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Abstract

We present a systematic experimental study of the ion plasma velocity field in the Wendelstein 7-
X (W7-X) stellarator, in multiple magnetic configurations and operation conditions, and assess
the ability of neoclassical theory to explain the observations. In this assessment, we employ a
forward model of the velocity measurement from the charge exchange recombination spectro-
scopy (CXRS) diagnostic with a rigorous treatment of the ion flow and line of sight geometries,
as well as wavelength corrections due to atomic physics and instrumental effects. The minimisa-
tion of the absolute difference between the experimentally measured velocity profiles and those
predicted by the forward model enables the inversion of radial profiles of the radial electric field
and the net parallel impurity ion velocity, which can be directly compared with neoclassical com-
putations. Non-trivial redundancy in the multiple simultaneous velocity measurements allows

to self-calibrate instrumental wavelength drifts within the forward model. A recent extension in
the model representation has resulted in a substantial quantitative improvement in the agreement
between CXRS velocity measurements and neoclassical flow expectations, which are now shown to
be compatible in the majority of the cases. Furthermore, we show that the flow inversions are stat-
istically robust and consistent when two different emission lines are used. The radial electric field
compares well with independent Doppler reflectometry measurements within the radial region
where they overlap. By and large, the observations presented support the validity of neoclassical
flow calculations in the plasma core and mid-radius region (p0.7) in W7-X. However, with the
presently accessible experimental accuracy and magnetic configuration variations, a clear config-
uration dependence of the ion flow could not be determined.

1. Introduction

Wendelstein 7-X (W7-X) is an optimised stellarator designed to showcase that tailoring the magnetic
field geometry can, in particular, reduce the radial neoclassical transport of energy and particles. Within
the W7-X magnetic configuration space, there exist configurations with significantly different levels

of neoclassical optimisation, which is customarily quantified by their so-called effective ripple. This
diversity, however, has not resulted in a clear separation, according to the goodness of their optimisa-
tion, of the performance of plasmas produced in different configurations. This is explained by the pree-
minence of turbulent transport in determining the global confinement of the majority of the W7-X
plasma discharges. In this aspect, the demonstration of reduced neoclassical transport in the ‘standard’
magnetic configuration of W7-X has been done in conditions of reduced turbulence and by compar-
ison with others outside its configuration space [1]. The radial energy and particle fluxes are determined
in experiments from power and particle balance analysis, which rely on accurate measurements of key
plasma parameter profiles, complemented with calculations of e.g. power deposition profile or neutral
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particle distribution. Uncertainties in these, together with the presence of a possibly dominant turbulent
flux, makes the direct validation of radial neoclassical transport calculations a cumbersome task that may
require very well controlled experimental conditions.

In the framework of neoclassical theory in three-dimensional magnetic configurations, the values of
the radial electric field and the net parallel velocity of the various species are fundamental predictions
[2]. Since the radial electric field is related to the bi-normal E x B plasma velocity, the two quantit-
ies together are sometimes referred to as the neoclassical flow. Measuring plasma velocities and com-
paring them with neoclassical predictions then offers a parallel route for validating neoclassical theory.
Furthermore, the experimental determination of the radial electric field and net ion parallel velocity is
important in its own right: the net parallel velocities of the various plasma species determine the par-
allel bootstrap current, which is of particular importance for the magnetic equilibrium of a low-shear
device like W7-X, with an island divertor configuration that requires a precise value of the edge rota-
tional transform. Early observations of the toroidal plasma current confirmed the expected effect of the
toroidal mirror term [3].

The radial electric field, E,, in turn, is related to the neoclassical optimisation of W7-X in the fol-
lowing sense: E, is expected to be determined by the condition of ambipolarity of the radial neoclassical
fluxes, which is resilient to any additional intrinsically ambipolar flux. In its simplest form, ambipolar-
ity translates into equal electron and single-charged ion fluxes. The neoclassical flux of the ions is more
sensitive to the radial electric field. E, causes a poloidal precession of trapped ion orbits and generally
acts towards reducing the radial ion flux. A magnetic configuration with small effective ripple features
a small radial electron flux, which is comparatively less sensitive to E;. The resulting ambipolar E, will
then act to reduce the ion flux to match the electron flux, made small by optimisation. Loosely speak-
ing, the radial electric field transmits the optimisation (i.e. the reduction of the effective ripple) from the
electron to the ion channel.

In the sense outlined in the previous paragraphs, the experimental validation of the neoclassical flow
bears a stellarator optimisation significance. Furthermore, the radial electric field is expected to affect the
transport of fast ions [4] and impurities [5] and its radial variation, or shear, has been found to modify
the turbulent flux obtained from gyrokinetic simulations in the W7-X geometry [6].

Previous studies have compared neoclassical predictions with measurements from various diagnostics
(charge exchange spectroscopy, Doppler reflectometry and heavy ion beam probe diagnostics) in a vari-
ety of stellarators, including, but not limited to, W7-AS [7], CHS [8], HSX [9], LHD [10], TJ-II [11]
and W7-X [12—-14]. We note that the majority of these comparisons are limited to the radial electric field
in selected plasma scenarios. They reveal, in most cases, the ability of neoclassical flow predictions to
capture qualitative features of the flow profile. A clear example is the change of E, sign from positive to
negative when going from electron heated plasmas with peaked electron temperature profiles to neutral
beam-heated plasmas with higher central temperature. However, quantitative agreement on both radial
electric field and parallel velocity in a significant number of plasma scenarios and configurations has not
been reported thus far.

This article presents a systematic analysis of charge exchange recombination spectroscopy (CXRS)
velocity measurements in a database of plasma discharges in the OP1.2b and OP2.1 W7-X experimental
campaigns. The results presented here improve and extend those presented earlier in [13]. In that ref-
erence, a forward velocity model was introduced that takes into account the full flow geometry and
velocity corrections due to the energy dependence of the charge exchange cross section. The inverted
radial profiles of E, and V| (the net parallel velocity of the diagnosed impurity species, usualy C°*)
exhibited an overall consistency with neoclassical expectations in terms of magnitude, sign and tendency
with respect to plasma conditions and magnetic geometry. Nevertheless, quantitative deviations of 1 to
10kms™! with respect to neoclassical values were often observed. Compared with them, experimentally
inverted flows could be up to twice as large at some locations. In addition, the study was restricted to a
small number of plasma discharges and magnetic configurations.

The present work includes a larger set of plasma conditions and magnetic configurations and
employs an improved forward model that better determines small distortions of the camera sensor
caused by slowly evolving thermomechanical stresses. Whereas, in practice, this is accomplished by the
addition of only one extra fit parameter in the forward model, the resulting flow profile inversions dis-
play a notably improved agreement with neoclassical predictions, yielding consistent inversions in for-
ward and reverse magnetic fields and between two different impurity lines. Currently, efforts are being
made to develop a post-discharge laser calibration to correct for these distortions. However, there are no
high-accuracy post-discharge calibration data for the plasma discharges presented in this work, which
still are of significant scientific interest for the W7-X program. Furthermore, the ability to self-calibrate
the velocity measurements with a a priori knowledge of the form of the velocity field remains useful,
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and we show in this paper that it works remarkably well for the W7-X CXRS system (see section 3 and
appendix).

In the next section, we present the method employed to obtain the E; and V)| profiles and the exten-
ded model that accounts for channel dependent drifts of the calibration. The details of the extended
model and the enhancement in the flow inversions that result from the incorporation of the additional
parameter that accounts for channel-dependent wavelength drifts into the forward model are shown in
appendix. In section 3 the improved model is used in a systematic study of CXRS flow inversions in dif-
ferent electron-cyclotron-heated plasma scenarios and multiple magnetic configurations from the OP1.2b
and OP2.1 W7-X experimental campaigns. These inversions are compared with the theoretically calcu-
lated neoclassical values and Doppler reflectometer measurements (when and where available). Our find-
ings are summarised in the conclusions section 4.

2. Methods: CXRS velocity corrections and forward model

2.1. Description of the CXRS diagnostic system and spectroscopic velocity corrections

Impurity ion velocities in magnetically confined plasmas can be inferred using CXRS, which measures
the Doppler shift of spectral lines emitted by excited impurity ions formed via charge exchange with
neutrals from the neutral beam injection (NBI) system. For example, in the case of fully stripped car-
bon, the relevant reaction is

CH+H - Ct(n=8—7)+H", (1)

where the emitted photon from the #n = 8 — 7 transition in C>* carries information about the impurity
ion velocity at the moment of the reaction. In W7-X, this carbon line is the main diagnostic signal used
for CXRS measurements.

The CXRS lines of sight (LOS) of W/-X intersect the path of a heating neutral beam, allowing loc-
alised active spectroscopy measurements with high spatial and temporal resolution. The NBIs provide
1.8 MW of port-through power per source at an acceleration voltage of 55kV. Further details on the
CXRS and NBI systems can be found in [15-17]. The data analysed in this study were acquired during
the first two experimental campaigns (OP1.2b and OP2.1), after the commissioning of the NBI system.

The derivation of impurity ion velocities projected along the LOS requires correcting the apparent
Doppler shift of the observed charge-exchange (CX) emission lines. Several effects must be taken into
account to convert the measured wavelength shift into a physically meaningful velocity. These include
corrections due to the fine structure of the emitting level, the finite lifetime of the excited state, and the
energy dependence of the CX cross section.

Figure 1 summarises the corrections applied to the apparent velocity for both carbon and neon
(C>*(n=8) and Ne’*(n = 11)). The fine structure correction, shown in the right column, is com-
puted numerically following the method described in [18]. The corrections related to the cross section
and finite lifetime depend on the relative weight of different CX contributions. In W7-X, the neutral
beam consists of three distinct energy components (full, half, and one-third of the nominal acceleration
energy), as well as a halo generated via secondary CX reactions with thermal ions.

A beam model is employed to evaluate these contributions. It includes the attenuation of the dif-
ferent energy components, the generation of the halo, and the population of excited states via electron
impact excitation, particularly into the n =2 state, which is relevant for halo contribution. The model
takes as input the T, and 7. profiles measured by Thomson scattering [19], and the T; profile obtained
from the CXRS diagnostic. From this, the local neutral densities of each component are estimated, and
their relative contribution to the observed emission is determined using the energy-dependent CX cross
section ocx (see figure 1). In this work this analysis is applied to the C>* line at 529 nm and to the
Ne’* line at 524 nm.

The cross-section correction is expressed in terms of the logarithmic derivative of the reaction
rate, Q'/Q, where Q = ocxv. The expression used here corresponds to equation (B.12) in [13]. As
shown in the left column of figure 1, the reliability of the correction for the one-third energy com-
ponent (E3) is limited by oscillations in the reaction rate. Nevertheless, this component has a negligible
impact on the total CX signal compared to the full and half energy components (E;, E,), and the halo
contribution [13].

Once all corrections are applied, the real velocity of the impurity ions projected onto the LOS
is obtained for each spatial channel. These values are then used in the forward model described in
section 2.2. An additional instrumental correction is included to account for slow wavelength drifts
due to thermal stresses in the optical setup and detector. The corresponding calibration parameters are
included in the forward model as briefly described in section 2.3 and further discussed in appendix.
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Figure 1. Cross section and fine structure corrections for carbon and neon used for CX data analysis. Left: Cross-section (top-
left) and normalised derivate (bottom-left) of charge exchange from neutral hydrogen to neon and carbon impurity ions as a
function of beam energy. Right: Resulting corrections to the temperature (top-right) and velocity (bottom-right) due to fine
structure.

2.2. Description of the forward model approach

The total flow field of the impurity species, V, is assumed to be incompressible, tangent to the flux
surfaces and with a perpendicular (to the magnetic field) component given by the E x B drift. These
assumptions lead to the following general expression for

V=E(r) <M + hB)

B
7 tEE)tVitg - (2)

0

In this equation, the radial electric field, E;, and net parallel velocity, V|, are flux-functions, B is the
local magnetic field and By its characteristic size and r is the minor radius. The first term represents

the E x B perpendicular drift together with the Pfirsch—Schliiter parallel flow. The function A is the
solution of a magnetic differential equation that results from the V-V = 0 condition. The final term

in equation (2) corresponds to the net parallel velocity. Additionally, estimates of the diamagnetic term
indicate that its contribution to the impurity flow field is much smaller than the E x B term. For a more
detailed explanation of the flow model, the reader is referred to [13].

The CXRS multi-channel system provides about 50 independent measurements of this flow field at
different locations and in different viewing directions (see [15]). The analysis procedure used in this
paper relies on a forward model of these CXRS velocities. The input to the model are the parameterised
radial profiles of the radial electric field, E;(r), and the net parallel velocity, V|(r), as well as the para-
meters that define the instrumental wavelength drift (which are described in detail later in this section).
In order to parametrically represent the velocity profiles, the sum of ten radially shifted Gaussians is
employed. It has been observed that alternative parametrisations (for example, a tenth degree poly-
nomial) yield analogous results. Its output is the flow projections along each of the view lines, i.e. the
forward-modelled CXRS velocities. The deviation between the set of experimental velocity measurements
and those that are forward-modelled based on the input parameters constitutes the error function. An
iterative algorithm then determines the input parameters for which the error is minimised (see [13]).
The E; and V)| profiles that result from this inversion procedure are those that best reproduce all the
available simultaneous velocity measurements provided by the CXRS system.

The vector fields in equation (2) are calculated from the VMEC equilibria in Boozer coordinates and
the corresponding projections are obtained from the known location and direction of the velocity meas-
urements. Note that two independent velocity measurements taken on the flux surface are enough to
determine the values of E; and V|| on that surface. Instead of trying to find such pairs of measurements,
the forward model approach combines the information from all data points to find the profiles that best
describe the measurements. Furthermore, the redundancy in the multiple velocity measurements implied
by equation (2) can be exploited to correct for instrumental calibration uncertainties. Calibration factors
can be easily introduced in the forward model and determined in the minimisation process together
with the flow profiles.
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2.3. Self-calibration of the instrumental drifts within the forward model

In general, the plasma flow velocities measured in W7-X are in the range of a few km s~1, which is
considerably smaller than those commonly observed in axisymmetric tokamak configurations (10 100
kms™!) [20]. This necessitates a precise determination of the rest wavelength, including possible instru-
mental effects, with an accuracy of at least one-tenth of a pixel in the spectrometer. Wavelength drifts
are observed during an experimental session, attributed to shot-to-shot changes of thermomechanical
stresses. The original forward model included a free parameter to account for a collective drift in all
channels. In this work, an additional calibration parameter has been included in the forward model,
that takes into account instrumental drifts that depend linearly on the position of the channel on the
detector.

This extension is motivated by direct observations of slow, systematic changes in the wavelength cal-
ibration over time, likely caused by thermal-induced mechanical stress in the optical system. Although
the exact distortion is not directly accessible, a linear channel-dependent correction combined with a
global offset reproduces the effect with sufficient accuracy for flow inversion. The inclusion of a single
additional parameter is justified by the improvement in agreement with both independent diagnostics
and theoretical predictions, and by its consistent behaviour across discharges as shown in section 3 and
appendix.

The calibration parameters in the original as well as in the extended model are determined during
the minimisation process. This is possible due to the fact that the different fibres measure non-trivially
redundant information. By ‘trivial’ redundancy we refer to experimental setups with opposing LOS, as in
the TJ-II or LHD CXRS systems [21, 22].

As demonstrated in appendix and in the next section, the incorporation of this additional para-
meter into the forward model substantially enhances the consistency of the flow inversions and their
alignment with neoclassical expectations (see appendix Al), resulting in consistent inversions in for-
ward and reverse magnetic fields and between different impurity lines (section 3.2). Furthermore, it has
been demonstrated that the parameters obtained by the forward model that minimise the discrepancies
between the model and the measurements are also those that minimise the discrepancies with respect to
the theoretical calculation, which is conducted independently (see appendix A.2).

3. Results: CXRS flow inversions compared with neoclassical predictions

In this section we present the application of the CXRS velocity correction and inversion procedure dis-
cussed in previous sections to selected W7-X scenarios in the OP1.2b and OP2.1 campaigns. The dis-
charge segments analysed in this work were heated with electron cyclotron resonance heating (ECRH) in
various magnetic configurations and plasma density scenarios. An accurate determination of the passive
component of the emission line (the delocalised emission not related to beam-plasma charge exchange
processes) is specially important for the analysis of wavelength shifts of the active component. For this
reason, all the CXRS data analysed corresponds to short (10-20 ms) NBI blips for which a reference
passive spectrum that is very near in time can be obtained.

In some of the figures presented in this section, the inverted flow profiles are averaged over sev-
eral NBI blips in similar plasma conditions, which may correspond to various blips in the same stable
discharge and/or blips from different discharges in the same magnetic configuration. To assess similar
plasma conditions, we group the dataset of available blips by magnetic configuration, heating power and
line-averaged electron density. Then, we ensure comparable thermodynamic profiles (electron density
and ion and electron temperatures) and, therefore, similar neoclassical expectations of plasma flow pro-
files (E; and V) of the selected blips. The error bars in the experimental flow profiles are a measure of
the scatter from the various blips. This procedure is meant to illustrate the reproducibility and statistical
significance of the experimental E; and V| profiles, but similar results and conclusions would result from
an individual blip treatment.

Finally, a description of the neoclassical flow calculations is in order: the theoretical predictions
for the neoclassical ambipolar radial electric field and the net parallel velocity of C®" were calculated
using the neotransp code, incorporating momentum corrections through the Taguchi method [23].
The impact of employing Taguchi’s momentum correction method, as opposed to Sugama-Nishimura’s
[24] approach, was analysed, revealing deviations in the calculation of V| of up to 1kms™' in the most
extreme case. The average profiles of T;, T., and #n, for each scenario were utilised, assuming a constant
effective charge, Z, of 1.5. For a given set of plasma profiles and magnetic configuration, neoclassical
calculations with Zg in a range of 1.2 < Zg < 1.8 resulted in variations of the computed E, and V)
profiles smaller than 15%.



10P Publishing

Plasma Phys. Control. Fusion 68 (2026) 015015 J de la Riva Villén et al

Pecru = 25 (MW) Pecru = 25 (MW) Pecry = 25 (MW)
n,=3.7(10"m? n,=6.0(10"°"m? n,=7.9(10"° m?
Number of blips = 11 Number of blips = 4 Number of blips = 14
3 ——T,
x?2
|_
18
o g
(S
2 6
3 MNMWWMMWWW
T 4
(0]
c 2 ot
5
5
& E O
3 E % .
nox 5 Tt T
L -
_1g
- —+—CXRS DR
= NC
=
{B O
O
=
2
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
p p p

Figure 2. Density scan at constant Pgcry for the high mirror configuration.The initial row displays the electron and ion tem-
perature profiles, T. and Tj, as functions of the normalised radius p, while the second row shows the electron density profile 7.
The transparent dots corresponds to the experimental measurements taken by the Thomson scattering and CX system. The final
two rows illustrate the values of E; and V)| obtained from the velocity inversion, along with the neoclassical calculations. E; from
Doppler reflectometry is also displayed where available..

3.1. Plasma flow in a density scan in the high mirror configuration

The W7-X high mirror magnetic configuration features a large degree of quasi-isodynamicity, in the
sense that most contours of constant magnetic field close poloidaly in the flux surfaces [25]. Despite this,
the so-called effective ripple is larger in this configuration compared to the standard W7-X configuration.
The effective ripple is related to the electron neoclassical radial flux in low-collisionality (high T, low
n.) conditions often found in ECR heated plasmas in stellarators. The corresponding intense electron
flux yields a positive radial electric field solution (E, > 0) of the ambipolarity equation, the so-called
electron root. Another distinctive neoclassical feature of the high mirror configuration is the stronger
damping of the parallel mass flows and bootstrap current compared to other configurations with lower
magnetic mirror ratios.

Figure 2 shows plasma profiles and CXRS velocity inversions in the high mirror configuration for
three values of the line-integrated electron density. The ECRH power (Pgcry) was 2.5 MW in all cases.
As shown in the two upper rows, the increase of density mostly results in a reduction of T, as the inter-
species collisional coupling becomes more efficient.

The neoclassical flows calculated from the profiles are shown with red lines in the lower two rows
of figure 2. The CXRS inversions and the E, measured with the Doppler reflectometer are plotted with
blue lines and yellow asterisks respectively. The Doppler reflectometry (DR) measurements were obtained
using a V-band reflectometer placed in a different sector of the torus and operating with emission fre-
quencies in the 50-75 GHz range in ordinary mode. In the present analysis, the phase velocity of the
density fluctuations is assumed to be negligible (vgyxp > vpn) when deriving E, from DR measurements,
an assumption supported by the good agreement reported in previous works between E, profiles from
DR and from neoclassical calculations [14]. Referring now to the E; expectations (third row of plots),
an electron root is clearly visible at the plasma centre for low and intermediate density cases. The higher
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Figure 3. Ion temperature, radial electric field and net parallel velocity profiles obtained using neon and carbon lines for dis-
charge 20 180 920.042 (standard configuration, Prcrir = 4 MW, n1e;, = 6 X 10" m—3). Three consecutive NBI blips are shown
with stable global plasma parameters. The error bars in the flow inversions reflect the uncertainty in the minimisation procedure.

density case is characterised by an ion-root-only profile. These features are observed in both the neo-
classical expectations and experimental inverted CXRS profiles, with a notable quantitative agreement
between the two for the inner half of the plasma normalised radius (p). The DR measurements of E, are
compatible with the CXRS ones for flux surfaces within p < 0.7. Previous studies at W7-X have repor-
ted on good agreement between the DR E; and the neoclassical expectations [14]. It should be noted
that the DR E, measuring principle is based on the advection of electron density fluctuations causing a
Doppler shift of a back-scattered probing wave. It is, therefore, independent from the spectroscopic tech-
nique used in the CXRS. A careful consideration of the velocity local variations (e.g. the effects of local
flux compression and magnetic field) is necessary for a meaningful quantitative comparison of the two
independent measurements and the neoclassical expectations.

CXRS is the only diagnostic technique capable of measuring parallel ion velocity in W7-X. These are
compared with the neoclassical C®" net parallel velocity in the last row of figure 2. The calculated neo-
classical parallel flow is negative (opposite to the B-field direction) and below 1kms™! in magnitude for
all the radial positions and plasma conditions considered in this figure. Whereas local deviations beyond
statistical error bars do exist, the agreement of these predictions with the CXRS inversions is deemed
good, considering the systematic uncertainties of the spectroscopic technique.

In figure 2 and others in this section, the agreement of the CXRS with the DR measurements and
the comparison with neoclassical calculations are often poor for outer radii p > 0.8. The uncertainties in
the density and temperature scale lengths that enter the neoclassical calculations are larger in the plasma
periphery, and the calculations can present irregularities due to the high collisionality conditions that
characterise this region. Furthermore, the CXRS signal level, the active-to-passive emission ratio and the
spatial coverage of the viewing lines are worse there. For these reasons, the comparison is most inform-
ative for radii within p <0.7.

3.2. Comparison of flow inversions based on carbon and neon lines

With the current composition of W7-X plasma facing components, carbon is present as an intrinsic
impurity in all plasmas, which makes it a suitable impurity for spectroscopic measurements.
Nevertheless, the spectral range of the CXRS spectrometer allows to use other impurity lines, such as
neon’s, for determining temperature and apparent velocities. Neon is sometimes puffed in plasma dis-
charges to enhance edge radiation and favour detachment. Figure 3 shows temperature and CXRS flow
profiles from one such discharge, with C®" and Ne!'®" as charge receiver impurities (C°" at 529 nm

and Ne’T at 524 nm). The charge exchange measurements for both impurities were conducted simultan-
eously with the same spectrometer and the same procedure used to fit the spectral lines. The agreement
between the temperature and flow profiles obtained independently with the two impurities is remarkably
good. The similarity of the inverted flows with the neoclassical calculations and Doppler reflectometry
measurements is similar to that shown in the high-mirror density scan shown in figure 2.

That the analysis of two different emission lines produce similar results for the inverted flows gives
confidence in the implementation of the atomic physics corrections of the wavelength shifts. For the W7-
X conditions, the two most important corrections are those due to the fine-structure of the emission
line and the energy dependence of the charge-exchange cross-section. Figure 1 shows the fine structure

7



10P Publishing

Plasma Phys. Control. Fusion 68 (2026) 015015 J de la Riva Villén et al

Standard High mirror High iota FLM (Limiter conf.)
Number of blips =32  Number of blips =10  Number of blips =33  Number of blips = 23
—t+—Te
< —+—Ti
[0)
52
|_
& 6
@E g
‘_‘9 4
vu: 2
c
8
§ = 0
& E
HE sl —r !
||L < 5 T : |Im‘rnﬂ||~ e —A]

E

—+—CXRS DR
-19 NC —
@
g 0
&
O -2
=

0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08
P P 4 P
Figure 4. Magnetic configuration comparison for Ppcrir = 2 MW and ne, = 6 - 101 m ™3 operational conditions. Each column

corresponds to different magnetic configuration, in order: Standard, high mirror, high iota and FLM, which corresponds to a
limiter configuration. Details as in figure 2.

corrections as a function of the ion temperature and the logarithmic derivative of the charge exchange
reaction rate Q = ocxv (involved in the cross-section correction, see equation (B.12) in [13]) as a func-
tion of the beam energy per atomic mass unit E = V7 /2. The fine structure corrections are larger in the
case of neon for both velocity and temperature. The derivative Q’(E)/Q takes similar values for the two
impurities at full and half beam energies (the ones relevant for the correction). However, according to
the velocity correction expression, which is inversely proportional to the impurity mass, cross-section
corrections are smaller for neon than for carbon by a ~12/20 mass ratio. It should also be noted that
the calculation of the cross-section corrections requires modelling of the beam component attenuation,
halo production and excitation.

3.3. Dependence of plasma flows on magnetic configuration

As elaborated in the introduction, the radial electric field and net parallel velocity of plasma ions are
fundamental neoclassical predictions that are meaningfully connected with the principles of stellarator
optimisation. The W7-X configuration space displays varying levels of effective ripple and bootstrap
coefficients, that are expected to result in differences in the plasma flows for otherwise similar density
and temperature profiles. In practice, obtaining matching thermodynamic profiles in discharges with dif-
ferent magnetic configurations is difficult. In this section, we present an overview of CXRS flow inver-
sions in multiple magnetic configurations and the plasma conditions obtained at similar ECR heating
power and line-averaged electron density. As in the previous sub-section, the CXRS velocity measure-
ments from several NBI blips at constant plasma conditions are combined to endow the experimental
profiles with statistical significance.

Figure 4 shows the plasma and flow profiles for four magnetic configurations. The ECH heating
power and line averaged density, Pscry = 2MW and nep = 6 - 10° m—, were chosen for good statistics
based on the database of NBI blips in the OP1.2b experimental campaign. Despite the constancy of the
heating power and density, differences in the temperature profiles are manifest. The differences are less
pronounced between the standard and high-mirror configurations than between either of the two with
the high-iota or limiter (FLM) configurations. The latter show higher central temperatures for both ions
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and electrons, consistent with previous observations [26]. The rotational transform profile of the FLM
configuration is slightly shifted upwards with respect to the standard, pushing the 5/5 vacuum island
inward into the confinement region at p=0.8. No obvious profile flattening is observed, neither in the
Thomson scattering nor in the CXRS data. The neoclassical flow calculations based on the plasma pro-
files and magnetic equilibria are shown in red in the last two rows of figure 4 and compared with the
CXRS inverted flow profiles (E; and V|;). We observe the following.

e The overall agreement between the CXRS flows, the neoclassical calculations and the Doppler reflecto-
meter E, measurements is good for p < 0.7, with local deviations in the range of about 1 kms™!.

e The neoclassical calculations display a remnant core electron root only for the high-mirror config-
uration. However, the central CXRS E, is compatible with E, > 0 in all four cases. We note that the
plasma conditions close to the total suppression of the electron root introduce a large profile sensit-
ivity on the ambipolar neoclassical balance. We will return to the issue of core electron root observa-
tions later in this section.

o The net parallel ion velocity in the high-mirror configuration is expected and measured to be smaller
than that in the standard configuration for similar profiles.

o The net parallel ion velocities of the high-iota and FLM configurations are more negative than the
neoclassical calculations from around mid-radius (p > 0.5).

We note that, for the FLM configuration, the edge vacuum magnetic island further hinders the com-
parison of edge (p > 0.7) CXRS measurements and neoclassical calculations, which do not consider the
effect of non-nested flux surfaces.

The W7-X OP2.1 operational campaign extended the number of magnetic configurations explored
(with respect to the previous OP1.2b) and included reverse-field (rev-B) sessions. Based on the database
of available NBI blips and plasma profiles, time windows with Pgcpy = 3 MW and n =5 x 10° m™3
were selected to extend the magnetic configuration study. The results are shown in figure 5. Because of
the lower density and higher power of these electron-heated discharges, the electron temperatures are
higher than those shown in figure 4, which results in the pre-eminence of electron-root conditions in
the core region. Consistently with its higher effective ripple, the neoclassical calculations for the high-
mirror configuration display a stronger and radially more extended electron-root region. However,
neither CXRS nor Doppler reflectometer E, measurements show such high positive radial electric field
values. The Doppler reflectometry measurements shown in figure 5 were taken with a W-band reflec-
tometer located in the AEA21 sector of the torus. Barring this shortfall, the measurements of both dia-
gnostics and the neoclassical estimates generally show a reasonable agreement.

In relation to the net parallel ion velocity, V||, the agreement between theory and experiment is reas-
onable and similar to that in figure 4 for discharges in a configuration with the magnetic field in the
usual direction. In contrast, for reverse-field discharges, a quantifiable discrepancy of up to 5kms~! is
consistently observed, both in the standard and high-mirror configurations. This constitutes the most
prominent deviation from the neoclassical flow predictions amongst those presented in this work and
there is so far no obvious explanation for it. The comparison of neon and carbon inversions presented
in the previous section gave us confidence in the correctness and accuracy of the cross-section and fine-
structure corrections. Nevertheless, it is worth mentioning that the sign of these velocity corrections is
independent of the B-field direction. With respect to the forward-field cases, the forward modelling of
the CXRS velocities in rev-B is only modified by changing the sign of the local flow vectors (u(x) and
A(x) in [13]) and of the corresponding projections along the view lines. Here it is important to note
that, because of the stellarator symmetry of the magnetic configurations, a change in B-field direction is
expected to leave the E; and V| radial profiles unchanged (assuming the same density and temperature
profiles), therefore changing only the sign of the plasma velocities at every point.

In LHD and TJ-II plasmas with substantial tangential beam power, the net parallel ion velocity often
departs from the neoclassical calculations that ignore that parallel momentum input (see e.g. [11]).

The quasi-perpendicular injection in W7-X, implemented as a blip injection for CXRS measurements,

is not expected to result in such large deviations, which is supported by the, in general, good agree-
ment found here between the neoclassical and measured net parallel velocities. With respect to possible
causes of deviation from the neoclassical ambipolar E,, it is difficult to identify any additional radial cur-
rent that could compete with the neoclassical one (see the discussion in section 4 of [13]). In particu-
lar, it is worth mentioning that the possible prompt torque exerted by fast ion losses was evaluated and



10P Publishing

Plasma Phys. Control. Fusion 68 (2026) 015015

J de la Riva Villén et al

Standard Standar rev High mirror High mirror rev Low iota
20230215.050 20230117.065 20221215.031 20230119.039 20230126.047
N° blips =9 N° blips = 8 N° blips = 20 N° blips =9 N° blips = 4

6 _|_Te
—+,

]

@
£
<
o 2

/

rdbld
{ 1L })

2

c
0 T 1
10
S _
& E
T3 0
X
w _I
A0 —+—cxRrs
@ 4 NC
g DR
X 2
&
2, 0
>_-2
4
0 0.5 0 0.5 0 0.5 0 0.5 0 0.5
p p p p p

Figure 5. Magnetic configuration comparison for Prcrir = 3 MW and e, = 5 - 10! m ™2 operational conditions. Each column
corresponds to different magnetic configuration, in order: Standard, standard rev-B, high mirror, high mirror rev-B and low iota.
Details as in figure 2.

found to be insufficient to produce measurable deviations from neoclassical ambipolarity. This conclu-
sion is supported by ASCOT simulation results (see section 4 of [13]). The discrepancy of the net paral-
lel ion velocity with respect to the neoclassical calculations in rev-B discharges will be subject to future
investigation.

In this work, we have emphasised the statistical significance of the experimental flow profiles that
have been presented and discussed. This is important for the CXRS data analysis since the plasma velo-
cities are comparable with the systematic errors and corrections involved. In general, it is possible to find
individual cases where the agreement between diagnostics and with neoclassical theory is very good, but
are not necessarily the most representative of the dataset.

In this same line, figure 6 presents a comparison between CXRS measurements (‘exp’) and neoclas-
sical calculations (‘NC’) for all CXRS blips measured during the OP1.2b experimental campaign in the
standard magnetic configuration. Three radial locations in the optimal measurement region (p =0.2, 0.4
and 0.6) are shown. The data corresponds to 192 NBI blips on ECR heated plasmas with heating power
in the range (1.5-5.1) MW and line-averaged electron densities (2.7-8.8) x10' m~>. The plots draw a
picture similar to the one already described: the neoclassical flow calculations generally agree with CXRS
flow inversions witin error bars, but small (in spectroscopic sense) deviations of ~1 kms~! (equival-
ently ~2.5kVm™") are observed. For both magnitudes, E; and V|, three distinct areas of varying col-
ours can be observed, corresponding to theoretical and experimental characteristic values associated with
specific radial positions of measurement. In the case of p=0.4 and p= 0.6, the zone is clearly localised.
For the p=10.2 data two different clusters are observed in the E, plot, corresponding to core electron
root (ENC > 0) and core ion root (EN® < 0) scenarios. The measured E, remains consistently slightly
below the neoclassical predictions in electron root scenarios. Additionally, some cases in the ion root
cluster of blue points show a positive E, measured at the plasma centre, whereas theoretical calculations
predict a negative value. These discrepancies nay arise from the sharp transition between electron root
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and ion root solutions in the neoclassical model, which can lead to sensitivity or ambiguity in the pre-
dicted E, near the boundary between both regimes. Similar results, not shown here, are found for the
high mirror configuration for which high blip statistics is also available.

In this work CXRS velocity data from eight W7-X magnetic configurations (including reverse-field
variants) have been analysed. An overview of the CXRS flow inversion results from the OP2.1 campaign
is shown in figure 7 compared with the neoclassical predictions. The multi-blip-averaged points shown
include those from the previous figure 5 and further cases not displayed there. Again, the agreement
between theory and experiment for the three radial positions shown is in general good, particularly for
the case of E;, for which the points are grouped around the line y = x. The central p=0.2 E, measure-
ments show a clear electron/ion-root separation that is also well captured by the CXRS inversions. As we
mentioned in the discussion of figure 5, the e-root E, measurements do not reflect a clear configuration
dependence. At that location, the neoclassical expectations are that V|| be close to zero. The reverse-field
cases show the largest discrepancies in the parallel velocities, where the measurements of a few positive

kms™! deviate from the neoclassical expectations.

4, Conclusions

We have presented a systematic comparison of impurity flow measurements from CXRS with neoclassical
predictions in the W7-X stellarator. The analysis spans a broad set of experimental conditions, including
multiple heating scenarios, two impurity lines, and different magnetic configurations, enabling a compre-
hensive assessment of neoclassical flow theory in stellarator plasmas.

With respect to previous CXRS studies in W7-X a channel-dependent instrumental drift parameter
has been incorporated into the forward model, enabling the level of spectroscopic accuracy required for
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precise comparison with theoretical expectations. The parameter is robustly and self-consistently determ-
ined during the inversion process and significantly improves the agreement between measured and inde-
pendently calculated flows. The model performs reliably across all studied conditions, and the inclusion
of the parameter has proven essential to minimise systematic uncertainties in the inversion procedure.

The agreement between flows inferred using C°* and Ne!" emission lines provides confidence in
the spectroscopic analysis chain, including atomic physics corrections such as fine structure and energy-
dependent charge exchange cross sections. In ECRH plasmas and over a wide range of densities and
configurations, we observe consistent results: the experimentally determined radial electric field and
impurity parallel velocity show good agreement with neoclassical calculations in the core and mid-radius
regions (p < 0.7). Independent Doppler reflectometry measurements of E, further support the validity
of the CXRS inversions in the region of overlap. The statistical significance of the dataset, based on the
analysis of more than one hundred beam blips, underlines the robustness of both the method and the
physical results.

The comparison across magnetic configurations reveals no systematic dependence of the flows on
configuration within experimental uncertainties. A consistent trend is observed in electron-root regimes,
where the measured E, tends to be slightly lower than predicted by neoclassical theory, particularly near
the core. While the parallel flow V|| shows reasonable agreement in most cases, a significant and repro-
ducible discrepancy is observed in reverse-field configurations, with measured values differing from neo-
classical predictions by several kms™!. In contrast, expected trends are recovered in the high mirror con-
figuration, such as a reduction of V|| consistent with enhanced damping of parallel flows and bootstrap
current. The overall behaviour of E; and V| remains coherent with theoretical expectations under most
conditions, confirming the predictive capability of neoclassical theory for impurity flows in W7-X.

The results presented demonstrate the internal CXRS consistency and cross-diagnostic compatibil-
ity of the inverted plasma velocity profiles. However, they also illustrate the sensitivity of the analysis to
instrumental spectroscopic drifts. In future experimental campaigns a CXRS calibration protocol will be
set up to inform and potentially replace the auto-calibration technique utilised in this work
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Appendix. Assessment of the effect of the CXRS forward model extension

In this appendix we present the effects that the extension of the instrumental drift parametrisation has
in the inverted radial electric field and net parallel velocity profiles. The term ‘extended model’ refers

to the inclusion of an extra degree of freedom in the forward model to account for possible thermo-
mechanical drifts in the spectrometer calibration. These drifts can cause a global shift and tilt of the ref-
erence wavelength calibration—obtained before and after each campaign using known spectral lines—
due to temperature-induced deformations in the optical system.

The spectra are recorded in a bi-dimensional CCD detector, such that each row of pixels corresponds
to a CXRS channel or view line. Wavelength varies along the horizontal axis of the detector. Since the
Doppler shift is computed from the difference between the observed wavelength and a known refer-
ence, any drift in the calibration translates directly into a systematic error in the measured velocities
that affects the inferred V|| and E; profiles. To account for this effect, the single-offset model A\y; = ¢
is replaced by a linear parametrisation A)y; = ai + b, where i is the pixel position along the vertical axis
of the detector, and a and b represent slope and intercept of the shifted reference wavelength. In the next
subsections, we illustrate the improvement that the extended model offers over the original model by
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obtained from the velocity inversion using both the constant offset as in [13] and the CCD channel position dependence offjset,
along with the neoclassical calculations. Details as in figure 2.

presenting a series of experimental evidences and comparisons of experimental measurements with the-
oretical calculations.

A.1. Inversions with the original model compared with the extended analysis

Figure A1 depicts the velocity inversions calculated using both the constant offset and the CCD channel
position dependence offset, during a Pgcry scan while maintaining the . constant at 7.9-10 m—3.
The data displayed and the statistical analysis of the data, corresponding to the statistical error obtained
by averaging multiple blips to assess the reproducibility of the measurements, is consistent with figure 2
of section 2. Each column of the plot corresponds to a distinct plasma scenario, and the average profiles
are presented.

The final two rows of figure Al illustrates the quantitative improvement that the extension of the
model produces in the E; and V|| measurements. The graphs illustrate the neoclassical calculations
derived from the profiles (red line), the inversions obtained with the original model (green line), the
inversions obtained with the extended model (blue line) and the experimental data measured with the
Doppler reflectometer (yellow dots). The E; and V)| profiles obtained with the original model exhibit sig-
nificant discrepancies with the theoretical calculations and Doppler measurements for the three plasma
scenarios. In contrast, the profiles obtained with the extended model demonstrate a quantitative agree-
ment with the neoclassical calculations and the Doppler measurements for both E; and V| profiles. This
phenomenon has been observed consistently across all inversions, for all plasma scenarios and magnetic
configurations that have been studied with the extended model. Moreover, for each defined plasma scen-
ario, the inversions obtained for different blips are consistent and reproducible. The agreement for the
E, is perfectly compatible with the theoretical predictions and the Doppler measurements across a wide
range of radial positions, with the exception of p > 0.8. In order to fully comprehend the discrepancy
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observed in the outer part of the plasma, it is essential to consider a number of contributing factors.
First there are some experimental and instrumental limitations: the number of fibres measuring from
this point onwards is very small for the high mirror configuration and to the reduced active to pass-

ive signal ratio makes the subtraction more complicated. Consequently, it is not possible to determine

it accurately when launching our forward model. Moreover, the ambiguity in the plasma profiles and
the influence of the momentum correction employed also compromise the precision of the neoclassical
calculation in this region of the plasma, thereby making a direct comparison between theory and experi-
ment a challenging undertaking.

The model yields comparable values for the parameter that accounts for potential channel-dependent
drift in blips measured during the same discharge. This is because, during the typical duration of a dis-
charge (~10 s), no alterations in thermomechanical stresses within the optical system occur. Conversely,
the greatest fluctuations in this parameter are observed between discharges occurring on different days.
The calibration of the ILS green channels was checked after the campaign and found to drift after
power-on of the camera, exponentially approaching an offset of AX =11 pm (Av=6.2 kms™!) with
time scale length of 80 min.

The initial composition of the beam represents one of the input parameters necessary for the cal-
culation of the beam model, which is employed for the determination of the velocity corrections. The
neutral beam’s initial fractions (the first, second and third beam energy components) is determined via
spectroscopic measurements in the beam neutraliser, although there are not yet available data for all dis-
charges. As the neutral beam ion source parameters and acceleration voltage are typically very stable over
the campaign, averages of the available data are used as fixed inputs (31%, 56%, 16%). To assess the
sensitivity of the model to this parameter, we varied the fractions of the three energy initial components
of the beam. It was observed that variations within the expected range of the initial beam components
had no significant impact on the E; and V| profiles.

Additionally, the sensitivity study analysed the geometry of the experimental setup due to recent
findings suggesting slight deviations in the position of the beam from its initial location [27]. To invest-
igate, the measurement position was moved 2.5 cm closer and further away from the original location
along the optical fibres LOS, evaluating the resulting error in the parallel and perpendicular compon-
ents’ velocity projection caused by beam or measurement displacement. However, the results showed no
significant effects as the change was less than 10%.

A.2. Self-calibration of instrumental drifts simultaneously maximises the goodness of fit and the
agreement with neoclassical predictions
This section is dedicated to the analysis of the impact of the novel model on the minimisation process
of the forward model. Figure A2 illustrates the impact of the novel offset utilised in the forward model
on the E; and V|| profiles. As this offset comprises two parameters, slope and intercept (a and b), we
investigate the influence of each of them on the minimisation process. For this purpose, the profiles were
calculated for varying values of the slope and offset intercept independently. The left column depicts the
impact of the slope, while the right column illustrates the impact of the intercept. The left column rep-
resents profiles calculated by setting a specific value for the slope and allowing the minimisation process
to determine the intercept. The process is then repeated by changing the aforementioned set value of the
slope. The range of variation is illustrated in the lower plot. As in the case of the slope, the impact of
the intercept is illustrated in the right column in a manner analogous to that previously described. In
order to facilitate a comparison of the impact of the parameters, the plots also display the neoclassical
calculations of E. and V|| (shown in blue). As illustrated in the upper portion of figure A2, the influ-
ence of the offset is pronounced in the inversion process, as evidenced by the specific values of slope and
intercept that result in a superior alignment between theory and experiment. The arrow in this section
illustrates the impact of an increase in the value of the slope/intercept on the profiles. To illustrate this
more clearly, figure A2 presents the residuals calculated for the profiles obtained for each case at the
bottom. Two residuals were calculated: the first (blue) quantifies the normalised difference between the
model found in our minimisation process and the experimental velocities measured by CXRS system,
and the second (red) shows the normalised residuals between the model obtained and the neoclassical
calculations. The error bars are derived by performing the minimisation process multiple times with dif-
ferent initial parameter values. Only positive error bars are reported, as the solution with the smallest
residual-representing the best fit to the experimental velocity measurements-is selected from this set of
minimisations. Two observations should be noted in this plot:

(1) The residual to the data exhibits a distinct minimum in both parameters, indicating that the
channel-dependent offset can be unambiguously determined from the data/model consistency alone.
No further assumptions or information are required, although a more precise calibration would still be
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Figure A2. A study of the inversions obtained for different offset values is presented. The left-hand column shows the results
obtained by varying the value of the slope of the offset and leaving the value of the intercept free in the minimisation process.
The right-hand side shows the results obtained from varying the value of the intercept and leaving the slope value free in the
minimisation process. The upper section of the figure displays the profiles obtained, along with the calculated neoclassical val-
ues. The lower section shows the residuals calculated between the model and the experiment and the model and the neoclassical
calculations.

beneficial (and will be conducted in the future). Nevertheless, the existing data is already suitable for use
and can be relied upon. Please note that the two values, slope and intercept, found that minimised the
residues in the left-hand column are compatible with the ones found in the right-hand column.

(2) The residual to the NC is minimum in the same place as to the data, meaning the best fit of the
data is independently determined to also give the closest match to NC. Note that the neoclassical expect-
ations do not enter the forward mode or minimisation procedure.

The black lines in the figure represent the values of the instrumental parameters (slope and inter-
cept) obtained when both quantities are determined through the minimisation process. As shown, the
obtained values correspond to the minima of both residuals in both cases.

Finally, we make note that the residual of the extended model is similar within error bars to the one
obtained with the previous model. The addition of an additional parameter (the tilt) results in larger
variability of the non-linear minimisation of the residual and the appearance of local minimum of the
residual. Whereas similar in magnitude, we favour this local minimum over the previous model’s because
of the clear improvements in the internal consistency of the inversions and in the compatibility with
other diagnostic measurements.
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