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Abstract: We present an innovative X-ray spectroscopy system to address the complex study of the
X-ray emissions arising from laser–target interactions, where the emissions occur within extremely
brief intervals from femtoseconds to nanoseconds. Our system combines a Gas Electron Multiplier
(GEM) detector with a silicon-based Timepix3 (TPX3) detector. These detectors work in tandem,
allowing for a spectroscopic radiation analysis along the same line of sight. With an active area of
10 × 10 cm2, the GEM detector allows for 1D measurements for X-ray energies (2–50 keV) by utilizing
the full 10 cm gas depth. The high-energy part of the radiation beam exits through a downstream
side window of the GEM without being absorbed in the gas volume. Positioned side-on at the GEM
detector’s exit, the TPX3 detector, equipped with a pixelated sensor (55 µm × 55 µm; active area
14 mm × 14 mm), uses its full 14 mm silicon sensor to detect hard X-rays (50–500 keV) and gamma
rays (0.5–10 MeV). We demonstrate the correct operation of the entire detection system and provide a
detailed description of the Timepix3 detector’s calibration procedure, highlighting the suitability of
the combined system to work in laser plasma facilities.

Keywords: Gas Electron Multiplier detector; TimePix3 detector; X-ray spectroscopy; laser plasma
experiment

1. Introduction

X-ray emission measurements offer profound insights into plasma behavior in both
spatial and temporal contexts. Historically, the use of a pinhole camera constructed with a
Gas Electron Multiplier (GEM) detector has proven to be an invaluable technology for char-
acterizing plasma. This approach, employing 2D direct imaging through photon counting,
enables the investigation of various aspects of fusion magnetized plasmas in an experi-
ment with Tokamak machines. It allows for the examination of impurity dynamics within
the core, the reconstruction of magnetic configurations, the localization of heating effects,
and the study of phenomena like magnetohydrodynamic (MHD) instabilities, energy and
particle transport, and much more [1–5]. The GEM detector utilized in this technique is dis-
tinguished by its exceptional attributes, including high sensitivity, a broad dynamic range,
high temporal resolution, energy resolution, significant resistance to electromagnetic dis-
turbances, and resilience in the presence of neutron and gamma background radiation [6].
However, the need to monitor X-rays produced as a result of laser–target interaction has
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necessitated the use of the GEM detector, using a different strategy. In this case, the nearly
simultaneous emission of X-rays makes it impossible to distinguish individual photons in
laser-produced plasmas, thus transitioning into the so-called multi-photon regime. The
concept involves quantifying the charge released across the complete gas volume of the
GEM camera. This is achieved by deploying it in a configuration we term the “side-on”
setup. This configuration uses the enhanced capabilities of the novel front-end electronics
to measure both the charge and the arrival time of each detected photon. The utilization of
the GEM detector in this configuration presents several advantages over other detectors
used in laser-produced plasma (LPP), such as X-ray CCDs, which have limited spatial
resolution, or the BremsStrahlung Cannon (BSC) [7–9]. The GEM, although operating in
a more confined energy range (soft X-rays), offers real-time information working with
single shot. Against the BSC, which is based on a series of high-atomic-number sandwiches
interspersed with image plates, functions as a passive detector. A conceptually similar
detector to the GEM side-on configuration is the GEMpix detector, which integrates GEM’s
gas detector technology with a QUAD Timepix ASIC for readout [10,11]. However, in the
case of the GEMpix detector, since it performs a 2D imaging of the X-rays emitted from the
plasma, the experiments have involved placing aluminum filters with varying thicknesses
in front of the detector to measure X-ray fluxes as a function of energy. This approach has
employed a limited number of absorbers. In contrast, the GEM side-on configuration offers
the unique advantage of accommodating up to 64 absorbers, corresponding to the number
of pads at its disposal. This configuration allows for the measurement of the absorption
profile for soft X-rays in the energy range 2–50 keV. By coupling this GEM camera with
the solid-state Timepix3 (TPX3) detector, developed by the Medipix Collaboration [12],
the energy range for detectable photons can be extended into the hard X-ray and gamma
ray domains.

This paper describes both detectors, outlines the calibration procedure employed
for the TPX3, and illustrates and demonstrates the proper functionality of the integrated
system, including some results obtained during experimental campaigns conducted at the
Intense Laser Irradiation Laboratory (ILIL) of the CNR-INO Institute in Pisa.

2. The GEM and Timepix3 Detectors’ Features
2.1. The GEM Detector

The GEM detector was conceptualized in the late 1990s, and was initially intended for
use in particle physics. However, its versatility has led to its application in various other
fields of physics, including plasma physics. Constructed from a thin Kapton foil, merely
50 µm in thickness, this detector is metal-clad on both sides and hosts a dense array of
bi-conical holes. These holes exhibit an external diameter of 70 µm and an internal diameter
of 50 µm, spaced at intervals of 140 µm. Each hole operates as an electron multiplication
channel, facilitating this multiplication by applying potentials on either side of the foil [13].
For enhanced performance and a reduced probability of discharge, multiple GEM foils
are often assembled, resulting in substantial gains, typically around ∼103 on a single
stage. Our GEM detector employs three identical GEMs, covering a 10 × 10 cm2 active
area. The region between the cathode and the first GEM foil is 12 mm thick and contains
an Ar/CO2 mixture (70/30%). It features a side entrance and exit windows, measuring
6 × 80 mm2 . The PCB anode is divided into four lines, each comprising 64 pads, with each
pad measuring 1.5 × 20 mm2.

Figure 1 illustrates the operational principle of a Triple GEM detector. Ionization elec-
trons generated in the drift gap between the cathode and the first GEM foil are accelerated
by electric fields across the three GEM foils, undergoing multiplication. Upon passing
through the final GEM foil, they drift to the anode in the induction gap, generating an
induced current signal on the pads (charge collection stage). Notably, the signal on the
anode is exclusively generated by the electron collection process, without contributions
from slow positive ions. This enhances speed response and minimizes space charge-related
issues [13]. The readout can be performed using strips, pads, or pixels of various shapes
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and sizes. Gas detection technology renders the chamber highly selective to soft X-rays,
while the active gain imparts exceptional sensitivity. Among the features of the GEM
detector operating in the photon-counting mode and single-photon regime, it is essential
to highlight its outstanding optical flexibility and tunable time resolution, ranging from
milliseconds to microseconds.

Figure 1. Scheme of the functioning of a Triple GEM detector.

A New Paradigm for Photon Detection: X, Y, ToT, ToA Measurements

A new era started with the development of new front-end electronics based on the
GEMINI ASIC chip performed by the CNR-ISTP Institute, the University of Milano-Bicocca
and the INFN Institute [14].

The primary advantage of the GEMINI chip lies in its ability to measure, working in
the single-photon regime, in addition to the position (X,Y), as well as the charge and, conse-
quently, the energy released by each detected photon, utilizing the Time-over-Threshold
(ToT) variable and its Time-of-Arrival (ToA) with a high degree of accuracy, typically within
a few nanoseconds.

Consequently, each pixel effectively operates as an individual spectrometer, exempli-
fied by the ToT distributions (right panel) within the depicted GEM matrix (left panel) of
Figure 2, which is a 2D image of the soft X-ray emissivity of the fusion plasma from the
EAST Tokamak. Subsequently, using the calibration curve reported in Figure 3, the ToT
data are translated into charge, and from there, into energy. In the same figure, the function
used to fit the experimental data, which takes into account the non-linear behavior at low
charge values, is also displayed:

ToT(Q) = aQ + b − c
(Q − t)

+ dQ2, (1)

where the quantities a, b, c, d, and t are the output parameters from the fit.

Figure 2. ToT distributions for the single pads (right panel) within the depicted GEM matrix
(left panel).
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Figure 3. Calibration curve to convert the ToT information in charge.

Moreover, this system boasts an additional feature that allows for post-processing
adjustments in both spatial and temporal resolutions. The detector can operate in various
acquisition modes, including framing, fast time, and time and space binned. In the frame
mode, raw data acquisition occurs at millisecond timescales, while fast time mode offers an
enhanced time resolution at the sub-microsecond level, albeit with a diminished spatial
resolution. The time and space binned mode, on the other hand, operates at intermedi-
ate time and space resolutions, providing researchers with a versatile toolkit to satisfy
specific requirements.

2.2. The Timepix3 Detector

The Timepix3 (TPX3) detectors feature a semiconductor diode equipped with a pixe-
lated surface, enabling the precise determination of the energy deposited in each pixel. The
TPX3 detector’s active sensor can be constructed using various semiconductor materials,
including silicon (Si), cadmium telluride (CdTe), diamond, and more [15]. The choice of
material depends on the specific requirements of the experiment, and the sensor can be
manufactured with different thicknesses. In our experimental setup, we utilized a silicon
TPX3 detector with an active area measuring 14 × 14 mm2 and a thickness of 1000 µm.
The pixels measure 55 × 55 µm2 and are arranged in a matrix of 256 × 256. These detectors
allow for the identification of the type of ionizing particle that interacts with them through
a detailed morphological analysis of the tracked path of the detected particle. In the left
panel of Figure 4, it is possible to see the corresponding tracks identified as soft X- or hard
X-rays; in the center panel, those coming from electrons or gamma; and in the right panel,
the tracks refer to the heavy particle as α, proton, etc.

Figure 4. Example of particle identification performed using the silicon TPX3 detector, where it is
possible to appreciate the different morphology of the tracks released by soft X- and hard X-rays,
electron and gamma rays, α, proton or heavy particle, respectively.
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Additionally, the TPX3 detector is capable of simultaneously acquiring both the re-
leased energy (Time-over-Threshold—ToT) and the Time-of-Arrival (ToA) of each incident
particle with a time resolution of 1.56 ns [16,17].

3. Setup of the Combined Spectroscopic System

The approach employed to use the GEM detectors in the laser plasma experiments is
illustrated in Figure 5.

Figure 5. GEM detector approach working in multi-photon regime in a laser plasma experiment.

The GEM detector, unlike that which is usually conducted to perform a 2D direct
imaging of the plasma in the Tokamak machine, is placed in the side-on configuration:
X-ray photons emitted by the plasma enter through the side window of the GEM chamber
and release their energy within the 10 cm gas volume. Depending on their energy, they will
either be fully absorbed or, if more energetic, pass through the exit window. It is precisely
from the measurement of the charge absorption profile that we can deduce the soft X-ray
emission spectrum.

The functioning of the detector in this configuration was tested at the ILIL facility of
the CNR-INO Institute of Pisa.

The laser employed is a Ti:Sa CPA (Chirped Pulse Amplification) laser system, capable
of reaching a power of 240 TW and generating ultrashort pulses of 30 fs. In Figure 6,
a scheme of the octagonal interaction chamber of about 1.5 m in diameter is reported.
Particularly for laser plasma experiments, where the goal is to capture a wide range of
parameters for comparison with simulations, the strategic placement of detectors becomes
crucial. For the validation of the operation of the combined system, the GEM detector was
positioned in air, just outside of the interaction chamber, in front of a port on the same side
as the incident laser beam interacted with the target consisting of a titanium plate.

In this arrangement, the detector was well-placed to capture X-ray radiation that
passed through a mylar port window of 23 µm in thickness. It must be outlined that, at the
moment, the GEM detector is equipped with a kapton window not suitable to directly
interface the vacuum chamber. Then, the exploited position is a good compromise to
reduce air absorption compatibly with the overall dimensions of the aluminum case, with
walls of 2 mm thickness, in which both the detectors are enclosed for shielding from the
electromagnetic disturbances. In the future, a dedicated vacuum window will be realized
in order to directly mount the detector on the port.

Installing of the Timepix3 detector enables the detection of radiation that is unobserved
by the GEM camera, providing enhanced sensitivity to a broader range of emitted radiation
(until 10 MeV).
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Figure 6. Interaction chamber of the ILIL laboratory of the CNR-INO Institute of Pisa, where the
Ti:Sa CPA laser hits a titanium target. The position of the GEM camera is visible, together with a
picture of the bare detector, to better highlight the side-on configuration, fully assembled with the
double-FPGA acquisition board and the new front-end electronics.

The comprehensive scheme of the integrated spectroscopic system, based on a picture
of the experimental setup, is reported in Figure 7.

Figure 7. Scheme of the combined spectroscopic system: the X-rays emitted by the plasma enter the
GEM’s side window, and they are absorbed, or they cross the camera and arrive to the TPX3 detector
from the GEM exit window, where they are detected and analyzed morphologically.

In future experiments, a multi-placement of the detectors at different lengths and
angles will be tested.

The proper functioning of the overall system will be shown in the next section, where
we report the measured soft X-ray absorption profiles measured using the GEM detector
and the results of the measured radiation using the TPX3 detector.

4. Results
4.1. Soft X-ray Absorption Profile Detected Using the Side-on GEM Camera

In this section, we present the absorption profiles acquired by the side-on GEM detector
resulted from the multi-photon interactions of a single-laser pulse focused on a 5 µm thick
titanium target. Our methodology is versatile and can be employed with various types
of targets. It is not exclusively designed for the investigation of plasma resulting from
the interaction between a laser and a titanium target. The analysis is centered explicitly
on one row of the available detector pads, necessitating a 0.9 mm pinhole on the GEM
camera’s entrance window. On the left side of Figure 8, we illustrate the recorded charge in
each pad until the complete absorption of the soft X-rays in the gas volume is achieved.
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On the right side, we present the corresponding 1D profile, together with the simulated
lines representing Maxwellian curves, at different temperatures.

Figure 8. Released charge in each pad (left panel); corresponding 1D absorption profile and simulated
lines representing Maxwellian curves at different temperatures (right panel).

The expected spectrum comprises a continuum of Bremsstrahlung emission together
with the characteristic Kα XRF line. We conducted the simulation of the absorption profile
using the FLUKA Monte Carlo simulation package [18]. The use of this approach demon-
strated the capability to differentiate between distinct Maxwellian temperatures in the
generated plasma.

4.2. Silicon TPX3 Calibration Procedure and Hard X-ray Detection Results

Typically, the calibration process involves the utilization of X-ray fluorescence sources.
However, considering our specific interest in measuring potentially generated gamma
photons, we evaluated the detector’s response using established gamma emission sources:
133Ba, 107Cd, 57Co, and 137Cs. These gamma sources are widely recognized and employed
in gamma spectroscopy for their known energy spectra and intensities, making them
ideal candidates for calibrating our detector. We exclusively utilize the X-ray emissions
originating from a 55Fe source to provide a reference point for describing the non-linear
part of the TPX3 calibration curve. Our approach is conventional although applied to the
detector positioned in a side-on configuration. The utilization of known laboratory gamma
sources is motivated by the necessity to convert ToT information into energy and, more
significantly, to investigate the morphology and characteristics of tracks generated by hard
X-ray and gamma photons. The calibration was executed using a simple experimental
configuration, as depicted in Figure 9. In this setup, the gamma (or X-ray) source is precisely
aligned with the entrance window of the side-on detector, which is enclosed within the
same aluminum housing used during the data taking at the ILIL laboratory of Pisa. This
arrangement ensures that gamma photons emitted by the sources directly interact with the
detector, providing a controlled and reproducible calibration environment.

Figure 9. The calibration setup adopted where the gamma source is aligned with the entrance window
of the side-on detector, which is enclosed within the same aluminum housing used during the data
taking at ILIL laboratory of Pisa.
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The morphological analysis of the detected tracks was performed by using several
key parameters, including the ToT value (ToT), the cluster size (CS), the cluster height (CH),
the linearity (LIN), and the roundness (RND). The cluster size represents the count of pixels
constituting a cluster, while the cumulative ToT values of these pixels present the ToT value.
The cluster height is ascribed to the maximum ToT value within a cluster. The linearity (LIN)
parameter is calculated using the following formula:

LIN =
line_pixels

number_o f _pixels_in_cluster
, (2)

where line_pixels denotes the sum of pixels whose distance to the line, passing through the
most distant pixels, is less than or equal to 1.0.

Further, the roundness is defined as:

Rnd =
CS

D
2

2 · π
, (3)

with CS corresponding to the cluster size and D determined by the most distant pixels
within a cluster.

Each histogram reported in Figure 10 refers to a distinct calibration source starting
with an X-ray emission of 5.9 keV from the 55Fe source. Particularly, the 133Ba source
exhibits two distinct gamma emission peaks at 80 keV and 356 keV. They appear clearly
separated during the data acquisition, so we distinguished the two different contributions
at the analysis stage. The energy spectrum of these sources spans from 81 keV to 662 keV,
corresponding to the gamma rays emitted by 137Cs.

Figure 10. Selected X-rays and gamma emission peaks of the calibration sources: 55Fe, 133Ba, 107Cd,
57Co, and 137Cs covering the energy range from 81 keV to 662 keV. The 133Ba source exhibits two
distinct gamma emission peaks at 81 keV and 356 keV.

The analysis of the detected tracks involved applying a selection criterion based on
their morphological characteristics. Given our focus on gamma rays search, we mandated
a minimum cluster size (CS) of 5. For the identification of X-ray photons of low energy
(5.9 keV), our selection was constrained to smaller cluster sizes, with a maximum composi-
tion of two clusters. Additionally, we imposed a roundness criterion within the range of
60% to 90%. This selection was based on the nearly point-like shape of the resulting tracks.
As an example of the performed analysis, in Figure 11, the roundness, the linearity behavior,
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and the ToT distribution as a function of the cluster height in case of the employment of
the 109Cd source are shown. Thus, to select the gamma emission peak in the case of the
109Cd (88 keV), the events with a cluster height lower than 90, a roundness value exceeding
70% (as these tracks are less elongated), and a linearity value surpassing 90% are saved.
The same criteria are also applied to the lower-energy peak observed in the 133Ba source
(81 keV).

Figure 11. Roundness (a), linearity behavior (b), and ToT distribution as a function of the cluster
height (c) in the case of using of the 109Cd source are shown.

The rise in gamma photon energy is reflected in the observable characteristics of
the resulting tracks, as anticipated. Specifically, photons with an energy level of 122 keV,
originating from the 57Co source, exhibit a cluster height exceeding 90, a roundness falling
within the range of 40% to 70%, and a linearity surpassing 75%.

More stringent requirements are imposed on the emission peaks originating from the
133Ba (356 keV) and 137Cs (662 keV) sources. In the case of 133Ba, the cluster size needed to
exceed 7 and the cluster height falls within the 100–170 range. Roundness is restricted to
values below 70%, with a constraint on the linearity exceeding 80%.

For the higher-energy peak produced by 137Cs, selection cuts involve a cluster size
greater than 17, with a minimum cluster height of 100. These detected tracks exhibit a
narrower profile, as reflected by the roundness ranging from 20% to 40%, and appear rather
curved with a linearity less than 80%.

Each resulting distribution is fitted with the sum of two Gaussian functions in order
to construct the calibration curve of the detector. The fit results are summarized in Table 1,
while the calibration curve is visible in the Figure 12, where the reported error bars represent
a 2σ uncertainty.

Table 1. Fit results of each gamma emission peak of the calibration sources.

Energy (keV) ToT (µ) Error (σ)

5.90 (55Fe) 15.05 4.91
81.00 (133Ba) 191.14 26.75
88.04 (109Cd) 200.74 32.69
122.06 ( 57Co) 301.72 31.83
356.02 (133Ba) 356.72 48.13
661.66 (137Cs) 1064.11 156.79
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Figure 12. The calibration curve of the TPX3 (the fit function is also displayed). The error bars in the
plot represent a 2σ uncertainty.

The detector’s response was evaluated by utilizing the provided calibration curve.
To minimize interference from lower-energy radiation during data collection at the ILIL
laboratory, a 2 mm thick copper layer was introduced between the GEM camera and TPX3
detector. Photons with energies below 40 keV were effectively screened out, as evidenced by
the transmission coefficient’s behavior as a function of the energy, as depicted in Figure 13.
A zoomed-in view, including energies up to 100 keV, is also presented in Figure 13.

Figure 13. Transmission coefficient as a function of the energy for copper of 2 mm thickness (left
panel); in the zoomed-in view, it is possible to see the behavior until 100 keV (right panel) [19].

The distribution of Time-over-Threshold (ToT) values is examined, and the outcomes
are presented in Figure 14. In red, in the left panel, it is possible to observe the distribution
without any cut applied; in violet, in the right panel, the result with only the cluster size cut
(>5) is reported, while the green one represents the distribution that satisfies the additional
requirement of linearity exceeding 80%.
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Figure 14. The distribution of Time-over-Threshold (ToT) values is reported. Left panel: Distribution
without any cut applied. Right panel: Distribution with only the cluster size cut (>5) is reported
in violet, while the green represents the distribution with the additional request on the linearity
exceeding 80%.

Similarly to the calibration sources studied, we analyzed roundness, linearity, and ToT
as a function of both cluster size and cluster height, which are concisely summarized in
Figure 15. Subsequently, we applied the findings from the analysis of track morphology
and features, resulting from the photons emitted from laboratory gamma sources to explore
potential associations with the experimental observations obtained at the ILIL facility.

Figure 15. Analysis results on the roundness (a), the linearity (b), and the ToT as a function of both
the cluster size (c) and the cluster height (d) in the case of applying a 2 mm copper filter between the
GEM camera and the TPX3 detector.

In Figure 16, two distinct distributions have been identified.
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Figure 16. Distributions identified by taking into account the morphological analysis of the tracks
studied during the calibration process.

The green peak is selected based on specific conditions: tracks with high linearity
(>80%), a cluster height value lower than 100, and roundness falling within the range of
20–40%. The purple peak, on the other hand, is characterized by tracks with a cluster
height between 100 and 400, alongside a less spherical appearance, with roundness values
between 40% and 70%.

These observed distributions have been subjected to further analysis through fitting,
utilizing a combination of double Gaussian functions. Following the calibration curve
depicted in Figure 12, these distributions correspond to energy values of 54 keV (174 ToT
value) and 265 keV (397 ToT value), respectively. Consequently, the first distribution is
reasonably compatible with the tail of the thermal spectrum measured using the GEM
detector. Furthermore, there is an additional contribution of higher energy, although its
statistical significance is limited. This contribution is associated with clusters of larger size
(>10), linearity values lower than 80%, and roundness values ranging from 20% to 40%
(blue distribution in Figure 16).

5. Discussion

The application of GEM cameras in the head-on configuration within Tokamak ma-
chines like NSTX, FTU, EAST, or KSTAR has long been recognized as an invaluable tech-
nology for conducting 2D plasma soft X-ray imaging or tomography in the field of plasma
physics. Initially, this was achieved by utilizing the detector operating in photon-counting
mode. However, a new era began with the development of advanced front-end electron-
ics, enabling the measurement of photon energy and also the precise determination of
each photon’s arrival time, making each pixel of the detector capable of acting as a sin-
gle spectrometer. While this configuration is well-suited for single-photon applications,
it requires reevaluation for use in scenarios like laser plasma experiments, where high-
intensity X-ray emissions occur in very concentrated bursts. To address this challenge,
a new approach was adopted, consisting of the use of the detector in what we refer as
the side-on configuration, which allows us to perform the measurement of the X-rays
absorption profile by taking advantage of the capability of the front-end electronics to
measure the released charge in the detector, with the unique advantage of accommodating
up to 64 absorbers, corresponding to the number of pads at its disposal. In this side-on
configuration, we can effectively measure the absorption profile for soft X-rays within the
energy range of 2–50 keV. A further element of novelty is given by the coupling of this
GEM camera with the solid-state Timepix3 (TPX3) detector, which allows us to extend the
energy range for detectable photons into the hard X-ray and gamma ray domains. This
system significantly enhances spectroscopic capabilities within the regime of multi-photon
emissions. The presented experimental results demonstrate the successful detection of soft
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X-rays using the GEM detector and, simultaneously, the proper functioning of the TPX3
detector has been proven. It allowed, in fact, for the identification of radiation emitted by
the plasma, resulting from the laser–target interaction, specifically identifying hard X-rays
and particularly two populations of about 50 keV and 270 keV, respectively. The former
is likely attributable to the high-energy tail of the thermal spectrum previously measured
using the GEM camera. However, the TPX3 can also work in the side-on configuration
and multi-photon regime to also detect the gamma rays, as was made previously in the
occasion of the VEGA-2 experimental campaign, where gamma photons of 3 MeV have
been identified [20].

Furthermore, it is noteworthy that both GEM and Timepix3 detectors exhibit robust
performance even in the presence of elevated background radiation. They can effectively
operate under neutron flux levels on the order of 107 n/s·cm2. To monitor such challenging
radiation environments, a CVD diamond TPX3 detector can also be effectively employed.
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