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A fast directional hard X-ray (HXR) diagnostic system has been developed for the QUEST spherical tokamak

using plastic scintillators coupled to photomultiplier tubes.

During intense HXR emission, the detector

response transitioned from pulse-counting to current-mode operation, enabling observation of high-frequency
fluctuations in the HXR signal. A clear correspondence was observed between HXR and magnetic fluctuations,
while directional differences were identified among forward-, backward-, and vertical-viewing configurations.
The developed technique establishes high-frequency HXR fluctuation measurements as a new diagnostic of
energetic-electron dynamics, opening a new experimental window into wave—particle interactions through
direct measurements of energetic-electron fluctuations.

I. INTRODUCTION

High-frequency modes driven by runaway or energetic
electrons are widely observed in magnetically confined
plasmas' ™ and are expected to play an important role
in the mitigation of runaway electron (RE) beams dur-
ing disruptions.*® In particular, a pronounced correlation
between the plasma current decay rate and mode ampli-
tude has been reported,® indicating strong coupling be-
tween energetic-electron-driven modes and global plasma
behavior. However, the direct connection between these
modes and the underlying dynamics of energetic electrons
remains largely unresolved.

Recently, high-frequency fluctuations in hard X-ray
(HXR) emission have been identified,” providing a
new experimental basis for directly probing energetic-
electron dynamics. Since HXR emission originates from
bremsstrahlung radiation produced by energetic elec-
trons, fluctuations in HXR intensity reflect the behavior
of the emitting electron population and provide access
to collective oscillatory dynamics associated with wave—
particle interactions.

HXR diagnostics have long been employed in
magnetic-confinement fusion devices to investigate en-
ergetic and runaway electrons through bremsstrahlung
emission.®Y Many HXR diagnostics have relied on pulse-
counting spectrometers to measure HXR energy spectra
and their temporal evolution. Various detector technolo-
gies have been employed for this purpose, each opti-
mized for different experimental requirements. Among
the available detector technologies, scintillation detec-
tors remain one of the most widely used detector tech-
nologies for HXR diagnostics because of their fast re-
sponse. Considerable efforts have therefore been devoted
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to improving their count-rate capability while maintain-
ing adequate energy resolution. For example, BGO scin-
tillators have been successfully employed for runaway-
electron diagnostics,'® while YAP:Ce scintillators, with
a decay time of approximately 25 ns,'! and LaBrs(Ce)
scintillators, with an even shorter decay time of approxi-
mately 16 ns,'2 have enabled progressively higher count-
rate HXR measurements. More recently, advanced HXR
diagnostics incorporating multi-chord and imaging ca-
pabilities, together with reconstruction techniques, have
enabled spatially resolved measurements and reconstruc-
tion of runaway-electron distributions, providing new in-
sights into runaway-electron physics.!> 17 These advance-
ments have established HXR diagnostics as an impor-
tant diagnostic tool for runaway-electron studies in fusion
plasmas. However, detector selection generally involves
a trade-off between energy resolution and temporal re-
sponse. To the best of our knowledge, no HXR diagnostic
has previously been optimized specifically for resolving
HXR fluctuations in the tens-to-hundreds-of-megahertz
range.

To address this limitation, a directional HXR diagnos-
tic system has been developed that combines nanosecond-
scale temporal response with directional sensitivity. The
system employs a pair of plastic scintillator detectors,
with a scintillation decay time of approximately 1.4 ns,
coupled to photomultiplier tubes (PMTSs) and arranged
in a dual-viewing geometry to distinguish forward and
backward bremsstrahlung emission relative to the direc-
tion of electron motion. Although plastic scintillators
provide poorer energy resolution than inorganic scintilla-
tors and semiconductor detectors, their ultrafast scintil-
lation response makes them particularly suitable for re-
solving high-frequency HXR fluctuations. Simultaneous
pulse-height spectroscopy and high-bandwidth waveform
acquisition enable both conventional HXR measurements
and directional observations of high-frequency HXR fluc-
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tuations up to the hundreds-of-megahertz range.

In this paper, the design, characterization, and initial
application of the developed diagnostic system are pre-
sented using plasmas in the Q-shu University Experiment
with Steady-State Spherical Tokamak (QUEST).!8:19
The temporal response and directional measurement ca-
pability of the system are demonstrated through obser-
vations of HXR fluctuations. The developed diagnos-
tic provides a new experimental capability for investi-
gating energetic-electron dynamics and their coupling to
energetic-electron-driven modes.

Il. FAST HARD X-RAY DIAGNOSTIC SYSTEM

To resolve high-frequency HXR fluctuations associated
with energetic-electron dynamics, a diagnostic system
was developed with particular emphasis on fast tempo-
ral response. Since the targeted fluctuations extend into
the tens-to-hundreds-of-MHz range, a sufficiently high
detected X-ray flux is required to maintain statistical re-
liability on these time scales. To achieve this, the detec-
tor system was designed to be compact and installable in
close proximity to the plasma, thereby maximizing the
detected X-ray flux.

The system consists of two identical detector units that
can be deployed at different viewing locations, enabling
simultaneous measurements along multiple lines of sight
for directional fluctuation studies.

A. Detector Design

The detector sensor consists of an EJ-228 plastic scin-
tillator optically coupled to a Hamamatsu H3164-10 pho-
tomultiplier tube (PMT) assembly, as shown in Fig. 1.
EJ-228 is a fast plastic scintillator with a decay time of
approximately 1.4 ns and an emission peak wavelength
of approximately 391 nm. The H3164-10 PMT assembly
was operated at a bias voltage of —1.1 kV throughout
the experiments. When hard X-rays interact with the
scintillator, scintillation photons are generated in the EJ-
228 and subsequently converted into electrical pulses by
the PMT. Owing to the sub-nanosecond response of the
PMT, the overall temporal response of the detector is pri-
marily determined by the scintillation decay characteris-
tics of the EJ-228 together with the parasitic capacitance
of the signal transmission and readout circuitry.

The scintillator was fabricated in a cylindrical shape
with a diameter of 8 mm and a thickness of 15 mm,
matching the 8-mm effective photocathode diameter of
the PMT. Optical coupling grease was applied between
the scintillator and PMT window to maximize light col-
lection efficiency. To further enhance light collection,
the scintillator was wrapped with three layers of 150-
nm-thick aluminized Mylar film serving as a reflective
layer. The assembly was subsequently covered with a
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FIG. 1. Schematic diagram of the hard X-ray detector com-

posed of an EJ-228 plastic scintillator coupled to a photomul-
tiplier tube (PMT).

0 = EEOW erllimrinr
[P0.5 azeiumnsd

A 1 W el i mavar

A0-me ) shisld
(5.0 speriera) s

' £

_;A';g}i

e

- W dhiesid
[EEET AT ]
Caliranar suppor |SUSI0I)
Space for pdmil lainr-PRIT detefar

K-ray shislding ssseenbly (G0« 3 =< 2000

FIG. 2. Schematic diagram of the X-ray shielding and colli-
mation assembly used for the hard X-ray detector.

light-tight sheet to suppress ambient light intrusion and
ensure stable detector operation.

A schematic diagram of the collimator and X-ray
shielding assembly is shown in Fig. 2, where the
scintillator—PMT detector described in Fig. 1 is installed
in the designated detector space. The detector is sur-
rounded by a dedicated X-ray shielding structure de-
signed to suppress off-axis and scattered X-rays, thereby
ensuring that the measured signal is dominated by radi-
ation entering through the collimator aperture.

The primary X-ray shielding block consists of a 20-mm-
thick tungsten structure, providing substantial attenua-
tion of hard X-rays. The 20-mm-thick tungsten shielding
provides essentially complete attenuation of 100-keV X-
rays and effectively suppresses higher-energy photons, re-
ducing the transmission to approximately 1% at 500 keV
and 7% at 1 MeV. Since the majority of HXR emissions
observed in QUEST are below 500 keV, this shielding
performance is sufficient to effectively suppress off-axis
radiation. In addition, the entire shielding assembly is
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enclosed within a 15-mm-thick iron housing. The as-
sembly is positioned and fixed on a horizontal support
stage. The iron housing provides additional attenuation
of scattered radiation as well as magnetic shielding for the
PMT. Furthermore, because the detector is oriented such
that the collimator points toward the plasma, most back-
ground X-rays enter the shielding structure at oblique
angles. As a result, the effective path length through
the shielding material is significantly greater than the
nominal thickness, further improving the shielding per-
formance.

The collimator assembly consists of four tungsten
plates with a diameter of 40 mm and a thickness of 10
mm, each equipped with a 0.5-mm-diameter aperture,
together with two 30-mm-thick tungsten plates contain-
ing 5.0-mm-diameter apertures. By changing the num-
ber and arrangement of these collimator elements, the
effective viewing angle can be adjusted according to the
experimental requirements. For the typical configuration
used in this study, two 0.5-mm-diameter apertures sep-
arated by 100 mm define an effective full viewing angle
of approximately 0.57°, corresponding to a field-of-view
diameter of approximately 15 mm at a distance of 1.5
m from the collimator. This configuration provides suffi-
cient spatial resolution while allowing the detector to be
positioned close to the plasma to maximize the detected
X-ray flux, thereby enabling investigation of the spatial
structure of HXR, fluctuations.

B. Detector Installation on QUEST

Two identical fast hard X-ray detectors, denoted FHX1
and FHX2, were installed on QUEST as shown in Fig. 3.
The detectors had tangency radii of approximately 0.4 m
and viewed regions located approximately 0.2 m outside
the center stack (R ~ 0.22 m). The plasma was initiated
using second-harmonic electron cyclotron (EC) startup
with 28-GHz microwave injection at a power of approxi-
mately 150 kW.20:2! The resulting plasma current flowed
clockwise when viewed from above. Energetic electrons
accelerated during EC startup predominantly traveled in
the counterclockwise toroidal direction and are consid-
ered to carry the dominant fraction of the plasma cur-
rent, whereas current components associated with the
thermal plasma, such as the bootstrap current, are ex-
pected to be much smaller because of the relatively low
plasma pressure.

FHX2 was fixed in the forward-viewing configuration
to observe bremsstrahlung emission in the forward direc-
tion relative to the dominant energetic-electron motion.
In the present study, FHX1 was operated in three view-
ing configurations—backward-viewing, vertical-viewing,
and forward-viewing—to investigate the directional de-
pendence of HXR fluctuations. Comparison among these
configurations provides information on the directional
properties of the energetic-electron population contribut-
ing to the measured HXR signals.
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FIG. 3. Overview of the fast hard X-ray (FHX) diagnos-
tic system installed on QUEST, including detector locations,
viewing geometries, detector photographs, and a schematic il-
lustration of the bremsstrahlung angular distribution. FHX2
was fixed in the forward-viewing configuration, whereas FHX1
was reconfigured between backward-, vertical-, and forward-
viewing configurations.

The diagnostic concept relies on the energy de-
pendence of the bremsstrahlung angular distribution.
Bremsstrahlung emitted by electrons with energies above
approximately 100 keV is strongly concentrated in the
forward direction, whereas emission from lower-energy
electrons is distributed over a much broader angular
range. Because the diagnostic measures line-integrated
radiation and the magnetic field lines are curved, radia-
tion originating from the low-field side can contribute to
all viewing configurations, particularly for lower-energy
electrons with broad bremsstrahlung angular distribu-
tions. Accordingly, directional differences observed in
the HXR signals are expected to be predominantly as-
sociated with the high-energy electron population.
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C. Data Acquisition and Signal Processing

The output signal from each PMT was divided using
a 50-§) two-way resistive power divider (PE2084, Paster-
nack) and simultaneously routed to a digital pulse pro-
cessor (DPP) and a high-speed oscilloscope. This config-
uration enabled simultaneous pulse-height analysis and
HXR fluctuation measurements. Pulse-height spectra
were acquired using a DPP (APV8104-14, TechnoAP)
equipped with a 1-GHz digital processing clock. The
high processing speed is well suited for the nanosecond-
scale pulses generated by the fast scintillator—PMT de-
tector. An approximate pulse-height calibration was es-
tablished from Compton-edge measurements using stan-
dard gamma-ray sources. For fluctuation measurements,
the PMT signals were digitized using a high-speed os-
cilloscope (HDOB8038A, Teledyne LeCroy) with a band-
width of 350 MHz. The signals were transmitted from
the PMTs to the data-acquisition system through iden-
tical 10-m-long 50- RG-223/U coaxial cables. Accord-
ing to the manufacturer’s specifications, the attenuation
over the cable length is approximately 2 dB within the
frequency range of interest. A 225-MHz low-pass fil-
ter (PE8722, Pasternack) was inserted before the os-
cilloscope input to provide analog anti-aliasing filter-
ing prior to digitization. The signals were sampled at
500 MS/s, corresponding to a Nyquist frequency of 250
MHz. Waveforms were recorded using a memory depth
of 250 Mpoints per channel, enabling continuous acqui-
sition over approximately 0.5 s.

I1l. DETECTOR CHARACTERIZATION AND INITIAL
RESULTS

A. Transition from Pulse-Counting to Current Mode

Figure 4 compares the temporal evolution of the DPP
count rate, Rppp, with the plasma current, I, and the
PMT output signal, Vpyr. Enlarged views of the PMT
waveform are presented in Figs. 4(c)—4(f), together with
the signal from a magnetic pickup coil installed on the
center stack inside the vacuum vessel.

The HXR count rate began to increase noticeably once
the plasma current exceeded approximately 20 kA and
continued to rise during the EC current-drive (ECCD)
phase, indicating enhanced production of energetic elec-
trons. Following termination of the EC power injec-
tion, the count rate decreased substantially, although
detectable HXR emission remained throughout the dis-
charge. During the subsequent plasma-current decay
phase, intermittent bursts of HXR emission were ob-
served, each accompanied by a rapid decrease in I,. Such
bursts are commonly observed in QUEST and are at-
tributed to transient interactions between the plasma and
plasma-facing components, resulting in enhanced thick-
target bremsstrahlung emission.

At approximately t ~ 3.34 s, a major loss of plasma
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FIG. 4. Temporal evolution of Rppp, Ip, and Vepumt for Shot
#57062. Panels (c)—(f) present enlarged views of the PMT
waveform together with the corresponding magnetic pickup
coil signal.

equilibrium triggered a rapid plasma-current collapse.
The resulting toroidal electric field accelerated energetic
electrons and enhanced the velocity-space anisotropy,
leading to the excitation of intense high-frequency mag-
netic fluctuations, as evidenced by the magnetic pickup-
coil signal shown in Figs. 4(e) and 4(f).

When the HXR intensity was sufficiently low, individ-
ual voltage pulses were clearly resolved in the PMT wave-
form, as shown in Figs. 4(c) and 4(d). In this regime, the
detector operated in a conventional pulse-counting mode,
where both pulse height and count rate provided mean-
ingful information on the incident radiation.

During the rapid plasma-current decay phase, the DPP
count rate ceased to provide a reliable measure of the
HXR intensity. Inspection of the raw PMT waveform
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revealed a gradual transition from isolated pulses to a
densely overlapping signal with an oscillatory compo-
nent. In this regime, pulse pile-up prevents reliable event
identification by the DPP algorithm, rendering the count
rate an inadequate indicator of the actual photon flux.

The waveform in Fig. 4(e) represents an intermediate
state between pulse-counting and current-mode opera-
tion, where pulse pile-up and baseline distortion become
significant. In contrast, Fig. 4(f) exhibits a continuous
oscillatory waveform characteristic of current-mode de-
tection, in which individual HXR events are no longer
resolved and the detector output reflects fluctuations in
the average scintillation intensity.

A notable feature of the current-mode signal is its tem-
poral correspondence with the simultaneously measured
magnetic-coil signal. Since the two diagnostics mea-
sure different physical quantities—electromagnetic fluc-
tuations and energetic-electron-induced HXR emission,
respectively—this correspondence suggests a direct cou-
pling between wave activity and energetic-electron dy-
namics. The observed bipolar waveform does not im-
ply negative X-ray intensity, but instead reflects the AC-
coupled response of the detection system to fluctuations
around the mean anode current. Pulse pile-up, together
with possible gain compression caused by space-charge ef-
fects at high instantaneous signal levels, may further con-
tribute to the transition from pulse-counting to current-
mode behavior.

These observations indicate a transition from pulse-
counting to current-mode operation during intense HXR
emission, enabling direct observation of fast HXR, fluctu-
ations associated with energetic-electron dynamics.

B. HXR fluctuation measurement in QUEST

Figure 5 shows the temporal evolution of the normal-
ized fluctuation spectrum during the plasma-current de-
cay phase. To facilitate comparison among different di-
agnostics, the fluctuation spectra were normalized by
the square of the local RMS envelope of each signal,
Px(f,t) = %E{)’ﬁ), where Sepny (t) denotes the moving
RMS envelope of the corresponding waveform. This nor-
malization suppresses variations in the absolute signal
level and highlights the relative fluctuation activity.

Strong magnetic fluctuations are observed over a broad
frequency range extending to approximately 200 MHz.
At frequencies below approximately 80 MHz, similar
spectral structures are observed in both the magnetic and
HXR signals, although their detailed evolution differs.
In particular, fluctuation components near 70-75 MHz
exhibit relatively stronger signatures in the HXR spec-
tra, and noticeable differences between the forward- and
backward-viewing detectors are observed, especially in
the 6570 MHz range. These observations suggest that
HXR fluctuations provide access to aspects of energetic-
electron dynamics, including directional properties, that
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FIG. 5. Time evolution of the normalized fluctuation spec-
trum, Px(f), for Shot #57068. Panels (a), (b), and (c) cor-
respond to the magnetic pickup coil, FWD HXR, and BWD
HXR signals, respectively.

are not directly reflected in the magnetic fluctuation am-
plitude.

To assess directional sensitivity and distinguish
viewing-geometry effects from detector-dependent varia-
tions, the normalized fluctuation spectra were integrated
over a 10-ms interval (3.39-3.40 s) during the period
of strongest mode activity associated with the rapid
plasma-current decay, as shown in Fig. 6. For the dis-
charge shown in Fig. 6(a), this interval fully encompasses
the expanded time window presented in Fig. 5 (3.3910-
3.3925 s). In all cases, the magnetic spectra exhibit
broad-band activity extending above 100 MHz, whereas
the HXR spectra are dominated by components below
approximately 80 MHz. This difference indicates that
the energetic-electron response measured through HXR
emission is not uniformly distributed among the fluctua-
tion modes observed by the magnetic diagnostics.

Comparisons between the forward- and backward-
viewing configurations (Fig. 6(a)) and between the
forward- and vertical-viewing configurations (Fig. 6(b))
reveal noticeable differences in the relative amplitudes of
several spectral components. In particular, substantial
asymmetry is observed for several spectral peaks, as in-
dicated by the downward arrows in Fig. 6, suggesting that
the diagnostic is sensitive to the directional properties of
energetic-electron fluctuations.

In contrast, the two detectors with nearly identical
forward-viewing sightlines (Fig. 6(c)) exhibit very similar
spectral shapes, indicating that the differences observed
in Figs. 6(a) and (b) are not primarily attributable to de-
tector characteristics. These results demonstrate the ca-
pability of the diagnostic to detect high-frequency HXR
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FIG. 6. Normalized fluctuation spectra, Pn(f), for dif-

ferent viewing configurations: (a) FWD-BWD (#57068),
(b) FWD—Vertical (#57074), and (¢) FWD-FWD (#57076).
The red and blue curves denote the FHX2 and FHX1 detec-
tors, while the black curve shows the simultaneously measured
magnetic fluctuation spectrum. Downward arrows indicate
frequencies at which substantial spectral asymmetry is ob-
served between the two detector signals.

fluctuations and to resolve viewing-geometry-dependent
features of energetic-electron dynamics.

IV. SUMMARY

A fast directional HXR diagnostic system based on
plastic scintillators and PMTs has been developed for
QUEST. During intense HXR emission, the detector re-
sponse transitioned from pulse-counting to current-mode
operation, enabling observation of high-frequency fluctu-
ations in the HXR signal. Measurements using multi-
ple viewing geometries revealed correspondence between

magnetic and HXR fluctuations below approximately 80
MHz, together with directional differences in the HXR
spectra. These results demonstrate the feasibility of high-
frequency HXR fluctuation measurements as a new di-
agnostic of energetic-electron dynamics. The technique
provides a unique experimental window into the dynam-
ics of energetic-electron populations and their interaction
with plasma waves, opening new opportunities for exper-
imental studies of wave—particle interactions.
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