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Abstract

A gas electron multiplier (GEM)-based detector was utilized for the first time on a spherical
tokamak, MAST-U, during the 2023 campaign to investigate soft x-ray (SXR) radiation

(1-20 keV) emitted from the plasma. GEM detectors, chosen for their resilience to harsh fusion
environments and their ability to provide energy-resolved (E,.; ~ 25% at 8 keV) SXR emission
images (with a spatial resolution of few centimeters) with sub-millisecond time resolution, are a
relatively new diagnostic compared to standard semiconductor diodes. In this study, the GEM
detector features a pinhole geometry outside the vacuum chamber and observes the plasma
through a beryllium window. Filled with an ArCO2 mixture, the detector consists of an
Aluminized Mylar cathode, three Aluminum-coated GEM foils, and an anode made of a

16 x 16 matrix of 6 mm? pads for 2D readout. It employs custom GEMINI ASICs (Application
Specific Integrated Circuits) for signal readout, enabling single photon-counting techniques
with Time over Threshold analysis on each detector channel, for a maximum rate of 1 MHz per
channel. Preliminary results from the 2023 campaign highlight the GEM detector’s ability to
complement existing SXR camera systems by adding energy-resolved information to the spatial
and temporal data. Case studies demonstrate the detector’s capability to capture
Magnetohydrodynamic instabilities, such as Snake instabilities, while utilizing
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its energy-resolved measurements to analyze plasma events, including Internal Reconnection
Events. Additionally, the GEM detector enables the estimation of Electron Temperature in
Maxwellian plasmas from SXR measurements. These findings underscore the potential of the
GEM-based diagnostic system to enhance the understanding of tokamak plasmas by providing

simultaneous spatial, temporal, and energy-resolved insights.

Keywords: plasma diagnostic, gas electron multiplier, x-ray detectors, spherical tokamak

1. Introduction

The analysis of soft x-ray (SXR) radiation (1-20 keV) emitted
by the plasma is a fundamental procedure in tokamak ther-
monuclear fusion experiments [1]. This radiation is closely
linked to several local plasma parameters such as plasma dens-
ity, electron temperature and pression, as it is mainly pro-
duced thorugh Bremmstrahlung processes [2]. Additionally,
medium-to-heavy atom impurities contribute by emitting
line radiation [3]. Thus SXR diagnostics provide essential
insights into plasma phenomenology, facilitating the study of
various physical processes including Magnetohydrodynamics
instabilities, plasma disruptions, particle transport and impur-
ity dynamics.

Semiconductor diodes have traditionally served as stand-
ard SXR detectors for tokamak applications but they face
two primary limitations. Firstly, they are prone to deterior-
ation under the intense neutron fluxes of tokamak experi-
ments, a concern exacerbated by the higher neutron fluxes
in next-generation tokamaks. Secondly, when employed
as SXR diagnostics on tokamaks, they operate in cur-
rent mode, not providing energy information. Consequently,
the exploitation of gas electron multiplier (GEM) [4, 5]
and scintillator-based detectors [6] has grown in the recent
years. While the scintillators offer improved radiation hard-
ness and excellent time resolution [7], GEM detectors can
complement both technologies by adding energy-resolved
analysis.

This work follows the series of installations of GEM detect-
ors on several tokamaks such as FTU, KSTAR, EAST [8] and
WEST [9]. It provides an overview of the first results from
the exploitation of an aluminated GEM detector on MAST-
U (Mega Ampere Spherical Tokamak Upgrade) [10] toka-
mak, highlighting the potential of such diagnostic on a spher-
ical tokamak (ST) configuration. MAST-U features a medium-
sized configuration with a major/minor radius of 0.7 m/0.5 m,
a graphite first wall, and operates at a magnetic field strength
of up to 0.7T. Employing high-performance plasma heat-
ing systems including neutral beam injection, MAST-U pro-
duces pulses typically lasting 1-2 s, with an electron dens-
ity of 1.5 x 10" m—3 and electron temperatures reaching up
to 2.5keV. Additionally, MAST-U is currently in the process
of installing an electron heating system based on electron
Bernstein wave . In this context, the energy resolution capabil-
ities of the GEM camera could aid in studying the electron dis-
tribution function and assessing the possible necessity of other
diagnostics.

1.1. The GEM detector

The detector utilized in this work is a type of micropat-
tern gaseous detector based on the GEM foil technology.
This type of detector operates based on the gaseous multi-
plication of photoelectrons generated by the interaction of
incoming SXR radiation with the gas mixture, consisting of
70%—30% ArCO,. A GEM foil consists of a Kapton foil
coated on both sides with metal, in this case Aluminum,
and densely punctured. A potential difference is applied to
both metallic sides that act as electrodes of the multiplication
stage.

The detector, whose characterization is described in [11],
consists of an aluminized mylar layer 10 nm-12 pm, serving
as the cathode, followed by the active zone, called Drift region,
three cascaded Al-GEM foils acting as multiplication stages,
and finally, a padded Copper anode (the detector scheme is
shown in figure 1(a), together with its geometrical paramet-
ers). The anode is composed by 16 x 16 6 mm? square pixels,
to obtain a compact bidimensional camera of 10 x 10cm?,
as shown in figure 1. The compact Readout electronics allow
single photon counting functioning. It is composed by a set of
16 application specific integrated circuit called GEMINI [12],
with 16 channels each, for a total of 256 read-out channels, and
a custom made FPGA. Each pixel is read by a single GEMINI
channel using the Time over Threshold technique, enabling
retrieval of the time of the photoelectric interaction along with
a signal proportional to the event energy. This signal is digit-
ally converted into energy units through detector calibration
[13]. Thus, the measurement is asynchronous and independ-
ent for each pixel, and the time binning can be adjusted for
varying event rates, with a maximum event rate of 1 MHz per
channel (and therefore pixel).

1.2. Experimental set up

The GEM camera is positioned outside of the outer wall of
the tokamak vacuum chamber and is housed in an aluminum
case (see figure 2), that acts as a Faraday cage, for safety
and noise reduction purposes. It has a radial point of view
(POV) of the plasma through a circular Beryllium window,
25 um thick and 13 mm diameter. The case is approximately
30cm from the window, which is 2.5 m from the tokamak
center, therefore the SXR path traverses 30cm of air. This
means that the Argon present in air and the Beryllium win-
dow attenuate low-energy spectrum components, as shown in
figure 7.
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Figure 1. (a) Schematics of a triple-GEM detector [11]. (b) Picture of the 16 x 16 pixel detector anode.

Figure 2. On the left: the GEM detector protective case installed on MAST-U. On the right: the top view of the GEM setup on MAST-U.

Prior to the Beryllium window, a gate valve is installed
as a standard safety measure to maintain vacuum integ-
rity in case of malfunctioning; it opens routinely during
shot time to allow a direct view on the plasma, but can
be kept closed, blocking the SXR radiation, to study signal
background.

A centimeter after the Beryllium window is located an aper-
ture, which is the system pinhole, with a diameter adjustable
from 1 to 13 mm to optimize detector dynamic range, cru-
cial for operation during both Ohmic and Beam heated shots.
It should be noted that the GEM detector’s bidimensional-
ity, configured with a radial POV, enables integration over
the rows of the pixel matrix to achieve the equivalent of
a 1D horizontal camera, with a 16 MHz rate limit per
rOW.

Remote control of the GEM foils voltage is achieved
through an HV module [14], allowing adjustment of detector
gain based on expected signal intensity to prevent signal
saturation.

The SXR diode diagnostic setup on MAST-U includes
multiple sets of pinhole SXR cameras, comprising both

horizontal and vertical configurations. They serve for the pur-
pose of this study as the major benchmark to validate the data
obtained by the GEM, especially the horizontal camera. The
camera is composed by two arrays of 32 photo-diodes, spaced
50 mm apart, that generate a current when illuminated by
the photons. The pinhole consists in a 1 x 3 mm? rectangu-
lar slit, equipped with a 12.5 pm thick Beryllium foil to stop
low energy (< 1keV) photons. The Line Of Sights (LOSs) are
comparable to the GEM camera, as shown in figure 3.

The difference in LOSs between the GEM and the hori-
zontal camera, particularly the smaller number of LOSs and
plasma coverage of the GEM, is attributed to the compact
design of the GEM diagnostic. This design facilitates easy
orientation and positioning adjustments, including zooming
in or out by moving the detector farther or closer to the
pinhole. The radial orientation chosen for this experimental
campaign enables a straightforward comparison with MAST-
U horizontal camera data. However, future experimental
campaigns will switch to a tangential orientation to fully
exploit the bidimensionality of the camera, as demonstrated
in [15].
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Figure 3. (a) LOSs geometry of the rows of the GEM camera. (b) LOSs geometry of the horizontal SXR camera.
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Figure 4. Ohmic shot #49020. (a) Plasma current. (b) Histogram of the GEM time-trace in blue on the upper plot, with a time binning of
0.1 ms; horizontal camera time-trace in orange on the lower plot. The IRE is highlighted with the dashed red line in the three graphs.

2. Data validation

In this section the first data from the GEM camera are presen-
ted and compared to the SXR horizontal camera data for
validation.

The first comparison is made between the SXR signal time-
trace of the core LOSs of the horizontal camera and the time-
trace of the signal on the whole GEM camera (figure 4(a)); the
Plasma Current signal of the same shot is shown in figure 4(b).
The plots are obtained with different methods: the horizontal
camera time-trace is a current signal over time of the diodes in
the central region of the plasma, while the GEM time-trace is
obtained as a time histogram of single event counts recorded
by the detector over the pixels corresponding to the most cent-
ral part of the plasma. Additional differences are that the sens-
itivity of a GEM detector is intrinsically different to the one
of a diode, and the Beryllium foils thickness are different. The
horizontal camera operates in the tokamak vacuum chamber,
its Beryllium foil is 12.5 pum thick, thus the cut-off energy is
1 keV, and the diode sensitivity is constant in the SXR region.

The GEM camera Beryllium foil instead is 25 pm and the
photons path comprehend 30 cm of air, in which the Argon
further attenuates the signal, summing up to an energy cut-off
at 3.2keV. The difference in the energy sensitivity can explain
the data differences, such as the SXR radiation peak detected at
0.58 s by the horizontal camera, and not by the GEM camera.
Nonetheless the key feature are present in both time-traces:
the shot duration of 0.82 s, as well as the presence of a SXR
crash at 0.21 s, (highlited by the red dashed line in figure) fol-
lowed by a ramp in the SXR signal. The SXR crash is an effect
the internal reconnection event (IRE), a phenomenon typical
in Ohmic pulses of a ST [16], identified also with a spike in
the plasma current. The presence of SXR signal peaks is sim-
ilar in the two plots, while the heights are different because of
different sensitivities.

Another interesting and key aspect of the SXR cameras is
the spatial localization of the SXR activity. One example from
the Ohmic shot #49020 is the localization of the peak of emis-
sion of a Snake instability [17, 18], whose fingerprint is shown
in figure 5. This perturbation is characterized by a rotating
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region of high er density and enhanced x-ray emission, which
is critical for monitoring the dynamic behavior of important
plasma magnetic surfaces. In the MAST-U experiments, the
observation of spontaneous snakes provides valuable insights
into impurity accumulation and trapping in a magnetic island
before the occurrence of the first sawtooth event [19], thereby
enhancing our understanding of plasma behavior near these
key surfaces. In the example presented, the first sawtooth crash
occurs at 0.31 s, as illustrated in figure 6. The maximum extent
of the peak of SXR emission on the z-axis is localized around
4280 mm, according to both the GEM and the horizontal

camera diagnostics, as shown in figure 6, where the emission
peak is visible for the innermost LOSs and vanishes for the
outermost (only half of the LOSs are shown for the sake of
readability).

3. SXR energy

The primary contribution to SXR emission in a fusion
plasma is from Bremsstrahlung radiation. The analytical for-
mula describing the SXR emissivity ¢, as a function of
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tokamak major radius R and SXR energy E, exhibits a
strong dependence on electron temperature (7,) density (7,.)
and effective ion charge (Z.); under the assumption of a
Maxwellian plasma it shows an exponential decrease directly
proportional to 7, [2]:

¢(RE) o E-Zyy(R) -1 (R) - T, *exp [kB;E(jR)] @

The energy spectrum obtained by the GEM camera can
provide significant information on plasma parameters by per-
forming energy cuts or fitting to retrieve key parameters. An
example is illustrated in figure 7: an exponential fit of the
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Figure 9. Ohmic shot #49020. Energy spectrogram: on the x-axis
the time (time binning of 1 ms), on the y-axis the SXR energy in
keV and the color proportional to the logarithmic number of events
per bin.

equation (2), simplification of the equation (1), is used to dir-
ectly determine T, from the exponential coefficient

A . o—E/KT.

f(E)= )

Two major assumptions underlie this approach: during the
Ohmic shot, the plasma is assumed to be Maxwellian, and
within the fitting interval, no additional features are present.
The latter assumption restricts the fitting range at the low
energy end to 4.2keV, because the spectrum is affected by
attenuation due to the Beryllium window and the air between
the window and the detector. The upper limit is determined
by the presence of a bump at 8 keV, the nature of which is not
completely understood and will be investigated in future stud-
ies. Hypotheses include line emissions from plasma impurit-
ies or as a result of neutron background (topic discussed in
section 4).

This analysis can be extended to spectra obtained in sequen-
tial time windows to monitor the evolution of 7,, and compar-
isons can be made with parameters obtained by the Thomson
Scattering (TS) diagnostic present on MAST-U [20]. The com-
parison, as shown in figure 8, demonstrates good agreement
despite the limitations of the simple method, indicating the
potential for further refinement.

During the shot #49020, the IRE induces a loop voltage
that accelerates ions and electrons, resulting in the burst of
SXR emission (figure 6) and the rise of the T, (figure 8).
This event is also noteworthy from an energy spectrogram
perspective (figure 9): the post-IRE burst generates a tail of
supra-thermal electrons, in accordance with the theory [21].
However, the presence of a high-energy tail cannot be solely
attributed to supra-thermal electrons, as the sensitivity of the
GEM-based detector drops after 10keV. This suggests the
influence of neutron background, potentially indicating a rise
in neutron yield coinciding with the increase in temperature.
The subsequent section focuses on investigating the impact of
the neutron field on the detector response.
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4. Neutron background

To investigate the impact of neutron background on SXR
detection the gate valve in front of the Beryllium window can
be kept closed during selected MAST-U shots. In this config-
uration, SXR radiation is effectively blocked, allowing only
neutrons and gammas to reach the GEM detector and produce
signal [22]. Time-traces from these shots can then be com-
pared with both the SXR signal from the horizontal camera
and the signal from MAST-U neutron fission chambers [23],
and compared to standard shots with the gate open. The data
are presented in figure 10: the evolution of the GEM signal (in
blue) closely resembles the neutron signal evolution (in red)
in shots with the gate closed (figure 10(a)), whereas in shots
with the gate open, it aligns with the horizontal camera signal

(in orange, figure 10(b)). From this straightforward analysis, it
is evident that there exists a neutron background in the GEM
data.

Performing an energy cut on the GEM signal for shots
with the gate open, as illustrated in figure 11, further confirms
that the high-energy portion of the spectrum (i.e. events with
energy > 10keV, shown in red in figure 11(a)) is primarily
attributed to neutron-related signals. Specifically, the high-
energy signal closely mirrors the neutron signal (depicted
in red in figure 11(b)), while the low-energy signal repro-
duces the SXR signal (represented by the orange lines in the
figures). It is also noteworthy that the GEM global signal
(in blue) continues to track the SXR evolution, and the ratio
of counts indicates a neutron contribution ranging between
1% and 10% of the total signal, which varies with temporal
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Figure 12. Beam heated Shot #49452. (a) GEM signal time-trace (in blue), normalized horizontal camera SXR signal (in orange), neutron
rate evolution in time (in red). (b) Ratio of the GEM signal over the neutron rate signal for different energy cuts.

plasma parameters (higher during beam heated shots and
lower during Ohmic shots, for instance) and the level of
energy cut. This study highlights the need to enhance the
signal to noise ratio (SNR) in order to perform finer energy
analysis. The result can be achieved with two complement-
ary design optimizations: switching the gas mixture from
ArCO2 to NeCO2, because Neon is less sensitive to neut-
rons; and by filling the interspace between the GEM diagnostic
and the external wall of the tokamak with an Helium buf-
fer, in order to limit the abosrption of low energy SXR by
air.

A final observation pertains to the post-IRE spike in the
GEM signal discussed in section 3. It’s worth understanding
whether this spike is solely caused by an increase in neutron
activity or by an increase in electron energy. Data from shot
#49452 with neutral beam injection are analyzed in figure 12.
The neutron rate rises sharply from 0.2s to 0.3 s, and con-
tinues to grow at a slower pace until 0.4s (shown in red in
figure 12(a)). Meanwhile, the peak in the GEM time-trace
occurs at 0.3 s, followed by a sharp decrease, as depicted by
the blue line. Figure 12(b) displays the ratio of the GEM sig-
nal to the neutron rate for both the entirety of GEM events
and a selection of events with energies smaller and greater
than 10keV. If the GEM signal were solely due to neutrons,
as in the case of the gate-closed shots in figure 10(a), the plots
would have been flat, showing data correlation. However, the
peak observed between 0.2 s and 0.33 s in all three cases sug-
gests that the signal is primarily due to SXR radiation, while
the flatness between 0.33 s and 0.4 s indicates that the bump
in the GEM signal is neutron-related. While precisely quanti-
fying the signal components is not trivial and requires simu-
lations and modeling, which will be performed in subsequent
studies, a qualitative understanding can be obtained. The ratios
of GEM signal over neutrons for different energy cuts show
difference in the neutron contribution on the GEM signal. In
fact the peaks at 0.28 s in the global and low-energy cut ratios
(in blue and orange in figure 11(b)) are more prominent with
respect to the one of the high energy cut (in red in figure 11(b)):

the blue and orange peaks are roughly 4 times higher than the
baseline, indicating a smaller neutron contribution, whereas
in the high-energy cut ratio, the peak is only 1.5 times the
baseline, suggesting that the neutron component on the high
energy tail of the signal weights roughly three times more than
on the lower side.

5. Conclusions and further developments

This work summarizes the investigation of the capabilities of
a GEM-based diagnostic on a ST with radial line of sight.
Through direct comparison with signals from the MAST-U
SXR camera, the GEM data has been validated in terms of
temporal trace and spatial analysis, demonstrating good agree-
ment with the standard diagnostic set. Additionally, the GEM
has shown potential for spectral analysis, yielding promising
results for estimating plasma parameters and enabling offline
energy cut on the signal.

The investigation into neutron background underscores the
importance of optimizing the diagnostic to improve the SNR
for clearer energy spectra and more precise energy analysis.
To address this, the gas mixture in the GEM will be switched
from ArCO2 to NeCO2, which exhibits lower sensitivity to
neutrons. Furthermore, an He gas buffer will be installed in
front of the camera, replacing the current air path, to limit the
attenuation of low-energy SXR radiation and achieve a higher
SNR.

Following the successful assessment confirming the dia-
gnostic’s capabilities, its orientation will be changed to a tan-
gential line of sight to perform tomographic inversion of the
signal and obtain 2D poloidal images of the emission.

Data availability statement
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