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A high-fidelity synthetic diagnostic has been developed for the ITER Core X-Ray Crystal Spectrometer
diagnostic (XRCS-Core) based on x-ray ray tracing. This synthetic diagnostic has been used to model
expected performance of the diagnostic, to aid in diagnostic design, and to develop engineering tolerances.
The synthetic model is based on x-ray ray tracing using the recently developed x1csRT ray tracing code and
includes fully three-dimensional representation of the diagnostic based on the computer aided design (CAD).
The modeled components are: plasma geometry and emission profiles, highly oriented pyrolytic graphite
(HOPG) pre-reflectors, spherically bent crystals, and pixelated x-ray detectors. Plasma emission profiles
have been calculated for Xe**t, Xe*™* and Xe®'t, based on an ITER operational scenario available though
the Integrated Modelling & Analysis Suite (IMAS) database, and modeled within the ray tracing code as
a volumetric x-ray source; the shape of the plasma source is determined by equilibrium geometry and an
utilizes an appropriate wavelength distribution to match the expected ion temperature profile. All individual
components of the x-ray optical system have been modeled with high-fidelity producing a synthetic detector
image that is expected to closely match what will be seen in the final as-built system. Particular care is taken
to maintain preservation of photon statistics throughout the ray tracing allowing for quantitative estimates
of diagnostic performance.
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I. INTRODUCTION els of the 3D plasma emission and each of the x-ray op-
tical components, and aims to produce high-fidelity syn-
The X-Ray Crystal Spectrometer, Core Viewing thetic images that closely match the expected output of
(XRCS-Core) is a key diagnostic for the ITER tokamak  the actual physical system.
to measure ion temperature and plasma flow, amongst
other measurements!. Because this diagnostic is in-
tended for use in a burning plasma environment, it fea- Il. ITER XRCS-CORE DIAGNOSTIC DESCRIPTION
tures a novel design that combines x-ray pre-reflectors
with a traditional high-resolution spherical-crystal design
to achieve three objectives: 1) a wide range of viewing
angles in the plasma, 2) small wall penetration and min-
imization of neutron streaming, 3) placement of the de-
tector far from the plasma in a neutron shielded location.
The novel aspects of this spectrometer have motivated
the development of a synthetic diagnostic model based on
x-ray ray tracing to aid in design, evaluate the expected
performance, and verify fast synthetic models. The ray
tracing simulation presented here includes detailed mod-

The XRCS-Core diagnostic is an integrated set of x-
ray spectrometers that utilize Doppler spectroscopy tech-
niques to measure time resolved profiles of several differ-
ent important parameters: ion temperature, plasma flow,
electron temperature, and impurity charge state densi-
ties. The impurity charge state densities can be used to
constrain the radiated power. The measurements rely
on the emission from highly ionized impurities that are
either deliberately injected into the plasma for diagnos-
tic purposes (xenon) or which are present intrinsically
(tungsten). To cover the very wide range of temper-
atures found across the plasma, lines from several dif-
ferent charge states are used: Xe***t (2.5525A), Xet™+
a) Electronic mail: npablant@pppl.gov (2'5575 A)7 X bt (2.1899A) and W64+ (1.3589 A)
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Emission line wavelengths for Xe** and Xe*"™ were

taken from measurements made at LLNL’s EBIT-I elec-
tron beam ion trap as part of the diagnostic design?.
Details of these Xe line emission measurements will be
provided in a forthcoming publication.

A novel design is used for XRCS-Core in which a set of
11 planar pre-reflectors, placed near the diagnostic first
wall (DFW), are used to direct x-ray photons back to a
set of 6 spherically bent Bragg crystals (which will be
referred to as 'resolving crystals’) which in turn disperse
the x-ray emission onto a set of 2 detectors. Each resolv-
ing crystal utilizes different lattice planes of germanium:
3 x Ge (11 3) for Xe*t & Xe*™ (red, magenta, lime), 2
x Ge (00 4) for Xe31F (blue, yellow), and 1 x Ge (3 3 5)
for W64+ (green), where the colors refer to the cyrstal la-
bels and correspond to coloring in subsequent figures and
tables. Each pre-reflector captures light from a different
volume in the plasma, and therefore defines a sightline in
the system. The system also includes 6 straight-through
sightlines, one for each resolving crystal, making for a
total of 17 sightlines. The configuration of the sightlines,
location of the pre-reflectors, and the five xenon viewing
crystals can be seen in Fig.1.

The pre-reflectors are made of highly oriented pyrolytic
graphite (HOPG) with a mosaicity of around 0.4° and
utilize the (0 0 2) reflection plane. The mosaicity of the
HOPG provides the pre-reflectors with a very broad ef-
fective Bragg reflection acceptance angle which enables
a sufficiently broad bandwidth in this two-crystal Bragg
reflection scheme and reduces requirements on alignment
between the pre-reflector and the resolving crystals. The
resolving crystals, along with the distance between the
crystals and the detectors, completely define the energy
resolution of the system. In this way, each of the crystal-
detector combinations acts as a traditional X-Ray Imag-
ing Crystal Spectrometer (XICS)? in which the 1D imag-
ing property is being used in conjunction with the pre-
reflectors to define a set of discrete sightlines into the
ITER plasma.
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FIG. 1. CAD model (top) and ray tracing model (bottom) of
the XICS-Core diagnostic. Ray tracing shows only the rays
that originate in the plasma and intersect with the detector.
The total length of the diagnostic shown in this figure is ap-
proximately 9m.
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Additional details of the XRCS-Core design can be
found in Ref. 1, which represents a previous design con-
figuration from the conclusion of the Conceptual Design
Review (CDR); The results in this paper focus on a new
design, which matches the configuration at the Prelimi-
nary Design Review (PDR) held in October of 2023 and
consists of the following changes: a) The system now uses
the Xe*** line at 2.5525 A instead of the one at 2.7203 A;
This enables the nearby Xe*"* line to be measured si-
multaneously. b) An additional Ge (1 1 3) crystal has
been added on the same substrate as the W54+ Ge (3 3 5)
crystal providing a central straight-through sightline for
Xett/Xel™ . ¢) The orientation of the pre-reflectors
have been changed to provide sightlines that are opti-
mized for better coverage in lower temperature plasmas.

IIl. THE XICSRT RAY TRACING CODE

To enable the development of a synthetic diagnostic
for the ITER XRCS-Core diagnostic, a new general pur-
pose x-ray ray tracing code has been developed, named
x1csrT®®. This code, x1csRrT, has been designed with
a focus on simplicity, extensibility, and preservation of
photon statistics; it is implemented in pure python with
a generalized 3D coordinate system that simplifies mod-
eling of plasma emission and specification of x-ray opti-
cal components taken from either analytical calculations
or CAD design. This ray tracing code, while originally
developed for ITER XRCS-Core, has also now been ap-
plied to synthetic diagnostic modeling on the Wendel-
stein 7-X (W7-X) stellarator®”, the National Ignition
Facility (NIF)%® and the OMEGA laser facility?. The
x1csRT code has been verified against several other ray
tracing codes including suapow!?, xrsal!, ToFu'!, and
Lux/BMaDp'2. The following is a description of the mod-
eled components in the XICSRT.

The X-Ray emission source is modeled using a 3D de-
scription of the ITER plasma equilibrium shape and flux
surfaces as defined through the Integrated Modelling &
Analysis Suite (IMAS) database for the given simulation
“shot”. For the present work the Xe line emissivity and
temperature are assumed to be constant on a flux sur-
face and defined by a 1D radial profile while the plasma
flow velocity is set to zero. To model the emission within
the full 3D plasma volume a randomized set of ray bun-
dles are created. Within each ray bundle a set of rays is
created based on a Monte-Carlo approach with the num-
ber of rays based on the emissivity of the plasma at the
given location (using randomized Poisson statistics) and
a wavelength distribution based on the temperature and
plasma flow (using a Voigt distribution for Doppler width
and natural line broadening and with each ray given a
Doppler shift for the given ray direction). The generated
rays are produced in a small volume around the bundle
center. To improve ray tracing efficiency, rays from each
bundle are emitted in an isotropic cone aimed at the first
optical element with an angular spread sufficient to over-



fill the element.

The first x-ray optic in the ray tracing chain is the
HOPG pre-reflector. To model reflections from HOPG, a
micro-model has been developed within Xx1cSRT to mimic
the mosaic reflection process. For each ray intersecting
the surface the incident angle is compared with a normal
vector based on the surface normal plus a randomized
angular orientation that represents the mosaic crystal-
ites that make up the HOPG bulk, with a distribution
based on the “mosaicity” of the reflector. The incom-
ing ray (photon) is then either probabilistically reflected
based on Bragg reflection within the diffraction profile
(rocking curve) of a pure graphite crystal, or assumed
to penetrate to the next encountered crystalite. This
process of randomizing the surface normal based on the
mosaic distribution and checking for Bragg reflection is
repeated up to a number of times that represents the
penetration depth for a given x-ray energy. The number
of mosaic iterations is informed by secondary extinction
depth calculations'® and ultimately chosen to match the
analytic peak reflectivity calculated by xop!4 16, Com-
parisons between the mosaic micro-model in x1csSRT and
the macro-model implemented in xop and suapow'® show
good agreement in terms of both the effective rocking
curve shape and in capturing the “parafocusing” effect,
and give confidence to this approach. In the current sim-
ulation work the HOPG crystal modeled using the (0 0 2)
reflection plane, a mosaicity of 0.4°, a depth of 22 itera-
tions, a crystal d-spacing of 3.3480 A and graphite crystal
rocking curve width of 77 prad (FWHM).
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FIG. 2. Modeled plasma profiles and Xe line emissivity for
an ITER DT 15 MA baseline scenario.

The next x-ray optic is the spherical resolving crystal.
This resolving crystal is modeled as a spherical reflector
with a probabilistic model for ray reflection based on the
perfect crystal diffraction profile!”, and checked against
xop for bent crystal broadening. For the current work
the incoming x-ray light is considered to be unpolarized
and only the s-polarization rocking curve is considered.

Finally, rays that reflect from both the HOPG pre-
reflector and the resolving crystal are recorded at the
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detector. Each of the two detectors in the diagnostic de-
sign, and modeled in the synthetic diagnostic, are a pho-
ton counting Dectris Pilatus 3 pixelated hybrid-CMOS
detectors with pixel-pitch of 172 pm and made up of five
stacked modules of 487 x 195 pixels.
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FIG. 3. Synthetic diagnostic images on each of the two sim-
ulated Pilatus 3 detectors. The inlaid images show ray in-
tersections with the detector plain. The plot on the right of
each image show a histogram of intensity vs. pixel in the
wavelength direction with counts summed along the horizon-
tal (spatial) direction.

IV. SYNTHETIC DIAGNOSTIC RESULTS

For the synthetic diagnostic modeling described herein,
we have chosen to focus on an ITER baseline D-T sce-
nario with 15 MA of plasma current. We have used
plasma profiles as modeled using the JINTRAC-DINA
analysis code chain and described in Ref. 18,19 (IMAS
134173 r106). Modeling of the charge state density and
Xe line emission was completed using SANCO coupled
with ADAS and included a simple model for impurity
transport??; details on the line emission modeling will be
reported in a forthcoming publication. For these simu-
lations the total Xe concentration has been set relative



to the electron density to be nx./n. =1 x 107° (a vol-
ume integrated normalization was used). The modeled
plasma profiles and line emissivities are shown in Fig.2.

The final simulated images on each of the two modeled
detectors are shown in Fig.3. These images show that
the emission of each sightline is well focused and sepa-
rated in the horizontal (spatial direction). In addition,
the Xe**t and Xe*™t lines are clearly separated even
with the substantial Doppler broadening in this high-
temperature plasma scenario. The x-ray ray tracing in
XICSRT is photon statistics preserving throughout the en-
tire simulation, and so both the absolute intensity on the
detector and the Poisson distributed photon noise are
predictive for this plasma scenario. With this in mind, it
is possible to predict the brightness of each sightline in
terms of photons/second, as shown in Table I.

As the primary purpose of this set of simulations
was to look at line brightness and spectral separa-
tion, the current simulations do not include background
Bremsstrahlung emission from the plasma or background
neutrons and associated gamma rays that impact the de-
tector. These sources can be easily included, and will be
an important part of future integrated simulation work.

Xed4+ sightlines Photons/second

red_1 1.5 X 10° (£0.03) 6 ms
red_2 1.9 x 10° (£0.03) 5ms
red_3 1.9 X 10° (£0.03) 5 ms
red_s 3.6 x 10° (£0.04) 3 ms
magenta_1 2.4 X 10° (£0.03) 4 ms
magenta_2 1.9 x 10° (£0.03) 5ms
magenta_3 1.8 X 10° (£0.03) 6 ms
magenta_s 5.5 x 10° (£0.05) 2 ms
lime_s 3.5 x 10° (£0.04) 3 ms
red_1 1.8 x 10* (£0.3) 543 ms
red_2 3.8 x 10* (£0.4) 260 ms
red_3 8.4 x 10* (£0.6) 119 ms
red_s 8.0 x 10° (£0.2) 12 ms
magenta_l 1.7 x 10° (£0.1) 58 ms
magenta_2 2.9 x 10° (£0.1) 34 ms
magenta_3 3.7 x 10° (£0.1) 27 ms
magenta_s 5.9 x 10° (£0.2) 17 ms

lime_s 8.6 x 10° (£0.2) 12 ms

Xeb1+ sightlines Photons/second

blue_1 2.4 x 10° (£0.1) 4112 ms
blue_2 1.1 x 10* (£0.02) 912 ms
blue_s 4.3 X 10* (£0.04) 235 ms
yellow_1 1.8 x 10* (£0.02) 542 ms
yellow_2 3.9 x 10% (£0.04) 257 ms
yellow_3 6.3 X 10* (£0.05) 159 ms
yellow_s 3.3 x 10® (£0.1) 2990 ms

TABLE I. Expected total photons-per-second of each sightline
of the XRCS-Core system. The error range comes from the
limited number of rays at the detector in the raytracing sim-
ulations (Poisson statistics). The time resolution represents
the time to accumulate 10,000 photons, which corresponds to
a relative error in the measured line brightness of 1%.

As described in Section III, the addition of a pre-
reflector does not affect the dispersion or energy reso-
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lution of the x-ray spectrometer system; however, this
two-crystal scheme does affect the bandwidth of the sys-
tem. To study the wavelength/energy bandwidth of the
XRCS-Core diagnostic a simplified ray tracing model is
utilized in which the ITER plasma is replaced by a pla-
nar area x-ray source with uniform wavelength emission.
The results of this simulation, for representative sight-
lines, can be seen in Fig.4. The most notable feature in
this study is the difference between the bandwidth curves
between the ‘red’ and ‘magenta’ crystals versus the ‘blue’
and ‘yellow’ crystals. This difference is explained by the
relative direction of reflection between the pre-reflector
and the resolving crystal; In one case the crystal and
pre-reflector face the same way and the dispersion direc-
tion for long and short wavelengths is matched and in
the other case the orientation (and dispersion direction)
are opposite?!.
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FIG. 4. Wavelength bandwidth for representative sight-lines
from each of the four Xe spectrometer channels. Each sub-
plot shows a histogram of counts on the detector given a
source with a uniform wavelength distribution.

With a dual reflector design, a critical consideration is
the required alignment between the pre-reflectors and the
resolving crystal. The x1csrT synthetic diagnostic has
been used to explore alignment tolerances. This explo-
ration of varying the relative position and angle between
the two crystals in ray tracing has led to several conclu-
sions: the angular alignment is highly sensitive in only
one direction, along the direction of Bragg reflection; in
this direction a relative crystal alignment of 0.1° is re-
quired to maintain a peak throughput in the bandwidth
within about 10%. Due to the wide effective diffraction
profile of the HOPG, the system is otherwise relatively
insensitive to angular or transnational displacements in



comparison to achievable engineering tolerances. This
result has been a driving factor in the engineering of
the ITER port-plug and the mounting and cooling so-
lutions for the pre-reflectors. The expected thermal dis-
placement of the pre-reflectors in the preliminary design
has been captured from ANSYS analysis and modeled in
x1csrT, and indicates that the bandwidth distortion is
acceptable.

V. CONCLUSIONS

Synthetic diagnostic modeling, enabled by high-fidelity
x-ray ray tracing, has provided performance predictions
for the ITER XRCS-Core diagnostic. This modeling
has shown good focusing and energy resolution for all
Xe channels including all 11 pre-reflected and 5 straight
sightlines. These simulations, performed with careful at-
tention to photon throughput and photon statistics, have
enabled quantitative predictions of line brightness on the
detector and an estimation of achievable temporal reso-
lution.

The XRCS-Core was designed to provide temperature
profile measurements over a wide range of plasma condi-
tions and central plasma temperatures. Different ITER
plasma simulation models produce a variety of expected
profiles, and the JINTRAC-DINA result recommended
by the ITER team and used in this work is notable in that
it predicts a central electron and ion temperature signif-
icantly below that of other modeling efforts for the full
curent DT scenario??. In the case that the ITER plasma
achieves a higher plasma temperature than used in this
modeling, the Xe®!'* emission will play a more important
diagnostic role in the inner portion of the plasma with
brighter lines (and shorter estimated integration times)
for the relevant sightlines.

Importantly, the simulations performed with x1csrT
closely match and verify the fast analytical/ray tracing
mixed code xrsa! which was used for iterative design of
the XRCS-Core diagnostic. In the future, the x1csSrT
synthetic diagnostic model, along with its refinements,
will be a critical part of the development of an analysis
tool chain for the ITER XRCS-Core diagnostic including
development of discrete sightline tomographic inversion
techniques.
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