
PHYSICAL REVIEW E 106, L013202 (2022)
Letter

Gyrokinetic electrostatic turbulence close to marginality in the Wendelstein 7-X stellarator
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The transition from strong (fluidlike) to nearly marginal (Floquet-type) regimes of ion-temperature-gradient
(ITG) driven turbulence is studied in the stellarator Wendelstein 7-X by means of numerical simulations. Close
to marginality, extended (along magnetic field lines) linearly unstable modes are dominant, even in the presence
of kinetic electrons, and provide a drive that results in finite turbulent transport. A total suppression of turbulence
above the linear stability threshold of the ITG modes, commonly present in tokamaks and known as the “Dimits
shift,” is not observed. We show that this is mostly due to the peculiar radial structure of marginal turbulence,
which is more localized than in the fluid case and therefore less likely to be stabilized by shearing flows.
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Introduction. The magnetic confinement fusion device
Wendelstein 7-X (W7-X) has successfully proved that col-
lisional losses in stellarators can be substantially reduced
through magnetic-field optimization [1–3], thus setting an
important milestone, among many [4], in the quest for a
stellarator fusion reactor. The reduction of neoclassical trans-
port (as such collisional losses are known in magnetically
confined plasmas), however, does not imply that stellarators
are immune to turbulent losses. And indeed, comparisons of
neoclassical predictions with experimental measurements (as
well as impurity transport measurements [5,6]) suggest that
most of the energy losses are due to turbulence [1]. Perhaps
the most striking evidence of turbulence-dominated losses in
W7-X is the existence of a cap on the achievable core ion
temperature [7]. This phenomenon manifests itself through an
exacerbation of fluctuation levels with an increasing electron
temperature [7], and is understood, among other things, in
terms of a “τ effect” on the threshold for the destabilization
of the ion-temperature-gradient (ITG) driven linear instability
[8], which is believed to cause anomalous core transport [9].
Here, τ = Ti/Te is the ratio of the ion to electron temperature,
respectively. While knowledge of the linear threshold of the
ITG instability is useful for understanding turbulent transport,
its character at temperature gradients close to the stability
threshold is largely unknown. In this Letter, we characterize
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turbulence regimes that dominate transport in such experi-
mentally relevant conditions. Our study is performed with the
gyrokinetic flux-tube code STELLA [10], a semi-implicit code
which allows one to retain electron kinetic effects and yet
avoid the restrictions on time step of explicit algorithms due
to the large mass difference between electrons and ions, thus
making the simulations of saturated kinetic turbulence close
to marginality relatively affordable. It is found that for experi-
mentally relevant conditions, gyrokinetic turbulence in W7-X
is of the ITG Floquet type [8,11] and not of the traditional
fluid type [12,13]. Spectra of fluctuations, in some relevant
time frame, can follow known scalings derived for far from
marginality tokamak turbulence [10]. We observe no evidence
of a sudden transition to regimes of highly turbulent transport
for increasing temperature gradients, below which turbulence
is suppressed by zonal flows [14]. That is, the turbulent heat
flux does not show a “Dimits shift” [15]. We link this be-
havior to the peculiar radial structure of turbulence close to
marginality, which is narrower than in the fluid regime, and
thus naturally less prone to E × B shearing stabilization due
to zonal flows.

Formulation and numerical setting. The turbulence we
study is caused by fluctuations in the electrostatic potential,
ϕ, which is determined by the quasineutrality condition

∑
s

es

∫
d3vF0s

esϕ
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eik·rJ0(as)δGsk,

(1)

which involves all species s, where charge is denoted
by es, and temperature by T0s. Here, F0s is the equilib-
rium distribution function (taken to be Maxwellian), and
thus the total density is ns = ∫

d3v fs, with fs = F0s +
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δ fs ≡ F0s[1 − esϕ(r, t )/T0s] + δGs(Rs, μ, E, t ) + O(ε2), and
δ fs/F0s ∼ k‖/k⊥ ∼ ω/�s ∼ ρ∗ ≡ ε � 1, where k‖ and k⊥
are wave vectors along and across the equilibrium magnetic
field, and ρ∗ is the ratio of the Larmor radius to a charac-
teristic macroscopic length. Here, Rs = r + v⊥ × b̂/�s is the
gyrocenter position, where r is the particle position, �s =
esB/(msc), b̂ = B/B, with B the equilibrium magnetic field,
and μ = v2

⊥/(2B), E = v2/2 the velocity-space coordinates.
The Bessel function, J0 = J0(as), with as = 2Bμk2

⊥/�2
s , re-

lates 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 [16](

∂

∂t
+ v‖∇‖ + vd,s · ∇

)
δGs

= esF0s

T0s

∂

∂t
〈ϕ〉Rs

− c

B
b · ∇〈ϕ〉Rs

× ∇F0s

− c

B
b · ∇〈ϕ〉Rs

× ∇δG, (2)

where, 〈ϕ〉Rs = ∑
k〈ϕ〉Rs,k exp(ik · Rs), with 〈ϕ〉Rs,k =

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

2(E − Bμ).
We simulate two kinetic species with equal temperatures
at the radial location r/a = 0.7, for a high mirror
configuration, as in [8]. Here, a is the average minor
radius and r = √

ψ/ψLCFS, ψ = ψt/(2π ) with ψt the
toroidal magnetic flux, and ψLCFS 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,
ŝ = d (ln q)/d ln(ψ ) = −0.1249, where q = 1.103 measures
the pitch of the field lines. We consider flat density and
electron temperature profiles. Linearly, we confirm that
electron kinetics does not substantially alter the original
picture of Ref. [8]. Thus we can identify a transition
for the ion-temperature-gradient (ITG) driven instability,
where the branch driven by the magnetic field curvature,
at moderate temperature gradients, gets progressively
stabilized as the temperature gradient is reduced, and a
background of (Floquet-type) modes emerges [see Fig. 1,
where we plot the eigenvalues and eigenfunctions of the
most unstable wavelengths; see, also, Figs. 2(c) and 2(d)].
While, for large temperature gradients, one toroidal turn
of the flux tube is more than enough to resolve the mode
structure, for the Floquet-ITG instability, one needs a
flux tube that is significantly longer (see Fig. 1, inset,
where we simulate three toroidal turns). Importantly, nearly
marginal ITG modes feature a rather low critical gradient for
destabilization, which occurs already for a/LT < 1, where
1/LT = T −1

0i dT0i/dx [8,17]. This could be an issue if such low
critical gradients would also persist nonlinearly, potentially
limiting performance. The ultimate scope of this Letter is to
evaluate the nonlinear transport due to these modes.

Nonlinear results. We choose two temperature gradients
across the transition described above (see Fig. 1: a/LT = 2
and a/LT = 0.9), and set up a series of nonlinear
simulations of the Fourier transform of Eq. (2), solving
for δGk, where δG = ∑

kx,ky
δGk exp(ikxx + ikyy), with
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FIG. 1. Growth rate and frequency for the most unstable ITG
mode as a function of the temperature normalized gradient scale
a/LT . In the circles, the two cases are analyzed nonlinearly. In-
set: linear eigenfunctions. Fluidlike (a/LT > 1) and Floquet-type
(a/LT < 1) modes.

x = (dx/dψ )(ψ − ψ0), y = (dy/dα)(α − α0), dx/dψ =
a/(2

√
ψψLCFS), and dy/dα = a

√
ψ/ψLCFS. We consider

ρikx,max ≡ k̂x,max ≈ 2.13, k̂y,max = 2.5, with resolutions

kx/kx,max = 1/61, 
ky/ky,max = 1/51, where ρi = vthi/�i

is the ion Larmor radius. For the variable z, we choose
to solve for two toroidal turns, which are computationally
more affordable but allow us to capture the broad structure
of the linear eigenfunction. We then take at least nz = 128
points. In velocity space, we have nμ = 24 and nv‖ = 64,

for μmax ≈ 5 and v‖,max = 3, in normalized units. In Fig. 2,
we identify three key instants of the time evolution of
fluctuations: the first, in which zonal structures (k̂y = 0) reach
a minimum, after a transient phase; the second, in which the
amplitude of zonal structures equals that of the main drive of
turbulence; the third, in which fluctuations reach a maximum
and then saturate. We then analyze the Fourier spectra of the
time-averaged, field-line-averaged fluctuations, in these time
intervals. We also report the primary linear instability that
causes turbulence, for a/LT = 2. (fluidlike) and a/LT = 0.9
(Floquet-type), respectively. In the first case, we observe an
isotropic structure at (k̂x, k̂y ) = (0., 1.05), commonly present
in axisymmetric simulations, accompanied by two distinct
lobes at (k̂x, k̂y) = (±0.837, 1.05). Such structures at finite
kx have been extensively investigated. More of them can be
found by extending the kx domain, but the additional ones
become less and less prominent as kx is increased. They
persist for more extended flux tubes. For smaller gradients,
linearly, we observe a pronounced reduction of the mode
at (k̂x, k̂y) = (0., 1.05), but not of the finite-k̂x lobes, which
are actually reinforced by the new extended (along the line;
see the inset of Fig. 1) primary mode, and slightly shifted
to higher k̂y. The new primary mode, interestingly, develops
within the same k̂y band that is manifestly stable for large
gradients (around k̂y = 0.5), and shows a narrower radial
structure (since it is broader in k̂x space). After this first
phase, the evolution of primary modes departs from the linear
one, and enters a presaturation phase, culminating at the
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FIG. 2. Time traces of averaged electrostatic fluctuations
and spectra in the linear regime for (a), (c) a/LT = 2.

and (b), (d) a/LT = 0.9. Here, ρik1 = (0., 1.05), ρik2 =
(0.837, 1.05), ρik3 = (0.14, 0.5), ρik4 = (0.71, 1.05).

FIG. 3. Scalings for spectra of fluctuations in the saturating
regimes. Here, a/LT = 0.9.

instant in which the zonal modes’ amplitudes (k̂y = 0) reach
the amplitude of the primary drive (t = 193 and t = 893,
for a/LT = 2 and a/LT = 0.9). This is the moment in which
zonal flows start playing a prominent role and saturation takes
place. In the fluid case, the finite-k̂x lobes get isotropized,
and their amplitude is significantly reduced. Two key actors
remain mostly active: the primary at (k̂x, k̂y) = (0., 1.05)
and the zonal modes at k̂y = 0. Very importantly, both the
primary and its “lobe” are violently suppressed by up to
four orders of magnitude [time trace of 〈ϕ2

k̂1
〉 and 〈ϕ2

k̂2
〉 of

Fig. 2(a)]. For a/LT = 0.9, a similar time-trace analysis
reveals that the zonal flow less efficiently suppresses the
Floquet primary at k̂3 = (0.14, 0.5), which shows a much
longer decaying time and larger saturation level than the lobe
mode at k̂4 = (0.71, 1.05). It is in this time frame, which
alone lasts longer than the whole simulation at a/LT = 2,

that marginal turbulence sets up a steep sub-ρi inertial
range (Fig. 3). Here, while the sub-ρi range is limited, the
steepness of the spectrum and the number of data points
allow us to determine an unambiguous transition at the
ion Larmor scale. Indeed, for kyρi � 1 (long wavelengths),
the

∑
kx

ϕ2
kx,ky

∼ (kyρi )−7/3 scaling [18] is observed. The
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same scaling was observed elsewhere [19] and proposed as
specific to W7-X turbulence. However, for kyρi � 1, we find
that the W7-X spectrum closely follows the sub-ρi scaling∑

kx
ϕ2

kx,ky
∼ (kyρi )−10/3 of Ref. [20]. This type of scaling

was also observed in Ref. [19] and proposed as specific to
the turbulence in the quasihelically symmetric stellarator
HSX. In our case, the sub-ρi variation of

∑
kx

ϕ2
kx,ky

occurs
over two orders of magnitude. A quantitative interpolation
gives

∑
kx

ϕ2
kx,ky

∼ (kyρi )−α, with α = 10.104 ± 0.276. In
the long-wavelength limit (kyρi � 1), the range over which
we observe the scaling (kyρi )−7/3 is limited. This is due
to the fact that the actual theoretical prediction requires a
stretching of the scaling variables with a/LT , which would
considerably extend the inertial range for large a/LT . For
the specific case of Fig. 3, we have a/LT = 0.9, whence
the limited inertial range. Nevertheless, a clear sign of the
long-wavelength result is still observable even for moderate
gradients. The observation of the sub-ρi scaling must
be put in the broader context of a general steepening of
turbulence spectra with decreasing temperature gradients.
The spectrum in Fig. 3(a) fully determines the primary source
of turbulence that needs to be suppressed by zonal flows
in order to achieve a steady state. Once this occurs, the
steepening of the scaling persists but in a less pronounced
fashion, being incompatible with any scaling shallower than
(kyρi )−9/3. A transition at scales somewhat larger than the ion
Larmor radius is seen for the radial spectra of fluctuations
[Fig. 3(b)]. At present, there is no theoretical explanation
for these kx scalings, which are reported for the sake of
completeness.

Dimits shift? We have seen that close to marginality, in
W7-X, the primary source of turbulence is less prone to
zonal flow suppression. It is known that the effectiveness of
zonal flows is a key aspect in enabling a nonlinear up-shift
of the threshold at which, nonlinearly, microinstabilities give
turbulent transport [14,21]. In tokamaks, for realistic condi-
tions [22], a transition to finite turbulence levels can be less
abrupt than originally found [15]. However, a substantial shift
is always observed. We show here why this does not occur
in W7-X. To verify how well zonal flows suppress the pri-
mary modes for our case studies, we performed a series of
numerical experiments where the zonal flow was artificially
suppressed [23] in the E × B nonlinearity. When this is done,
in the nonlinear phase, fluctuations indeed grow faster and
to larger amplitudes. The importance of this effect decreases
with decreasing a/LT . We systematically analyze the time
traces of amplitudes and compare their values reached at the
first maximum occurring after emerging from the presatura-
tion regime. We must stress that in this way, we are assessing
the effectiveness of the zonal flow in saturating the turbulence
caused by the primary mode, and not the relative importance
of the saturated amplitudes. The ratio r(t ) = |ϕ2

w/o|/|ϕ2
w| of

the modulus squared of the amplitudes evaluated, following
the prescribed procedure, is therefore measured. We find r =
{5.1, 4.7, 3.3} for a/LT = {4, 2, 0.9}. We ascribe the lack of
effectiveness in the turbulence suppression by zonal flows
to the radial structure of turbulence itself. Indeed, we mea-
sure the average radial correlation lengths 
x = {5.0, 2.9}
for a/LT = {2, 0.9}. Here, 
x = ∫ ∞

0 C(
x)d (
x), where

FIG. 4. The turbulence radial correlation function for a/LT = 2,

(t > 400) and a/LT = 0.9 (t > 1279). Time windows refer to Fig. 2.
Turbulence is radially more localized for smaller gradients.

C(
x) = (
∫

dtdxdydz|ϕ|2)−1
∫

dtdxdydzϕ(x)ϕ(x + 
x) is
the turbulence radial correlation function, evaluated from the
data (Fig. 4).

These two facts allow Floquet-type modes to give finite
transport. In Fig. 5, we plot the turbulent heat flux Q =
V −1

∫
d3r

∫
d3v(vE · ∇x)(miv

2/2)δ fi, in normalized units, as
a function of the ion temperature gradient. We notice that
for a/LT = 2, the value Q/QGB ≈ 4 agrees well with the
ρi/a = 1/150 result of a full surface W7-X calculation [24].
We verified that this saturation level does not depend on the
length of the flux tube. Previous works regarding turbulence
saturation in W7-X have studied a/LT � 3 [19]. Large values
of a/LT are out of the range of experimental ones. See Fig. 7(j)
in Ref. [7] and Fig. 6 of [9], where in fact a/LT � 2 in a
large portion of the plasma volume. We can only observe
a smooth transition to regimes where turbulent transport is
considerably higher for higher gradients, but, for low gradi-
ents, turbulence is never completely suppressed. This result is
somewhat similar to what is observed in quasihelical symmet-
ric stellarators [25,26], but different from tokamaks. Behind
our curve in Fig. 5, there is a weakly damped (by zonal flows),
radially localized turbulence whose primary is the Floquet
ITG. A direct comparison of the spectrum of the heat flux and
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FIG. 5. Turbulent heat flux vs ion temperature gradient. Normal-
ized units.
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FIG. 6. The turbulent heat flux for a/LT = 0.9 (t > 1279). Time
windows refer to Fig. 2. The direct correlation with the primary
source of turbulence of Fig. 2(d) stems from the lack of effectiveness
of suppression from the zonal flow

electrostatic fluctuations corroborates this picture; see Fig. 6
which compares favorably with Fig. 2.

Discussion and conclusion. In this work, we have charac-
terized the ion-temperature-gradient (ITG) driven turbulence
in the stellarator Wendelstein 7-X, for the experimentally
relevant situation in which temperature gradients approach
the linear instability threshold from above. Even in the pres-
ence of kinetic electrons, a background of extended (along
the field line) Floquet-type modes is observed [8,11]. The
spectrum of electrostatic fluctuations shows a sub-ρi inertial
range (where ρi is the ion Larmor radius) reminiscent of the

ρik−10/3
y [20] previously conjectured for tokamaks [18]. The

regime is accessible through a variation of the ion temperature
gradient only. Close to marginality, the saturation process
features the coexistence of the primary Floquet-type source
of turbulence, and extended radial structures that characterize
the far-from-marginal (fluidlike) turbulence. As temperature
gradients approach marginal values, a nearly total suppres-
sion of turbulence (cause of the Dimits shift [15]) is not
observed. Its absence is attributed to the peculiar structure
of marginal turbulence, which is less extended radially and
therefore less prone to shearing by the zonal-flow-generated
E × B flows. The practical consequences of this result are
quite important since this implies that W7-X might feature a
rather low nonlinear critical gradient (if one at all), which can
limit performance. The observation of a strong dependence on
the electron to ion temperature ratio in the turbulence levels
of W7-X [9] seems to indicate that indeed the device operates
close to marginality. The access to higher performance will
necessarily rely on a deeper study of the type of turbulence
reported here. A first step in that direction would be taken by
simulating the whole plasma surface.
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