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Abstract. The Timepix3 semiconductor pixel detector was investigated as a
diagnostic tool for runaway electron (RE) related hard X-ray (HXR) emission at
the GOLEM tokamak. We combined high-resolution spatial, temporal and energy
measurements from the AdvaPix Timepix3 detector with time-frequency analysis of
magnetic signals (Mirnov coils) to explore correlations between HXR bursts and MHD
activity. Continuous Wavelet Transform (CWT') based ridge extraction and minimum-
coherence measures were used to identify common oscillatory components and to
compute phase shifts between HXR signals and Mirnov coils signals. We observe
statistically significant coherence between the Timepix3 HXR time series and Mirnov
coil signals in distinct time—frequency bands, and find a systematic phase shift in the
majority studied discharges, suggesting modulation of RE losses by MHD modes.

The strongest HXR bursts appear to coincide with periods of stronger MHD
activity. These results demonstrate that the Timepix3 detector, combined with
time—frequency coherence analysis, is a promising tool for studying the interplay
between MHD modes and runaway electron dynamics.

Keywords: Timepix3, runaway electrons, GOLEM, tokamak, Mirnov coils, wavelet
analysis

1. Introduction

During a tokamak plasma discharge, a fraction of electrons can be accelerated to
relativistic energies. These particles, referred to as runaway electrons (REs), can enter
the runaway regime, for example, through the Dreicer mechanism [I]. High-energy
REs can either interact with the plasma or, if insufficiently confined by the magnetic
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field, escape and strike tokamak components. Such interactions can be harmful to the
device [2, B]. Since the mechanisms of RE generation and transport are not yet fully
understood, the development of diagnostics is essential to provide key information on
the temporal evolution, trajectories, and impact locations of RE populations on plasma-
facing components. Characterization of runaway electrons (RE) using hard X-ray (HXR)
detection is an important tool for understanding their generation.

Scintillation detectors are a widely used group of HXR detectors in tokamaks.
Among the most commonly used scintillation materials is Nal(T1), which has been
installed as the basic HXR diagnostics in many tokamaks, including JET [4], COMPASS
[5, 6, 7, 8], WT-3 [9], TUMAN-3M [10], J-TEXT [1I],HL-2 [12] and HT-7 [13| [14].
Furthermore, the scintillator LaBr3(Ce) has been deployed on JET [4], TCV [I5],
ASDEX Upgrade [16, 17], TUMAN-3M [I§] and FT-2 [I8| [19], while BGO detectors
have been used on JET [4], TORE SUPRA [20], FT-2 [18] and EAST [2I]. Other
scintillation materials have also been employed, including ZnS(Ag) [8, [5] or CsI(T1) for
HXR cameras at JET [4].

Another diverse group of HXR detectors consists of semiconductor detectors, most
often based on CdTe sensors, which have been implemented on HT-7 [13| [14], HL-2 [22]
and EAST [2I]. Detectors with CdTe sensors are also used in HXR camera systems
installed on machines including TORE SUPRA [23], TCV [24], COMPASS [7] and HL-
2 [12], and can form part of HXR tomography, as demonstrated on TORE SUPRA
[25] 23] and TCV [24]. Semiconductor detectors are mainly designed for detecting
radiation with energies up to hundreds of keV, primarily due to their smaller detection
volume compared to scintillation crystals. In contrast, the scintillation detectors used
can effectively detect radiation with energies of several MeV; however, pile-up effects
and saturation can represent a limitation. Another semiconductor material used for
HXR cameras is CdZnTe, with camera systems comprising dozens of detectors reported
in [26] 27].

Currently, standard HXR diagnostics on the GOLEM tokamak consist of two
17 x 17 CeBr3 scintillators, one 27 x 2”7 Nal(Tl) scintillator, and one 1”7 x 17
YAP(Ce) scintillator. Details about HXR diagnostics can be found in [2§].

A silicon strip detector with 32 strips was also tested on the GOLEM tokamak.
Works presented in [29] and [30] describe the use of semiconductor strip detectors for
direct RE measurements. The dimensions of each strip are 250 pm x 18 mm and the
sensor thickness is 525 pm [29, [30]. The use of semiconductor pixel detector MediPix2
with 300 pm thick sensor for indirect RE measurements via HXR is described in work
[29].

A semiconductor pixel detector Timepix3 [31] has previously been employed on
the GOLEM tokamak, for example, see [32], [33] and [34]. The Timepix3 detector has
also been used on the COMPASS tokamak [34]. This work describes the capabilities
of the Timepix3 detector on the GOLEM tokamak and demonstrates its suitability for
studying correlations between HXR signals and magnetic activity detected using Mirnov
coils. An analysis of the coherence between these signals enables the identification of
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phenomena that are difficult to resolve using individual diagnostics alone. The observed
correlations imply that runaway electrons of different energies may interact with different
MHD modes.

Coherence analysis between diagnostic signals using wavelet methods was
successfully applied in [39] for CASTOR tokamak discharges and in [40, 41] for the
investigation of modes at ASDEX Upgrade. Frequency analysis of Timepix3 signals and
their correlations with magnetic data on the COMPASS tokamak were addressed in [34].
Frequency analysis is also used to investigate RE transport and magnetic perturbations
in COMPASS tokamak [0, 42] and IR-T1 [43].

This paper is organized as follows. Section [2]first introduces the tokamak GOLEM,
followed by a description of the AdvaPix Timepix3 detection module, and concludes
with an overview of the experimental setup. Section [3[then presents the procedure used
to process signals from the Timepix3 detector and magnetic diagnostics. Individual
diagnostic signals are analysed using a continuous wavelet transform (CWT), while
the wavelet minimum coherence (WMC) method is employed to quantify the coherence
between them. To assess whether HXR emission is modulated by MHD modes at specific
frequencies, coherence ridges are identified and the phase shift between MHD and HXR
signals is calculated along these ridges. The results obtained from this analysis are
summarized at the end of this section.

2. Setup and Diagnostics

This section describes the experimental setup and diagnostics. First, the GOLEM
tokamak and its main parameters are summarized, then the AdvaPix Timepix3 detector
is presented, followed by details on detector placement, the Be window, limiter Mirnov
coils, and data acquisition. Representative spectroscopic results demonstrating detector
performance are included.

2.1. The GOLEM Tokamak

The GOLEM tokamak, located at the Faculty of Nuclear Sciences and Physical
Engineering of the Czech Technical University in Prague, is the oldest still-operating
tokamak. It is primarily used for educational purposes and can be remotely controlled
via a web interface [35]. Among the main advantages of the GOLEM tokamak are its
high discharge reproducibility and high repetition rate. During experimental campaigns,
the device can be easily modified, allowing adjustments or relocation of diagnostics,
provided that the diagnostics themselves permit such modifications, between discharges.
Owing to this flexibility, the GOLEM tokamak provides an excellent experimental
environment for testing and developing new diagnostics, including those dedicated to
runaway-electron studies.

The GOLEM tokamak has an iron transformer core, a molybdenum limiter and
a circular cross-section vacuum chamber. The toroidal field is generated by 28 copper
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coils. The main parameters are summarised in Table [I}

Major radius Ry=04m
Chamber minor radius ro=0.1 m
Limiter radius a = 0.085 m
Toroidal magnetic field B, <08T
Plasma current I, <14 kA
Discharge duration 7 < 50 ms
Plasma density ne(0) ~ 0.5 —3 x 10" m™
Plasma temperature T.(0) < 100 eV

Table 1: Main parameters of the GOLEM tokamak. [30]

2.2. AdvaPix Timepix3 Detector

The AdvaPix Timepix3 detection module, shown in Figure [I} is a semiconductor pixel
detector intended for the detection of ionizing radiation. The detection modules are
equipped with a sensor, either CdTe or Si, divided into 256 x 256 pixels. Each pixel
represents one separate detector (spectrometer) with a size of 55 x 55 pm with a time
resolution of up to 1.5625 ns and a maximum reading speed of up to 40 million pixels
per 1 second [37]. Timepix3 [31] is a universal integrated circuit suitable for readout
7signals? semiconductor solid-state pixelated sensors and gaseous detectors [31]. The
chip is designed and manufactured in 130 nm CMOS technology.

A schematic illustration of the event readout from the sensor is shown in Figure [2|
The signal generated by the passage of a photon or a charged particle is amplified in each
pixel and compared with a predefined threshold level by a comparator. Exceeding the
threshold triggers the registration of an event and activates the measurement of the time
of arrival (ToA) and the time over threshold (ToT). The ToA value is determined with
the accuracy of the clock signal, while the ToT provides information proportional to the
collected charge, and thus to the particle’s energy. Each pixel is equipped with its own
counting circuit that stores these data, and the resulting information is subsequently
read out from the pixel matrix into the control electronics.

2.3. Ezxperimental setup

The Timepix3 detector with a 1 mm thick silicon sensor was installed in the equatorial
plane of the tokamak, with a line of sight into the plasma through a beryllium window.
This window significantly reduces the attenuation of HXR near the detector energy
threshold compared to the tokamak wall. A schematic representation of the experimental
arrangement of the detector and limiter Mirnov coils is shown in Figure 3] All
diagnostics on the GOLEM tokamak are triggered by a common trigger signal, ensuring
synchronization between the diagnostics. The arrangement of the Mirnov coils is shown
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Figure 1: The first photo shows the AdvaPix Timepix3 detection module. The second
and third photos show the sensor in detail with a scale.
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Figure 2: Schematic representation of sensor event readout.
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Figure 3: Schematic illustration of the placement of the AdvaPix Timepix3 detection
module with a line of sight through the beryllium window and the location of the
limiter Mirnov coils. The directions of the plasma current and runaway electrons are
also indicated.

in Figure [4

The Timepix3 detector was temperature-stabilized at 20 °C, which is the same
temperature at which the detector calibration was performed. The spectroscopic
performance of the detector is demonstrated by measuring the spectrum of a known
ionizing radiation source, 2! Am. This spectrum is shown in Figure [5, The spectrum
shows a peak with an energy of 59.54 keV and a hint of a lower peak at 26.34 keV.
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Figure 4: Schematic illustration of the arrangement of the individual Mirnov coils on
the GOLEM tokamak.

This corresponds to the characteristic gamma radiation of ! Am, or, more precisely,
of 2"Np, which is produced as a decay product of 2! Am. The range 13.759 keV —
20.784 keV corresponds to the characteristic X-ray radiation for the L lines of 2"Np.
The values of individual energies of characteristic radiation are taken from [3§]. Since the
detection efficiency of this sensor decreases exponentially from approximately 15 keV,
a relatively large number of low-energy photons are detected. At the beginning of the
measured spectrum (5 keV), there is a threshold, and the measured interactions may
not have a physical basis. The spectra differ slightly when the sensor is irradiated from
the front (top side of the sensor) and from the back (side of the sensor with readout
electrodes). This may be caused by charge diffusion during its collection on the readout
electrodes. This demonstration of measuring a known source of ionizing radiation shows
the detector’s ability to perform measurements with energy resolution and confirms the
correct calibration of the detector.

3. Analysis of HXR signals and associated MHD activity

This section presents an analysis of hard X-ray (HXR) signals measured by the Timepix3
detector during plasma discharges in the GOLEM tokamak and their relation to
magnetohydrodynamic (MHD) activity. First, the basic characteristics of the detected
HXR signals are discussed, including their temporal evolution, spatial distribution on
the detector, and energy spectra. Next, a time-frequency analysis based on continuous
wavelet transforms is used to investigate the correlation between HXR emissions and
magnetic fluctuations measured by Mirnov coils. Wavelet coherence and ridge analysis
are then employed to identify time-localized, frequency-dependent correlations, as well
as to examine the phase relationships between diagnostics. This provides insight into
the potential modulation of runaway electron losses by MHD modes.
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Figure 5: Spectrum of 2 Am when irradiating the sensor from the top and from the
back (from the side of the readout electrodes). The spectra are normalized to the peak
relative to LJ.

3.1. Characteristics of the HXR time signals

In Figure [6] the overall hit map of detector pixels of the Timepix3 detector for the
representative discharge #46422 [51] is shown. This hit map shows how many times a
given detector sensor pixel was above the energy threshold during the discharge. For
further analysis, however, it is necessary to merge the corresponding pixels into clusters
[31]. The Timepix3 detector provides excellent spatial, energy, and time resolution,
enabling the study of individual interactions. Interaction clustering is performed with
a time resolution of 50 ns. The detector was placed at the beryllium window, and part
of the sensor has a direct line of sight through the beryllium window into the tokamak.
In Figure [6] two circles are shown that delineate the areas of the sensor with direct line
of sight through the beryllium window and the rest of the sensor. The annulus between
the red and green circles is not included in the analyses (unless stated otherwise), since
the boundary of the beginning of the beryllium window is not entirely clear.

In Figure [7] the first two plots show the main parameters of the Golem tokamak,
followed by the time evolution of the number of detected interactions during the
discharge. The discharge is divided here into three time regions with the same number
of interactions detected in each window. The energy spectra from the individual parts
of the discharge are shown in Figure [§] A detail of the detector sensor during a short
discharge segment, in which the highest-energy photons were detected, is shown in
Figure [9] In the next two plots of Figure [7] the time evolution of the number of
interactions and their energies from the sensor area with line of sight through the
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Figure 6: The overall hit map of detector pixels of the Timepix3 detector for the
representative discharge #46422. The hit map is divided into two main areas - inside
red circle and outside green circle.

beryllium window and from the rest of the detector are shown.
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Figure 7: The top two lines of the figure show the main GOLEM tokamak parameters.
The next line shows the time evolution of the interactions detected by the Timepix3
detector. The discharge is divided into three intervals with equal interaction counts.
Lines 4 and 5 show the time evolution and energy distributions by spatial separation.

For each time interval, as shown in the third panel of Figure[7] the energy spectrum
of the entire sensor is presented. Figure [§| shows the sensor hit maps for each interval
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along with the corresponding energy spectra. It is evident that RE losses reach the
highest energies in the central interval.
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Figure 8: Comparison of the individual time intervals. Interval 2 contains the most
energetic interactions (for instance, see Figure @
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Figure 9: Sensor display over a short segment of the discharge, showing tracks of
individual interactions.

3.2. Time—frequency wavelet analysis and coherence of MHD activity and HXR signals

This work employs time—frequency analysis to identify MHD-related modulations of
HXR signals. Because the standard Fourier transform loses temporal information
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and the short-time Fourier transform (STFT) requires a fixed window with constant
time—frequency resolution (thus forcing a trade-off between time and frequency
localisation), we use the continuous wavelet transform (CWT) [44], which provides
adaptive time—frequency localisation suitable for the short transient events observed in
GOLEM discharges. In tokamak diagnostics, wavelet methods (typically using Morlet-
like analytic wavelets) have been used to analyse Mirnov, soft X-ray and other signals
for mode identification and for studying correlations between magnetohydrodynamics
activity and radiation diagnostics |39, [45].
For signal z(t) € L*(R) and mother wavelet ¢ (), the CWT is defined as

W& = [ alt) jmw*(tf) dt, 1)

where p denotes the scale, £ the time shift and the * denotes complex conjugation. Small

scales p correspond to high pseudo-frequencies and vice versa; further properties and
practical aspects of the CWT are discussed in the literature [46], 47, [48].

Raw signals from the limiter Mirnov coils are displayed in Figure In Figure
are the energy density distributions and in Figure 12| are the smoothed energy density

distributions of the continuous wavelet transform (W, (u,£)?) of HXR signals from the
Timepix3 detector and the signals from the Mirnov coils.
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Figure 10: The top line of the figure show the Uj,,, and plasma current during plasma
discharge of the GOLEM tokamak. The next four lines show raw signals of Mirnov coils.

Each signal was analyzed using the continuous wavelet transform with the analytic
Morlet wavelet of order 3. This choice was motivated by the nature of discharges
in the GOLEM tokamak, where rapid transient events occur and good temporal
resolution is therefore required. The use of a third-order Morlet wavelet represents
a compromise between time and frequency resolution. Lower-order Morlet wavelets
provide better localization of short-lived features in time but at the expense of frequency
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Figure 11: Each signal (Mirnov coils and Timepix3 detector) is analysed via continuous
wavelet transform using order-3 analytic Morlet wavelets; the resulting energy densities
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are shown in lines 2 — 7. Uj,op and I, are added for the reference.

precision, while higher-order wavelets yield sharper frequency discrimination with
reduced temporal accuracy. The sampling frequency was set to 50 kHz, with a scale
resolution of dj = 1/16. This sampling frequency is the highest technically possible in
this case, since the signal from Mirnov’s coils is recorded every 20 ps, which corresponds
to a frequency of 50 kHz. The dj parameter controls the logarithmic resolution of the
scales in the CWT. In the PyCW'T implementation, the scales are defined according to
a; = 502'% where a; is the scale at index j, s¢ is the smallest scale, and dj determines the
step between successive scales. A smaller value of dj produces finer scale (and therefore
frequency) resolution, as more scales are generated within the same frequency band.
In the last two plots in Figure the minimum wavelet coherence of the HXR
signals for the Be window area and the rest of the sensor with the signals from the
individual Mirnov coils is shown. To detect time-localised correlated oscillations between
HXR and magnetic (Mirnov) signals we use wavelet coherence, i.e. the (smoothed)
normalized cross-wavelet power localised in the time—frequency plane [48]. For signals
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x and y the wavelet coherence is computed as

W1, W (1. €)

ST W2 1,00 O3 (0. 6)

where the overbar denotes smoothing (averaging) performed to stabilise the estimates;

COH, (11, €) = : (2)

the role and necessity of such smoothing for analytic wavelets are discussed in [4§]
and practical implementation choices are described in applied references (e.g. [41]).
The wavelet spectra were smoothed by convolution with an affine-invariant rectangular
kernel with a smoothing window of width equal to 10 wavelet lengths. Specifically,
the wavelet coherence of the HXR signal with the signal from each Mirnov coil is first
calculated using formula , and then the minimum wavelet coherence is determined
from these four datasets.

A comparison of the energy spectra from different time windows shows that the
intensity and energy of the detected HXR produced by REs vary over time. During the
discharge phase, when the highest-energy HXR is detected (Figure , these signals are
coherent with those from the magnetic diagnostics (Figure [12)).

Minimum wavelet coherence indicates the regions of the time—frequency plane in
which the HXR signal is coherent with the MHD signals. This suggests that certain
populations of runaway electrons may be modulated by a particular type of MHD
activity. To verify this, dominant oscillatory components are identified as coherent
ridges in the wavelet minimum coherence map Figure . These ridges are trajectories
where the wavelet energy concentrates and are related to the instantaneous frequency
of modulated components [44]. Ridge theory and practical extraction procedures (local
maxima per time slice, linking under continuity constraints, smoothing and segment
selection) are treated in [44], 49] 50].

An analysis of a vacuum discharge was also carried out. In this case, wavelet
transforms are performed only for the Mirnov coils. No signal was observed on the
Timepix3 detector. Furthermore, the coherences between individual coils are calculated,
and from the coherences of the individual Mirnov coil pairs, the minimum wavelet
coherence and the average wavelet coherence are determined. In the data from the
vacuum discharge, no distinct frequency is observed that could affect the results from
the plasma discharges. This analysis proved that the magnetic diagnostics do not detect
any technical frequencies (e.g. from amplifiers) that could interfere with the analysis of
discharges with plasma and that would need to be taken into account. This supports
the conclusion that RE losses in plasma discharges may be linked to MHD mode activity
in the plasma.

Wavelet coherence as well as cross-wavelets are complex quantities, the argument
(phase) of which gives the instantaneous phase difference between two signals [48].
For two signals x(t), y(t), the cross-wavelet spectrum is defined as Wy, (1,§) =
W (p, )W, (11,&) and the coherence phase as

Ap(p, &) = argWay (1, §)), (3)
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Figure 12: Each signal (Mirnov coils and Timepix3 detector) is analysed via continuous

wavelet transform using order-3 analytic Morlet wavelets; the resulting smoothed energy

densities are shown in lines 2 — 7. The last two lines show the minimum wavelet coherence

for each Mirnov coil-Timepix3 signal pair. Ujy,p, and I, are added for the reference.

which is referred to as the wavelet coherence phase [48]. This phase, lying between —m

and 7, corresponds to the relative delay or shift between the signals at a given time and

frequency scale.

The cone of influence (COI), i.e. regions adjacent to the signal edges where CWT

estimates are affected by boundary effects, is taken into account when interpreting TF

(time-frequency) maps and ridge statistics [48].
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First, ridges, which are continuous curves of local amplitude maxima, are
determined in minimum wavelet coherence images. Ridge analysis tracks these
continuous trajectories of maxima in a time sequence. These ridges are shown in Figure
13

The phase shift is calculated along each ridge using Eq. between each Mirnov
coil and the time evolutions of HXR signals from Timepix3 for the two energy regions.
In Figure [I4] the phase shift for the HXR signal and the high-field-side Mirnov coil is
shown. Almost all of the separated ridges exhibit a roughly constant phase shift between
0 and 7/2, with only minor variations among the ridges. There is very little variation
between the 4 Mirnov coils located at different locations around the plasma (Figure 4)) in
this sense. One exception is ridge 1 (Figure , upper panel), which was identified in a
region of the sensor with a direct line of sight through the beryllium window (inside the
red circle). This ridge differs in both the magnitude of the phase shift and its temporal
stability, as illustrated in the upper panel of Figure and a trend in the phases
across the different Mirnov coils might indicate a well-defined mode structure. Further
refinement of the ridge detection algorithm may enable the identification of additional
ridges, revealing further differences between data originating from the beryllium window
line of sight and that from the remaining sensor area. Such differences could indicate the
potential to detect both SXR and HXR using a single device. A more detailed analysis of
the correlations between MHD activity and HXR, (and possibly SXR) emission, as well
as the determination of MHD mode numbers, will be conducted in the future. However,
the present results are consistent with the possibility that MHD modes detected by the
Mirnov coils may influence runaway electron losses.

Minimum wavelet coherence with ridges, inside red circle B>
he 1 M1
—— Ridge 1 [§0.9
L Ridge 3 0.7
= Ridge 4 |
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g
Ridge 1 0-48
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Figure 13: Coherent ridges are identified in the wavelet minimum coherence map.

The paragraph below presents the summary of this chapter. To determine the
coherence between the HXR signals from the Timepix3 detector and the Mirnov coils,
continuous wavelet transforms were performed and the minimum wavelet coherence was
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Figure 14: The phase shift for the HXR signal (from inside red circle) and Mirnov coil
number 9.

calculated. As can be seen in Figure the results demonstrate the presence of regions
of increased coherence between the detector and Mirnov coil signals during the discharge.
This may indicate a connection between MHD activity and RE losses. To verify this,
coherent ridges are identified (see Figure in the wavelet minimum coherence map.
Phase shift calculations along the ridges, shown in Figure [I4] indicate a nearly constant
phase shift for almost every ridge. The calculation of phase shift along ridges depends
on the quality of separation of individual ridges. Ridge separation currently works
satisfactorily, but there is room for improvement in the detection algorithm, which will
be addressed in future work. A total of 15 plasma discharges were analyzed, of which
12 exhibited the same phenomena as those described in this work.

A comparison of regions with high minimum wavelet coherence, followed by an
increase in HXR detection on the Timepix3 detector, suggests that the MHD modes
detected by the Mirnov coils may modulate RE losses. The maxima of coherence and
the corresponding phase shifts correlate with moments of an increased number and
energy of detected HXR (see Figure 12| and Figure .
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4. Conclusion

In this study, we employed a methodology that combined the AdvaPix Timepix3 pixel
detector with continuous wavelet transform, as well as the quantification of wavelet
coherence in relation to magnetic signals from the Mirnov coils on the GOLEM tokamak.
This time—frequency analysis identified regions of increased coherence between HXR
signals from the Timepix3 detector and Mirnov coil signals. This indicates that runaway
electron losses in these intervals may be modulated by MHD modes. Furthermore,
we demonstrated that comparing energy spectra from different time windows reveals
differences in the energies and numbers of RE losses.

Phase shifts observed along certain time—frequency ridges are consistent across
multiple discharges, suggesting that populations of REs may be modulated by MHD
activity. Analysis of vacuum discharges showed that the identified frequency structures
are not artefacts of the behaviour of the laboratory equipment used on the tokamalk,
but are associated with the presence of plasma and its MHD activity. Thus, the study
confirms the practical applicability of Timepix3 for diagnosing correlations between
MHD modes and runaway electrons.

Future work could focus on determining the toroidal and poloidal mode numbers
and comparing the results with those from other diagnostics. Overall, this combination
of detection and time—frequency analysis paves the way for linking MHD mode
parameters with RE losses, which is significant for both further research and the design
of strategies to mitigate the harmful effects of runaway electrons.
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