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The impurity transport at Wendelstein 7-X during its most recent campaign is
characterized and documented for a variety of different plasma scenarios. An overview
of its dependence on several quantities is given, which allows identification of transport
regimes and the major driver for impurity transport. Beyond this, a comparison with
the impurity behavior in other fusion devices is now possible. In contrast to other
stellarators, no density dependence of the impurity transport has been found. Additionally,
the influence of the turbulence contribution to the overall transport is reflected in
the dependence on various parameters, e.g. turbulent diffusion and density fluctuation
amplitudes. With this database approach, one can now also apply scaling laws to make
extrapolations about the impurity confinement in future plasma scenarios.
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1. Introduction

The Wendelstein 7-X (W7-X) stellarator (Klinger et al. 2019) is designed for long
pulse steady state plasma operation. Hence, the control and improvement of the overall
performance is a major task in fusion research. Intrinsic impurities being released from
plasma facing components during plasma—wall interaction or released as a product during
the fusion reaction can dilute the plasma, degrade the energy confinement and limit
accessible operational parameter ranges. The radiation of these impurities in the plasma
reduces the plasma temperature and might lead to radiative instabilities. Hence, impurity
accumulation has to be avoided since its massive presence can significantly degrade
the plasma performance of a fusion device (Ida et al. 1987). For these reasons, the
investigation of the impurity transport is of utmost importance.

There are several studies reporting on impurity confinement in W7-X (Geiger et al.
2019; Langenberg et al. 2020, 2021; Wegner et al. 2020a; Garcia-Regafia et al. 2021b),
however, these works focus only on individual plasma scenarios without giving an
overview considering different plasma conditions. However, in order to achieve a uniform
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and consistent understanding of impurity behavior, an overview is of great importance and
is presented in the following.

After an introduction of the analyzed scenarios and methodology in § 2, the dependence
of the impurity confinement behavior on different parameters is presented in the
subsequent § 3. Finally, §4 summarizes the most important results and motivates the
further application of the database created in the framework of this work.

2. Analyzed scenarios and methodology

The objective of this study is the characterization and documentation of the core
impurity transport at W7-X at a variety of different plasma conditions. Therefore, 52
experimental programs at different plasma parameters are considered in the following.
The experiments were performed in the previous operational phase (OP1.2b with uncooled
carbon divertor) in two different magnetic field configurations (‘standard’ and ‘high
mirror’ labelled as EJM and KIM Andreeva 2002) using hydrogen as the main fuel gas.
In these experimental programs, a total of 123 (64 in EJM and 59 in KJM) non-intrinsic
impurity injections were applied by means of the laser blow-off (LBO) system (Wegner
et al. 2018, 2020). In particular, trace amounts of iron (less than 107 atoms and ng. /n. <
1073) were injected into different plasma scenarios. An overview of the parameter space
is shown in figure 1.

It should be emphasized that all of the following conclusions and scaling attempts are
based on this database. This database represents the most relevant operational regimes
during the considered campaign. However, in order to allow a reliable evaluation of the
impurity transport, only experimental programs at stationary conditions are included. Most
of them were performed in pure electron cyclotron resonant heated (ECRH) plasmas. In
addition, a few discharges with neutral beam injection (NBI) heating of up to 3.5 MW on
top of ECRH power are also taken into account for the following analysis.

The methodology consists of studying the impurity transport and its dependence on
other quantities to examine transport regimes and allow predictive statements. Hence,
the above mentioned impurity injection by means of LBO is evaluated in terms of the
impurity transport time 7;, being a measure for the impurity confinement. The transport
time is the decay time of the spectroscopic signals in the vacuum ultraviolet (VUV) and
X-ray wavelength range, taking into account various charge stages of iron. Additionally,
the transport coefficients are inferred by a one-dimensional transport code STRAHL
(Behringer 1987). Further details of this analysis are described in the literature (Wegner
et al. 2018; Geiger et al. 2019; Wegner et al. 2020a).

Due to experimental and numerical confirmation of a large diffusive turbulent
contribution to the impurity transport (e.g. flat impurity profiles) in standard
ECRH plasmas (dominant ECRH without kinetic profile shaping events, e.g. pellet
injection) (Geiger et al. 2019; Langenberg et al. 2020; Wegner et al. 2020a; Garcia-Regafia
et al. 2021a,b), only the inferred diffusion coefficient is considered in the following study.
In particular, the turbulent diffusion profile is inferred using an iterative optimization
procedure embedded in STRAHL while the convection profile is set to the classical and
neoclassical estimations. A comparable determination of the turbulent convection profile
is too inaccurate with the current data situation and, as mentioned above, is not necessary
for most of the plasma scenarios presented here.

The following discussion includes not only the transport parameters but also the
Thomson scattering data (Pasch et al. 2016), such as the electron density and temperature
profiles (n., T.), as well as the measurements from the X-ray imaging spectroscopy
(Langenberg et al. 2017) with respect to the ion temperature profile (7;). These
profiles are used as input to evaluate the classical and neoclassical transport parameters

https://doi.org/10.1017/50022377823000417 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377823000417

Overview of core impurity transport in W7-X 3

Pran/ MW

PNBI/MW

Wi/ k]

PECRH / MW

Mo /10 m-

Btot/ %

Ti,O / keV

FIGURE 1. Overview of the parameter space of the ECRH power Pgcry, NBI heating power
Png1, radiated power Prap, effective ion charge Z.gr, diamagnetic energy Wyi, as well as the
central values of the electron density 7. o, electron temperature 7¢ o and ion temperature 7; o
and the plasma beta By, respectively. The filled circles within the individual parameter space
indicate the median of the interval.

(Dreos Vneo) With the drift kinetic equation solver (DKES) (Hirshman et al. 1986). In
addition, the density fluctuation amplitude (72.) measured with the phase contrast imaging
(PCI) system (Edlund et al. 2018) is incorporated into the following discussion. To achieve
comparability to other discharges, the density fluctuation amplitude is normalized to the
line-integrated electron density.

3. Results and discussion

The correlation of the transport properties to the above mentioned parameters and the
attempt to derive scaling laws from them enables a direct comparison with other machines
and allows an extrapolation of the impurity transport in future plasma scenarios.

The behavior of the impurity confinement in terms of dependence on the main plasma
parameters is shown in figure 2 using the transport time as a representative. Fortunately,
the confinement of impurities in W7-X at moderate densities is fairly weak so far, which is
reflected in relatively low transport times of the order of approximately 100 ms. Hence,
most experimental programs could be conducted without any impurity accumulation.
Nevertheless, there is one program that exhibits higher impurity confinement and for
which transport times of up to 1 s have been observed. These are examined and discussed
in more detail below.
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FIGURE 2. Impurity transport time over the central electron density (a) and temperature (b) as
well as over the ion temperature (c) for the magnetic field configurations ‘standard’ (EJM, o) and
‘high mirror’ (KJM, OJ). The main heating scheme is visualized with the filling degree of the
symbols (half-filled: NBI and ECRH, full: pure ECRH).

At these moderate electron densities, a clear density dependence cannot be observed.
However, there seems to be a general correlation between the impurity confinement and
the electron temperature as the transport time decreases with higher temperatures. This
suggests that the ECRH, which significantly determines the electron temperature, has an
influence on the transport behavior. In the following it will be shown that the ECRH
determines the level of turbulence. However, there is no clear correlation between the
transport time and the core ion temperature. Additionally, there is no obvious difference in
the impurity transport between the two magnetic field configurations EJIM and KJM. This
is particularly true for all parameters presented for comparison and dependency studies.
This weak dependence on these two magnetic field configurations is basically expected and
supported by theory, assuming the transport is dominated by turbulence (Langenberg et al.
2020; Navarro et al. 2020; Wegner et al. 2020a). Hence, it is planned to rather compare
the magnetic field configurations ‘low’ and ‘high mirror’ since gyro-kinetic simulations
presume a significant difference in the turbulent transport (Navarro et al. 2020).

In the following, the dependence on the magnetic field configuration is not further
elaborated and presented in the figures. In addition, for the database considered here, no
conclusive picture of the influence of heating deposition, plasma beta (plasma pressure
normalized to magneticfield), electric field (beside core ion and electron root confinement)
or rotational transform could be found, as has been observed in other papers (see the
summary in Burhenn et al. 2009). One reason for this could be that the overall statistical
analysis of many different plasma scenarios does not allow a direct comparison. For this,
one would have to select dedicated experimental programs and investigate them in detail.
However, this is not the focus of this paper and will be addressed in future publications.
Furthermore, the parameter space and variation for some parameters, e.g. magnetic field
strength or minor radius, is not large enough to conduct reliable dependency studies. The
NBI heated scenarios are particularly conspicuous in the plots of electron density and ion
temperature, see figure 2(a,c).

First, it must be mentioned that the NBI system is generally fuelling (density increase)
as well as heating (ion temperature increase). Moreover, it it has been observed that
the turbulent transport channel is suppressed in NBI heated plasmas, leading to higher
transport times and hence better confinement (Romba et al. 2023). Since the ions are
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FIGURE 3. Impurity transport time over line-averaged density for the stellarators TJ-1I* ([J),
LHD* (A), W7-AS* (¢) and W7-X (o). The main heating scheme is visualized with the filling
degree of the symbols (empty: pure NBI, half-filled: NBI and ECRH, full: pure ECRH). *Data
taken from Burhenn ez al. (2009).

mainly heated via the electron-to-ion energy exchange power and due to the observed high
core ion transport, the ion temperature is basically saturated below 2 keV (Beurskens et al.
2021).

With the electron density, a first rudimentary comparison with other stellarators is
possible and is shown in figure 3. In particular, the transport time of impurities is plotted
against the line-averaged density. Compared with other machines, again, the density
dependence of the transport time for W7-X is rather small. Confinement changes as found
for W7-AS at higher densities (transition from H to HDH mode) (Burhenn et al. 2009)
could not be observed for W7-X up to now. Nevertheless, the confinement in W7-X is
lower compared with the other stellarators above a line-averaged density of 5 x 10" m~3,
In terms of impurities and their potential impact on the overall plasma properties, these
are encouraging prospects, despite the fact that the energy confinement is also relatively
low.

A more detailed view can be obtained by studying the transport behavior and, in
particular, by determining the transport coefficients as mentioned in § 2. Obviously, there
is a correlation between the transport time and the line-averaged diffusion coefficient, see
figure 4. With the help of the inferred diffusion coefficient, the transport regime can be
determined by relating it to the neoclassical diffusion values. Taking into account that a
purely neoclassical transport leads to transport times of the order of seconds (Langenberg
et al. 2020), the here observed transport times are below the neoclassical estimations. In
particular, the observed diffusion coefficient is orders of magnitude larger compared with
neoclassical (including classical contribution) expectations. Nevertheless, there seems
to be some kind of threshold at a ratio of 100 between the turbulent and neoclassical
diffusion. Below a ratio of 100, the transport time increases above 100 ms and the turbulent
influence seems to reduce. If the ratio exceeds 100, the transport time decreases below
100 ms down to approximately 50 ms for turbulence enhanced scenarios.

All the above statements on the influence of turbulence on transport behavior have
recently been discussed in experimental (Geiger et al. 2019; Langenberg et al. 2020;
Wegner et al. 2020a) and theoretical (Helander & Zocco 2018; Alcusén et al. 2020;
Wegner et al. 2020a; Xanthopoulos et al. 2020; Garcia-Regafa et al. 2021a,b) works.
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FIGURE 4. Impurity transport time over the line-averaged turbulent diffusion coefficient (a),
the ratio between the turbulent and neoclassical line-averaged diffusion coefficient (b) and the
normalized density fluctuation amplitude (c). The main heating scheme is visualized with the
filling degree of the symbols (half-filled: NBI and ECRH, full: pure ECRH).
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FIGURE 5. Impurity transport time (a) and the line-averaged turbulent (b) over the ECRH
power. The main heating scheme is visualized with the filling degree of the symbols (half-filled:
NBI and ECRH, full: pure ECRH).

Some experimental programs are compared with respect to their turbulence level (Wegner
et al. 2020a), however, a comprehensive overview is still missing. An overview of the
transport time and confinement is shown in figure 4(c) as a function of the density
fluctuation level. Similar to electron temperature and diffusion coefficient, the transport
time decreases with increasing density fluctuation level, indicating an increased turbulence
level. In other words, as the influence of turbulence increases, the impurity confinement
diminishes and the transport is enhanced. In particular, the ECRH power appears to have
a significant effect on the turbulence level and ultimately on the impurity confinement,
although other mechanisms are also important. Figure 5 clearly shows the influence of the
ECRH power on the transport time (a) and on the line-averaged diffusion coefficient (b).
With increasing heating power, the transport time decreases and the impurity confinement
becomes worse, because the turbulence is enhanced, leading to increased turbulent
diffusion coefficients. With decreasing ECRH power, the confinement improves as the
turbulence is reduced and the transport time increases, the diffusion coefficients are also
lower compared with the turbulence enhanced scenario.
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FIGURE 6. Overview of the parameter space of the ECRH power Pgcry, NBI heating power
Png1, radiated power Prap, effective ion charge Z.gr, diamagnetic energy Wyi,, central values
of the electron density e ¢, electron temperature 7¢ o and ion temperature 7; o, plasma beta as
well as the line-averaged diffusion coefficient. The light blue area represents the whole parameter
space as it is shown in figure 1 extended by the diffusion coefficient (median indicated with filled
cirlces). The light red area indicates the parameter space for the turbulence reduced scenarios
(median indicated with crosses).

The impact of other mechanisms on the impurity confinement will be elaborated in
future publications. Especially, the impact of turbulence drivers like the normalized
density or temperature gradient length as well as the impact of the electric field will
be the focus of upcoming publications. In particular, the scenario with a transport time
of approximately 1 s is examined in more detail. With the help of large-scale nonlinear
gyro-kinetic simulations, it could be shown that density peaking is the reason for the
suppression of turbulence, which leads to a significantly better confinement behavior
(Alcuson et al. 2023).

Since the level of turbulence strongly regulates the impurity confinement, an overview
of the parameter space for the turbulence reduced and enhanced plasma scenarios is given
in figure 6. For simplicity, the boundary between these two scenarios is defined here by
the transport time. Plasmas with an impurity transport time above 100 ms are assigned to
the turbulence reduced scenario, while plasmas with a transport time less than or equal
to 100 ms are assigned to the turbulence enhanced scenario. This threshold was selected
because the assumption of a completely diffusive transport up to 100 ms transport time is
best fulfilled. Further investigations have shown that, above this limit, a convective part
is more difficult to neglect. Unfortunately, the current data situation does not allow us
to determine the convective part of the transport. Nevertheless, this leads to results that
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FIGURE 7. Impurity transport time over its value inferred with the scaling law. The axis
diagonal is plotted as dotted line.

Fit parameter: C o B y 8
W7-AS 460 —0.8 +£0.20 1.24+0.20 24+04 0.3+0.2
W7-X 90 —0.4+£0.01 0.2+£0.01 0 0

TABLE 1. List of fit parameters of the scaling law T = C X Pgppy X nf o X a’ x Bg for
W7-AS taken from Burhenn ef al. (1995) and for W7-X.

describe the experiments well, although the error bars are somewhat larger for plasmas
with better impurity confinement.

The attempt to derive scaling laws allows an extrapolation of the impurity transport in
future plasma scenarios. Initially, an existing scaling law from W7-AS (Burhenn et al.
1995) as the predecessor of W7-X was examined for purely ECRH plasma scenarios as
the ECRH power Pgcry is considered only. That scaling law also takes into account the
central electron density n. o, minor radius a and the magnetic field strength on axis, B.
Unfortunately, the parameter space for the minor radius as well magnetic field strength
is limited so that no reliable conclusion can be made from this. To derive a reliable
scaling law, the data are additionally checked for possible collinearities. The result of that
scaling attempt taking into account the database described in § 2 is shown in figure 7.
The respective fit parameters and hence the impact strength of the parameter on the
confinement behavior are listed in table 1. As already mentioned above, the impact of
the ECRH power on the impurity confinement is confirmed also by the scaling attempt
in which the exponent of the power is relatively high in absolute value. Additionally, the
low exponent of 0.2 is the result of the weak density dependence, as discussed above.
Another scaling attempt, which takes into account the drivers for the ion temperature
gradient driven turbulent transport, points in the right direction, but cannot yet be shown
here because the profile information of the main plasma parameters have to be revised to
make trustworthy statements. This will be a topic of future publications.
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4. Summary and conclusion

The impurity transport of W7-X under different plasma conditions has been
characterized and documented using a database approach. The dependence on plasma
parameters has been investigated. Compared with other stellarators, W7-X has only a
weak correlation to the electron density. The ECRH power, which also defines the core
electron temperature, influences the confinement behavior, which is mainly turbulence
dominated. The neoclassical optimization of W7-X (Beidler ef al. 2021) enables a unique
opportunity to observe and document the presence of this turbulent contribution to the
overall impurity transport. This is additionally confirmed by scaling attempts taking into
account several parameters. This allows an extrapolation of the impurity transport in future
plasma scenarios.

The observations shown here are only the beginning and the study of the influence of
other parameters will be possible and presented in other publications. In addition, this
database will be expanded with data from future campaigns, which will allow monitoring
of trends and the integration of other parameters, boundary conditions and magnetic field
configurations.
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