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Optimizing particle transport for enhanced confinement in quasi-isodynamic stellarators
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Despite substantial advances in mitigating turbulent heat losses, including those achieved in the stable
quasi-isodynamic design family [J. Plasma Phys. 89, 905890504 (2023); PRX Energy 3, 023010 (2024)], particle
confinement remains a principal performance bottleneck in modern quasi-isodynamic stellarators, a challenge
not fully addressed in previous optimization efforts. Using gyrokinetic simulations within the GENE-Tango
framework, we identify suppressed inward thermodiffusion, caused by unfavorable magnetic geometry, as the
primary cause. To overcome this limitation, we design a new configuration with a reduced mirror ratio, which
enhances the contribution of passing electrons to the inward particle flux. This facilitates the formation of
strongly peaked density profiles, suppresses turbulence, and leads to a substantial improvement in confinement.
Our optimized configuration achieves nearly a twofold increase in energy confinement compared to Stellaris,
highlighting the crucial role of optimizing particle transport in next-generation stellarator designs.

DOI: 10.1103/fbbl-ps5l

Introduction. Understanding turbulent transport in stellara-
tors has become increasingly important, especially in light
of the substantial progress made over the past decades in
optimizing neoclassical transport. Wendelstein 7-X (W7-X)
exemplifies this advancement, having achieved significant re-
ductions in neoclassical transport through careful magnetic
configuration optimization, with turbulent transport now lim-
iting overall confinement [1–3]. This success has led to a
paradigm shift in stellarator design, where turbulent transport,
previously neglected in optimization metrics, is now being
actively included. Consequently, various optimization strate-
gies have emerged, including minimizing flux compression
in regions of unfavorable magnetic curvature [4,5], increas-
ing the critical gradient for turbulence stabilization [6,7],
reducing magnetic curvature itself [8–10], optimizing max-
J configurations that confine trapped particles to regions of
favorable curvature [11–14], and other approaches aimed at
mitigating turbulent transport [15–17]. These turbulence op-
timization methods also require retaining essential features
necessary for stellarator reactors, such as strong neoclassi-
cal and energetic particle confinement and reduced bootstrap
current [12,18–21], MHD stability [22,23], favorable max-J
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properties [24–26], and manageable coil complexity [21,27].
An example of this approach is the development of the stable
quasi-isodynamic design (SQUID) stellarator configurations
[5,18]. Their optimized magnetic geometry ensures excellent
fast ion and neoclassical confinement, along with MHD sta-
bility, while simultaneously reducing turbulent transport.

These stellarator configurations, including the latest de-
sign for Stellaris, a fusion power plant concept by Proxima
Fusion, the Max Planck Institute for Plasma Physics, and
other academic partners, exhibit reduced turbulent transport,
particularly in terms of heat fluxes [28]. However, a detailed
understanding of particle transport in these highly optimized
geometries remains an open question. Accurately predicting
particle transport is essential for evaluating plasma perfor-
mance, as it is closely coupled to heat fluxes through the
plasma density profile, for example, via density gradient sta-
bilization of ion temperature gradient (ITG) turbulence. To
address this, we present the high-fidelity turbulence simula-
tions of Stellaris with self-consistent density profiles, utilizing
gyrokinetic flux-matching simulations performed with the
GENE code [29] coupled to the Tango transport solver [30].
The GENE-Tango framework has been extensively validated in
tokamak geometries across a variety of scenarios at ASDEX
Upgrade [31,32] and JET [33], consistently demonstrating
excellent agreement with experimental measurements. More
recently, it has also been validated against four experimental
scenarios on W7-X [34], establishing it as one of the most
reliable tools currently available for predictive performance
studies in stellarator configurations.

To benchmark Stellaris, we compare its performance to
a reference W7-X plasma from the GENE-Tango validation
study [34] of an electron cyclotron resonance heating dis-
charge (1 MW) fueled by gas puffing (with a particle source
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FIG. 1. (a) Ion and electron temperature profiles Ti and Te,
respectively. (b) Corresponding density profiles, all plotted as a func-
tion of the normalized radius ρtor . GENE flux-tube simulations are
performed along the magnetic field line defined by α = qθ� − φ = 0,
with ρtor ranging from 0.1 to 0.8 in steps of 0.1 for W7-X. For
Stellaris, an additional point at ρtor = 0.75 is added to improve
convergence near the boundary. Here q is the safety factor, θ� is
the PEST poloidal angle, and φ is the toroidal angle. The other
stellarator-symmetric field line at the middle of the period was
also tested, yielding similar results. Simulations use a resolution of
(128, 64, 192, 32, 12) in (kx, ky, z, v‖, μ), where kx and ky are the
radial and binormal wave numbers, z is the coordinate along the
field line, v‖ is the parallel velocity, and μ is the magnetic mo-
ment. The radial box size is lx ≈ 128ρs and the minimum binormal
wave number is ky,min ρs = 0.05. We use generalized twist-and-shift
boundary conditions [35] in the parallel direction with npol ≈ 1–1.5,
depending on radius and configuration. The parallel velocity box size
is lv‖ = 3

√
2vi and for the magnetic moment lμ = 9Ti/B0. We note

that the local approach used here, which is much less computation-
ally expensive than a global one, is justified by the small value of
ρ∗ = ρs/a ≈ 1/300–1/700 in these simulations, so radially global
effects are expected to be minimal, as shown by previous studies
[36,37], which demonstrate very good agreement with global results
for similar ρ∗ values in optimized stellarators, including W7-X.

of 4.5 × 1020 s−1) plus neutral beam injection (3 MW). The
boundary conditions for ion and electron temperatures and
density are fixed at the normalized toroidal flux radius ρtor =
0.8, where ρtor = √

�/�edge is defined as the square root of
the ratio of enclosed toroidal magnetic flux � to the total edge
flux �edge. From this location, plasma profiles are evolved
inward to the magnetic axis until a steady state is reached,
wherein turbulent transport matches the integrated external
sources across all modeled channels and radii. For a fair com-
parison, we retain the plasma size and magnetic field strength
from W7-X in both geometries, with a minor radius of a =
0.5 m and an on-axis magnetic field strength of B0 = 2.6 T.
The resulting steady-state temperature and density profiles are
shown in Fig. 1.

Surprisingly, despite Stellaris being specifically optimized
to reduce turbulent transport, it achieves significantly lower
central plasma pressure than W7-X. This reduction is primar-
ily due to a significant degradation in particle confinement.
As a result, while W7-X maintains a strong density gradient
across the radial domain, Stellaris exhibits a pronounced col-
lapse in plasma density. This density collapse also impacts the
temperature profiles: With the density gradient largely van-
ishing, Stellaris loses the stabilizing effect that finite density
gradients exert on ITG turbulence. Consequently, the tem-
perature profiles in Stellaris become broader and less peaked
compared to those in W7-X.

These results indicate that the prevailing focus on minimiz-
ing turbulent heat transport in optimization strategies neglects
a key factor: effective control of the plasma density profile. As
highlighted in recent W7-X experimental campaigns [38–40],
maintaining a high core density is essential for achieving
improved overall performance. This consideration becomes
even more important for future stellarator reactors, where α

particle heating scales with the core density. Devices capable
of sustaining higher densities at similar temperatures may
enter a positive feedback loop, where increased α heating
further boosts central plasma pressure, ultimately enabling
higher fusion performance.

Optimizing particle transport for enhanced confinement. In
the following, we present a design strategy for stellarator con-
figurations that simultaneously achieve exceptional particle
and heat confinement. This is accomplished by combining es-
tablished turbulence optimization methods with new insights
into the physics of particle transport. In particular, we enhance
the contribution of the mechanism responsible for the inward
particle flux, enabling the formation of more peaked density
profiles.

The underlying optimization strategy can be understood
by analyzing the key dependences of the particle flux, as-
suming turbulence locality. This assumption is well supported
by current experimental evidence and is expected to hold
even more robustly in reactor-relevant regimes. Under this ap-
proximation, the electron particle flux �e can be decomposed
into diffusive, thermodiffusive, and convective components as
follows:

�e = De
a

Ln,e
+ DT,e

a

LT,e
+ aVp,e. (1)

Here De, DT,e, and Vp,e denote the diffusion, thermodiffusion,
and convective transport coefficients, respectively, as defined
in Refs. [41,42], and a/Lne and a/LTe are the normalized
electron density and temperature gradients, defined as a/LX ≡
−a d ln X/dr, with X representing either ne or Te. For com-
pleteness, and given the central role of the thermodiffusion
coefficient, we provide its definition explicitly:

DT,e = kyc2
s

	ci

〈∫
d3v FM

(γk + ν̂k )
(

v2

Te
− 3

2

)
(ωk + ω̂d )2 + (γk + ν̂k )2

J2
0 (k⊥ρs)|φ̂k|2

〉
. (2)

Here γk and ωk are the normalized growth rate and real fre-
quency of the unstable linear mode, respectively. The normal-

ized electrostatic potential is φ̂k = eφk/Te and the normalized
magnetic drift frequency is ω̂d = (v2

‖ + v2
⊥/2)/v2

theω̂Dk , where
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vthe = √
2Te/me is the electron thermal speed. The magnetic

drift frequency is defined as ωDk = kyKycs/a, where ky is the
binormal wave number, Ky is the binormal curvature, and
cs = √

Te/mi is the ion sound speed, with Te the electron
temperature and mi the ion mass. The normalized collision
frequency is ν̂k = νeiv

3
the/v

3ωDk , with νei the electron-ion col-
lision frequency. The (squared) total particle speed is defined
as v2 = v2

‖ + μB0. In addition, FM denotes the Maxwellian
distribution function, J0 is the zeroth-order Bessel function
of the first kind, and k⊥ρs is the normalized perpendicular
wave number, with ρs = cs/	ci the ion sound gyroradius and
	ci = eB0/mi the ion gyrofrequency. This expression neglects
parallel motion and assumes a simple Krook collision opera-
tor, whereas the GENE simulations retain the full dynamics and
employ a Landau-Boltzmann collision operator.

The diffusion term is always positive, representing outward
transport. The thermodiffusive term is proportional to v2/Te −
3/2, leading to a larger outward flux of particles with large
velocities and a compensating inward flux of slower particles.
The resulting net thermodiffusive flux is determined by the
balance of these contributions. Finally, the convective term is a
purely geometric effect, arising from magnetic field curvature
and inhomogeneities, and is often referred to as the curvature
pinch. It can be directed either inward or outward depending
on the microinstability and magnetic geometry in question.

Our strategy aims to enhance the inward thermodiffusive
transport by increasing the contribution of slow electrons,
those with normalized velocities v2/Te < 3/2, which prefer-
entially drive the inward flux. This is achieved by combin-
ing two elements: increasing collisionality to suppress the
trapped-particle population via detrapping and tailoring the
magnetic geometry to reduce the mirror ratio, thereby increas-
ing the passing-particle fraction. Together, these effects am-
plify the role of passing electrons in driving inward transport.
This mechanism is clearly reflected in our numerical results.

Figure 2(a) shows how increasing collisionality influences
particle transport in both W7-X and the Stellaris configura-
tion. A clear trend emerges: The total particle flux decreases
with collisionality. However, while W7-X exhibits a robust
particle pinch, Stellaris saturates near zero flux and does not
enter the pinch regime. To understand this difference, we
decompose the total flux into contributions from passing and
trapped particles. As is shown in Fig. 2(b), the inward flux in
W7-X is predominantly carried by passing electrons, whose
contribution is significantly larger than in Stellaris. This dif-
ference is directly linked to the magnetic geometry: W7-X’s
low mirror ratio (about 3.5% on axis) yields a larger passing-
particle fraction, while Stellaris’s much higher mirror ratio
(about 25% on axis) results in a larger trapped population that
contributes less effectively to inward transport. Thus, reducing
the mirror ratio and increasing collisionality act in synergy to
enhance inward thermodiffusion via passing electrons.

This trend is further illustrated in Fig. 2(c), which shows
the particle flux for a set of magnetic configurations gener-
ated by systematically modifying the magnetic geometry to
reduce the mirror ratio, from approximately 25% to 10%,
while keeping other parameters fixed. For each configuration,
the figure also displays the fraction of the total particle flux
carried by passing electrons. The results clearly demonstrate
that lowering the mirror ratio significantly strengthens the

FIG. 2. (a) Total electron particle flux expressed in gyro-Bohm
units [gB] = necsρ

2
s /a2 as a function of collisionality νe,i for values

representative of the profiles shown in Fig. 1, comparing W7-X
(blue) and Stellaris (red). (b) Decomposition of the particle flux
into passing- and trapped-electron contributions for the same con-
figurations and collisionalities, within the range obtained from the
previously presented Tango simulations. (c) Inward particle flux ver-
sus mirror ratio across a series of configurations with varying on-axis
mirror ratios (expressed in percent). The optimized configuration
is designed to follow the radial mirror ratio profile of W7-X. A
strong correlation is observed: Reducing the mirror ratio increases
the passing-particle contribution and enhances the inward pinch.
GENE flux-tube simulations were performed at ρtor = 0.8 using the
same resolution as in the GENE-Tango simulations, but with profile
parameters such as a/LT,e =a/LT,i =2.2, a/Ln =0.5, and Te/Ti =1.

inward particle pinch, with a growing share of the flux at-
tributed to passing electrons. This behavior is robust: It holds
across different radial positions and persists over the full range
of collisionalities considered.

Density-optimized configuration. Building on these in-
sights, we propose a density-optimized magnetic configu-
ration designed to enhance inward thermodiffusion. This
configuration has a significant lower overall mirror ratio com-
pared to Stellaris. Consequently, it increases the population of
slow passing electrons and maximizes the inward particle flux,
particularly at the higher collisionalities relevant for future
fusion devices.

This corresponds to the case shown in Fig. 2(c) (opti-
mized), which exhibits the strongest negative particle flux.
Our design aims to improve particle confinement and conse-
quently suppress heat transport by producing strongly peaked
density profiles. These profiles stabilize ITG turbulence
through density gradient stabilization, leading to significantly
enhanced overall performance. The optimized configuration is
shown in Fig. 3. The optimization targets a configuration with
aspect ratio A∗ = 11.5, on-axis magnetic mirror ratio 
∗ =
5%, a vacuum magnetic well W ∗

vacuum = 1%. The rotational
transform is constrained within ι ∈ [0.8, 1.0], and the flux
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FIG. 3. Magnetic field strength at the plasma boundary of the
optimized configuration. White lines represent magnetic field lines.

surface compression in regions of unfavorable curvature is
kept below a reference value. Moreover, we minimize the de-
viation from a quasi-isodynamic field at midradius and at the
plasma boundary following Ref. [5]. We use the ideal-MHD
solver vmec++ [43] and solve the constrained optimization
problem using an augmented Lagrangian method, employing
covariance matrix adaptation evolution strategy as the inner
oracle [44,45].

We assess neoclassical transport in the 1/ν regime us-
ing the neo code [46] to compute the effective ripple εeff,
which ranges from 0.1% at the magnetic axis to 1.2% at
the plasma boundary. The configuration is stable according
to the Mercier criterion and it possesses negative infinite-n
ballooning growth rates up to a volume-averaged beta of
〈β〉V � 2.0%. The α-particle confinement is evaluated using
the SIMPLE code [47]. We simulate the trajectories of 5000
fusion-born α particles with a kinetic energy of 3.5 MeV,
uniformly distributed in pitch angle and isotropically launched
at midradius. Each trajectory is followed for 0.1 s. As is stan-
dard practice for this assessment, the configuration is scaled to
the ARIES-CS design point [48]. Confinement improves with
increasing plasma β: The loss fraction decreases from 20% at
〈β〉V = 2% to 15% at 〈β〉V = 4%.

The performance of our density-optimized configuration is
evaluated using GENE-Tango with the same setup employed
for Stellaris. This ensures a fair comparison by matching
the minor radius and magnetic field on axis. The results are
presented in Fig. 4, demonstrating a substantial improve-
ment across all modeled plasma profiles. In particular, the

optimized configuration achieves nearly a twofold increase
in calculated energy confinement time compared to Stellaris.
Ongoing work indicates that plasma performance can be re-
tained or even improved while significantly enhancing MHD
stability and fast-ion confinement.

Summary and discussion. In the present Letter we have
identified particle confinement as a key performance bot-
tleneck in modern turbulence-optimized stellarators, in par-
ticular within the SQUID family [5,18], a factor largely
overlooked in previous optimization efforts. Using advanced
gyrokinetic simulations within the GENE-Tango framework,
we have demonstrated that this limitation can be overcome
by maximizing the inward particle flux driven by thermod-
iffusion. We have designed a magnetic configuration with
a significantly reduced mirror ratio compared to existing
turbulence-optimized designs, thereby increasing the fraction
of passing electrons responsible for the inward particle pinch.
This enables the formation of strongly peaked density profiles.

The resulting density gradient stabilizes ITG turbulence,
leading to substantial improvements in both particle and heat
confinement. Our density-optimized configuration achieves
nearly a twofold increase in energy confinement relative to
Stellaris, for identical edge plasma parameters and heating
conditions. These results highlight the critical role of par-
ticle transport optimization as a necessary complement to
traditional approaches focused solely on turbulent heat flux
reduction.

Future stellarator designs should incorporate particle trans-
port optimization as a central objective, alongside heat
transport reduction, to achieve the high core densities and
robust confinement required for reactor-relevant performance.
The optimization strategy proposed in this Letter offers a
promising route toward this goal, enabling simultaneous
control of heat and particle transport to surpass current per-
formance limits. Our results strongly motivate continued
theoretical and experimental investigations into particle flux
control and the development of magnetic geometries that ex-
ploit key physical mechanisms for improved confinement and
enhanced fusion performance.

Beyond the strategy presented in this Letter, additional
pathways might be explored to further improve particle
transport. For instance, the convective particle flux, strongly
influenced by magnetic geometry, can be engineered to
enhance the inward pinch [49]. Another promising direction

FIG. 4. Comparison of plasma profiles for the density-optimized configuration (purple) and Stellaris (red): the (a) ion temperature Ti,
(b) electron temperature Te, and (c) density n profiles. Also shown are (d) the calculated energy confinement times in milliseconds,
demonstrating the performance improvement of the optimized configuration.
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involves optimizing the denominator of the thermodiffusive
term, which depends on the mode frequency, on the drift
frequency, and, when including parallel dynamics, also on
parallel streaming, which is proportional to the parallel wave
number k‖ [50]. In particular, increasing k‖ to resonate with
the frequency of the slow-passing electron population may
further enhance inward transport. This can be achieved by
increasing the local magnetic shear or by increasing the con-
nection length through varying the number of field periods
[51,52]. Together, these strategies define a broader class of
stellarator optimization approaches, grounded in the physics
of particle transport.
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