Impact of the temperature ratio on turbulent impurity transport in Wendelstein 7-X
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Beurskens,1 L.-G. Böttger,1, ‡ S. Bozhenkov,1 K. J. Brunner,1 R. Burhenn,1 B. Buttenschön,1 H. Damm,1
E. Edlund,3 O. P. Ford,1 G. Fuchert,1 O. Grulke,1, ‡ Z. Huang,4 J. Knauer,1 F. Kunkel,1 A. Langenberg,1
N. A. Pablant,5 E. Pasch,1 K. Rahbarnia,1 J. Schilling,1 H. Thomsen,1 L. Vanó,1 and W7-X Team1, §
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First experimental observations in the Wendelstein 7-X stellarator indicate that the impurity confinement can
be explained by turbulent processes. In particular, plasma discharges with increased ion to electron temperature
ratio are accompanied by reduced electron density fluctuation amplitudes and anomalous impurity diffusion,
suggesting a lower turbulent transport. Employing gyro-kinetic numerical simulations, we argue that the temperature ratio plays a key role for reducing the ion temperature gradient instability in Wendelstein 7-X, leading
to an enhanced impurity confinement.
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I.

INTRODUCTION

One of the most prominent challenges in magnetic fusion
research is to improve and control the confinement properties
of heat, particles and momentum by collisional and anomalous transport. Collisional transport is caused by Coulomb
collisions and drifting orbits of charged particles, leading to
so-called classical and neoclassical transport, which is subsumed in the following as ”neoclassical transport”. Any transport beyond the well understood neoclassical mechanisms is
termed as anomalous and is generally attributed to turbulent
fluctuations or magnetohydrodynamics modes. In stellarators,
the neoclassical transport can be the dominant mechanism and
causes non-ambipolar particle fluxes, due to orbit losses in
the three-dimensional magnetic field geometry. The imposed
separation of electrons and main plasma ions produces strong
electric fields which are in turn linked to significant convective impurity fluxes. In case of high density operation with
comparable electron and ion temperatures, negative electric
fields develop such that heavy impurities tend to accumulate
in the plasma core [1, 2]. However, it is of utmost importance
to avoid impurity accumulation since the associated radiative
cooling can severely degrade the performance of a fusion device [3]. Possibly benign levels of turbulence can help avoiding impurity accumulation without a strong degradation of the
overall plasma performance. However, turbulence is not well
understood.
At the world’s largest stellarator experiment Wendelstein 7X (W7-X), which is neoclassically optimized [4–7] and quasiisodynamic, an anomalous impurity transport was reported
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based on confinement studies of Argon ions [8]. Additionally, in recent investigations of core electron-root confinement
plasmas (positive radial electric fields), the sum of the classical and neoclassical transport can only describe a small fraction of the impurity flux and an anomalous diffusion coefficient for the impurities is inferred, which is more than two
orders of magnitude larger than the theoretical classical and
neoclassical estimates [9].
In the present work, we address whether this observed
level of anomalous transport in W7-X is caused by turbulence
since, as any other stellarator to date, W7-X is not optimized
for turbulent transport. Typically, three types of turbulent fluctuations at different scale lengths are considered in a fusion
device which are the electron temperature gradient (ETG), the
trapped electron mode (TEM) and the ion temperature gradient instability (ITG). Conducting GENE code [10] simulations, we are able to infer the dominant instabilities which
contribute to the turbulent transport. ETG at electron scales
is thought to play only a minor role in quasi-isodynamic stellarators [11] and should additionally not affect the impurity
transport due to its small scale length. Both, the TEM and the
ITG are characterized by similar scales in the order of the ion
gyro-radius which is relevant for impurity transport.
Particularly for W7-X, TEM turbulence level is generally
low [12, 13]. Thus in W7-X, we expect mainly ITG modes
[14–16] which are driven by the normalized ion temperature
gradient length a/LTi = −(a/T i )dT i /dr (a = 0.52 m is the minor radius of the torus and r the effective plasma radius) at
locations where the magnetic field curvature is locally unfavorable, and are stabilized by the normalized electron density gradient length a/Lne = −(a/ne )dne /dr. The ITG mode
can only be excited if a/LTi is larger than a critical value,
a/LTi, crit . In many regimes of interest, a/LTi, crit increases with
ion to electron ratio τ = T i /T e , as it has been shown in axisymmetric geometry [15–17]. In W7-X, a similar increase
of a/LTi, crit with T i /T e has also been predicted [18]. It is thus
expected that with an increasing T i /T e , the critical normalized
ion temperature gradient length will also increase (almost lin-
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Figure 1. Time traces of the ECRH power (–) and the plasma stored
energy (○) (a), the electron (○) and ion (×) temperature in the plasma
center as well as the line-integrated electron density (–) (b), the normalized Fe XXV line emission (c) and the density fluctuation amplitude normalized to the line-averaged electron density (d) for the
experimental program 20180906.038.

early for a flat density profile), and the ITG turbulence level
will be reduced. These predicted dependencies on the temperature ratio are investigated in dedicated experiments. Hence,
the competition between neoclassical and turbulent transport
is examined and this Letter demonstrates a first evidence of
turbulent dominated impurity transport in W7-X.

II.

EXPERIMENTAL SETUP

To study the impact of the temperature ratio, experiments
during the third operation phase (OP1.2b) of W7-X where
performed. Hydrogen was used as fuel and the standard magnetic field configuration (labeled as EJM [19]) was employed.
As illustrated in figure 1 (a), the on-axis (deposition within
0 ≤ r/a ≤ 0.15) ECRH power was stepwise decreased from 5.2
to 2 MW. The electron density and temperature profiles were
determined by a Thomson scattering diagnostics [20]. The
absolute values of the density profile were cross-calibrated
with the line-integrated electron density measured by a dispersion interferometer. The ion temperature profile was obtained
by fitting the Doppler broadening of a carbon emission line
(C VI∗ ) measured by charge exchange recombination spec-
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Figure 2. Raw data points (●), bi-parabolic fits (solid lines) and normalized gradient length (dashed lines) of the electron density (a), ion
temperature (b), electron temperature (c) and the temperature ratio
(d) profiles as a function of the plasma radius at times t1 (green), t2
(red) and t3 (blue) for the experimental program 20180906.038.

troscopy [21] using 100 ms long neutral beam injection blips.
The electron temperature decreases with the ECRH power
from 6 keV to 4 keV while the ion temperature and feedback
controlled line-integrated electron density [22] remain almost
unaffected below 2 keV and at 4 × 1019 m−2 , respectively, see
figure 1 (b). As shown in figure 1 (a), the plasma stored energy, as analyzed similarly to the previous campaign [23], follows the electron temperature decrease. During each ECRH
power step, about 1017 iron atoms were injected by means
of a laser blow-off (LBO) system [24]. These trace amounts
of particles barely changed the global plasma parameters but
provided intense spectral emission lines of different ionization
states of iron. Figure 1 (c) shows the spectroscopic measurement in the ultraviolet [25] and X-ray spectral range [8, 26].
After the LBO injections at times t1 , t2 and t3 , the Fe XXV
signal exhibits a steep increase, followed by an exponential
decay. The decay of the Fe XXV emission provides the impurity transport time τI which increases from about 60 to 90 ms
when reducing the ECRH power. The transport time is a measure for the confinement and transport properties of trace im-
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Figure 3. Time traces of emission lines from different iron ionization stages (×) together with the modeling results (solid line) at times t1
(a), t2 (b) and t3 (c) and the profiles of the anomalous (solid line) and neoclassical (dashed line) diffusion (d) and neoclassical convection (e)
coefficients as a function of the plasma radius for the experimental program 20180906.038.

purity ions in the plasma [24]. The intensity of the Fe XXV
emission drops with reducing the ECRH power since it scales
via the atomic rate coefficients with the electron temperature.
Density fluctuation levels were measured by the phase contrast imaging system (PCI) of W7-X [27], which measures
poloidally resolved (kϑ = k⊥ ) fluctuations along a line of sight
through the plasma center at a constant toroidal angle, crossing regions of bad curvature where the ITG mode is highly
localized in a narrow region [28]. The PCI system is sensitive
in the wavenumber-frequency range of both ITG and TEM
turbulence. The density fluctuation amplitude was integrated
over a frequency range of 20 to 600 kHz and normalized to
the line-averaged electron density. As illustrated in figure 1
(d), the amplitude is reduced throughout the different ECRH
power steps, indicating a reduced turbulence level, while the
impurity transport time increases. It should be noted, that
the PCI spectra are uniformly reduced, both in frequency and
wavenumber space, demonstrating the broadband nature of
the fluctuation.

III.

RESULTS AND DISCUSSION

The profiles for the three injection times are shown in figure 2. The experimental data (circles) as well as the lower and
upper boundary of the 97.5% probability interval were fitted
with a bi-parabolic function (solid line and error bars). As can
be seen in figure 2 (a), the density profiles, as well as the normalized density gradient length profiles, are unaltered (within
uncertainties) among the three injections. Hence, a possible stabilizing effect of the density gradient should be ruled
out. The ion temperature profile as well as the normalized ion
temperature gradient length stay the same for the considered

timestamps, see figure 2 (b). In contrast, the electron temperature profiles, shown in figure 2 (c), do change in time when
decreasing the ECRH power, however the normalized gradient length is not affected. Due to the weak thermal coupling
of ions and electrons and the limited ion heat confinement,
the core ion temperature is significantly lower compared to
the electron temperature. Since all gradient lengths stay essentially the same, we concentrate on the ion to electron temperature ratio, shown in figure 2 (d) for the injection timestamps, which is expected to influence the instability threshold
for ITG. As a result of the decreasing electron temperature at
constant ion temperatures, the temperature ratio increases. It
should be noted, that the uncertainties in the scrape-off layer
(r/a > 1) are too large, and thus we exclude this region from
the analysis.
To investigate the transport properties in more detail, the
emission time traces from various charge stages of iron (figure 3 a-c) were analyzed with the one-dimensional impurity
transport code STRAHL [29]. STRAHL is supplied with
the profiles, the neoclassical diffusion and convection velocity profiles from the drift kinetic equation solver (DKES)
[30] and infers the anomalous diffusion D and convection v
profiles which are needed to match the local impurity flux
Γ = −D∇n + vn as a function of the plasma radius. The iterative optimization procedure of the anomalous diffusion profile
is described in detail by Geiger et al. [9]. The results of the
least-square fits (solid lines) for the emission from individual
ionization stages (crosses) are shown in figure 3 (a-c). From
figure 3 (d) it is inferred that a two orders of magnitude larger
anomalous diffusion coefficient (solid lines) compared to the
neoclassical expectations (dotted lines) is required to match
the experimental data, as reported also in [9]. Furthermore,
the lack of dependence of the transport times on the charge
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Figure 4. Linear growth rate (solid line and +) as a function of the
normalized ion temperature gradient length for different temperature
ratios (a) and over the temperature ratio for a/LTi = 2.92 (b) for the
experimental program 20180906.038 at times t1 (green), t2 (red) and
t3 (blue). Real frequency of the mode (∗) and the critical normalized
ion temperature gradient length (●) which is the threshold for the ITG
growth rate appearance over the temperature ratio (b).

provides an additional indication that the diffusion of impurities is turbulent [31, 32]. The low neoclassical diffusion is
thought to be the result of the optimization of W7-X with respect to neoclassical transport. The profile of the neoclassical
convection velocity does not change dramatically among the
three timestamps, see figure 3 (e). The positive neoclassical
convection velocity in the center represents a central electronroot confined plasma with outwards directed impurity flux.
In the radial region where the anomalous diffusion becomes
large, the convection velocity is negative and drives impurities inwards. Ultimately, it is the balanced competition between neoclassical convection and turbulent diffusion that determines the impurity transport.
To study the turbulence mechanism and especially the dependence on the temperature ratio, linear gyro-kinetic simulations with the code GENE in the collisionless electrostatic
limit were conducted. Kinetic electrons were considered for
these simulations since they are essential in order to capture
the fluctuating particle flux. Nevertheless, impurities were not
considered as additional species, due to the very small density
compared to the bulk plasma. In particular, the effective ion
charge of the experimental program considered here is constant for all timestamps at Zeff = 1.5 ± 0.4 and modifies the
growth rate by less than 2%, which is well in the range of the
uncertainties. A significant change of more than 10% only
appears for Zeff ≥ 3.5. The growth rates γ as well as the real
frequency ωr were estimated according to the parameters of
this discharge on the surface r/a = 0.6, where the anomalous
diffusion is maximum and the turbulence reaches its strongest
level. Gyro-kinetic simulations (not shown here) have established a similar qualitative behavior for other radial locations
as well. For each simulation, the maximum linear growth rate
was taken in the perpendicular wavenumber spectrum, which
remains roughly at the same k⊥ ρ s = 0.9 as the temperature

ratio varies. Therefore, a mixing length estimate for the turbulence level, scaling proportional to γ/(k⊥ ρ s )2 , suggests a
proportional scaling for the ion heat flux to the growth rate. In
figure 4 (a), the growth rates for different normalized temperature gradient lengths a/LTi were calculated. At the critical
normalized ion temperature gradient length a/LTi, crit , the ITG
growth rate starts to appear at ion scales and gets more unstable with a/LTi . As mentioned above, this threshold indeed
increases with the temperature ratio, see figure 4 (b), and reduces the growth rate which takes the normalized temperature
and density gradient length at r/a = 0.6 into account. This
trend of a depleting turbulence level is consistent with the
decreasing impurity transport represented by the anomalous
diffusion coefficient which drops with increasing temperature
ratio, see figure 3 (d). As discussed above, the assumption of a
low TEM turbulence level is reasonable since a/Lne is not exceptionally large. Typical local nonlinear gyro-kinetic simulations using parameters associated to the presented discharges
demonstrate that the main turbulence drive stems from ITG,
which is modified by the stabilizing effect of the density gradient, thanks to the optimized magnetic configuration of the
W7-X stellarator. Additionally, linear growth rate simulations
with GENE that scan a parameter space for different gradient
lengths [33] show that the ITG mode dominates and the TEM
mode plays a minor role for the here considered gradients.
This is additionally supported by the positive real frequency,
see figure 4 (b), pointing to the direction of the ion propagation. Also, an impact of the plasma beta (plasma pressure
normalized to magnetic field) on the equilibrium reconstruction and turbulence can be ruled out due to the low volumeaveraged values of maximum 0.49%. These findings imply
that the suppressed turbulence, as corroborated by the observed reduced density fluctuation amplitude, can be mainly
assigned to ITG modes that can be correlated with enhanced
impurity transport times.
In conclusion, we employed a laser blow-off system to investigate impurity transport in the W7-X stellarator. The observed improved impurity confinement, following an increase
of the ion to electron temperature ratio, was attributed to suppressed turbulence driven by the ion temperature gradient, as
predicted both by numerical simulations and measured electron density fluctuation amplitudes. This remarkable finding
shows that turbulence dominates the transport in W7-X despite the relatively localized region of bad curvature and plays
a leading role in the interpretation and prediction of transport
in optimized stellarators.
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