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X-ray imaging crystal spectroscopy for use in plasma transport research
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(Received 31 May 2012; accepted 24 September 2012; published online 26 November 2012)

This research describes advancements in the spectral analysis and error propagation techniques asso-
ciated with x-ray imaging crystal spectroscopy (XICS) that have enabled this diagnostic to be used
to accurately constrain particle, momentum, and heat transport studies in a tokamak for the first time.
Doppler tomography techniques have been extended to include propagation of statistical uncertainty
due to photon noise, the effect of non-uniform instrumental broadening as well as flux surface vari-
ations in impurity density. These methods have been deployed as a suite of modeling and analysis
tools, written in interactive data language (IDL) and designed for general use on tokamaks. Its ap-
plication to the Alcator C-Mod XICS is discussed, along with novel spectral and spatial calibration
techniques. Example ion temperature and radial electric field profiles from recent I-mode plasmas
are shown, and the impact of poloidally asymmetric impurity density and natural line broadening is
discussed in the context of the planned ITER x-ray crystal spectrometer. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4758281]

. INTRODUCTION

Although measurements of the Doppler shift and broad-
ening in x-ray line emission have long been used to gain in-
sight into tokamak plasmas,’ this technique has been limited
by the signal being averaged over the plasma volume. Using a
spherically bent crystal and high-resolution x-ray imaging de-
tectors, this limitation has recently been overcome, and x-ray
imaging crystal spectroscopy (XICS) has been demonstrated
on a number of magnetic confinement fusion devices.”> Em-
ploying the so-called Doppler tomography techniques,®” line-
integrated spectra are used to calculate the moments about the
rest wavelength, which can be inverted to find local plasma
flow and temperature. This research describes extensions to
Doppler tomography as well as novel methods of calibration
and alignment that have allowed XICS data to be used in par-
ticle, momentum, and heat transport studies of Alcator C-Mod
plasmas.3!!

Section II briefly introduces the spectrometer hardware
while Sec. III describes the Doppler tomography method,
with new techniques described in more detail in the Appendix.
Section IV introduces the set of analysis routines to ana-
lyze raw spectra, and discusses spectral and spatial calibration
techniques used for the Alcator C-Mod spectrometer. Sec-
tion V presents selected experimental results enabled by these
analysis upgrades while Sec. VI discusses the future of XICS
and concerns regarding its application in ITER and other high
temperature plasmas.

Il. SPECTROMETER HARDWARE

In Alcator C-Mod XICS is accomplished using the
high resolution x-ray spectrometer with spatial resolution
(HIREXSR), building on experience with an earlier, multi-
chord von Hamos system.'” The details of the HIREXSR
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hardware are discussed elsewhere,? 3 although modifications

to the optical alignment have been completed to correct for
vignetting.

Two sets of crystals and detectors are kept inside a He-
filled enclosure, separated from the tokamak vacuum by a
50 um Be window. A spherically bent, 50 mm diameter
quartz crystal is used to Bragg reflect and focus radiation
from Ar'” , while a 64 x 27 mm? quartz crystal is used to
analyze Ar'®* emission. The radius of curvature of the cir-
cular crystal is 1.385 m while the rectangular crystal is 1.443
m. The x-ray spectra are measured using Dectris PILATUS
100K detectors,'* made up of 487 x 195 pixels, each 0.172
x 0.172 mm?. Frame rates up to 200 Hz have been demon-
strated, consisting of a 2 ms exposure and a 3 ms cycle time,
while 50 Hz operation with a 17 ms exposure time is stan-
dard. An array of three PILATUS detectors is used to image
3.94 < A < 4.00 A (Ar'®+) over the entire poloidal cross sec-
tion of Alcator C-Mod, while a single detector views 3.72 < A
< 3.86 A (Ar'7 ) for rla < 0.6. Recently a 35 mm diameter,
R, = 1.442 m quartz crystal has also been used in the core
viewing system to measure time-evolving Ca'® * emission for
impurity transport validation experiments.'

The (R, Z) locations of the crystals, (3687, 0)y. and
(3782, 54)y mm, relative to the center of the tokamak are
determined with sufficient accuracy by referencing fiducials
in the spectrometer to C-Mod’s vacuum vessel. The port and
vessel structure acts to vignette part of the He-like spec-
tra which is the reason why the w/z intensity ratio (see
Figure 2) is smaller than expected throughout this research.
The z-line is unvignetted and is used for Doppler tomography.
It provides the extended spatial coverage because it is popu-
lated by recombination and it is relatively simple to model the
additional spectral features due to dielectronic satellite lines.
Unexpectedly, the partial vignetting of the He-like spectrum
is actually somewhat useful in that it gives an in sifu means to

© 2012 American Institute of Physics
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calculate the tangency radius of the spectrometer by compar-
ing the expected and observed w/z line ratio. The inclination
of the spectrometer with respected to the tokamak is also diffi-
cult to measure with sufficient accuracy since at ~3.5 m from
the core, an uncertainty of 0.1° corresponds to a 5 mm shift in
the chords. Instead, the line-averaged ion temperature profile

is assumed to be up/down symmetric and inclination defined
accordingly.

lll. DOPPLER TOMOGRAPHY

Measured spectra are the result of viewing the emission
integrated along a line of sight through a volumetric emitter.
For x-ray line-emission, the fine-structure is resolved and the
Zeeman effect is negligible, but natural line broadening can
be important due to the strong increase in transition rates with
impurity charge, A; ~ Z*. For argon, ion temperatures on the
order of a few hundred eV produce large Doppler broaden-
ing relative to the natural broadening. While this combination
of Doppler and natural line broadening will result in a Voigt
line profile being emitted by the plasma, a pure Gaussian line
shape is assumed for the time being. The input spectral power,
P} in [ph/s A] or equivalent units, measured along a chord
through the plasmas is then,

P ey, Coi [ (h = ko — 220 - v))?
P, = Z Vi——exp| — ) )
; w,«/ﬁ zwi

(1)
where the typical path integral has been replaced by a sum
over discrete volume elements, V;, or voxels, in the plas-
mas and [ is the unit vector of the line of sight. Here,
total emissivity, &, ;, the velocity, v;, and the line width
w? = A2kgT,;/m,c?, are indexed by the location in the
plasma, i, and are the quantities of interest. In order to trans-
form this nonlinear relationship between measurements and
plasma properties, moments of both sides of (1) are taken
about the rest wavelength, A,:

M, = / dr Ph (L — A" )

For the left-hand side, this is simply a manipulation of ex-
perimental spectra, while the right-hand side integrates over
the Gaussian. If there are multiple views through the plasma,
then the n'" moment for the jth view through the plasma,
M, n,js iS,

P
Moy,; = Z Viigo,is
;
ho — .
M, ;= - Z Viigo,illj - Vi), (3)
i

- )"127 7 2 2
M2,j = Z Vj,‘é‘o,[ ?(ZJ . V,') + w; |-

These are the so-called moment equations, and have
been discussed in the context of Doppler tomography in
prior work.>®7 The 0" moment is just the conventional
tomography problem used to find the emissivity from the
line-integrated power knowing the path lengths through the
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plasma:

-

My=V-&. “)

A standard method of solving this type of inverse problem is
to find the solution which minimizes the difference between
modeled and measured data in a least-squares sense, subject
to a regularization constraint:

=Vl .V+eCTO)™ -V . M,. 5)

When analyzing HIREXSR data, C is the standard 2nd deriva-
tive matrix used in regularization, except on-axis where C
then becomes the st derivative matrix. This has the effect of
smoothing the derived radial profile and works to force the ra-
dial derivative to vanish as r/a approaches 0. The default reg-
ularization parameter, € = 1.0, is multiplied by the maximum
value of the V matrix. The other two moment equations in (3)
can also be solved sequentially in a similar manner for the ve-
locity weighted emissivity, ¢,, and the temperature weighted
emissivity profile, 7.

The Appendix details extensions that have been made to
the Doppler tomography method to account for the propaga-
tion of photon statistical error and to handle non-uniform in-
strumental broadening, but there still remains other sources of
uncertainty in applying the Doppler tomography technique.
Systematic error in inversion setup such as the number of
radial grid points or the level of regularization, €, are not
included in this error. Thus one should treat the uncertain-
ties derived in the Appendix as being a minimum error due
to the collection of a limited number of photons propagat-
ing through the inversion. Investigations into the magnitude
of channel-to-channel variations in the HIREXSR instrument
function are ongoing. The ability to specify non-uniform in-
strumental broadening has been built into the analysis, but the
impact of a spatially varying instrumental width on the de-
rived temperature profiles is not included in the experimental
results presented in the remainder of this research.

IV. THE HIREXSR ANALYSIS CODE

The conventional Doppler tomography techniques as
well as the extensions discussed in Sec. III have been de-
ployed as the HIREXSR analysis code (THACO), developed
in interactive data language (IDL) for use with the MD-
SPlus data management system, both standard tools in plasma
physics and fusion science. Effort has been made to avoid
low-level hard-coding of Alcator C-Mod specifics in order to
make the software transferable to other tokamaks. The code
assumes a spherically bent Bragg reflector, making THACO
usable for multilayer-mirror based instruments as well.'® The
spectrometer is completely described in a compact ASCII for-
mat that is used by both the inversion and forward modeling
tools, enabling the software to be used for scoping and design
studies for new spectrometers. THACO will be described in
substantial detail in Ref. 17, while highlights of the analysis
workflow are described here.
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A. Calibration

To determine the velocity to within ~1 km/s from the
Doppler shift, the absolute wavelength needs to be known
to within 0.03% of the rest wavelength. The absence of
intense, spatially extended, monochromatic sources in the
soft x-ray wavelength range represents a limiting factor in
the accuracy of XICS. In the visible wavelength range,
pencil lamps are used to calibrate the instrument function
and rest wavelengths. Techniques using K-shell and L-shell
line emission from electron bombardment sources are be-
ing investigated, but cannot currently provide the necessary
photon flux to fill the optics in a similar manner as the
plasma.

Instead, an in situ calibration technique using locked
mode plasmas seeded with argon was developed at Alcator C-
Mod. Non-axisymmetric coils, normally used to zero out the
error field'® are driven to induce a locked mode. This transfers
momentum to the error field coils, slowing the plasma towards
being at rest in the lab frame. The argon species is assumed to
have zero rotation across the entire plasma, supported on-axis
by measurements from Ar!” * using a calibrated von Hamos
spectrometer, and off-axis by Ar'®* charge exchange re-
combination spectroscopy (CXRS) measurements.'® Locked
mode rotation profile measurements using CXRS made in
other tokamaks also support this hypothesis,”>?! but the ac-
curacy on the level required for XICS is questionable. In prin-
ciple, any Ohmic plasma could be used in place of the locked-
mode, increasing the uncertainty in the rotation profile. This
approach could be acceptable for analyzing auxiliary-heated
plasmas where rotation speeds are far in excess of the Ohmic
baseline.

An example of an image from the core He-like Ar detec-
tor is shown in Figure 1(a) for a typical locked mode plasma.
Argon fraction and integration time are increased well beyond
typical levels used for transport analysis in order to get excel-
lent statistics, 10* photons/pixel peak intensity, without av-
eraging over spatial regions on the detector. For each of the
487 rows on the detector, the spectrum is fitted in pixel space

p1=0.0000 ©=0.019 [pixels]

RESIDUAL [PIX]

z-line 1 pix = 0.296 mAng ~ 18 km/s

FIG. 1. Image from the central PILATUS detector in the He-like Ar viewing
system for a locked mode plasma used for spatial and spectral calibration (a).
The peak position of the line emission is fit to an ellipse which shows a very
small residual (b).
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to the sum of Gaussians to find the peak position of the w,
X, Y, and z lines, referenced using standard Gabriel notation.
The curve of the spectral lines evident in Figure 1(a) can be
shown analytically to be an ellipse which depends on the posi-
tion and orientation of the detector plane relative to the center
of the crystal.'” Each of the four spectral line shapes is fit-
ted to an ellipse, with the residual shown in Figure 1(b) for
the z-line. The residual is zero to four significant figures and
standard deviation of 0.02 pixels. With the pixel locations of
the four ellipses known, the rest wavelengths of these lines
are used to determine the wavelength mapping as function of
pixel location, accounting for the slight nonlinear dispersion.
For the He-like z-line, 1 pixel is found to be equivalent to AA
= 0.296 mA, corresponding to an ~22 km/s Doppler shift at
X, = 3.994 A. Statistically, the uncertainty in the elliptical fit
corresponds to 0.44 km/s uncertainty in the observed Doppler
shift. Because of the small tangency radii of the HIREXSR
view, this shift corresponds to ~1.5 km/s minimum uncer-
tainty in the reported toroidal velocity. This calibration tech-
nique also accounts for the line-shift induced by finite crystal
size, the so-called Johann shift.”> An equivalent calibration is
carried out for H-like Ar using the Ly, i, Ly, 2, resonance
lines and the T and J dielectronic satellite lines.

The location of the ellipses can also be used to calibrate
position and orientation of the detector plane relative to the
crystal. Shifts in the detector location of a few millimeters, out
of 1.25 m, are easily observable when examining the resid-
ual between the predicted and measured ellipses. Currently,
this is accomplished assuming a 0D crystal, outlined in de-
tail in Ref. 17. This provides sufficient accuracy to determine
the chord paths through the plasma for each pixel. The rel-
ative change in the Johann shift across the detector plane
for HIREXSR is estimated to lead to changes of <0.1 mm
in the spectral direction, or sub-pixel shifts in the expected
line-centers. Future work will include the finite crystal effects
on the ellipse position in order to use the A-calibration data
to determine the detector position accurately enough to es-
timate the variation in focus across the detector. This tech-
nique can be validated by using precision translation and rota-
tion stages to adjust the crystal/detector alignment in a known
manner.

The instrumental broadening is estimated in two ways.
The H-like Ar spectrum viewed by HIREXSR also includes a
bright Mo?? T line, and the different impurity masses leads to
different Doppler widths for the same 7;. Assuming both im-
purities have the same temperature, the instrumental width,
2, can be determined. Uncorrected, 7; Mo — T; ar ~ 300 €V,
and by increasing the instrumental width, the corrected tem-
peratures agree when €2 ~ 0.27 mA. This instrumental width
corresponds to ~190 eV offset in the ion temperature for H-
like Ar. In high collisionality plasmas, comparing measured
He-like Ar temperatures to T, or 7; at large r/a from the edge
CXRS system measuring B> *23 also shows ~200 eV differ-
ence. As mentioned in the end of Sec. III, if this instrumental
width varies across detector, it can impact the reconstructed
ion temperature profiles, although there is currently no evi-
dence to support any significant non-uniformity. In practice,
200 eV is subtracted from all Ar-based T; profiles output from
the inversion routines.
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B. Binning

Since HIREXSR uses imaging detectors, the designation
of spatial channels is not determined by the front end op-
tics, in contrast to most CXRS systems which focus plasma
light onto fiber optic cables. This allows soft x-ray spectra to
be binned dynamically shot-to-shot or even frame-to-frame
to suit different analysis needs. Spatial and temporal resolu-
tion can be relaxed to increase the number of photons per bin,
increasing the accuracy of the toroidal rotation profile recon-
struction. Alternatively bins limited only by the spatial resolu-
tion of the instrument could be used to find the scale length of
the impurity density gradient which requires fewer photons.
A single set of calibration data is assumed for each discharge,
but THACO allows for multiple binning configurations and
resulting inverted profiles to be stored in parallel MDSPlus
trees nodes.

Figure 2 shows an example of how the raw image can
be decomposed into spatial channels. Since the spectral and
spatial calibration identifies a wavelength, intensity, and line
of sight for each pixel, the user-defined bins simply collect a
group of pixels and organizes them according to A. This tech-
nique is robust to the emergence of damaged pixels since they
can simply be thrown out at this stage as identified. For chan-
nels near the center of the detector (Figure 2(b)), the wave-
length values are redundant but near the edges, the optics bend
the spectral line over the pixel boundaries and the pixels de-
fined by the bin result in a smooth line profile (Figure 2(c)). In
order to reduce the duration of the nonlinear fitting stage, the
spectra are averaged over a user-defined number of neighbor-
ing values of A. This is done using a number of pixels less than
or equal to the number of rows in the bin, ensuring spectral
resolution is not downgraded. The line of sight that describes
the channel is found by averaging the views of the collected
group of pixels.

Rev. Sci. Instrum. 83, 113504 (2012)

C. Fitting and moment generation

In order to generate the spectral moments (3) for input
to the inversion, contaminating lines and the background sig-
nal must first be removed from the region of interest. This
is completed by using MPFIT?* to find the nonlinear least-
squares fit of a sum of Gaussians to the observed spec-
trum. While the line-integrated spectra are in general not
Gaussian, but rather the sum of many shifted and broadened
Gaussians, this fitting ansatz has been found to be acceptable
in plasmas with low Mach shear. Figures 3(a) and 3(b) show
the fit results to the He-like Ar spectrum consisting of the
n = 2 satellites (q,r,a,j,k) and the forbidden transition (z). In
this spectrum, the capabilities of MPFIT are used constrain
the fit using atomic physics. The relative shift and width of
the g-r-a lines are defined to be the same and the j-line, nearly
degenerate with the z-line, is fully constrained by the height,
shift, and width of the k-line. This process is also used for the
Lyman-« line pair and dielectronic satellites in the H-like Ar
spectrum.

Broadband background is often present in the spec-
tra and must be subtracted. When signal to background
is high, moments are generated by numerically inte-
grating the post-subtraction spectral brightness profile,
Figure 3(c), using IDL’s native 5-point Newton Cotes rou-
tine, INT TABULATED. Convergence tests varying the di
of the integration interval symmetrically about the rest wave-
length demonstrate asymptotic behavior in all three moments,
although the uncertainty in M; and M, increases notice-
ably with di. As the background level increases, the uncer-
tainty due to its subtraction begins to overwhelm the first
and second moments computed using integration. When sig-
nal/background photons drop below 4, the moments are deter-
mined from the Gaussian fit with corresponding uncertainties
in the shift and width determined by MPFIT.

100 '
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FIG. 2. Composite image from the x3 PILATUS detectors showing the He-like spectra over the entire plasma cross section (a). Examples of spectra de-
fined by the binning setup discussed in Sec. III are shown in (b) and (c) where the raw (SPEC) data are averaged (AVESPEC) prior to fitting and moment

calculations.
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FIG. 3. A multi-peak Gaussian fit is made to the line-integrated He-like Ar spectrum (a) shown to have a small residual (b). Using this fit, the baseline and
neighboring lines are removed to determine the pure z-line profile (c) from which the moments are found by numerically integrating (2).

D. Inversion

Example moment profiles for the z-line in an EDA H-
mode plasma are plotted in Figure 4, where small CH#s are
lines of sight below the midplane, while large CH#’s view
Z > 0. There is insufficient spatial coverage to invert these
data without making assumptions on the symmetry of the
plasma properties, ¢, v, and T;. For the Ar'®+ measurement,
the entire poloidal cross section is resolved, so an m = 1 sine
term is resolvable in the inversions and the (R, Z) variation of
the plasma is assumed to be of the form:

e(R,Z) =¢&,(¥) + & (Y)sind,
V(R, Z) = [w, () + w, () sin 0] R, (6)
Ti(R,Z2) =T, (¥) + T; s () sin 0.

The m = 1 terms are not included when analyzing H-
like Ar moment profiles, as the required poloidal coverage
is not available. The inclusion of the sine term in the emis-
sivity is well motivated physically, since up/down asymme-
tries in impurity density have long been observed in tokamak
plasmas.” The presence of a sine term in the toroidal rota-
tion, wy, is not expected based on the form of the 1st order
neoclassical velocity, v = u (/) B 4+ o () R¢.> Instead, the
systematic presence of |w/w,| > 0 is an indicator of poloidal
rotation which requires further scrutiny. Large up/down asym-
metries in the ion temperature are also not expected, but have
already been used to spatially calibrate the view as men-
tioned in Sec. II. Instead, the presence of a significant m
= 1 component in 7; is used as a metric of unexpected or
unknown systematic error encountered in the tomographic
analysis.

Details on the hyperbola tracing used to calculate the
voxel matrix elements, V;;, can be found in Appendix C of
Ref. 25. This matrix is used to invert both the 0™ and 2" mo-
ment equations. Inversions are done in normalized poloidal
flux, v, since in this coordinate system the on-axis derivative
goes to zero and ion temperature profiles are observed to be
more linear, better satisfying the regularization assumption. A
non-uniform radial grid of v, is used to account for the spec-
trometer’s spatial resolution which while constant in physical
space, allows for an increased resolution in i, near the axis.
To invert the 1% moment, a modified voxel matrix must be
computed based on the assumed form of the velocity vector.
For the solid body toroidal rotation specified in (6), v = wR¢
and the toroidal unit vector of the view is [ j =cos(y;)Rr ;/R,
with y; being inclination angle of the view and Ry its tan-
gency radius. This reduces the term inside the sum over i
in the first moment equation in (3) to Vj; cos(y;)Rr jw;e;.
All the subscript j terms are collected into a new weighting
matrix and the inversion solves for the radial profile of the
emissivity-weighted toroidal rotation frequency (we);. Details
on calculating the weighting matrix and inverting the 1% mo-
ment equation in the presence of toroidal and poloidal rotation
are documented in Ref. 17.

All profiles are inverted using the least-squares technique
described in Sec. III. In Figure 5, the emissivity (a), toroidal
rotation (b), and temperature profiles (c) are plotted versus
Y, and correspond to the moment profiles shown in Figure 4.
Included in Figure 4 are green curves computed by multiply-
ing the derived profile by the appropriate weighting matrix,
i.e., solving the forward rather than the inverse problem, and
provide a useful check on the quality of the inversions. In
Figure 4(c) the dash-dot green line is the profile that is



113504-6 Reinke et al.
e
= ]
Q
S
o i
=
£
(<] ]
BN 3 ' 3 : ' =
- 8:83)- . o8 it % ;‘Oifii & o
00f---= - -%-- -- - iy —es0els o0
-0.01F e . iiif LY A R
-0.02f -
20 40 60
CH#
0.14
0.12
et
g o0
€ oos
S °
= 006
% 004
0.02
0%?8
0.005 2.0 # ¢ 40 ; ', 6.0 i
<] 0.000F - - - eo®e o'y - - ;;;Hﬁﬁﬂ -%— #ﬁ- e e
-0.005 3 P ™ i
-0.010 -
20 40 60
CH#

2" Moment

FIG. 4. Example Oth (a) Ist (b), and 2nd (c) moment profiles for the He-
like z-line. Open circles are channels omitted from the reconstruction due to
known detector problems or failed fits. The green line represents the profile
calculated using the least-squares solution from the inversions, and is used as
a check on the quality of the reconstruction.

subtracted from the second moment profile prior to the in-
version representing the effect of taking the moment about
the unshifted line center. In this particular H-mode, the
rotation profile is relatively flat, and the local @ (black)
found from the inversion are similar to @ computed from
the line-integrated spectra (red). This is not case for the
inverted and line-integrated ion temperature data shown in
Figure 5(c). At ¢, ~ 0.4 the two begin to diverge, out-
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FIG. 5. Radial profiles of the emissivity (a), toroidal rotation frequency (b),
and ion temperature (c) for an EDA H-mode plasma computed from the mo-
ment profiles shown in Figure 4. All profiles have an m = 0 profile (solid)
and an m = 1 sine (dash-dot) profile. Line-averaged rotation and temperature
are shown in red in (b) and (c) and the electron temperature from Thomson
scattering is included in (c).

side the peak of the emissivity profile near ¢, ~ 0.3, and
at the core the difference reaches nearly 600 eV. The in-
verted ion temperature profile is in reasonable agreement
with T, from Thomson scattering, as expected in a high-
density, i1, ~ 3.2 x 10** m~3, C-Mod H-mode plasma. Note
that the error bars are extremely small over the profiles in
Figure 5. While this accurately represents the propagation
of photon statistics as detailed in the Appendix, the reality
is that in many C-Mod H-mode plasmas, photon signal lev-
els are so high as to lead to a negligible contribution to the
uncertainty.

V. EXPERIMENTAL RESULTS

THACO has been used to analyze HIREXSR data
for a large number of recent experiments on impurity,'>?
momentum,'”?” and thermal transport.'"*>® Two highlights
from I-mode plasmas® are included to show the capabilities
and challenges of the diagnostic.
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FIG. 6. Electron and ion temperature profiles in an I-mode plasma showing
the sawtooth averaged Ti profile is consistent with the post-crash Te profile
(a). The ion temperature profile is reconstructed using both the He-like and
H-like data (b).

A. I-mode temperature profiles

The time-averaged ion temperature profile in an I-mode
plasma determined using both the He-like and H-like data
is shown in Figure 6(a). Included are electron tempera-
ture profiles from Thomson scattering and electron cyclotron
emission,*® one just prior to a sawtooth crash and another im-
mediately following it. While the variation in 7, is above ~1.5
keV and the fast time evolution can be resolved, the T; vari-
ation can be estimated from the fractional change in the neu-
tron rate, and estimated to be only a few hundred eV. With
o0 ~ 2.5 x 10 m~3, the on-axis ion-electron power flux
due to collisions is quite large, Q;, ~ 4 MW/m?, in the later
phase of the sawtooth, which should work to equilibrate 7;
and T,. But, this 7, also increases the tif , the ion-electron en-
ergy equilibration time constant, which becomes over a factor
of two longer than the sawtooth period. This is thought to keep
T; down near the post-crash 7T, profile, suggesting a large in-
crease in core ion temperature may be possible with sawtooth
stabilization. The physics of core thermal transport in I-mode
plasmas can be investigated in more detail by using the 2 ms
exposure operation of HIREXSR to develop composite pro-
files evolving over the sawtooth cycle using several 100 ms
of repeatable sawteeth. This technique has already been suc-
cessfully demonstrated for the He-like Ar z-line emissivity in
L-mode plasmas.>!

Due to the elevated T, the He-like argon density profile
becomes hollow in I-mode plasmas, increasing the difficulty
of reconstructing the core temperature and flow profiles with
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a single charge state. In Figure 6(b), the ion temperature pro-
files from both Ar'®* and Ar'7* are over plotted revealing
differences outside of stated error bars in the core. In this case
the He-like Ar m = 1 T; profile has been added in quadra-
ture with its photon statistics uncertainty, both of which be-
come large inside r/a ~ 0.3. Ideally, T; profiles from both
charge states should overlap within error bars, allowing an
uncertainty weighted average to be a robust way of combin-
ing the data. While there is generally always an overlap region
where T; ye and T; y are equivalent, the details on how the data
are combined impact the accuracy of VT;/T; and are under
investigation. More recent I-mode studies have modified
HIREXSR to observe H-like Ar emission over the full plasma
cross-section to enable better accuracy at elevated electron
temperatures.

B. I-mode radial electric field profiles

The HIREXSR spectrometer measures all the kinetic pro-
file components necessary to reconstruct the radial electric
field from radial force balance.?? Figure 7 shows the various
terms in an I-mode plasma, where the toroidal rotation (solid)
is by far the strongest term, with the diamagnetic component
(dash-dot) reduced by the 1/Z dependence. The VIn (n,) term
is computed using the output of a steady-state impurity trans-
port simulation®! constrained by the observed emissivity pro-
files. Since the charge state density profiles are used to com-
pute the density scale length for E,, the diamagnetic terms
in Ar'®* and Ar'7* can have different magnitudes and even
signs. This is important when comparing rotation from the
H-like and He-like argon in high-temperature, slowly rotat-
ing plasmas where diamagnetic flows could lead to expected
differences between vy e and vy g of up to 10 km/s. While
the full poloidal view of He-like argon emission allows the
poloidal rotation to be found by comparing Doppler shifts
for equivalent chords above and below the midplane, |vg| can
only be estimated within 1-2 km/s due to uncertainty in EFIT
reconstructions used for mapping lines of sight. Except for
so-called mode-conversion flow drive plasmas,*? poloidal ve-
locities in excess of 2 km/s have not been reliably observed on

120 T T T T
1101209028 t=1.05
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FIG. 7. Electron and ion temperature profiles in an I-mode plasma showing
the sawtooth averaged Ti profile is consistent with the post-crash Te profile
(a). The ion temperature profile is reconstructed using both the He-like and
H-like data (b).
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Alcator C-Mod, using either HIREXSR or the previous array
of von Hamos spectrometers. In practice, the error bar of the
radial electric field is increased by vy By, rather than its being
added to the total E,.

VI. DISCUSSION

ITER and other large, high-density tokamak plasmas will
not be able to use charge exchange spectroscopy as effectively
as in present tokamaks, emphasizing the need to develop x-ray
imaging crystal spectroscopy. In order to penetrate to the core,
beams must be of order 1 MeV, much greater than the peak in
the charge-exchange cross section for low-Z impurities.>* A
lower energy diagnostic neutral beam is planned for ITER,
but core measurements will be limited by photon statistics,
and the survivability of the plasma facing optics is a con-
cern. In contrast, the plasma facing optic in ITER’s planned
crystal spectrometer® will be much farther removed from the
plasma, reducing neutron flux and risk of plasma surface in-
teractions, and by properly choosing the impurity species, the
signal can be weighted to the core. While the locked-mode
calibration methods described in Sec. IV have been successful
on C-Mod, it is extremely unlikely that such techniques will
be authorized on ITER, although a standard Ohmic plasma
may be sufficient. The development of in situ, non-plasma
based calibration schemes is desirable, and important for the
future success of XICS.

The choice of tungsten, a non-recycling intrinsic impu-
rity, is being considered as the species used for XICS in
ITER.**%7 The tungsten is expected to come from the diver-
tor components, although reliable concentration estimates are
not known. Based on experience with HIREXSR, when com-
paring the utility of extrinsic Ar and intrinsic Mo, argon is
clearly the preferred choice. Substantial effort is put into min-
imizing the amount of Mo in C-Mod plasmas, and freshly
boronized, high performance plasmas necessarily lack suffi-
cient molybdenum signal for reliable inversions. Addition-
ally, physics studies like intrinsic rotation in Ohmic plasmas'”
would be inaccessible if HIREXSR were designed only for
molybdenum. Extrinsic seeding of trace high-Z noble gases
(Ar, Kr, Xe) can be done relatively unobtrusively in present
tokamaks, where the effect of increased core radiated power
can generally be offset by increased input power.*® For ITER,
the prospect of increasing core radiation to enable diagnostics
is unattractive given estimates of marginal H-mode accessi-
bility. Arguably, the power into the pedestal required to main-
tain high edge temperature and global energy confinement,
Hgg ~ 1, is not known to within a few MW. Any exhaust
power in excess of that needed to maintain the pedestal is
better removed from the core plasma via radiation to the
bulk PFCs, rather than added to the burden already being
placed on the divertor PFCs via x-point radiation and con-
ducted heat flux. The use of an extrinsically controllable
impurity for use with XICS is attractive if the diagnostic
is to be used in feedback control of core rotation and/or
temperature profiles on ITER or other burning plasmas. In
this case, the ability to observe the plasma’s kinetic prop-
erties is not linked to erosion and sputtering of PFCs that
could be driven by the heating, flow, and current drive ac-
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tuators. In the future, THACO’s forward modeling and in-
version routines could be used to estimate the absolute im-
purity density needed to meet the accuracy requirements in
the design specifications. The ability for THACO to handle
non-uniform instrumental broadening opens the possibility
to increase the crystal size without sacrificing accuracy, in-
creasing throughput, requiring smaller fractions of extrinsic
impurities.

Complications with the planned layout of the ITER core
x-ray crystal spectrometer have been identified as well. Cur-
rently, only the top half of the plasma will be viewed, with a
fan-like array, a design which can be demonstrated to be sen-
sitive to poloidal variation in impurity density. Figure 8 shows
reconstructions of temperature profiles (c) and (d) for viewing
geometries (a) and (b) under various assumptions of n,(v, 6),

n; (1//, 9) =Nz (lﬂ) + Rz sin (Kﬁ) sin@ + Nz cos (Eﬁ) cos6.
)

Here, n, g, represents an up/down asymmetry of impu-
rity density and n, ., an in/out asymmetry. Recent Alcator
C-Mod studies of parallel transport of high-Z impurities have
demonstrated changes in n,_g,/(n;) ~ 0.1 that cannot be pre-
dicted by theory, and n, ./(n;) ~ 0.5 can be expected for
tungsten on ITER.?

Both poloidally asymmetric and symmetric n, profiles,
along with flux-surface symmetric 7, and 7, are used to form
line-integrated spectra for LFS— HFS views covering the top
half of the plasma. A slightly hollow emissivity profile is de-
fined, peaking at r/a ~ 0.4 with the ratio of peak to on-axis
emissivity being ~1.7. Two limiting cases of viewing geom-
etry are used, one with parallel views (Figure 8(a), green),
resembling the C-Mod spectrometer, and other with substan-
tial variation in the inclination angle of chords (Figure 8(b),
red ), closer to the layout planned for ITER. Experimental C-
Mod profiles are used as to calculate the line-integrated spec-
tra, and THACO is used to analyze and invert the synthetic
spectra. When the impurity emission is poloidally symmet-
ric (solid lines), both views reconstruct the assumed 7; pro-
file (black) nearly exactly, as expected. When the plasma is
up/down asymmetric (broken lines), Figure 8(c), systematic
errors in the 7; profile are noticeable in both reconstructions
for rla < 0.3, just inside the peak of the emissivity profile. In
contrast only the angled view incorrectly predicts the 7; pro-
file under a substantial in/out asymmetry, Figure 8(d), as the
parallel view effectively averages over the cosine term. Modi-
fying the layout to have a full poloidal view with nearly paral-
lel lines of sight, like HIREXSR, would make the instrument
much less sensitive to n,(#). Since the impact of the asymme-
try is felt strongest as the emissivity profile becomes hollow,
another option would be to maintain a sufficiently wide spec-
tral range to allow measurement of multiple charge states, en-
suring a peaked emissivity is always seen as 7, is varied. Also,
the poloidal variation of the high-Z emission could be charac-
terized with a separate diagnostic allowing a-priori informa-
tion about the asymmetry to be included in the inversion.

Another complication for XICS on ITER and high 7,
operations on present tokamaks comes from the natural line
broadening of high-Z impurities. The Ar K-shell lines have
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FIG. 8. Demonstration of systematic errors in the inverted 7; profiles for views with limited spatial coverage when the impurity density varies on a flux surface.
Both parallel (a) and angled (b) views are sensitive to even small, n; y,/(n;) ~ 0.1, up/down asymmetries (c) while the angled view is also sensitive to strong,

nz, cos/(nz) ~ 0.5, in/out asymmetries (d).

transition rates, Ay, ~3 x 10 s7! and 1 x 10" s~! for
the Ly, 1 (1s-2p) and w-line (1s-152p), respectively. As dis-
cussed in Sec. III, the result of the natural line broadening is
to make the observed line shape a Voigt profile rather than a
Gaussian. If this is ignored, the 7; found from a pure Gaussian
fit is overestimated by <50 eV for Ly, , 1 and ~100 eV for
the w-line. While possibly impacting the accuracy of VT;/T;
profiles in argon-based XICS, the strong increase in natural
line broadening, ~Z*, and the decrease in the Doppler width
by ./m; means the effect becomes important as increased 7T,
forces the use of higher Z impurities. Analytically, the 2"¢ mo-
ment does not converge for a Voigt line shape, complicating
the moment analysis. In practice, the moment integrals are
taken over a limited d) range where one can approximate the
line-shape as the sum of Gaussians with the same line center.
This ansatz carries through the moment equations in a simi-
lar manner as the instrumental function discussed in the Ap-
pendix, with A =0, wi2 = 0, and the Qj — Qj as the widths
are a function of the known natural line width and the de-
sired ion temperature. Rather than having 7; be proportional
to wiz, there will be a nonlinear, non-analytic relationship be-
tween T; and ), & Qizk. To avoid the natural line broadening,
the so-called forbidden transition, or z-line (1s>-1s2s), in He-
like noble gas elements could be used. This is a meta-stable
state, leading to much smaller transitions rates, for Arlo+ Aj
~ 10% s~!, making natural line broadening completely negli-

gible. While the effect of natural line broadening is ignored
in THACO due to the common use of Ly, ; and the z-line on
C-Mod, future work will include these effects as HIREXSR
is upgraded to view He-like Kr to allow core ion temperature
measurements in [-mode plasmas where 7, , > 9 keV have
been achieved.

Vil. CONCLUSION

X-ray imaging crystal spectrometers have begun to be
deployed on magnetic fusion energy experiments, and simi-
lar instruments are expected to be critical tools used to diag-
nose the core plasma in ITER. XICS measures spectral emis-
sion from partially ionized impurities which is line-integrated
through the plasma volume, requiring the use of Doppler to-
mography to determine the local emissivity, flow, and temper-
ature data. This work details extensions made to the Doppler
tomography technique as part of a larger package of soft-
ware tools (THACO) used to analyze data from the Alcator
C-Mod crystal spectrometer. While deployed locally, devel-
opment of the THACO was completed with community-wide
use in mind, generically approaching the tasks of calibration,
binning, fitting, and moment generation as well as profile in-
version. These advances have enabled new or expanded stud-
ies of impurity, momentum, and heat transport in Alcator C-
Mod plasmas.
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APPENDIX: EXTENSIONS TO DOPPLER
TOMOGRAPHY

According to (5), the three inverse problems result in
multiplying a matrix of known values into the experimental
moment profiles:

§=D- M,
& =E-M, (Al)
2:/‘_)T =F- (MZ - Msub)-

Here, D, E, and F are simply the pseudo-inverse matrices for
the three moment equations as shown in (5). In an effort to
better understand the accuracy of Doppler tomography, prop-
agation of photon statistical error through the inversion has
been computed analytically. The emissivity is found directly
but to compute the local velocity, v;, and the temperature, T, ;,
the weighted emissivity profiles are divided by the total line
emissivity, &;,

& = E D;jMy,j,
J

8v,i _ Zj 1] L,j

2 =7

& E D;j My,
J

e Zj Fij(Myj — My, ;)

éi Z,- Dij My,

Although the error in the ¢ and ¢, profiles or & and
er profiles can be easily computed, simply taking or/T =
(c2/e* + O'EZT /8%)1/ %2 would not be valid since there is sub-
stantial correlated error between ¢ and 7 due each of the mo-
ment profiles including the total number of photons, N;. The
spectral moments, M,, can be expressed in terms of the ba-
sic statistical properties of an arbitrary intensity distribution
P*()): the total number of photons in the binned spectra, N,
its centroid, w, and its variance, S2:

(A2)

My j =ajNj,
Myj=a;iNj (1= o). (A3)
Mz’j = aij (sz + ()\.0 — /Lj)z).

Here, a;, are the scaling constants that convert number of pho-
tons to brightness units. The variance can be expressed as a
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nonlinear combination of the spectral moments using (A3),

2
@M, M
= L
T Moy MZ,

(A4)

From the central limit theorem, the uncertainty in N, u,

and S can be expressed in terms of N and $2,%
0—1%/ = Nj
S2
2 j
=2 AS
o, N, (A5)
2
2 Sj
o5 = ——1—,
2(N; — 1)

independent of the specifics of P*()). In practice, oy, 0, and
os can also include the effect of a non-zero background as
outlined in Ref. 39. This is omitted here for clarity, although
itis included in the HIREXSR analysis. Using standard sensi-
tivity analysis, the uncertainty in the computed ¢;, v;, and T ;
can be determined with respect the uncertainty in N, i, and S
via partial differentiation:

de; \°
2 L 2
=X (o) s

J

2 81),' 2 2 Bv,» 2 2
ol = Z N, oy + F o (A6)
J
aT; \° AT \? AT \?
2 i 2 i 2 i 2
O’T,[_Z<8_Nj> O'N,j+(a—uj> Uﬂ'j+<8_si) O'S,j.
J ’

Using (A2) and (AS) in (A6) the o, 0,, and o7 can be
found at each point, i, in the plasma:

oli=) (Dija;)* N

M()’j&‘, i & Nj
Fija; M e 2 2F; My 1 \* S3
2 _ ijejM2,j Tip gLy i
or; = 2}:( Mo & 2 Dl.la./> N]+< & ) ;
2F: S My i \> 52
+( L] °”> U (A7)
& Q(Nj—l)

The impact of the uncertainty in the subtraction vector,
My,;, has been omitted which is acceptable for low Mach
number plasmas. Note that for large values of €, (A7) will
under predict the error since the elements of the D, E, and
F matrices in (A1) will be dominated by the regularization
matrix. One could extend (A6) to include a partial derivative
with respect to €, but there is not a straight-forward means to
evaluate what o would be acceptable.

The impact of instrumental broadening is critical to
achieving VT;/T; profiles from XICS that are accurate enough
for turbulence simulations. When using planar detectors to
measure emission dispersed by a spherically bent crystal, the
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result is a variation in the focus, and thus the instrumental
line-width, across the detector plane. The other major source
of broadening in a crystal spectrometer, the so-called Rock-
ing curve error due to crystal imperfections, could also be
different for chords that impact the crystal at a different an-
gle of incidence. In general the measured spectral power, P},
will be the line-integrated P} convolved with an instrument
function, Iy:
Py =P} x Iy. (AB)

When inverting the data, any channel-to-channel varia-
tion in the instrument function must be taken into account.
Otherwise changes in line-broadening due to de-focusing, for
example, will be propagated through the inversion as changes
in the actual temperature profile. While the instrument func-
tion is convolved with the total line-integrated spectral power,
the distributive property allows the convolution to be done
with the spectral emissivity, ¢;, first, and then summed at the
detector:

U
P,ﬁ:4—/dl£,\x1f. (A9)
T

The assumption is made that the instrument function can
be represented by a sum of Gaussians,

L= AP

Iri= i+ ex (A10)
S werid T

with the coefficients properly normalized so that ) o =
1, making the integral over I also equal to unity. The im-
pact of such an instrument function on the moment equa-
tions can be easily derived. The 0" moment equation remains
unchanged, as the instrument function merely moves pho-
tons around the spectrum. The 1 and 2" moment equations,
(A1l1) and (A12), now include Aj and Qf « terms representing
the impact of the instrument function:

Ao .
M1,j=?UZVji lj'Vi+ZajkAjk Eo,is (A1)
; k

P 2
a2
M, ; = ZVjiso,i C_;(lj ~V,-)2+wl.2+zajk52§k
i k
(A12)

If Aj and Q?k are channel specific then their effect must
be from the moment equations prior to the inversion in the
same manner as the M,,;, is used to remove the contribution
to the 2" moment due to a non-zero Mach number. If these
instruments are constant across all spatial channels, j, then the
instrumental effect can be removed from the derived velocity
and temperature profiles after the inversion.
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