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ABSTRACT

X-ray ray tracing is used to develop ion-temperature corrections for the analysis of the X-ray Imaging Crystal Spectrometer (XICS) used
at Wendelstein 7-X (W7-X) and perform verification on the analysis methods. The XICS is a powerful diagnostic able to measure ion-
temperature, electron-temperature, plasma flow, and impurity charge state densities. While these systems are relatively simple in design,
accurate characterization of the instrumental response and validation of analysis techniques are difficult to perform experimentally due to the
requirement of extended x-ray sources. For this reason, a ray tracing model has been developed that allows characterization of the spectrome-
ter and verification of the analysis methods while fully considering the real geometry of the XICS system and W7-X plasma. Through the use of
ray tracing, several important corrections have been found that must be accounted for in order to accurately reconstruct the ion-temperature
profiles. The sources of these corrections are described along with their effect on the analyzed profiles. The implemented corrections stem
from three effects: (1) effect of sub-pixel intensity distribution during de-curving and spatial binning, (2) effect of sub-pixel intensity distri-
bution during forward model evaluation and generation of residuals, and (3) effect of defocus and spherical aberrations on the instrumental
response. Possible improvements to the forward model and analysis procedures are explored, along with a discussion of trade-offs in terms of
computational complexity. Finally, the accuracy of the tomographic inversion technique in stellarator geometry is investigated, providing for
the first time a verification exercise for inversion accuracy in stellarator geometry and a complete XICS analysis tool-chain.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043513

I. INTRODUCTION

The X-Ray Imaging Crystal Spectrometer (XICS) is a primary
diagnostic for time resolved ion-temperature (T;) and radial electric
field (E,) profiles on Wendelstein 7-X (W7-X)"* and the only diag-
nostic that can provide these core measurements during long pulse
operation.” The analysis of the XICS data requires both spectral

fitting and tomographic inversion, the latter of which is complicated
by the 3D geometry of the W7-X stellarator. Due to the complexity
of this analysis, a thorough verification of the procedure is needed
to both ensure correct implementation and understand the effect of
approximations and assumptions in the analysis model. This type
of verification study has recently become possible due to the devel-
opment of a new advanced x-ray ray tracing code, xicsrt, which
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allows simulation of the full plasma and diagnostic geometry while
preserving accurate photon statistics.” This analysis allows the entire
analysis tool-chain to be validated, including all the various built-in
approximations.

The ray tracing verification exercise presented here has led to
the development of a number of important corrections that need to
be applied to the standard analysis procedure, in particular, a correc-
tion to the T; profile that reduces the temperature values by about
200eV. These corrections were developed in June 2019 and have
been included in all T; profile measurements presented in W7-X
publications since that time. This is the first time that the full details
of the correction procedure have been published. The analysis pre-
sented here is specific to the system installed at W7-X, though many
of the results are likely applicable to systems installed on other fusion
experiments.

The verification study presented here is not a validation and
should not be interpreted as such. In particular, the analysis in this
paper does not validate any of the plasma physics models, atomic
physics models, or the system calibration. Instead, this verification
is expected to serve as a starting point for a future validation and
diagnostic cross-comparison exercise.

Il. DIAGNOSTIC DESCRIPTION

The XICS diagnostic measures a one-dimensional (1D) spa-
tial profile of line-integrated emission spectra from highly charged
argon impurities that are seeded into the plasma for diagnostic pur-
poses.”® The raw diagnostic output is a 2D image with energy dis-
persion in one direction and 1D imaging of the plasma in the other.
Several plasma parameters can be measured from these spectra
using standard Doppler spectroscopy techniques: ion-temperature
(T;) from the line widths, electron-temperature (T.) from the line
intensity ratios, perpendicular plasma flow velocity (u,) from the
line shifts, and impurity charge state densities (n4) from the line
intensities.”” These measurements can be further used to infer the
radial electric field profile (E,) through radial force balance® and
study impurity transport characteristics.” Tomographic inversion
is used to find the local flux-surface plasma parameters from the
line-integrated measurements.'’

There are three XICS systems installed on W7-X that allow
simultaneous measurement of several impurity species and charge
states. The first system looks at the emission from Ar'®*, the sec-
ond system looks at Ar'”*, Fe***, and Mo™*, and the third system
(called the High Resolution X-Ray Imaging Spectrometer, HR-XIS)
has a number of selectable crystals that can view different impu-
rity species. A thorough description of the diagnostic hardware and
capabilities can be found in Ref. 5, and a description of the XICS
analysis techniques can be found in Ref. 11.

A. Analysis methods

There are two analysis methods that are currently used to inter-
pret the raw XICS data at W7-X; for this paper, we will call these
the multi-step and minerva methods.'” The multi-step method per-
forms the analysis in two steps: First, the line-integrated data are
fit using a physics based spectral model resulting in line-integrated
values of line intensities, linewidths, and line shifts. Second, the
line-integrated parameters are tomographically inverted to find the
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local parameters on each flux surface.!” The minerva method uti-

lizes the Minerva Bayesian analysis framework'” to determine the
local plasma profiles directly from the raw images through the use of
a complete diagnostic forward model.'?

The multi-step analysis is computationally fast to perform and
is therefore well suited for routine analysis. However, this method
requires a number of approximations; in particular, the multi-step
method makes the approximation that the sum of Voigt profiles that
make up a line-integrated spectral line can be fit with a single Voigt
profile and produce accurate values for the line moments. The min-
erva method avoids these approximations entirely and, in principle,
can implement a model of arbitrary complexity and accuracy. The
disadvantage is that the minerva analysis is computationally expen-
sive and currently infeasible for routine analysis. These two analysis
methods agree very well in all cases that have been examined so far.
The remainder of this paper will focus exclusively on the multi-step
method.

I1l. X-RAY RAY TRACING USING XICSRT

The ray tracing for the current work has been enabled by the
development of a new x-ray ray tracing code. This code, named
xicsrt, is a general purpose photon-based ray tracing code capa-
ble of both optical and x-ray ray tracing with an emphasis on plasma
modeling and the preservation of photon statistics.'*'°

Of particular interest for the current work, xicsrt is capable of
modeling arbitrarily complex 3D source geometries. In particular, a
module has been developed that allows the geometry from a stellara-
tor vmec equilibrium'® to be used as the x-ray source for ray tracing
(Fig. 1). This source module allows the specification of plasma pro-
files for emissivity, ion-temperature, and directional plasma flow.
These parameters define a local non-isotropic wavelength distri-
bution based on the Doppler broadening, Doppler shifts, and the
natural linewidth.

FIG. 1. Visualization of ray tracing in xicsrt. Green rays reach the detector,
and blue rays are launched but are not reflected by the crystal. A series of flux
surfaces from a W7-X plasma equilibrium are plotted with the color scale from
yellow to blue representing the normalized minor radius, p. The yellow box shows
the volume from which rays are launched.
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To accurately model the emissivity and to improve compu-
tational performance, the xicsrt source uses the concept of ray-
bundles. Ray-bundles represent a small volume in the plasma with
an emissivity and wavelength distribution. To launch rays from the
source, a large number of locations within the plasma volume are
randomly sampled, and a ray-bundle is emitted from each location.
The number of rays launched from the bundle is randomly drawn
from a continuous Poisson distribution based on the plasma emis-
sivity, ray-bundle volume, and a time-integration value. The wave-
length of each ray within the volume is randomly selected from the
local wavelength distribution. The individual rays within the bundle
can be launched either from a point at the bundle location or uni-
formly distributed inside a cube with the bundle volume (a voxel).
The spatial accuracy of this source can be improved by increasing the
number of ray-bundles. (The number of bundles and the bundle vol-
ume can be chosen independently; if so, a normalization of the emis-
sivities is performed based on the total plasma volume to ensure that
the appropriate number of rays is launched that preserves overall
photon emissivity.)

IV. LINE-INTEGRATED ANALYSIS

The first step of this verification study is to look at the accu-
racy of the spectral fitting. Here, only a simple ray source is needed:
a slab plasma (or equivalently a sheet plasma) with constant emis-
sivity, temperature, and plasma flow. To verify the spectral fitting
procedure, only a single emission line, the w-line at 3.9492 A, needs
to be modeled. Ray tracing is done using the best known cali-
brated geometry for the spectrometer including the finite crystal
size of 40 x 100 mm”* and a detector with a pixel size of 172 ym?
that matches the Pilatus 2 detector used in the experiment. A small
number of background counts, randomly distributed according to a
Poisson distribution, are added to the final images to simulate con-
tinuum emission (this also improves the assumption of normally
distributed data inherent in the least-squares minimization). The
images generated by xicsrt are formatted to exactly match the out-
put from the physical detector and are saved in a virtual “plasma
shot.” This allows the output images to be analyzed identically to
real W7-X data using the standard XICS multi-step automatic anal-
ysis tools. The difference between the input T; and u, values in the
simulation and the subsequent fitted values can be seen in Fig. 2.
The ion-temperature shows a clear overestimation of ~200 eV. This
error in the fit of the spectral line-width can be explained through
the following three effects:

Decurving: The Ar'®" System at W7-X uses a detector with
195 pixels in the spectral direction and 1475 pixels in the spatial
direction. The density of pixels in the spatial direction is much
higher than needed, given the native spatial resolution of the sys-
tem as determined by the viewing volume in the plasma. For this
reason, it is useful to sum a number of rows on the detector before
spectral fitting. This both improves the signal to noise ratio dur-
ing spectral fitting and greatly reduces computational time. Each
of the spectral lines makes an ellipse on the detector, and the dis-
persion of each row is slightly different. Before summation over a
particular range of rows, each row is resampled onto a common
wavelength grid (decurving). The algorithm used for this resam-
pling makes an implicit approximation that the distribution of inten-
sity within each pixel (in the spectral direction) is constant (first
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FIG. 2. (a) and (b) Required corrections for ion-temperature and line shift derived
from ray fracing and subsequent analysis. Ray tracing was done using a sim-
ple slab plasma with several temperatures. Correction is derived by subtracting
the input T; and V, from the values derived through spectral fitting. Error bars
show the estimate of the 1-o errors from the least-squares fitting procedure. (c)
Contributions of different broadening effects to the total T; correction.

derivative is zero), and it is this assumption that leads an arti-
ficial broadening of the emission lines. This effect can be imag-
ined as a kind of artificially introduced blurring of the spectral
lines.

Fitting: Analysis of the spectra (for each spatial region after
row summation) is carried out through the use of an atomic physics
based forward model and fitting with a Levenberg-Marquardt
least-squares optimization routine. The forward model is evalu-
ated at a set of discrete wavelengths corresponding to the center
of each (discrete) pixel. This means that the central intensity is
assumed to be equal to the average intensity within the pixel and
creates the implicit approximation that the intensity distribution
within the pixel (in the spectral direction) is linear (second deriva-
tive is zero), leading to an overestimation of the line-width, and
therefore T;.

Defocus and aberrations: All XICS spectrometers are expected
to have some line broadening from spherical aberrations and defo-
cusing. With a planar detector, it is not possible to achieve the best
focus everywhere (the best focus lies on the surface of a sphere). In
addition, there will always be some instrumental broadening due to
aberrations, dominated by the Johann error.'” Both of these instru-
mental broadening effects increase with the crystal size. The xicsrt
ray tracing is done using the calibrated spectrometer geometry and
is expected to fully capture any defocus and aberration effects. In
Fig. 2(c), it can be seen that the error from defocus & aberrations
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is largest near the detector center and decreases toward the edge.
This is due to a particular alignment choice for the W7-X system in
which the detector focus is calculated from the edge of the crystal
(which is the center of the substrate) rather than the center of the
crystal.

A small, but important, error in the fit of the line shifts (less
than 0.1 mA) is also seen in Fig. 2(b). This error is entirely due
to aberrations (Johann error) and is not affected by the sub-pixel
intensity distribution.

A. lon-temperature corrections

Ray tracing of the system has been performed with a range of
source temperatures ranging from 100 to 1500 eV to investigate the
temperature dependence of the broadening effects described above.
As can be seen in Fig. 2, no temperature dependence is seen over this
range (this also holds for lower temperatures; however, these data are
not shown as the accuracy of spectral fitting is somewhat reduced as
T; approaches zero). This temperature independence enables a sim-
ple correction to be constructed from the ray tracing results that can
be applied after line-integrated spectral fitting. These corrected val-
ues can then be used in the tomographic inversion. Since the amount
of broadening from the decurving effect depends on the number
of rows being summed, a separate correction needs to be gener-
ated for each spatial binning scheme used. This same procedure is
also used to correct the line shifts, though this is a less important
effect.

While it is possible to improve the forward model so as
to remove the sub-pixel intensity distribution errors and include
the instrumental response, doing so would require several orders
of magnitude more computational time. For completeness, the
required model improvements are nonetheless described here: The
fitting errors can be addressed by evaluating the forward model at
multiple points within each pixel and summing the results together
(sub-pixel sampling); for the current system, a sub-pixel sampling
of 10 is sufficient. The decurving error can be removed by either
performing decurving as part of the model evaluation and taking
into account the sub-pixel sampling evaluated above or by avoid-
ing summation of rows entirely by performing spectral/spatial fitting
in two dimensions. Finally, the instrumental response from defocus
& aberrations can be incorporated into the forward model through
convolution.

Given the computational requirements for these model
enhancements (which are multiplicative), utilization of the post-
processing T correction is currently a better solution.

B. Experimental application

To check that the ion-temperature corrections developed in
Sec. IV A are reasonable, they are applied to experimental data
from low temperature plasmas in W7-X. Normally, low tempera-
ture plasmas (below ~300-500 eV) are inaccessible to the XICS sys-
tem because a minimum electron-temperature is required to ionize
argon to the Ar16Jr charge state. However, in certain circumstances,
such as with a small fully radiative plasma, charge exchange pro-
cesses allow the Ar'®* state to exist at much lower plasma tempera-
tures. The spectra obtained from these charge exchange spectra are
unique in that they contain only the direct excitation lines w, x, v,
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FIG. 3. Line-integrated analysis of experimental Ar'®* XICS data from W7-X pro-
gram 20171121.037. The blue curve is before the application of the T; correction,
and the red curve is after application. Note that top and bottom plots have different
x axis (channel) scales.

and z (no dielectronic recombination), and the line ratios of these
lines are different from what is seen from electron excitation (see
Ref. 18).

A search of all analyzed time slices from the first experimen-
tal physics campaign at W7-X (OP1.2) was performed to find a set
of the lowest measured temperature profiles. The line-integrated T
measurements from a low temperature W7-X plasma are shown
in Fig. 3 with and without the temperature correction applied.
With the T; correction enabled, the lowest measured tempera-
tures are reduced from 180 to 0eV. Importantly, the correction
does not produce nonphysical negative T; values anywhere (this
is true for all W7-X profiles that have been measured to date).
This means not only that these corrections are at least plausible
but also that they cannot be larger. Another important observa-
tion is that a nonphysical depression in the uncorrected T; pro-
file (seen around channel 750 in Fig. 3) is completely removed
in the corrected profile. Prior to the development of this correc-
tion, this T; depression was seen in XICS measurement in all W7-
X plasmas. That the T; correction so effectively corrects the pro-
file shape when applied to real data is a strong indication of its
applicability.

V. TOMOGRAPHIC INVERSION

With the implementation of the T; corrections described in
Sec. IV A, the accuracy of tomographic inversion and the full multi-
step analysis chain can be evaluated. To perform this study, a more
complicated ray tracing geometry is needed that includes both the
full 3D plasma shape and a set of plasma profiles. The W7-X plasma
geometry is implemented in xicsrt using a vmec equilibrium.
For the results shown here, a vacuum equilibrium for the standard
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configuration is used. Plasma profiles for Ar'®* emissivity and ion-
temperature are modeled as flux surface functions. The model for the
perpendicular flow velocity additionally includes a poloidal variation
based on the theoretical expectation from flux-surface compression
(see Refs. 6 and 19). The parallel plasma flow is set to zero for these
simulations to provide a better verification target. A set of profiles
have been chosen that have a similar shape and magnitude to those
found from experimental measurements.

The results from analysis of the ray tracing output images,
including tomographic inversion, are shown in Fig. 4. Importantly,
these simulations capture any inaccuracies and approximations
inherent in the multi-step analysis method. A second simulation and
analysis performed with a small (1 x 1 mm?) crystal size shows iden-
tical results (within error bars) and further highlights the validity of
the approximation of using line integrals for each binned “sightline”
rather than the true viewing volume. The ion-temperature and line-
shift corrections described in Sec. IV A have been applied in this
analysis. The residuals from the analysis, in both the spectral fitting
and tomographic inversion steps, are within error bars with reduced
x*s around unity.

The emissivity profile is well reproduced, even in the hollow
core; these profiles have been normalized to the integral of the
curve, so while the shape can be compared, absolute differences are
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FIG. 4. Results of the ray tracing verification study including 3D stellarator geom-
etry and realistic plasma profiles. Blue lines indicate the input profiles used for
ray tracing. Solid red curves show the results of XICS analysis of the ray tracing
output, including tomographic inversion. The shaded area represents one sigma
errors in the analysis found using Monte Carlo error determination. Dashed yellow
curves show analysis of a ray tracing run with a small (1 x 1 mm?) crystal size.
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not captured. The ion-temperature is also reasonably well repro-
duced within 50 eV of the original profile with the inverted temper-
ature slightly overestimated in the edge and underestimated in the
core. The perpendicular plasma flow is also well reproduced within
error bars, including the radial location where the velocity profile
transitions from positive to negative.

VI. CONCLUSIONS

Advanced x-ray ray tracing has been used to simulate XICS
diagnostic signals on W7-X using realistic geometry for both the
plasma and the diagnostic hardware. These simulated signals have
then been analyzed using the same procedure as is used for exper-
imental data, providing an end-to-end verification of the anal-
ysis procedure. In this process, several corrections to the ion-
temperature measurement were developed that arise from the
subpixel-distribution of intensity within the pixels on the detector,
which is not taken into account in the analysis model. These cor-
rections are temperature independent, allowing them to be applied
as part of the standard analysis procedure without loss of accuracy.
With the correction applied, the analysis of the simulated data repro-
duces the input ion-temperature and perpendicular plasma flow
profiles closely. This analysis provides a measure of confidence in the
multi-step method of analysis for the XICS system for typical W7-X
plasmas.

While this verification exercise provides understanding about
the accuracy of current analysis methods and their application to
stellarator plasma geometries, it should not be mistaken for a diag-
nostic validation. In particular, the atomic physics model used in this
analysis is not tested here nor are other plasma physics assumptions
that are built into the forward model. Indeed, even after implemen-
tation of the T; correction described here, a discrepancy between
the XICS measurements and those from other diagnostics on W7-X
remains (with the XICS T; value appearing to be too high by an addi-
tional ~200 eV). Further validation and diagnostic cross-comparison
will be the subject of a future paper.
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