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Abstract

Line-integrated density fluctuation measurements from the core of the optimised stellarator
Wendelstein 7-X (W7-X) are studied in the context of magnetic field geometry changes. The
amplitude as well as the spectral distribution of fluctuations is affected by varying the magnetic
field configuration. Weaker turbulent fluctuations are observed in configurations with higher
rotational transform and lower magnetic mirror depth. Simulations with the gyrokinetic codes
stella and GENE-3D are used to investigate the role of magnetic geometry for the
experimental observations. The stabilising effect of the high rational transform configuration is
reproduced by simulations and can be associated with stronger shaping of the magnetic field.
This leads to increased finite Larmor radius and local shear effects, which limit the toroidal
extent of ion temperature gradient (ITG) modes. For W7-X configurations with higher magnetic
mirror depth, gyrokinetic theory and simulations predict weaker fluctuations, since they are
closer to having the maximum-J property, which has a stabilising effect on trapped-electron
mode and ITG. The opposite trend is observed experimentally, which can therefore not be
explained by geometry effects on turbulence alone.

Keywords: plasma turbulence, stellarator, Wendelstein-7X, optimisation
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1. Introduction

Optimised stellarator experiments such as Wendelstein 7-X
(W7-X) demonstrate the successful reduction of neoclassical
transport through optimising the magnetic field geometry [1].
In turn, the confinement behaviour of W7-X is dominated by
turbulent transport [2, 3] and research on stellarator optim-
isation now moves towards turbulence-optimised configura-
tions for future stellarator reactors. To optimise for reduced
turbulent transport, metrics and models are being developed
exploring the effects of magnetic geometry on turbulence
drive and saturation [4, 5]. The experimental assessment of
these effects, however, is challenging since it requires a stel-
larator device with sufficient neoclassical optimisation to be
in a turbulence dominated, yet reactor-relevant confinement
regime. Furthermore, a variable magnetic field configuration
and extensive turbulence diagnostic capabilities are required.
Currently, W7-X is the only device in operation that offers
these unique experimental conditions. The variability of the
magnetic field configuration in W7-X is limited, i.e. the cur-
rent set of coils cannot produce turbulence optimised config-
urations which usually need a special coil design. However, it
can be used to explore the impact of geometry changes within
the configuration space of W7-X on the experimentally meas-
ured turbulent fluctuations and overall confinement. Previous
studies in matched profile experiments already found a bene-
ficial effect of certain magnetic configurations on anomalous
electron heat transport in the inner half of the plasma originat-
ing from electron-scale turbulence [6]. In this work, we show
robust differences in measured turbulent fluctuations at the
ion scale across the W7-X configuration space in a database
approach as well as in dedicated experiments. Additionally,
gyrokinetic simulations are used to test the hypothesis that
the impact of magnetic geometry on ion-temperature-gradient-
driven turbulence can explain the observations. These simula-
tions are based on specific experimental scenarios and help to
identify the geometric features leading to reduced turbulence.

In section 2, the variable magnetic configurations of W7-
X, the density fluctuation diagnostic, and the specific plasma
scenarios under investigation are described. The experimental
results are described in section 3, showing the influence
of magnetic configuration on fluctuation data. In section 4,
gyrokinetic simulations and an analysis of the underlying
mechanisms are presented. Finally, the findings are summar-
ised and discussed in section 5.

2. Experimental setup

2.1 Magnetic configuration space of W7-X

The magnetic field of W7-X is generated by 50 superconduct-
ing non-planar modular coils generating the main field and
20 additional superconducting planar coils, which are used to
vary the rotational transform by introducing an additional tor-
oidal field component, £B4. The depth of the toroidal mag-
netic mirror within each of the 5 field periods of W7-X can
be changed by varying the ratio of currents in the non-planar

coils [7]. Varying the configuration of W7-X along these two
directions, i.e. varying the mirror ratio and the rotational trans-
form, results in a set of paradigmatic configurations. The con-
figuration space of W7-X is far more complex and allows for
other variations as well, e.g. in- and outward shifted configur-
ations, low and high magnetic shear configurations. However,
in this work, we focus on the following paradigmatic config-
urations: The standard configuration is created by equal cur-
rents in the non-planar coil without any additional field by the
planar coils. Increasing or decreasing the depth of the mag-
netic mirrors by adjusting the ratio of currents in the non-
planar coils yields the high and low mirror configuration,
respectively. The mirror ratio is used to describe the depth of
the magnetic mirror within each field period. It is defined as
(Bo(0) — Bo(m/5))/(Bo(0) + By(7/5)), where By is the mag-
nitude of the magnetic field on the magnetic axis taken at tor-
oidal angles ¢ =0 and ¢ = 7/3, i.e. at the corner and centre of
the first field period. Figure 1(b) shows By for two field periods
of the three configurations of W7-X. The low mirror configur-
ation has a mirror ratio of —0.7%, the standard configuration
has a mirror ratio of 3.8%, and the high mirror configuration
has a mirror ratio of 9.7%. The rotational transform outside
the last closed flux surface (LCFS), ¢,, is set to a low rational,
which forms island chains in the scrape-off layer (SOL) of
W7-X. These are essential for the island divertor installed in
W7-X [8]. The standard, high and low mirror configurations
have ¢, = 5/5, forming five independent islands. The high iota
configuration has an overall higher rotational transform and
ta = 5/4. The low iota configuration has an overall lower rota-
tional transform and ¢, = 5/6. We neglect configurations with
s in between these values, as they can form internal islands
and effectively act as limiter configurations due to the miss-
ing resonant island chain in the SOL. Figure 1(a) shows the
radial (-profiles and the global magnetic shear profiles of low
iota, standard, and high iota configuration. While the rotational
transform is differs between the configurations from the mag-
netic axis to the edge, the global magnetic shear is quite sim-
ilar. In the following, we distinguish two comparison cases
with three items each:

(i) low iota—standard—high iota (light to dark red)
(i1) low mirror—standard—high mirror (light to dark blue)

2.2. Core plasma density fluctuation diagnostics

The bulk analysis of this study was performed on line-
integrated electron density fluctuation measurements by the
Phase Contrast Imaging (PCI) diagnostic of W7-X [9, 12]. For
these measurements, an infrared laser beam passes through the
entire diameter of the plasma. The (fluctuating) electron dens-
ity introduces a phase shift to the laser, which leads to scat-
tering on the small-scale spatial structure of turbulent fluctu-
ations. In the optical system after the plasma, the scattered and
unscattered components of the beam are separated in the focal
plane and phase shifted to each other by a phase plate. This
allows for direct interference of the scattered and unscattered
components and increased contrast in the image plane at
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(a) Radial profiles of rotational transform, ¢, (b) Magnetic field strength along the mag-

and global magnetic shear, § = —r///¢ [9]. netic axis illustrating different mirror ratios.

Figure 1. Defining properties of paradigmatic magnetic configurations of W7-X. Panel (a) shows the radial ¢ profile, where rsr is the
effective minor radius and a is the value of ref at the LCFS. Low and high mirror configuration are not depicted since their ¢ profile is very
close to that of the standard configuration. Panel (b) shows the magnetic field strength along the magnetic axis, where ¢ is the toroidal angle.
Only two field periods of W7-X are shown, since the field is symmetric between field periods. Annotations of the curves represent the
mirror ratio. Low and high iota configuration are not depicted since they show similar behaviour as the standard configuration.

Figure 2. Last closed flux surface of the standard configuration with cross sections at the PCI and DR diagnostic measurement location.
Roughly half of the toroidal extent is shown since the diagnostic locations are at almost opposite sides of W7-X. The PCI laser beam passes
through the plasma from the inboard to the outboard side [9]. The black solid line illustrates the PCI line of sight, the purple marker lies at
the intersection of the regr/a = 0.75 flux surface. The DR antennas face the outboard midplane of the plasma [10, 11]. The yellow stars mark

measurement volumes in an exemplary experiment program.

the detectors. The spatial resolution on the 32-channel array
detectors enables the measurement of the binormal wavenum-
ber of fluctuations. Via the poloidal propagation velocities of
fluctuations, which is predominantly set by the neoclassical
ambipolar radial electric field, in- and outboard side fluctu-
ations can be separated [13]. Figure 2 shows the measurement
location in the standard configuration. The cross section in
which the PCI diagnostic measures is close to the triangular
cross section. The laser beam enters the plasma on the inboard
side, passes close to the magnetic axis, and exits the LCFS near
the outboard midplane.

A second core density fluctuation diagnostic was used
to study differences between magnetic configurations [14].
The Doppler reflectometry (DR) system at W7-X [11, 15]
measures radially and wavenumber resolved fluctuations and
propagation velocities up to a density-dependent innermost
radius. It is located at the outboard midplane of the bean-
shaped cross section as seen in figure 2.

2.3. Plasma scenario

In this study, we focus on plasma experiments with elec-
tron cyclotron resonance heating (ECRH) and gas fueling
from the edge, which is the scenario for long-pulse operation.

This type of plasma typically exhibits flat density profiles in
the core, peaked electron temperature profiles, and clamped
ion temperature profiles [16]. Scenarios that include altern-
ative heating and fueling methods, such as neutral beam
injection (NBI) or hydrogen-pellet injection for core fuel-
ing, which can lead to improved performance, are not con-
sidered here. In the experimental campaign of autumn 2022
to spring 2023, which is referred to as W7-X operation
phase 2.1 (OP2.1), dedicated experiments were performed
for detailed turbulence measurements and to build a data-
base of fluctuation measurements in various plasma regimes
and magnetic configurations. These power step-down pro-
grams are described in more detail in appendix A and the
corresponding density and temperature profiles at the begin-
ning of section 4. Data from these experiments as well as
other experiments of that operation phase fitting the scenario
of interest were gathered in a database. The various quant-
ities were down-sampled for the database by averaging over
100 ms segments with stationary plasma behaviour. Transient
effects and confinement transitions are therefore not included.
Figure 3 shows the range of line-averaged density measured
with a single-channel dispersion interferometer [17], (n.),,
and input power, Pgcry, for the two comparison cases of
paradigmatic magnetic configurations. Each point represents



Nucl. Fusion 66 (2026) 016007

J.-P. Béhner et al

=
= 44
-
=
o
© 3 .
n":" 2 B T ? low iota
P Wi P ® standard
- .'Jf:v— - : ® high iota
0 T T T T T
0 2 4 5] 8 10 12

{ne); / 101%m™3

(a) lota comparison

=

= 44 - Az

-~ B i

I -

[-4 g E

i 58 | i

a. 2 3 2 ow mirror
. ® standard

= TR e
“v. s B ® high mirror
0 T T T T T
0 2 4 6 8 10 12

{ne); / 10%m=3

(b) Mirror comparison

Figure 3. Database covering large span of input power and density in the 2022/23 experimental campaign (OP2.1).

the average over a 100 ms stationary segment in a plasma
program. Experiments covered a wide range of density and
input power and importantly, there are no systematic differ-
ences between configurations in the coverage of the parameter
range.

3. Experimental results

During the experiments of OP2.1, the PCI diagnostic was con-
tinuously measuring and obtained fluctuation data for all oper-
ation points shown in figure 3. For an overview of turbulent
activity, the absolutely calibrated fluctuation amplitude in the
20 kHz-600 kHz frequency range of the fully line-integrated
signal [9] was included in the database. Figure 4 shows the
database overview of fluctuation amplitudes over plasma dens-
ity and heating power. The upper row (figures 4(a) and (b))
shows the line-averaged fluctuation amplitude measured by
PCI for each line-averaged density for the two configuration
comparison cases. Instead of displaying the line-integrated
values, we chose to normalise to the integration length along
the respective line of sight within the LCFS, because this integ-
ration length varies between configurations. However, since
the PCI diagnostic and the dispersion interferometer share
almost identical lines of sight, the difference to displaying
line-integrated values is negligible, i.e. the variable integra-
tion length within the LCFS for different configurations has no
influence on any observed differences in the data. The abso-
lute fluctuation amplitude scales well with the line-averaged
density in this plasma scenario [9]. For illustration purposes,
a linear regression to the point clouds is shown as a solid line
for each configuration. In both comparison cases, a system-
atic difference in how strongly the fluctuation amplitude scales
with the line-averaged density is apparent between the con-
figurations, which is illustrated by the varying slope of the
linear regression. There is a clear trend of stronger fluctu-
ations in configurations with lower rotational transform and
higher mirror ratio. Note that the ratio of line-averaged dens-
ity fluctuation amplitude and line-averaged density is not the
same as a local fluctuation level, 7, /7., where 7, is the fluc-
tuating electron density and 7, is the mean electron dens-
ity. However, it can be used as a global proxy under the

assumptions that the shape of the radial profiles of density
and density fluctuation amplitude do not change across the
chosen parameter and configuration range (which is discussed
later). The fluctuation amplitudes are also known to scale
with input power in this scenario, since temperature gradi-
ents are increased with increasing input power. The lower
row of figures 4(c) and (d) shows the ratio of line-averaged
density fluctuation amplitude and density over ECRH input
power. In the same manner as above, linear regression to the
points belonging to an individual configuration are shown as
solid lines for illustration purposes. The difference in slope
in figures 4(a) and (b) is now represented by a vertical off-
set. The remaining slope of the fit is due to the scaling with
input power, which is weaker than the scaling with density
and does not depict a similarly strong dependence on magnetic
configuration.

The database overview reveals a robust dependence of tur-
bulent density fluctuation amplitudes on the magnetic con-
figuration for both changes in rotational transform and mir-
ror ratio. An effect in the former comparison case was
already observed in a previous study based on data from an
earlier experimental campaign [18]. The effect is independ-
ent of density or input power levels and affects the line-
averaged fluctuation level more than the scaling with input
power.

For a more detailed analysis of turbulent fluctuations in dif-
ferent magnetic configurations, we use data from the dedic-
ated experiments with identical plasma parameters (described
in more detail in appendix A). The PCI fluctuation amplitude
qualitatively shows the same trends between configurations
in a direct comparison of similar experiments as observed in
the database overview. In total, nine operation points at three
different densities and three different ECRH power levels
were compared. The observations from all operation points
agree qualitatively, which confirms the results of the database
approach and stresses the robustness of the experimental res-
ult. As a representative example, we focus on an operation
point that matches the heating power and density of a pre-
vious study in the standard configuration [13]. In the previ-
ous study, we found that turbulent fluctuations are predomin-
antly driven by the ion temperature gradient (ITG) mode and
are localised in a radial region around regr/a = 0.6 — 0.8 [13].
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Figure 4. Database approach to fluctuation amplitudes in the 2022/23 experimental campaign (OP2.1).

Density and heating power match well within a configuration
comparison but are slightly different between iota and mir-
ror comparison. Thus the standard configuration case is not
identical for iota and mirror comparison. Figures 5(a) and (b)
show wavenumber spectra of density fluctuations measured by
PCI in the configurations of the iota and mirror comparison
case, respectively. For better readability, only the wavenumber
spectra from outboard side fluctuations are shown, but both in-
and outboard side fluctuation spectra exhibit the same trends.
In the cross-section of PCI, the unfavourable curvature is gen-
erally larger on the outboard side, leading to larger fluctuation
amplitudes [13], which motivates the choice of this branch.
Comparing the configurations with different iota, we note
that the spectra deviate more strongly in the low wavenumber
regime up to 4 cm~!. In the mirror comparison case, the fluc-
tuations differ over the entire measured wavenumber range.
The wavenumber spectra have similar shapes, as if scaled by
a constant factor.

The data points with the lowest wavenumber show error
bars which illustrate the relative uncertainty contribution from
the calibration. The difference between the spectra far exceeds
the calibration uncertainty and spectral variance, which is
strongly reduced by averaging over a long stationary phase
(1 s). The experimental wavenumbers cannot be easily trans-
lated to normalised binormal wavenumbers, k, p;, since the ion
Larmor radius, p;, projection of the binormal wavenumber,
ky, to the PCI measurement direction, as well as |Vy|, which
sets the contribution of k, to the perpendicular wavenumber
k_ , vary along the PCI line of sight [18]. Taking the values
at the outboard side at refr/a = 0.75 as a reference, we note

that the presented wavenumber spectra mostly correspond to
kyp; < 1. Typically, ITG modes are destabilised around the ion
scale and trapped-electron modes (TEM) at similar or smal-
ler wavelengths. However, in the nonlinear evolution of tur-
bulence, the fluctuation power usually shifts to larger scales,
which matches the distribution in the measured wavenumber
spectra but does not allow for a direct comparison to the typical
scales of the driving instabilities.

The corresponding frequency spectra draw a matching pic-
ture, showing larger differences at lower frequencies for the
iota comparison and larger differences at higher frequencies
for the mirror comparison case.

Measurements by Doppler reflectometers at W7-X sup-
port the observations by PCI. In a radial region close to the
edge, 0.8 < refr/a < 0.9, for wavelengths in the ion scale,
fluctuation levels are observed to be generally larger in the
low iota and high mirror configuration than in the standard
configuration [14]. This trend agrees with the results from
PCI, indicating that the observations are independent of the
measurement methods. Furthermore, the agreement between
the diagnostics indicates that the trends are not specific to a
toroidal region, since the measurement locations of PCI and
DR are on opposite sides of W7-X and not directly connec-
ted via a field line (see figure 2). Geometry properties such
as unfavourable curvature, magnetic field strength, and flux
compression within the respective cross sections are quite
different, which further supports the interpretation that it is
not a geometrical feature which is specific to a certain loc-
ation that causes the observed differences between magnetic
configurations.
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Figure 5. Wavenumber and frequency spectra at selected operation points. The spectra are depicted as power spectral densities (PSD).

4. Comparison to gyrokinetic theory and modelling

While the fluctuation measurements show clear differences
between magnetic configurations in amplitude and spectral
distributions, it is not possible to draw definitive conclu-
sions about the underlying mechanisms causing these dif-
ferences from the fluctuation data alone. The question that
arises in this case is whether gyrokinetic theory predicts the
observed trends. We distinguish between the drive of tur-
bulent modes, which is contained in the linear physics, and
the nonlinear interaction of modes across scales, which leads
to saturation. We first focus on differences in the linear
destabilisation of modes between the investigated cases and
then compare the insights with nonlinear saturated fluctuation
levels.

Since the turbulent drive is very sensitive to the radial
gradients of density and temperature, we start by discuss-
ing the plasma profiles in this scenario. Figure 6 shows the
radial profiles of electron density, n,, electron temperature,
T,, and ion temperature, T;. Electron density and temperat-
ure were measured by the Thomson scattering diagnostic at
W7-X [19]. The profiles show the typical features of ECRH
plasmas in W7-X: the density is essentially flat in the inner
half of the plasma and the electron temperature is very peaked
due to ECRH deposition on the magnetic axis. Furthermore,
the profile measurements show almost no variation between
configurations. Despite the long stationary phase (1 s), which
reduces statistical errors, the remaining uncertainties conceal
any differences between configurations. This means, given

the experimental data with its uncertainty, the potential dif-
ferences in the electron density and temperature profiles or
their gradients between the magnetic configurations cannot be
quantified with a reasonable level of confidence.

The ion temperature was provided by charge exchange
recombination spectroscopy [20] or by x-ray imaging crystal
spectroscopy (XICS) [21, 22]. The former provides more reli-
able profile measurements but requires active beam emission
of NBI blips, which were rarely available in the experiments
discussed above. The latter is based on a tomographic inver-
sion which can be prone to systematic errors. Nonetheless, the
ion temperature profile shape is very similar between config-
urations within two thirds of the minor radius. We can apply
certain constraints to the 7; profile to ensure it is physically
meaningful. In general, 7; < T, since ions gain energy only
through collisions with electrons in this plasma scenario. The
ion temperature stays well below the electron temperature in
the plasma core with a moderate gradient up until re/a = 0.6,
where high density and low electron temperature allow for
good collisional coupling between electrons and ions, lead-
ing to thermal equilibration of the two species, T; ~ T,, and
an increased gradient of 7;. While it is clear that the radial
region rerr/a = 0.7 — 0.8 exhibits the largest ITG, the uncer-
tainties of the measurement are quite large in this region and
some of the inversions from XICS data violate the constraints.
It is therefore commonly assumed that a/Lr, =~ a/Ly,, where
a/Lx = —adgirx is the normalised inverse gradient length scale,
r is the radial coordinate, and X is the respective plasma quant-
ity. Considering these limitations, the potential differences of
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Figure 6. Plasma profile measurements from dedicated experiments (see appendix A). Model profiles were fitted to represent all three
configurations in one comparison case. Normalised inverse gradient length scales are shown on the right vertical axis. Diamonds represent

values used for flux tube simulations.

T; or its gradient between magnetic configurations are smaller
than the systematic uncertainties, in particular in the region of
largest gradient, despite the fact that the measurement data in
figure 6 shows differences. We want to point out that the con-
clusion is not that there are no differences in the 7; profile but
that it is important to be aware of the limitations of the avail-
able experimental data and to not assume arbitrary differences.

As mentioned above, the particular operation point was
chosen to match a previous study, in which experimental PCI
data and gyrokinetic simulations consistently show that the
(denormalised) density fluctuation amplitude peaks around
Fefr/a = 0.75 and is generally larger on the outboard side [13].
This is the radial region in which the ITG is particularly
large and therefore the drive of ITG modes is the strongest
in absolute units. Besides the localisation of fluctuations and
the dependence on ITG and density gradient, the structure and
frequency of the dominant modes in the simulations of the past
study clearly identified them as ITG modes, which is suppor-
ted by numerous other experimental and numerical findings
[18, 23-26]. It is well established that ITG modes are the
most relevant driver of turbulent density fluctuations and trans-
port in this operation scenario and in particular at this radial
location.

Considering the points of discussion above, we take the
following approach to simulations: we focus on the radial
region of re/a~0.75, since fluctuations are particularly
strong there and therefore dominate the signal measured with
PCI. Furthermore, we assume the same plasma profiles for
each configuration comparison case. For this purpose, model
profiles were fitted to the measurement data to represent all

three configurations per comparison case. The black solid lines
in figure 6 show the model profiles, the dashed black lines
show the corresponding gradient length scales. Finally, we will
focus on studying ITG modes, which will be further justified
by the results of the simulations.

Taking model profiles as the basis for simulations is not
just a result of limitations to profile diagnostic data but also
fulfils the purpose of isolating the effect of geometry on ITG
turbulence. While we try to match the experimental data well
with our choice of flux tube and gradients, we do not attempt
to validate simulation results to experimental results but try to
study possible physical mechanisms leading to the observed
trends. This set of assumptions allows us to test the hypo-
thesis that geometry effects on ITG turbulence play a major
role in determining density fluctuation levels in W7-X and
to identify which aspects of geometry are decisive for the
observed differences. If magnetic geometry leads to differ-
ent turbulence levels and transport, differences in the plasma
profiles are to be expected, which in turn alter the turbu-
lence level. Matching the resulting equilibrium turbulence
levels and profiles is only possible via self-consistently and
simultaneously evolving them by combining global gyrokin-
etic calculations with neoclassical ones and transport model-
ling (more to this in section 5). However, these results will
hardly be able to provide information on what causes the
differences in the first place. We therefore start with a local,
linear analysis. In order to be able to estimate the influence
of changes in density and ITG, we performed a sensitivity
scan in the linear simulations, which will be discussed in
section 5.



Nucl. Fusion 66 (2026) 016007

J.-P. Béhner et al

Table 1. List of the chosen magnetic configurations and magnetic
field lines around which simulated flux tubes are centred. The
field-line-labelling coordinate «y is calculated as ap = 0y — too,
where ¢ is the toroidal angle at which PCI is located, the rotational
transform, ¢, is taken at rese/a = 0.75, and 6 is given by the
poloidal angle at which the PCI line of sight intersects the

rerr/a = 0.75 flux-surface. ¢y is always equal to 4.55, while 6
changes with the geometry. The second column lists the W7-X
Team-internal identifier for equilibrium runs of the Variational
Moments Equilibrium Code (VMEC) [27, 28], which provide the
magnetic equilibrium for the given coil currents and experimental
plasma pressure of each configuration.

Configuration VMEC run ID 0o L o

low iota 019 0.23 0.77 —3.278
standard 352 0.13 0.91 —4.025
high iota 311 0.17 1.08 —4.746
low mirror 022 0.14 0.90 —3.961
standard 169 0.15 0.90 —3.975
high mirror 339 0.16 0.91 —3.982

4.1 Linear flux tube gyrokinetic simulations with stella

Linear flux tube simulations are performed using the Jf-
gyrokinetic code stella [29], which has been previously
successfully applied to study electrostatic turbulence in
comparison to experimental fluctuation data from Doppler
reflectometry [25]. The effects of kinetic electrons are
retained, and the magnetic configuration is varied in order to
study its effect on electrostatic microinstabilities. The mag-
netic equilibria are based on the experimental scenario and
represent runs of the VMEC [27, 28] with the corresponding
coil currents and central plasma pressure from the experiment.
In total, six different magnetic equilibria are selected. For each
configuration, simulations are performed in the flux tube that
crosses the PCI line of sight on the outboard side at a normal-
ised radius of repr/a = 0.75. The simulations should thus cap-
ture the fluctuations that have the largest impact on the PCI
measurement signal despite being radially local. Details about
the configurations and the simulated magnetic field lines are
reported in table 1.

Electrostatic, collisionless plasmas are simulated. As dis-
cussed above, density and ITGs from model profiles in figure 6
and are kept constant throughout a single geometry scan. For
the iota scan, {a/Lg;,a/L,} = {5.4,1.5}, while for the mir-
ror scan, {a/Lg,a/L,} = {5.0,1.0}. The ion-to-electron tem-
perature ratio, 7 = T;/T,, can be set to a good approxima-
tion to one. Following the choice of focusing on ITG modes,
the electron temperature gradient a/Ly, is set to zero in order
to isolate the impact of the geometry on the ion temperature
and density gradient drive. This choice is further justified by
results presented in appendix B, where results obtained for
a/Lr, = a/Lz; show that the presence of electron temperat-
ure gradients do not qualitatively change the turbulence drive,
which remains of the ITG type, and thus the effect of the geo-
metry on it.

The phase-space coordinates used by stella are
(x,y,2,v||, 14). The real space is parametrized by field-aligned

coordinates. Specifically, the magnetic field is written in
Clebsch coordinates, B = (dt);/drer) Ve X Vax [30], where
Fetf = ar/ ¥/ Lcrs 1s the effective minor radius, ¢, is the
toroidal flux divided by 27 and ) 1 crs its value at the LCFS.
The field-line-labelling coordinate is o =6 — t¢, where ¢
and 6 are straight-field line coordinates, with ¢ the toroidal
angle and 6 the poloidal PEST coordinate [31]. The cross
section perpendicular to the magnetic field is defined by
X = Tefr — Fefr0 and y = regro (@ — v, With regro and o denot-
ing the magnetic field line at the centre of the flux tube. From
this follows that the evolved gyrokinetic equation [32] can be
Fourier transformed in the plane perpendicular to the mag-
netic field and the perpendicular wavevector decomposed as
ky =k, Vy+k,Vx. The parallel coordinate is taken here to
be the toroidal angle, z = ¢. The velocity space is paramet-
rised by the parallel velocity, Vi[s and the magnetic moment,
= vA /2B. The simulated flux tubes are all centred at the PCI
location, ¢y = 4.55, and the following resolutions are used:
(ng x nmy, xny,) = (128 x 64 x 24). For each configuration,
one poloidal turn is simulated.

The chosen flux tubes have a geometry that is more exotic
than the largely explored flux tube centred at the outboard
midplane of the bean-shaped cross section, where the region
of worst curvature is located and thus where ITG turbu-
lence is expected to peak [33]. At this location, the flux
tube cross section is perpendicular and the fastest growing
modes are characterised by k, =0, which minimises FLR
effects (i.e. minimises the perpendicular wavevector mag-
VBIVXP +RIVYP 426k, Vx- Vy if V-
Vy =0). In this work, however, the choice of flux tube is
adapted to the PCI location. If the flux tube is centred where
the PCI line of sight intersects the chosen flux surface, the
flux tube cross section is neither perpendicular at the region
of worst curvature, nor at the one where finite Larmor radius
effects are minimised. Consequently, we cannot assume the
fastest growing modes in these flux tubes to be character-
ised by k, = 0 and thus choose to simulate a range of finite
radial wavenumbers, both positive and negative. This takes
into account the possibility of k; to be minimised at locations
along the flux tube where the cross section is not perpendicu-
lar and thus where modes have twisted wavefronts. The choice
of simulating both positive and negative k, is motivated by the
fact that such flux tubes are not stellarator symmetric.

For the above-mentioned reasons, a comprehensive scan of
growth rate spectra at ion scales, i.e. modes characterised by
k1 pi = 1, is performed first. The choice of the binormal and
radial wavenumber ranges follows the expectation that the ana-
lysed plasmas are dominated by ITG turbulence. The binor-
mal wavenumber is varied in the range &, p; € [0.4,1.6] and the
radial wavenumber in the range k,p; € [—5,5]. As observed in
[34], kyp; <2 and k.p; < 2 are enough to capture the fastest
growing mode for moderate density gradients.

The result for the growth rate spectra is shown in figure 7,
while in table 2, the fastest growing modes and the respect-
ive growth rates are reported. All spectra are characterised
by two distinct branches, one around k,p; = 0 and the other

nitude k; =
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Figure 7. Scan of linear simulations with stella for kyp; and k,p; in the ion scale range. Depicted is the normalised growth rate as a heat
map for the configurations in the iota (upper row) and mirror (lower row) comparison case.

Table 2. Fastest growing mode in each configuration. The binormal
kyp; and radial kyp; wavenumbers at which it is destabilised and the
respective growth rate ya /vy, ; are reported.

Configuration kypi kxpi ~ya/vi i
low iota 1.2 0.05 0.27
standard 1.1 1.46 0.25
high iota 1.1 —0.15 0.23
low mirror 1.1 —0.05 0.25
standard 1.0 —0.05 0.22
high mirror 1.1 —0.05 0.21

with finite k,p;. The two branches are more or less destabil-
ised depending on the configuration. We observe a decrease of
about 10% in the magnitude of the growth rate when moving
from a lower to a higher iota configuration. Moreover, the pos-
ition in (ky, ky) space of the right branch is shifted to the right
with increasing iota. As a consequence, the position of the fast-
est growing mode also shifts with increasing iota, as also vis-
ible from table 2. For the mirror scan, this does not occur, but
the overall stability of the two branches increases with increas-
ing mirror ratio. In particular, we again observe a decrease of
around 10% in the magnitude of the growth rate with increas-
ing mirror ratio. We can compare the simulated growth rates to
the experimental observations. Since nonlinear interaction of
modes and saturation, which ultimately determine the experi-
mentally measurable fluctuations, are not included in the linear
simulations, it is only valid to check if the trends with mag-
netic configurations qualitatively agree. However, experience
from past studies shows that studying the growth rates usually
gives a good indication of the final fluctuations. In the case of
the iota scan, the trend in simulated growth rates matches the
experimentally observed trend. In contrast, in the mirror scan,
the trends do not match. This indicates that in the iota scan,
the magnetic geometry effect on the linear ITG drive of tur-
bulence is indeed the mechanism causing the experimentally
observed trend, while in the mirror scan, other effects have to
play a larger role.

A further scan in the normalised binormal wavenumber
kypi €10.1,10] is performed while keeping the normalised
radial wavenumber k,p; = 0. This is a valid approximation,
given the result of the complete growth rate spectra reported
in figure 7. The extension of the binormal wavenumber range
is helpful for the characterisation of instabilities with shorter
wavelengths. The results are reported in figures 8(a) and (b),
where, however, only a limited, more relevant range of binor-
mal wavenumbers is shown.

The growth rate spectra of both the iota and mirror scan
are dominated by an ITG mode at k,p; =~ 1. At smaller scales,
kyp; > 3, short-wavelength ITG modes (SWITG) are observed
[35-38]. These modes show a similar eigenmode structure as
the larger scale ITG. Since such small scales are much less
relevant for the nonlinear fluctuation spectra and for transport,
we will not analyse these modes in detail. The spectra com-
parison for the iota scan reveals a similar trend and growth
rate difference to that observed for the most unstable mode
in (ky, ky) space. The main ITG peak around k,p; =~ 1 exhibits
a configuration-dependent difference of approximately 10%
when iota decreases. However, at higher wavenumbers, the
trend becomes less distinct. In the spectra comparison for the
mirror ratio scan, the trend at k,p; ~ 1 is less distinct, partic-
ularly when transitioning from the high mirror to the standard
configuration, which feature nearly identical growth rates. The
difference becomes more pronounced at higher wavenumbers,
suggesting that trapped electrons play a more significant role
in destabilisation (or stabilisation).

In the discussion so far, the electron temperature drive has
been excluded to isolate the physics of the dominant ITG
mode. In appendix B, growth rate spectra for a scan in kyp;
analogous to figure 8 are shown, for which an equal ion and
electron temperature gradient, a/Ly, = a/Ly,, was assumed.
Including the electron temperature drive overall increases the
growth rates but changes neither the structure of the dominant
modes nor the trends observed by varying the magnetic con-
figuration. We conclude that the effect of electron temperature
drive is not relevant for difference between magnetic config-
urations, which justifies the assumption that the ITG drive is
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Figure 9. The upper three panels show geometric quantities relevant for turbulent micro-instabilities along the rer/a = 0.75 flux tube
crossing the PCI line of sight. These are the magnitude of the magnetic field, B/B,; the curvature drift in the binormal direction, k,; the
metric coefficients |Vo¢|2 and |V1/J|2; and the local magnetic shear, S. The lower panel shows the fastest growing mode eigenfunctions for
the iota scan simulations with kyp; = 0. Here, || is the potential fluctuation magnitude normalised to its maximum value.

the relevant mechanism, in retrospect. Therefore, we continue
by studying geometry quantities in the various magnetic con-
figurations in comparison to the dominant ITG mode.

4.2. Effect of magnetic geometry on dominant ITG modes

In order to understand the growth rate dependence on geo-
metry, the eigenfunctions of the fastest growing mode for
the spectra in figures 8(a) and (b) are compared to rel-
evant geometric quantities along the magnetic field lines.
The results are presented in figures 9 and 10. For every
case in both scans, the electrostatic potential structure,

|| = (a/pi)(e/Ti)|p], of the fastest growing mode peaks at
the closest magnetic drift well—denoted by negative values
of the binormal curvature drift, #, = B,a/B*>(B x k- V)
with B, = 2|t Lcrs|/a*, which is proportional to the normal
curvature and marked as a shaded region in the first panel of
figure 9. This drift well is found roughly at the location of
the bean-shaped cross section at ¢ = 1.27. We note that the
second branch present in figure 7 corresponds to eigenfunc-
tions peaking at the other closest magnetic drift well, to the
right of the PCI location. The PCI location is in fact between
two drift wells corresponding to the two closest bean-shaped
cross sections.



Nucl. Fusion 66 (2026) 016007

J.-P. Béhner et al

—B/B,

— |Val?

low mirror
—— standard
= high mirror

2n

Figure 10. The upper three panels show geometric quantities relevant for turbulent micro-instabilities along the refr/a = 0.75 flux tube
crossing the PCI line of sight. The quantities are the same as for the iota scan in figure 9. The lower panel shows the fastest growing mode

eigenfunctions for the mirror scan simulations with k.p; = 0.

For both scans, some of the geometric quantities differ only
marginally between the configurations. For the iota scan, the
only quantity that shows a significant difference is |V a|?, rep-
resenting the density of field lines in the binormal direction.
The flux compression, |V1/:|2, which is often associated with
a large effect on the destabilisation of ITG modes [4, 39], does
not seem to be relevant for the observed differences. For con-
figurations with higher ¢, |V a|? is increased along the field
line. There are two effects associated with this: high values
of |Va/|? increase the perpendicular wavenumber, &, and
lead to stronger FLR suppression of modes. Additionally, the
strong increase of |V a|* along the flux tube is connected to
wge) ol
which is shown in the third panel of figure 9. The local mag-
netic shear measures the parallel variation of the angle between
|V a|? and | V1p|? and its strong increase in the high iota con-
figuration is connected to the much stronger plasma shaping.

Both effects lead to localisation and stabilisation of
eigenfunctions [39, 41-43]. This can be seen clearly in shape
of the eigenfunction of the fastest growing modes in the last
panel of figure 9. As mentioned above, the modes peak in the
closest drift well. We find the fastest growing mode in this drift
well, since this region is also characterised by very low val-
ues of |Va|? and ||, it is not surprising that these are the
fastest growing modes in the flux tube. The strong increase of
|V a|? to either side along the flux tube and the corresponding
peak of local magnetic shear strictly limit the toroidal extent
of the mode, i.e. it is boxed in [42]. This effect also decreases

a peak of local magnetic shear, S =aB - V(

the overall growth of the dominant mode and is stronger for
configurations with higher iota. The trend is consistent with
the lower growth rates observed in linear simulations and with
the lower fluctuation amplitudes observed in experiments. We
expect the effect of |[V/|? and local shear to play a role for
modes that are located in other drift wells (e.g. the afore-
mentioned finite-k,p; modes) and their nonlinear interaction.
Following this argument, we expect the trend to translate well
or even be increased in nonlinear fluctuation amplitudes. The
effect of |V o> and local shear can also be observed in the flux
tube centred at the bean-shaped cross section, which matches
the experimental agreement between PCI and DR measure-
ments. Finally, the increase in iota decreases the extent of the
drift wells. This can also play a role in the stabilisation of the
fastest growing modes.

The geometry of the configurations selected for the mir-
ror scan exhibits even less variation. From the comparison
with the geometry, it is evident that changing the mirror
ratio has very little effect on the local shear, metric coef-
ficients and binormal curvature drift. The crucial difference
between the configurations lies in the depth and location of
magnetic field wells. A lower mirror ratio results in a lower
fraction of trapped particles. Trapped electrons are known to
drive TEMs and contribute to ITG and mixed/hybrid modes
[44, 45]. As noted in [46], while trapped particles do not
drive ITG modes, they can exacerbate them by altering their
inertia. The destabilisation is proportional to the fraction of
trapped particles seen by the potential. However, the influence



Nucl. Fusion 66 (2026) 016007

J.-P. Béhner et al

low iota

! —— standard
! —— high iota
0 T T T
2n

(a) Tota scan comparison.

6nj e

low mirror
—— standard
i —— high mirror
0 T T T
2n

(b) Mirror scan comparison.

Figure 11. Nonlinear saturated density fluctuation amplitude along the simulated refr/a = 0.75 flux tube crossing the PCI line of sight.

of trapped electrons also depends on the overlap of mag-
netic field wells and unfavourable curvature [47—49]. This is
described by the maximum-J property of the configurations,
where J is the second adiabatic invariant. In maximum-J geo-
metries, deeply trapped particles are displaced from regions
of unfavourable curvature [49]. As previously noted in [50],
the high mirror configuration exhibits a stronger maximum-
J property than the standard configuration, which in turn is
stronger than the low mirror configuration in this property.
Consequently, although a higher mirror ratio is associated with
a larger fraction of trapped particles, this does not necessar-
ily lead to greater instability. On the contrary, in configura-
tions with maximum-J property, trapped electrons even have
a stabilising influence on ITG [45]. In the present analysis,
this is evident in the top panel of figure 10. In the closest drift
well, where the electrostatic potential of the fastest growing
modes peak, the high mirror configuration features a mag-
netic field hill, while the low mirror configuration exhibits
a magnetic field well, with the standard configuration fall-
ing between the two. This observation aligns with the lower
growth rates predicted by linear simulations as the mirror ratio
increases but does not match the experimental observation
which features larger density fluctuations as the mirror ratio
increases. As observed in figure 8(b), the effect of the mirror
ratio, and thus of the maximum-J property, on growth rates is
even more evident at shorter wavelengths (kyp; > 3). This is
likely an effect of the stronger localisation of SWITG modes
[38], which exacerbates the difference of how many trapped
particles are seen by the potential when varying the mirror
ratio.

4.3. Nonlinear flux tube gyrokinetic simulations with stella

So far, we used linear simulations to investigate the effect of
geometry on the driving instabilities of turbulence and the rel-
evant mechanisms for difference between the configurations.
However, experimental time scales are longer and the fluc-
tuation amplitudes are too large for the linear description to
hold in a direct comparison to experimental quantities. For
this reason, in order to directly compare gyrokinetic predic-
tions with measured density fluctuations and to study whether
the trends observed in the linear drive of turbulence translate

Table 3. Value of the density fluctuations amplitude at the toroidal
angle ¢o = 4.55, where the PCI line of sight crosses the simulated
flux tubes.

Configuration 0nie

low iota 7.78
standard 7.18
high iota 6.13
low mirror 10.18
standard 8.35
high mirror 6.13

into the saturated phase of turbulence, nonlinear simulations
are required. At first, flux tube simulations are considered and
the gyrokinetic code stellais employed. A similar resolution
along the field line as in linear simulations is used but with
reduced resolution in velocity space to lower computational
cost: (ny, x n,,) = (36 x 24). The minimum simulated binor-
mal wavenumber is (kyp;)min = 0.05, while the maximum is
(kypi)max ~ 2.5. The minimum and maximum simulated radial
wavenumbers vary depending on the chosen configuration due
to constraints imposed by the twist-and-shift boundary condi-
tions. On average, these values are approximately (kyp;)min =~
0.05, and (kyp;)max =~ 3.3.

The same assumptions made for linear simulations are
applied to the nonlinear simulations as well. Namely, electro-
magnetic effects and collisions are neglected. Plasma paramet-
ers are taken from the same plasma profiles used for linear
simulations and are kept fixed for each configuration scan, to
also isolate the effects of geometry on saturation mechanisms.
Detailed information on the gradients were reported in the pre-
vious subsection.

To compare with experimental data, we extract information
about density fluctuations. Specifically, we analyse their amp-
litude, and perform a time average over the saturated nonlin-

ear phase dn(¢) = <Zk \/|6nk|2> (¢). Figure 11 shows the
t

structure of density fluctuations along the magnetic field line
for both configuration scans. The stabilisation trends observed
in linear simulations persist in the nonlinear regime: increas-
ing iota or the mirror ratio reduces density fluctuations. Table 3
presents the density fluctuation values extracted at ¢y = 4.55,
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Figure 12. Radial profiles of nonlinear saturated density fluctuation level (RMS of 7i. /ng in percent) from global simulations with
GENE-3D for the iota scan comparison (left panel) and the mirror scan comparison (right panel).

where the PCI line of sight intersects the simulated flux tubes.
These values indicate a reduction in density fluctuations of
approximately 10% when iota is increased and around 20%
when the mirror ratio is increased. While the former trend
aligns with experimental observations, the latter is consistent
with linear predictions but contradicts experimental results.

4.4. Nonlinear global gyrokinetic simulations with GENE-3D

Finally, to investigate whether the discrepancy in the observed
trend is due to limitations of the local flux tube gyrokin-
etic model, we also present global gyrokinetic results. These
simulations were performed using the GENE-3D code [51,
52], which incorporates gyrokinetic ions and electrons with
a realistic ion-to-electron mass ratio, electromagnetic effects,
and a background radial electric field. The same equilibrium
magnetic field is used as for the stella flux tube simula-
tions, and selected magnetic quantities are mapped for use in
GENE-3D through the intermediate interface GVEC [51]. The
simulations cover the radial domain py, = [0.1,0.9], where
Pror = v/ ¥t/ Y Lcrs. The spatial grid resolution is (n, X ny X
n;) = (300 x 256 x 64) in the radial (x), bi-normal (y), and
field-aligned (z) directions, and the velocity grid resolution is
(ny, x n,) = (64 x 16) for the velocity parallel to the mag-
netic field v and the magnetic moment p. The simulations
are performed in gradient-driven mode, with Krook-type oper-
ators applied to particles and heat in order to preserve the
plasma plasma profiles shown in figure 6. Additionally, buf-
fer regions covering 5% of the radial domain are implemented
near the boundaries to satisfy Dirichlet boundary conditions.
These regions include a Krook damping operator to suppress
fluctuations.

In figure 12, we present the radial profiles of nonlinear sat-
urated density fluctuation amplitudes (in arbitrary units, A.U.)
from global simulations using GENE-3D for two scans: the
iota scan (left panel) and the mirror scan (right panel). The
global GENE-3D results align with the flux tube simulations,
though the effects are less pronounced. In the iota scan, fluc-
tuations are higher for the low iota configuration and lower
for the high iota configuration. Similarly, in the mirror scan,

fluctuations are elevated for the low mirror configuration and
reduced for the high mirror configuration.

At this stage, both experimental data and gyrokinetic sim-
ulations provide clear results, but we find good agreement
of trends in the iota comparison case and a disagreement
between experimental and gyrokinetic results in the mirror
comparison case. The discrepancy in the latter case does
not seem to be caused by local or global effects, since the
respective simulations show agreement. The trend observed
in flux tube simulations is reduced in the global simulations
but not reversed. The impact of geometry on the growth of
dominant modes and on the nonlinear development of tur-
bulence at fixed plasma profiles is apparently not the relev-
ant mechanism for causing differences in turbulence levels in
the mirror scan. Although not shown here, neither the local
nor the global simulations match the experimental power bal-
ance. To resolve this issue, it is necessary to evolve the pro-
files self-consistently with the experimental sources, as dis-
cussed at the beginning of section 4. This approach has been
demonstrated recently in Fernando et al 2025 [26] using the
GENE-KNOSOS-TANGO framework [53] across four dif-
ferent scenarios of the 2018 W7-X experimental campaign.
In that study, the simulated density and temperature pro-
files showed good agreement with experimental data, and
the density fluctuations and turbulent heat diffusivities were
well-aligned with the experimental observations. By adopt-
ing this method, we could obtain profiles that are compat-
ible with the experimental data while simultaneously achiev-
ing agreement with the experimental power balance. With this
approach, differences in the plasma profiles and their gradi-
ents can be assessed and related to the equilibrium turbulence
levels.

5. Summary and discussion

We identify the need to experimentally study magnetic con-
figuration effects on turbulence in optimized stellarators to
support stellarator optimisation for reduced turbulent trans-
port. This is now possible as experimental fluctuation data
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from W7-X becomes available for a larger parameter and
configuration space and numerical tools for turbulence sim-
ulations become more powerful and feasible. Two ways to
vary the magnetic configuration in W7-X are explored, low
to high iota and low to high mirror configurations. Density
fluctuation data measured by the PCI diagnostic shows robust
trends for both cases. We observe general trends in a data-
base approach as well as matching differences in a direct com-
parison at nine different operation points. The observations
match results from previous experiments and other fluctuation
diagnostics.

Measured density fluctuation amplitudes are lower in the
high iota configuration. The difference appears predominantly
at lower wavenumbers. Gyrokinetic flux tube simulations with
stella reproduce the trend in ITG growth rate spectra and
nonlinear density fluctuation amplitudes. Global gyrokinetic
simulations with GENE-3D largely support this picture. In
these simulations, the same density and temperature gradients
were assumed for all configurations. By isolating the effect
of magnetic geometry, we can confirm the hypothesis that its
impact on ITG modes, the dominant driving mechanism for
turbulence, is likely the source of the experimentally observed
trend. An analysis of the relevant geometric quantities reveals
a strong connection to the |Va|2 metric, which measures the
density of field lines and is connected to local magnetic shear
and FLR effects limiting the toroidal extent of ITG modes.
For the first time, we can experimentally show the effect of
a specific geometry property of an optimised stellarator con-
figuration on ITG turbulence. The effect is related to mech-
anisms also used in critical-gradient optimisation for redu-
cing turbulence in stellarators [4, 39]. However, it is unclear
whether the reduction in fluctuation amplitude results in an
improved confinement or higher temperatures. As mentioned
above, a self-consistent evolution of turbulence and plasma
profiles is required to complete the picture. We performed a
sensitivity scan of the linear growth rates to estimate the effect
of potentially resulting differences in density and ITG length
scales. A £20% variation of a/Lr, causes almost +20% vari-
ation of the growth rates and thus exceeds the differences
due to magnetic geometry. A +20% variation of a/L, only
causes a variation of the growth rates that is much smaller
than the differences due to magnetic geometry. Furthermore,
a more in-depth analysis of the impact of geometry on non-
linear effects will be subject of an upcoming second public-
ation. In particular, the impact of magnetic geometry on the
growth and interaction of secondary modes and the configur-
ation dependent shift of nonlinear wavenumber spectra are of
interest.

In the comparison of low mirror, standard and high mirror
configuration, experimental density fluctuation measurements
show lower amplitudes in the former case. The entire resolved
wavenumber range is affected to the same extent, i.e. the dif-
ference is not exclusive to a specific wavenumber regime.
Gyrokinetic theory predicts a reduction of destabilisation
and even stabilisation by trapped electrons when approach-
ing maximum-J configurations, which is the case going from

the low to the high mirror configuration. Flux tube simula-
tions with stella confirm this prediction with larger growth
rates and density fluctuation amplitudes in the low mirror
case. Global GENE-3D simulations show a reduced but not
areversed trend compared to the flux tube simulations. While
experimental measurements and gyrokinetic simulations show
clear results, they disagree on the direction of the trend. It
seems clear that the discrepancy is neither caused by a global/-
local effect, nor a linear/nonlinear effect, since the simulations
agree in all settings and measurements by diagnostics in differ-
ent locations show consistent results. The details of the nonlin-
ear behaviour in these configurations will be discussed in the
aforementioned upcoming publication. Furthermore, includ-
ing the electron temperature gradient in simulations, which
was neglected for the flux tube simulations, does not reverse
the trend as seen in the linear growth rates in appendix B
and global GENE-3D simulations. However, we do note that
including impurities, which were not considered in this study,
can have an impact not only on ITG but in connection to
electron temperature gradient driven modes as well [54]. The
largest remaining unknown are the detailed gradients of dens-
ity, ion and electron temperature. As discussed for the iota
case, the self-consistent evolution of turbulence and plasma
profiles is required to complete the picture and is planned for
an upcoming publication. The same sensitivity scan of growth
rates was performed as for the iota scan with identical res-
ults. This means, variations of a/Ly, on the order of +20%
are sufficient but also required to reverse the trend between
configurations.
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Appendix A. Power step down experiments

The power step programmes were designed to cover a large
range of density and input power in various configurations in
a reproducible way. Figure Al shows an overview of these
dedicated turbulence study programmes. The ECRH input
power starts at the highest available power and was reduced in
steps at a feedback-controlled constant line-integrated dens-
ity. The ECRH power was modulated for 0.5 s in each
step to enable heat pulse propagation measurements with



Nucl. Fusion 66 (2026) 016007

J.-P. Béhner et al

Pecru / MW

7

£3 [~ —

Hg 5 low iota
~ === standard
< 11 = high iota
£

Waia / 102 kj

g
o
L

d
o

(e} 1 107m~3

e
o

T T T T T T
5.0 7.5 10.0 12,5 15.0 17.5

(time + offset) / s

0.0 25 20.0

Pecru (MW)

T T T T
f/v\\ I
low mirror

=== standard
=== high mirror

(ne); /10¥m=3

Waia / 102 KJ

N
an

=
w»

=
o

o
w»
L

(Ae)f© /10 m=3

o
1=}

T T T T T
15.0 17.5 20.0 225 25.0

(time + offset) / s

T T T
7.5 10.0 125

(a) Dedicated power step experiments for (b) Dedicated power step experiments for

iota comparison.

mirror comparison.

Figure A1. Overview of time traces of input power, Pecry, line-averaged density, (n.);, diamagnetic energy, Wgi,, and line-averaged
fluctuation amplitude from PCI, (ﬂe)})a, in dedicated power step experiments.

electron cyclotron emission diagnostics. This waveform was
repeated at different densities and in various magnetic con-
figurations. In figure Al, the operation point of interest is
marked as a grey shaded area. To compensate for a differ-
ent timing of the power steps between the depicted experi-
ments, an offset was applied to match time traces at the spe-
cific operation point. The bottom panel in figure A1 shows
the time trace of the PCI line-integrated density fluctuation
amplitude. The trend between configurations can be seen dur-
ing almost all power steps. Exceptions occur due to devi-
ations from the design density value or due to additional NBI
1nput.

Appendix B. Linear flux tube simulations with
stella including electron temperature drive

In the discussion in section 4, the electron temperature gradi-
ent drive has been neglected in linear simulation to high-
light the ITG mode characteristics. For the sake of com-
pleteness, we present the linear growth rate spectra for the
depicted cases including the electron temperature gradient
and therefore all available driving mechanisms. At the given
radius, electrons and ions are thermally strongly coupled and
we therefore choose a/Ly, = a/Ly, while keeping a/Ly, and
a/L, unchanged. Figure B1 shows the results analogously
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Figure B1. Linear gyrokinetic simulations with a/Ly, = a/Lt, as a scan of ky at ky = 0. All other settings as described in section 4.

to figure 8. The growth rates are overall larger and increas-
ing towards higher binormal wavenumbers. Although the
depicted wavenumber range is well below the electron scale,
there is an overall destabilising impact of the electron tem-
perature gradient. However, nature of modes, the sign of
their real frequency, the structure of the spectrum, i.e. sep-
arated ITG and SWITG, as well as the trend observed
in the differences between magnetic configurations, do not
change when including the electron temperature gradient
drive.
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