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ABSTRACT

Developing a compact gamma spectrometer for radiation monitoring in critical zones, such as
nuclear power plants and the Chernobyl Exclusion Zone, is vital for ensuring high sensitivity
and accurate measurements amid geopolitical instability and military aggression. The aim of
the study was to demonstrate the feasibility of a miniature scintillation spectrometer using a
lutetium-yttrium oxyorthosilicate crystal (LY SO) and a silicon photomultiplier (SiPM) or multi-
pixel photon counter (MPPC), and to compare it with an existing compact photomultiplier tube
(PMT) R7400U assembly with a thallium-doped caesium iodide crystal (CsI(Tl)). The first
stage involved preparing a prototype board for the R7400U PMT and analyzing its
spectrometric characteristics. Next, an experimental setup using the LYSO crystal, SiPM
photodiode, preamplifier electronics, and a spectrum analyzer was assembled, while gamma
radiation interaction was modeled with GEANT4. Experimental measurements with a Cesium-
137 (137Cs) source (661.7 keV) showed that the spectrometer could register and analyse
gamma spectra with moderate resolution. The SiPM signal remained stable with optimal
electronics and a 400 V DC-DC converter, providing low noise. Experimental data matched
Monte Carlo simulations, and the SiPM's large pixel count ensured better response linearity at
high light intensity. As a result, the design proved stable and effective for long-term
measurements. The proposed approach demonstrated the possibility of such miniaturisation of
spectrometric systems without significant degradation of performance. The study demonstrated
the feasibility of a miniature scintillation spectrometer with LYSO and SiPM/MPPC,
performing similarly to the PMT-based system. This compact design offers a viable solution for
portable radiation monitoring in critical environments.

Keywords: scintillation detector, photomultiplier tube, multi-pixel photon counter, energy
resolution, voltage divider, digital signal processing, nuclear safety, detector calibration.

1. INTRODUCTION

In the current conditions of geopolitical instability and military aggression against
Ukraine, an important task was to ensure radiation monitoring in critical zones, such as nuclear
power plants (NPPs) and the Chernobyl Exclusion Zone. Compact gamma spectrometers
played a key role in detecting sources of ionising radiation, which was of great importance for
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both civilian use and military security. The main challenge in the development of compact
gamma spectrometers was to ensure high sensitivity and measurement accuracy while
maintaining the small size of the device. The use of a CsI(TI) scintillation crystal in combination
with a PMT provided sufficiently high gamma radiation detection efficiency, although such
systems required careful calibration and parameter optimisation to reduce noise levels and
improve energy resolution. In the study by Tarancon et al. (2022), the efficiency of different
scintillation materials in combination with SiPM for gamma radiation detection was analysed.
The experimental results showed that detectors based on CsI(Tl) and thallium-doped sodium
iodide (Nal(Tl)) demonstrated better energy resolution, whereas bismuth germanate (BGO)
provided higher efficiency for detecting high-energy gamma quanta. The authors emphasised
that the choice of scintillation material should be made considering the specific detection
requirements and operating conditions. The study by Kim et al. (2022) was dedicated to the
development of a low-resolution gamma spectrometer for monitoring radioactivity levels in
wastewater. The proposed system allowed the specific activity of radionuclides to be
determined quickly and efficiently before the discharge of wastewater, significantly reducing
analysis time and increasing control accuracy. Thus, the developed spectrometer was an
important tool for the safe management of liquid radioactive waste.

The team of Mrdja et al. (2024) presented a compact gamma spectrometer for monitoring
radiation background in the environment. The conducted tests confirmed that the device
effectively tracked changes in radiation levels in real time, making it a promising solution for
environmental monitoring. The work of Carminati et al. (2022) focused on the development of
a portable gamma spectrometer compatible with magnetic materials. The main task of the
device was radiation safety control and scrap metal inspection. Testing showed that the
developed spectrometer ensured rapid and accurate detection of radioactive materials, making
it useful for environmental monitoring and industrial applications. In the study by Srivastava et
al. (2022), the potential of using SiPM in combination with a gadolinium gallium aluminium
garnet crystal doped with cerium and boron (GGAG:Ce,B) for gamma radiation monitoring
was analysed. The results obtained indicated that the detector had high linearity in the range of
3.5-300 uGy/h and a sensitivity of 2.44 cps/uGy/h. In addition, the researchers noted its
compactness, energy efficiency, and suitability for use in environmental monitoring systems.
Kim et al. (2024) considered a condenser air removal system that played a key role in radiation
monitoring at NPPs. The main focus was on detecting potential leaks of radioactive materials
from the primary to the secondary coolant circuit. The data obtained confirmed the effectiveness
of the proposed optimisation method and showed that the calculated values of the k coefficient
matched the reference parameters, which allowed minimisation of the need for physical
measurements in hazardous conditions. In the work, Mishra and Kumar (2022) investigated
methods for measuring radiation levels and radioisotope concentrations in the environment. The
authors analysed various types of detectors, including gas-filled ionisation chambers (Geiger-
Miiller tubes (GM tubes)), scintillation detectors (liquid scintillation counter (LSC), Nal(Tl),
silver-activated zinc sulphide (ZnS(Ag)), and semiconductor detectors (high-purity germanium
(HPGe), passivated implanted planar silicon detector (PIPS)). The main conclusion was that to
ensure measurement accuracy and traceability, regular calibration of instruments was required,
which allowed compliance with international radiation safety standards. The study by Stransky
et al. (2022) concerned the development of an electromagnetic calorimeter for spectrometry in
radiation fields generated by high-power lasers. To test the device, calibration was performed
using '3’Cs and Cobalt-60 (°Co) sources. The measurements showed that the calorimeter could
determine the energy of the incident radiation with an error of about 10%, confirming its
effectiveness for use in high-intensity laser experiments.

The aim of this study was to describe the assembly of a scintillation spectrometer based
on a LY SO scintillator crystal combined with a SiPM, also known as an MPPC. The task of this
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study was to create a miniature scintillation spectrometer based on a LYSO crystal and
SiPM/MPPC, and to compare this assembly with an existing compact spectrometer based on
the PMT R7400U.

2.  MATERIALS AND METHODS
2.1. Study Overview and Research Objective

This study employed a comprehensive approach combining the development, assembly,
experimental testing, and computer modelling of a scintillation spectrometer using a modern
silicon photodetector. The goal was to assess the suitability of the SiPM as a compact and
reliable alternative to traditional PMTs for the creation of miniature spectrometers.
2.2. Prototype Development and Testing

The first stage of the study involved the preparation of a prototype board and

spectrometric chain for the compact PMT R7400U, followed by testing the resulting detector.
The results of this stage served as reference values for miniaturization (Figure 1).
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Figure 1. Prototype development and testing diagram

Figure 1 illustrates the key stages involved in the development and testing of the
prototype, providing a clear overview of the process. It visually represents the flow from the
procurement of components, through assembly, to the final testing and analysis stages. This
diagram helps to simplify the complex sequence of operations, making it easier to understand
the steps taken to miniaturize the spectrometric system based on the PMT R7400U.
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2.3. Assembly of Experimental Spectrometer Prototype

The second stage focused on the physical assembly of an experimental spectrometer
prototype using an MPPC. For this, a lutetium-yttrium oxyorthosilicate crystal doped with
cerium (LYSO(Ce)) was selected. LYSO(Ce) was chosen for its high light output
(approximately 75% of Nal(Tl)) and an energy resolution of about 8% at 661.7 keV. The
dimensions of the crystal were (4x4x26) mm, and its end face was optically coupled with a
SiPM model S14160-3010PS from Hamamatsu Photonics, which has an active area of (3x3)
mm and contains approximately 90,000 micropixels. This setup ensured good signal linearity,
even with numerous scintillation photons typical in gamma radiation detection. It is important
to highlight that the successful assembly of the experimental spectrometer prototype, utilizing
the LYSO(Ce) crystal and SiPM, represents a critical step in the development of a compact,
high-performance radiation detection system (Figure 2). The integration of these components
ensures efficient gamma radiation detection with reliable signal linearity, laying the foundation
for further testing and optimization in subsequent stages of the study.
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Figure 2. Assembly of experimental spectrometer prototype diagram
2.4. Light Collection and Optical Coupling

To ensure effective light collection, aluminium foil was attached to the surface of the
crystal to act as a reflective layer. The optical contact between the crystal and photodiode was
established with minimal light loss, ensuring optimal signal collection efficiency.

2.5. Front-End Electronics and Power Supply

The main signal readout component was a charge-sensitive preamplifier CR-113-R2.1,
mounted on a test board CR-150-R6 from Cremat Inc., assembled in Configuration 3, which
optimally read pulses from the SiPM. This configuration provided correct amplification of the
SiPM avalanche discharge current signal into a voltage signal (transimpedance amplification).
Additionally, the study compared three reverse voltage source options for powering the SiPM:
a laboratory power supply, a 400-watt DC-DC converter, and a 1,200-watt DC-DC converter.
It was found that the 400-watt converter generated the least electrical noise and provided the
most stable background for accurate signal amplitude measurements.

2.6. Signal Measurement and Calibration

After stabilizing the circuit, signal measurements were taken using an oscilloscope.
Spectrum formation and energy resolution were evaluated using a CANBERRA DCA1000
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analyser. The isotope 137Cs, emitting gamma quanta at 661.7 keV, was used as the calibration
radiation source for testing. This allowed for the characterization of the spectrometer's
performance.

2.7. Theoretical Modelling and Simulation

In addition to experimental testing, significant attention was given to the theoretical
modelling of processes within the spectrometer. The Monte Carlo method was applied using
the GEANT4 toolkit, which allowed for the modelling of photon transport, optical processes,
and light detection statistics in the SiPM. Spectra were modeled taking into account photon
collection, and the smearing caused by the operation of the spectrometric chain was evaluated.

3. RESULTS AND DISCUSSION

Gamma spectrometry was one of the main methods for analysing ionising radiation,
enabling the identification of radioactive isotopes by the characteristic gamma lines. This
method was widely used in nuclear physics, environmental monitoring, radiation control, and
the detection of illicit trafficking of radioactive materials. The operating principle of gamma
spectrometers was based on the registration of gamma quanta by detectors, which converted
the energy into electrical signals that were then analysed to obtain the radiation spectrum
(Luxium Solutions, 2023; Choi et al., 2025). The main types of detectors used in gamma
spectrometers were scintillation detectors, semiconductor detectors, and gas-filled counters
(Chierici et al., 2021; Pak et al., 2018). Scintillation detectors, such as Nal(Tl) and CsI(TI)
crystals, were among the most common due to the high radiation detection efficiency,
compactness, and availability. Nal(T1) provided high light output but had high hygroscopicity,
which complicated its use in portable devices (Loburets et al., 1997). CsI(Tl), which was used
in this study in combination with a PMT, had lower hygroscopicity and greater mechanical
strength, making it more suitable for mobile gamma spectrometers. Moreover, it demonstrated
high light output and efficiency in the low-energy range.

PMTs were key components of scintillation detectors, as PMTs provided the conversion
of light pulses generated in the crystal by gamma quanta into electrical signals. The operating
principle of the PMT was based on photoemission of electrons from the photocathode upon
interaction with photons, followed by cascade multiplication of electrons on dynodes. This
allowed the signal to be significantly amplified and further analysed (Lee et al., 2023; Pekur et
al., 2023). In this study, a Hamamatsu R7400U PMT was used, characterised by compact size,
high sensitivity to weak light signals, and an operating voltage of 1,000 V. Stable PMT operation
depended on the quality implementation of the voltage divider, which ensured uniform potential
distribution between the dynodes. Voltage divider circuits typically included resistive chains
that allowed control of the voltage at each stage of the PMT (Pino et al., 2021; Azarov et al.,
2022). In this study, the voltage divider consisted of nine resistors with a total resistance of 2.8
MQ and capacitors that improved the linearity of the output signal. Additionally, R-C filters
were used to reduce noise influence and stabilise the output signal.

The power supply of the spectrometer played an important role in ensuring stable PMT
operation (Sergiyenko et al., 2011; Qawaqzeh et al., 2020). The use of high-voltage DC-DC
converters significantly reduced the size of the device, but could also cause electromagnetic
interference (Verbelen et al., 2021; Shchurov, 2022). Therefore, special attention was given to
the use of filters and shielding to reduce noise levels. In this study, a 3V—950V DC-DC
converter was implemented, making the spectrometer more portable compared to traditional
counterparts requiring an external high-voltage power source. During the experiments, the
performance of the compact gamma spectrometer was tested by registering gamma quanta from
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various radiation sources. The focus was on analysing the detector's output signal, its stability,
signal-to-noise ratio, and correctness of energy spectrum construction. The spectrometer output
signal consisted of electrical pulses generated by the PMT during the interaction of the
scintillation crystal with gamma quanta. Each pulse corresponded to a separate radiation
detection event and was characterised by an amplitude directly proportional to the energy of the
absorbed gamma quantum. Analysis of these pulses formed the basis for constructing the
radiation energy spectrum and identifying radioactive isotopes (Han et al., 2022; Mikhailova et
al., 2025).

To test the detector's operation, a series of experiments with different gamma radiation
sources was conducted. The primary radiation source used was the isotope '*’Cs, which emitted
gamma quanta with an energy of 662 keV. This was one of the most common radiation sources
widely used for calibrating spectrometric systems. During signal registration, pulses of different
amplitudes corresponding to the radiation source’s energy levels were recorded. It was
determined that the maximum signal amplitude correlated with the expected photon energy, and
the pulse shape retained a characteristic exponential decay. The dynode signal was an
intermediate electrical pulse formed at the output stages of the PMT. Its analysis allowed for
assessment of the internal dynamics of PMT operation, as well as the influence of the voltage
divider and the signal amplification efficiency (Melnychuk et al., 2023; Naik et al., 2024).
During the experiments, the signal was taken from the eighth dynode of the PMT, which
allowed a sequence of pulses to be obtained, each corresponding to the interaction event of a
gamma quantum with the scintillation crystal. Measurements were carried out using a high-
resolution digital oscilloscope. The analysis of the obtained oscillograms showed that the
average dynode signal amplitude was about 25-30 mV, and the pulse rise time did not exceed
10 ns. This matched the expected parameters of PMT operation and indicated high-speed
performance of the amplification system. Comparison of the obtained data with the theoretical
model showed that the amplitude-time characteristics of the signal corresponded to calculated
values. This confirmed the correctness of the voltage divider circuit and the efficiency of
potential stabilisation between dynodes.

The anode signal was the final output pulse of the spectrometer, which was fed into an
analogue-to-digital converter (ADC) for further processing. Its shape and amplitude
characteristics determined the accuracy of spectrometric measurements and the possibility of
gamma line identification (Menush Dilka, 2025; Zakharova et al., 2025). Oscillographic
analysis of the anode signal showed that its maximum amplitude for '*’Cs gamma quanta
reached 300-350 mV, which corresponded to the energy level of 662 keV. It was found that the
average pulse width at 50% amplitude was 200 ns, which was optimal for registering high-
frequency events. Some amplitude fluctuations within 5-7% were noted, which were explained
by fluctuations in the process of secondary electron emission in the PMT. This was a standard
effect for PMTs, which could be compensated by additional digital signal processing. Based on
the obtained anode signals, the gamma radiation spectrum of the '*’Cs source was constructed.
For this, digital filtering algorithms and amplitude-based pulse distribution were used.

Spectrum analysis showed a clearly defined peak at 662 keV, which corresponded to the
main gamma line of *’Cs. In addition to the main peak, a number of low-energy events were
recorded, which could be associated with Compton scattering of photons in detector materials
and the surrounding environment. To assess the spectrometer’s resolution, full width at half
maximum (FWHM) measurements were conducted. It was found that the peak width was 63
keV, which corresponded to an energy resolution of approximately 9.5% at 662 keV. This value
was typical for scintillation spectrometers with CsI(T1) and confirmed the suitability for basic
gamma radiation analysis. The device’s operational stability under different temperature
conditions was also assessed. Measurements were carried out within a temperature range of 10-
35°C to detect possible temperature dependencies in detector operation. The results showed that
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with each 10°C increase, the signal amplitude decreased by approximately 2-3%. This was
explained by the temperature dependence of the scintillation crystal and variations in the PMT
gain factor. At the same time, the 662 keV spectral line remained stable, indicating sufficient
temperature resistance of the device. To compensate for the temperature influence, automatic
adjustment of the energy scale based on control radiation lines could be used. The obtained
results confirmed the effectiveness of the developed spectrometer for gamma radiation
registration. It was determined that the device correctly identified gamma lines of radioactive
isotopes, had sufficient energy resolution, and stable operation. The identified shortcomings
related to parasitic noise and temperature dependence could be resolved through further
optimisation of the electronic circuit and signal processing software.

Following the initial experiments with '3’Cs, a series of additional measurements with
other radioactive sources was conducted to assess the spectrometer’s sensitivity and resolution.
In particular, sources of ®°Co and Americium-241 (>**'Am) were investigated, which had
characteristic gamma lines and allowed for assessment of the spectrometer’s capability to
identify different isotopes. During the measurement of ®°°Co radiation, two main peaks were
obtained at 1,173 keV and 1,332 keV, which corresponded to the gamma radiation of this
isotope. Despite the high photon energies, the CsI(TI) scintillation detector maintained
sensitivity in this range. However, the peak width was significantly greater than for '*’Cs,
indicating a decrease in detector resolution as radiation energy increased (Figure 3).
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Figure 3. Gamma spectrum of '*’Cs, ®Co

These measurements confirmed that the spectrometer could be used to analyse a wide
range of gamma radiation energies, although the accuracy of isotope identification decreased at
high energies due to the increased width of the peaks. Another important factor was the
influence of data accumulation time on the quality of spectral analysis (van der Veeke et al.,
2021; Wojcik et al., 2022). During the study, measurements of the '3’Cs spectrum were carried
out with different exposure times: 30 seconds, 60 seconds, 120 seconds, and 300 seconds. At
short exposure time (30 seconds), a significant statistical error was obtained, which made it
difficult to accurately determine the 662 keV peak. Increasing the time to 120 seconds allowed
a clearer spectrum with an improved signal-to-noise ratio to be obtained. An optimal time of
300 seconds was identified, at which the obtained spectra had the lowest statistical error and
the peak was determined with high accuracy. The level of natural background in laboratory
conditions was also assessed. In the absence of a radioactive source, the measurements showed
a low-energy background composed mainly of gamma quanta from natural radionuclides,
including Potassium-40 (“°K-40, 1,460 keV) and radon decay products. This confirmed the
sensitivity of the spectrometer even without the use of strong radiation sources. Since the
operating voltage of the PMT had a critical impact on the characteristics of the output signal, a

93|Page



ISSN 2462-2052 | eISSN 2600-8718 Journal of Science and Mathematics Letters
DOI: https://doi.org/10.37134/jsml.vol13.2.7.2025 Volume 13, Issue 2, 87-106, 2025

series of experiments was conducted by varying the supply voltage within the range of 850-
1,000 V (Sun et al., 2021; Irtyshcheva et al., 2022). At 850 V, a significant decrease in pulse
amplitude and a deterioration in spectral resolution were recorded. This was due to insufficient
acceleration of electrons in the PMT, which reduced the signal gain factor. Optimal results were
obtained at 950 V, which corresponded to the recommended parameters for the Hamamatsu
R7400U. At this value, the signal had a stable amplitude, and the peak resolution remained
within 9-10%. When the voltage was increased to 1,000 V, a slight improvement in signal
amplitude was observed, but additional noise appeared, which could negatively affect the
quality of spectral analysis. This confirmed the need for precise adjustment of the supply
voltage to achieve optimal spectrometer performance. One of the important characteristics of
the spectrometer was its stability and repeatability of results (Wu et al., 2025; Ilderbayeva et
al., 2024). A series of 10 measurements of the '*’Cs spectrum was carried out, each lasting 120
seconds.

Statistical analysis of the obtained spectra showed that the deviation in the position of the
662 keV peak did not exceed 2%, which indicated high measurement accuracy. The relative
intensity of the peaks varied within 5%, which was acceptable for scintillation detectors. The
developed gamma spectrometer was designed to identify radioactive isotopes by analysing
characteristic gamma lines. It was based on the use of a CsI(Tl) scintillation crystal in
combination with the Hamamatsu R7400U PMT, which operated at 1,000 V and had a signal
gain factor of 7x10°. The main task of this study was to verify the operability of the
spectrometer, assess the quality of the obtained signals, evaluate the stability of the device, and
measure the accuracy of gamma radiation identification. Since gamma spectrometers are widely
used in radiation monitoring and nuclear physics, it was important to confirm that the
characteristics of the developed device matched the expected parameters (Marques et al., 2021;
Luniov et al., 2019). A key component of the spectrometer’s electronics was the voltage divider,
which ensured uniform voltage distribution between the PMT stages, providing correct detector
operation. The divider consisted of 9 resistors (R1-R8=330 kQ, R9=160 kQ) with a total
resistance of 2.8 MQ and three capacitors (C1=C2=C3=1pF/200V) which acted as decoupling
components, improving the output linearity of the signal when the PMT operated in pulse mode.

Figure 4 shows the schematic diagram of the voltage divider. Before the coaxial connector
used for signal transmission, a decoupling capacitor C4=0.01uF/200V was installed to protect
the output signal from high voltage influence. Additionally, an R-C filter was provided at the
anode output to help minimise parasitic voltage oscillations and stabilise pulse amplitude
(Hamamatsu Photonics, 2024; Ahmadov et al., 2022).
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Figure 4. Voltage divider circuit for PMT R7400U
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The spectrometer design was optimised for compactness, so the main electronic
components were made in Surface-Mount Device (SMD) format. This significantly reduced the
dimensions of the board compared to conventional THT components and also improved the
signal characteristics by reducing parasitic inductances (van der Veeke et al., 2021; Huseynzada
et al., 2023). XH-type “female” connectors with a pin width of 1.2 mm were used to connect
the PMT, which simplified assembly and ensured reliable contact between detector elements. A
photograph of the finished detector with PMT and voltage divider is presented. The device was
powered by a 3V—950V DC-DC converter, which significantly reduced the instrument size
compared to classical counterparts using bulky external power supplies. At the same time, the
use of a switching converter could cause electromagnetic noise, which potentially affected
signal quality (Flyckt and Marmonier, 2002; International Atomic Energy Agency, 2024).

To evaluate the operation of the spectrometer, the output signal was analysed using a
digital oscilloscope. The main parameters of the signal were its shape, amplitude, signal-to-
noise ratio, and temporal stability. The amplitude of the pulses varied within the range of 25-30
mV, and the average signal rise time was 10 ns. This corresponded with the expected operating
parameters of the PMT and confirmed its correct functionality. In Figure 5, the anode signal is
shown, which was the main output signal of the spectrometer. Its amplitude for '*’Cs gamma
quanta reached 300-350 mV, which corresponded to the energy level of 662 keV. The average
pulse width at 50% of the amplitude was 200 ns, which was an optimal value for high-speed
gamma quantum registration.
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Figure 5. Anodic signal

An equally reliable and reproducible result was obtained when using the SiPM. Avalanche
diodes operated under reverse bias voltage high enough for each electron to trigger an electron
avalanche. The bias voltage was higher than the breakdown voltage, and taking into account
the diode’s intrinsic capacitance, the generated charge could be estimated as (1):

Q = Caiodge X Vpias — Vbreakdaown) (1)

where Q — charge, Cdiode — diode capacitance, Viias — bias voltage (applied voltage), Vireakdown —
breakdown voltage.

This was similar to the operating principle of PMTs, but there was no linear dependence
of the diode signal on the number of incident photons. Such diodes were often used in counter
mode — regardless of the number of photons causing external photoeffect in it simultaneously,
the electrical pulse would be of the same amplitude. The idea of SiPM was that the generated
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light would reach different pixels as individual photons, an ordinary stream of events. It was
assumed that the probability of two photons hitting the same diode simultaneously was unlikely
and could be neglected. Thus, within the time window (scintillator emission time), the signal
would be directly proportional to the number of photons that hit the matrix. And due to
electronic avalanches, each individual pulse was a single photoelectron multiplied millions of
times in an avalanche process. There existed semi-empirical probabilistic formulas (2) and (3)
for calculating the number of detected photons Nyqet (2) and (3):

PDE = QE X €geom X Pyeiger (2)

where QE was the quantum efficiency, ggeom — the geometric efficiency, Pgeiger — the Geiger
discharge probability, and PDE — the photon detection efficiency.

N.

ydet = Ncells X (1 - e_NydetX PDE/NCQUS) (3)

where Nydet was the number of detected photons, Neeiis the number of pixels. From this formula,
it was evident that to preserve the linearity of detected photons relative to incident photons, the
number of pixels had to exceed the number of photons in the brightest flashes in the scintillator.
This requirement arises from the consideration of expanding the exponential into a series
(Tavernier, 2009; Hamamatsu Photonics, 2024).

According to documentation to S14160-3010PS SiPM, the time of single charge
avalanche in diode was 14.~100ns (Figure 6). The total number of scintillation photons was
exponentially distributed with decay time 7 (900 ns for CsI(TI), for example). To evaluate the
number of photons which illuminated the MPPC in the lifetime, it was possible to integrate the
photons over time distribution in range of detector time window. For example, it was worth
taking CsI(T1) with 900 ns decay time and light yield N=54photons/keV, the actual number of
photons in first 100 ns is Nine=Nx*(e’—e °7°%)~6ph/keV. For incident gamma-particle of '3’Cs,
with energy 661.7 keV, the total number of photons was 3,5731 but Nin=3,757. When the
scintillator decay time was less than dead time of the diode: for example, a lot of organic
scintillators with couple ns, or, inorganic LYSO crystal with decay time of around 40 ns — the
total incident photons of event counts in the range of single avalanche lifetime.

(Typ. Ta=25 °C, Va=Vop)
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According to the obtained theoretical result, the best version of SiPM was the one with
the most pixels, preferably at least 1-2 orders of magnitude more than the number of incoming
photons in the range of the lifetime of the diode. For spectrometric purposes, it was worth
choosing an S14160-3010 MPPC from Hamamatsu Photonics (2024). This was a (3%x3) mm
SiPM with almost 90,000 pixels with a pitch of 10 um. It was possible to estimate that the
typical number of photons in reference scintillators (like Nal(Tl)) was 1,000-10,000 for
different energies of the incident gamma particle. The scintillator to be used with the SiPM had
a slightly lower light output, 75% of Nal(T1). It was about LY SO (Lul.8Y0.2Si05), dimensions
(26x4x4) mm. According to the recent conclusions, this crystal and diode should have fit by
characteristics. In the test assembly, aluminium foil was used to collect light, and the MPPC
was attached from the end cap. As the charge sensitive amplifier (CSA) and shaping amplifier
(SA), CR113 and CR200-1u by Cremat were used, respectively (Cremat Inc., 2017; Cremat
Inc., 2018). To supply the diode with reverse voltage, several sources were evaluated. These
included a 400 W DC-DC converter (low voltage to high) with a conversion speed of 150 kHz,
which is relatively smaller in capacity; a 1200 W DC-DC converter (low voltage to high) also
operating at 150 kHz conversion speed but with a larger capacity; and a laboratory power unit,
which served as an alternative source for comparison.

The 400 W DC-DC converter (Figure 7A) provided the best performance in this
experiment, as it generated the smallest noise amplitude compared to other power sources. This
minimized interference and allowed for a clearer and more stable signal. As a result, the 400 W
converter proved to be the most effective option for ensuring high-quality data, as it maintained
a consistent and reliable signal throughout the measurement process. The reduced noise levels
made it easier to isolate the signal, leading to more accurate and precise measurements.
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Figure 7. Small converter [noise (A), signal (B)]

The 1200 W DC-DC converter (Figure 8A) exhibited a significantly higher noise level
compared to the 400 W DC-DC converter, which interfered with the overall signal quality. The
increased noise made it challenging to distinguish the signal from unwanted disturbances,
reducing the clarity of the data. When the noise frequency became too high (Figure §B), the
signal became increasingly distorted, blending into a curved background line. This distortion
made it difficult to isolate the true signal, further degrading the accuracy of the measurements.
These results underscore the critical importance of controlling noise levels in the system to
ensure high-quality and reliable signal detection, especially when working with high-power
sources.
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The laboratory power unit (Figure 9) demonstrated a higher noise frequency compared to
the 400 W DC-DC converter, which made it more challenging to maintain a clear and stable
signal. Although the laboratory power unit was still capable of producing a usable signal, the
elevated noise frequency introduced significant fluctuations, leading to a less stable
background. These fluctuations interfered with the ability to accurately detect and measure the
signal, causing potential distortion and reducing the overall quality of the measurements. The
higher noise frequency resulted in more frequent disruptions, making it more difficult to isolate
the true signal from the background noise, thereby negatively impacting the reliability and
precision of the data collected.
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Figure 9. ATTEN [noise (A), signal (B)]

The next step in the experiment involved obtaining gamma spectra from calibration
sources to assess the performance of the spectrometer. For this, a DCA1000 multichannel
analyzer from Canberra Industries was used, which allowed for precise measurement and
analysis of the spectral data. Using the 137Cs calibration source, the gamma line at 661.657
keV was measured (Figure 10). This particular energy level was chosen as it is a well-known
and reliable reference point for calibrating spectrometers. The spectrometer’s energy resolution
was calculated at this energy, resulting in a Full Width at Half Maximum (FWHM) value, which
was found to be approximately 12%. This was determined using the equation FWHM/p =
2#\(2*In2)*o/p = 12%, where o represents the standard deviation of the spectral peak, and p is
the mean energy of the gamma line. The calculated resolution value provides an important
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measure of the spectrometer’s ability to distinguish between closely spaced gamma energy
peaks, and a resolution of 12% indicates a relatively good performance for this type of
spectrometer in the energy range of 137Cs.

Counts vs channel number
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Figure 10. *’Cs spectrum recorded by a spectrometer based on LYSO and SiPM [Note: blue dots are
the background spectrum, red dots are the measurement spectrum]

The results surpassed existing studies on the resolution of LY SO, which was reported to
be 8% at the energy of 661.657 keV, as stated by one of the manufacturers (Luxium Solutions,
2023). This improvement in resolution demonstrates the effectiveness of the spectrometer
prototype developed in this study. In addition to this, a special source was used in the
experiments — a titanium foil irradiated with 8 MeV protons. This source provided valuable
insights into the radiation spectrum produced by the foil. The analysis of the isotopic
composition, reaction cross-sections, and half-lives of the resulting daughter nuclei revealed
that Vanadium-48 (48V) made the most significant contribution to the radiation detected from
the foil. According to the Nudat database, the most intense gamma lines of 48V were identified
at 511.0 keV, 983.525 keV, and 1312.105 keV (National Nuclear Data Center, 2008). The B+
spectra from this source showed a mean energy of 291.40 keV and a maximum energy of 697.2
keV, providing valuable information about the energy distribution of the radiation. These results
further confirmed the ability of the developed spectrometer to accurately detect a range of
gamma radiation energies and highlighted its potential for use in more complex radiation
detection scenarios.

Table 1 presents the isotopic composition of the titanium foil used in the study, along with
the possible reaction channels upon proton irradiation in the energy range from 6 to 10 MeV. It
outlines the natural abundance of each isotope, the corresponding nuclear reactions, their cross-
section values, and the half-lives of the resulting daughter nuclei. This information is crucial
for understanding the contributions of various isotopes to the overall radiation spectrum
produced by the titanium foil during the experiment. From the spectrum of the irradiated
titanium foil, it was not possible to give a definitive answer as to which of the known **V lines
stood out against the background. In the next step of the study, modelling could be used. In
GEANT4, it was possible to collect the temporal unfolding of visible light flashes that hit the
“photosensor” (in the model, simply a silicon plate). The GEANT4 toolkit allowed
configuration of the main optical properties of the scintillator: scintillation time, photon yield
with deviation, afterglow; attenuation and refraction coefficients; optical boundaries of media
and the properties (specular reflection, diffuse scattering, absorption, and the combinations)
(CERN Geant4 Collaboration, 2017). It was impossible to perfectly replicate the crystal and its
wrapping, but with some approximation, the signal on the photosensor corresponded to reality.
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Table 1. Isotopic composition of titanium foil and possible reaction channels on protons in the energy
range from 6 to 10 MeV

Isotopes Natural Reactions Cross-section Ty
composition reactions

4Tq 8.25% *Ti(p,a)*Sc 0.005 barn Hours

- o “TTi(p, n)*Sc 0.01 barn Hours
T 7:44% TTi(p,a)V 0.023 barn Minutes

BTi 73.72% BTi(p,n)¥V 0.4 barn Weeks

OTi 5.41% “Ti(p,0)*Sc 0.005 barn Months

0T 5.1% Only elastic

The light flashes passed through a sorting script, simulating the operation of an analyser,
resulting in a spectrum. The starting point was the spectrum for the known monoenergetic line
of 661.657 keV from *’Cs (Figure 11). The approximation indicated that the resolution of the
system, calculated as (FWHM/ u=2><\/(2><1n2)><c5/ u~3.7%) was approximately 3.7%. This model
reflected nearly ideal photon collection, without considering the performance of the readout
electronics, yielding results that were four times better than those obtained in real experiments.
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Figure 11. Modelling of the '*’Cs spectrum obtained on the basis of LYSO (temporal unfolding of light
flashes)
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Figure 12 shows the modelling of the '3’Cs spectrum based on LY SO, with the spectrum
itself and the peak approximation using a Gaussian function. The simulation does not account
for real-world conditions, but it provides a clearer view of the peak characteristics. To better
approximate real conditions, factors such as uncertainty in photon yield, reduced
photoconductivity in the crystal, and the response function of the readout electronics could be
added, which would likely degrade the performance to more closely match the results of actual
experiments.
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Figure 12. Modelling of the '¥’Cs spectrum obtained on the basis of LYSO (the spectrum itself with
peak approximation by a Gaussian function)
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The next modelled case was **V. Calibration could be performed using the spectrum. The
B+ spectrum present in “V in the simulation was not statistically pronounced enough to stand
out near the photopeaks. As a result, three brightest gamma decay lines were observed.
However, this spectrum did not resemble the measured one. A possible reason for this was the
additional statistical blurring of all components of the real detector. To reproduce such
broadening, it was possible to attempt filtering of the spectrum data. A possible approach was
to create a blurring window which, for each bin (interval) of the histogram, performed weighted
averaging with a Gaussian kernel over the values in all neighbouring bins. For 6=30 of the
Gaussian blurring. The filtering retained 3 peaks on the graph, although these peaks were less
distinct, and it remained possible to determine the energy through calibration. Thus, the peaks
could be interpreted as 511 keV and 983.525 keV, based on the assumption that 1312.105 keV
was absent due to insufficient statistics.

The experimental results validated the functionality and performance of the developed
spectrometer, successfully registering gamma radiation from isotopes such as 137Cs, 60Co, and
241Am. The spectrometer demonstrated an energy resolution of approximately 9.5% at 662
keV, consistent with typical scintillation spectrometers. The device’s stability, sensitivity, and
operational efficiency were confirmed across different conditions, with experimental data
aligning well with theoretical predictions and GEANT4 simulations. While the results were
promising, certain limitations were noted, such as temperature dependence and peak broadening
at higher energies. These issues could be addressed with further optimization of the system's
electronics and signal processing. These findings contribute to the growing body of research on
compact gamma spectrometers, highlighting their potential for use in various applications. To
further explore the development of such devices, it is valuable to consider related studies that
have addressed similar challenges and advancements in the field.

The study by Mitra (2021), Matiichuk (2022) had a distinct theoretical focus and was
based on computer modelling. The main aim of this work was to determine the most effective
combinations of scintillation materials and photodetectors to improve the characteristics of
gamma spectrometers. The simulation approach analyzed gamma quanta interaction with
materials, light generation mechanisms, photon transport, and detection efficiency. This
allowed for the rapid optimization of system components without building a physical device.
In contrast, the study with LYSO and SiPM focused on developing a physical spectrometer
prototype. The authors assembled the system with specific components, including an LYSO
crystal, Hamamatsu S14160 SiPM, front-end electronics, and power sources. Spectrometric
analysis with a '3’Cs source was conducted, and results were compared with GEANT4
simulations to verify the experimental accuracy.

The key difference between the studies lies in their approaches, Mitra (2021) focused on
theoretical optimization and predicting the best configurations, while the LYSO study
developed and tested a practical system under experimental conditions. Both approaches
complemented each other: modeling helped select the optimal components, while
experimentation validated their performance. The theoretical optimization provided a
foundation for component selection, while the LY SO study confirmed the effectiveness of the
proposed design in real-world conditions, ensuring the reliability and accuracy of the
spectrometer system. Srivastava et al. (2024) developed a compact spectrometer for
environmental gamma radiation monitoring, emphasizing portability, low weight, and energy
efficiency. The use of GGAG:Ce,B scintillator, known for its high light output and resistance
to external influences, was paired with SiPM to reduce the size and energy consumption of the
device. Monte Carlo simulations confirmed the material's effectiveness. The LYSO study,
similarly using SiPM, offered compactness, low energy consumption, and mechanical
resilience, but opted for LYSO crystal due to its high density and light output (about 75% of
Nal(T1)). This study also delved deeper into electronics, including amplifier selection, power
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sources, signal observation, and stability testing, making it more engineering-focused. While
both studies aimed to develop a compact gamma spectrometer based on SiPM, the differences
lay in the scintillator choice and the level of electronic analysis. GGAG:Ce,B provided superior
light output, while LYSO demonstrated higher efficiency in denser environments and better
resistance to gamma radiation, making it suitable for a wider range of applications.

The study by Chierici et al. (2022) was dedicated to the creation of a high-performance
spectrometer for unmanned systems. The main requirement for the device was minimal size
and energy consumption while maintaining high sensitivity. A combination of CsI(TI)
scintillator and SiPM was selected. The device measured (10x7x3) cm, weighed 500 g, and
consumed 500 mW, allowing its integration into drones for remote radiation monitoring. It also
achieved good energy resolution (~7% at 662 keV), making it effective in field conditions. The
LYSO-based study created a similar system but without a focus on drone use. Here, more
attention was paid to signal acquisition accuracy, electronics selection, and calibration. The use
of LY SO instead of CsI(Tl) had its advantages: higher density and lower sensitivity to moisture,
which could be critical for long-term applications or work in harsh conditions.

Chierici et al. (2022) emphasized mobility and autonomy in their design, making it well-
suited for portable applications. Their approach was particularly focused on creating a
lightweight, self-contained system, ensuring the device could operate independently in dynamic
environments. In contrast, the LYSO study prioritized accuracy and stability, aiming to create
a robust spectrometer capable of delivering precise measurements in both laboratory and field
conditions, with fewer constraints on size. Min et al. (2021) explored the enhancement of
gamma radiation detection efficiency through the optimization of plastic scintillator thickness.
The authors chose the EJ-200 plastic scintillator, a widely used material known for its fast
response, mechanical flexibility, and low cost. Their study involved both numerical modeling
and experimental measurements to determine the optimal scintillator thickness that would
maximize the efficiency of gamma quantum detection. The goal was to achieve a balance
between maintaining a minimal detector size and weight while enhancing the probability of
interaction between the gamma quanta and the scintillator. The results showed that a carefully
chosen thickness could significantly improve the detector's performance without compromising
its portability. In contrast, the study based on the LYSO crystal and Hamamatsu SiPM was not
aimed at lightness or cost-efficiency but at achieving high spectroscopic accuracy and
absorption efficiency. LYSO was a dense inorganic crystal with a high atomic number
(lutetium), which ensured better absorption of high-energy gamma radiation compared to
plastic. The study used a real prototype with a precise SiPM-scintillator connection, signal
amplification via specially selected electronics (CSA and SA), and testing of different power
sources, which significantly detailed the practical aspect compared to the work of Min et al.
(2021).

Thus, although both studies aimed to improve detection efficiency, the studies were based
on opposite approaches: Min et al. (2021) focused on optimising inexpensive and lightweight
materials for tasks where weight and cost-effectiveness were critical (e.g., mobile systems),
while the LY SO study aimed to implement a stable, reliable system with improved resolution
for laboratory or precise field use. The study by Hu (2022) had a clearly defined engineering-
space orientation. The main goal was to create a gamma radiation detector that could be
installed on satellites for monitoring radiation levels in outer space. This approach imposed
specific requirements on the device: it had to be not only compact and lightweight but also
resistant to high doses of radiation, temperature fluctuations, vacuum, and limited energy
resources. The authors developed a complete prototype including the scintillator, SiPM,
specialised electronics, and a data collection and transmission system. The device was tested
for resistance to space conditions, making it unique among terrestrial counterparts.
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The LYSO and SiPM-based study aimed to create a compact, efficient spectrometer,
focusing on spectral resolution, signal quality, amplifier electronics, and validating spectra
through GEANT4. The study was intended for terrestrial applications, such as medicine,
environmental monitoring, and technical inspection. The key distinction from Hu (2022) study
lies in the intended use: while Hu's detector was designed for space, where high charged particle
fluxes are present, the LYSO-based device was optimized for use in atmospheric conditions.
Despite this difference, the use of SiPM in both studies highlighted its potential for both
terrestrial and space applications, with the LY SO-based study serving as a foundation for future
miniaturization in aerospace. Amestoy et al. (2021) developed a compact gamma spectrometer
using CsI(Tl) and SiPM for field applications, such as environmental monitoring or locating
ionizing radiation sources. Their device, measuring (12x8x5) cm and weighing 550 g, provided
an energy resolution of ~8% at 662 keV, typical for CsI(TI) with SiPM. The LY SO-based study
followed a similar approach but with several advantages: LYSO’s higher density, lower
hygroscopicity, and better absorption of high-energy radiation. Moreover, the LYSO study
placed greater emphasis on detector modeling in GEANT4, photon count analysis, PDE
calculation, and optimization of front-end electronics, further enhancing the system's efficiency.

Thus, although both studies had a similar overall goal to create a reliable compact
spectrometer with good characteristics the differences lay in the details: Amestoy et al. (2021)
focused on field use, where stable outdoor operation was important, while the LYSO study
explored deeper aspects of electronics, photon statistics, and comparison of theory with
experiment. This made it more akin to a laboratory or universal device that could be configured
for specific tasks in research or technical control.

4. CONCLUSION

During the research, a prototype of a compact scintillation spectrometer was created and
tested, based on an inorganic LY SO crystal combined with a silicon photomultiplier (SiPM) of
the S14160 type by Hamamatsu. The main goal of the project to verify the functionality and
efficiency of this combination as a replacement for traditional PMTs was achieved. The
experimental results confirmed that using SiPM significantly reduced the size, weight, and
power consumption of the spectrometric system without substantial loss in signal quality.
Measurements with a 137Cs radiation source showed that the system could form distinct
spectral lines and provide sufficient energy resolution. These results were also confirmed
through modeling in the GEANT4 environment, which compared theoretical evaluations with
experimental data. An important aspect of the study was testing the front-end electronics,
particularly the charge-sensitive and shaping amplifiers, and analyzing the effect of different
power supply sources. It was found that using a low-noise 400 V DC-DC converter reduced
background interference and increased signal stability, improving the accuracy of spectrometric
analysis. The study highlights the significant potential of the LYSO-SiPM combination as a
reliable and efficient solution for portable gamma spectrometers. This system proves
particularly promising in applications such as environmental monitoring, medicine, technical
inspection, and radiation safety, where the need for compact, durable, and accurate radiation
detection is crucial. The high density of LYSO, combined with its mechanical durability, makes
it an ideal choice for environments exposed to high levels of background radiation or physical
impacts, conditions where traditional scintillators or PMTs may not perform as effectively.
Additionally, the integration of the SiPM provides a robust signal amplification mechanism,
offering high resolution and sensitivity in detecting gamma radiation. This combination of
materials not only ensures superior performance in challenging conditions but also enables the
development of smaller, more portable spectrometers without sacrificing the precision required
for accurate measurements. Based on these initial results, it is clear that further research should
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concentrate on refining the optical connection between the scintillator and the photodetector.
One key area for improvement is the study of various optical materials, such as glue, lenses, or
optical gels, and their effect on light transmission and overall efficiency. The choice of optical
interface can significantly impact the amount of light collected by the photodetector, which in
turn affects the signal quality and the detector's performance. Exploring different methods of
optical coupling could lead to improved light yield, particularly in terms of minimizing light
losses and optimizing the signal-to-noise ratio. It is essential to test the spectrometer with a
broader range of radiation sources that span different energy levels.
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