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S Jabłoński4, M Kubkowska4, T W C Neelis2, P Zs Poloskei1, L Vanó1, T Klinger1

and the W7-X Team5

1 Max-Planck-Institut für Plasmaphysik, 17491 Greifswald, Germany
2 Eindhoven University of Technology, 5612 AZ Eindhoven, The Netherlands
3 University of Wisconsin-Madison, Madison, WI, United States of America
4 Institute of Plasma Physics and Laser Microfusion, Hery 23, 01-497 Warsaw, Poland

E-mail: thilo.romba@ipp.mpg.de

Received 10 January 2023, revised 14 April 2023
Accepted for publication 11 May 2023
Published 6 June 2023

Abstract
Absolute radial impurity density profiles in the Wendelstein 7-X stellarator (W7-X) are derived
from charge exchange recombination spectroscopy using modelling of the neutral beam. The
approach is validated via cross comparisons of the neutral beam attenuation, the radial
localization of ion temperature measurements, as well as a comparison of the effective plasma
charge determined by other diagnostics. The latter implies the validity of the obtained absolute
density levels. The simulation based approach novel to W7-X allows to assess the neutral beam
halo population, introducing corrections to the shape and amplitude of determined impurity
density profiles. To illustrate the capabilities of the derived impurity density profiles, the particle
transport properties in a W7-X discharge heated by electron cyclotron resonance heating were
assessed. Density profiles for various impurities are found to be flat, consistent with dominant
anomalous diffusion in the range 0.1–5.0 m2 s−1. This range of the anomalous transport in such
plasmas is in line with other impurity diagnostics at W7-X.

Keywords: impurity transport, Wendelstein 7-X, charge-exchange-recombination-spectroscopy

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

1. Introduction

The monitoring of the impurity content in the confined plasma
of a fusion reactor is essential due to the detrimental effects
of large impurity populations on the plasma performance.
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High concentrations of low Z impurities, such as the fusion
ash helium, decrease the fusion power via dilution of the
hydrogen fuel. High Z impurities increase the power losses
from the plasma via line-radiation and strong bremsstrahlung
from the plasma core and reduce the energy confinement [1].
To avoid such detrimental impurity concentrations in future
reactor plasmas, the transport behaviour of impurities from
their respective source location and within the plasma needs
to be understood.

Plasma impurities originate either from the fusion reaction
in the core (helium) or from outside the last closed flux sur-
face (LCFS) in case of all other impurities. Regardless of the
source location, different transport channels will distribute the
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impurities across the full plasma volume. The radial transport
of impurities in the confined plasma can be described by an
effective diffusive transport component, D, scaling with local
density gradients, and an effective convective transport com-
ponent, v, scaling with the local density. In cylindrical approx-
imation, this reads:

∂nz
∂t

=
1
r
∂

∂r
r

(
D · ∂nz

∂r
− v · nz

)
+ Sz, (1)

where r=
√
V/(2π2Raxis) denotes the minor radius of a flux

surface enclosing a volume V at major plasma radius Raxis, nz
the local impurity density in a given charge state, z, at time t,
and Sz denotes sources and sinks of the respective ionization
state of the impurity. In the following, ρ, the effective minor
radius reff normalized to the minor plasma radius a, is used as
the radial coordinate.

To assess the impurity transport experimentally, various
measurement techniques are available. Using laser-blow-off
(LBO) [2] or tracer-encapsulated-solid-pellets (TESPEL) [3],
local impurity transport properties are derived from spec-
troscopic signatures induced by active impurity injection.
Radial fluxes of high Z impurities can be obtained using x-ray
imaging crystal spectroscopy (XICS) [4]. Charge exchange
recombination spectroscopy (CXRS) [5] is used to meas-
ure full radial profiles of low and medium Z impurities
without the need for an error-prone inversion as needed for
XICS.

In the following, a framework for a CXRS based evaluation
of impurity densities in the optimized stellarator Wendelstein
7-X (W7-X) [6, 7] is introduced. In section 2, the theory behind
CXRS and the necessary input parameters for the framework
are introduced. The framework is validated in section 3 via
cross comparison with other diagnostics. As an exemplary
application case, section 4 presents an assessment of the com-
patible impurity transport coefficients in case of a W7-X pro-
gram heated by electron cyclotron resonance heating (ECRH)
based on steady-state radial impurity density profiles.

2. Methods

The CXRS system of W7-X was successfully set up and used
for impurity density analysis in the experimental campaign
OP1.2b at W7-X [8, 9]. The system is also routinely used to
derive radial profiles of the ion temperature.

Charge exchange radiation originates from the relaxation
of a bound electron after the transfer to a (partially) ionized
atom during a charge exchange reaction:

H+Az+ → H+ +A(z−1)+,∗, (2)

where H denotes hydrogen as the charge donating species, Az+

denotes an impurity ion of charge z, and an asterix refers to a
bound electron in an excited state. The radiation emitted by
the relaxation of the electrons is proportional to the impurity
density in the initial ionization state z, nAz+ , and the local donor

density n0. With the connected effective reaction rate ⟨σv⟩eff,
the intensity of the charge exchange emission scales like:

ICX ∝ n0 · nAz+ · ⟨σv⟩eff. (3)

Due to the high temperatures in the confined region of a fusion
plasma compared to the ionization energy of hydrogen, CXRS
emission from the confined plasma region is fairly weak. To
facilitate measurements within this region nonetheless, an arti-
ficial increase in the local neutral density is imposed. Local
puffing of neutral gas at the plasma edge [10] or the injec-
tion of neutrals by neutral beams injection (NBI) [5] increase
n0 locally, leading to localized charge exchange (CX) emis-
sion. The selection of suited observation volumes then allows
to assess local impurity densities throughout the whole radial
coordinate.

In case of NBI, ions are accelerated outside the reactor,
neutralized, and subsequently injected into the plasma. Due to
the strong spatial localization of the beam accompanied by the
beam induced signal being orders of magnitudes larger than
the background CXRS signal, the measurement region of the
CXRS emission is restricted to the intersection region of the
neutral beam and the spectroscopy lines of sight (LoS).

The radiation originating from beam induced reactions is
commonly referred to as the active component of the CXRS
signal. This component is accompanied by a so called passive
component which is caused by electron, or ion impact excita-
tion, recombination events, or charge exchange reactions with
thermal background neutrals. The passive component is typ-
ically weaker for high Z impurities. It is present regardless of
beam operation, allowing to separate the two components by
a temporal modulation of the beam [8].

Besides a temporal separation, the active and passive com-
ponents can also be distinguished via their imprinted temper-
atures. The latter is possible as both components exhibit a tem-
perature specific Doppler width σ:

σ = λ0

√
eTapp
mic2

, (4)

where λ0 denotes the transition wavelength at rest, e and c
the elemental charge and speed of light, respectively, Tapp the
apparent ion temperature, and mi the ion mass. Note that the
apparent temperature of the Gaussian line shape is larger than
the real ion temperature due to instrument function and fine
structure effects [11].

The neutral population injected by NBI is found to consist
of three components separated in energy [12]. These compon-
ents originate from H+, H+

2 , and H
+
3 ions being formed in the

source plasma of the beam. Acceleration of these ions by an
acceleration voltage of around 56 keV in the W7-X case [13],
gives rise to three neutral density populations with energies
matching the full, a half, and a third of the acceleration voltage.
As the charge exchange cross section depends on the relative
velocity of impurity ion and neutral, these components need
to be treated individually when evaluating CXRS signals.

Besides these three beam based components, a fourth pop-
ulation of neutrals, the so-called halo component, is present
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during beam operation. This population originates from charge
exchange reactions between beam neutrals and main ions and
constitutes a thermal population of neutrals with dependencies
on the local ion and electron temperature as well as the local
electron density [14]. The halo based emission was estimated
to cause up to 35% of the active charge exchange signal in case
of the ASDEX Upgrade tokamak (AUG) [14].

The reaction rate of a CX reaction strongly depends on the
excited state n of the neutral as the energy levels in the donor
and acceptor atoms need to be similar. In case of reactions
involving beam neutrals, the reactions rates with neutrals in the
n= 1 excited state are the dominant contribution to the CXRS
signal [14]. In contrast, the CX cross section in the halo case is
highest for neutrals in the n= 2 excited state, making it neces-
sary to treat the neutral density in an excited state resolved
manner.

Accounting for the four different energy components E,
the respective excited states, and the measurement being line
integrated, any CX signal can be generally expressed as

Imeas =
1
4π

ˆ

LoS

4∑
E=1

∑
n

nz(l) · n0,E,n(l) · ⟨σE,nv⟩eff(l)︸ ︷︷ ︸
εCX

+ εpassive dl,

(5)

where nz(l) is the impurity density of the probed charge state
at location l, n0,E,n(l) is the density of beam component E
at location l in excited state n with the corresponding effect-
ive reaction rate given by ⟨σE,nv⟩eff(l). εCX is the local active
charge exchange emissivity while εpassive relates to the passive
emissivity from the plasma edge.

2.1. Neutral density simulation

To resolve the various dependencies of equation (5), measured
charge exchange intensities can be analysed using the beam
emission spectrum [15]. While this approach allows to sim-
plify the analysis significantly in various aspects, it has the
drawback of not accounting for local variations in the plasma
parameters along the integration path and typically does not
account for halo based emission.

In order to properly resolve the integration of equation (5),
the neutral densities need to be known space and state
resolved. A way to obtain such information is by means of
neutral transport modelling of the neutral beam [14]. In case
of simulated neutral densities, the integration of equation (5)
changes to a summation over all grid cells crossed by the given
LoS with the active part of the emission being given by:

Iact =
1
4π

∑
C

4∑
E=1

∑
n

nz(C) · n0,E,n(C) · ⟨σE,nv⟩eff(C)

·∆L(C),

(6)

where C relates to all cells passed by a given LoS with∆L(C)
being the respective intersection length of cell and LoS.

The feasibility of simulated neutral densities in context of
CXRS signals was shown in the AUG case [14] using the
FIDASIM code [16]. In the following, the python version
of this code, pyFIDASIM [17], is used to simulate neutral
densities based on experimentally determined plasma profiles
and beam parameters. Neutrals are simulated up to the n= 6
excited state. Simulations are performed with 50000 markers
per active source, relating to a runtime of 20min per source
per assessed time window.

2.1.1. Neutral beam parameters. The neutral beam input
parameters necessary to simulate the beam attenuation are
the beam geometry, the total beam power, the acceleration
voltage, and the fractions of the beam in the three energy com-
ponents. At W7-X all these parameters are routinely measured
and available from the experimental database [18]. The nom-
inal beam power exceeds the power coupled to the plasma due
to scraping of the beam by the port, beam attenuation outside
the LCFS, and beam shine through. Based on the observa-
tions discussed in section 3.1, the nominal NBI power is down
scaled by a factor of 0.7 in the following. The allocation of
the beam power to the different beam components is based on
neutralizer spectroscopy in the neutral beam source. For the
cases assessed in the following, the beam power fractions are
found to 0.3, 0.52, and 0.18 in the full, half, and third compon-
ent, respectively.

2.1.2. Plasma profiles. The plasma profile information
needed to determine the local charge exchange reaction rates
and to simulate the beam attenuation includes the electron
density as well as the electron and ion temperatures. All ion
species are described by a joint ion temperature as the temper-
atures of the various species equilibrate by collisions between
the different ions.

Electron density and temperature profiles are determined
using the Thomson scattering system of W7-X [19]. The ion
temperature is derived from the Doppler width of the carbon
CXRS emission [8]. As the CXRS based Ti measurement is
error-prone near the plasma edge and the electron and ion tem-
peratures are expected to be similar due to high collisionality
in this region [8], the ion temperature outside s= ρ2 = 0.6 is
determined using the Thomson scattering data points exclus-
ively. Radial profiles are obtained using a Nadaraya–Watson
regression [20], giving rise to continuous profiles ranging from
ρ= 0.0 to ρ= 1.0. To improve the match between simulated
and measured beam attenuation, the plasma outside the LCFS
is neglected in the simulation by setting the plasma density to
1m−3.

Radially resolved profiles of the effective plasma charge
Zeff =

(∑
i niZ

2
i

)
/(
∑

i niZi) are calculated iteratively from the
determined impurity density profiles. An iterative approach
is necessary as the beam-halo charge exchange reaction rate
scales with the local main ion density. Furthermore, charge
exchange with impurity ions is accounted for as a sink of the
beam neutrals. Within the simulation, carbon is assumed to be
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the only present impurity, accounting for the whole Zeff. The
simulation and calculation loop is repeated until convergence
in the Zeff profile is obtained.

2.1.3. Rate data. For the effective charge exchange rate data
⟨σv⟩eff, a data set compiled for AUG is used [14]. The rate data
for the argon transition in use is corrected for by the correc-
tions listed in [21] for the transition at 541.09 nm. Due to the
energy range of the W7-X NBI, this correction reduces to a
re-scaling of the rate data by a factor of 2.73. The rates calcu-
lated for the AUG case are applicable in case of W7-X due to
the comparable ranges in Ebeam, ne, Ti, and Zeff.

The rate data in case of the beam components spans a four
dimensional parameter space in electron density, ion temperat-
ure, injection energy, and effective plasma charge Zeff. In case
of halo emission, the number of dimensions reduces to three as
the rates no longer depend on the injection energy as the neut-
rals do not exhibit a collective motion relative to the isotropic
plasma particles. Rates for a given set of plasma parameters
are calculated using multivariate interpolation in the respect-
ive multi-dimensional parameter space with the relative error
in the rate data assumed to be 10%.

2.1.4. Impurity density calculation. Using a measured
intensity, Imeas, the local impurity density nz(C) remains as
the sole unknown in equation (6). To resolve the radial depend-
ency and thus be able to separate the impurity density from the
summation, a functional shape for nz(C) needs to be assumed.
The observation volumes are strongly localized by the inter-
section of beam and LoS. Hence, nz is assumed to be constant
along a given LoS in the following. While this approximation
is applicable in regions of flat nz profiles, especially in gradient
regions near the edge, systematic errors may be introduced.

To account for a finite width of observation volumes, the
weights of the contributing cells are determined as the aver-
age of four LoS arranged in a circle of 1 cm radius around the
nominal LoS. This correction was found to improve results for
AUGH-mode data with pedestals [14]. It is found to only have
an insignificant influence on the results in the analysed W7-X
case however.

2.2. CXRS system

The optical system in use for CXRS in W7-X is composed of
three spectrometers [8]. The spectrometer used for the analysis
of the Hα beam emission, the main impurity carbon, as well
as the fusion ash helium is an ITER-like-spectrometer (ILS)
[22] with 54 fibres. The three separate channels of the spec-
trometer are referred to as red, green, and blue in the follow-
ing due to the wavelength regions of the respective transitions.
The C5+ emission is probed to assess the fully ionized carbon
content. A Ne9+ emission line is within the wavelength range
of the green channel, allowing for an assessment of the fully
ionized neon density without the use of an additional spec-
trometer. Two additional, variable wavelength spectrometers
with 45 channels each, referred to as AUG1 and AUG2 in the

Table 1. Overview of the relevant CXRS transitions as measured in
OP1.2b of W7-X.

Species Transition Wavelength Spectrometer

H n= 3→ 2 656.28 nm ILS_Red
B4+ n= 7→ 6 494.47 nm AUG 1 & 2
C5+ n= 8→ 7 529.06 nm ILS_Green, AUG 1 & 2
N6+ n= 9→ 8 566.95 nm AUG 2
O7+ n= 10→ 9 606.85 nm AUG 1
Ne9+ n= 11→ 10 524.49 nm ILS_Green
Ar15+ n= 14→ 13 436.52 nm AUG 2

following, are also available. An overview of the various trans-
ition lines measured by the different spectrometers is given in
table 1.

The available spectrometers are connected to four LoS
arrays that intersect the beam at ρ values from 0.1 to 1 (LCFS).
Two of these arrays cross one of the commissioned neutral
beam sources 7 and 8 from top to bottom under a 45◦ angle
in the poloidal direction each (AEM21_S7 and AEM21_S8,
respectively). Another array (AEA21_A) is oriented toroid-
ally, crossing both neutral beam sources. The fourth LoS array
(AET) is oriented poloidally under an angle of 45◦ but origin-
ates from the bottom of the machine. The ILS spectrometer is
connected to 19 AEA21_A, 6 AET, as well as 10 AEM21_S7
and AEM21_S8 LoS each. Both of the AUG type spectromet-
ers are connectedwith 24, 10, and 9 channels to theAEA21_A,
AEM21_S7, and AEM21_S8 arrays, respectively. For details
of the LoS geometry and the relative location of the NBI, see
figures 1 and 2 in [8]. Due to inferior data (signal-to-noise-
ratio) from the AET LoS, the related data is not analysed in
the following.

The intensity of the active CXRS emission is post-
processed in line with the beam operation mode. In case of
beam blips with typical lengths of 20ms, frames identified to
overlap with beam operation are summed over with typical
frame times of 10ms. The passive background emission spec-
trum is defined as the average of the five preceding and five
succeeding frames which do not overlap with beam operation.
It is subtracted from the total signal during the beam phase.
The so obtained active intensity is rescaled by the ratio of the
total frame time to beam operation time. This compensates for
frames only partially illuminated by the beam blip.

In the opposing case of continuous beam operation, back-
ground subtraction is not applicable due to the lack of refer-
ence frames without beam. In this case, the spectra are fitted
using the sum of a low temperature component mimicking the
integrated edge emission and a high temperature component
relating to the active emission. The cold component is fitted
using a super Gaussian (∝ exp[−(∆λ/σ)

2β]) with β in the
range [0.6,2.0]. This functional shape is found to match the
shape of the passive component superior relative to a normal
Gaussian. This is presumably caused by integration effects in
the cold plasma edge due to the scaling of the Doppler width
with

√
T. The active CX intensity Iact is then deduced from the

high temperature Gaussian fit. Uncertainties in the intensity
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arise from the absolute intensity calibration and are assumed
to 10% in the ILS and 20% in the AUG cases, respectively.

Regardless of the beam operation scheme in use, all ions
are expected to be described by a unique temperature. This
allows to reduce the number of degrees of freedom in the fit
by determining the local ion temperature from one species
and enforcing it onto the others. Within this procedure, effects
altering the apparent temperature need to be accounted for
[5]. To determine the ion temperature associated with a given
LoS, a spectrum of a reference species is fitted with a Gaus-
sian of free width first. The obtained Ti is then down-corrected
by a correction factor accounting for fine structure as well as
instrument function effects where the instrument function is
assumed to be of super-Gaussian type. The so-obtained Ti is
then enforced in the spectral fits of the other impurities at same
ρ using the correction loop in the opposite direction, account-
ing for the transition specific fine-structure and the instrument
function of the respective spectrometer.

In W7-X, carbon is suited to determine the ion temperature
due to its typically high concentration originating from it act-
ing as the first wall material. In case of neon being present in
the system, neon rather than carbon needs to be used to derive
the reference temperature as neon emission in the flanks of the
carbon signal distorts the carbon temperature measurement.
Using knowledge of the radial locations of the various LoS, the
measured reference temperatures are interpolated to the LoSs
of the other spectrometers to enforce the width of their active
component.

3. Validation

The following chapter depicts a validation of the previously
introduced CXRS analysis framework based on comparis-
ons with other diagnostics. To assess the beam attenuation as
well as changes in the effective plasma charge, the Nitrogen
seeded discharge 20180920.049 is assessed in the following.
An overview over the central discharge parameters is given
in figure 1. The discharge corresponds to a hydrogen plasma
heated by 4MW of ECRH with four diagnostic CXRS blips
of length 20ms present. The magnetic field corresponds to the
W7-X standard configuration with an on-axis magnetic field
of 2.52 T. Electron temperature profiles are slightly peaked
with line integrated densities around 8× 1019 m−3. Nitrogen
is seeded starting at t= 4s with two different flow rates as
apparent by the slope in the radiated power. Ion temperatures
are found to obey the ion-temperature-clamping limit inW7-X
[23]. The significant scatter in the Thomson based data points
is caused by hardware problems in the profile diagnostic.

3.1. Beam attenuation

The central metric when modelling neutral beam densities
is the attenuation of the injected neutral populations within
the plasma. The best suited experimental parameter to assess
the beam density at various radial locations is the Hα beam
emission signal (BES) at 656.28 nm. This signal originates

Figure 1. Overview plot of the main plasma parameters of W7-X
program 20180920.049.

Figure 2. Comparison of simulated and measured integrated beam
emission and halo signals for an NBI blip of source 8 only. The
projection of the major radius at a toroidal angle of 95◦ is given by
the dashed vertical line.

from excitation of the beam neutrals by the plasma. It con-
tains Doppler shifted emission originating from the three
beam components as well as the unshifted halo radiation. The
respective intensities scale linearly with the neutral density
of the respective components. The simulated neutral density
allows to calculate synthetic BES signals using the imposed
plasma profiles. By direct comparison of the line integrated
intensities of the experimental and synthetic emission, the
quality of the simulated beam attenuation can be assessed.

In figure 2, such a comparison in case of W7-X program
20180920.049 is displayed. The nominal beam power is down-
corrected by a multiplicative factor of 0.7 to account for a
better match between simulation and experimental data. The
general shape of the beam attenuation (+−shaped markers)
is well matched by the simulated intensities. The simulation
under-predicts the emission slightly on the inboard side and
matches the emission well on the outboard side. In case of the
measured data points on the inboard side inside R= 5.6m,
a change in slope is present within the experimental data
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which is not reproduced by the simulation. This deviation is
expected to originate from line integration effects originating
from the three-dimensional geometry of W7-X. It is observed
throughout the available NBI data set, regardless of magnetic
configuration or NBI operation type, hinting towards system-
atic shortcomings in pyFIDASIM when applied to W7-X. As
measured CXRS intensities of the impurities are found to fol-
low the same trend on the inboard machine side, these data
points are discarded in the following. This is necessary as the
discrepancy between simulated and experimental neutral dens-
ities would introduce systematic deviations when used within
the analysis.

The discrepancy in beam attenuation is also apparent in the
ratio data (x-shaped markers) of figure 2. The figure displays
the relative intensities of synthetic and experimental intens-
ity in the BES and halo case. While the relative strength of
simulated and measured BES signal is close to unity for all
data points, it becomes apparent that the halo density is sys-
tematically under-predicted by the simulation by up to 40% in
the relevant region. Besides not accounted for sources of halo
neutrals in the simulation, this underestimation may be caused
by an underestimatedE/3 fraction of the neutral beam. For this
component, the CX cross section with thermal ions is higher
than for the other components while the power per particle
is low. These two effects combined allow for an increase in
halo neutrals by means of more particles in the E/3 compon-
ent while altering the beam power only slightly.

The qualitative and quantitative match of the BES signal
indicates the applicability of the pyFIDASIM code to beams
in W7-X with errors in the determined neutral density being
of the order of 10%. In case of the halo, the model systematic-
ally under predicts the emission, and thus density. The atten-
uation of the halo density is recreated well as apparent by the
flat ratio in the outboard side data of figure 2 however. To com-
pensate for the systematic underestimation of the halo density,
it is divided by the observed factor of 0.6 in the following.

In the following, beam based neutral densities are assigned
with a relative error of 10% while halo neutral densities are
assigned with a relative error of 40%. With the halo contrib-
uting up to 40% of the measured CX emission in high density
scenarios, its systematic underestimation introduces a relative
error of up to 16% to the derived impurity densities. Note that
the error is typically larger for NBI heated discharges due to
the increased plasma density connected to the fuelling of the
beam.

3.2. LoS localization

When using the BES signal to infer neutral densities from
CXRS signals, the measurements are localized to the point
of closest approach between LoS and beam axis. The same
applies for the localization of CXRS based ion temperature
measurements. While this approach is expected to localize the
measurements properly in case of toroidally oriented LoS due
to their slow change in penetration depth, poloidally oriented
LoS which cross the flux surfaces more rapidly are expected
to be localized further inside than their real emission location.

Figure 3. Ion temperature data points localized by the geometry
approach (+−shaped markers) and the centre-of-mass approach
(x-shaped markers) for toroidal and poloidal lines of sight during
ECR heated W7-X program 20180920.049. Exemplary changes in
the measurement locations are indicated by black arrows.

This arises as these LoS cross several flux surfaces within
the beam intersection volume, giving rise to additional radiat-
ive components at larger minor radius, subsequently shifting
the effective radiating component radially outward (compare
figure 1 in [8]).

In case of a simulated, spatially resolved neutral density,
the radial locations of the individual radiative contributions are
known, allowing for a different approach to localize the meas-
urements radially. Byweighting the radial locations of the con-
tributing cells via the normalized intensity, the corresponding
centre of mass of the radiation, and thus the average emis-
sion location can be determined. The so obtained location is
expected to match the real emission location better by moving
poloidally oriented measurements radially outward. Assign-
ing a radial error to the so obtained radial locations using error
propagation is found to constitute no suitable metric due to the
resulting errors being in the sub-millimetre range, significantly
smaller than the geometric uncertainties in the system of the
order of cm.

A suited proxy to check for improvements of the measure-
ment localizations via this different approach is the ion tem-
perature. A comparison of the ion temperature data localized
using the two approaches is given in figure 3. In the+−shaped
markers from the geometric approach, a systematic deviation
between toroidal and poloidal LoS is apparent. In contrast,
centre-of-mass based data given by the X-shaped markers
exhibits significantly reduced systematic deviations. Changes
in location near the magnetic axis are stronger than at the
plasma edge due to a steeper intersection angle between LoS
and flux surfaces near the plasma core. Note that the Ti values
in both data sets are the same as only the radial localization is
affected. Overall, the profile data hints towards the centre of
mass data points as an improved metric of measurement local-
ization for CXRS based (ion temperature) measurements. For
fixed beam geometry, the effect is expected to be similar in
different discharges with similar beam attenuation, allowing
for a general correction of the CXRS based Ti measurement
locations.
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Figure 4. Comparison of the on-axis effective plasma charge from
CXRS (red region) with a line averaged measurement (grey region)
and data from the PHA system (purple markers) in case of plasma
program 20180920.049.

3.3. Effective plasma charge scaling

To validate the absolute magnitude of the derived impurity
densities, the effective plasma charge Zeff can be assessed. This
parameter is used as it is suited for a joint description of the
known plasma impurity content. As the CXRS measurement
allows to measure radially resolved profiles, radially resolved
Zeff values can be deduced from the measurements. In contrast
to this, other diagnostics measuring the total impurity content
typically measure local or LoS averaged values only.

A comparison of CXRS based and line averaged meas-
urement of Zeff is shown in figure 4 in case of experiment
20180920.049 with beam blips at four equidistant points of
time. The CXRS based data points are obtained by accounting
for all impurities monitored by CXRS with all assessed states
being fully ionized. Nitrogen, carbon, and residual amounts
of oxygen and neon were spectroscopically assessed. Nitro-
gen was seeded starting with the second blip giving rise to
the observed increase in Zeff. The grey shaded region is based
on data from line averaged Zeff measurements from a USB-
spectrometer which deduces Zeff from the bremsstrahlung
background level with a temporal resolution of 100ms [24].
The data is accompanied by the CXRS based on-axis effect-
ive charge given by the black solid line. Uncertainties in the
CXRS data is obtained via error propagation and indicated
by the red shaded region. Within the large error bars of the
bremsstrahlung based data, the CXRS data points are well con-
tained, indicating the validity of the absolute impurity level.
Note that the comparison between the line integrated meas-
urement and the on-axis Zeff from CXRS is not strictly correct
but applicable due to the large error bars of the bremsstrahlung
based measurement.

A stricter comparison of the determined impurity content
can be performed using data from the pulse height analysis
(PHA) system atW7-Xwhich deduces impurity densities from
measured line and continuum radiation [25]. The purple data
of figure 4 depicts the PHA based effective plasma charge at
ρ= 0.0. The PHA data was reduced to the species analysed
by CXRS and down-corrected to obtain the on-axis Zeff value.

A down-correction is necessary as the PHA analysis assumes
impurity profiles of the form nz ∝ ne, with ne profiles being
typically centrally peaked in W7-X. As will be discussed in
section 4, impurity density profiles in ECRH discharges are
typically found to be flat, giving rise to a systematic overestim-
ation of the PHA data points when comparing with the CXRS
based on-axis Zeff value. To correct for this, the PHA data
points are downscaled by a factor of

´ 1
0 ne(ρ)dρ/ne(0)⩽ 1.

The so obtained data is expected to match the on-axis impur-
ity content as determined by the CXRS system. This expect-
ation is confirmed by the good match of the red data points
of figure 4 with the CXRS data points, indicating the valid-
ity and accuracy of simulation based CXRS impurity density
measurements in W7-X.

4. Application

Based on the previously introduced analysis framework, trans-
port properties of impurities in a W7-X example case heated
by ECRH are assessed. Experimental profiles are compared
to simulated impurity profiles calculated by the one dimen-
sional transport code pySTRAHL [17]. Classical and neoclas-
sical transport coefficients used in the simulations are calcu-
lated using the NEOTRANSP code [26]. This code calculates
theMaxwellian weighted average of themono-energetic trans-
port coefficients calculated using DKES [27, 28] at a given
temperature.

Based on other diagnostics, the impurity transport in W7-X
was found to be diffusion dominated in case of ECRH plasmas
with PECRH > 2MW [29, 30]. Impurity transport analysis of
high Z elements showed no charge dependence of the dom-
inant transport component [29]. LBO analysis of iron pre-
dicts anomalous diffusion levels of the order of 0.3m2 s−1

which peak near the LCFS to values of around 2.5m2 s−1 [30].
TESPEL based experiments indicate dominant anomalous dif-
fusion of the order of 0.5m2 s−1 [31].

The analysis of transport properties in ECRHplasmas using
CXRS is restricted to low frequency NBI blips as the plasma
profiles may not be significantly affected by the heating aspect
of the NBI. This gives rise to a low probing frequency, allow-
ing to assess long term changes or stationary behaviour for
such plasmas only.

A transport assessment in such a discharge is based on
figure 5. The underlying program 20180920.049 was intro-
duced in figure 1. In pyFIDASIM, the neutral densities are sim-
ulatedwith 50000markers per active source. Besides nitrogen,
a residual amount of neon is found in the plasma during seed-
ing, presumably caused by residual gas in the seeding tubes
from earlier experimental programs. Besides these two impur-
ities whose densities are found to correlate with the seeding,
carbon and oxygen, respectively originating from the first wall
and residual water, were available for spectroscopic assess-
ment. A total of four NBI blips at various levels of seeding
flow give rise to four measurements. Changes in the impur-
ity density levels are most prominent in the gases connected
to the seeding. Due to the constant heating power at all four
blips, the plasma profiles are found to be similar, giving rise

7
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Figure 5. Radial density profiles of fully ionized neon, oxygen, nitrogen, and carbon (left-to-right) in case of the ECR heated program
20180920.049 measured using NBI blips. Data for oxygen and carbon are taken from the first blip, nitrogen from the second blip, and neon
from the third blip. The experimental data points are accompanied by simulations of varying flat anomalous diffusion profiles.

to the expectation that the transport is similar at the four points
in time. Based on this assumption, the transport properties are
assessed jointly from data originating from different blips in
the following.

The radial profiles of the assessed charge states of the
impurities in figure 5 are similar. Uncertainties in the impur-
ity densities represent the propagated errors in neutral dens-
ity, rate data, and measured intensity. The profiles are flat near
the magnetic axis and fall off at species dependent radial loca-
tions further out. The relative location of the gradient regions
is consistent with higher Z impurities having higher ionization
energies and subsequently being fully ionized further towards
the plasma core only.

The measured data points are accompanied by one dimen-
sional transport simulation results from pySTRAHL. The dif-
ferent line styles relate to simulations with varying levels of
flat anomalous diffusion profiles added to the classical and
neoclassical transport. The simulated density profiles are res-
caled to match the average measured density inside ρ= 0.5.
The introduction of a neutral density profile determined using
the approach followed in [32] is found to have no significant
influence on the impurity density profiles.

The comparison of purely (neo-)classical profiles with
Danom = 0 with the experimental profiles shows a clear mis-
match due to the dominant neoclassical convection giving rise
to centrally peaked impurity profiles. In contrast, all simula-
tions with an anomalous diffusion exceeding 0.1m2 s−1 repro-
duce the general profile shape in the gradient region. Dif-
ferences are present in form of the steepness in the gradient
regions. In case of Danom ⩾ 5.0m2 s−1, the simulated gradient
behaviour becomes significantly shallower than allowable
within the experimental error bars, loosely restricting the
anomalous diffusion level in ECRH discharges in W7-X
to Danom ∈ [0.1,5.0] m2 s−1. With neoclassical diffusion and

convection levels of the order of 0.01m2 s−1 and 0.1m s−1,
respectively, the impurity transport in W7-X plasmas heated
by ECRH is therefore dominated by anomalous diffusion.

The above described transport behaviour encloses the
anomalous diffusion levels of 0.3m2 s−1 [30] and 0.5m2 s−1

[31] in the confined plasma region determined using LBO
and TESPEL injection well. An edge peaking of the diffu-
sion profiles as predicted by LBO is not reproduced by the
CXRS based analysis. As apparent from the wide spread in
the derived anomalous transport level, a CXRS based ana-
lysis conducted on stationary profiles can only restrict the
anomalous transport level loosely when only accounting for
a single ionization stage. The other diagnostics are more sens-
itive to the transport as theymeasure line emission in dynamic-
ally evolving situations. Altering the CXRS based analysis in
ECRH plasmas to measure time dependent phenomena can be
enabled by introducing a modulated impurity source [33, 34]
which is foreseen in the next experimental campaign at W7-
X. Alternatively, the measurement of multiple charge states of
a single impurity allows to restrict the transport coefficients
strongly [35].

5. Summary

A new analysis scheme for CXRS based impurity density
measurements in W7-X using simulated neutral densities was
introduced. The simulated neutral density was validated by
comparison of experimental and synthetic BES signals and
found to match the beam attenuation well in case of the three
beam populations. The halo component was found to be sys-
tematically under-predicted by around 40%.

The localization of CXRS based ion temperature measure-
ments using the three dimensional analysis grid was found to
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be superior to a geometry based approach. The new localiz-
ation was found to give rise to a more coherent localization
of the related Ti measurements with poloidally oriented LoS
being more strongly corrected. The absolute impurity density
content derived from the CXRS measurements was compared
to line integrated Zeff as well as PHA data. A match of the
effective plasma charge with both reference diagnostics was
observed, validating the absolute impurity level determined by
CXRS.

The particle transport properties in a typical ECRH dis-
charge in W7-X were found to be governed by anomalous dif-
fusion with Danom being loosely constrained from 0.1m2 s−1

to 5.0m2 s−1 with no anomalous convection being observed.
This level of anomalous transport is found to be consistent with
results from LBO and TESPEL injection.
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