PHYSICAL REVIEW E 113, 045215 (2026)

Enhanced performance in quasi-isodynamic max-J stellarators with a turbulent particle pinch

G. G. Plunk, A. G. Goodman ®, P. Xanthopoulos ®, P. Costello®, H. M. Smith®, K. Aleynikova,
C. D. Beidler®, M. Drevlak @, S. Stroteich, and P. Helander
Max-Planck-Institut fiir Plasmaphysik, 17491 Greifswald, Germany

® (Received 29 July 2025; accepted 16 March 2026; published 21 April 2026)

Recent stellarator reactor designs demonstrate mostly outward turbulent particle transport, which, without
advanced fueling technology, inhibits the formation of density gradients needed for confinement. We introduce
“SQuID-t,” a self-fueling quasi-isodynamic stellarator capable of sustaining density peaking through inward
particle transport caused by turbulence. Temperature and density profile predictions based on high-fidelity
gyrokinetic simulations demonstrate enhanced performance, significantly relaxing constraints on the size and

magnetic field strength for reactor designs.
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I. INTRODUCTION

The neoclassically optimized stellarator experiment Wen-
delstein 7-X (W7-X) [1,2] achieves its best energy confine-
ment once a peaked density profile is established within the
plasma volume [3]. Such enhanced confinement is theoret-
ically expected in a quasi-isodynamic (QI) stellarator that
possesses the max-J property [4-6], and it is therefore sensi-
ble to design stellarator fusion reactors based on this principle.

However, although peaked density profiles in W7-X are
sustained through an inward turbulent particle transport
(“pinch”) of the main plasma species [7-9], recently pro-
posed reactor-relevant QI stellarator designs [10—13] exhibit,
at most, only a weak pinch [14,15]. In order to achieve good
confinement, the operation of reactors based on such designs
would rely heavily on advanced particle fueling techniques,
such as cryogenic pellets or neutral beams, that are unfor-
tunately associated with neoclassically driven [16] impurity
accumulation that can pose a severe threat to performance
[17]. With impurity accumulation and particle fueling insuf-
ficiently understood, especially for core fueling with pellets
in high-temperature reactor conditions [18], there is inherent
risk in building such reactor designs.

These considerations motivate the search for well-
optimized QI stellarator configurations that could achieve
intrinsically enhanced confinement via a sufficiently strong
turbulent particle pinch. This “self-fueling” could be com-
bined with a certain degree of external fueling to obtain even
greater performance than possible with the individual effects
acting alone, and mastering the balance could be essential
to find a path toward steady-state high-performance reactor
operation.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Open
access publication funded by Max Planck Society.

2470-0045/2026/113(4)/045215(6)

045215-1

Extending the methodology behind the Stable Quasi-
Isodynamic Design (SQuID) line of stellarator designs [11],
we present a max-J QI configuration with a strong turbulent
particle pinch. The new stellarator design, which we call
“SQuID-t” (see Fig. 1), also fulfills other key properties,
even at modest reactor scales (volume of 1450 m?): zero
collisionless fast-particle losses at p = 0.5 for volume av-
erage (B8) > 2%, Mercier stability at (8) < 7% throughout
the plasma in fixed boundary, bootstrap current <10 kA at
(B) ~ 2% (density and temperatures consistent with 3 GW
of fusion power), and better coil compatibility [19] than pre-
vious QI reactor candidates [11,12]. The coil set depicted
reproduces the field with a relative error of less than 0.5% on
average [20]. Combining high-fidelity gyrokinetic turbulence
simulations with transport solvers to predict plasma profiles,
we show enhanced confinement of SQuID-7 compared to that
of a previous SQuID design, the configuration underlying
the Stellaris reactor concept [12]. We also demonstrate that
enhanced confinement, acting in concert with density peaking,
has very positive implications for a potential fusion reactor, in
terms of the necessary levels of magnetic field strength and
plasma volume to achieve a desired fusion gain.

II. PARTICLE PINCH IN MAX-J DEVICES

Quasilinear theory predicts a tendency for max-J stellara-
tors to have an outward flux of particles [21]. However, W7-X,
an approximately max-J stellarator, exhibits a turbulent parti-
cle pinch [7-9], as evidenced by the shape of observed density
profiles, which are not hollow as they would be under the
influence of neoclassical transport [22].

To see how such a pinch might arise, we can examine the
quasilinear particle flux I'S% = —k, Im(¢* [ g.d*v), where
g. 1s the linear, nonadiabatic response of the electrons, ¢*
is the (conjugate) electrostatic potential, and (---) denotes
a flux-surface average. Due to the intrinsic ambipolarity of
gyrokinetic particle transport, we need only consider the re-
sponse of the electron species, and we decompose the particle
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flux TSK = I + I'? into trapped and passing electron con-
tributions, respectively.

In the limit w/(vr.k)) < 1, where the mode frequency is
much smaller than the electron transit frequency, the dominant
contribution to the trapped electron response is that of Ref.
[21]. Taking the “nonresonant” limit of wy. /@ ~ ®/wy, K 1,
where wy, is the electron drift frequency and w,. is the dia-
magnetic frequency, yields

.dlnn e’n 1/Buin - wieV
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dyr 2VTE J1/B T (w2 +72)
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where @g.(A) = &g.(1)(1 — AB/2), &4.(l) captures the ge-
ometric dependence of the electron curvature drift, A =
vi J(W?B), (---) ; denotes an average over the trapped particle
orbit in a trapping well indexed by j, with a bounce time 13 ;,
and V = [dl/B. The plasma gradients enter explicitly via
Wse = (—kuT,/e)(dInn/d¥), n, =dInT,/dInn. In a max-J
device, w4 @4, < 0, such that the trapped electrons precess in
the ion-diamagnetic direction. As a result, in the presence of
modes driven by the ion temperature gradient (ITG), which
also tend to propagate in the ion-diamagnetic direction, we
have @q.w, > 0. This results in I''dInn/dy < 0, such that
the particle flux is against the density gradient, i.e., outwards.

To see how inward particle transport might nevertheless
occur in a well-optimized max-J stellarator, we note that,
although the passing electron response is an order w/(vrcky)
smaller than the trapped electron response, its contribution to
particle transport can compete with the trapped response if
the population of trapped particles at the ITG mode location
£y is sufficiently small fi;(£y) ~ w/(vrcky). This situation is
actually to be expected in max-J stellarators, as the minima of
the magnetic field tend to be out of alignment with the areas of
maximum ITG drive (“bad curvature”) [4,23]. In this case, the
passing contribution I'Y must be included at the same order as
the trapped contribution,
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Indeed, we see that, for n, > 2(1 — w,/wy.), the passing
electrons provide an inward contribution to the particle flux
[24-26]. To optimize a max-J configuration to exhibit a par-
ticle pinch for ITG-dominated turbulence, F;‘ must be made
small compared to I'?. It is this insight that guided the opti-
mization of the SQuID-t design, while controlling for other
known influences on the strength of turbulence (such as flux
compression, the max-J property, and the turbulent zonal
flow response) studied in previous publications (see, e.g., Ref.
[11]). In what follows, we will demonstrate the turbulent par-
ticle pinch of SQuID-z, and overall implications for plasma
performance.

FIG. 1. The self-fueling quasi-isodynamic stellarator design
SQuID-t, shown with its filamentary coil set.

III. TRANSPORT MODELING

The steady-state temperature profile (with good thermal
coupling 7; = T, = T) can be obtained by solving a single
heat transport equation

1 d
W@( ’Z((QSK+Q§C)~Vp)) =P+ Pu. (3

where P is the external heating power, P, is the effective
heating power generated by fusion-born alpha particles, V' =
dV/dp, and Q5% and QY€ are the turbulent and neoclassical
heat fluxes for species o = i, e. The density profile, estab-
lished in a region of the plasma without particle sources, is
obtained by simultaneously solving the steady-state condition

dinT
dlnn Nerit (), 4)

where the function 7. (p) is obtained by setting the density
gradient a/L,, = —d Inn/dp, at each radial grid point, for a
fixed value of a/Ly = —d InT /d p, such that the gyrokinetic
particle flux 'K is zero to within statistical uncertainty. The
use of a critical n model is motivated by the criterion for
passing electrons to contribute a pinch, stated after Eq. (2).

Using the GX [27] code, we perform electrostatic turbu-
lence simulations, assuming equal temperatures and gradients
for ions and electrons, at five different radial locations, for
different values of a/Lr, in order to construct a transport
model for th = qg’,{(/QGB,i, where qu;f = ZU(QS’K -Vr),
r = ap, and Qgp; = p?csnT /a*, with p; the ion Larmor ra-
dius, ¢, the sound speed, and a the minor radius. The transport
equations are then solved for 7" and » using this model. This
approach has the advantage of allowing efficient exploration
of different operation scenarios [28,29], as compared with
coupling a gyrokinetic solver directly to a transport solver for
each scenario separately [30,31].

The results of the gyrokinetic simulations are shown in
Fig. 2. Values of . for the Stellaris configuration (not plot-
ted) are found to be in the range of 4-5 across the plasma
radius, similar to observed values of n in pure electron-
cyclotron heated discharges of W7-X. For this reason, we
compare the heat fluxes of Stellaris against those of W7-X
assuming experimentally motivated values of 7 = nexpi(0).
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FIG. 2. Total heat fluxes from GX simulations for Stellaris (top;
dashed) and SQuID-t (bottom; dashed), compared with those of
W7-X standard configuration (solid) for n(p) = ey and n(p) =
Nerit» Tespectively. Note that data appear in order of increasing s =

V¥ [ Weqge, from left to right in the figures.

For SQuID-t, however, values of 7. are in the range of
2.5-3, which is closer to values of 1 found in W7-X under
higher-performance scenarios, and we therefore compare its
transport against W7-X simulations using n = n¢it ~ 2. This
lower value of 7., and therefore higher a/L,, helps to explain
the lower total transport of W7-X in this comparison.

It is the size of 7 that we use to characterize the strength
of the turbulent pinch, i.e., the lower its value, the stronger is
the pinch. Figure 2 shows a significant reduction of the heat
transport (sum of electron and ion thermal fluxes) in SQuID-t
as compared to Stellaris, for an equal temperature gradient
a/Ly, which relies on the peaked density gradients in SQuID-
7, showing the benefit of the particle pinch optimization of
SQuID-z.

IV. REFERENCE EXPERIMENTAL SCENARIOS

To obtain a global estimate of confinement and perfor-
mance, we solve the transport equations in different operation
scenarios. We note, however, that first-principles prediction
of plasma profiles can be strongly affected by the choice
of boundary conditions for the temperature at the transition
between the core region (where Gyro-Bohm scaling prevails)
and the plasma edge region. As profile shapes and confine-
ment scaling depends on the operating scenario, even within
a single machine, it is important that the choice of bound-
ary condition used for predicting the performance of a new
stellarator design should be tied as closely as possible to the
most relevant experimental data. Accounting for the strong
differences in the performance of the two SQuIDs (Fig. 2), we
chose two different reference experimental W7-X discharges
for comparison. To assess the confinement quality, we use
the renormalization factor fie, = Tr/TE 15504, Where 7z is the

(a) W7X ID: 20180904.015 |

T. [keV]

(b) W7X ID: 20250513.032 |

T. [keV]

—— Theoretical profile

= Experimental profile
0.0 Eu L L L L L L =
0.0 0.1 02 03 0.4 05 06 07

p

FIG. 3. Experimental profiles (fitted) of two reference scenarios
(a) 20180904.015 and (b) 20250513.032, compared against theoret-
ical profiles, including (solid) and excluding (dashed) neoclassical
contribution to heat flux. The edge/core boundary conditions for
theoretical temperature profiles are set to the experimental values.

energy confinement time and 7z 1sso4 is the extended Interna-
tional Stellarator Database ISS04 scaling [32].

The first reference discharge corresponds to a gas-fueled
electron-cyclotron-heated (ECRH) plasma, with a relatively
low confinement quality (fie, ~ 0.6-0.7). The density profile
is characteristically flat, and the value of 7 lies in the range
of 4-5 across the plasma radius. Using the computed heat
fluxes of W7-X assuming 7(0) = nexpe(p) [see Fig. 2(a)], we
recover the experimental profile shape of the temperature at
outer radial points, as shown in Fig. 3(a), validating our ap-
proach to transport modeling; profiles disagree at inner radial
points because assumptions of the gyrokinetic simulations are
violated experimentally (e.g., T, > T;).

The second reference discharge corresponds to a less typi-
cal scenario, where improved confinement (fie, ~ 1-1.3) can
be achieved in steady-state conditions without neutral beams
or pellet fueling. Profiles obtained before peak performance
having n ~ 2 in the neighborhood of p = 0.7 are used to
validate the gyrokinetic transport model for W7-X [Fig. 2(b)],
as shown in Fig. 3(b).

V. GLOBAL CONFINEMENT ESTIMATES

Next, we investigate suitable boundary conditions for
the SQuIDs using the reference experimental scenarios. For
Stellaris, we first solve the transport equations with edge
temperature and density (at pp. = 0.7), and heating Pey; (lo-
calized near p = 0) set equal to those of the first (high-power)
reference experimental discharge [Fig. 3(a)]. This yields a
global confinement of fi., ~ 0.50, with a corresponding pro-
file having a/Ly ~ 4.6 at pp.. Noting that ECRH plasmas
are observed to have a/Ly ~ 4-5 at this radial location [33],
we propose a second boundary condition, namely a/Lr = 4
at p = 0.7, which leads to a slightly more optimistic predic-
tion of fe, ~ 0.54 for Stellaris under the same experimental
conditions. These two values, a/Lr = 4.6 and a/Ly = 4, will
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FIG. 4. Density (a) and Temperature (b) profiles for high-field
((B) =10T) Q =1 design points, including (solid) and excluding
(dashed) the neoclassical contribution to heat transport. The minor
radii of these devices is found to be a = 0.5 m for SQuID-t and
a = 1.2 m for Stellaris.

be referred to as the conservative and optimistic boundary
conditions for Stellaris.

Applying the same procedure for SQuID-t, except using
the low-power/low-n reference profiles [Fig. 3(b)], yields pre-
dictions of fien ~ 0.70 and 0.92 corresponding to conservative
and optimistic boundary conditions a/Ly = 3.5 and a/Ly =
3.0, respectively. For both SQuIDs, the boundary values of the
temperature gradient scale lengths can be used to extrapolate
performance to different device scenarios, as the observed
Gyro-Bohm scaling of experiments implies that the plasma
profile shape must be resilient across changes in heating
power, and other independent parameters entering empirical
scaling laws.

The implications of performance enhancement in SQuID-t
extend beyond confinement time. The differences in profile
shapes, and in particular the peaking of density that occurs
with a particle pinch, compounds with an increase in con-
finement when considering reactor scenarios, as fusion power
scales proportionally to density squared. To demonstrate this
effect, we solve the transport equations for both configurations
including an effective alpha heating source (corresponding
to equal parts tritium and deuterium), and applying both the
conservative and optimistic boundary conditions. In all cases
the density is set such that its volume average is equal to the
Sudo limit [34].

Varying machine size (minor radius) and field strength
(volume-averaged), we obtained estimates for accessible de-
sign points for a hypothetical experiment capable of reaching
fusion gain Q =1 with a total external heating power of
25 MW deposited near the magnetic axis (see Fig. 5). Pro-
files for a single design point (assuming optimistic boundary
conditions) are shown in Fig. 4. For a sample of design
points neoclassical heat transport was included but did not
contribute significantly (less than 3% of the total heating
power for all radial points for SQuID-t and Stellaris); see also
Fig. 4(b). Therefore the full diagram was constructed neglect-
ing the neoclassical contribution. Comparing the results for
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FIG. 5. Accessible design points for a stellarator device with
fusion gain Q = 1. The colored shaded regions show the range
of behavior encompassed by optimistic and conservative boundary
conditions.

the two SQuIDs with optimistic boundary conditions at a field
strength of 10 T, a device based on the SQuID-t configuration
would need to be built with a minor radius of 0.50 m as
compared with a minor radius of 1.18 m for a device based on
the Stellaris configuration. This corresponds to a difference
of more than a factor of 13 in terms of plasma volume, a
figure strongly connected to the cost of device construction.
For an alternative perspective, we also consider an ignited
reactor scenario achieving 3 GW of total fusion power with
a field strength of 7.5 T, and an average density of ~63% of
the Sudo limit. In this case the volume ratio of the two devices
exceeds 14.

For comparison, Fig. 5 also includes two black curves
corresponding to W7-X cases, obtained using transport
models based on the data shown in Fig. 2, applying Gyro-
Bohm-scaled boundary conditions following the reference
experimental profiles (Fig. 3). We must stress that the black
curves are only of theoretical interest, since W7-X does not
scale to a reactor for a number of reasons, e.g., insufficient fast
particle confinement and large bootstrap current. The dashed
line, in particular, should not really be considered as indica-
tive of possible performance, as the neglect of neoclassical
transport is not justified for W7-X.

Though we focus on electrostatic turbulence in this work,
potential limitations due to electromagnetic instabilities such
as kinetic ballooning modes (KBMs) must also be considered.
To assess this, we performed flux-tube GENE simulations
[35] to evaluate KBM stability across the entire core region
(0.2 < p £0.7). The analysis was carried out for similar
plasma profiles as those cases reported above, but under more
ambitious conditions, with local B values ranging from 4.2%
near the core to 1% at the outer radii. Despite the elevated
pressure, no KBM instability was observed, suggesting that
the underlying magnetic configuration has favorable stability
properties, maintaining resilience against KBM drive across
the profile, even in high-performance scenarios.
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FIG. 6. Gyrokinetic particle fluxes of Tungsten (n,/n, = 1073,
Z = 44) and Carbon (ng/n, = 1073, Z = 6) at p = 0.55, vs nor-
malized density gradient. Here, we assume equal temperature as
bulk species, and a fixed background density profile (a/L, = 0.74,
a/Lr = 2.0). A Similar result found at other radial locations and
gradients.

Another key issue is that of impurity accumulation when
turbulence is suppressed by a significant background density
gradient [16]. Encouragingly, gyrokinetic simulations of the
transport of both Carbon and Tungsten in SQuID-t show a
relatively small critical impurity density gradient (I'y, &~ 0 at
a/L,, ~ 0.2) at all radii. These assumed a fixed background
density profile obtained for a Q = 1 scenario, implying that
impurities could have a relatively flat profile even when the
background gradient is significant; see Fig. 6. In this work
we have demonstrated enhanced confinement in the absence
of enhanced fueling, using the concept of self-fueling via a
strong turbulent particle pinch. We have therefore restricted
our analysis with the conservative assumption of zero turbu-
lent particle fluxes within the plasma volume. Relaxing this
assumption to allow particle sources, we can reasonably ex-
pect further gains in confinement—indeed, we observe strong
turbulence suppression in our simulations of SQuID-t that
have 1 < 71 (not shown here).

Predicting global performance in combined “pinch-pellet”
scenarios, and investigating the full implications for device
designs will require detailed further work. Here, SQuID-t
may turn out to have a significant advantage as compared to
W7-X because of its substantially lower neoclassical trans-
port, which is the channel thought responsible for impurity
accumulation in W7-X whenever turbulence is sufficiently
suppressed [16]. This issue must however be carefully inves-
tigated, both theoretically and experimentally with next-step
devices, to find the optimal manner in which to operate
a device for truly steady-state and reactor-relevant high
performance.
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