
LETTER • OPEN ACCESS

Quantitative comparison of impurity transport in
turbulence reduced and enhanced scenarios at
Wendelstein 7-X
To cite this article: J.A. Alcusón et al 2023 Nucl. Fusion 63 094002

 

View the article online for updates and enhancements.

You may also like
Broadband Alfvénic excitation correlated
to turbulence level in the Wendelstein 7-X
stellarator plasmas
S. Vaz Mendes, K. Rahbarnia, C. Slaby et
al.

-

Impurity transport studies at Wendelstein
7-X by means of x-ray imaging
spectrometer measurements
A Langenberg, F Warmer, G Fuchert et al.

-

Technical challenges in the construction of
the steady-state stellarator Wendelstein 7-
X
H.-S. Bosch, R.C. Wolf, T. Andreeva et al.

-

This content was downloaded from IP address 141.52.248.2 on 04/09/2023 at 10:34

https://doi.org/10.1088/1741-4326/aceb76
https://iopscience.iop.org/article/10.1088/1741-4326/ace53c
https://iopscience.iop.org/article/10.1088/1741-4326/ace53c
https://iopscience.iop.org/article/10.1088/1741-4326/ace53c
https://iopscience.iop.org/article/10.1088/1361-6587/aaeb74
https://iopscience.iop.org/article/10.1088/1361-6587/aaeb74
https://iopscience.iop.org/article/10.1088/1361-6587/aaeb74
https://iopscience.iop.org/article/10.1088/0029-5515/53/12/126001
https://iopscience.iop.org/article/10.1088/0029-5515/53/12/126001
https://iopscience.iop.org/article/10.1088/0029-5515/53/12/126001


International Atomic Energy Agency Nuclear Fusion

Nucl. Fusion 63 (2023) 094002 (8pp) https://doi.org/10.1088/1741-4326/aceb76

Letter

Quantitative comparison of impurity
transport in turbulence reduced and
enhanced scenarios at Wendelstein 7-X

J.A. Alcusón1,2,a,∗, Th. Wegner1,a, A. Dinklage1, A. Langenberg1, J.-P. Bähner3,
B. Buttenschön1, E.M. Edlund4, G. Fuchert1, J.M. García-Regaña5, O. Grulke1,6,
Z. Huang7, M. Porkolab3, A.V. Stechow1, P. Xanthopoulos1, A. Zocco1

and the W7-X Team1,b

1 Max-Planck Institute for Plasma Physics, 17491 Greifswald, Germany
2 Laboratorio de Innovación en Plasmas, University of Cordoba, 14071 Córdoba, Spain
3 MIT Plasma Science and Fusion Center, Cambridge, MA 02139, United States of America
4 SUNY Cortland, Cortland, NY 13045, United States of America
5 Laboratorio Nacional de Fusión, CIEMAT, Av. Complutense, Madrid 28040, Spain
6 Technical University of Denmark, 2800 Kongens Lyngby, Denmark
7 UKAEA, Culham Centre for Fusion Energy, Culham Science Centre, Abingdon, Oxon OX14 3DB,
United Kingdom of Great Britain and Northern Ireland

E-mail: jorge.alcuson@ipp.mpg.de

Received 21 April 2023, revised 2 July 2023
Accepted for publication 28 July 2023
Published 9 August 2023

Abstract
We assess the turbulent particle transport being responsible for the limitation of the confinement
and, thus, the overall performance of the neoclassically optimized stellarator Wendelstein 7-X.
The radial particle transport is experimentally inferred from the evaluation of impurity injection
into turbulence reduced and enhanced plasma scenarios revealing a completely different
confinement behavior. The impact of the density gradient on the turbulent ion transport is
theoretically estimated using large-scale non-linear gyro-kinetic simulations enabling, for the
first time in Wendelstein 7-X, a quantitative comparison to the experimentally assessed impurity
transport properties. We demonstrate that impurity transport in most of the Wendelstein 7-X
discharges, up to now impossible to cover only with neoclassical estimations, is dominated by
turbulence and can be modelled via gyro-kinetic simulations.
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1. Introduction

Stellarators embody one concept for the production of magnet-
ically confined fusion energy. As stellarators enable a steady
state plasma operation, the control and improvement of the
performance of those fusion devices is one of the most import-
ant topics in fusion research. The performance is, amongst oth-
ers, limited by confinement properties of particles, heat and
momentum being set by collisional (classical and neoclassical)
and anomalous transport which is often attributed to turbu-
lence. At the same time, impurity sources are unavoidable in
fusion devices because the first wall erosion during discharges
liberates impurities in the plasma. If these expected but not
invited species persist inside the plasma and accumulate in
the core, they can lead to a radiative collapse degrading the
performance of the machine. In general, heavy impurity spe-
cies tend to accumulate in the plasma core due to the action of
the neoclassical transport in fusion devices [1–4]. This prob-
lem is significantly relevant for stellarators, with a high neo-
classical contribution compared to tokamaks. Nevertheless,
Wendelstein 7-X fusion device (W7-X) is the first optimized
stellarator to reduce the neoclassical transport down to toka-
mak levels [5]. And, for that reason, the absence of impurity
accumulation in most of the W7-X discharges [6] has imme-
diately pointed to the turbulent component of the transport to
flush these species out of the machine [7–9], highlighting the
relevance of a dedicated study for the impurity turbulent trans-
port in such device.

Turbulence mechanisms at ion-scale are caused by
low-frequency plasma micro-instabilities such as the ion-
temperature gradient (ITG) driven mode and the trapped
electron mode (TEM). Particularly for W7-X at low dens-
ity gradients, the turbulence level of TEM is rather benign due
to the magnetic field geometry [10, 11]. Thus, the ITG mode
[12–14] is expected to be the dominant turbulence mechanism
which is driven by the normalized ion temperature gradi-
ent length, a/LTi =−(a/Ti)dTi/dr, (a= 0.52m is the minor
radius of the torus and r the effective plasma radius) and sta-
bilized by the normalized electron density gradient length,
a/Lne =−(a/ne)dne/dr. In plasma scenarios with peaked
density profiles where a/LTi ∼ a/Lne , the ITG in W7-X is
reduced leading to less transport and enhanced confinement
[15–17]. In standard electron cyclotron heated (ECRH) plas-
mas with gas fueling, the density gradient in W7-X is usually
low and thus the ITG mode is dominant, limiting the confine-
ment of particles and heat. Main aspects of the resulting tur-
bulent transport has recently been discussed in experimental
[7–9] and theoretical [8, 16–21] work, however, the direct
comparison between the results is still lacking for impurity
turbulent transport in W7-X. Some publications have indir-
ectly pointed out the necessity of a strong contribution of
turbulence to the impurity transport in ECR heated plasmas

(dominant ECR heating without kinetic profile shaping events,
e.g. pellet injection) to explain the enormous discrepancies
between the neoclassical estimations and total transport in
some discharges [7], the impurity transport independence
on the charge state [9, 19] and the impact of temperature
ratio [8] on impurity transport. Our results demonstrate that a
gyro-kinetic modelling of turbulence could explain all these
phenomena reproducing the transport coefficients for a spe-
cific discharge at the same time. In particular, this manuscript
quantitatively compares the experimentally and theoretically
inferred ion-scale turbulent particle transport in the core of
W7-X for reduced (turb↓) and enhanced (turb↑) turbulence
plasma scenarios. Large-scale non-linear gyro-kinetic simu-
lations have been successfully performed, which reflect very
well the experimental results obtained from transport invest-
igations by means of non-intrinsic impurity injection. These
findings motivate the further application of gyro-kinetic sim-
ulations for comprehensive turbulence studies and might be a
key tool for the development of turbulence optimized fusion
reactors.

2. Experimental analysis

2.1. Experimental setup

Two experimental programs from the previous OP1.2b oper-
ation campaign of W7-X with uncooled carbon divertor were
selected. They were executed in the standard magnetic field
configuration [22] with hydrogen as main fuel gas and exhibit
low-beta, i.e. a low plasma tomagnetic pressure ratio. The pro-
grams are excellent candidates for comparison because they
have very similar plasma parameters except for the density
gradient and thus reflect the turbulence reduced and enhanced
scenario. In particular, the on-axis ECRH power deposition
(within 0⩽ r/a⩽ 0.15) as well as the electron density and
temperature and the ion temperature are comparable for both
programs, see figures 1(a) and (b). In each scenario, similar
trace amounts (less than 1017 atoms and nFe/ne < 10−5) of
iron were injected by means of a laser blow-off (LBO) system
[23, 24]. The injected iron particles are ionized and excited
in the plasma and start to emit line emission. Figure 1(c)
exemplary illustrates the spectroscopic measurement of the
Fe XXV line emission in the x-ray spectral range [25, 26]
for both programs. It is obvious, that the temporal behavior
of the line emission is completely different. In the turbulence
enhanced scenario, a clear decay of the Fe XXV is observable
and provides an impurity transport time of 130± 5ms, being
a measure for the impurity confinement of trace ions in the
plasma [23]. In the turbulence reduced scenario, the Fe XXV
line emission increases until the discharge is distorted by pellet
injections (0.5 s after the injection) leading to different dens-
ities, temperatures and in the end to different excitation rates
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Figure 1. Time traces of the ECRH power and center electron
density (a), center electron and ion temperature (b) and the
normalized Fe XXV line emission (c) for the reduced (blue,
20 180 919.007) and enhanced (orange, 20 180 919.049) turbulence
scenario.

and a drop of the Fe XXV emission. This case might be an
indication of accumulation although this is not verifiable due
to the preliminary termination of the discharge. Although the
impurity injection provides intense spectral emission lines of
different iron ionization stages, the global plasma parameters
are barely changed, see also figure 1. This is a crucial condi-
tion for the spectroscopic evaluation and the below described
estimation of the transport properties. It should be addition-
ally mentioned that for the turbulence reduced scenario a neut-
ral beam injection (NBI) heated period ends 500 ms before
the impurity injection. After the NBI phase, ECRH is applied
exclusively.

Figure 2 shows profile fits of the experimental data for the
electron density, ne, the ion, Ti, and electron, Te, temperat-
ure, respectively. They are determined at times where the main
plasma parameters are virtually constant and where an effect
of the impurity injection can be ruled out. The fitted curves
result from a Gaussian process fit to the data that are mapped
to the effective radius, r/a, employing a magnetic equilibrium

Figure 2. Fits (solid lines) and normalized gradient length (dashed
lines) of the electron density (a), ion and electron temperature
(b) and ambipolar electric field generated with DKES (c) profiles
as a function of the plasma radius for the reduced (blue,
20 180 919.007) and enhanced (orange, 20 180 919.049) turbulence
scenario.

calculation by means of the variational moments equilibrium
code (VMEC) [27]. Profiles are provided with an estimation
for the fitting error, see the shaded area in figure 2. These
uncertainties will be employed in further analysis, allowing
us to assess the robustness of the findings in terms of this
small deviations. The fits take into account Thomson scatter-
ing data (ne, Te) [28] and measurements from the x-ray ima-
ging spectroscopy (Ti) [26]. The ion temperature is set to the
electron temperature for Ti > Te since excess energy flow from
the electrons to the ions can be excluded in the purely electron
heated plasma. Moreover, bolometer measurements do not
indicate any excess energy sink for the radiation. From these
fits, the normalized ion temperature gradient as well as the nor-
malized electron density gradient are inferred serving as input
for the non-linear gyro-kinetic simulations. The center density
of both discharges are similar albeit the gradient in the outer
core are different resulting into a higher normalized density
gradient for the turbulence reduced scenario. The profiles of
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the temperatures and therewith the normalized gradients are
comparable for both cases. Calculating the ambipolar electric
field with the drift kinetic equation solver (DKES) [29] res-
ults in values of about −10kVm−1 (turbulence reduced scen-
ario) and −5kVm−1 (turbulence enhanced scenario) as the
maximum strength in the outer half of the plasma volume,
see figure 2(c). Except for the very core, the ambipolar field
becomes negative for both scenarios indicating a neoclassical
ion root feature [30]. The neoclassical energy flux is way smal-
ler than the applied heating and goes up to about 30% for the
turbulence reduced but no more than 18% for the turbulence
enhanced scenario.

2.2. Transport analysis with STRAHL

The experimental approach to infer transport properties
includes the application of the spectroscopic measurement
of injected impurities in the ultraviolet [31] and x-ray spec-
tral range [25, 26]. In particular, the temporal evolution of
the emission from various charge states of iron is calculated
forward with the one-dimensional impurity transport code
STRAHL [32] and is being compared with measured data.
Using an iterative optimization procedure [7], the radial dif-
fusion profile, D, is inferred to match the local impurity flux
Γ =−D∇n+ vn for the impurity density, n, and hence to
adapt the measured emission time traces. The convection velo-
city, v, profile is assumed to be the sum of classical and
neoclassical parts being derived from DKES and amounts to
about 0.3ms−1 (line-averaged). For the turbulence enhanced
scenario, thermo-diffusion is additionally accounted for by
normalizing the temperature gradient profile to the absolute
value of the thermo-diffusion pinch calculated from turbu-
lent modeling at the radial position argued in section 3. This
gives an additional contribution to the convection of about
−0.75ms−1 (line-averaged). For the comparison between the
inferred and neoclassical diffusion profiles, the neoclassical
diffusion coefficients are additionally determined with DKES
and shown in figure 5. It is known that the collision oper-
ator of DKES becomes less accurate at higher collisionalit-
ies (here highly ionized Fe atoms). However, a comparison
with neoclassical calculations from SFINCS [33], which do
not show this inaccuracy, has shown that the deviation is neg-
ligible even for higher collisionalities. Also, considering such
an insignificant contribution to the total transport [7], this
model should be enough. As reported before in the literature
[7], the neoclassical diffusion coefficient is on the order of
0.001m2 s−1. This is a factor of 100 smaller compared to
the profile averaged values of the inferred turbulent diffusion
coefficients for dominant ECR heated plasmas without kin-
etic profile shaping events. Beside to the above mentioned
kinetic profiles, STRAHL is supplied with the neutral back-
ground density since it affects the charge stage distribution
via charge-exchange collisions. The neutral density is calcu-
lated with the KN1D code [34] that requires, among others,
the neutral density close to the wall [7]. Unfortunately, this
information is not available and therefore the neutral back-
ground density is scaled-up with a factor fH0 so that the pres-
sure and recombination limits are not exceeded. In addition

to that, the mach number M and therewith the parallel flow
velocity is an important input parameter for STRAHL since
it describes the parallel loss time into the divertor at a known
connection length. STRAHL is also supplied with the timing
of the impurity injection tLBO since this information is import-
ant for the matching of lower ionization stages and in the end
for the determination of the diffusion coefficient in the edge.
Unfortunately, the three parameters fH0 ,M and tLBO are unclear
and therefore are varied in a reasonable range and permuted for
each iterative optimization procedure. As a result of that, about
4× 104 radial diffusion profiles are inferred for each scenario.
These can be weighted by the goodness of the fit convoluted
with the amount of similar profiles. Hence, the most likely fit
result as well as areas with lower probability can be determ-
ined with that method and are visualized in figure 5 as solid
lines and shaded areas, respectively.

3. Turbulent modelling

The turbulent flux along the radial direction for impurity tracer
concentrations is described by three contributions: a diffus-
ive term Γ

(Z)
D , a thermo-diffusive term Γ

(Z)
χ and a curvature

pinch Γ
(Z)
C ,

Γ
(Z)
total = Γ

(Z)
D +Γ(Z)

χ +Γ
(Z)
C =−DZ∇nZ+χZ∇TZ+CZnZ

(1)

where the diffusion DZ and thermo-diffusion χZ coefficients
only depend on the background turbulence of themain ion spe-
cies, and the curvature pinch CZ is a geometrical pinch [18].
These transport coefficients are independent of the impurity
gradients, temperature and density, because of the trace con-
centration approximation. In other words, the background tur-
bulence produced by ions and electrons is not modified by the
presence of impurities due to their insignificant concentration.
Gyro-kinetic simulations are computationally very demand-
ing, thus, we will take advantage of some previous results to
simplify our modelling. In particular at W7-X, the thermo-
diffusion and the curvature pinch in equation (1) have a low
contribution compared with the diffusive term and become rel-
evant to the total flux only for very reduced density gradients
[19]. This is particularly relevant for the thermodiffusion
coef. of heavy impurities like iron where χZ ∝ 1/Z2 [18].
Considering our two experimental scenarios, these terms will
affect our results for the enhanced turbulence plasma, where
the density gradient is low, and will not be considered for the
reduced turbulence scenario due to a significant a/LnFe . For
simplicity, due to the independence of the transport coefficient
on the impurity density gradient, we will use same density and
temperature gradient for main ions and impurities (a/LnFe =
a/Lni , a/LTFe = a/LTi) in both scenarios without lack of gen-
erality for our results. In that sense, in the enhanced turbulence
scenario modelling we will perform two identical simulations:
one with the a/LnFe = a/Lni and a/LTFe = a/LTi to estimate
the total particle flux Γtot including Ti = 0.5keV, a/LTi = 2.8,
a/Lne = 0.6, and another one with a/LnFe = 0 to estimate the
contribution of the thermo-diffusion and the curvature pinch
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isolated in one pinch term Γ
(Z)
V = Γ

(Z)
χ +Γ

(Z)
C . This pinch will

be included in STRAHL calculations, see section 2.2, to have
a consistent estimation of the coefficient DZ with both codes.
From the difference between both terms, we can estimate the
diffusive contribution Γ(Z)

D = Γ
(Z)
total −Γ

(Z)
V . For the reduced tur-

bulence scenario, only one simulation with all the gradients
included a/LTi = 3.0, a/Lne = 2.1 and Ti = 0.75keV is per-
formed to estimate the total flux.

The gyro-kinetic simulations are performed with an
Eulerian solver, the GENE code [35]. Our model, previously
used to investigate stellarator turbulence [36] including the
W7-X geometry [17, 24], considers a flux-tube scheme, three
kinetic species (main ions H+, electrons e− and iron impurit-
ies Fe25+), electrostatic fluctuations, and no collisions. Non-
linear simulations have a domain (Lx,Ly,Lz) = (125,125,2π)
and a resolution of (nx,ny,nz,nv|| ,nµ) = (128,128,128,32,9).
The standardmagnetic field configuration [22] is considered as
magnetic geometry. The impurity-electron density ratio with
nFe/ne = 10−8 guarantees the trace concentration of iron in
the simulations. InW7-X, ITG-turbulence is radially localized
in a region around 0.5< r/a< 0.7 [37, 38]. Our simulations
are performed at r/a= 0.6, where the ‘anomalous’ contribu-
tion estimated by STRAHL was found maximum in previous
works [7]. The abovementioned parameters used for the calcu-
lations are the experimental values at this radial position. In the
outer half of the plasma as illustrated in figure 2, main species
are strongly coupled and share same temperature Te/Ti = 1.
Since the electron temperature gradient (ETG) instability in
W7-X does not play an important role for transport compared
with ITG and TEM instabilities [39], we will consider no elec-
tron temperature gradient a/LTe = 0 as it is usual in numerous
W7-X studies [17, 24].

3.1. Linear simulations

Firstly, a linear study of the different instabilities is provided.
Linear growth rates γ for both scenarios are illustrated in
figure 3. The growth rate spectrum for the enhanced turbulence
scenario shows an important and dominant ITG instability at
ion scales, around kyρ≈ 0.9, and a typical broad TEM plateau
for intermediate scales. Using a quasi-linear transport model,
where Di ∝ γ/k2y , we can argue that the dominant instability
for ions should be ITG. In the turbulence reduced scenario,
the ITG linear growth rate is reduced and almost located at
the same scale (ky ρ≈ 1). In contrast, the linear growth rate
associated to the TEM instability is increased in this scenario
and closer to ion scales (almost fused with the ITG instability,
peaking at kyρ≈ 1.6). In this scenario, a quasi-linear argument
suggests again an ITG-dominant instability for ions, but the
difference between the transport coefficients is, in this case,
reduced due to a similar growth rate and mode scale.

3.2. Non-linear results

The heat Qi and particle Γi fluxes of the different scenarios
are shown for main ions in figure 4. We observe an important
difference of heat flux between the two scenarios. The reduc-
tion of the heat flux is produced by the density peaking of the

Figure 3. Linear growth rate wavenumber spectrum generated with
GENE for the reduced (blue, 20 180 919.007) and enhanced (orange,
20 180 919.049) turbulence scenarios. Units: cs =

√
2Ti/mi is the

ion sound speed inside the plasma and a the minor radius.

Figure 4. Ion heat flux Qi (solid) and particle flux Γi (dotted and
up-scaled by a factor of 10) from non-linear simulations as a
function of the time for the enhanced (orange, 20 180 919.049) and
reduced (blue, 20 180 919.007) turbulence scenario.

profile, which is a characteristic feature of W7-X [16, 17, 40].
At the same time, the reduction of the main ions particle flux
seems less significant, but it is important to note that those
fluxes are produced with very different normalized density
gradients, a/Lturb↑ne = 0.6 and a/Lturb↓ne = 2.1 respectively. This
results into a diffusivity 3.5 times higher in the turbulence
enhanced case than in the reduced turbulence case (assuming
pure diffusion for the fluxes). It should be emphasized that this
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Figure 5. Radial profiles of the anomalous and collisional (classical
and neoclassical, dashed lines, scaled up by a factor of 100)
diffusion coefficient for Fe25+ as a function of the plasma radius for
the enhanced (orange, 20 180 919.049) and reduced (blue,
20 180 919.007) turbulence scenario calculated with the 1D
transport code STRAHL (solid lines and shaded areas) and
dedicated points from non-linear GENE calculations (⋆).

is a reduction of the same order of magnitude for the particle
and temperature transport coefficients Di and χi.

We also compare the density fluctuation level measured
by the phase contrast imaging (PCI) diagnostic [41, 42] and
estimated by GENE. PCI measurements are located at a spe-
cific position of the GENE flux-tube considered in our study
(most unstable flux-tube: located at the bean shaped W7-X
cross-section). We compare the fluctuations produced only in
that particular toroidal position (cross-section), as previously
characterized and analyzed [38]. One should keep in mind that
the flux-tube considered is not exactly the flux-tube that goes
through the poloidal location of the PCI line of sight, but both
flux-tubes exhibit similar electron density fluctuations and
match well with the line integrated PCI signal [38]. The ratio
of the fluctuation level between the two scenarios averaged
in time ⟨ñe⟩turb↑t /⟨ñe⟩turb↓t match well. These amounts for PCI
⟨ñe⟩turb↑t /⟨ñe⟩turb↓t = 2.2 and for GENE ⟨ñe⟩turb↑t /⟨ñe⟩turb↓t =
2.0. This figure of merit evaluates the variation of the fluc-
tuation magnitude excluding any unit or method dependence.
It should be noted that the PCI value originates from line-
integrated measurements along a radial line of sight, while
the GENE value corresponds to radially local fluctuations.
The radial localization of the turbulence, figure 5, makes the
comparison valid.

In our turbulent transport modelling for Fe impurit-
ies, the reduced turbulence scenario is purely diffusive
and equation (1) is simplified to Γ

(Z) turb↓
total ≈ Γ

(Z) turb↓
D =

−Dturb↓
Z ∇nZ with a diffusivity Dturb↓

Z responsible for the total
flux. However, the enhanced turbulence scenario has two

important contributions to the total flux in equation (1):
diffusion (Γ(Z) turb↑

D ) and pinch (thermo-diffusion and curvature

Γ
(Z) turb↑
V ). The latter with a significant velocity |v| ≈ 1ms−1.

These fluxes have opposite directions, Γ
(Z) turb↑
D > 0 and

Γ
(Z) turb↑
V < 0, which translates in a total particle flux smal-

ler than the diffusive flux |Γ(Z) turb↑
total |< |Γ(Z) turb↑

D |. To calculate
the diffusivity, first, we must estimate Γ(Z) turb↑

D using the total

flux Γ(Z) turb↑
total produced by the simulation with all the gradients

included and the pinch flux Γ
(Z) turb↑
V produced by the simula-

tion with no density gradient included. The Γ(Z) turb↑
D is defined

as: Γ(Z) turb↑
D = Γ

(Z) turb↑
total −Γ

(Z) turb↑
V =−DZ∇nZ. With all these

considerations, the transport coefficient for the enhanced
turbulence scenario is Dturb↑

Z = 2.4± 0.3m2s−1 and for the
reduced turbulence scenario is Dturb↓

Z = 1.5± 0.2m2s−1, see
figure 5. As expected, the enhanced turbulence scenario has a
stronger diffusivity than the reduced turbulence scenario and
produces a diffusive flux of the same order with a smaller
gradient.

4. Discussion and conclusions

Comparing the GENE results for diffusivity with the STRAHL
estimates of anomalous DZ, see figure 5, we find good agree-
ment for the enhanced turbulence scenario. These results
are robust and consistent, finding similar results for other
discharges in a previous analysis [43]. In the reduced turbu-
lence scenario, we capture a significant suppression of the
turbulent transport for the main ions due to the density peak-
ing, which translates to a substantial reduction of the diffus-
ive coefficient for the impurities. Trends are clear and val-
ues are on the same order of magnitude (in contrast with the
neoclassical estimations, two orders of magnitude smaller),
but the matching between the GENE and STRAHL estima-
tions is not as good as in the previous scenario. There are
two potential contributions not accounted for in the GENE
calculation that could complement the total transport reduc-
tion observed by STRAHL: collisions and the radial elec-
tric field Er. These corrections to our GENE modelling were
not initially included because massively increase the number
of simulations and the computational demands, exceeding,
by far, our computational possibilities. Regarding collisions,
the density peaking should increase the number of collisions
which reduces the TEM-instability by de-trapping the elec-
trons of the bad curvature regions [44]. However, in the tur-
bulence enhanced scenario, ITG is the dominant instability,
which is almost immune to the effects of collisions [16], and
the possible contribution is small. For the reduced turbulence
scenario, figure 3 shows important ITG and TEM (produced by
the density gradient) instabilities. However, TEM turbulence
is significantly suppressed during the non-linear simulations
due to the quasi-isodynamic property of W7-X [10, 17]. ITG
instability also dominates this scenario, and collisions will
not have an important impact on our results. The radial elec-
tric field has previously shown an important role suppressing
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turbulent transport in W7-AS [45]. In stellarator geometry,
the Er induces a poloidal rotation on the magnetic surface,
moving the fluctuations out of the bad curvature regions and
reducing the turbulent heat losses. In our discharge, Er (see
figure 2(c)) is negatively increased during the reduced tur-
bulence scenario. In particular, for W7-X we have a recent
estimation of this effect (excluding the radial shear that would
have a small impact because Er is maximum in the position
of interest) with very similar conditions of density peaking
during a pellet discharge [17]: same magnetic configuration,
same Er, similar gradients and similar plasma parameters. In
[17] the reduction on the main ions turbulence due to the dens-
ity peaking (kinetic species, flux-tube simulations) is com-
pared with the reduction of the radial electric field (adiabatic
electrons, flux-surface simulations). The study concludes that
both reductions are relevant and in a similar order of mag-
nitude, however, the reduction due to the density gradient
seems to be higher at present conditions. According to these
results, we can expect a reduction of the same order of mag-
nitude as that produced by the density-peakmechanism, which
agrees well with our gap between the GENE and STRAHL
calculations.

Wemodelled the turbulent impurity transport ofW7-X, per-
forming a first direct comparison between turbulent impurity
transport coefficients calculated with GENE and those exper-
imentally obtained from STRAHL for a specific W7-X dis-
charge. In particular, two scenarios differing in turbulence
level were investigated. In contrast to the neoclassical estim-
ations that were, by far, insufficient, in both scenarios the
numerical estimates of turbulence can account for the exper-
imental impurity transport observed in the device. In particu-
lar, the enhanced turbulent scenario has a good agreement in
order of magnitude and values for the transport coefficients.
In this scenario, the transport is dominated by turbulence and
the injected Fe-impurities are kicked out quickly, which res-
ults into a low confinement and short transport times. During
the reduced turbulence scenario, the transport coeff. estimated
with our modeling is one order of magnitude higher than the
experimentally observed. In this scenario, the impact of tur-
bulence is significantly suppressed for main ions and impur-
ities. As a result, the confinement of Fe impurities is higher
and the transport times longer. The enhanced turbulence scen-
ario is well described by our gyro-kinetic model which pro-
duces similar estimations for the transport coefficients. The
characteristic reduction of turbulence due to the density peak-
ing observed during the reduced turbulence scenario is also
well captured by our model, however, the diffusive trans-
port coefficient is overestimated, likely due to the absence
of the Er effects previously shown to be effective in redu-
cing turbulence. Next computational efforts together with ded-
icated W7-X experiments during the W7-X OP2 campaign
will be devoted to obtain a full radial profile characterization
of turbulent transport and to capture the complete effect of
the Er. These modelling results represent the definitive evid-
ence of a dominant turbulent contribution to the transport
of impurities for ECRH plasma conditions in W7-X, which
had previously been highlighted and discussed using indirect
methods.
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