
in Section 2.2 and in Section 2.9.

Description Value
Aspect ratio [1] 9.8
Optimized vol. av. g [1] 0.03
Axis rotational transform [1] 0.86
Edge rotational transform [1] 0.98
Edge mirror ratio [%] 26.66
Minimum coil-plasma distance [m] 1.37
Minimum coil-coil separation [m] 0.67
Minimum radius of curvature [m] 0.64

‘free-boundary’ refers to a plasma equilibrium that is obtained consis-
tently with the vacuum field produced by the electromagnetic coils.
The engineering feasibility of the coil-set of Stellaris will be discussed
in more detail in Section 2.9.

We visualize the performance of the plasma in a number of relevant
metrics in Fig. 4, by comparing it to previously published QI stellarator
plasma configurations [91-94]. The diagram showcases a ‘performance’
plot where outermost values depict highest performance and innermost
values depict lowest performance. In this diagram, W7-X [91] refers to
the standard configuration of the W7-X experiment at (8),, ~ 4% [96].
The QIPC [92,93] stellarator configuration is a high-g, (8),, ~ 8.5%,
configuration with improved QI quality and MHD stability with respect
to W7-X. Hydra [94] is a proposed QI stellarator configuration that
achieves low neoclassical transport, good confinement of fast particles,
and reduced integrated bootstrap current with respect to W7-X.

Fig. 4 summarizes the following properties:

‘A’ refers to the configuration aspect ratio A = 5’ where a is the
plasma minor radius, and R is the major plasma radius;
‘Aghatranoy’ denotes the Shafranov shift at a volume-averaged g of
(BYy ~ 3.0%, indicative of the equilibrium resiliency;

‘f,’ denotes the fraction of confined collision-less energetic parti-
cles when launched from mid-radius (p = 0.5) evaluated with the
SIMPLE code [97,98];

%) e measures the strength of the maximum-J property at s =
0.5, and the maximum value across all bounce orbits have been
considered. The maximum-J property benefits the confinement of
energetic particles [70,99], improves MHD stability [100-102],
and suppresses TEM driven turbulence [76,103-105];

‘D},’ refer to the mono-energetic radial transport coefficients and
indicates the degree of neoclassical particle and energy confine-
ment quality [106];

‘D3’ is the mono-energetic bootstrap current coefficient. Both,
DTI and D;l are obtained with the SFINCS code [107] at mid-
radius, for a reference collisionality and normalized radial electric
field strength of v* = 1 x 107* and v} = 1 X 107, respec-
tively. Background information, including nomenclature for the
normalization chosen can be found in [106] and in [108];

* “Yoomawme 1S the highest growth rate in the plasma volume for
the ideal-MHD infinite-n ballooning mode evaluated with the
COBRAVMEC code [109];

and finally, ‘Lyg’ is the minimum magnetic field gradient length
at the plasma boundary, as proposed in [73], which influences
the feasibility and distance of the modular coils from the plasma.

For consistency, all dimensions in Fig. 4 are normalized using the
minimum and maximum values across all configurations analyzed.
Fixed-boundary metrics (i.e., metrics obtained from the equilibrium
magnetic field using the optimized plasma boundary as boundary con-
dition) are used for the comparison, as coil information is not available
for every configuration. Fig. 4 demonstrates that the proposed QI
plasma configuration presented in this paper improves upon the W7-X



J. Lion et al.

configuration in all evaluated metrics.

In the following paragraphs, we offer a more detailed analysis of
performance metrics that are particularly important for reactor-relevant
plasma configurations.

Fast particle confinement. To evaluate the configuration’s confinement
of fusion-born alpha particles, we evaluate both collisionless and colli-
sional losses.

We first simulate collisionless trajectories within the plasma vol-
ume using the symplectic gyro-center code SIMPLE [97,98] and ne-
glect radial electric fields and slowing-down effects. Any wave-particle
interactions of the fast particle population are neglected in SIMPLE.

In SIMPLE simulations, we launch a total of 2 x 10° particles, each
with an initial energy of E, = 3.5MeV, close to the original alpha
particle energy of a D-T fusion reaction. At initialization, we distribute
the particles uniformly in their pitch angle. Particles are launched from
flux surfaces equally spaced in effective minor radius. Within each
flux surface, the number of launched particles is proportional to an
alpha particle birth profile rate, Ay;.,(p) = npny{ov)y. For the analysis
presented in this section, the required kinetic profiles are taken from
the chosen physics design point (Point A) introduced in Section 2.3. On
each flux surface, particles are launched following a volumetric uniform
distribution (i.e., they are initialized proportionally to the Jacobian /g
derived from the VMEC equilibrium). The particles are considered lost
if they cross the s = 1 boundary of the plasma.

Sub-figure (a) in Fig. 5 shows the fraction of lost energetic particles
at different volume-averaged plasma f values as a function of time
after their birth, as obtained from SIMPLE. At the optimized design
point, with (f),, = 3.0%, the cumulative lost fraction of fusion-born fast
particles after 100 ms is approximately 0.7%. This time frame of 100 ms is
a representative value for the alpha-electron momentum exchange time
at realistic temperatures and densities in stellarator reactors. Note that
the configuration was optimized for the full pressure operating point
(BYy =3.0%;

As a comparison, we perform a single collisional alpha particle con-
finement calculation at § = 3% using the Monte-Carlo code ANTS [63].
The code integrates drift orbits in 3D space using a grid-based interpo-
lation of all field-related quantities required. The calculation includes
pitch-angle scattering and slowing down from collisions with the ther-
mal background plasma, assumed to consist of electrons, deuterons and
tritons. As before, particles are considered lost in this simulation if
they cross the s = 1 boundary of the VMEC equilibrium. ANTS allows
for differentiation between particle and energy losses. Loss fractions of
both the energy and the particle loss of the fast particle population as
a function of the slowing down time are shown in sub-figure (b) of
Fig. 5. We find total alpha particle energy losses at around 0.8% with
this higher level of fidelity analysis, consistent with the values obtained
with SIMPLE.

Ultimately, the confinement of fast particles is constrained not
only by power balance considerations, since fast particles need to be
confined to reheat the plasma, but also by the heat load induced by
these particles on the first wall. To estimate the magnitude of that
heat load, we calculate the lost power from energetic particles as a
function of the volume-averaged plasma g, as shown in Fig. 6. As the
plasma f increases from vacuum to the desired target design point,
the lost fusion power remains below approximately 10 MW. Following
the methodology outlined in [110], we estimate the peak heat load on
the wall using conservative assumptions, such as assuming no energy
loss of fast particles during their slowing-down period. By applying a
heuristic peaking factor of 320, which was determined in [110] for a
HELTAS-5 configuration, the estimated peak heat load on the wall at
the target design point for this study is about 1.4 MW m~2. This value is
of the same order of magnitude as the photon wall loads, demonstrated
later in this paper, in Section 2.7, and is therefore in line with the
technological limits of a solid first wall.
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Fig. 5. (a): Lost fraction of energetic particles initialized from a realistic birth profile
at different volume-averaged plasma p, as obtained with SIMPLE using collision-less
simulations. (b): Results of collisional slowing-down simulations using code ANTS at
(B)y = 3% using a realistic alpha particle birth profile. .
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Fig. 6. Lost fusion power from energetic particles initialized from a realistic birth
profile at different volume-averaged plasma f as obtained from the VMEC free boundary
equilibrium and using the SIMPLE code assuming collisionless fast particle trajectories
according to realistic birth profiles of a priori plasma background profiles.

Neoclassical transport. Neoclassical parallel and radial transport must
be minimized for QI configurations to be reactor-relevant. Fig. 7 shows
the mono-energetic neoclassical radial transport coefficient as a func-
tion of the mono-energetic collisionality v, = R—‘{V for the SQuID
configuration used here and for the standard configuration of W7-X.
Both configurations have been scaled to the same plasma minor radius
and the same axis-averaged magnetic field strength.

The figure illustrates that with a finite radial electric field, the pro-
posed configuration exhibits about one order of magnitude lower radial
neoclassical transport coefficients compared to W7-X. Furthermore, the
transport coefficients remain of a similar size across different plasma
p values. This highlights the resiliency of the equilibrium properties
against diamagnetic effects. The neoclassical mono-energetic transport
coefficients have been evaluated with the SFINCS code [107] on the
VMEC free-boundary equilibrium.



J. Lion et al.

10"
lo—li
*
5 SQuID finite beta
107 SQuID vacuum
W7-X finite beta
o = 1.00e — 03 W7-X vacuum
\ \ I I \ \
1075 1074 1073 1072 107! 10°
l/*

Fig. 7. Neoclassical radial transport coefficients D}, as a function of collisionality v*,
in vacuum and at the target volume-averaged plasma (), = 3.0%. The normalized
radial electric field, v = UET'U was set to 1073. v is the particle velocity and B, is
the flux-surface averaged magnetic field strength. Configurations are evaluated at mid-
radius (i.e., p = 0.5). The computation was performed with SFINCS using free-boundary
VMEC equilibria.
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Fig. 8. The bootstrap current density profile J,. for the different species at the design
target of (f),, = 3.0% as a function of the plasma minor radius r. The integrated toroidal
current is Ipc ~ 23KA.

The bootstrap current is another important neoclassical quantity.
Fig. 8 shows the magnitude of the bootstrap current density for dif-
ferent species. Species profiles are computed using the 0.5-D models
that will be introduced in Section 2.3. The radial electric field value
for this computation was evaluated with the NTSS code [111] in the
ion-root case (see ). For these profiles, the integrated bootstrap current
is approximately Ipc ~ 23kA. For most practical purposes, a toroidal
current with this magnitude can be neglected, as it would result in a
shift of the rotational transform at the edge of only 0.5% .

Ideal-MHD stability. In QI configurations with low net toroidal current,
MHD current-driven modes are expected to be negligible. However, it is
important to consider the stability of pressure-driven ideal-MHD modes.
In this analysis, local ideal-MHD stability criteria are employed to eval-
uate the configuration’s stability against ballooning and interchange
modes.

To this end, we examine the configuration’s stability against the
ideal-MHD interchange mode using the Mercier criterion [112-115].
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Fig. 9. The normalized Mercier criterion tbg dge DMerc 35 @ function of the normalized
toroidal flux s for different volume-averaged plasma g. A positive value of the Mercier
criterion suggests a stable configuration with respect to the high-mode number ideal-
MHD interchange mode, whereas a negative value suggests an unstable configuration.
The proposed configuration features a positive Mercier criterion over the whole plasma
volume up to and beyond the target volume-averaged f value of (f), = 3.0%. The red
dashed line represents the boundary of stability. The evaluation was performed using
the free boundary VMEC equilibrium.
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Fig. 10. Highest growth rate of the ideal-MHD infinite-n ballooning mode across all
evaluated field lines on a flux surface y,,, plotted as a function of the normalized
toroidal flux s for different volume-averaged plasma f. The growth rates are evaluated
with the COBRAVMEC code. Negative growth rates indicate a stable configuration,
positive growth rates indicate an unstable configuration. The red dashed line represents
the boundary of stability. The evaluation was performed using the free boundary VMEC
equilibrium.

Appendix D describes the adopted definition of the Mercier criterion. A
positive value of the Mercier criterion is a necessary (but not sufficient)
condition for a stable configuration at that specific radial location,
whereas a negative value suggests potential instability.

Fig. 9 presents the Mercier criterion as a function of normalized
toroidal flux for various volume-averaged plasma f values, as evaluated
with VMEC using the free-boundary equilibrium. The results show
positive values across the entire plasma profile up to and beyond the
target g of (f), = 3.0% (see Fig. 9).

Additionally, we employ the COBRAVMEC code [109], which com-
putes the local (on a field line) growth rates of ideal-MHD infinite-n
ballooning modes using the VMEC free-boundary equilibrium solution.
Fig. 10 shows the highest growth rate across all evaluated field lines
on a flux surface as a function of normalized toroidal flux for various
volume-averaged plasma g values. For each flux surface, growth rates
are computed on 100 field lines with starting locations uniformly
distributed across the poloidal and toroidal directions. We find that
the free-boundary plasma configuration is stable against ideal-MHD
infinite-n ballooning modes throughout the entire plasma domain up
to and beyond the design volume-averaged plasma (f), = 3%.

Equilibrium resiliency with respect to finite-§ effects. Optimized QI con-
figurations tend to be particularly resilient against varying plasma
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Fig. 11. Profiles of the rotational transform : (a) and the effective helical ripple, e,

(b), at varying volume-averaged plasma p as a function of the normalized toroidal

flux s. In the rotational transform profile plot, resonant values between g and % up

to the 5th order are shown with dashed horizontal lines. All equilibria use the same
pressure profile shape. The evaluation was performed using the free boundary VMEC
equilibrium.

profiles. In order to validate this point for the present SQuID con-
figuration, we analyze the resiliency of key metrics with respect to
finite p and profile effects. We note that this analysis is rarely done
in the literature, and configurations are often only optimized for one
set of profile profiles. However, consistent with the spirit of this reactor
study, we aim to address potential drawbacks of the Stellaris for reactor
applications. We split the analysis in two parts: first, we investigate the
resiliency with respect to changing plasma g for a fixed profile; second,
we assess the contribution of the profile shape for a fixed volume-
averaged plasma f. We take the corresponding a priori profile from
the identified design point in Section 2.3, see Fig. 16, as the default
pressure profile, then compute a VMEC equilibrium in free boundary
for each pressure profile variation.

Fig. 11 presents the rotational transform profile and the epsilon
effective, €., profiles at various volume-averaged plasma g values, two
key metrics that are particularly sensitive to small changes in pressure
profiles. Plasma f values up to and beyond the target design point are
shown. The bootstrap current was neglected in this simulation. The
rotational transform profile only crosses a resonance value (e.g.: = 0.8)
at a high plasma g of (), =~ 4.75%. c. captures the neoclassical
transport in the 1/v regime with negligible electric field, which is
the regime with the highest neoclassical heat flux. We find that the
neoclassical transport properties in this regime are robust to the plasma
p. Also, the edge rotational transform is found to be resilient against
profile effects, which is particularly relevant in achieving a stable island
chain for divertor applications.
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Fig. 12. Sensitivity analysis of equilibrium properties for different pressure and
(derived) toroidal current density profiles. pressure profile p(s) (a), toroidal current
density profile J,(s) (b), rotational transform profile «(s) (c), epsilon effective profile
€er(s) (d), maximum growth rate on a flux surface for the ideal-MHD infinite-n
ballooning mode profile ycopravmec (€), and the normalized Mercier criterion profile
wgdgeDMerc(s) (f). All as a function of the normalized toroidal flux s. In case of the
ideal-MHD criteria, a red, dashed, line represents the stability boundary. All profiles
are color-coded based on their pressure value at the axis. All equilibria have the same
stored integrated energy and the same integrated toroidal current.

In a second step, we analyze how changes in pressure and toroidal
current profile shapes affect the equilibrium properties. As before, we
evaluate the free boundary VMEC equilibrium using different pressure
profiles sampled around the reference profile. Each modified profile is
scaled to maintain the same total plasma energy as the original profile.

To simulate a realistic bootstrap current profile, we use a toroidal
current profile based on the plasma pressure variation across flux
surfaces,

d
Jior(5) = Js(1 =) 2F &)

Given the connection between the pressure gradient and the boot-
strap current, this expression represents a simple informed proxy for the
expected current density profile. Additionally, we enforce the current
density to vanish at the magnetic axis and at the LCFS.

While varying the profile shape, we scale I, such that the integrated
current stays constant at a (conservative) value of 100kA.

Fig. 12 shows the sampled pressure profile and toroidal current
density profiles. For each profile, the equilibrium properties were cal-
culated using the VMEC code in the free-boundary mode. A total of 16
equilibria have been evaluated.

Almost all evaluated metrics reveal configuration resiliency with
respect to profile shapes. Despite the different pressure and toroidal
current profiles, the rotational transform remains far from critical
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low-order rational values (e.g. 0.8). The ¢ profile shows remarkable
resiliency to profile variations.

The two chosen metrics for evaluating MHD stability suggest that
the profile shape can affect the MHD stability of the configuration.
Positive growth rates for the ideal-MHD infinite-n ballooning mode are
observed near the plasma boundary, suggesting instability in that re-
gion for profiles with strong pressure gradients. In reality, such unstable
profiles would likely flatten toward profiles that are MHD-stable.

It should be noted that even if linear ideal-MHD stability is vi-
olated for some regimes, the plasma can still be non-linearly MHD
stable [116,117]. Modeling tools to test non-linear MHD stability are
under development [118].

The resiliency of the equilibrium properties with respect to finite-
beta effects have been optimized only indirectly via the QI optimiza-
tion. Future optimized configurations could benefit from including
additional metrics directly targeting the resiliency of MHD stability.

Flux surface quality. A set of nested surfaces is crucial for plasma con-
finement. In a stellarator field, nested flux surfaces are not guaranteed
to exist. The electromagnetic coils need to be carefully optimized so
that islands and stochastic regions are minimized within the confined
volume. At the same time, reliable island divertor operation across dif-
ferent plasma f values requires maintaining both stable island location
and size.

As plasma pressure increases, pressure-driven currents arise. These
currents can significantly alter the vacuum field and ‘break’ flux sur-
faces. In most previously proposed stellarator configurations, pressure-
driven currents caused significant stochasticity of flux surfaces in a
substantial portion of the plasma volume [117,119-124]. This phe-
nomenon has been observed both in simulation and in experimentation.
It is therefore critical to assess whether a set of nested flux surfaces
is preserved as the plasma f increases. The (indirect) minimization
of the Shafranov shift should also lead to good flux surface quality
at finite p. To assess the flux surface quality at finite g, the HINT-
3D equilibrium code [125,126] has been employed. This code does
not rely on the assumption of the existence of a nested set of flux
surfaces, unlike VMEC, making it suitable to analyze configurations with
potential pressure-driven modifications.

Fig. 13 shows that no signs of loss of confined plasma volume are
visible as the plasma g increases. At f,;; = 8.0% (which corresponds
to (B)y ~ 3.0%), HINT-3D calculates a Shafranov shift of ~8.0%, which
translates to a radial magnetic axis displacement of ~0.1 m. Moreover,
the 4/4-island chain is well-preserved, while the resonant islands them-
selves are moving slightly. The precise location and orientation of the
resonant islands will need to be controlled with an array of correction
coils, which are not further specified in this paper.

Ambipolar radial electric field. Stellaris utilizes tungsten coatings as the
primary material for both the first wall and the divertor. Experiments
with tungsten divertors have shown that tungsten atoms can be sput-
tered and potentially accumulate in the core of the plasma [127]. This
accumulation can lead to a radiative collapse, causing operations to
halt.

A negative radial electric field (i.e., an electric field pointing radially
inwards) is known to be a significant factor in driving heavy impurities
toward the core [128,129]. Conversely, a positive radial electric field
can act to ‘flush out’ these heavy impurities.

Recent efforts have focused on developing methods to optimize
stellarator configurations to achieve a positive electric field within the
plasma core under reactor-relevant conditions (i.e., 7, ~ T;) [71,108,
130]. The proposed configuration has been optimized similarly to the
configurations presented in [71]. Therefore, it is expected to support a
positive radial electric field in reactor-relevant conditions as well.

The 1-D NTSS [111] code has been used to compute the radial elec-
tric field profile from the ambipolarity condition. The mono-energetic
neoclassical transport coefficients for the necessary particle fluxes are
calculated using the SFINCS code [107]. Details of the simulation
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Fig. 13. Poincaré plots of the cross-section at ¢ = 7 at2% (black) and 8% (red) peak
p values, corresponding to 1% and 4% volume averaged beta respectively. R is the
cylindrical major radius (which is 0 in the center of the device) and Z is the Cartesian
coordinate. The cross section is mirror symmetric at the Z = 0 plane. The analysis
reveals preservation of good, nested flux surfaces as plasma g increases. The 4/4 island
chain remains intact across all relevant § values. The equilibrium magnetic field was
calculated using the HINT-3D equilibrium code [125,126].

set-up can be found in [108].

The proposed configuration has the potential to support a positive
radial electric field, as shown in Fig. 14. However, calculations based
on the target design point and plasma profiles outlined in Section 2.3
predict a negative electric field. By adjusting the operational point
toward a higher electron temperature (T,, = 19.8keV) and lower
ion density (m;, = 1.7 -10°°m™3), the configuration can achieve a
positive radial electric field. This operational regime aligns with the 0-D
analysis, but it comes at the expense of reduced fusion power output
(Pfusion = 860 MW).

While electron-root plasmas for reactor conditions are compelling
to address impurity transport challenges, the radial location of the root
transition is important: if it takes place at mid-radius, as in the case
of Fig. 14 (orange line), it could potentially lead to an ‘annulus’ of
impurity density accumulation at the region of the root transition, and
therefore potentially to a radiative collapse of the plasma. Secondly, at
the location of the root transition the radial electric field vanishes—in
a stellarator, this is expected to lead to maximal neoclassical transport.
Consequently, kinetic profiles might flatten at these locations. How-
ever, this may not be a significant drawback if the root transition were
located near the plasma edge, where turbulence shearing effects may
enable advanced confinement regimes. Future research will explore this
possibility in more detail.

2.3. Physics performance

To determine possible operational temperatures and densities, we
chose an integrated treatment of the power balance to assess the
required auxiliary power and the fusion gain. This method is sometimes
referred to as a ‘0.5D’ treatment, as we calculate with an a priori
assumed profile shape, but enforce the power balance by equating the
integrated loss power with the integrated heating power, rather than
solving a set of transport equations. In this paper, we will equivalently
use the term ‘OD’ for this method, for simplicity. High-fidelity profile
predictions are still the subject of active research [132-134], and only
preliminary calculations are available for the Stellaris design.

To obtain key parameters for the design point, we choose a simple
parametrization of the ion density and electron temperature profiles:

T, =Te,0(1 _pZ)a’l" 2

np=no(1—-p*)", 3)
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Fig. 14. Radial electric field profiles, E,, evaluated with the NTSS code for two
operational scenarios as a function of the normalized minor plasma radius p. The ‘Ion-
root’ label refers to an E, profile obtained from the 0-D design point labeled as ‘A‘ in
Section 2.3 (red dot in Fig. 15). This regime exhibits a purely negative electric field.
‘Electron-root’ refers to a profile obtained by operating at higher temperature and lower
density, namely at T,, = 19.8keV and n,, = 1.7-10% m=, which allows for a positive
radial electric field. All profiles use a fixed ratio between electron and ion temperatures
of T,/T, = 0.95.
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Fig. 15. POPCON plot illustrating the operational space of Stellaris. The y-axis
represents the on-axis ion (fuel) density n,y = nj, + ny in units of 10 m=, and the
x-axis denotes the peak electron temperature T, in keV. The color gradient indicates
the auxiliary power required, in MW, as shown by the color bar on the right. Contour
lines depict various operational constraints and performance metrics including fusion
power (Pg,), wall power load (p,,,), volume averaged plasma beta () and fusion
gain (Q). The red circles marks specific operating points of interest at constant fusion
power, labeled by ‘A’ and ‘B’. The red dashed line shows a possible path to reach the
design point from start-up with minimized auxiliary power. The dark gray line indicates
the Sudo density limit [131]. The light gray line indicates above which temperature
an ‘electron root’ appears in the center of the plasma at 7;/7, = 0.95. White regions
correspond to areas where the auxiliary power is beyond the color bar limits and would
be either inaccessible (high T', low n or high n low T) or the plasma would ignite (high
T, high n).

where T, and n;, are varied to match the integrated power balance,
and a; = 1.2 (a peaked profile shape) and «,, = 0.35 (a flat profile shape)
are fixed for this study, informed by density profiles observed in W7-X,
e.g. [135]. These profiles are in line with the assumptions of previous
stellarator reactor studies [12,136].

Appendix A describes the model fidelity used in this section. In sum-
mary, we use the fusion cross-section model from Bosch and Hale [137]
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Table 4

Assumed parameters for the OD studies in this sec-
tion. f,., refers to the proportionality factor of the
1SS04 energy confinement time scaling, f, measures
how much of the alpha particle energy re-heats the
plasma, 7* /7; is the ratio between particle and energy
confinement time (for all species), fqp,, is @ heuristic
factor used to model the suppression of helium ash,
and ny, /n, is the ratio between core tungsten density
and central fuel density.

Variable Assumption
Sren 1.0

fa 0.95

™ [1p 8.0

fsuppr 0.5

ny, /n; 107>

for the fusion reaction rates. For line and continuum radiation, we
use a priori assumed impurity fractions and calculate the cooling
factors using the Aurora code [138], relying on the Atomic Data and
Analysis Structure (ADAS) database [139]. Synchrotron radiation is
modeled using the model described in [140]. We apply the ISS04
energy confinement time scaling law from [141], with a modification to
replace the heating power by the ratio of plasma energy divided by the
energy confinement time. Then, an averaged global energy confinement
time is assumed: 75 = Ti:sso4 (T.B,a,A,15/5). Helium ash profiles are
obtained using a fixed ratio of particle-to-energy confinement time.
Fast particle pressures are modeled using the model of [142]. For the
purpose of this analysis, we take a conservative value of the fast particle
confinement of 95% and a fixed ion-to-electron temperature ratio of
0.95. An important assumption is a helium suppression factor fpps
heuristically reducing the amplitude of the resulting helium ash profile
in the analysis. This factor accounts for the distinction between alpha
particle birth location and thermalization location [110]. Assumed
parameters are summarized in Table 4.

Fig. 15 shows a scan of the peak electron temperature T,, and
the peak ion density n,,, along with the required auxiliary power to
support the operation point and relevant operational constraints, in a
power-output-contour (POPCON) plot. Two chosen operation points are
indicated with two red circles (labeled ‘A’ and ‘B’). The red dashed line
indicates a path to reach the operation point ‘A’ with minimal auxiliary
heating power. According to the employed model, about 50 MW of
auxiliary heating power would need to be installed to reach the desired
operation point.

Table 5 summarizes machine and plasma parameters for both op-
eration points. It is worth highlighting that the ratio of the volume-
averaged electron density over the Sudo limit density [131], (n,)y /Agudo
at the chosen operation point ‘B’ is slightly greater than one. However,
as suggested by recent research [143], the Sudo limit strongly depends
on the impurity fraction in the edge, and higher fidelity models should
be employed to calculate the density limit more accurately. Ultimately,
although only the two operation points with the highest fusion power
are shown here, the performance of the plasma equilibrium is suffi-
ciently resilient at lower f values, indicating that all other operation
points with P,;, < 50 MW are likely feasible (e.g. an operation point
with lower fusion power and lower fusion gain could be chosen, too,
which would result in higher component lifetimes and easier burn-
control). However, to keep the same output power of the machine,
scaling should be done along lines of constant fusion power (dashed
black lines in Fig. 15).

Profiles at the operation point ‘A’ are shown in Fig. 16. The profiles
have a constant ratio between the minor plasma radius and the profile
gradients when T, and n;, are scaled (e.g. at p = 0.6 we find ratios of
a/Ly =225 and a/L, = 0.66).

An important aspect to discuss is the control scheme required to
support the suggested operation points. Compared to tokamaks, stel-
larators usually require very limited effort on control systems. In the
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Table 5

Selected plasma and machine parameters for the two design points shown in Fig. 15.
A-priori profiles are used according to Eq. (3). Ratios taken for t* /7, are assumptions.
ng, refers to the cut-off density of electron cyclotron resonance heating (ECRH) in the
first ordinary (O1) mode. In further studies, until not otherwise stated, values for point
A are taken. Point B would violate the ‘Sudo- density limit’ [131], but might still be
feasible with sufficient plasma purity.

Description Point A Point B
Minor plasma radius [m] 1.3 1.3
Major plasma radius [m] 12.74 12.74
Axis averaged B, [T] 9.0 9.0
Aspect ratio [1] 9.8 9.8
Plasma volume [m?] 425 425
Plasma surface area [m?] 327 327
fren [11 1.0 1.0
Vol av. Z; (core) [1] 1.20 1.21
Vol. av. beta [%] 2.76 2.81
Vol. av. el. density [10% m~3] 3.17 4.21
Peak helium ash density [10%* m~] 0.56 0.83
Peak el. density [10* m~] 5.06 6.89
Peak D density [10%* m~3] 1.96 2.60
Peak T density [10* m~—] 1.96 2.60
Neo/nor 111 0.64 0.87
)y Insugo 111 1.00 155
Peak el. temperature [keV] 15.40 12.25
Peak ion temperature [keV] 14.63 11.64
Fusion gain [1] ) 182
Aux. power at operation point [MW] 0 14.77
Fusion power [MW] 2700 2700
Peak fusion heating [MW/m’] 5.51 6.02
P/S|crs (no edge radiation) [MW/m?] 1.18 0.91
Total plasma energy [MJ] 504.65 533.14
Av. neutron wall power [MW/m?] 2.87 2.87
Av. photon wall power [MW/m?] 0.70 0.72
Peak triple product [keVs/m?] 3.93 x 10! 5.66 x 10%!
Confinement time [s] 1.46 1.99
Alpha slowing down time [ms] 43.76 23.75
Ratio t* /7 [1] 8.00 8.00
Tritium burn rate [g/day] 416.57 416.49
Rel. tungsten fraction core ny, /n, [107°] 7.76 7.55

Electrons

— =

Deuterium

—— Electrons
Deuterium
Tritium

Temperature [keV]

(b)

Fig. 16. Steady-state density profiles (a) and temperature profiles (b) for the chosen
design point (Point A) as a function of the normalized radius p = r/a. The shape of
the profile corresponds to the analytical expression used in Eq. (3) for a; = 1.2 and
a, = 0.35.

case of Stellaris, the requirements are reduced to achieving density
control, detachment and edge radiation control, and potentially con-
trol of the edge island locations through an array of control coils.
If the chosen design point is thermally unstable, an additional con-
trol scheme or confinement degradation scheme should be employed
to achieve burn-control. While density control is widely adopted in
current experimental fusion devices, resilient mechanisms for tem-
perature control are not yet well-established, but are conceptually
straightforward: plasma confinement degradation can be achieved by
tuning coil currents or controlling the tritium fraction in the core.
Alternatively, it may be possible to use electron-cyclotron-current-
drive (ECCD)-induced confinement degradation [144]. We expect the
temperature to be ultimately limited by temperature gradient-driven
turbulence or electromagnetic turbulence, such as kinetic ballooning
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modes. However, no tools or workflows currently exist to predict limits
with high confidence.

To contextualize the confinement time model utilized in this section,
we compare the resulting profiles at the operation point against a
higher fidelity transport simulation of the selected stellarator configu-
ration. This simulation assumes that turbulent timescales are distinctly
separated from those governing significant changes in the density and
temperature profiles.

For this analysis, turbulent diffusivities are computed using flux-
tube simulations with GENE [145] and then passed to the transport
solver TANGO [146,147], similar to the approach described in [148].
The transport equations are solved with fixed density profiles, and the
electron and ion temperature values are constrained by a Dirichlet
boundary condition set to 4.2 and 5.2 keV respectively at p = 0.8,
informed by the assumed kinetic profiles of Fig. 16 at this location.
The GENE simulations are conducted at the flux-tube with field-line
label « = 0, specifically at p € {0.1,0.4,0.6,0.8}.

To reduce any thermal runaway effects and allow for a more di-
rect comparison of the resulting profiles, we set the power source in
TANGO fix to the fusion heating profile expected at the 0.5 D design
point. We distribute this heating 80% to the electrons and 20% to
the ions, following [149]. Note that by choosing fixed fusion heating
profiles, the resulting profiles will change, while the heating sources
are not updated. The purpose is not a fully integrated, fully consistent
temperature profile simulation, but instead a qualitative comparison
to determine whether the assumed temperature gradients can be sup-
ported by full electrostatic turbulence. For this reason, other radiation
losses, such as Bremsstrahlung, were neglected as a heat sink for the
electrons. In order to obtain the profiles, an iterative loop is established
between the heat fluxes obtained with GENE and the transport solver
TANGO, following a methodology similar to that in [148,150]. The
equilibrium is treated as fixed and is not updated within this simula-
tion workflow. It is worth noting that if electromagnetic effects were
included, one might expect stabilization of turbulence levels, leading to
lower stiffness—provided that the system remains below the threshold
for kinetic ballooning instability. We also remark that the effect of
the neoclassical E x B shear is not included in this simulation. Recent
studies show that even moderate neoclassical E x B shear in W7-X can
change turbulence levels significantly [151].

Fig. 17 shows the resulting temperature profiles for the given as-
sumptions. We find that the GENE+TANGO results indicate that peak
temperature values of the 0.5 D profiles are supportable by electrostatic
turbulence level within the used model fidelity, when making favorable
assumptions of the edge temperature value. However, the simulations
demonstrate high sensitivity to the assumption of the edge temperature,
which again highlights the importance of coupling core- and edge-
transport simulations for first-principle profile prediction simulations
in stellarators.

On high confinement regimes in stellarators. Before concluding this sec-
tion, we put the assumptions taken on confinement quality into per-
spective: significant uncertainties still exist in predicting the maximum
achievable density and temperatures of a stellarator dominated by
turbulent transport. keVs

Experimentally, a wide range of confinement properties has been
observed in both W7-X and W7-AS. In W7-X, confinement times devi-
ate significantly between ‘ion-temperature clamping’ experiments [65]
and higher performance experiments in quasi-steady state after pellet
injections [75]. In W7-AS, several articles report on high-confinement
(H-Mode) in different forms [47,152,153] with significantly reduced
transport levels.

It has been hypothesized that the ratio of heating power over
plasma boundary surface area, P/.S, is decisive for achieving the tran-
sition from low- to high-confinement, as seen in tokamaks [32,154]. In
ASDEX-Upgrade (AUG), within 2 < 71;9 < 6, the P/.S threshold value to
access H-mode is P/.S ~ 0.07MW/m?. Instead, W7-X has only reached
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Fig. 17. Comparison of the 0.5 D deuterium temperature profile and results of two
electrostatic GENE+TANGO simulations with different assumptions on the boundary
value for the temperature at p = 0.8. Fixed density profiles and fixed heating power
were assumed and were taken from Design Point A from Table 5. All radiative losses
were neglected for the GENE+TANGO simulations.

a maximum value of P/S ~ 0.02MW/m? [32]. For the design point in
this paper, P/S is on the order of 1.18 MW /m?, significantly higher
than the values measured in W7-X and AUG, even when accounting
for respective magnetic field and density dependencies [154]. This
suggests that, if there indeed exists a P/.S threshold above which H-
mode behavior occurs, the chosen physics design point of Stellaris may
need to be corrected to account for confinement enhancement due to
H-mode. In that case, resilient operation in an electron-root regime
would ensure low impurity retention, addressing a common issue with
many tokamak H-mode regimes. This point alone would justify the need
for an intermediate-step device on the path toward a stellarator power
plant, to determine whether H-mode physics follows analogous patterns
as in tokamaks.

Isotope effects are another potential confinement-enhancing effect
not typically covered in the ISS04 confinement time scaling laws. While
this effect is not significantly observed in the neoclassically dominated
heliotron LHD [155,156], it could still be relevant in optimized stel-
larators where confinement is ultimately limited by turbulence, as is
the case with W7-X and the Stellaris concept. Related multi-machine
regression fits in tokamaks suggest a decrease of turbulence levels for
deuterium-tritium plasmas compared to pure hydrogen plasmas [157],
and initial first-principle studies seem to support those findings [158].
Future deuterium campaigns in W7-X will shed more light on whether
such an effect could be exploited in future stellarator power plant
designs.

2.4. Fueling & density profile control

As indicated by W7-X experiments, density profile control is a highly
promising mechanism to reliably suppress ITG turbulence [74,75,135,
159,160]. The required density steepening can be achieved by either
(a) increasing the core density by means of fueling (with cryogenic
pellets or using neutral beam injection) or leveraging turbulent par-
ticle pinches [49,161,162], or (b) decreasing the edge density, for
example using boronization [163], efficient edge pumping, or active
boron powder injection [164]. An overview of density profile induced
enhancements of plasma performance in W7-X is given in [135].

A stellarator reactor would greatly benefit from the possibility of
externally controlling the steepening of density gradients. As no reliable
predictive capability is yet available for turbulent particle pinches, we
suggest density profile control for Stellaris via both core fueling with
cryogenic pellets and edge fueling via gas puffing.
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Fig. 18. (a): the pellet injection location, chosen in the ¢ = 0 plane (the bean-shaped
plane). (b): corresponding plot of the magnetic field magnitude and the toroidal flux
over a straight line in the bean-shaped plane located at Z = 0 and ¢ = 0, where Z is
the Cartesian coordinate and phi is the cylindrical toroidal angle.

While the technology of pellet injectors is well-established and
has been demonstrated in various experiments [165-170], the pellet
deposition profiles cannot yet be fully simulated predicatively, and first
simulations are just becoming available [171]. From these simulations,
it is understood that the plasmoid drift effect that enables central
fueling is strongest if the pellet injection takes place from a high-
field region of the machine. Experimental studies show less pronounced
sensitivities of the injection path to high- and low-field side [172].
Other control parameters, such as pellet sizes and injection speeds, are
relatively inefficient to achieve central fueling.

We therefore propose the installation of a high-frequency pellet
injector on the inboard side of the machine (e.g. in the bean-shaped
plane of the stellarator plasma), where the distance in real space
between the outermost plasma layer and the center is the smallest.
Fig. 18 offers a visualization of the injection location in the bean
shaped plane. Launching the pellet from a high-field region of the
machine maximizes the plasmoid drift effects according to current
understanding [171], potentially enhancing central fuel deposition. In
the concept presented in this paper, the space in the high-field side
bean plane is densely filled with structural material, posing a challenge
for installing a pellet port. However, the port opening can be as small
as 10 mm in diameter, as the cryogenic pellets are usually only a few
millimeters wide. Dedicated studies are needed to determine the port
opening that maximizes central fueling efficiency.

Gas puffing is used in almost all tokamak and stellarator exper-
iments, and is an established method for plasma startup and edge
fueling. Further research is needed, both theoretically and on experi-
mental devices, to determine how the penetration of gas fueling via the
plasma edge is expected to vary in large and high-density stellarators,
where neutral particles may be unable to reach the confinement re-
gion. Analogous challenges exist for high-field, high-density tokamaks,
where gas fueling is considered a control variable. Given uncertainties
regarding gas penetration through the edge, we consider high-speed
pellet injectors to be an important necessity for Stellaris.

2.5. Heating

There are different schemes available for heating fusion plasmas, of
which the most promising are:

+ Ion Cyclotron Resonance Heating (ICRH) [173-175], which re-
quires installing antennas within the plasma vessel, resulting in
antenna straps being in contact with the plasma—and therefore
usually needing to be protected by highly conducting Faraday
shield bars. With such a heating scheme, sputtering naturally
occurs at the antenna, resulting in a significant impurity source
for the core plasma. Additionally, the effect of strong, unshielded
neutron irradiation on the antennas must be considered;
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» Lower Hybrid Heating (LHH) [176,177], which also needs launch-
ers that are close to the plasma;

Neutral Beam Injection (NBI) is seen as difficult for reactor ap-
plications due to large port requirements, which cause prob-
lems with tritium breeding performance and free neutron stream-
ing [178]. The negative ion NBI apparatus reaching MeV energies
for reactor applications also poses major challenges for economic
viability of the reactor, due to large capital costs. Wall-plug
efficiencies of NBI systems typically remain below 30% [179];
Electron Cyclotron Resonance Heating (ECRH), which features
high levels of theoretical understanding at both an engineer-
ing and physics level. Reactor-relevant ECRH technology was
demonstrated by W7-X [180-183] and ECRH systems will also
be implemented in ITER [184] and DTT [185-187] in addition to
being conceptualized for EU-DEMO [188,189]. While W7-X uses a
quasi-optical transmission in air, DTT and DEMO will use evacu-
ated quasi-optical transmission systems. ITER, on the other hand,
will make use of overmoded waveguides. ECRH offers particularly
a high technological readiness level for reactor applications;
Other heating schemes, such as Transit Time Magnetic Pump-
ing [190] and Alfvén Wave Heating [191-194], have been inves-
tigated experimentally, but have not received widespread accep-
tance and are not considered in more detail here.

Due to the above arguments and wide acceptance for reactor applica-
tions [188,189], we have selected ECRH as the primary heating method
for Stellaris. The microwaves used for this technology are generated by
a set of MW-class microwave sources that can be installed far away
from the torus hall and can be guided through a system of actively
cooled mirrors (as in W7-X, DTT and DEMO) or waveguides (as in ITER)
toward the injection port. Such a concept is highly attractive, as the
complexity of the heating system can be mostly decoupled from that of
the torus building.

Gyrotrons are the only known microwave sources capable of provid-
ing the necessary MW-class output power as continuous waves [195—
197]. Hence, gyrotrons are used in all large-scale magnetic confinement
fusion devices that use ECRH.

For ITER, the gyrotron efficiency is expected to be 50% [184],
leveraging beam energy recuperation via a depressed collector [198].
As of today, most gyrotron designs use Single-stage Depressed Col-
lectors (SDCs). In the future, Multi-stage Depressed Collectors might
increase the gyrotron efficiency to above 60% [199-202], making it
an attractive heating solution even for steady-state applications in
non-ignited plasma scenarios.

While W7-X now uses a gyrotron class of 1.0 MW and 1.5 MW
operating at 140 GHz [203], ITER will operate with 170 GHz gy-
rotrons [204]. For future high-field machines to be heated via ECRH, it
is necessary to demonstrate efficient operation of 240 GHz high-power
gyrotrons. The technological development of gyrotrons is constantly
progressing toward higher power and higher frequencies [200,205-
2071, ultimately enabling higher magnetic fields and more economical
operation.

For the heating scheme of Stellaris, we propose using the first
ordinary (O1) mode as the default scheme, noting that it has been well-
studied for ITER [208]. To ensure that high-density plasmas can be
heated, we choose the location of ports such that the first extraordinary
(X1) mode can also be used. The X1 mode would permit heating far
from the plasma cut-off density n<"it, which is given by the constraint

X
2mey , :
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where n, is the electron density, m, is the electron mass, e is the elemen-
tary charge and w,y,, is the local electron gyro-frequency. Although not
yet experimentally investigated in stellarators, X1 mode heating is well-
studied in tokamaks [209,210]. A requirement for X1 mode heating is
a port design that allows a beamline with a monotonically decaying
magnetic field strength to permit wave propagation. It is worth noting
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that X1 mode heating from a high-field region would heat the high-
energy tail of the electron distribution function. Further study is needed
to determine how this would impact plasma performance.

The injection beam path for the proposed device is illustrated in
Fig. 19, showing an access point on the inboard side of the device. This
unusual placement of an ECRH port not only enables the injection of
the ECRH via a high-field region, but also frees access at the outboard
side of the device, easing remote maintenance requirements. This is
especially relevant for the remote maintenance concept of Stellaris,
which uses sector splitting, as described in Section 2.11. It is worth
noting that inboard access ports are particularly enabled by the high
aspect ratio of Stellaris, and likely cannot be replicated in a comparable
tokamak at lower aspect ratio.

A total of eight ports, each with 300 mm of diameter and a circular
cross-section, are situated between the coils on the inboard side of
every half module. Stress analyses (presented in Section 2.10) indicate
that peak stresses around the port opening stay within design limits.
The ECRH ports are installed with stellarator symmetry and can be
adjusted to include a non-zero toroidal component. This set-up allows
for the possibility of canceling small amounts of residual net toroidal
currents by varying the relative ECRH power between the stellarator-
symmetric ports, without requiring movable mirrors near the vessel or
remote-steering launchers.

The port diameter was chosen to be as small as is reasonably
possible in order to mitigate degradation of the tritium breeding per-
formance of the blanket. Still, in reality, specific neutron shielding
techniques would need to be employed, such as a labyrinth path to
ensure that free neutron streaming through the port is minimized. Such
considerations are outside the scope of this paper.

We anticipate Stellaris to operate with 50 MW of ECRH power in
the plasma, necessitating approximately 6.25 MW of power to be trans-
mitted through each port. To achieve this, we propose a configuration
of 7 waveguides per port with outer diameters of 90 mm, fitting well
within the 300 mm circular cross-section of the ports. Each waveguide
would have an inner diameter of 60 mm, close to the design of the ECRH
upper launchers for ITER, which have inner diameters of 50 mm [211].
Assuming a transmission loss of 10% between the gyrotron output
and the launcher, each port would require seven 1 MW gyrotrons to
deliver approximately 6.3 MW into the plasma. Greater margins could
be achieved by increasing the output power per gyrotron, providing
greater flexibility and robustness in achieving the desired power levels.

We remark that the high mirror ratio of QI stellarators allows for
the use of a broad range of gyrotron frequencies, as the gyrofrequency
scales linearly with the magnetic field strength. In this study, the
magnetic field strength at the plasma boundary varies between 7.3 T
and 13 T in the toroidal direction, corresponding to gyro-frequencies
ranging from 200 GHz to 363 GHz. To minimize the required gyrotron
frequencies, the chosen port location enables heating close to the
toroidal low-field region of the stellarator, shown on the right-hand-
side of Fig. 19. The potential effects of a resulting skewed distribution
function of the electron population caused by the heating of trapped
particles at the bottom of the magnetic mirror are yet to be investigated,
but may be sufficiently small when the dominant heating term is the
fusion heating at the operation point.

In order to validate the contention that wave absorption can take
place with the given port set-up, we plot the local gyro- (electron
cyclotron) frequency and the cut-off density along the beam-path in
the plasma. Fig. 20 shows the cold resonance at (f),, = 0% and (f), =
2% along the chosen beam-path in a cross section of the plasma, as
well as the relativistically shifted broadening of the resonance. We
chose a value of (f),, = 2% for the analysis here as the auxiliary
heating is maximized between 1% and 2% volume averaged plasma
p, as shown in earlier in Fig. 15. We model the relativistic shift
on the gyro-frequency by employing a Maxwell-Jiittner distribution;
the broadening experienced at the target design point (Point A from
Table 5) is shown in Fig. 21. Fig. 21 visualizes this information again
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Fig. 19. Visualization of one of the chosen port locations for the X1 heating scheme.
(a) Opening in the inboard support structure that allows for high field side injection to
allow X1 wave propagation. (b) Visualization of the field strength at the last closed flux
surface and chosen high-field location of injection. Fig. 21 and Fig. 22 show relevant
quantities over the beam path, here shown in red.
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Fig. 20. Visualization of 230 GHz resonance frequencies for (volume-averaged) § = 0%
and p = 2% in one of the 8 port locations that allow for ECRH heating. Here a toroidal
cross section of ¢ = —0.636 x is plotted. The mass (relativistically) shifted frequency is
shown with thin purple dashed lines via the 20% and 80% quantiles of the distribution
function. The beam path corresponds to the one in Fig. 19. The plot shows that a
gyrotron with frequencies in the range of 230 GHz is realistically able to heat the
plasma through a range of f values.

in a 1D plot, showing the strictly monotonically decreasing gyrotron
frequency required for X1-mode heating. Based on this analysis, a set
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Fig. 21. Electron gyrofrequency at different plasma f values along the for the chosen
ECRH port as a function of distance along the beam path. The diamagnetic effect of the
plasma f leads to a reduction of the field and thus a reduction of the gyro-frequency.
In this picture, the ECRH microwaves would be injected from the left. Relativistic
mass shift and Doppler broadening lead to a smear-out of the gyro-frequency at a
given spatial location along the beamline, here visualized with 20% and 80% quantiles
of the distribution function. Corresponding normalized toroidal fluxes and the critical
densities are shown in Fig. 22.
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Fig. 22. Normalized toroidal flux (blue dashed) and electron density ratios for heating
assessments, shown as a function of distance along the chosen beam path (same abscissa
as in Fig. 21). The y-axis is a numerical value and shared between the curves. Green
solid line: ratio of electron density over the O1 cut-off density at (f), = 2%, showcasing
that the cut-off density is reached near the origin for ‘operation point B’ shown in
Fig. 15; the red solid line shows the same for ‘operation point A’. Green/red dotted—
dashed line: the ratio of electron density over the X1 cut-off density at (), = 2%,
staying well below the cut-off density for both ‘operation point A’ and ‘operation point
B.

of gyrotrons operating at frequencies around 230-240 GHz is capable
of effectively heating the plasma across a range of § values, achieving
relatively central deposition. For applications in which precise central
heating is necessary, frequency-tunable gyrotrons could be employed to
fine-tune the deposition location, ensuring optimal heating conditions.

As the local cut-off density for finite wave propagation in a stel-
larator varies as a function of the toroidal angle, we analyze the local
density in comparison to the O1 and X1 mode cut-off densities along
the chosen beam path, the two suggested heating scenarios. Fig. 22
illustrates that for the default design point (Point A) (as defined in
Table 5), O1 mode heating appears feasible, as the local plasma density
remains below the O1 cut-off density. However, for the high-density
design point (Point B), the local plasma density exceeds the O1 cut-off,
making O1 heating impractical. In this scenario, only X1 mode heating
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Fig. 23. Visualization of edge islands (colored tubes) together with the LCFS of the
plasma boundary in vacuum (semi-transparent) in side and top view. Dark red plates
show the discrete target plates of the island divertor as used for the analysis in this
section.

remains viable, as it allows for effective heating despite higher plasma
densities due to its higher cut-off density.

2.6. The island divertor

QI stellarators, through their minimization of parallel plasma cur-
rents, allow for several stable X-points induced by deliberately placed
magnetic islands at the plasma edge. The island divertor concept is an
attractive candidate for a stellarator reactor due to its ease of access
to detached conditions [41], its observed large wetted areas [38], and
its comparably high technological readiness level, compared to other
stellarator divertor concepts. Compared to tokamaks, stellarators with
an island divertor usually feature very large connection lengths [39],
which broaden strike lines on divertor plates due to the effect of cross-
field transport over long physical distances [39]. While stellarators at
reactor scale can have connection lengths in the range of kilometers,
typical tokamak values range between 5 and 50m for comparable
machines [212].

The island divertor has been well studied in W7-X [37,42,213], al-
though the W7-X open geometry has been found to provide insufficient
neutral gas compression for effective pumping and density control. For
Stellaris, we propose using a shape-optimized tungsten-based island
divertor that operates with strong detachment in steady-state. This
section describes initial efforts toward such a design.

For an island divertor to function effectively, it is crucial to suffi-
ciently suppress the bootstrap current to prevent significant changes in
the rotational transform at the plasma edge. Such changes could shift
the location of the magnetic islands relative to the installed divertor
plates, potentially preventing the desired intersection between the is-
lands and the target plates. Keeping the resonant island structures intact
ensures that the magnetic islands consistently intersect the divertor
target plates at the intended locations. As shown in Fig. 8, the total
bootstrap current for the stellarator design is calculated to be approxi-
mately 23 kA. This low value supports the use of resonant islands at the
edge to create the required X-points, as the edge rotational transform
is only calculated to change by 0.5% from vacuum conditions to the
equilibrium where the steady-state bootstrap current is achieved.

Fig. 13 shows that the stellarator concept presented in this paper
offers the desired magnetic island chain at the edge across a wide range
of plasma p values, from start-up (where no kinetic pressure is present
in the stellarator) to the final plasma # (where the islands are slightly
larger, but still preserved). This feature is necessary for installing a set
of divertor plates at the edge that cross the islands.

To meet the functional requirements of a divertor solution, the
system must efficiently exhaust particles while managing the heat
fluxes that impact material surfaces. Additionally, the divertor must
support robust tritium recycling and effectively remove helium ash. A
number of these issues are currently being addressed within a design
effort to upgrade the Wendelstein 7-X divertor, including tungsten-
based plasma-facing components and enhanced geometrical features for
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Fig. 24. Visualization of target plates (black) in the cross section at toroidal angle
of ¢ = 45°, superposed with a Poincaré plot of the vacuum field. R is the cylindrical
major radius (which is 0 in the center of the device) and Z is the Cartesian coordinate.

improved neutral gas pumping efficiency [214].

In this paper, we focus primarily on demonstrating the feasibility of
placing a set of target plates that intersect the 4/4 island chain, with an
emphasis on the thermal aspects of the divertor design. Other critical
aspects of the Stellaris divertor — such as recycling efficiency, ash re-
moval, neutral gas compression, and erosion rates — are acknowledged,
but left for further exploration in subsequent studies.

The divertor plates proposed for Stellaris are optimized to limit heat
loads by following a two-step design approach, as outlined in [215].
In the first step, the plates are strategically positioned and adjusted
to ensure that a significant portion of the power crossing the Scrape-
Off Layer (SOL) is captured by the plates. The second step involves
optimizing the length of the plates to ensure that the heat loads remain
below the desired flux limits. This approach aims to minimize the
divertor plate area, while ensuring that heat flux constraints are met.

A smaller divertor area is beneficial because it reduces the absorp-
tion of neutrons that are crucial for tritium breeding in the breeding
blanket, a topic further explored in Section 2.8. The location of the
target plates is illustrated in Fig. 23, showing a 3D visualization of
their placement, and in Fig. 24, where we display a cross section at
@ = 45°. Unlike typical tokamak designs [212] and similar to the design
of the W7-X divertor [216], the selected divertor plates are toroidally
discontinuous.

To model the resulting heat flux, we utilize the code EMC3-Lite
[217]. The physics model employed by EMC3-Lite is based on an
anisotropic heat diffusion model along a set of field lines within a 3D
geometry, described by the equation

K,
=VIT + 4, ViT =0,
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where the Bohm sheath boundary condition [218,219] is applied as
(6)

In this context, xk, = kT2 represents the Spitzer heat conduc-
tivity [220,221], with x,, being a constant and T the temperature
(assumed identical for ions and electrons). Here, n, denotes the elec-
tron density, and y, is the perpendicular thermal diffusivity, which
accounts for turbulent transport. Q) prc represents the parallel heat flux
(expressed as power per unit area) on the Plasma Facing Components
(PFCs), while Tppc refers to the plasma temperature at the PFCs. The
ion sound speed, c,, is given by 1/2k 3T /m;, where k is the Boltzmann
constant and m; is the ion mass, with y being the sheath transmission
factor.

A key advantage of the EMC3-Lite model compared to commonly
employed diffusive field line tracing (DFLT) methods [222-227] is

Q) prc = —K. V| Tprc = n¢sy Tprpc.
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its ability to simulate bidirectional heat transport, allowing heat to
travel both forward and backward along the magnetic field line at
any point. In contrast, DFLT lacks this capability, which can result
in underestimations of heat loads in magnetically shaded regions, as
demonstrated in [228].

Compared to higher fidelity models, such as the EMC3-EIRENE
code [229], EMC3-Lite does not solve the Braginskii-like fluid equa-
tions for the edge plasma or include a kinetic neutral model. EMC3-
EIRENE has shown both qualitative and quantitative agreement with
experimental data from W7-X [230,231]. Although currently not ideal
for automated PFC design due to its computational cost and complexity,
and therefore not utilized in this study, EMC3-EIRENE would be
highly suitable for high fidelity modeling of devices like Stellaris, and
can be harnessed to better characterize detachment under reactor con-
ditions, further advancing the divertor concept. Despite its simplified
approach, the EMC3-Lite model is expected to sufficiently cover the
physics relevant to the distribution of non-radiated heat exhaust over
the target plates [217,228]

An important factor in calculating the heat loads on divertor plates
is understanding the extent of edge radiation and the degree of de-
tachment within the scrape-off layer (SOL). In this analysis, we assume
that the reactor operates under conditions of strong edge radiation and
nearly complete detachment, ensuring most of the heat flux is radiated
away in the last layers of the confined plasma and within the SOL itself.

Achieving stable detachment is critical, as it protects the divertor
target plates from excessive heat loads. To facilitate this, an active con-
trol system, likely involving a noble gas puff system, will be required.
Stable detachment and control mechanisms in island divertors have
already been demonstrated in the W7-X stellarator [42,232], as well as
radiative edge cooling techniques [233,234]. Both of these mechanisms
are expected to undergo further scientific investigation in W7-X.

For this analysis, we assume that 90% of the net heating power in
the plasma core is radiated before reaching the divertor region. This
means that, for a total of 500 MW of heating power, the divertor must
be capable of handling 50 MW. To accurately estimate the heat loads
on divertor plates, two additional hyperparameters are critical: (1) the
ratio of parallel to perpendicular transport, which depends on temper-
ature and density, and (2) the perpendicular diffusion coefficient y |,
representing turbulent cross-field transport. There remains considerable
uncertainty in estimating appropriate values of these parameters. For
the purpose of analyzing peak heat loads, we consider a lower bound of
Ticrs = 100eV with , = 3m?s™! and an upper bound of Tjcpg = 200eV
with y, = 1m?s~!, where temperature values at the Last Closed Flux
Surface (LCFS) are taken as proxies to estimate the ratio of parallel to
perpendicular transport. Obtaining more accurate estimates for these
quantities should be a focus of future studies. The density was set to
nicps = 101 m™3. Under these assumptions, our simulations indicate
that the divertor plates in Fig. 23 capture 97% of the non-radiated
heat for the lower parallel/perpendicular transport parameters (Tjcpg =
100eV and y, = 3m?s~!) and 99% for the higher transport parameters
(Tycps = 200eV and y;, = 1m2s7!). The corresponding peak heat
loads are simulated at SMW m~2 and 9.5 MW m~2, respectively. In the
scenario with higher perpendicular transport, the divertor wetted area
is broader, and therefore heat loads on the targets are lower, but more
of the heat is also reaching the first wall. The simulated heat fluxes for
the main target elements under the most pessimistic assumptions are
illustrated in Fig. 25. These values remain below 10 MW m~2, which is
a commonly applied threshold for steady-state heat fluxes in divertor
designs [235]. This strike-line width is simulated to about 200 mm.

It is crucial to emphasize that the obtained values strongly hinge
on the assumed radiated power fraction, underscoring the importance
of robust detachment control in the divertor region, and potentially
additional edge radiation control using deliberate impurity seeding.
Complexity of the design and simulations increases when considering
transient heat flux limits. Such situations could arise during the start-up
phase of Stellaris, before full detachment is achieved, or in operational
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Fig. 25. Simulated heat load patterns on the proposed divertor targets in the 45° plane,
using the code EMC3-Lite, for Tycs = 200eV and y, = Im?s~!. The width of the
strike line is approximately 200 mm.

scenarios where detachment control is momentarily lost due to a failure
mode. For instance, it has been reported that in W7-X the divertor
plates experience significant heat loads during the initial seconds of a
discharge, before detachment is established and the heat loads on the
target plates effectively drop to zero [236]. As with the incorporation of
additional functional requirements into the divertor design, evaluating
transient heat loads is beyond the scope of this study and should be
addressed in the future.

In conclusion, this analysis serves as an initial step toward the
development of a reactor-relevant island divertor concept for Stellaris.
While this study primarily focused on the thermal management aspect
of the divertor, the optimization of PFC arrangements to fulfill all
exhaust requirements is an ongoing effort within the fusion community.
We note that it is crucial to transfer the insights and lessons learned
from the W7-X divertor to a new, fully integrated, reactor-relevant
divertor design. Such a dedicated effort will be instrumental in bridging
the gap between experimental findings and power plant applications.

2.7. First wall

In the previous section, we considered the importance of strong edge
radiation to distribute a significant portion of the heat load across the
first wall before charged particle heat fluxes reach the target divertor
plates. The adopted operational scenario anticipates that approximately
90% of the heat flux is radiated in the outer layers of the plasma and
the SOL. In this section, we examine wall cooling capabilities. We adopt
a more conservative approach, assuming that 100% of the heating
power is radiated through core and edge radiation. This assumption
is specifically geared toward estimating the maximum heat load on
the first wall, which is critical for understanding peak temperature
conditions.

Our focus here is on a three-dimensional Finite Element thermal
analysis. We do not delve into the subject of erosion by neutral parti-
cles, which tends to be less significant in stellarators than in tokamaks,
provided that the SOL thickness is adequately large [237]. In the
Stellaris design, we ensure that the first wall is positioned at a mini-
mum distance of 100 mm from the plasma. This spacing is expected to
mitigate erosion rates, allowing us to limit the present investigation to
thermal effects.

For broader context, the most comprehensive overview of the first
wall challenges in DEMO can be found in [238], though a comparable
in-depth study for stellarators is yet to be published. This gap in the
literature underscores the need for dedicated research into the unique
first wall challenges posed by stellarator designs like Stellaris. In order
to estimate the peak temperatures, we employ the same first wall geom-
etry used in other sections of this paper, i.e., for divertor (Section 2.6)
and neutronics (Section 2.8) simulations. The wall encloses the edge
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Fig. 26. Visualization of the chosen first wall geometry, which leaves sufficient space
for the divertor target plates crossing the magnetic islands, shown here in different
colors for qualitative distinction. The chosen first wall geometry is the same across all
analyses in this paper.

magnetic islands that are used for the island divertor solution, and is
shaped to maximize the breeder volume outside of it (see Fig. 26 for a
visualization of the geometry).

While multiple first wall concepts for stellarators are currently being
explored, we select a straightforward approach for this analysis: a solid
EUROFER97 wall with a 2mm-thick tungsten armor serving as the
plasma-facing surface. This choice is justified by the low loss of fast
particles, as demonstrated in Fig. 6, which permits the use of a solid
wall rather than more complex designs—such as those requiring liquid
walls to handle highly localized heat loads due to significant losses of
fusion-born « particles.

The first wall in this design incorporates several rectangular cooling
channels running in the toroidal direction, utilizing pressurized helium
gas as the primary coolant. We simulate helium at 8 MPa with an inlet
temperature of 350°C; the helium’s outlet temperature is computed
dynamically and is below 370°C. Here inlet temperature refers to the
temperature at the front of the first wall; similarly, the outlet temperature
is the temperature of the helium after flowing along the plasma-facing
side. Our study does not take into account the other two sides of
the first wall module. The conceptual dimensions of this first wall
design are illustrated in Fig. 27. Although an interlayer between the
EUROFER97 and tungsten layers will be included in the actual design,
it is omitted from our model due to its negligible impact on the overall
temperature distribution.

It is important to note that the feasibility of this manufacturing
process will be the focus of subsequent studies. However, we empha-
size that the helium-cooled lithium lead (HCLL) blanket design serves
as a precedent, indicating the potential practicality of our proposed
approach.

In estimating the first wall temperature, we begin by calculating the
heat loads consistent with the design point outlined in Section 2.3 and
100% radiation of the heating power. The radiation source is divided
into two parts: core radiation and edge radiation.

First, core radiation is computed using the ‘0.5D-profiles’ introduced
in Section 2.3, considering contributions from Bremsstrahlung, tung-
sten impurity radiation, and synchrotron radiation. For edge radiation,
we model a Gaussian profile centered around p = 1 (discarding any
emission at p > 1) to represent line radiation from partially ionized
impurities, such as Argon or Krypton [239]. These impurities would
need to be injected into the plasma to enable significant radiation of the
core heating power, facilitating a radiating edge and achieving divertor
detachment. Fig. 28 illustrates the combined emission region in one
cross section of the plasma from both core and edge as assumed and
calculated for the first wall power estimates.
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Fig. 27. Cross section at constant toroidal angle through the first wall design as used
for the FEM analysis in this section. Actual dimensions are H = 12mm, W = 12mm,
w=5mm, L =27mm, d =3mm, h = 5mm. Channel cross sections are square in our
study for ease of modeling, but would be rounded in the actual wall. The wall section
in our model is a single strip wrapping around the poloidal direction, mainly due to
the fact that we have not fixed a tile design yet. This is not fully realistic, but it allows
us to perform a reliable analysis. The sector is defined by the toroidal angle and the
channels follow the parametrization of the surface, meaning they are not all the same
length, but they are all around one meter long.
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Fig. 28. Cross section through the plasma illustrating emission from both the plasma
core (green color legend) and edge (red color legend).

The first wall is also subjected to a volumetric heat load due to
neutrons produced by fusion reactions in the plasma. We include this
aspect in our model and simulations by incorporating the power density
data presented in the later Section 2.8, visually represented in Fig. 37.

We determine the peak temperatures in the first wall using a two-
step process. First, to calculate the heat load on the first wall, we follow
the method suggested in [240], where the first wall power density, py,,
is obtained by integrating over a source volume V:

P —F
PW=/ b 2<ﬂ- e )dV
v 4xlFy —Fsl2 \ IIFy —Fsl

Here, ¢, is the local emission; 7 is the position vector of the source;
Py is the position vector to the wall; and 7 is the normal vector of the
wall.

)

To implement this method, a regularization is necessary. We choose
to set the heat flux from a volume element on a surface area to zero
if the distance exceeds a characteristic length for the machine; in this
case, 8 m, since for the chosen configuration, this is a clear upper bound
on the distance between two points that have a direct line of sight to
each other. When computing the integral in Eq. (7) numerically, we set
the integrand to zero for contributions that satisfy (?i . ”;;‘j—:;;“ < 0.
We verified a posteriori that this algorithm works effectively, as the
total emitted power from the LCFS and the total absorbed power by
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Fig. 29. Visualization of the calculated first wall heat loads, distinguished by source.
The left-hand half shows the received core radiation, the right-hand half the received
edge radiation. Strong deviations in the toroidal and poloidal direction are observed.
The total power at the wall is the sum of both sources and its values span the range
0.18MWm™ to 0.77MW m™.
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Fig. 30. Simulated temperature in a toroidal segment of the first wall, using the meth-
ods and parameters described in the text. With the current design, peak temperatures
are simulated to stay below 500°C and peak in the central module.

the first wall differ by only about 2%. The volume integral is carried
out in VMEC coordinates [241], and the Jacobian determinant \/§ is
obtained directly from the VMEC code.

In the second step, we solve the heat equation as a Finite Element
problem within a small toroidal section of the first wall. To obtain a
conservative estimate, we select a section that includes the geometry
points with the highest anticipated radiation load; the volumetric neu-
tron load does not show significant enough variability to affect the
results if we changed section. For simplicity, the analysis omits the
divertor plates, recognizing that they could potentially shield some of
the heat loads on the first wall. We also assume that all radiation is
absorbed in the first layer of the wall, which we model as a Neumann
boundary condition in the Finite Element analysis. Any reflection or
black-body radiation effects of the first wall are neglected.

The method employed for this calculation is detailed in Appendix B.
The power loading on the first wall, distinguished by source is shown in
Fig. 29. The resulting temperature distribution for this design is shown
in Fig. 30. With the given assumptions, the steady-state temperature
remains below 500°C—a design limit typically imposed for EURO-
FERO97 steels [238]. We conclude that a helium-cooled first wall can be
designed to withstand the heat fluxes anticipated for the high power
density design point proposed in this study. We note that evaluating
thermal stresses due to temperature asymmetries is beyond the scope
of this study, and warrants further investigation.

2.8. Lithium blanket & neutron shield

In this section, we explore a potential breeding blanket and shield
design for Stellaris. Research on stellarator breeding blankets in the
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Fig. 31. The geometry used in the neutronics simulations. Light green is the first wall,
orange is the homogenized breeding blanket, blue is the neutron shield, gray is the
vacuum vessel and green are the divertor modules. Coils are shown in turquoise. The
brown section shows the sector interface that will be introduced in Section 2.11.

literature addresses a range of topics, from balance of plant con-
siderations [242] to detailed neutronics analyses [64,243-248] and
evaluations of structural capabilities [249,250].

Previous investigations into stellarator breeding blanket concepts
have primarily focused on dual-cooled lithium-lead and helium-cooled
pebble bed designs as potential breeders. These concepts aim to opti-
mize both tritium breeding and structural integrity, balancing neutron
economy with effective heat transfer and material endurance.

However, prior reactor studies for stellarators have consistently
highlighted a critical challenge: the close proximity of the optimized
stellarator coils to the plasma. This proximity has been shown to be
insufficient to provide adequate neutron shielding, posing a significant
risk to the integrity and longevity of the coils in realistic reactor
settings [52,64]. Furthermore, the limited distance between the plasma
and the coils has been identified as the primary constraint on overall
machine size, directly influencing the feasibility of achieving a viable
reactor configuration [12]. The Stellaris concept strategically addresses
this challenge. By ensuring that the coils are positioned farther away
from the plasma in relative terms, this design provides greater space
for tritium breeding and neutron shielding, allowing the overall reactor
size to be reduced. The blanket concept itself was chosen from different
available options and finally adapted to match a set of requirements
that is in line with the overall machine design.

In the current breeding blanket design, the primary tritium breeding
material is a liquid lead-lithium (PbLi) eutectic alloy with 16 atomic
percent lithium. This material serves a dual role as a neutron multiplier
and tritium carrier. The liquid breeding material allows for drainage
to ease remote maintenance operations. The breeding zone is actively
cooled using water at pressurized water reactor (PWR) conditions,
ensuring efficient thermal management. EUROFER97, a low-activation
steel known for its structural integrity under fusion-relevant conditions,
is selected as the structural material for the blanket [251]. The nuclear
data cross sections for the materials are derived from the ENDF/B-VIIL.O
library [252], with interpolations adjusted for material temperature.
To further enhance neutron management, an In-vessel Neutron Shield
(INS) composed primarily of tungsten-carbide (WC) is incorporated.
This material not only serves as a neutron shield, but also functions as
a neutron reflector, effectively increasing the backscatter to the blanket
and boosting the tritium breeding ratio (TBR).

The Vacuum Vessel (VV) design is modeled after the EU DEMO
project [253], utilizing SS316LN as the structural material. The design
includes a neutron shield in the bulk cooling region, with a thickness
reduced from the originally proposed 60 mm to 50 mm. Boron-carbide
(BC) is chosen for the shield due to its superior absorption cross section
in the thermal neutron range compared to WC.

Active cooling is essential for maintaining the structural integrity
of the breeding blanket, as the chosen structural material, EUROFER97,
has a maximum operating temperature limit of 550 °C [254]. The breed-
ing blanket’s composition is optimized for both thermal management
and tritium breeding, consisting of 73.5% PbLi eutectic, 12.5% water,
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Fig. 32. Cross section visualization of the radial build at the ¢ = 0, ¢ = #/8 and
@ = r/4 cross sections (where ¢ is the cylindrical toroidal angle). The thin green line
is the first wall, red is the homogenized breeding blanket, blue is the shield, and white
is the vacuum vessel. Note that the divertor is not included in this visualization.

and 14% EUROFER97 by volume. This composition accounts for the
segmentation effect in the structural budget, ensuring the blanket’s
performance and durability.

To achieve a tritium breeding ratio (TBR) above 1.05, considered
sufficient to close the fusion fuel cycle [255], a lithium-6 enrichment
level of 70 % has been chosen.

The decision to use a water-cooled breeding blanket simplifies the
power plant’s primary and secondary cycles, aligning them with those
of a conventional PWR. The high water content in the blanket has
a significant thermalization effect, which shifts the neutron spectrum
toward thermal energies—increasing the reaction rate and improving
tritium production. Additionally, the high heat capacity of water com-
pared to gas cooling reduces the need for large cooling ports, which
helps in optimizing the overall design.

The first wall, as described earlier, is proposed to be helium-cooled,
while the breeding blanket utilizes water cooling. This necessitates the
use of two distinct cooling loops. The choice of helium cooling in
the first wall is driven by two main considerations. First, the lower
pressure in the helium loop allows for a thinner first wall, enhancing
thermal efficiency. Second, helium cooling offers greater resilience
against critical heat flux events, which are particularly challenging to
manage in high-pressure water cooling systems.

For the breeding blanket segmentation, one potential configuration
is the single module segment (SMS) design [256]. In this configuration,
each toroidal section of the reactor is split into poloidal segments
approximately every meter. Each segment is supplied independently to
ensure modularity and improve detectability of failures within a mod-
ule. Within each segment, the manifold configuration directs helium
through back manifolds located behind the neutron shield, routing it ra-
dially toward the first wall, while the breeding blanket’s water cooling
system is fed through separate manifolds and distributed poloidally.

This modular approach reduces the need for complex manifold
systems at the back of the blanket, thereby creating more space for a
sufficiently large INS. The simplified geometry of the SMS design not
only facilitates maintenance but also enhances the overall efficiency of
neutron shielding and tritium breeding, making it a compelling choice
for the reactor’s blanket configuration.

Given the varying plasma-to-coil distance across different poloidal
and toroidal positions, we implement variable thicknesses for both the
blanket and the shield. This design strategy enables the optimization of
TBR while ensuring adequate neutron shielding at the cryogenic coils.
For instance, the INS thickness at various toroidal angles is shown in
Fig. 32, with a minimum thickness of 100 mm and a maximum thickness
of 225 mm. Additionally, the averaged thicknesses for each layer of the
radial build are illustrated in Fig. 34. To optimize the thickness of
the INS, we use a simple one-dimensional exponential decay model
for the fast neutron flux within the radial build, using two material
fractions for INS and BB. In particular, we vary the shielding thickness,
using a fixed first wall and outer shield surface, in order to minimize
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Fig. 33. The distribution of the neutron wall load on the first wall of Stellaris operating
in full power, at 2700 MW fusion power.
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Fig. 34. Averaged component thicknesses and gaps of the radial build. Values are only
approximate, as large variations in both toroidal and poloidal directions exist.

the neutron flux variation in a point-by-point fashion. The choices of
materials for INS and BB are kept constant during this optimization.

In the following neutronics simulations, we employ the 3D neu-
tron Monte-Carlo simulation code OpenMC [257,258], integrated with
DAGMC [259] for efficient particle transport simulations. The CAD-to-
DAGMC tool [260] was utilized to convert the detailed CAD geometry
into a meshed representation suitable for the analysis. A comprehen-
sive three-dimensional (3D) 90-degree reactor model is initialized,
incorporating multiple material layers, each homogenized into a single
OpenMC material for simplification. The reactor geometry used in the
neutronics analysis is depicted in Fig. 31, which illustrates the various
reactor layers, including the magnets described separately by their
casings and winding packs. For the particle sources, we employ a
neutron source function based on the plasma profiles introduced in Sec-
tion 2.3, utilizing the nuclear reaction rates from [137]. The neutronics
simulations presented in this section are consistent across both physics
design Point A and Point B, as defined in Table 5, because the fusion
power remains constant and the effects of plasma temperature on the
neutron source distribution are neglected.

To approximate the neutron source, we use a monoenergetic source
at 14.06 MeV, with the spatial distribution discretized into 30 radial
points, 50 poloidal points, and 100 toroidal points. This source is
then represented as multiple point sources in the OpenMC simulation
environment. The resulting neutron wall load is shown in Fig. 33, using
the method proposed in [240].

We proceed to analyze the chosen breeding blanket and shielding
concept through five key evaluation steps:

 Tritium Breeding Ratio Analysis: We assess whether the design
achieves sufficient tritium breeding using a multi-layer 3D model
that includes separately homogenized materials for each layer.

» Power Multiplication: Due to endo- and exothermal nuclear reac-
tions within the blanket, we estimate to which degree the total
neutron power is amplified by the blanket, a critical value to
estimate the commercial viability of a fusion power plant.

» Neutron Shielding for Superconductor Protection: We evaluate
the effectiveness of neutron shielding in minimizing fast neutron
flux into the superconducting coils—ensuring long operational
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lifetimes for the device, as fast neutron fluences are measured
to significantly degrade the performance of superconducting coils
after 3 x 102 m~2 [261]. The neutron fluence on the copper
stabilizer should also be considered as the conductivity has been
shown to reduce with neutron irradiation by 5% after a neutron
fluence of 1.5x10% m~2 [262]. One strategy to potentially address
a conductivity decrease would be to make the copper stabilizer
thicker to accommodate the anticipated decrease in conductivity.

Neutron Shielding for Cryogenic Area Protection: We determine
whether the neutron shielding sufficiently reduces nuclear heat-
ing in the cryogenic regions to acceptable levels, ensuring the
integrity of the cryogenic components.

Lifetime Estimation of Key Components: We estimate the opera-
tional lifetime of the main components of the machine, consider-
ing the neutron flux and the resulting material degradation over
time.

Safety and activation calculations, as well as structural and thermal
simulations, fall outside the scope of this analysis.

Tritium breeding ratio analysis. We performed a neutronics simulation
using 15 x 10° particles per batch over 5 batches, tallying TBR, nuclear
heating, and neutron flux. Periodic boundary conditions were applied
at the ¢ = 0 and ¢ = /2 surfaces, where ¢ represents the toroidal
angle. No particle loss was observed during the simulation, ensuring
accurate results.

The simulation was focused solely on neutron transport, with the
nuclear heating tally assuming that secondary gamma power is de-
posited locally. The computed TBR, accounting for the remote main-
tenance solution discussed in Section 2.11 and a conceptual divertor
model, is 1.1070 + 0.0002. After considering a 3% reduction due to the
heating ports, the final TBR stands at 1.074, which includes margins to
account for uncertainties and potential incomplete models.

Power multiplication. Using the same 3D neutronic simulation that was
employed for the TBR calculation, we also tallied the power multiplica-
tion within the blanket, which primarily results from exothermal (Li-6,
n) reactions. From this analysis, we obtained a power multiplication
factor of 1.2. The initial 2160 MW of neutron power produced by
the reactor is thus amplified within the blanket to a nuclear power of
approximately 2611 MW. This thermal power is what can be extracted
from the blanket and shield systems, contributing to the overall energy
balance of the power plant. Corresponding simulation results are shown
in Fig. 37.

Neutron shielding for superconductor protection. To ensure sufficient sta-
tistical accuracy in the estimation of fast neutron fluxes in the volume
of the superconducting magnets, we performed a dedicated simulation
with a total of 2.5 x 10° Monte Carlo particles.

The resulting fast neutron flux (E, > 0.1 MeV) at the magnets is
illustrated in Fig. 36. The average fast neutron flux is estimated to
be 1.8 x 1013 1/m?/s. As the statistics of the Monte Carlo simulation
even at 2.5 x 10° launched particles is particularly low, and assuming
local shielding can be used in severely loaded sections, we consider
the 99th quantile for the lifetime estimation of the coils due to fast
neutron flux, which is about 9.5x10'3 1/m? /s. Estimating the allowable
fluence for ReBCO superconductors (from degradation of the critical
current density in the superconductor by fission neutrons [261]) as
3%10?? 1/m?, the magnet system would have a lifetime of approximately
10 full power years at a fusion power of 2700 MW.

Additionally, the neutron spectra at the coils are presented in
Fig. 35, providing further insight into the distribution of neutron energy
levels impacting the superconducting magnets.
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Fig. 35. Neutron flux per unit lethargy, as obtained from OpenMC with the set-
up described in the text. The spectra describe the winding pack of all six coils
independently at full power.
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Fig. 36. Fast neutron flux, as obtained from OpenMC with the set-up described in
the text. The figure shows the unstructured mesh tally on the magnet. The maximum
neutron flux is 7.27x 10" 1/m? /s/GW; (neutron flux normalized by GW fusion power),
and the mean value is 6.6 x 10'? 1/m?/s/GW;.

Neutron shielding for cryogenic area protection. For the nuclear heating
at the winding pack, we obtain an average value of 35.5W/m?3. This
heat load will need to be managed by the cryo-plant of Stellaris and
is in the order of the EU DEMO target, which is about 50 W/m? peak
nuclear heating [263].

However, it is important to note that the EU DEMO requirement is
designed for a 4K cryogenic environment, whereas the magnets in Stel-
laris are anticipated to be cooled to 20 K. Operating at this higher tem-
perature offers an increase in efficiency of the cryogenic plant. Overall,
maintaining an average nuclear heating below 50 W/m? is considered
an applicable reference for ensuring viable power plant efficiency,
considering the parasitic power consumption by the cryo-plant.

It should also be noted that local differences in nuclear heating
power density can lead to local temperature variations within the
winding pack, which again can affect quench behavior. However, these
temperature differences are highly dependent on the detailed cooling
design within the winding pack and a respective analysis is left for
further studies.

Lifetime estimation of key components. To estimate the operational life-
time of key reactor components, we calculate the Displacements-Per-
Atom (DPA) in regions experiencing the highest neutron flux, specifi-
cally the first wall and the divertor.

Neutron damage was tallied using OpenMC via the ‘444 Microscopic
Cross-Section Type (MT) reaction’ for iron isotopes in the first wall and
copper isotopes in the divertor. DPA values were evaluated using two
models: the NRT model [264] and the more recently developed ARC
model [265].

The ARC model, which has shown good agreement with molecular
dynamics simulations, particularly at higher energies [266], provides
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Fig. 37. Nuclear heating, as obtained from OpenMC with the set-up described in the
text. The figure shows a cross-section through the Z = 0 plane of the radial build. The
maximum heat deposition is at the first wall, with a peak value of 12.1 MW /m? /GW;.
White lines mark the boundary of the neutron shield and the sector splitting bellow.

a more accurate estimate of neutron damage in these components.
However, we also present results from the NRT model, which has been
commonly used in past studies.

Most lattice-atom interactions occur at high neutron energies (E, >
1MeV), where the Primary Knock-on Atom (PKA) energy typically
exceeds the cutoff energy E..¢ Beyond this threshold, most of the
excess energy is lost to electronic interactions. The damage energy per
displacement process is thus approximated as Epy ~ E - The cutoff
energy was computed as Eg = 1000 - A keV, where A is the atomic
mass [267]. For our simulations, 56 keV for Fe and 63.5 keV for Cu were
used in the ARC model to compute the displacement efficiency.

DPA was determined by dividing the number of displacements by
the atomic density of the respective element in the material. For exam-
ple, in the first wall, DPA was calculated as the displacements of iron
isotopes normalized by the atomic density of iron in the homogenized
material.

Using the NRT model, the peak DPA in the first wall is 34.9 DPA /FPY,
while the ARC model yields 10.7 DPA/FPY, where FPY represents full-
power years. Similarly, in the divertor, the peak DPA is evaluated to
36.2 DPA/FPY for the NRT model and 6.1 DPA/FPY for the ARC model.
These values align with previous studies, which report similar ratios for
Fe and Cu under 14 MeV neutron irradiation [268].

Fig. 38 illustrates the ARC-DPA simulation results for the first
wall. After four years of operation at full 2700 MW fusion power, the
cumulative peak DPA in the first wall is approximately 42.8 DPA, while
for the divertor cooling elements, it is approximately 24.4 DPA.

In addition to DPA, the accumulation of helium and hydrogen
within materials is also a critical factor in determining the lifespan of
components in a fusion reactor. These quantities are typically measured
in atomic parts per million (appm). Reliable first-principle simulations
for the accumulation of helium or hydrogen in materials induced
by 14 MeV neutrons are currently not available. Instead, heuristic
estimates from related studies suggest an accumulation rate of ap-
proximately 10-30 He appm/DPA [269-271], although the method-
ologies behind these estimates are sometimes questionable and lack
the required data for benchmarking purposes. Applying these esti-
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Fig. 38. Damage rate on the first wall described by the Displacement Per Atom (DPA)
per GW of fusion power per year using the ARC-DPA model. (a) displays the outboard,
and (b) shows the inboard side. Peak value is 3.9 DPA/GW;/year and is located on the
inboard side, around the mid plane. The mean integrated value is 2.2 DPA/GW,/year.
The colorbar is shared between the two sub-figures.

mates to the first wall of Stellaris suggests a range of 40-120 He
appm/FPY/GW;, or equivalently 110-320 appm per full power year
(FPY) in peak locations.

The actual lifespan of these components will depend not only on
DPA and on the accumulated helium and hydrogen gases due to nuclear
reactions, but also the operational temperatures, and the structural
requirements of the materials. One particularly important factor is the
ductile-to-brittle transition temperature (DBTT), which is influenced
by both the DPA and the accumulated helium within the material.
Ensuring that structurally significant materials such as those in the
first wall and blanket remain above the DBTT throughout the reactor’s
operational life is crucial. EUROFER steel under irradiation tends to
harden (increasing yield strength), but also becomes more brittle. Oper-
ating steel in this hardened, brittle state is not necessarily disqualifying,
provided that the material is used well below its yield strength limit.

As no structural stress simulations are performed in this analysis,
the parameters for Stellaris are compared with available literature data
for context and understanding. At negligible helium accumulation (He
appm), the estimated DBTT for EUROFER97 under neutron irradiation
is expected to occur around 200 °C [272]. However, when helium
accumulation is present (a more relevant scenario for this analysis), the
DBTT value carries significant uncertainties due to the limited material
data available. For the EUROFER97-based first wall of Stellaris, which
is expected to operate around 500 °C (see Section 2.7), the wall should
remain well above the DBTT, despite the uncertainties induced by
helium accumulation in the material [273].

Given these conditions, we estimate that Stellaris could achieve
about 4 full power years of operation at 2700 MW fusion power, cor-
responding to approximately 42.8 DPA, before key components would
need to be replaced by remote maintenance. Future high-flux, 14 MeV
neutron irradiation facilities [274,275] are expected to provide greater
clarity for these estimates. Furthermore, a detailed structural analysis
of the first wall, blanket, and shield systems could align the structural
requirements with the material properties, helping to determine when
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Table 6

Key neutronics values as obtained from a 3D OpenMC calculation. FPY are full power
years. ‘Power Multiplication’ is sometimes also called ‘Energy Multiplication’ in the
literature.

Description Value
TBR 1.074
Power Multiplication 1.20
Fast neutron flux (99th quantile) at coils [1/m?s] 9.5x 10"
Coil lifetime (99th quantile) [FPY] ~10
Peak fast neutron flux at coils [1/m?s] 2.0x 10"
Peak DPA in the first wall [DPA/FPY] 10.7
Estimated first wall structure lifetime [FPY] ~4-6
Peak nuclear heating (blanket) [MW/m’] 35

Mean cryogenic nuclear heating (winding pack) [W/m?] 35.5

the safety margin relative to the yield strength limit might be exceeded.
Going forward, several strategies could be employed to manage
elevated neutron irradiation levels, including:

» Targeted Replacement of High-DPA Sections: replacing only the
first wall sections experiencing the highest Displacements-Per-
Atom (DPA) levels could be an efficient strategy. These targeted
replacements would not only extend the overall reactor lifespan,
but also provide valuable samples for material characterization
under high DPA conditions, contributing to better understanding
and prediction of material behavior. Analysis of first wall replace-
ment has not been performed, but it may be necessary to limit the
amount of first wall replacements so that such replacements can
be carried out during scheduled maintenance periods.

Increasing Radial Distance Between Plasma and First Wall: by
increasing the distance between the plasma and the first wall,
the neutron flux density at the wall can be reduced, lowering the
DPA rate and extending the lifespan of the wall and other reactor
components. Non-constant offsets between the first wall and the
plasma could be considered to optimally utilize the available
space while remaining within first wall, breeding and shielding
limits. Non-uniform offsets could also help reduce heterogeneity
of DPA across the first wall by moving parts of the first wall that
have the highest DPA outwards. The magnitude of any achievable
reduction in DPA by optimizing the offsetting of the first wall
to the plasma has not been studied within this paper, but is
investigated in similar contexts [240].

Applying Treatments to Enhance EUROFER97 Properties: en-
hancements to the properties of EUROFER, as explored in studies
such as [276], could improve its resilience to radiation damage
and potentially increase the lifespan of the first wall without
requiring major design changes.

Using a More Neutron-Resilient Material: exploring the use of al-
ternative materials such as Oxide Dispersion Strengthened (ODS)
steels or other Reduced Activation Ferritic/Martensitic (RAFM)
steels could offer greater resistance to neutron damage compared
to EUROFER97. However, these materials currently have a lower
technological readiness level, and their implementation would
require further research and development [277,278].

Additionally, the feasibility of using ferromagnetic steels such as EU-
ROFER - which would affect the magnetic field quality in the plasma,
and hence the confining properties — would need to be validated.

In conclusion, we have presented a preliminary conceptual study for
the blanket and neutron shield system of Stellaris. This study includes
estimates of the TBR, fast neutron fluxes at the superconducting mag-
nets, nuclear heating in the cryogenic areas, and DPAs at the first wall.
Key parameters are summarized in Table 6. It is important to emphasize
that this study employs a simplified homogeneous model for the shield
and breeder zones.

Future work should focus on advancing this preliminary model by
conducting a detailed analysis of a heterogeneous blanket configu-
ration. This will involve evaluating the neutronics, mechanical, and
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Fig. 39. Physical dimensions of the first coil of the coilset, including its casing (in
mm). With casing, the coil is about 10.4m tall, has 6.5m of radial extent, and extends
over 4.8m in toroidal direction.

thermal performance of such a blanket, alongside a thorough manu-
facturability assessment. A critical risk to address is the interaction
between lead-lithium and water, a well-documented exothermic reac-
tion [279]. To mitigate this, we currently rely on established designs
like the WCLL, which incorporates double-walled tubes to bolster the
reactor’s safety and reliability [280]. Additionally, further research—
including simulation and experimental studies—will be necessary to
address corrosion challenges and to understand the magnetohydrody-
namic effects in liquid lithium-lead, similar to the studies performed
in [245]. Activated corrosion products, activated lithium-lead and ac-
tivated water will also require careful shielding considerations, due
to their mobility around the building. These steps will be crucial for
refining the blanket and shield design to ensure it meets the demands
of a commercial fusion reactor.

2.9. Magnets

In Fig. 39 we display a selected coil of Stellaris with its correspond-
ing casing, including physical dimensions in millimeters. The coils have
an approximate size of 7 x 5 x 10 m, with a typical circumference of
25 m, and the conductor needs to be manufactured using superconduct-
ing material, for which multiple options exist. High-temperature su-
perconductors (HTS), particularly ReBCO-based superconductors, have
important advantages for high-field magnetic confinement fusion. Most
notably, they allow for designs with higher magnetic field strengths,
as the superconducting material can withstand much larger critical
current densities at high magnetic field strengths compared to con-
ventional low-temperature superconductors [281-283]. The technology
is also reaching maturity, with ReBCO-based coils tested at relevant
parameters—despite outstanding problems such as quench manage-
ment and high stored energy. At the time of writing, the current
record for the highest field strength achieved by a tested magnet has
45.5T [284] of peak field on the HTS. The SPARC tokamak [19] is
currently being constructed using ReBCO-based magnets.

Despite their advantages, ReBCO-coated conductors pose several
challenges for cable design, which typically involve assembling hun-
dreds of individual HTS tapes in a specific arrangement. The major
limitations for cables, especially in fusion applications, can be at-
tributed to three key aspects. First, the mechanical stress and strain
that the conductor and the cable endure during the manufacturing
process and operation result in significant limitations. Second, the
anisotropic behavior of the ReBCO material under magnetic fields leads
to critical current density values that are much lower for magnetic
fields perpendicular to the flat face of the tape than for magnetic
fields parallel to the tape, especially for the fields and temperatures of
interest. Third, ensuring electro-thermal stability (i.e., avoiding quench
events and loss of superconducting state) is crucial during the design
process.

Several successful cabling techniques have been developed over the
past decade to address these challenges. Among these are concepts such
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as CORC, VIPER, CroCo, and BRAST [83,85,281,285-287]. Addition-
ally, HTS ‘stack in groove’ approaches — as applied in the Toroidal Field
Model Coil (TFMC) built in collaboration between MIT’s Plasma Science
and Fusion Center (PSFC) and Commonwealth Fusion System (CFS) for
the SPARC project — have shown promising characteristics [288,289].

For the superconducting magnets in this study, we propose a Non-
Insulated (NI) concept. The NI method in the present work ensures
that there is electric insulation between pancakes (azimuthally insu-
lated) and only steel (electrical contact) between radial turns. More
specifically, referring to Fig. 40, electric insulation between pancakes
implies that current can only move in the @-coordinate direction
(azimuthal) through the joints/connections at the first and last turns
of each pancake (the yellow sheet represents the electric insulation).
On the other hand, radial electric contact means that current can leak
in the r-coordinate direction (radially outward), particularly during
transients. The terminology of such a concept is coherent with the
current literature (e.g. TFMC and FSU/NHMFL [282,289]).

Unlike low-temperature-superconducting (LTS) magnets, HTS mag-
nets are fundamentally unlikely to quench unless they have a serious
defect in them. Nevertheless, demonstration of quench management is
necessary for risk mitigation purposes. NI coils offer a self-protecting
mechanism without complex external systems, allowing current to
bypass local hotspots and enhance thermal stability. They are passively
protected by natural current redistribution. However, large stored mag-
netic energy and highly non-uniform critical current distributions (es-
pecially with low critical current regions) can still cause damage [288,
289]. To mitigate quench damage, it is crucial to ensure that the ratio of
operational current density to critical current density, jq,/Jjcric, varies
only very weakly along a turn, and does not exceed a critical limit,
which we take here to be 80%.

For the conductor design discussed here, we consider a fully pre-
soldered, field-aligned Stack Tape Cable (STC), enveloped in a copper
jacket that constrains the tape stack in the chosen orientation, similar
to the CroCo concept [286]. We exploit the anisotropic properties of Re-
BCO tapes and align the ‘ab plane’ (flat face) of the ReBCO tapes/stacks
with the magnetic field orientation, generalizing and extending to the
whole winding pack an approach proposed for the helical (heliotron)
reactor with the STARS conductor [290,291]. Field alignment improves
performance, but adds design complexity requiring precise calibration
and advanced manufacturing techniques. Additionally, we utilize grad-
ing techniques (i.e., intentionally reducing the number of tapes where
the magnetic field is lower [292]) to achieve an almost constant j,p /jerit
ratio along the turns.

The conductor is wound in non-planar stacked ‘radial’ plates made
of stainless steel 316 (SS316), similar to concepts in previous de-
signs [293,294]. Fig. 40 shows a cross section of the winding pack for
a 256-turn coil (coil 4) and the geometric and material details of the
single unit cell. For each coil, we select a square winding pack with a
variable number of turns, ranging from 225 to 324 turns per coil.

We note that the winding pack orientation is fully decoupled from
the HTS tape stack orientation. The winding pack orientation is chosen
so that a flat face is tangential to the plasma at each point, allowing
for a vacuum vessel surface that is as flat as possible and maximizing
available space for the radial build while minimizing peak fields within
the winding pack. Conversely, the orientation of the HTS tape stack is
chosen to align with the magnetic field orientation at each point along
the cable for each turn inside a winding pack.

Each turn is sized at 20 mm x 20 mm, with a 6 mm x 6 mm soldered
tape stack embedded in a 15 mm diameter round copper former.

With these dimensions, the current per turn is constrained to a
maximum value of 50 kA, allowing for the use of ‘off-the-shelf’ current
leads to realize the connection between the superconductor in the coils
at cryogenic temperatures to the bus bars, which are connected to
the coil power supplies, at room temperature. The coils are cooled to
20 K using supercritical helium channels at 15-20 bar. This approach
entails using the casing as the pressure vessel itself, eliminating the
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Fig. 40. A perpendicular cross section through the winding pack of the coil. The casing
is not shown here, and the stacks are not aligned with the field for the sake of clarity.
Note that @ represents the toroidal coordinate, © the poloidal coordinate and r the
radial coordinate.

Table 7
Material fractions in a winding pack of one of the Stellaris coils.

Material Fraction [%)]
Tape stack 9
Copper jacket 35
Solder 12
Steel 36
Helium (cooling) 8

need for leak-tight pressure seals between the plates/turns. However,
issues such as uncontrolled helium flow distribution could arise; the
cooling concept is still under exploration. Alternative designs include
closed channels with welded lids or soldered-in copper/steel pipes. In
this paper, the operating temperature (Top) is set to 20 K to provide
a consistent basis for analysis, but it may be desirable to lower the
operating temperature to around 10-15 K to provide more margin.
In the chosen unit cell configuration, the current density per turn
is about 112 A/mm?, and the current density per copper fraction is
approximately 355 A/mm?, aligning the winding pack design with
similar proposed designs [288,289]. The resulting material fractions of
each winding pack are summarized in Table 7. We summarize major
coil features in Table 8. Note that we report the specs for only six
coils due to symmetry (i.e., 48 coils divided into four periods, with
each period containing 12 coils: six independent and six mirrored),
simplifying the representation.

In the following paragraphs, we discuss a high-level concept of a
magnet system for the first version of the coils for the Stellaris class
of stellarators, focusing on how the above challenges are addressed.
Our focus here is on the feasibility of the concept, as opposed to a full
engineering analysis. Some important design aspects, such as screening
currents and field quality, are not covered in this short analysis. Instead,
to validate the proposed design, we discuss the maximum field on the
conductor and the operational critical current margin, the winding-
induced curvature and torsion, the structural integrity of the winding
pack, the contact resistance between turns, and peak temperatures and
currents during a quench event.

Peak fields and critical current density. The peak magnetic field in stel-
larator coils can vary significantly from one coil to the next, especially
in QI stellarators with a large magnetic mirror ratio. The peak field is
also heavily dependent on the size of the winding pack, and is a decisive
parameter for force and critical current density calculations. Here,
we compute the peak fields using a 3D magneto-static model carried
out by means of finite element analysis with the commercial software
COMSOL MultiPhysics® [295]. For this calculation, we assume that the
current density distribution is uniform across the winding pack cross-
section. Fig. 41 shows the peak fields for each independent coil. At the
chosen 9 T axis-averaged magnetic field strength, the peak field inside
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Table 8

The main coil parameters for every unique coil in Stellaris. ‘WP’ stands for ‘winding
pack’. j,, refers to the operational current density (in the text, j is used equivalently).
Minimal distances are with respect to the neighboring coil.

Coil Number 0 1 2 3 4 5

1 (total Amp-turns) [MA] 15.4 14.6 13.8 12.9 12.5 11.2
Number of turns 324 324 289 289 256 225
Turn current [kA] 47.6 44.9 47.8 44.7 48.9 49.8
Jjwp [A/mm?] 119 112 120 112 122 124
Jrape-stack [A/mm?] 1323 1249 1330 1243 1360 1384
Cross section side length [mm] 360 360 340 340 320 300
Min. casing-to-casing dist. [mm] 11.4 114 91.4 135 326 475
Min. casing-to-LCFS dist. [m] 1.06 1.04 105 1.08 1.11 1.07
Coil mass, no casing [ton] 242 254 216 215 19.0 17.0
Peak field [T] 246 231 220 21.0 21.4 195
Max. curvature [m™!] 1.97 1.75 1.94 1.42 2.12 1.86
Min. curvature radius [m] 0.51 0.57 052 0.60 047 0.54
Max. torsion [rad/m] 5.27 3.76 4.46 3.76 3.99 3.91
Max. jop/Jeie DO grading [%] 60.5 46,5 50.2 541 56.3 55.8
Max. jo,/jeie With grading [%] 80 80 80 80 80 80
Tape length no grading [km] 807 847 721 717 636 567
Tape length with grading [km] 167 161 146 134 131 118
Max. turn linear force [kN/m] 540 404 398 400 450 380
Max. WP linear force [MN/m] 174 131 115 115 115 85
Peak stress on WP [MPa] <650

Self-inductance [H] 1.30 1.44 1.10 1.10 090 0.62
Total energy [GJ] 110.58 (2.76 GJ per coil)
Turn-to-turn contact res. [pQ] 112 112 10 10 8.85 885
Charging time [h] ~600 (26 days)

Max. temp. during quench [K] <300

g -
Coil 1: max: 23.33 T

' ANV ’l
Coil 2: max: 22.02 T
C0|I4 max: 21.37 T

Coil 0: max: 24.70 T
~
Coil 3: max: 20.90 T \\ Coil 5: max: 20.19 T
A\ ®

10 15

Fig. 41. Results of a 3D magnetostatic finite-element simulation in one half-module,
taking into account the field generated by Stellaris. Pictured is the magnetic field
strength at the surface of the winding pack. The size for each winding pack is consistent
with values reported in Table 8. The labels indicate the maximum value of the field
for each coil and the colormap indicates the norm of magnetic field in Tesla (T).

the winding pack reaches 24.59 T.

We now evaluate the effect of the high magnetic field strength
in terms of the critical current of the HTS tape stack cable. ReBCO-
based HTS tapes have a strong dependence of the critical current on
the magnitude of the field component orthogonal to the direction of
the current and the angle between the field and the so-called ¢-axis
of the ReBCO crystal, which is usually (but not always) orthogonal to
the flat side of the tape. We model this effect by using the magneto-
angular parametrization of the critical current density as a function
of the field strength and the angle between the field and the c-axis
suggested in [296]. We fit this model to a dataset of measurements
of the critical current of a commercial ReBCO 2G HTS wire collected
at 20 K and different field strengths and angles with respect to the
tape [297]. The critical current values presented here are calculated at
20 K, since we assume that the temperature is uniform in the winding
pack and that there are no transients. Later, a temperature dependency
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Fig. 42. (a): Critical current density parametrization as a function of the field strength
and angle between the field and the plane, at 20K, for a commercial ReBCO 2G HTS
tape. Here the magnetic field always refers to the component on the plane orthogonal
to the current direction. (b): Ratio of operational current density over critical current
density along coil 0. A representative turn is shown in orange, while the distribution
across turns is illustrated by the maximum and minimum values (dashed blue), the
median (solid blue), and the interval between the 16 % and the 84 % quantiles (shaded
region).
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Fig. 43. A cross section of coil 5, displaying all turns as thin layers to emphasize
the field-aligned orientation of each turn. The turns are colored according to the ratio
Jop/Jerit» Defore applying any grading.

will be considered for the quench modeling. The left plot of Fig. 42
shows the model we use for j. as a result of our fit.

We exploit the high anisotropy of j.;; with respect to the inclination
angle to maintain a high critical current despite the large field values
inside the coil winding pack by orienting the tapes within the winding
pack optimally. To obtain the actual orientation of the tapes, we employ
a simple optimization algorithm to balance the required level of field
alignment while minimizing torsion in the tapes. Fig. 43 shows a cross
section of the winding pack of coil 5, illustrating the chosen orientation.
Each turn is represented simplistically as a flat cable to highlight the
orientation of the tape stack.

With this orientation, we calculate j;; along the coils. To do so, we
compute the magnetic field using a Biot-Savart integration over a finite
coil with a square cross-section and uniform current density [12,298].

Nlustrative results of the critical current density calculations are
shown in the right-hand-side plot of Fig. 42, which displays the ratio
of the operational current density to the critical current density for the
turns present in coil 0, the coil experiencing the highest magnetic field
strengths. The horizontal orange line indicates the j,/jei ratio along a
representative turn inside the coil. To illustrate the distribution across
turns, we display the maximum and minimum values, as well as the
median and the interval between the 16% and 84% quantiles for each
cross section along the winding pack central filament path.

The safety margin of 80% is not exceeded at any point, and a
grading technique can be employed to tune the critical current density
so that a relatively constant j,/jes is achieved. This grading could
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Fig. 44. (a): Analogously to the right plot in Fig. 42, curvature distribution for coil 4.
The upper limit is obtained by measurement in CroCo [286] cable stack as described
in the text. (b): Torsion distribution for coil 0.

involve locally replacing the superconducting tape with copper tape (or
other stabilizers compliant with the tape structure) wherever needed.
Using this technique would also reduce the amount of HTS tape re-
quired: coil 0, without grading, would require 807 km of 6 mm tape,
but with perfect grading (assuming jop,/jeic = 80% everywhere), this
requirement decreases to 167 km.

It must be reiterated that locally aligning and grading the tapes
introduces engineering complexity to the design and manufacturing
process. Alignment requires precise calibration due to the narrow j;;
peak around the ReBCO ¢-axis, which restricts flexibility for adjust-
ments and necessitates advanced manufacturing tools and techniques
for tracking tape alignment. In our quench simulations, we proceed
with the assumption of a constant j,/jc; throughout the turns, as
achieved through tape grading.

Winding-induced strain. HTS stacks degrade under strain, induced by
bending and twisting them into the required form for fusion mag-
nets. Stellarator non-planar magnets are particularly complex. Previous
studies have examined bending strain and field alignment optimiza-
tion [299,300]. While a full strain analysis is beyond the scope of
this paper, especially considering the strong anisotropy of the HTS
tape stack as a composite material, we can draw conclusions about
the feasibility of this concept by analyzing the curvature and torsion
profiles of each turn across the winding packs. In the context of this
analysis, we refer to curvature as the total curvature, equal to the
square sum of the geodesic and normal curvatures.

The left plot of Fig. 44 illustrates the curvature profile for coil 4,
which experiences the largest curvature values across the coil set. Turn-
to-turn variation is significant, especially in high-curvature regions. To
extract a curvature limit, we compare this distribution to the values
obtained in [301] for a CroCo [286] cable with a maximum size of
3 x 3 mm. That study shows that the bending radius achieving critical
current degradation is lower than 5%, meaning I,./1° > 95%, where
10 is the critical current of the unbent cable, with ranges between 206
and 250 mm for the cable under consideration. The minimum bending
radius depends only mildly on the bending angle, indicating no signif-
icant difference between applying hard-way or easy-way bending for
this type of cable. However, the minimum bending radius exhibits some
statistical variation across the samples collected in the aforementioned
study. We therefore consider a reference value of 232 mm, which is
the average value obtained for the measurements in easy-way bending
only, the ones showing the largest degradation. We scale this value to
a 6 x 6 mm cable, obtaining 464 mm as the minimum bending radius,
which implies a curvature limit of j;p; = 2.16 m~!. All turns are safely
below this limit, allowing us to conclude that degradation induced by
bending is not a limiting factor for the present concept.

The right plot of Fig. 44 shows an analogous distribution for the
torsion of coil 0, which experiences the highest torsion values. A typical
turn experiences torsion below 1 rad/m. However, some turns present
a spike in the torsion profile up to about 5 rad/m, corresponding to
a twist pitch of about 1.25 m. Investigation of these cases showed
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that these turns experience a highly twisting magnetic field, where the
magnitude of the field component orthogonal to the current direction
drops to almost zero, fluctuating significantly. A study of the impact
of torsion on HTS tapes demonstrates no degradation for twist pitches
larger than 200 mm [302], suggesting that our concept is safely above
the degradation limit.

It is important to emphasize that critical current degradation is not
the only problem that appears when applying large torsion. Another
key issue is delamination, wherein the different tapes in the stack
may naturally follow slightly different orientations. While a complete
analysis of delamination is beyond the scope of this paper, we assume
in our concept that the copper jacket surrounding the HTS tape stack is
strong enough to hold the cable in place, inducing the necessary torsion
and curvature to achieve the required orientation of the tape stacks.

Structural analysis. We now evaluate the effect of the high magnetic
field inside the coil in terms of the material stress and strain concen-
trations for the magnet design. An axisymmetric model was employed
to approximate the magnetic field B and the resulting I x B loads.
This approach simplifies the analysis while capturing the maximum
field magnitude (~25 T) and the corresponding peak loads, which are
critical for understanding the structural forces in the system. The model
effectively treats the coil as a planar coil in a linear arrangement to
approximate the field within the winding pack, with the external field
represented as a linear stack of circular coils. It is acknowledged that
the axisymmetric assumption does not account for directional varia-
tions in B that occur in the true 3D geometry, which could influence
the detailed load distribution. However, for the purposes of this study,
the axisymmetric model provides a reasonable first approximation.
Future work will include a more detailed 3D analysis to address these
directional effects. For consistency with the inter-coil support structure
model (introduced in the next section) and the magnetic field peak and
distribution, we locate the center of the winding pack at a radius of
2.5 m. The out-of-plane (hoop) stress is then evaluated by integrating
over the full revolution of the coil. Appropriate continuity boundary
conditions are applied to the surfaces of the ‘air’ domain proximal to
the outer pancakes. In the simulation, the plates and casing are modeled
as independent bodies in contact with each other, with no friction or
clamping, to capture the most conservative stress state.

The wall thicknesses of the casings are consistent with the intercoil
support structure (introduced in the next section). In this section, we
show only local effects within the winding pack.

Fig. 45 illustrates the resulting von Mises stress plot within the
winding pack as obtained with the model described above. The peak
stress is located at the center of the winding pack, toward which the
local forces are oriented. For the present design, the peak stresses
are in the range of 600 MPa, well below the imposed stress limit of
800 MPa (see Section 2.10). The peak strain on the HTS stack due to
the deformation of the winding pack is below 0.2%, which is within
acceptable limits [303,304], even when adding strain from bending.

Charging time and steady state losses. Charging times are crucial, as
they significantly impact the duration of remote maintenance periods.
Additionally, electrical losses in steady-state are important to esti-
mate parasitic electrical inefficiencies in the reactor’s power balance.
To obtain the value of the contact resistance (R.), we used a two-
dimensional electrostatic model to calculate the current path between
adjacent cables. This model assumes no insulation between turns in one
pancake, but complete insulation between pancakes. Other insulation
approaches, such as partial or metal insulation [305-307], are not
considered for the time being. From the present design, we obtain
an overall contact resistivity ranging from a maximum of 11.2pQ for
coil 0 to a minimum of 8.85 pQ for coil 5. The different resistance
values are due to the varying number of turns per coil. Resistive joints
with resistance in the order of 4 nQ have been demonstrated in the
literature [288,308,309], and this value is assumed here. Inductance
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Fig. 45. Visualization of (a) the three-dimensional revolved magnetostatic field
strength within the winding pack cross-section, (b) the von Mises stress in a revolved
cross-section of the winding pack of coil 0, and (c) the strain state in percent due to
the deformation of the winding pack. Although based on a 2D model, the results are
represented using a 3D revolved rendering for visualization purposes.
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Fig. 46. Azimuthal and radial current distribution, and electrical loss power evolution
for one group of coils (i.e., 8 coils with the same current connected in series) during
charging. The overall turn-to-turn contact resistance per coil is around 8.85 pQ (Coil
4), and the charging time is 600 h.
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values are obtained via a loop integral, using a central filament ap-
proximation of each coil. To simulate the dynamic behavior of the NI
coil during charging, steady-state, and open-circuit quench scenarios,
we implemented a simple low-fidelity electrothermal circuit model
commonly used in the literature [310,311]. This simple model captures
the key aspects of charging, steady state, and quench dynamics in NI
coils. Designing for an open-circuit scenario is essential due to several
critical engineering causes that can lead to such a failure. Potential
causes include power supply failure and current leads failure, during
which the current can no longer be driven through the coil, resulting
in uncontrolled conditions.

To simulate the charging and steady-state behavior of Stellaris, we
group the coils with the same currents in series (eight coils per period),
resulting in six groups of coils. Fig. 46 shows an electrical simulation for
one of the coil groups (specifically, coil group 4), though the simulation
was carried out considering the full stellarator. The typical pattern of
the radial currents (red dashed line) in a non-insulated coil is visible,
with radial currents being non-zero during charging and dropping to
almost zero after an exponential decay, forming a plateau. Note that
any non-zero radial current due to the redistribution at the joints or at
the current leads is currently neglected.

The AC losses (black dashed line) exhibit non-linear behavior during
ramp-up due to the presence of the superconductor (power-law behav-
ior), while the constant plateau for ¢ > 800 h represents the losses due to
the resistive joints. In the simulation, we assume a resistive joint every
two pancakes. With an operational turn current of approximately 50
kA, we achieve a heating power as low as 10 W per joint. This results
in approximately 7.5 kW steady-state losses for the entire stellarator
coil set of Stellaris, which is negligible compared to other electricity
consumption and within the cooling capacity of existing cryocooler
designs. Note that this steady state electrical power should be smaller
than the total nuclear heating of the coils, the coil cases, and the
remaining 20 K cooled parts of the support structure, which will be
examined in future studies.

The coil group needs to be charged over a period of 600 h (25 days)
to reach its full operating current. The charging duration is deliberately
set to a very slow ramping rate, to mitigate the risk of inducing a
quench due to transient losses. This cautious approach is necessitated
by the large inductance and the characteristic L/R-time constants of
the NI coils.

Quench considerations. Quench detection systems and active protection
systems for NI coils—such as quench heaters, magnetic damping [312],
and capacity discharging [313]—can help ensure that a coil quenches
uniformly, and such concepts are currently under development. De-
sign methodologies for systems with the elevated energy levels of
the present design are explored in the literature [314]. However, in
the current design we opt for a passive quench protection system,
meaning that the coil’s energy is entirely dissipated within the coil’s
cold mass. As a first model, one can calculate the temperature rise upon
dissipating all the coil energy within the coil, factoring in cryogenic
material properties [315] and the unit cell configuration. We find that
the overall temperature in the coils of the current design remains
below 300 K for each coil when uniformly heated with its own stored
magnetic energy. Note that this upper limit temperature is utilized in
literature [316-319].

As the pancake-to-pancake joints are resistive in the design pre-
sented here, the primary current redistribution occurs within the in-
dividual pancakes during the initial phase of the quench. Assuming an
almost constant jqp,/jcrit ~ 0.8, achieved via a combination of alignment
and grading, we simulate the quench behavior of a single pancake with
sixteen turns, using the inductance and energy parameters derived from
the full coil of Stellaris. In the conventional circuit model [310,311],
each RL unit represents one turn of the pancake—assigned with induc-
tance, mutual inductance with other turns, a critical current value, and
a turn to turn contact resistance. These unit cells are then arranged in
series to represent 16 RL units (i.e., 16 turns).
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Fig. 47. Quench behavior in one pancake as obtained with 1D open circuit model,
with inductances and resistivities corresponding to Coil 4. (a): Dynamics of the turn
current during a quench. (b): Simulated temperature rise within the winding pack.

In Fig. 47, we plot the current and temperature distribution during
an open circuit event for coil 4. When we open the circuit in the simu-
lation, we first observe an incubation phase (between 100 and 265 s),
where the current flows radially and redistributes according to contact
resistance and inductance. This phase is followed by an inductive phase
(between 265 and 269 s), in which the azimuthal current rapidly
redistributes between turns due to inductive coupling, creating current
distributions within seconds and generating an ‘inductive quench wave’
typically observed in NI coils [289,320,321].

The quench concludes with the resistive phase (+ > 269 s), where
the coil transitions to a normal resistive state and the energy is entirely
dissipated within the coil’s cold mass. In the bottom panel of Fig. 47,
the maximum temperature after the quench events is shown to remain
below 200 K for each turn. It is important to note that these temper-
atures represent the maximum value calculated for each 1D section
in the simulation. Given the nature of the 1D model, however, they
can be interpreted as approximate averages for each turn, rather than
local hotspot temperatures. The actual hotspot temperature within a
turn could be significantly higher due to finer-scale non-uniformities
that are not resolved at the simulation’s current level of detail. This
is particularly relevant in cases of low thermal conduction between
turns, where localized heating can be more pronounced. To account
for these uncertainties, we adopt a conservative maximum allowable
hotspot temperature of 300 K for safety considerations. Future work
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will focus on enhancing the resolution of the simulations to capture
hotspot temperatures at a ‘sub-turn’ level, providing a more accurate
representation of the temperature distribution during quench events.
The different temperatures between turns (ranging between 120 K and
200 K) are due to the varying current peaks during the inductive phase
of the quench and the low thermal conduction between the turns in the
model, as it uses the thermal conductance of 16 RL-unit cells arranged
in series. Note that the current analysis assumes that all the coils are
open-circuited and quenched at the same time, or within a fraction of
seconds between each other. A scenario in which only one (or part) of
the coils quench before the others would result in highly asymmetric
mechanical loads on the structure, and this should be avoided. Future
analyses will evaluate this scenario, as well as highly risky quench
scenarios such as hotspots due to damages, hot slug of helium coming
through an inlet, etc.

A key challenge during a quench event is managing the high rate of
change in turn current (91 /0r) while maintaining toroidal symmetry in
the electromagnetic stresses. To address this, the system design includes
early detection of hotspots and the capability to quench all coils simul-
taneously using quench heaters or capacitor discharge systems [313].
Operation in an N-1 configuration, where one coil is quenched while
the others remain active, is explicitly avoided. Additionally, matching
the L/R ratio during the inductive quench through controlled adjust-
ments of contact resistance is a potential solution under consideration.
In the simulated quench event, most of the current in the turns decays
within approximately two seconds. Despite the strong current variation,
no large voltages are simulated in the NI coil. However, significant
parasitic eddy currents are expected to flow in adjacent reactor compo-
nents during the coil quench. To mitigate strong Lorentz forces on the
vacuum vessel, ‘close coupled secondary’ (CCS) loops — typically made
of hard copper and inductively closely coupled to the superconducting
coils — can be included in the reactor design. These loops would take
on large transient eddy currents induced in them during the ‘inductive
quench wave.” Such loops have two benefits: relieving heating of the
HTS (as a significant portion of the current inductively transfers from
HTS tapes to the CCS loops) and slowing the collapse of the magnetic
field, as seen by other components [322,323]. A more detailed study
of such eddy currents is left for further investigation—noting that the
CCS may impact charging time and charging losses, too.

2.10. Support structures

For high magnetic field fusion devices, the support structure must
withstand the resulting large Lorentz forces. Various stellarator support
structure concepts have been suggested over the years [59,324-328],
but no high-field stellarator designs with modular coils and B > 20T
at the conductor have been presented until now. Whether there exist
support structure solutions for high-field stellarators with modular coils
has therefore been a source of uncertainty for stellarator reactor studies.

Here, we suggest and analyze for the first time a support structure
concept designed to cope with the high electromagnetic (Lorentz) loads
of a high-field HTS stellarator. Structural steel for coil casings and
inter-coil support structure need to fulfill several criteria, including
high-yield strength at cryogenic temperatures, low activation, and man-
ufacturability for irregular parts as required in a stellarator. We have
chosen AISI 316LN steel as the support structure material for this
concept. This is standard in the industry as a cryogenic high-strength
steel (it is used, for example, in ITER [329]). The 316LN grade can
be manufactured in the form of plates, castings, or forgings, and its
yield strength at the support structure operating temperature range (20
- 30 K) is around 1000 MPa. We note that at the high field strengths
considered here, gravity and thermomechanical loads are lower than
the electromagnetic loads on the support structure, so we neglect the
former in our analysis.

In order to estimate peak stresses in the design, we perform a linear
stress finite element analysis in ‘Ansys®Mechanical, 2023 R2’ (Ansys),
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Fig. 48. Schema of the support structure set-up used for the analysis. The exact set-up
of the stress simulation with boundary conditions and connection is described in the
text. (a) Internal view; (b) external view.

for which we define a 3D model consisting of the coil winding packs
and a design of the coil support structure—which consists of casings,
inter-coil supports, and the central support ring. Fig. 48 schematically
shows the different components in one module. For the simulation,
we ‘smear out’ the internal structure of the winding pack as one
homogeneous and isotropic material. We take an effective average of
the winding pack material, obtaining an averaged Young’s modulus of
about 170 GPa and a Poisson’s ratio of 0.3 for the winding pack. For this
high-level calculation, we simply consider the support structure and the
casings with the winding pack that carries the loads to be fully bonded.

We then proceed to calculate static electromagnetic loads, using a
fixed discretization of 300 points for each coil. This point load is then
converted to a volumetric load, mapped to the section of the winding
pack (WP), and interpolated with the adjacent points within Ansys.
Resulting net forces for each coil range from 100 MN to 350 MN per
coil. We model only one full stellarator module (one field period), and
periodic boundary conditions are applied to ensure the displacement
field is continuous at the interfaces. Support legs are constrained in the
Z and toroidal ¢ directions at their root to simulate the behavior of
cryogenic legs, which are not modeled here but which would result in
similar behavior [330].

The support structure design includes three key features:

« thick steel casings around the winding pack;

+ welded or bolted plates between the coils to stabilize lateral loads,
similar to the concept suggested in [59];

« inner support rings that carry a major fraction of the net centering
force.

Depending on the local force field, support plates are not needed
everywhere. This creates natural openings that can be used as ports for
internal components, such as the first wall and blanket inlet/outlet. The
open port area is mostly located on the outboard side of the machine,
in the low-field region, and amounts to roughly 200 m?> per module.
We design a specific opening for the ports for ECRH injection from the
inboard side, which is included in the stress calculations.

The coil casings could be cast with parts weighing between 63
tons and 200 tons—which is challenging, but comparable to existing
parts in heavy machinery [331]. The plates between the coils have
thicknesses between 0.7 m and 1 m and could be forged, with the
heaviest plate in this design weighing 58 tons. The inner rings, about
0.7 m thick and weighing about 200 tons each, can also be forged. The
reinforcement gussets would be designed to be welded as the coils are
successively installed. The weights of these parts are compatible with
industry standards.

A linear structural simulation is carried out using the volumetric
loads and boundary conditions in Ansys. Second-order tetrahedrons
are used for meshing, with a maximum mesh size of 0.15 m. Results
displaying peak stresses are shown in Fig. 49. Following the ASME
Boiler and Pressure Vessel Code Section VIII Division 2 [332], Eu-
rocode 3 [333], and Eurocode 8 [334], the stress state needs to be
decomposed between membrane and membrane plus bending stresses
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Fig. 49. Von Mises stress in the support structure under full load. Forces are calculated
according to an axis-averaged magnetic field strength of 9 T. The majority of the support
structure stays below the design limit of 800 MPa for cryogenic AISI 316LN steel. (a)
Internal view; (b) external view.
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Fig. 50. Displacement analysis of the coils under full load. The peak displacements
occur in the outboard region at the toroidal location where the magnetic field is highest
in the QI stellarator. (a) Internal view; (b) external view.

then respectively compared to 2/3 of the yield stress, and the yield
stress as upper limits. We study the stress state of our design in
multiple regions; the membrane stress in the high stress regions is lower
than 660 MPa. To simplify the assessment and the readability of the
stress of this high-level concept, we propose considering von Mises
stresses as a proxy for membrane plus bending stresses. The simulation
results indicate that those are below 800 MPa throughout most of the
structure, demonstrating its ability to withstand the electro-mechanical
loads. In the coil casings, the stress is below 700 MPa, providing a
margin for manufacturing defects inherent to steel casting. It is worth
reiterating that in comparison to tokamaks, QI stellarators are not
subject to disruptions and fatigue from cyclic loadings. Therefore, our
main design focus is the static electromagnetic loads.

Fig. 50 reports on simulated displacements of coils under full load.
A peak displacement of 15 mm is simulated here in the outboard side
of the high-field region. To quantify the effect of this displacement, we
repeat the most sensitive calculation: the calculation of the location of
the islands. We find distortions of the island locations to a comparable
degree as those caused by finite g effects as shown in Fig. 13, which
ultimately need to be controlled with an array of correction coils.

Finally, detailed tolerances, assembly, and manufacturing of the
support structure would need to be considered in further analyses.

2.11. Remote maintenance

Throughout the lifetime of a fusion reactor, several scheduled main-
tenance periods must be planned to replace deteriorating components.
Routine maintenance intervals are based on the anticipated lifespan
of critical parts. Key components expected to require multiple re-
placements during the stellarator’s operational life include first wall
tiles, blanket modules, and divertor plates. Minor maintenance tasks
should be manageable without significant machine disassembly, but
unplanned interventions must also be considered. These could include
replacing damaged diagnostics, repairing minor leaks, and addressing
the failure of major components. In this section, we outline strate-
gies for managing both major unplanned interventions and scheduled
remote maintenance periods.
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While remote maintenance in tokamaks is explored in the EU DEMO
program and conceptualized to utilize a combination of large vertical
and horizontal ports [335,336], analogous concepts for stellarators
are far less mature. Compared to tokamaks, stellarators face the chal-
lenge of regular vertical ports often being infeasible due to irregularly
distributed vertical openings between the non-planar coils. Remote
maintenance concepts via vertical port openings almost always require
a rail system to transport heavy blanket segments to the openings [59].
The installation of such rail systems is often remarkably complex, due
to the need to transport components weighing up to several tens of tons
within the vessel.

There have been several investigations into remote maintenance
concepts for stellarators [337-342]. One explored method is known as
‘sector splitting,” which involves removing a complete toroidal section
of the reactor without removing individual coils. This approach forms
the basis for the chosen maintenance strategy of the Stellaris reactor.
This procedure offers a significant advantage over traditional port-
based maintenance approaches by providing substantial access to the
inside of the plasma vessel at the two ends of the removed sector. We
note that the sector splitting approach to maintenance is particularly
well-suited for stellarator designs with modular coils—while sector
splitting is also possible in tokamaks, it would first require the removal
of large poloidal field coils, leading to further complications during the
maintenance period.

Key to sector splitting is the careful design of the splitting interfaces,
and a meticulous procedure to manage nuclear contamination. Fig. 51
shows the schematic design of the sector interfaces, which in the
present design are located at four distinct locations around the torus.
The interface is designed to enable dynamic containment (via inter-
nal atmospheric depression) and re-weldability during the procedure,
explained in more detail below.

The necessary individual steps of the remote maintenance procedure
using the sector splitting approach can be summarized as follows:

. Machine preparation;

. Sector interfaces access operations;

. Sector splitting operations;

. Sector module transport operations;

. In-vessel systems removal;

Plasma vessel preparation;

. In-vessel systems installation;

. Assembled module transport to torus hall;

. Sector joining and sealing operations;

. Reconnection of services and remote maintenance equipment
removal;

. Machine recommissioning and plasma vessel conditioning.

—_
o

—_
—_
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The first four steps, highlighted in bold, are discussed in more detail
below. Full details, however, are outside the scope of this paper, and
are the subject of dedicated R&D.

Machine preparation. In the first step, the device must be prepared for
disassembly, which involves isolating and disconnecting all associated
service connections to the sector modules that need to be removed.
These activities include, but are not limited to:

* De-energizing and warming up the primary confinement coils;

* Draining and purging the liquid breeder material within the
breeder blanket modules;

+ Draining, purging, and disconnecting all machine service lines;

+ Disconnecting and removing ancillary external equipment;

+ Raising the plasma vessel and cryostat to atmospheric pressure
using dry nitrogen.

Immediately after operation, an initial cool-down time will be re-
quired to allow short-lived radionuclides to decay and to reduce the
gamma radiation flux to acceptable levels before deploying the remote
handling systems. Based on previous assessments, this cool-down pe-
riod is expected to be approximately 30 days [343]. It is assumed
that all necessary preparation activities will take place within this
cool-down period to minimize the overall maintenance duration. The
corresponding vacuum pump-down, conditioning, and system commis-
sioning activities required at the end of the maintenance phases are
similarly assumed to take approximately 30 days [343].

As it will be necessary to breach the plasma vessel containment
boundary to split the sectors, active ventilation of the plasma vessel
during the sector splitting operation is required. This ventilation aims to
control the spread of contamination (both gaseous and particulate) by
maintaining a negative pressure differential between the plasma vessel
and the torus hall environment. The proposed design targets a pressure
differential of 125 Pa across the interface opening [344]. To enable ac-
tive ventilation, temporary connections to suitably monitored exhaust
manifolds will be established during the sector splitting and transport to
the hot cells. Preliminary in-vessel cleaning may be necessary to remove
as much of the activated dust that has accumulated during operations
as is possible. These cleaning operations would be performed using
small dexterous manipulators deployed through dedicated access ports
in the plasma vessel near the sector interfaces, similar to the manipu-
lators used in JET [345]. Such dexterous manipulators will need to be
hardened against gamma radiation, and the radiation tolerance of such
devices — as well as the effect on planned maintenance operations — will
need to be considered carefully in future design studies.

Sector interfaces access operations. After the initial machine prepara-
tion, the sector interfaces will need to be readied for separation. To split
the modules from each other, the cryostat vacuum must be breached.
Local sealing welds around removable sections will be cut, and the
‘clamshell’ panels in the cryostat shell will be removed. This operation
can be accomplished using bespoke remotely operated or autonomous
cutting tools and a specifically designed lip weld interface joint. ‘Cold’
cutting operations are preferred due to the presence of hydrogen in the
vessel, likely using a ‘nibbler’ or reciprocating punch-type tool. Once
the sealing lip welds are cut, the cryostat clamshell panels are removed,
as shown in step 1 of Fig. 52.

Next, to access the sector interfaces and allow the sectors to sepa-
rate, it is necessary to remove the inter-coil support structure between
coil 4 and coil 5. The respective structure members, highlighted in the
left picture of step 2 in Fig. 52, need to be designed specifically to
be removable. This can be achieved using teleoperated manipulators.
Once this removal is complete, remote handling access is granted to the
sector interfaces, as shown in the top-right image of step 2 in Fig. 52.

In the interface, an ultra-high vacuum (UHV) seal is needed to
obtain the necessary vacuum quality during plasma operations. This
will be achieved through lip-welding a collar around the interface
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Fig. 52. A schematic procedure of the sector interface splitting, described in more
detail within the text.
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perimeter. The UHV seal does not mechanically couple the different
sector modules together. The mechanical connection occurs separately
at the interface flanges, for example, using a bolted interface. In the
next step of the procedure, the UHV vacuum seal is removed by cutting
the lip welds and removing the sealing collar, as illustrated in step 3 in
Fig. 52.

Next, a removable, straight ‘coupling ring’ is removed from between
the coils in a predefined direction to further increase clearance at the
interface, as seen in the lower-left image of step 4 in Fig. 52. Once
this has been removed, two closure plates can be installed at each
interface to provide the primary method of containment for particulate
and gaseous contamination, as shown in the right-hand picture of step
4 in Fig. 52. Although there remains a risk of some spread of contami-
nation during this plate removal and insertion step, it is expected that
through cleaning the inside of the plasma vessel — and by maintaining
a sufficient depression within the plasma vessel during the operation —
any external contamination can be kept to acceptable levels. However,
further substantiation of this approach is required.

It is unknown at this stage exactly how much mechanical compli-
ance between plasma vessel sections is required at the interface, so
although bellows-like structures are shown (similar to the approach
used in the connections between the JET vacuum vessel sections [346]),
it has not yet been determined whether this is necessary. After this
procedure, a full field period is mechanically decoupled from the rest of
the torus, and nuclear contamination is controlled via the installation of
closure plates and the sustained internal depression within the sector.
The module can then be extracted in the next step.

Sector module transport operations. The handling and transport op-
erations of the sector assemblies are intended to be performed us-
ing ground-based equipment. This approach avoids the need for very
high-capacity cranes and lifting tools, mitigating the risks inherent
in performing significant nuclear lifting operations fully remotely in
a hazardous environment. Additionally, to avoid dismantling the coil
assembly, the complete module assembly will be transported as a single
unit. Given that the mass of a single module once the breeder fluid has
been drained is predicted to be around 7000 tons, it is impractical to
transport using overhead cranes.

Once the closure plates are installed, a ground-based transporter
will be positioned to support the sector module assembly and withdraw
it from the reactor. The sector interface is designed to simplify the
kinematics of extracting a sector assembly, enabling the sector to be
withdrawn using a single purely radial translation vector, as shown
in the relevant figure. The machine and all interfaces are designed
to allow single-sector removal to be kinematically possible without
clashes. The sector extraction is showcased in Fig. 53. Once extracted,
the sector transporter will transfer the sector to the hot cells along
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Fig. 53. The device after one sector has been extracted.

existing rails installed in the torus hall and hot cells. In order to sustain
the active depression (as well as to provide other services such as power
and active cooling), flexible and mobile service connections will need
to be provided to the module sector and/or module transporter during
transit to the hot cells.

Other steps. Once in the hot cells, the closure plates can be removed,
and the in-vessel assemblies can be taken out, with new components
installed through the open ends of the plasma vessel. The horizontal
openings are approximately 5 mx3 m in size, allowing for the horizontal
removal of blanket segments, typically achieved by installing a separate
rail system.

In addition to these specific operations to enable and replace the in-
vessel systems and components, further parallel operations in other hot
cells will be required to manage the disposal of the spent components
removed from the reactor. Some expected operations include:

further system disassembly, cleaning, processing, and possible
reconditioning;

size reduction of components;

separation of different materials and waste classifications;
transfer to waste casks/storage containers;

waste storage to allow further cool-down and reduction in activ-
ity;

transfer to offsite disposal.

An indication of the type of hot cell facility layout that could be used
— and a possible logical flow of a module through such a facility —
is shown in Fig. 54. This hot cell diagram is intended to give an
impression of the facility size and possible floor plan, as well as how the
equipment could progress through the facility. A more detailed design
study for the hot cell building is required, including further assessment
of how separation of ‘dirty’ and ‘clean’ equipment will be achieved (for
instance, through the use of separate transfer airlocks).

In order to demonstrate commercial viability, a target overall plant
availability of 90% has been set, based on an approximate 4.5 year
operating cycle. The plant operational lifetime between major mainte-
nance periods is set at four years, which is limited by the accumulated
radiation damage to the in-vessel systems. This operating schedule
imposes a target on the remote maintenance systems to achieve re-
placement of the in-vessel components within a five-month window.
A provisional, early estimate of the possible overall maintenance dura-
tion to replace the in-vessel assemblies, including full replacement of
the breeder blankets, has been performed, and a completion time of
seven months is estimated. However, this estimate is based on a very
early definition of the maintenance activities, sequences, and reactor
design concept. It will be refined as the design concept progresses in
maturity, and it is expected that opportunities to optimize and reduce
the maintenance duration will be identified and leveraged. One major
advantage of the sector splitting approach is that the coil assembly and
associated support structures can be transported as a single module.
This eliminates any disturbance to the coil positioning and alignment
within a module, and significantly reduces the amount of realignment
required upon reassembly.
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3. Summary and conclusions

We conclude with a summary of this paper’s major findings and
suggest further avenues of research, before putting this work into
broader context.

3.1. Summary

In this paper, we have introduced a new stellarator concept for
fusion power plant applications. The concept is mostly based on (a) ad-
vances in stellarator optimization, which allow for higher performance
QI stellarator configurations, and (b) modern high-temperature super-
conductors capable of achieving magnetic field strengths far exceeding
those considered in previous reactor studies.

The physics design point proposed in this study provides a maxi-
mum of 2.7 GW of fusion energy, which — together with power multipli-
cation in the blanket — results in about 3.1 GW of thermal power for the
plant. It is worth noting that the machine presented here will similarly
be able to operate at lower total power, though likely at the cost of
economic attractiveness. We estimate a required regular maintenance
interval of four to six years for scheduled component substitutions,
given structural degradation of the first wall.

The analysis performed in this study covers a wide range of relevant
physics and engineering aspects, with a far greater coherence than
that of any published (modular) stellarator designs or reactor studies
conducted up to this point, which often cover only a subset of the
overall stellarator. Our physics analysis spans from MHD stability to
neoclassical and turbulent transport, and we assess and confirm the
resilience of equilibrium properties with respect to relevant plasma
profile changes. All physics analyses are performed using the free-
boundary VMEC equilibrium. For the first time, we use realistic values
of fast particle confinement for the power balance of a stellarator
reactor study that are derived from the actual free-boundary plasma
equilibrium of the stellarator.

Additional high-fidelity validation efforts, such as electrostatic ‘flux-
tube’ GENE heat flux calculations coupled with the transport code
TANGO, indicate that the required peak temperatures in the plasma
core can be supported, given a set of assumptions for the edge tem-
perature value. However, the employed GENE-TANGO model is subject
to significant uncertainty still and neglects effects such as turbulence
stabilization by density profile steepening, electromagnetic effects, and
radial electric fields. Significant theoretical uncertainties still exist
regarding profile predictions in stellarators, especially when consid-
ering effects of density and temperature gradients in the heat flux
calculations.

30

Fusion Engineering and Design xxx (xxxx) Xxx

Plasma properties, coil geometries, dimensions, support structures,
port locations, and first wall geometries are shared among the differ-
ent subsystem analyses. This comprehensive approach brings together
physics and engineering efforts, providing an unprecedented level of
completeness for a stellarator reactor study.

The most challenging aspects of a high-field stellarator reactor
concept have been addressed with special care in this paper, including
the properties of HTS magnets in terms of critical current density and
quench behavior, structural support, and managing strong radiation
heat loads resulting from high power density in the plasma. Conceptual
designs for the first wall, support structure, and divertor plates have
been developed, and feasibility has been demonstrated to the targeted
degree of fidelity.

For the first wall, we simulated a net photon load from plasma
radiation, taking into account both core radiation and edge radiation as
described in Section 2.7, between 0.18 MW m~2 and 0.77 MW m~2, and
thermal analysis predicts temperatures below 500 °C when cooled with
pressurized helium.

The chosen liquid lithium-lead based breeding blanket employed in
Stellaris is simulated to provide a tritium breeding ratio of about 1.07,
potentially sufficient for self-sufficient operation. The blanket concept
exploits a liquid breeding material that reduces component complexity
in shaped stellarators compared to solid breeders. Additionally, a liquid
breeding material can potentially be drained for maintenance applica-
tions, drastically easing functional requirements of lifting capabilities of
maintenance equipment. The chosen material fraction of the breeding
blanket and neutron shield is optimized for sufficient neutron shielding
of the cryogenic coils, ensuring both simulated fast neutron fluxes and
nuclear heating in the coils stay within reasonable limits. 3D neutronic
simulations were employed based on homogenized materials.

Scheduled maintenance is conceptualized to employ the process
of sector splitting. Sector splitting for modular stellarators has been
suggested in various contexts before, most recently in Ref. [339].
Modular stellarators in particular can benefit from this technique due
to their lack of poloidal or helical coils—which would otherwise first
need to be removed, as they span around the machine and would hinder
the extraction of a sector. For the first time, Stellaris conceptualizes the
sector splitting approach for a stellarator reactor, and provides concrete
solutions for the splitting interfaces and contamination control. We
checked detailed kinematics for a concrete stellarator’s geometry with
realistic dimensions, and verified that a clash-free extraction of a single
sector along a straight path can be achieved.

The support structure in Stellaris uses a combination of strong
coil cases, inter-coil support structure elements, and a central sup-
port ring. We find that a feasible support structure is possible using
a readily-available high-strength cryogenic steel alloy. By simulating
peak stresses and expected coil displacements, we show that Stellaris
can operate within material limits.

Stellaris employs the island divertor concept for particle and heat
exhaust at the edge. Building on recent progress from the W7-X ex-
periment, we aim to achieve a high level of detachment and design
the divertor so that a large fraction of the power is radiated in the
outermost layers of the plasma. This operational scenario underscores
the importance of further research on stable steady-state detachment
scenarios in the W7-X stellarator. Higher heat fluxes on divertor plates
are foreseen to be transient and to require active detachment and edge
radiation control (e.g. by edge impurity seeding).

Assuming that high radiated power fractions can be achieved, this
paper has shown that steady-state heat loads on the first wall can be
readily managed with a sufficiently sophisticated cooling system.

Additionally, a heating scheme capable of supporting the device
at the chosen fusion power design point is identified, consistent with
existing efforts to develop high-efficiency electron-cyclotron-resonance
heating (ECRH) technology in the frequency range of 240 GHz. We
propose injecting microwave beams from the high-field side using the
first extra-ordinary (X1) mode, which has the highest cut-off density of
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all usually considered ECRH schemes and can heat effectively at the
target densities and temperatures.

We simulate the neutron-induced deterioration to reach a peak of
11 DPA per full power year in dedicated regions of the first wall using
the ARC-DPA model [265]. Average values are simulated to stay within
6 DPA per full power year at the first wall.

Overall, based on the fidelity of the analysis conducted in this paper,
we find the suggested concept to be feasible under all investigated
aspects.

3.2. Further improvements and ongoing research

The Stellaris reactor concept presented here is only the first version
of a QI stellarator reactor design fully leveraging HTS magnets. The
analysis in this paper is meant to demonstrate physics and engineering
feasibility to a sufficient extent to motivate further efforts on the QI-
HTS stellarator concept. The following is a non-comprehensive list of
further studies that would elevate the presented concept:

in-depth studies of economic viability;

use of a lower aspect ratio stellarator configuration to optimize
economic viability;

conceptualization of plasma diagnostics solutions aligned with
reactor requirements;

high-fidelity prediction of kinetic profiles and plasma perfor-
mance evaluations, including electromagnetic effects and impu-
rities;

investigations of H-mode access in stellarator reactor candidates;

simulations of flux surface degradation at finite beta, as recently
simulated in [118];

simulations of effects of ECRH heating in X1 mode, particu-
larly examining the impact of heating superthermal and trapped
particles as in the current concept;

density control using cryogenic pellets, including deposition pro-
files and effects on the device performance;

full neutronics and structural calculations of a blanket design
that is not fully homogenized and includes open ports, including
thermal stress analysis and estimation of pumping requirements;

examination of the maintenance concept, including estimates for
the duration of maintenance operations, structural stability sim-
ulations during sector extraction, and studies on activation and
nuclear containment;

higher fidelity simulation of fast particle physics, especially in-
cluding collisional losses and wave-particle scattering between
fast particles and Alfvén waves;

optimization of a Stellaris device to maximize coil tolerances,
assessing trade-offs with plasma performance;

divertor design, to include heat load calculations in attached and
detached conditions, active control schemes (including stable de-
tachment steady-state detachment conditions), particle recycling,
neutral gas compression, and pumping;

further tritium blanket analyses, including simulating MHD ef-
fects in the PbLi, estimations of corrosion, simulation of tritium
transport and a respective TBR target, water activation and safety
relevant analyses;

analysis of ferromagnetic effects of non-magnetic steel, such as
EUROFER, and the liquid PbLi blanket on the magnetic field
quality;

high fidelity quench modeling in a detailed HTS coil design in 3D,
as opposed to the simplified analysis presented in this study for
an initial feasibility assessment.

We note that several of these topics are already under examination
by the authors, especially those related to quench modeling and neu-
tronics. Economic aspects — including parasitic electricity consumption
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and availability — are outside the scope of this paper, but are paramount
to assessing the feasibility of a commercial power plant. It is also worth
noting that stellarators with lower aspect ratios would potentially
require smaller capital costs, though at the expense of overall fusion
power. Appendix C shows an example of a stellarator configuration
with comparable physics performance to Stellaris, but at a lower aspect
ratio.

Multiple models should be developed and compared for all of the
above topics, and collaborative efforts between public and private
research institutions are recommended to accelerate progress.

3.3. Conclusion

Stellaris is a first-of-a-kind concept for a high-field, QI stellarator
fusion power plant. It combines significant physics performance im-
provements, an integrated and self-consistent engineering feasibility
study, and novel concepts for key subsystems and operations. Due to
the QI symmetry of the magnetic field, Stellaris is designed to operate
as an intrinsically steady-state device without disruptions. While the
basic concept of a modular QI stellarator operating in steady-state
has already been demonstrated by the W7-X experiment [51], it has
only recently become possible to optimize QI stellarator plasma and
coil shapes to target reactor viability [71]. The latter requires not
only excellent confinement of fusion-born fast particles, but also the
feasibility of reactor-relevant magnets and engineering systems.

New stellarator configurations presented in the literature often per-
form well in one metric but poorly in others. For example, a con-
figuration optimized for good fast particle confinement may not be
ideally-MHD stable, or an MHD stable configuration with good fast
particle confinement may not be feasible with realistic coils. Until
now, no single consistent stellarator reactor study has been presented
that fulfills all relevant performance aspects of stellarator configuration
simultaneously, including an engineering feasibility analysis that builds
credibility for a reactor candidate. This paper aims to address this
gap, suggesting a new stellarator concept alongside a broad range of
analyses targeted at indicating viability for a power plant prototype.

As part of the Stellaris concept, several novel engineering design so-
lutions are suggested and corresponding analyses have been performed.
Of particular relevance are the suggested concepts for high-field HTS
magnets, the support structure, and a high power density first wall
and blanket system handling tritium breeding and neutron shield-
ing. Additionally, a remote maintenance solution is conceptualized
that overcomes the limitations of port-based scheduled maintenance
in stellarators—a major challenge on the path to commercial energy
production.

The main value of this paper is in showcasing a baseline QI stel-
larator design for prototypical power plant applications. The authors
hope and anticipate that Stellaris will serve as a foundation for fur-
ther research and development on burning plasma physics, as well as
engineering solutions for economically viable fusion power plants.

Given increasing demand for clean energy and heightened invest-
ment in fusion technology - including HTS magnets and neutron-
resilient materials — QI stellarators are now positioned to play a promi-
nent role in the global race to commercial fusion.
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Appendix A. Confinement time scaling

For the physics design point exploration performed in Section 2.3,
we restrict ourselves to a simple ‘0.5D’ power balance, where the
power balance is enforced only globally, after integration of both sides
of the power balance equation. We introduce the terminology p =
(p)y = [, pdV, where V is the plasma volume. Then, the integrated

steady-state power balance can be written as
!

Ploss = Pheat> (A.1)

= Prad t Pconf = fapa + Paux- (A.2)

In these equations, p, is the (volume averaged) loss power density,
Pheat the heating power density, p.,q the loss power density by radia-
tion, p.on¢ the loss power density due to finite confinement, p,,, is the
auxiliary power density and p, is the heating power density by fusion
alpha particles. f, is the fraction of the total alpha power absorbed in
the plasma. When writing the volume averaged confinement loss power
density p.on¢ in terms of the plasma energy density w and the energy
confinement time 7, we arrive at

Prad % = faEanpnr{ov)r + Paux- (A.3)
Here, p,. is the auxiliary heating power density. E, is the energy
carried by fast fusion alpha particles (3.5 MeV), nj, and ny are densities
of deuterium and tritium in the plasma respectively. (cv); is the
Maxwellian averaged fusion reactivity.

The radiation term p,,q we split in line and continuum radiation,
where we use a priori assumed impurity fractions and calculate the
cooling factors using the ‘Aurora’ code [138], relying on the Atomic
Data and Analysis Structure (ADAS) database [139]. For synchrotron
radiation, we take the model suggested in Ref. [140],

- _ 25 [n 18.0a
Psync [W/m™*] = 1.32- 1077 (BT,) ,/;"<1.0+R Te)'
3

Here a, R are given in m, T, in keV, B in T and n, in 10%° m3,
To resolve the helium fraction fy., one introduces the alpha particle

balance equation,

"H

T_*e = npnr{ov)r,

a

(A.4)

(A.5)

and then usually 7} is assumed to be proportional to the energy
confinement time: z7 = p* 7, where we use p* ~ 8, where p* shall
not be confused with the normalized minor plasma radius. Determining
reasonable values for p*, and validity of that model in general, is a
subject of active research [161,347]. In this article we introduce a new
heuristic value fgp,, Which is used to suppress the resulting helium
density by a constant factor,

n;{e = fsuppr/He- (A.6)

This assumption is informed by two considerations: first, by suppression
of helium ash due to a positive ambipolar radial electric field, and
second, by the effect that fast particles do not slow down directly in
the core, but are radially displaced due to their finite drift orbit. This
effect was quantified in [110] by employing Monte-Carlo slowing down
simulations in various stellarators. We capture it here heuristically by
choosing a value of fopp = %

To extrapolate to a reactor, one can use the ISS04 inter-machine
scaling, which reads [141]

tp = 0.134 foona> S BO 13713] "(1)'954 RO-64 p=0.61_ (A7)

where f.., is a multiplier for the ISS04 scaling and the other variables
have their usual meanings. Rewriting the heating power P in terms of
temperature T, P = W /ty, where W is the stored plasma energy, one
arrives at

2.56,2.72 p2.15,1.05, ~0.18 0.08-—1.56
0.152 fi:>"a™'“B L3 M R Tkev s (A.8)

Tg =
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which closely resembles the so called ‘Gyro-Bohm scaling’, which scales

o ‘}33—?; A similar approach was also shown in [348].
Note that this scaling can also be derived from invariance principles
of the Maxwell-Vlasov equations [349]. A more careful considera-
tion might retrieve other factors such as sensitivity in aspect ratio
and iota [350], ¢ ~ 75p f(A,1), but this was not yet retrieved from
simulations or data.

as tgp ~

Appendix B. First wall simulations

What follows is a brief outline of the method employed to calculate
the first wall temperature in Section 2.7.

We estimated the temperature by numerically solving a heat equa-
tion with the Finite Element Method (FEM). We solved a steady-state
heat equation with two different values for the thermal conductivity k,
one for the EUROFER97 steel and one for the tungsten (W):

Kgurofer(T) = 1.103 x 107773 — 8.4884 x 107°T?

+ 1.0197 x 1072T +31.776 , (B.1)
23419.9

ky = 108.34 — 1.052 x 1072(T 4 273.15) + ——2~2 |
w T+ )t T 705

(B.2)

where the temperature is expressed in Celsius.

The expression for the EUROFER97 conductivity comes from a
fit of the experimental data in [251]. The expression for tungsten is
from [351]. Both values for kg of; and kyy are expressed in [Wm™' K~1].

The governing equations include a volumetric source term rep-
resenting the neutron load (obtained from the neutronics analysis)
and boundary conditions modeling heat input and output: a Neumann
boundary condition on the plasma-facing surface prescribing a heat
flux equal to the previously computed radiation load (combining edge
radiation and core radiation), a homogeneous Neumann boundary
condition at the blanket-facing surface, and a Robin boundary condition
at the pipes where the heat flux is —i(T —T,), where T is the unknown
temperature, 7, is the temperature of the coolant, and 4 is the heat
transfer coefficient. As detailed in the main text, we considered only
a limited portion of the wall: at its sides, we applied a homogeneous
Neumann boundary condition. The entire problem then reads

=V (k(T)VT) = f, in 2
k(T)o,T = w, on I
k(T)o,T =0 on I'gyer (B.3)
k(T)o,T =0 on Igges
K(T)0,T = —h(T)(T = T,(X)) 0N Ipipes

where k is a piecewise constant function that evaluates to kg, ofer and
ky, (Egs. (B.1) and (B.2)) on the respective subdomains, £ is the
computational domain, I is the plasma-facing part of the boundary,
Tyuier is the blanket-facing part of the boundary, ;4. are the lateral
walls of the wall sector that we are simulating and I is the part of
the boundary between the EUROFER97 and the pipes. The value of the
heat transfer coefficient can be computed from experimental data. We
used the Dittus-Bolter equation, according to which the heat transfer
coefficient for Helium is given by [352]

038 04
k{.d p

h=0.023 - - — .
d <j M> <” k )

The quantities in Eq. (B.4) refer to the coolant: in our case, Helium.
The values and meaning of all relevant thermo-physical properties of
Helium and the cooling system are given in Table B.9.

The values listed here are for a temperature of 350 °C at a pressure
of 8 MPa, but in the code we implemented temperature-dependence for
the thermal conductivity and the dynamic viscosity as

(B.4)

w(T)=—=72571x 1072 T? + 42094 x 108 T + 1.9366 x 107>, (B.5)

K(T) = —6.1429 x 1078 T? + 3.3172 X 10™* T + 0.15473, (B.6)
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Table B.9
Thermo-physical properties of Helium at 350°C and cooling
system hydraulic parameters.

Variable Value

Thermal conductivity, k 0.2633Wm™! K~!
Hydraulic diameter, d 12mm

Mass flow, m 0.075kg/s

Mass flux, j j= dﬂ

Dynamic viscosity, u 3.33x 107 Pas
Specific heat, c, 5188.7Tkg ' K!

where the expressions are fits from experimental data from the NIST
database [353].

In the Robin boundary condition, the temperature of the coolant
cannot be taken as a constant, as this would violate energy conservation
in that the energy flowing out of the wall and into the pipes must
increase the temperature of the coolant in the pipes. To find the
temperature of the coolant along the pipe, we implemented a fixed-
point iteration in our solution strategy, in which we first solved for the
heat in the first wall with an initial guess of what the final temperature
will be at the pipes’ outlet and then computed the actual heat QO that
flows into each pipe with the calculated solution. We used this value
to update the outlet temperature according to the equation

Q =m cp(Tout - Tm) (B7)

where T;, and T, are a pipe’s inlet and outlet temperature. We note
that this update must be done for each pipe independently, for the
reasons outlined above.

We then iterated the solver and continued until the temperature in
the whole domain after two successive solutions had a relative change
in the L% norm, which is less than a given tolerance (in our case, 107).

Having the inlet and outlet temperatures of a pipe does not tell us
how the temperature varies along that pipe. Computing this value as a
function of the temperature along the pipe is a complex operation, so
we instead assumed that the temperature varies linearly along the pipe
for simplicity.

For the purpose of this analysis, we developed C++ code based on
OpenCASCADE for the CAD design. We used gmsh [354] for meshing,
and performed a Finite Element Analysis using C++ code based on
FEniCS-X [355-358]. Since the geometry is not particularly complex,
in all our simulations we used a rather coarse tetrahedral mesh with
high-order (3) continuous polynomial elements. Our design for the first
wall, like most designs, comprises tiles which are physically separate,
meaning we can avoid simulating a full wall in favor of just one column
at a time, which is more convenient computationally.

Appendix C. Toward smaller aspect ratios

We encourage the reader to interpret the results in this publication
as a high-level ‘version 1’ of what a QI stellarator fusion power plant
may look like. Although economic viability was not a central consid-
eration of the presented concept, at the time of writing it is already
evident that more commercially attractive Stellaris designs are possible.
Rapid iteration of such concepts is possible due to new computational
tools that were partly developed for the present effort, and partly made
available by international public research over the recent years.

This paper has described a QI configuration with an aspect ratio
A ~ 10, corresponding to a major radius of Ry ~ 12.5m. The major
radius could be further reduced if an equivalently- or better-performing
configuration at lower aspect ratio could be found. For example, a
configuration with aspect ratio 6 and the same minor radius (upon
which plasma confinement most directly depends) would result in
a major plasma radius of R, ~ 7.8m. On the other hand, such a
device would only 3/5 of the fusion power as the Stellaris concept
demonstrated here.



J. Lion et al.

77(‘()BRA—\\'\[FTC 1/Ashah'mm\'

W7-X
SQuID
A~9
A~R.5

- 10‘8;10( f1>

Fig. C.55. Comparison between alternative configurations with reduced aspect ratios
from the SQuID family of QI configurations. The reference configuration used through-
out the paper is labeled as ‘SQuID’. The properties shown here match those presented in
Fig. 4, thus indicating normalized quantities where the outermost value is normalized
by the best performing configuration and innermost value refers to the worst performing
configuration. Here also an ITG-turbulence proxy is shown, following Ref. [71], a proxy
used that is expected to correlate with mitigation of ITG turbulence. For this, we
compute a flux-surface averaged value of the flux compression |Vr| in regions of ‘bad’
curvature (identified by the drift curvature [78,359], K, = B X k - Va). The value at
s = 0.5 (the approximate location of the strongest temperature gradient) is reported.
The spider plot dimensions have been normalized to reflect the best and worst values
observed across all shown configurations. This plot focuses on fixed boundary metrics.

To validate the existence of equivalent lower aspect ratio stellarator
configurations, in Fig. C.55 we compare the SQuID-configuration used
in this paper with alternative plasma configurations at aspect ratios
of approximately 9 and 8. These alternative configurations share key
features: minimal Shafranov shift, excellent fast particle confinement,
reduced bootstrap current, low radial neoclassical transport, and the
maximum-J property. Additionally, they are ideal-MHD stable, and
allow for sufficiently distant coils.

These stellarator configurations have recently been obtained and
verified for engineering feasibility, though not to the same depth
and extent as the configuration discussed in this report. Neoclassical
transport is found to be slightly higher in the low aspect ratio config-
urations, though still much lower than in W7-X and well within the
bounds considered necessary for a reactor. Ongoing work on physics,
engineering, and economic optimization for these new configurations —
and others that are certain to emerge in the near future — promises to
further accelerate progress.

Appendix D. Mercier criterion

Within this article, to evaluate ideal MHD stability, we adopt the
definition of the Mercier criterion used in the VMEC code:

Dytere = Dg + Dy + Dy + Dg,

" .,1\2
Dy = (v ;() 2s2
1~
_ B2 dp "
Dy = 12”2//‘\/-‘ dodc o ds 14

_dp [/ gdeC

_ S B2 "yt "1
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where y is the toroidal flux, y is the poloidal flux, s is the normalized
toroidal flux, : is the rotational transform, g** = |Vs-Vs|, V is the
plasma volume, and |\/§| =(Vy -VOx V)L
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Data availability

Data will be made available on request.
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