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Turbulent transport is known to limit the plasma confinement of present-day optimized stellarators. To
address this issue, a novel method to strongly suppress turbulence in such devices is proposed, namely the
resonant wave-particle interaction of suprathermal particles—e.g., from ion-cyclotron-resonance-
frequency heating—with turbulence-driving microinstabilities like ion-temperature-gradient modes. The
effectiveness of this mechanism is demonstrated via large-scale gyrokinetic simulations, revealing an
overall turbulence reduction by up to 65% in the case under consideration. Comparisons with a tokamak
configuration highlight the critical role played by the magnetic geometry and the first steps into the
optimization of fast particle effects in stellarator devices are discussed. These results hold the promise of
new and still unexplored stellarator scenarios with reduced turbulent transport, essential for achieving
burning plasmas in future devices.
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Introduction.—Turbulent transport, generated by pressure-
gradient-driven microinstabilities and inducing significant
energy and particle losses, is often a key limiting factor
for the performance of magnetic confinement fusion devices.
Historically, most investigations on plasma turbulence were
carried out for tokamak experiments, while stellarators
were usually limited by neoclassical (collisional) transport.
However, the recent effort spent in the design of
modern stellarators—with reduced neoclassical losses and
thus improved confinement performances—raised the
role of turbulent transport as the dominant mechanism of
confinement degradation also for stellarator devices [1–5]. In
this context, we note recent observations at Wendelstein 7-X
(W7-X) [6,7], which show that ion-temperature-gradient
(ITG) [8] driven turbulent transport clearly exceeds its
neoclassical counterpart [9,10]. This emphasizes the great
importance of identifying mechanisms able to suppress
turbulent transport in modern optimized stellarators
systematically.
In the present Letter, we propose a novel method to

strongly suppress turbulence in such devices. It is based on
a wave-particle resonant interaction between suprathermal
(fast) ions and ITG microinstabilities, previously identified
for tokamak plasmas in both experiments [11] and simu-
lations [12,13]. The beneficial role of this mechanism is

demonstrated for the first time in stellarators via
nonlinear gyrokinetic simulations [14] of W7-X. We show
that fast ions—under appropriate conditions—significantly
impact turbulence-induced energy losses, potentially
leading to a considerable reduction of turbulent transport.
This mechanism requires (i) steep temperature and rather
flat density profiles and (ii) moderate fast-particle
temperatures. Such conditions can be achieved by ion-
cyclotron-resonance-frequency (ICRF) heating schemes
[15]. However, due to the subdominant role played by
the anomalous transport in previous stellarator experi-
ments, no evidence of turbulence suppression by ICRF
heating has been documented in such devices. For
this reason, these findings are attractive for optimized
stellarators, particularly for W7-X, whose ICRF system
is currently under construction [16], providing an external
tool—such as suprathermal particles—to continuously
reduce turbulent transport.
The critical role played by the magnetic geometry in the

dynamics of this resonance effect is also investigated,
revealing a key difference behavior between tokamaks
and stellarators. We show that the optimal fast-particle
temperature, which maximizes the resonant stabilization, is
affected by the different resonant constraints imposed by
each stellarator field line. We explore the large number of
degrees of freedom in changing the magnetic geometry
available in stellarators and identify artificial configurations
enhancing the fast-particle turbulence suppression, thus
suggesting new pathways for stellarator optimization in the
presence of fast particles.
Model description.—The wave-particle resonant

interaction [12,13] we propose to exploit in optimized
stellarators occurs whenever the frequency of the most
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unstable mode ωk (with positive values denoting modes
propagating in the ion diamagnetic direction) matches the
binormal drift frequency of the (normalized) energetic
particles ωd;f, i.e.,

ωk ¼ ωd;f ¼ −
kyKyTfEf

qfB0

: ð1Þ

Here, Tf and qf are the energetic particle temperature
and charge (normalized to the electron temperature and
elementary charge), B0 the background magnetic field
(normalized to its value on axis), ky the (positive)
binormal wave vector of the selected mode [normalized
to the thermal gyroradius ρs ¼ ðTe=miÞ1=2=Ωi, with
Ωi ¼ ðqiB0Þ=ðmicÞ the gyrofrequency, mi the main ion
mass, qi the charge], and

Ky ¼ −
ðB0 ×∇B0Þ · ŷ

B2
0

ð2Þ

is the binormal curvature term, where ŷ denotes the
unit vector along the binormal direction. Moreover,
Ef ¼ ð2v2k þ μB0Þ, with vk the velocity component
parallel to the background magnetic field [normalized to
vth;f ¼ ð2Tf=mfÞ1=2, with mf the fast ion mass] and μ the
magnetic moment (normalized to Tf=B0).
As a direct consequence of Eq. (1), the term Ky must be

negative for modes propagating in the ion diamagnetic
direction—such as ITG modes—to fulfill the resonance
condition. The direction of the resonant energy exchanged
is set by the radial derivative of the fast ion distribution
function (drive term) [13]. Negative (positive) values
indicate that the energetic particles are taking (giving)
energy from (to) the plasma microinstabilities with
consequent damping (growth) of the mode. By assuming
an equivalent Maxwellian distribution, the drive
term reads as a=Ln;f þ a=LT;fðv2k þ μB0 − 3=2Þ, with
a=LT;f and a=Ln;f being the fast ion normalized log-
arithmic temperature and density gradients and a minor
radius of the device. It leads to negative values within
v2k þ μB0 < 3=2 when a=LT;f ≫ a=Ln;f. Therefore, a
negative (beneficial) fast-particle contribution to the
ITG microinstability can be achieved only when
(i) a=LT;f ≫ a=Ln;f and (ii) ωk matches ωd;f in the
phase-space region where v2k þ μB0 < 3=2. These condi-
tions are usually satisfied by energetic particles generated
via ICRF heating [15].
Gyrokinetic simulations for optimized stellarators.—

The impact of this resonant mechanism on the turbulent
transport of stellarators is investigated through numerical
simulations of W7-X, performed with the gyrokinetic code
GENE [5,17–19]. To identify stellarator-specific features,
these findings are compared to those of a typical tokamak
(ASDEX Upgrade). These two devices are conceptually
different and require separate numerical setups. While the

former is intrinsically axisymmetric and, hence, described
by one representative flux tube, the latter requires to treat
the entire flux surface to correctly capture the dynamics.
For this reason, we present results obtained (i) by
full flux-surface and (ii) by flux-tube simulations. The
first approach captures correctly the nonaxisymmetric
stellarator geometry, while the second one is valid for
tokamaks since it follows only a single magnetic field line.
The chosen simulation parameters, summarized in

Table I, are inspired by realistic W7-X data [10] and
refer to experimental conditions in which the turbulence is
driven by ITG modes. The bulk plasma is composed of
deuterium (D) and electrons. The latter are assumed to have
an adiabatic response. The suprathermal ions are modeled
with ICRF parameters of a minority heating scenario of
hydrogen (H) in D with nH=ne ¼ 6%, as recently proposed
in Ref. [16] for the ICRF system in W7-X (currently under
construction). Plasma quasineutrality is always fulfilled.
Moreover, we consider a=LTf ¼ 18, which is consistent
with the realistic values observed in ICRF H-minority
heating in tokamak experiments [11,20]. The hydrogen
minority is modeled with an equivalent Maxwellian
background. Based on previous tokamak studies using
more realistic distribution functions [21], this choice is not
expected to change qualitatively our results. A more
detailed analysis quantifying this effect in stellarators
is left for future studies. The high-mirror configuration [10]
is employed for W7-X, while an ASDEX Upgrade
geometry [22]—with safety factor q ¼ 1.34 and magnetic
shear ŝ ¼ 0.44—is used for the tokamak simulations.
Finally, the grid resolution in radial, binormal and
parallel to the magnetic field-line directions for the full
surface and flux-tube GENE simulations are, respectively,
ðx; y; zÞ ¼ ð144; 128; 192Þ and ðx; y; zÞ ¼ ð250; 32; 128Þ.
A fixed resolution in the magnetic moment and parallel
velocity ðμ; vkÞ ¼ ð20; 32Þ is used.
Turbulence reduction through fast particles.—As a first

attempt to quantify the impact of the wave-particle
resonance mechanism in W7-X (and similar optimized
stellarators), the nonlinear energy fluxes are studied for
different energetic particle temperatures and are compared
to those obtained for ASDEX Upgrade. The magnetic
geometry is kept constant throughout this analysis. The
flux-surface averaged bulk ion heat fluxes—normalized
to QgB ¼ niTicsðρs=aÞ2—are shown in Fig. 1. Here,
cs ¼ ðTe=miÞ1=2 represents the sound speed. By looking
at Fig. 1, we note a particularly strong dependence of the
main ion fluxes on the externally heated H temperature for

TABLE I. Plasma parameters used in the simulations.

Species T=Te n=ne a=LT a=Ln

H (fast) 1.0–20.0 0.06 18.0 0.0
D (bulk) 1.0 0.94 2.5 0.0
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both devices. However, while the tokamak exhibits a shard
drop at Tf=Te ¼ 5 and an increase for larger temperatures
(as in Ref. [13]), a pronounced monotonic reduction is
found for W7-X. The latter approaches a broad plateau in
the bulk ion energy fluxes in the large fast-particle tempera-
ture limit. Nevertheless, a similar turbulence suppression of
∼65% compared to the case with only thermal particles
[dashed lines in Fig. 1], is measured for both tokamaks and
stellarators. Out of the overall stabilization, ∼15% is
attributed to the dilution of the thermal ion species. It is
measured by comparing our results to the ones obtained in
simulations where the fast ion drive is set to zero
(i.e., ωT;f ¼ 0).
The critical role of the resonant interaction between ITG

modes and suprathermal ions is investigated by analyzing
the kyρs spectra of the time-averaged ion heat fluxes in
Fig. 2(a). Taking as reference spectra the one obtained
without fast ions, we note that the peak of the main ion heat
flux spectra exhibits a downshift toward smaller kyρs as the
energetic particle temperature increases. It is located at
kyρs ¼ 0.5 for the cases without fast ions and moves to
kyρs ¼ 0.28 at Tf ¼ 15Te. The energetic ion turbulent
spectra, on the other hand, reveals negative turbulent

energy fluxes, particularly pronounced at the wave
vectors corresponding to the strongest ITG stabilization,
i.e., kyρs ¼ 0.5. These findings are consistent with the
theoretical predictions of the wave-particle mechanism.
In particular, at a fixed temperature, each scale undergoes
a different stabilization due to fast ion effects, significantly
affecting the shape of the binormal heat flux spectra.
To further corroborate the theory, the velocity space

structure ðvk; μÞ of Qf=QgB—averaged over the field-
aligned coordinate z—is illustrated in Fig. 2(b) for
Tf=Te ¼ 15. The black lines of Fig. 2(b) indicate the
ðvk; μÞ values that satisfy the resonance conditions for
the modes 0.1 < kyρs < 0.8, i.e., corresponding to the
strongest fast ion stabilizing effect observed in
Fig. 2(a). Within these lines, we note the predominantly
negative velocity phase-space structure of Qf=QgB,
revealing an energy redistribution from the thermal
ion driven ITG turbulence to the energetic particle
species. This shows that the fast ions act as an effective
sink of energy at Tf=Te ¼ 15, reducing the main
ITG drive.
Field-line dependencies.—To explore how the stellarator

field-line dependence affects the dynamics of the wave-
particle resonance interaction, we perform flux-tube
simulations of W7-X by selecting distinct field lines.
More precisely, we investigate the main ion heat flux
behavior with the hydrogen temperature for two different
flux tubes centered around the outboard midplane of the
so-called (i) bean-shaped and (ii) teardrop cross sections
(the two separated by a toroidal angle of π=10); see
Ref. [23] for the poloidal cross sections. The results are
displayed in Fig. 3(a). We note that the energetic particle
temperature corresponding to the minimum of the bulk ion
heat flux moves as the flux tube is changed. It goes from
Tf=Te ≈ 12.5 for the bean-shaped to Tf=Te ¼ 7 for the
teardrop flux tubes. This peculiar dependence is associated
with pronounced modifications in the geometrical term Ky
with the field line, as shown in Fig. 3(b). The impact of
these different Ky to the wave-particle resonance inter-
action is demonstrated in Fig. 4 by studying the z–μ space
structure of Qf=QgB at Tf=Te ¼ 10 for the different field
lines [see Fig. 4(a) for the bean shape and Fig. 4(b) for the
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teardrop]. By looking at these results, we observe a clear
relation between Qf=QgB and Ky. In particular, Qf=QgB
exhibits the dominant negative contributions (suppres-
sion of ITG turbulence) when the resonance interaction
becomes effective, namely when Ky < 0 (mainly at z ¼ 0
for the bean-shaped and −1 < z < 1 for the teardrop flux
tubes). We also note that the overall negative region within
−1 < z < 1 (which contributes the most to the resonance
stabilization) of the teardrop flux tube is larger than the one
observed for the bean-shaped case, having two negative
peaks instead of one. As a consequence, the contribution of
Ky in the energetic particle drift frequency (ωd;f) is
enhanced for the teardrop magnetic surface. Therefore,
being ωk only slightly affected by the changes in the field
line (not shown here), Tf=Te must decrease to compensate
the variation in Ky and match the ITG mode frequency [see
Eq. (1)]. This interplay between Ky and Tf=Te moves the
optimal fast-particle temperature for the teardrop flux tube
to smaller values compared to the bean-shaped one.
Ultimately, such a field-line behavior leads to the mono-
tonic reduction observed in the full-surface simulations. A
similar argument can explain why the differences between
the field lines reduce as Tf=Te increases. At low tempera-
tures, to match the slightly affected ITG mode frequency
and compensate for the small contribution of Tf=Te, the
quantity KyEf, entering the energetic particle drift fre-
quency, must increase. This causes the differences in the
structure of Ky to be more relevant. As the fast-particle
temperature increases, the term KyEf must decrease, thus
making the differences of Ky between the flux tubes less
important.
The previous findings can explain the differences

between stellarator and tokamaks previously observed
in Fig. 1. In particular, the ASDEX Upgrade case [see
Fig. 3(b)] reveals a more pronounced Ky negative con-
tribution compared to W7-X, hence moving the optimal
fast ion stabilizing temperature to smaller values. On the
other side, in stellarator devices each field line is optimally
stabilized by a different hydrogen temperature, leading to a
broadening in the range of Tf=Te where the bulk ion
energy flux is minimized.

Ky optimization.—The key role played by Ky in
regulating the interaction between fast particles and
turbulence makes this energetic particle mechanism poten-
tially highly attractive for stellarators. Such devices typi-
cally possess ∼50 degrees of freedom in the shaping of
magnetic surfaces [24], which are here explored by design-
ing artificial Ky able to enhance the wave-particle
turbulence suppression. The simplest (two free parameters)
parametrization of Ky able to reproduce the nominal
W7-X and ASDEX Upgrade shape qualitatively is de-
fined as

Ky ¼ A
sin ðWz − π=2Þ
1þ 0.15jzj − 0.02: ð3Þ

Here, A and W represent, respectively, the amplitude
and the inverse width of Ky. The dependence of the ITG
microinstability with the changes in Ky is illustrated in
Fig. 5 for kyρs ¼ 0.5 (i.e., the mode driving most of the
turbulence in the simulations without fast ions), by per-
forming hundreds of linear simulations for the bean-shaped
flux tube without and with fast particles at Tf=Te ¼ 5
(where the changes in the structure of Ky are more
relevant). The remaining geometric coefficients are kept
fixed to isolate its theoretical effect. The choice of this
numerical setup is motivated by the bean-shaped flux tube
being the most unstable field line [see Fig. 3(a)]. Therefore,
its optimization is expected to have the strongest impact on
the transport levels of the more computationally expensive
full flux-surface simulations (for which a full scan would
be unfeasible). In addition, a stronger stabilization at
Tf=Te ¼ 5 will also make the wave-particle resonance
effect more accessible experimentally.
In the absence of energetic particles, we observe a

detrimental effect of A on the ITG growth rates, which
increase by a factor of 2 from small (W7-X-like) to large
(ASDEX Upgrade-like) values. This result is consistent
with the enhancement of the bad-curvature region
(identified by the location where the magnetic curvature

FIG. 4. Comparison of the (z–μ) structure of the binormal
curvature termKy and the vk averagedQf=QgB obtained from the
bean-shaped and teardrop field lines at Tf=Te ¼ 10. The area
within the vertical gray boxes denotes the field-aligned values
where Ky < 0.
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vector is parallel to the pressure gradient) with A, thus
enforcing the ITG drive term. Furthermore, Fig. 5(a)
highlights the key role played by the inverse width W.
Its increase leads to more localized negative regions in Ky,
thus limiting the bad-curvature region able to drive ITG
turbulence.
Interestingly, while the inclusion of energetic particles

does not change the effect of W on the ITGs, it strongly
affects the role of A by modifying the energetic particles
drift frequency (ωd;f). More precisely, an increase in A
leads to a larger contribution ofKy in ωd;f, thus moving the
resonance condition to smaller fast-particle temperatures
(considering small changes in the ITG frequency) and
enhancing the ITG stabilization at Tf=Te ¼ 5. Therefore,
the overall effect of A on the ITGs, shown in Fig. 5(b) for
Tf=Te ¼ 5, is the result of the competition between a
detrimental (independent from the fast particles) and a
stabilizing effect (due to the wave-particle interaction).
An optimized region with reduced ITG growth rates is

identified in Fig. 5(b) (red star), with an additional
stabilization of 35% compared to the nominal W7-X
geometry. A comparison between the (W7-X) nominal
and optimized stellarator Ky coefficients is displayed in
Fig. 6(a). These results are confirmed by nonlinear
simulations, where a 40% ITG turbulence suppression
is measured in Fig. 6(b) by employing the optimized
Ky configuration.
These findings provide evidence that suprathermal ions

might strongly affect how to optimize future stellarator
geometries. While in the absence of energetic particle, an
improved turbulence stabilization requires a reduction in
the amplitude of the curvature term Ky, the opposite occurs
in their presence. Therefore, configuration optimization
codes such as STELLOPT [25] might be extended to capture
the wave-particle resonance mechanism in the linear
dispersion relation used as the proxy for the heat
fluxes [26].
Conclusions.—In the present Letter, we show that supra-

thermal ions—e.g., from ICRF heating—can strongly
suppress turbulent transport in optimized stellarators.
This is demonstrated via state-of-the-art gyrokinetic

turbulence simulations for W7-X. We find that the key
mechanism for this suppression is the resonant wave-
particle interaction between fast ions and ITG modes.
This is the first time that such a mechanism is being
proposed for present-day optimized stellarators. Therefore,
these findings strongly motivate the use of ICRF heating
systems in such devices as a means of reducing ion-scale
core turbulent transport. We also identify stellarator-
specific features that impact the dynamics of the resonant
interaction in these devices and discuss key differences
compared to tokamaks. Moreover, we provide new in-
sights into alternative stellarator magnetic configura-
tions appositely designed to maximize the wave-particle
resonance interaction. These results have important impli-
cations for the future optimization of such devices, where
this resonant mechanism may be exploited systematically
to strongly suppress particle and energy losses and hence
access new improved scenarios with reduced transport
levels.
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