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Electron-temperature-gradient-driven ion-scale turbulence in high-performance
scenarios in Wendelstein 7-X
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Through intercode gyrokinetic numerical simulations, we predict that, for the conditions met during
improved performances in the stellarator Wendelstein 7-X, turbulent transport can be dominated by electron-
temperature-gradient-driven ion-scale electrostatic turbulence. We find that previously numerically observed
large density-gradient-driven turbulence reductions must be attributed to the artificial suppression of the electron
temperature gradient. Instead, when electrons have a finite temperature gradient, we observe a moderate
turbulence suppression whose quantitative comparison with experimental findings remains challenging. In such
partial suppression, the nonlinear dynamics of zonal flows plays a pivotal role as opposed to the underlying most
unstable linear modes.
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I. INTRODUCTION

Wendelstein 7-X (W7-X) is the most advanced modular
optimized stellarator ever built [1]. It has been conceived to
feature excellent magnetohydrodynamic stability and to avoid
current-driven disruptive events. Additionally, it is equipped
with an island divertor to investigate solutions to the power
exhaust problem for a potential fusion reactor. Importantly,
its magnetic field has been tailored to reduce collisional
(neoclassical) transport [2]. While it has been demonstrated
that this goal has been achieved [3], turbulence now limits
the performance of W7-X. This highlights the need to un-
derstand and control turbulent transport in stellarators and
provides additional opportunities for design optimization. In
this context, recent experiments in W7-X exhibited a transient
performance improvement related to peaked density profiles
after the injection of frozen hydrogen pellets [4]. A possi-
ble explanation of this finding was put forward in Ref. [5],
related to a change of the character of the underlying linear
microinstabilities in the presence of a strong density gradient.
Support for this claim was provided by gyrokinetic simula-
tions which set the electron temperature gradient to 0. Since
W7-X is a mostly electron-heated device with peaked electron
temperature profiles, some important questions concerning
the applicability of the simulation results have remained
unanswered.

More generally speaking, with the exception of the work
by Wilms et al. [6], turbulent energy transport properties of
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W7-X have usually been investigated via gyrokinetic sim-
ulations that either set the electron temperature gradient to
0 or neglect its role [7], while it is known for having an
effect on particle transport [8,9]. In the present work, we
investigate the role of finite electron temperature gradients
on turbulent energy transport in W7-X, focusing on high-
performance discharges. A series of studies are carried out
with the gyrokinetic turbulence codes STELLA [10] and GENE

[11]. We predict that in the presence of finite electron tem-
perature gradients, turbulent energy fluxes on ion-gyroradius
scales can be dominated by the electron channel. Moreover,
we find that the previously reported turbulence suppression
mechanism due to density peaking was overestimated due to
the lack of inclusion of the true electron kinetics [5].

II. MODEL EQUATIONS AND NUMERICAL PARAMETERS

We consider turbulence associated with fluctuations of the
electrostatic potential, ϕ, which satisfies the quasineutrality
condition
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for species s with charge es and equilibrium temperature
T0s. The equilibrium distribution function F0s is taken to
be Maxwellian with the total density ns = ∫

d3v fs. Here
fs = F0s + δ fs ≡ F0s(1 − esϕ(r, t )/T0s) + δGs(Rs, μ, E, t ) +
O(ε2), and δ fs/F0s ∼ ε ∼ k‖/k⊥ ∼ ρ∗ ≡ ε � 1, where k‖
and k⊥ are wave vectors along and across the equilibrium
magnetic field. Rs = r + v⊥ × b̂/�s is the gyrocenter
position, where r is the particle position, �s = esB/(msc),
b̂ = B/B, with B being the equilibrium magnetic field,
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and μ = v2
⊥/(2B) and E = v2/2 are the velocity space

coordinates. The Bessel function J0 = J0(as), with
as = 2Bμk2

⊥/�2
s , relates the Fourier transform of δGs

with respect to Rs to its Fourier transform with respect
to r. The function δGs satisfies the nonlinear gyrokinetic
equation [12]
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where 〈ϕ〉Rs = ∑
k〈ϕ〉Rs,k exp(ik · Rs) with 〈ϕ〉Rs,k =

J0(as)ϕk being the gyroaveraged electrostatic potential, ∇ =
∂/∂Rs, vds = −v‖b̂ × ∇(v‖/�s), and v‖ = ±√

2(E − Bμ).
We perform a series of numerical simulations with the

gyrokinetic codes STELLA [10] and GENE [11]. We con-
sider two kinetic particle species (ions and electrons) with
equal temperatures at the radial location r/a = 0.63 for
a standard geometric configuration of W7-X [5]. Here a
is the average minor radius and r = a

√
ψ/ψLCFS, where

ψ = ψt/(2π ) with ψt being the toroidal magnetic flux, and
ψLCFS is its value at the last closed flux surface. Flux-
tube coordinates are used, and thus B = ∇α × ∇ψ , where
α labels field lines, z is a general toroidal angle which
measures the distance along the magnetic field, and k⊥ =
kψ∇ψ + kα∇α. Furthermore, dι/ds = 1.181 × 10−1, where
ι = 0.89 measures the pitch of the field lines. In all cases,
the field-line-following domain for the variable z is cen-
tered at the outboard midplane of the “bean-shaped” poloidal
cross section, extending for slightly less than two poloidal
turns. It is thus nearly twice as long as the domain cus-
tomarily used [5], allowing for a more effective turbulence
field-line decorrelation. Specifically, we simulate 11 field
periods, with the equilibrium field’s period being 5. The
number of points in the z direction is either nz = 100 or
nz = 150 for nonlinear runs. The velocity space resolu-
tion is nμ = 24 with lμ = [0, 9] and nv‖ = 46 with lv‖ =
[−3, 3]. For our set of simulations, we use two refer-
ence cases [5], one with moderate gradients [ECR case,
(a/Ln, a/LTi ) = (0.8, 2.5)] and one representing pellets’ en-
hanced performance scenarios [PEP case, (a/Ln, a/LTi ) =
(3.0, 4.5)]. Here, a/LQ = Q−1dQ/dψ is a suitably nor-
malized characteristic gradient scale length. Both cases
are run with finite and zero electron temperature gradi-
ents, a/LTe = a/LTi and a/LTe = 0, respectively. We employ
ρikmin

y = 0.05; the number of points in the (radial) x =
dx/dψ (ψ − ψ0) direction is nx = 179. While, linearly, in
the y = dy/dα(α − α0) direction, we can easily resolve the
electron scales, nonlinearly we devised a procedure to eval-
uate ion-scale turbulent energy fluxes in a reliable and yet
affordable way. Anticipating that the PEP case with ∇Te =
∇Ti would manifest a maximum growth rate for kyρi ≈
4, we first performed a large nonlinear simulation that
would capture all the relevant linear scales. We then re-
duced the ky domain, monitoring acceptable changes in the
nonlinear heat flux. Similar values are used for the GENE

simulations.

FIG. 1. W7-X linear spectra for ∇Te = 0 and ∇Te = ∇Ti, kxρi =
0, as obtained from the STELLA and GENE codes. Positive ωa/vthi

indicates mode propagation in the ion diamagnetic direction.

III. LINEAR MICROINSTABILITIES

The wave-number spectra of the resulting linear microin-
stabilities (for kxρi = 0) are shown in Figs. 1(a) and 1(b).
The respective linear simulations are performed using the
same flux-tube length as the nonlinear ones. The purpose
of this choice is to guarantee a one-to-one correspondence
between the active modes in the linear stage of the non-
linear calculation (initialized at small amplitudes) and the
linear modes shown here. Thus, its length is set to allow
sufficient turbulence decorrelation, nonlinearly. As can be
seen, the agreement between STELLA and GENE is excellent,
except some tolerable discrepancies for the ∇Te = 0 ECR
case, which will be virtually irrelevant in setting the lev-
els of energy fluxes. For zero electron temperature gradients
[Fig. 1(a)], the transition to the shorter-wavelength, more
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TABLE I. Time-averaged turbulent energy fluxes in gyro-Bohm
units. GENE results are shown in parentheses.

ECR PEP ∇Te

Qi 9.42(10.18) 2.82 (2.03) 0
Qe 0.93 (1.02) 0.87 (0.60) 0
Qi 4.16 (4.60) 2.35 ∇Ti

Qe 1.90 (2.39) 4.07 ∇Ti

stable ion-driven trapped electron mode (iTEM) [13,14] of
Fig 4(b) of Ref. [5] is not observed. Instead, the PEP case
is generally more unstable at all wavelengths. In particular,
a long-wavelength electron mode is destabilized [13,15–17].
The inclusion of a finite electron temperature gradient changes
the linear picture completely, as can be seen in Fig. 1(b). The
ECR case still shows the typical long- and short-wavelength
ion-temperature-gradient-driven modes spectra of Gao et al.
[18–20], but now dominated by the short-wavelength branch
[17,21]. This situation has been studied, even nonlinearly,
in tokamaks [19]. A finite electron temperature gradient has
a destabilizing effect on the PEP case as well, showing a
maximum growth rate at kyρi = 4. We conclude that the
destabilizing action of the increased temperature gradient is
sufficiently large that it exceeds the stabilization associated
with the density gradient, casting doubt on the explanation
of the mechanism for enhanced performance of W7-X put
forward in Ref. [5].

IV. NONLINEAR SIMULATION RESULTS

In Fig. 2, we display the time traces of the turbu-
lent electron and ion energy fluxes in gyro-Bohm units,
Qs = Q̂s/QgB, with Q̂s = 0.5

∫
(dl/B)

∫
d3vv2δ fsvE · ∇x and

QgB = nref Trefvthiρ
2
i /a2. Here, we use T ECR

ref = 0.8 keV,
T PEP

ref = 1.5 keV, nECR
ref = 2.8 × 1019 m−3, and nECR

ref = 4.9 ×
1019 m−3, and vE = c/B2∇ϕ × B is the fluctuating E × B
drift. The time-averaged turbulent fluxes are summarized in
Table I. In the ECR case, the inclusion of a finite electron
temperature gradient causes a significant increase/decrease
in the electron/ion channel. The ion channel still dominates
the total energy flux, but Qi/Qe drops from ∼10 to ∼2. In
the PEP case, the inclusion of a finite electron temperature
gradient has even more significant consequences: The electron
channel now dominates, providing ∼60% of the total energy
flux. The realistic comparison of the ECR and PEP cases (with
nonzero electron temperature gradients) unveils a different
scenario, characterized by a moderate reduction/increase in
the ion/electron channel, which results in the dominance of
the electron channel in the PEP case.

To allow for a quantitative analysis, we introduce turbulent
thermal diffusivities, χs = Qs/(〈gxx〉a/LT ), where (. . . ) is a
time average, 〈. . . 〉 is a field-line average, and gxx = ∇x · ∇x.
In S.I. units, we thus obtain the values displayed in Table II.
In the presence of a finite electron temperature gradient, one
finds χPEP

i /χECR
i = 0.80, in contrast to χPEP

i /χECR
i = 0.43

for ∇Te = 0. Meanwhile, the experimental values reported in
Ref. [5] amount to χPEP

i /χECR
i ≈ 0.25/0.7 ≈ 0.36.

FIG. 2. Nonlinear energy flux traces in gyro-Bohm units, ECR
and PEP cases, with and without ∇Te. Here t̂ = tvthi/a.

Above, we argue that the linear considerations of Ref. [5]
cannot explain the transition to improved performance in W7-
X. Now, we inspect the wave-number spectra of the turbulent
energy fluxes [Fig. (3)] and the time traces of (linearly and
nonlinearly) dominant modes along with those of zonal (ky =
0) modes. The nonlinear energy flux spectra show a slight
increase at small scales. This is an indication of the fact that
the electron scale transport channel (at really fine scales) is
very likely not negligible. Its role in stellarators, however,
needs further investigations, and whether it will affect the
ion-scale turbulence levels is still an open question. The in-
teraction between ion- and electron-scale turbulence can be
extremely complicated [22–24], but the overall level of heat

TABLE II. Turbulent thermal diffusivities from STELLA in S.I. units.

Units, m2/s ∇Te = 0 ∇Te = ∇Ti

χPEP
i /χECR

i 2.50/5.88 2.08/2.60
χPEP

e /χECR
e N.A. 3.60/1.19
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FIG. 3. Nonlinear energy flux spectra for W7-X with ∇Te =
∇Ti: ECR and PEP cases. Time windows refer to the respective time
traces.

transport at the ion scale (which is the one of interest in
this work) can remain virtually unchanged if one performs
a full scale electrostatic simulation or a properly truncated
one [23]. This is, therefore, the working hypothesis behind
the procedure for the choice of the ky domain previously
described. From the point of view of the evolution of the zonal
flows, we observe that the key difference between the ECR
and PEP case is that the latter shows a much stronger coupling
between the zonal modes and the nonlinearly dominant scale
(kyρi ≈ 0.4, see Fig. 3) in the early nonlinear phase (PEP
trace in Fig. 4, tvthi/a = [60, 100]). Electron and ion energy
fluxes are virtually identical throughout the linear phase and
this early nonlinear phase. After reaching the amplitude of
the most unstable linear mode (notice that this instant can
be determined unambiguously in all cases), the zonal flow
undergoes a violent growth at t̂ ≈ 100, the electron channel
dominating over the ion one, which is now prone to a much
more efficient zonal-flow stabilization than in the ECR case.
Thus, for the PEP case, nearly all ky scales are controlled
by the zonal flow:

∑
kx,ky

〈ϕ2〉/∑
kx
〈ϕ2〉ky=0 ≡ ζ ≈ 0.8. No-

tably, this is manifestly less evident for the ECR case, where
ζ = 0.4 (see also Fig. 4). Density gradient turbulence reduc-
tion is, therefore, due to this purely nonlinear dynamics just
described, instead of the transition from the Ion Tempera-
ture Gradient driven mode to the ion-driven Trapped Electron
Mode as previously suggested.

V. DISCUSSION AND CONCLUSION

Through a series of carefully designed studies with the
gyrokinetic turbulence codes STELLA and GENE, we have
investigated the impact of the finite electron temperature
gradients in W7-X turbulent transport and also reassessed
the transition to high performance scenarios. When electron
temperature gradients are neglected, the increased density
gradients associated with the latter seem to play a more
substantial stabilizing role than in practice, in the reduction
of turbulent transport [16]. When finite electron temperature
gradients are also included, peaked-density discharges feature
a linear wave-number spectrum of microinstabilities which is
not compatible with the ones put forward in previous works
aiming at explaining W7-X high performances through linear
physics. The absence of the electron temperature gradient in
numerical simulations causes an artificially high turbulence

FIG. 4. Time traces for linear dominant and zonal modes (ky =
0), nonlinearly dominant modes (kyρi = 0.4), and all evolving scales.

suppression due to density peaking, like the one reported
in Ref. [5]. Instead, a partial turbulence suppression must
be ascribed to a violent growth of the zonal flow, which
reaches larger amplitudes than for moderate density gradients.
Interestingly, at the ion scale, electron heat transport can be
dominant.

A quantitative comparison of numerical and experimental
suppression of turbulence in W7-X remains unsatisfactory
and challenging, but not out of reach, and will likely involve
considering electromagnetic, collisional and radially global
effects, which will be addressed in a future publication. Very
encouragingly, preliminary experimental results are in accor-
dance with our theoretical predictions [25].
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