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Abstract
We present a more detailed numerical analysis of the global GENE-3D simulations of Bähner
et al (the W7-X Team) 2026 Nucl. Fusion 66 016007, focusing on turbulent heat and particle
transport and the role of the equilibrium radial electric field across mirror ratio and rotational
transform (ι) configuration scans in Wendelstein 7-X (W7-X). Ion and electron heat fluxes show
only mild sensitivity to both configuration parameters. The particle flux, however, exhibits a
pronounced dependence on the mirror ratio, with the low-mirror configuration driving a strong
inward particle pinch and the high-mirror configuration producing a net outward flux. Density
fluctuation levels at fixed plasma profiles do not reproduce the experimentally observed
configuration dependence in the mirror scan, a discrepancy that can be understood in terms of
the simulations not satisfying power balance. A synthetic phase contrast imaging (PCI)
diagnostic applied to the simulations reproduces the experimental ordering of the wavenumber
and frequency spectra in the ι scan but not in the mirror scan, consistent with the same
interpretation. The equilibrium radial electric field modifies turbulent transport, with the largest
effect on the electron heat flux in regions of strong E×B shear. A controlled parametric study,

a See Grulke et al 2024 (https://doi.org/10.1088/1741-4326/ad2f4d) for the
W7-X Team.
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in which the Er profile is systematically varied in amplitude and radial location, confirms that
transport suppression follows the classical shear decorrelation criterion, being strongest where
the shear rate exceeds the linear growth rate over the widest radial extent.

Keywords: stellarator, turbulence, transport, gyrokinetics, Wendelstein 7-X

(Some figures may appear in colour only in the online journal)

1. Introduction

Stellarators offer inherently steady-state operation and are free
from the current-driven disruptions that constrain tokamak
performance, but their non-axisymmetric geometry gives rise
to strong neoclassical transport that must be reduced through
careful magnetic field optimization. The Wendelstein 7-X
(W7-X) stellarator has been specifically designed with this
goal [1, 2], and recent experiments have confirmed this reduc-
tion and demonstrated sustained high-performance operation
that would not have been attainable without this neoclassical
optimization [3]. With neoclassical losses increasingly under
control, turbulent transport has emerged as the dominant con-
finement limitation in W7-X [3, 4], making it a key target for
turbulence optimization in future stellarator designs [5–7].

A distinctive feature of W7-X is its flexible magnetic
configuration: the rotational transform, ι= dΨpol/dΨtor, with
Ψpol and Ψtor the poloidal and toroidal magnetic fluxes, and
the magnetic mirror ratio, rmir = [B0(0)−B0(π/5)]/[B0(0)+
B0(π/5)], with B0 the magnetic field strength on the magnetic
axis evaluated at the toroidal angles ϕ = 0 and ϕ = π/5, i.e. at
the corner and center of a field period [8], can be varied exper-
imentally, enabling controlled scans of magnetic geometry [9]
and providing a unique opportunity to investigate how geomet-
ric variations influence turbulent transport [10–12]. The con-
figurations considered here span mirror ratios of −0.7% (low
mirror), 3.8% (standard), and 9.7% (high mirror) [8]. In [8],
this was explored through phase contrast imaging measure-
ments of density fluctuations across mirror ratio and ι scans,
complemented by flux-tube and global gyrokinetic simula-
tions. Increasing ιwas found to reduce fluctuation amplitudes,
a trend reproduced by simulations and attributed to enhanced
finite Larmor radius and local magnetic shear effects [12].
In contrast, increasing the mirror ratio enhanced fluctuation
levels experimentally, a trend not reproduced at fixed plasma
profiles.

Here, we present a more detailed analysis of the global
GENE-3D [13, 14] simulations presented in [8], focusing in
particular on the turbulent transport channels—ion and elec-
tron heat fluxes and particle fluxes—as well as the effect of
the equilibrium radial electric field and its associated E×B
shear, which were not systematically addressed there. Since
Er is set by the neoclassical ambipolarity constraint [2, 15,
16], it varies between configurations alongside the magnetic
geometry. The radial shear of the associated E×B flow can
suppress turbulence through shear decorrelation [17–19], and
how effective this suppression is depends on the growth rate of
the dominant instabilities and the radial extent over which the
shear exceeds it, both of which also change with configuration.

To enable a direct comparison with the line-integrated phase
contrast imaging (PCI) measurements of [8], the simulations
are also post-processed with the synthetic PCI diagnostic [20]
developed for W7-X.

The paper is organized as follows. Section 2 summarizes
the experimental discharges and configuration scans. Section 3
describes the numerical setup. Sections 4 and 5 present results
on magnetic configuration and radial electric field effects,
respectively. Conclusions are given in section 6.

2. Experimental discharge and configuration scan

The simulations presented here are based on experimen-
tally realized discharges from configuration scans performed
during the W7-X operation phase OP2.1 (autumn 2022 –
spring 2023), in which the rotational transform and mirror
ratio were systematically varied while maintaining compara-
ble density and temperature profiles; we refer the reader to
[8] for a detailed description of the experimental setup and
measurements.

The reference experiments employed electron cyclotron
resonance heating (ECRH) with gas fueling, which is the
standard scenario for long-pulse W7-X operation [1, 3].
This scenario produces relatively flat density profiles in the
inner plasma core, peaked electron temperature profiles, and
clamped ion temperature profiles with Ti < Te. Core electron
densities are in the range ne ∼ 3–4× 1019m−3 with central
electron temperatures of order 4–6 keV.

The radial profiles of ion temperature, electron temperature,
and density used in the simulations are shown in figure 1. They
correspond to themodel profiles of [8], fitted to the experimen-
tal measurements. The same profiles are used for all configu-
rations within each scan, so that differences in the simulated
transport can be attributed to the magnetic geometry alone.

The corresponding equilibrium radial electric field profiles
are displayed in figure 2. In all configurations, Er is posi-
tive in the inner core (the electron root expected for cen-
tral ECRH), changes sign around ρtor ∼ 0.2–0.3, and becomes
negative across the outer region with amplitudes of order
−5 to −8 kVm−1 (deepest near ρtor ∼ 0.7), consistent with
the neoclassical ambipolar radial electric field in ECRH W7-
X plasmas [15]. The Er profiles are taken from the neo-
classical ambipolarity calculation of [8], performed with the
NEOTRANSP code [21], in which the electron-to-ion root
transition is treated as a simple switch: the electron root is
selected in the inner core and the ion root in the outer region.
These profiles are used as a prescribed background field in all
simulations.
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Figure 1. Radial profiles used in the simulations. Left: profiles for the mirror scan configurations. Right: profiles for the ι scan
configurations. Ion temperature Ti is shown in red (keV), electron temperature Te in dashed blue (keV), and electron density ne in green
dash-dotted lines (1019m−3). Grey shaded areas mark the buffer zones of the global simulations.

Figure 2. Radial electric field profiles Er (kV m−1) used in the simulations. Left: mirror scan configurations with standard (black solid),
high-mirror (red dashed), and low-mirror (blue dash-dotted). Right: ι scan configurations with standard (black solid), high-ι (green dashed),
and low-ι (purple dash-dotted). Grey shaded areas mark the buffer zones of the global simulations.

3. Global gyrokinetic modeling

The simulations were performed with the global gyrokinetic
turbulence code GENE-3D, an extension of the Eulerian
gyrokinetic code GENE [22] to fully three-dimensional stel-
larator geometries [13, 14]. The original GENE framework
employs a field-aligned coordinate system [23] and a δf for-
mulation [24], supporting electromagnetic, multispecies, and
collisional simulations [25]. GENE-3D retains these capabili-
ties while enabling the treatment of realistic non-axisymmetric
magnetic equilibria. Fully three-dimensional geometry is
incorporated via an interface to the MHD equilibrium code
GVEC [26], which provides the magnetic equilibrium, includ-
ing metric elements, curvature, magnetic shear, and other geo-
metric quantities required by the gyrokinetic model.

The nonlinear electromagnetic gyrokinetic Vlasov–
Maxwell system is solved in five-dimensional phase space.
Simulations were carried out with kinetic electrons using
the physical mass ratio, including electromagnetic fluc-
tuations and collisional effects via a linearized collision

operator. The radial domain considered in this work spans
x= ρtor ∈ [0.1,0.9], with numerical resolution (x,y,z,v∥,µ) =
(300,256,63,64,16). Here, ρtor =

√
Φtor/Φedge, where Φtor is

the toroidal flux and Φedge its value at the last closed flux
surface. The remaining phase-space coordinates are defined
as follows: y denotes the binormal direction, z the field-
aligned coordinate, v∥ the parallel velocity, and µ the mag-
netic moment. This resolution is that of the global GENE-3D
simulations of [8]. Convergence in the parallel resolution
was verified for the mirror configurations: nonlinear simu-
lations with nz = 126 yield heat fluxes consistent with those
at nz = 63. The lower resolution was therefore adopted for
the production runs, given the computational cost of these
global electromagnetic simulations with kinetic electrons at
the physical mass ratio. The minimum toroidal mode number
resolved in the simulations is n0 = 5, consistent with the field
periodicity of W7-X, such that one field period (1/5 of the flux
surface) is simulated. The velocity-space domain extends to
v∥ =±3.45cs and µmax = 11.9Ts,0/B0, where Ts,0 is the tem-
perature of species s at the reference position x0 = 0.5, and B0

3
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Figure 3. Density fluctuations from a radially global GENE-3D simulation in a W7-X configuration, illustrating the three-dimensional
character of the turbulence.

is the on-axis magnetic field strength. Here, cs =
√
Te,0/mi is

the sound speed, where Te,0 is the electron temperature at the
reference position and mi is the ion mass.

The simulations employ zero Dirichlet boundary condi-
tions in the radial direction. The simulations are performed in
gradient-driven mode, in which a Krook-type heat and particle
source maintains the plasma profiles close to their initial val-
ues, so that the turbulence drive remains stationary through-
out the simulation. To avoid numerical instabilities near the
boundaries, buffer zones covering 10% of the radial domain
are applied on each side, where a Krook damping operator is
used [25] with a coefficient of 10cs/a, significantly larger than
the expected linear growth rates. In addition, the Krook-type
heat and particle source [25] has a relaxation rate of 0.02cs/a,
such that the temperature and density profiles evolve on time
scales longer than those of the linear phase. Finally, to assess
the influence of the equilibrium radial electric field and its
associated E×B shear, simulations were performed both with
and without the neoclassically calculated radial electric field.

Throughout this paper,Qs ·A denotes the species-s heat flux
times the flux-surface area A—a heat flow, in MW—while the
reduced-domain analysis of section 5 reports the electrostatic
fluxes in gyro-Bohm units; the electromagnetic contribution to
the transport is small for these cases. All flux profiles are aver-
aged over the quasi-stationary phase of each simulation, with
averaging windows of up to ∼100a/cs for the full-domain
simulations and substantially longer over the saturated state
for the computationally cheaper reduced-domain simulations
of section 5; shaded bands in the flux figures indicate one stan-
dard deviation of the temporal variation over this window, and
grey shaded areas in the radial-profile figures mark the buffer
zones.

An example of the simulated density fluctuation structure is
shown in figure 3, illustrating the three-dimensional character
of W7-X turbulence.

4. Impact of magnetic configuration on turbulence
and transport

We investigate the effect of two configuration parameters—the
magnetic mirror ratio and the rotational transform (ι) — on
turbulent transport in W7-X. For each parameter, radial pro-
files of ion and electron heat fluxes, particle fluxes, and den-
sity fluctuations are evaluated with the equilibrium Er profiles
of figure 2 imposed as a background field. Results from the
mirror scan are presented first, followed by the ι scan.

4.1. Effect of magnetic mirror ratio

The ion heat flux exhibits a pronounced peak around ρtor =
0.65, reaching 6–7 MW, as shown in figure 4 (top). This sub-
stantially exceeds even the total injected ECRH power in the
reference discharges [8], and far exceeds the fraction of it
transferred to the ions by collisional equipartition, indicating
that the resulting fluxes do not satisfy power balance, since the
underlying profiles are fixed and not evolved self-consistently.
Turbulence and transport are highly sensitive to profile shapes,
particularly to the gradients, due to the stiffness of the sys-
tem [27]. Nevertheless, even in the absence of power balance,
the relative differences induced by magnetic geometry provide
insight into turbulence behavior. The variations are mild: the
low-mirror configuration exhibits the highest fluxes, most pro-
nounced in the inner half.

Variations are also mild for the electron heat flux (figure 4,
middle), though with opposite ordering. The fluxes are more
uniform and less peaked, with values around 3–4 MW, com-
parable to the total injected ECRH power [8]. This broader
radial profile is consistent with the wider extent over which
the electron channel is driven: the normalized inverse temper-
ature gradient scale length a/LT,e, with LT =−T/(dT/dr) and
a the minor radius, is already significant in the inner half of
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Figure 4. Radial profiles of the ion heat flux Qi (top), electron heat flux Qe (middle), and particle flux Γ (bottom) for the three mirror scan
configurations: standard (black solid), high-mirror (red dashed), and low-mirror (blue dash-dotted).

the plasma due to the strongly peaked Te from on-axis ECRH
(figure 1), whereas a/LT,i remains small inside ρtor ≃ 0.4 and
only becomes large in the outer region where Qi peaks. Qe is
systematically higher in the high-mirror configuration than in
the standard and low-mirror cases across the mid-radius region
(ρtor ≃ 0.35–0.65); in the deep core near ρtor ≃ 0.25, where its

Er shear is strongest,Qe is instead locally suppressed, an effect
examined in section 5.

In contrast, the particle flux shows a more pronounced
dependence on the mirror ratio (figure 4, bottom). The low-
mirror configuration exhibits a strong inward flux (negative
Γ), indicative of a significant density pinch. The standard
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Figure 5. Radial profiles of root-mean-square electron density
fluctuations for the mirror scan configurations: standard (black
solid), high-mirror (red dashed), and low-mirror (blue dash-dotted).
Overall, the fluctuation amplitudes are similar across the three
configurations.

configuration also shows an inward flux, though weaker, while
the high-mirror configuration displays a net outward flux over
a broad radial range, consistent with the absence of a net
inward pinch. These results agree with previous studies [28],
which show that the pinch is driven by passing electrons,
whose effect is enhanced in low-mirror configurations. Note
that these particle fluxes are not consistent with particle bal-
ance: the stationary net particle flux in these ECRH discharges
without core fueling is essentially zero, and at fixed gradients
even a small deviation of the prescribed density profile from
the zero-flux condition drives turbulent particle fluxes of gyro-
Bohm magnitude.

Interestingly, differences in particle flux do not directly
translate into differences in the root-mean-square (RMS) den-
sity fluctuations across the mirror configurations (figure 5).
This is because the particle flux depends not only on the
amplitudes of the density and potential fluctuations but also
on their cross-phase. Overall, the RMS density fluctuations
show comparable peak amplitudes across the mirror configu-
rations, with the low-mirror case marginally larger in the inner
half. This contrasts with PCImeasurements [8], which indicate
larger fluctuations in the high-mirror configuration compared
to the low-mirror case, a trend not reproduced by the simula-
tions at fixed profiles.

The turbulent E×B velocity, which together with the den-
sity fluctuations sets the particle flux, supports this interpreta-
tion. Figure 6 shows its RMS, computed as (∂ϕ̃/∂y)/B. The
peak velocity amplitudes differ by 10%–20% between the mir-
ror configurations, and the profiles remain close over most of
the radial domain, apart from a localized reduction of the high-
mirror amplitude around ρtor ≃ 0.3, where Qe is also locally
suppressed. The particle fluxes instead differ in magnitude
and sign (figure 4). Amplitude differences of this size cannot
account for a sign reversal of the flux; the differences in par-
ticle flux therefore originate from the cross-phase rather than
from the fluctuation amplitudes.

The observed discrepancy between simulations and PCI
measurements in the mirror scan can be understood in terms
of power balance. As explicitly noted in [8], geometry effects
on turbulence alone are insufficient to explain the experi-
mentally observed trend — both local and global gyroki-
netic simulations at fixed profiles fail to reproduce it. Since
the simulations are not in power balance, the particle and
heat fluxes differ between configurations in a way that is
inconsistent with the experiment. The strong inward par-
ticle pinch in the low-mirror configuration would, if the
profiles were evolved self-consistently, cause the density to
steepen, while the outward flux in the high-mirror config-
uration would instead flatten the density profile. The net
effect on the turbulence cannot be anticipated from these
tendencies alone: a steeper density gradient stabilizes ITG
modes but destabilizes trapped-electron modes, and the bal-
ance between the two depends on the configuration. What
the particle fluxes do show is that self-consistent profile evo-
lution would act differently on each configuration, making
it a candidate explanation for the experimental mirror trend
that fixed-profile simulations do not reproduce. Such density-
profile changes would also modify, through the ambipolarity
condition, the neoclassical radial electric field and its E×B
shear, so that the particle transport would feed back on the
E×B-shear stabilization examined in section 5. Since the
experimentally measured profiles show only small differences
between mirror configurations within diagnostic uncertain-
ties [8], any self-consistent profile evolution must produce
configuration-dependent changes that remain within these
uncertainties while still reproducing the observed fluctuation
trend. Evolving the profiles via TANGO [29–32] is there-
fore expected to modify the configuration-dependent trends,
potentially bringing them closer to the experimental observa-
tions. This is supported by previous applications of theGENE–
TANGO framework to other W7-X discharges [33, 34], where
self-consistent profile evolution was shown to bring simula-
tions into quantitative agreement with experiment.

The mirror ratio scan thus reveals a clear separation
between transport channels: heat fluxes are only mildly sen-
sitive to the configuration, while the particle transport shows a
pronounced dependence.

4.2. Effect of rotational transform (ι)

We now turn to the effect of varying the rotational transform,
keeping the mirror ratio fixed at the standard configuration
value. Ion and electron heat fluxes are largely insensitive to
variations in ι outside the deep core, with profiles nearly over-
lapping for ρtor ≳ 0.5 (figure 7, top and middle). The ion flux
peaks around ρtor ≃ 0.7with values around 4MW, still exceed-
ing the total injected ECRH power, indicating that these simu-
lations are also not in power balance. Large electron-heat-flux
overshoots appear in the deep core around ρtor ∼ 0.2–0.3, just
outside the buffer zone, and are likely numerical artifacts of the
boundary damping applied there [13, 25]. Particle fluxes show
qualitatively similar shapes across configurations (figure 7,
bottom), with inward flux in the inner half and outward flux
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Figure 6. Radial profiles of the RMS turbulent radial E×B velocity, computed as (∂ϕ̃/∂y)/B. Left: mirror scan configurations: standard
(black solid), high-mirror (red dashed), and low-mirror (blue dash-dotted). Right: ι scan configurations: standard (black solid), high-ι (green
dashed), and low-ι (purple dash-dotted).

toward the edge. The low-ι configuration exhibits a stronger
inward flux than the standard and high-ι cases.

RMS electron density fluctuations are largely similar across
the ι configurations (figure 8), with only minor differences in
the core region (ρ∼ 0.2–0.5), where the low-ι case exhibits
slightly larger fluctuations than the standard and high-ι config-
urations. This is consistent with PCI measurements reported
in [8] and with theoretical expectations [12]. The turbulent
E×B velocity amplitudes are also similar across the ι config-
urations (figure 6, right); the localized structure of the high-ι
curve in the deep core (ρtor ≃ 0.2–0.3) mirrors the electron-
heat-flux overshoots in this region (figure 7, middle), which
are likely numerical artifacts of the boundary damping. Since
the PCI signal is line-integrated along the diagnostic line of
sight rather than localized at a single radius, a direct compar-
ison to the experimental spectra is performed in section 4.3
using a synthetic PCI diagnostic.

Overall, the ι scan shows small differences across all trans-
port channels, in contrast to the mirror scan where particle
transport exhibits a strong configuration dependence. The sim-
ulations already reproduce the PCI ordering at fixed profiles;
given the overall transport similarity, self-consistent profile
evolution is not expected to substantially alter this agreement.

4.3. Synthetic PCI comparison

To enable a direct comparison with the experimental mea-
surements of [8], the simulated density fluctuations are post-
processedwith the synthetic PCI diagnostic developed forW7-
X [20]. The synthetic diagnostic interpolates ñe(x⊥,z) from
the simulation onto the PCI lines of sight in PEST coordinates,
computes the line-integrated phase shift ϕ̃ =−reλ0

´
LoS ñe dz,

where re is the classical electron radius and λ0 the probing
laser wavelength, and propagates it through the instrument
response, including aperture diffraction, the phase-plate cutoff
at kmin ≃ 1.6cm−1, and integration over the detector elements.
We refer the reader to [20] for a detailed description. The syn-
thetic and experimental spectra are compared directly on the

same absolute axes in figure 9, in units of squared density fluc-
tuations per wavenumber and per frequency; the instrument
response is accounted for in both. Despite the lack of power
balance, the absolute amplitudes agree to within a factor of
∼3 over most of the spectral range, and the spectral slopes are
broadly reproduced.

The synthetic PCI diagnostic is applied to the full simula-
tion domain. Figure 9 (bottom row) shows the wavenumber
and frequency spectra for the ι scan, with the experimental
PCI spectra (solid) overlaid on the synthetic ones (dashed). A
clear configuration ordering is visible in the synthetic spectra:
the spectral power decreases monotonically from low to high
ι across most of the resolved range, both in k and in f. This
trend reproduces the experimental ordering, though the sepa-
ration between configurations is larger in the synthetic spectra
than in the measurements. Note that the synthetic PCI ordering
is more pronounced than the radial RMS density-fluctuation
profile of figure 8 would suggest. The two diagnostics are not
directly comparable: the synthetic PCI is line-integrated along
the diagnostic chords and band-limited by the phase-plate cut-
off and instrument response, while figure 8 is an RMS aver-
aged over the binormal, field-aligned, and time coordinates at
each flux surface.

For the mirror scan, the synthetic PCI spectra are essen-
tially identical across the three configurations, both in k and
in f, while the experimental spectra split by a factor of ∼2–
3 between the low- and high-mirror configurations (figure 9,
top row). The experimental configuration ordering is therefore
not reproduced. This reinforces the conclusion of section 4.1:
at fixed plasma profiles, geometry effects on turbulence alone
are insufficient to explain the experimental mirror dependence.

5. Effect of the equilibrium radial electric field

We now isolate the impact of the equilibrium radial elec-
tric field on turbulent transport. For each magnetic configu-
ration, simulations without a background Er are compared to

7
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Figure 7. Radial profiles of ion heat flux Qi (top), electron heat flux Qe (middle), and particle flux Γ (bottom) for the ι scan configurations:
standard (black solid), high-ι (green dashed), and low-ι (purple dash-dotted). Particle fluxes are similar across configurations, with inward
flux inside ρ∼ 0.4 and outward flux outside.

simulations including the neoclassically calculated Er profile
shown in figure 2. Since Er is set by neoclassical ambipolar-
ity on the fixed density and temperature profiles, it inherits the
same power-balance limitation: any turbulent profilemodifica-
tion would feed back into Er and its shear. The present analysis

therefore characterizes the turbulent response to a prescribed
E×B shear, not the steady state of a coupled neoclassical–
turbulent system.

We begin by considering a representative case to illustrate
the effect of Er on the heat fluxes. Figure 10 shows the ion and
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Figure 8. Radial profiles of root-mean-square electron density
fluctuations for the ι scan configurations: standard (black solid),
high-ι (green dashed), and low-ι (purple dash-dotted). Fluctuation
amplitudes are generally similar across configurations, with small
differences observed mainly in the inner half of the plasma.

electron heat fluxes for the high-mirror configuration, with and
without the background radial electric field. Similar qualitative
trends are observed for the other mirror and ι configurations
(not shown).

Two main features can be identified. First, the ion heat flux
peak around ρ∼ 0.65 is reduced in the presence of Er. This
region does not coincide with the strongest E×B shear, which
peaks around ρ∼ 0.3 where the ion heat flux is already very
low, suggesting that the reduction is attributable to the direct
stabilizing effect of the background Er rather than to its shear,
as previously reported for stellarator plasmas [35, 36]. Second,
for the electron heat flux, the largest differences are observed
around ρ∼ 0.25–0.35, coinciding with the region of strongest
E×B shear. The particle flux is only weakly affected: the dif-
ferences between the simulations with and without Er remain
within the temporal variability (figure 10, right).

To better quantify these effects and relate them to the under-
lying E×B shear, we compute the percentage difference in the
electron heat flux between simulations without and with equi-
librium Er as

∆Qe (%) =
Qe,off −Qe,on

max(|Qe,off|, |Qe,on|)
× 100, (1)

where Qe,off and Qe,on denote the electron heat flux obtained
without and with the equilibrium radial electric field, respec-
tively. The normalization by the larger of the two fluxes
bounds ∆Qe to [−100%,+100%]. Positive values indicate
transport suppression, while negative values indicate destabi-
lization. Figure 11 shows ∆Qe together with the correspond-
ing equilibrium E×B shear rate ωE×B, defined as

ωE×B = ρtor
∂

∂ρtor

(
Er

ρtor⟨B⟩FS

)
, (2)

where ⟨B⟩FS denotes the full-surface average of the magnetic
field, for both mirror and ι scans. The largest positive values

of∆Qe (strongest suppression) are found in regions of signif-
icant equilibrium E×B shear, confirming a clear radial corre-
lation between transport reduction and the shear rate. A more
moderate but non-negligible suppression is also observed in
the region ρ∼ 0.4–0.7, where E×B shear is weaker but the
background Er remains substantial, consistent with the direct
stabilizing effect of Er [35, 36]. The destabilization observed
near ρ∼ 0.2 sits just outside the inner core buffer zone and is
a numerical artifact of the boundary damping [13, 25].

To better isolate the role of E×B shear and understand the
conditions under which it effectively suppresses transport, we
now turn to a controlled parametric study.

5.1. Setup of the parametric E×B shear study

In the previous section, we observed that the strongest E×B
shear occurs around ρ∼ 0.3, where the ion heat flux is already
very low even in the absence of the imposed shear. This makes
it difficult to isolate the direct impact of shear on turbulent
transport.

To better isolate the role of E×B shear, we perform
a series of controlled numerical experiments using reduced
radial domains. Three simulations are carried out, each cen-
tered at a different radial location (ρ= 0.25, 0.45, and 0.65),
with a radial domain width of∆ρ= 0.3. The reduced-domain
simulations use the standard configuration and the same equi-
librium profiles as in figure 1; only the imposed radial elec-
tric field differs, as described below. In each case, an equi-
librium radial electric field is imposed such that the peak
of the E×B shear is centered at the chosen radial posi-
tion. By shifting the location of the imposed shear, we probe
regions with different levels of turbulent transport, since the
turbulent heat flux increases from the inner core toward the
outer core.

The radial electric field profile is constructed using the equi-
librium Er from the high-mirror configuration as a reference
(which exhibits the strongest shear among the configurations
considered, see figure 2), and then applied to simulations of
the standard-mirror configuration, which provides a cleaner
baseline unaffected by the strongest shear. In addition to the
nominal shear amplitude, two additional cases are considered
where the Er profile is scaled by approximately a factor of
two and four, resulting in increased shear amplitudes, allow-
ing us to systematically investigate the response of the turbu-
lence to stronger E×B shear. We emphasize that this scan
is intended as a controlled probe of the shear-decorrelation
criterion rather than an experimentally accessible scenario.
The nominal Er profile already produces an E×B shear that
exceeds typical mid-radius values in high-performance W7-
X discharges; the ∼2× and ∼4× amplifications therefore lie
well beyond the experimentally realized range. The nominal
Er profile is used here only as a physically motivated building
block whose amplitude is varied to systematically probe shear
decorrelation.

Figure 12 shows the imposed radial electric field (left) and
the corresponding E×B shear rate ωE×B (right), as defined
in equation (2), for the simulation centered at ρ= 0.45. The

9



Nucl. Fusion 66 (2026) 106021 A. Bañón Navarro et al

Figure 9. Wavenumber (left column) and frequency (right column) spectra of the density fluctuations from the experimental PCI (solid) and
the synthetic PCI applied to the simulations (dashed), on the same absolute axes. Top row: mirror scan: standard (black), low-mirror (blue),
and high-mirror (red). Bottom row: ι scan: standard (black), low-ι (purple), and high-ι (green). Experimental data from the discharges of [8].

Figure 10. Ion heat flux Qi (left), electron heat flux Qe (center), and particle flux Γ (right) for the high-mirror configuration. Black solid
lines: without Er; red dashed lines: with equilibrium radial electric field.

three curves correspond to the nominalEr profile and two cases
where it is scaled by approximately a factor of two and four.
The resulting shear amplitudes increase accordingly, though
not by exactly those factors. The horizontal line in the right
panel indicates the maximum linear growth rate γ = 0.08cs/a
for the domain centered at ρ= 0.45, obtained from a linear
global simulation without a background radial electric field.
Radial regions where ωE×B > γ are expected to be stabilized
by shear decorrelation.

We begin by comparing the heat fluxes in the full radial
domain with those obtained from the reduced domains.
Figure 13 shows the ion heat flux, electron heat flux, and elec-
tron particle flux for the standard configuration, comparing
the full-domain results with the reduced-domain simulations

centered at ρ= 0.25, 0.45, and 0.65, all performed without an
imposed background Er.

While boundary effects lower the fluxes in the reduced
domains centered at ρ= 0.25 and 0.45 and raise the peak at
ρ= 0.65, the qualitative radial trend of increasing heat flux
from the inner core toward the outer core is well reproduced in
all cases. We note, however, that the full-domain electron heat
flux exhibits a local modulation near ρ∼ 0.15–0.25 that is not
reproduced by the corresponding reduced-domain simulation.
This feature lies adjacent to the inner buffer zone, where the
temporal variability is largest, and a boundary origin cannot be
excluded for either setup. Nevertheless, the reduced-domain
setup captures the essential transport behavior while allowing
us to systematically vary the local E×B shear.

10
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Figure 11. Percentage difference in electron heat flux∆Qe (left column) and the magnitude of the E×B shear rate ωE×B of equation (2), in
units of cs/a (right column). Grey shaded areas mark the buffer zones of the global simulations. Top row: mirror scan configurations. Bottom
row: ι scan configurations. Positive∆Qe indicates suppression due to Er, while negative values indicate destabilization.

Figure 12. Left: imposed radial electric field Er for the simulation centered at ρ= 0.45, with curves corresponding to the nominal profile
(based on the high-mirror configuration) and approximately two and four times the nominal Er amplitude. Right: corresponding E×B shear
rate ωE×B (in units of cs/a) for the three cases. The horizontal dotted line indicates the maximum linear growth rate γ = 0.08cs/a in the
domain, obtained from a linear global simulation without a background Er. Radial regions where ωE×B > γ are expected to be stabilized by
shear decorrelation.

Figure 13. Comparison of ion heat flux (left), electron heat flux (center), and electron particle flux (right) obtained from the full radial
domain (black) and from reduced domains centered at ρ= 0.25 (blue), 0.45 (orange), and 0.65 (green). All simulations shown are
performed without an imposed background Er.
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Figure 14. Ion heat flux (left), electron heat flux (center), and electron particle flux (right) for the reduced-domain simulation centered at
ρ= 0.25. The shaded colored areas indicate the radial locations where the imposed E×B shear rate ωE×B equals the linear growth rate γ
for the different Er amplitudes. Inside these regions, the shear rate exceeds the linear growth rate, indicating where turbulent transport is
expected to be suppressed.

Figure 15. Electron heat flux for simulations centered at ρ= 0.25 (left), ρ= 0.45 (center), and ρ= 0.65 (right). The shaded colored areas
indicate the radial locations where ωE×B = γ. Increasing E×B shear progressively widens these regions and suppresses turbulent transport.

5.2. Transport response to E×B shear

We now analyze the response of turbulent transport to the
imposed E×B shear. As a representative example, figure 14
shows the ion heat flux, electron heat flux, and electron particle
flux for the simulation centered at ρ= 0.25. The curves corre-
spond to the cases without imposed shear and with increasing
Er amplitudes (black—no shear, blue—nominal, green dash-
dotted—∼ 2×Er, and red dotted—∼ 4×Er).

The shaded colored areas indicate the radial locations
where the imposed E×B shear rate ωE×B equals the lin-
ear growth rate γ, obtained from linear global gyrokinetic
simulations performed in each reduced domain without a
background Er. Inside these areas, ωE×B > γ, while out-
side, the growth rate dominates. Since shear decorrelation is
expected to suppress turbulence when the shear rate exceeds
the growth rate [17–19], these regions provide an estimate of
where turbulent transport stabilization is expected. The maxi-
mum growth rates for the domains centered at ρ= 0.25, 0.45,
and 0.65 are 0.035cs/a, 0.08cs/a, and 0.14cs/a, respectively.

A clear correlation is observed between the predicted sta-
bilization regions and the nonlinear transport levels. As the
imposed shear increases, the radial region satisfying ωE×B >
γ becomes wider, and turbulent transport is progressively
reduced across a larger portion of the domain. In the strongest
shear case, transport is strongly suppressed, reaching values
close to zero over most of the simulation domain, indicat-
ing that shear decorrelation dominates the nonlinear saturation
mechanism [17, 18]. Suppression is also observed in regions

where γ > ωE×B, i.e. where the classical shear decorrelation
criterion is not formally met. This residual reduction reflects
the globality of the simulated turbulence: modes have a finite
radial extent and feel the strong shear from adjacent regions
where ωE×B > γ. The direct stabilizing effect of the back-
ground Er [35, 36] can provide an additional contribution. In
the strongest-shear case, the shear barrier also cuts off tur-
bulence spreading from the strongly driven outer part of the
domain. The region left inside it is bounded by the inner buffer
zone on one side and by the region of ωE×B > γ on the other;
given the weak local drive and the finite radial extent of the
modes, turbulence is not self-sustained there, and the fluxes
drop to negligible values.

We next compare how this effect depends on the radial posi-
tion, which affects both the linear growth rate and the back-
ground transport drive. Figure 15 shows the electron heat flux
for simulations centered at ρ= 0.25, 0.45, and 0.65; the ion
heat flux and particle flux show qualitatively similar trends and
are omitted here for clarity.

A clear radial dependence emerges from this comparison.
The strongest stabilization occurs at ρ= 0.25, where two fac-
tors combine: the growth rate is smaller, resulting in lower
intrinsic transport, and the radial region where γ < ωE×B is
wider. At ρ= 0.45, the transport level is higher, and the region
where γ < ωE×B narrows. For the nominal Er case, there is
essentially no radial region where the shear rate exceeds the
growth rate, and the transport reduction is modest. Scaling Er
by∼2× and∼4× progressively enlarges the stabilized region,
producing stronger transport suppression. At ρ= 0.65, only
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the ∼4×Er case produces a region where γ < ωE×B, with
correspondingly stronger suppression, while the nominal and
∼2×Er cases show only moderate reductions.

In conclusion, these results demonstrate that turbulent
transport reduction is governed by the relationship between
the imposed E×B shear and the linear growth rate [18, 19].
The effectiveness of shear suppression is largest where the
growth rate is small and the radial extent of ωE×B > γ is
wide. Conversely, regions with higher growth rates or limited
shear-dominated areas exhibit only modest transport reduc-
tion. Overall, the nonlinear simulations are in quantitative
agreement with the classical shear decorrelation criterion [17–
19], confirming that increasing the imposed E×B shear sys-
tematically expands the stabilized regions and progressively
suppresses turbulent transport.

6. Conclusions

We have presented a more detailed numerical analysis of the
global GENE-3D simulations of [8], focusing on the turbu-
lent transport channels and the role of the equilibrium radial
electric field across mirror ratio and rotational transform (ι)
configuration scans at fixed plasma profiles.

For the magnetic configuration scans, ion and electron
heat fluxes show only mild sensitivity to both parameters,
with the low-mirror configuration producing slightly higher
heat fluxes. The particle flux exhibits a more pronounced
dependence on the mirror ratio: the low-mirror configuration
drives a strong inward density pinch mediated by passing elec-
trons, while the high-mirror configuration shows a net outward
flux [28]. For the ι scan, transport differences across configu-
rations are small in the heat channels, with weaker fluctuations
at higher ι in the deep core; the particle flux is more strongly
inward in the low-ι configuration. The fluctuation trend agrees
with the PCI measurements of [8], although the simulated dif-
ferences are smaller in magnitude than those reported exper-
imentally. For the mirror scan, the simulated density fluc-
tuation levels do not reproduce the experimentally observed
configuration dependence [8], as discussed in section 4. The
same picture emerges from the synthetic PCI analysis [20]:
the wavenumber and frequency spectra reproduce the experi-
mental ordering reported in [8] for the ι scan, but show essen-
tially no configuration dependence in the mirror scan at fixed
profiles.

For the equilibrium radial electric field, the E×B shear sig-
nificantly modifies electron heat transport in regions where it
is strongest. The effect on ion heat flux is less pronounced,
as the ion heat flux is already low in the region of strongest
shear. A controlled parametric study confirms that suppression
follows the classical shear decorrelation criterion [17–19]: it is
strongest in the deep core, where growth rates are smallest and
the shear-dominated region is widest, and weakens progres-
sively toward the outer core, where only the strongest imposed
Er produces a region with ωE×B > γ.

Since these simulations are performed at fixed plasma
profiles that do not satisfy power balance, a direct quantitative
comparison with the experimental observations is not

straightforward. Coupling GENE-3D to TANGO [29–32] to
evolve the profiles self-consistently is expected to modify
the configuration-dependent trends, potentially bringing them
closer to the experimental observations. This is supported
by previous applications of the GENE–TANGO framework
to W7-X discharges [33, 34], where self-consistent profile
evolution was shown to bring simulations into quantitative
agreement with experiment. Such coupled simulations are left
for future work. The E×B shear was shown to significantly
affect transport, particularly in the root-transition region,
i.e. the radial region where the ambipolar radial electric field
changes from the positive electron root to the negative ion root
(section 5). A more careful modeling of this transition [37]
should therefore be considered for future global simulations.
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