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ABSTRACT

A multi-energy soft x-ray pinhole camera has been designed, built, and deployed at the Madison Symmetric Torus to aid the study of particle
and thermal transport, as well as MHD stability physics. This novel imaging diagnostic technique employs a pixelated x-ray detector in which
the lower energy threshold for photon detection can be adjusted independently on each pixel. The detector of choice is a PILATUS3 100K
with a 450 ym thick silicon sensor and nearly 100000 pixels sensitive to photon energies between 1.6 and 30 keV. An ensemble of cubic
spline smoothing functions has been applied to the line-integrated data for each time-frame and energy-range, obtaining a reduced standard-
deviation when compared to that dominated by photon-noise. The multi-energy local emissivity profiles are obtained from a 1D matrix-
based Abel-inversion procedure. Central values of T, can be obtained by modeling the slope of the continuum radiation from ratios of the
inverted radial emissivity profiles over multiple energy ranges with no a priori assumptions of plasma profiles, magnetic field reconstruction
constraints, high-density limitations, or need of shot-to-shot reproducibility. In tokamak plasmas, a novel application has recently been tested
for early detection, 1D imaging, and study of the birth, exponential growth, and saturation of runaway electrons at energies comparable to
100 x Tep; thus, early results are also presented.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043672

I. INTRODUCTION AND MOTIVATION ez, and Zyr) from magnetically confined fusion plasmas; this
limitation stems from their inability to sample the local photon

One of the main challenges of conventional x-ray tomographic energy-distribution since these systems are fielded with standard
diagnostics is the inference of basic plasma parameters (e.g., Te, filtered-diode arrays measuring the space- and energy-integrated
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FIG. 1. FLYCHK'! x-ray spectra for Al at multiple values of electron temperatures
between 0.1 and 2.5 keV. The dotted lines in (a) correspond to the transmission of
the thick Be-filters while those in (b) correspond to the pixel responsivity curves for
the ME-SXR system between 2 and 9 keV.

x-ray power. The novel multi-energy soft x-ray (ME-SXR) pin-hole
camera diagnostic presented in this paper removes these limitations
and is capable of measuring the time-history of the local x-ray emis-
sivity in multiple energy ranges simultaneously, from which it is
possible to infer profiles of core measurements of electron temper-
ature (T.) and impurity density (nz) with no a priori assumptions
of plasma profiles, magnetic field reconstruction constraints, high-
density limitations, or need of shot-to-shot reproducibility. Analysis
can be complicated by the presence of bright He- and H-like metal
emission lines, but adequate energy discrimination at a pixel-level
can circumvent these difficulties.

A first proof-of-principle diagnostic system based on a PILA-
TUS2' detector was deployed at the Alcator C-Mod tokamak at MIT
in 2012 with good results.” A collaboration between PPPL and the
Physics Department at the University of Wisconsin-Madison was
established to design, build, install, and operate an ME-SXR pinhole
camera based on the newer PILATUS3! technology at the Madison
Symmetric Torus (MST).”* The initial benefit to the MST program
lies in the ability of the new detector to characterize the Al line-
radiation present in the MST, which nicely complements the data
obtained with the existent two-color diode array suite, which uses
conventional Be filters with 50% transmission at 4 and 5 keV° (see
Fig. 1). The strong emission from the Al recombination edges as well
as line-radiation from He-like and H-like charge states—commonly
found at temperatures from 0.5 to 1-2 keV—has been a persistent
challenge in the interpretation of the MST’s x-ray data for many
years.>!?

Il. ENERGY RESOLUTION AND CHARGE SHARING

The compact vacuum-compatible system shown in Figs. 2(a)
and 2(b) monitors the radial time history profiles of the medium-
Z emission at multiple energy ranges in all MST RFP scenarios.
The detector allowed us to set pixels at different energy ranges
according to characteristic cutoff-energies (E.) or thresholds, with
response widths of ~0.35 keV. The new configuration of pixelated

ARTICLE scitation.orgljournal/rsi
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FIG. 2. (a) Compact view of ME-SXR at the MST imaging most of its (b) circular
cross section. (c) The cutoff energy for the 2D system was arranged constant in
rows from 2 to 5.5 keV in repeating groups for a total of 60 chords each.

detectors is shown in Fig. 2(c). Here, an entire row of pixels would
be effectively used for each energy value since by skipping pixel rows,
only redundant spatial information would be discarded. It is, there-
fore, possible to obtain coarse spectral resolution by setting the pixels
in each row to varying energy thresholds, E1, E2, .. ., E8, etc (from 2
to 5.5keV in coarse steps of 0.5 keV). The configurations of pixelated
detectors can be further optimized based on the Shannon-Nyquist'”
sampling and interpolation theory since the observed spectra are
typically oversampled. The detector electronic response (S-curves,
equivalent to a filter transmission function) shown in Figs. 1(b) and
3 can be described by a functional form,

1 E-E.
S(E, Ec, 0r) = ~erfc| - , 1
( c E) 2 ( \/E(IE ) ( )
[ oE;o,35 keV ' ' Ec~2.0 keV '

1.0 L, >
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FIG. 3. Ideal and effective (with charge-sharing effects) detector electronic
response S-curves used in the low-energy configuration for E;'s between 2 and
5.5 keV.
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where E, is the 50% cutoff energy and of is the energy resolution
of the order of 0.35 keV.”!%!* The ability to set an energy threshold
at an arbitrary value with constant energy resolution is a significant
improvement over metallic foil systems.'”"!” The resultant spatial
resolution of the present design is of the order of 1cm, and the
maximum frame rate of the PILATUS3 system is 500 Hz.

Charge sharing is a common phenomenon in all types of 2D
detectors, which rely on a monolithic absorbing material to con-
vert photons to photo-electrons before transporting electric charges
to the application-specific integrated circuit (ASIC). This process
is illustrated schematically in Fig. 4. As the charge generated by
x-rays drifts toward discrete detector elements, the electron cloud
will expand due to its own Coulomb repulsion. As a result, a fraction
of the “cloud charge” may be collected by an adjacent pixel, thereby
appearing to be two photons of lower energy in comparison to the

1 90§2901 9
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FIG. 5. I, traces during 400 kA RFP plasmas at the MST. Vertical columns indicate
the 1 ms integration windows during the high-confinement PPCD scenarios.

original. This effect is important for low-energy incoming photons
as they will produce photo-electrons in the “top” layers of the silicon-
lattice in comparison to more energetic photons, which will produce
the effective charge deeper in the lattice and closer to the bump-ons
and the ASIC.

Since the pixels can be arranged to have different threshold
energies, it is prudent to characterize this effect and incorporate
it in a diagnostic forward model. The key insight developed by
Kraft'®!” suggests that the impact of charge sharing [see the sketch
in Fig. 4(b)] is determined by the ratio of the area surrounding the
pixel border—for which charge-sharing is significant—to the total
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FIG. 6. Time-history of multi-energy raw brightness-data, smoothing splines, and spatial derivatives ready for reconstruction for the times indicated in Fig. 5 and cutoff

energies of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5 keV.

Rev. Sci. Instrum. 92, 073502 (2021); doi: 10.1063/5.0043672
Published under license by AIP Publishing

92, 073502-3


https://scitation.org/journal/rsi

Review of

Scientific Instruments

pixel area such that f = Acs/Apixe = —kE/2. Since this effect is based
on the physical drift of electrons in the detector, the charge-sharing
slope is independent of the detector gain setup at the ASIC level. For
the detector installed at the MST, f = 0.266 + 0.008, and is in good
agreement with the study by Kraft.!®!” Charge sharing then leads
to a linear distortion in the observed counts for a given energy E as
the threshold energy (E.) is varied. This is a straightforward effect
leading to an effective Spir = S+ F where

1+42f-(1-E/E)
1+ f ’

I1l. BRIGHTNESS AND EMISSIVITY PROFILES

The first tests were conducted using a detector setting with
an eight-color configuration and a 60-chord (per color) detector
imaging a fusion grade high-confinement Pulse Poloidal Current
Drive (PPCD) plasma.*® Time history traces are depicted in Fig. 5,
showing the five time-points characteristic of the transition to
PPCD; in short, the edge current drive increases ]|, which decreases
the current gradient, thus suppressing tearing modes and leading
to the transient low-density (1.0 ~ 10 m™>) but high-temperature
(Teo ~ 1keV) high-confinement regime.

The raw ME line-integrated brightness for the five time-points
and eight energy ranges is shown in Fig. 6. The smoothing and inver-
sion procedure is as follows: First, a cubic spline smoothing proce-
dure was used to process the line-integrated data using a smooth-
ing parameter calculated from the “rms” noise of the signal. The
derivative also provides a measurement of the plasma centroid and a
figure of merit for the presence of asymmetries. If the x-ray emission
from toroidal axisymmetric plasmas has circular symmetry, it can
be computed using the standard 1D-Abel equation through a sim-
ple “pre-calculated” matrix-based”’ operation, as shown in Fig. 7.

F(E,E) = (2)

15

Bi=Y Li;-& |
L
&= L5 ]

SXR emissivity
zones

10F

ME emissivity average [x103 cts/m]
N
)
<

E.~5.5 keV

1190529019, 20-21 ms

|
0.0 0.1 0.2 0.3 0.4
MST radius [m]
FIG. 7. Average emissivities reconstructed simultaneously for the time-point shown

in Fig. 6(e) and for cutoff energies between 2.0 and 5.5 keV. The insets show the
benefits of using a matrix-based Abel-reconstruction routine.
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FIG. 8. Energy dependence of normalized emissivities for on-axis and off-axis radii;
the experimental data have been superimposed to that of a model that include all
elements in the diagnostic chain including charge-sharing.

The photon-energy dependence of the normalized emissivities with
respect to that with E; = 3.0 keV is shown in Fig. 8; this normal-
ization choice is due to the possible line-pollution from He- and
H-like Al emission lines shown in Fig. 1. The experimental data have
been superimposed to that of the model that includes the plasma
continuum emission and all elements in the diagnostic chain such
as transmission through Be, Mylar, absorption in Si, and the typi-
cal responsivity curve [Eq. (1)] including charge-sharing [Eq. (2)].
The typical exp(—E./T.) energy-dependence suggests that T. on-
axis is of the order of ~ 1.2 keV, while it is ~ 0.8 keV at r/a ~ 0.7 (or
r =0.35m for a = 0.5 m). The profile measurement will be a subject
of a future contribution.

IV. DETECTION OF RUNAWAY ELECTRONS
IN LOW TOKAMAK SCENARIOS AT THE MST

Runaway electrons (REs) and disruptions are two of the
“Achilles heels” for tokamak devices. The toroidal electric fields gen-
erated during the low-density plasma current quench can accelerate
electrons well above their thermal speed, leading to an exponential
growth and saturation of a highly-energetic runaway population,
which can cause significant damage to the plasma-facing compo-
nents (PFCs). The majority of steady-state RE studies have been
conducted in tokamak plasmas with “keV” electron temperatures
and electron energies up to 2-30 MeV,”"*> and thus, the ratio of
photon energy to temperature is nearly Ex,/Teo ~ 1000-30 000.

REs are now also generated at the MST*’ in steady tokamak sce-
narios with low current and toroidal magnetic field obtaining plas-
mas with core temperatures and densities of the order of 0.1 keV and
< 0.1 x 10" m™, respectively. Density thresholds for both runaway
electron onset and suppression are determined with simple varia-
tions in gas puffing, and the presence of runaways is usually detected

Rev. Sci. Instrum. 92, 073502 (2021); doi: 10.1063/5.0043672 92, 073502-4
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FIG. 9. (a) Tokamak I, traces for reproducible discharges. The time-history of the
total number of counts on the detector during a typical “shot” is depicted in (b)
while the time evolution of the spatially resolved profiles during the RE exponential
growth and disruption is shown in (c).

via emission of non-thermal x-ray photons and using a fast single-
diode measurement.”” The use of the novel silicon ME-SXR pin-hole
camera allows for a significant improvement for early detection, 1D
imaging, and energy discrimination of REs at Ey,,/Te0 ~ 50-500.
Reproducible tokamak discharges with I, = 40-50 kA and
Bgwan = 1.4 kG are routinely obtained, as shown in Fig. 9(a).
For these initial experiments, the entire detector was operated at a
cutoff-energy of 2 keV to increase the signal-to-noise ratio (SNR)
ratio at these low-densities; the low-temperature thermal back-
ground plasma has negligible x-rays: > 2 keV. The time-history of
the total count in the SXR detector depicted in Fig. 9(b) shows
non-thermal maxima at the start (f ~5 ms) where “hard” x-rays
are expected due to the high-electric field needed for the ioniza-
tion. As the ramp-up electric field decreases, the fast electrons van-
ish quickly. The pre-programmed density ramp-down ({(n.) = 0.16
—0.05x 10 m™ from 18 to 33 ms) generates fast-electrons as
the Dreicer field scales proportional with density. The exponential
growth of the signal shown in Fig. 9(b) suggests that runaway elec-
trons form from t = 25 to 40 ms, reaching saturation and a sudden

ARTICLE scitation.orgljournal/rsi

disruption. In addition, the 1D brightness profile shown in Fig. 9(c)
has interesting features, changing from hollow to peaked to hol-
low again before the disruption, a process which is currently under
investigation.

V. SUMMARY

A compact ME-SXR pinhole camera has been in operation at
the MST-device to fully exploit the novel diagnostic capability for
magnetically confined fusion plasmas as well as aid the study of
particle and thermal-transport and MHD stability physics. Central
values of electron temperature have been measured up to ~1.2 keV
during RFP plasmas; during low-density tokamak scenarios, this
camera has also assisted in the early detection, imaging, and study of
the birth, exponential growth, and saturation of runaway electrons
at energies 100 x Tp.
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