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GAMMA SPECTROMETRY WITH Csl(Tl), Nal(TI) AND CdWO; SCINTILLATION CRYSTALS
USING A SILICON PHOTOMULTIPLIER

This study investigated using of silicon photomultiplier (SiPM) for scintillation y-spectrometry with CdWOs,
CsI(TI), and Nal(TI) crystal scintillators. At room temperature, CslI(TI) crystal scintillator provides the best
performance, while the achievable energy resolution is lower compared to that obtained with conventional
photomultiplier tube (PMT) with green-enhanced photocathode. These findings highlight the potential of SiPMs as a
compact and cost-effective alternative to PMTs in nuclear physics applications, particularly for light portable
spectrometers, such as radiation monitoring systems based on small unmanned aerial vehicles.
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1. Introduction

At present, the most commonly used photodetec-
tors in scintillation y-spectrometry are vacuum pho-
tomultiplier tubes (PMTSs) [1]. In these devices, scin-
tillation signals are collected and amplified through
a cascade of dynodes via secondary electron emis-
sion. PMTs provide several advantages over alterna-
tive photodetectors (PIN photodiodes, avalanche
photodiodes etc.), including high energy resolution,
large sensitive area, reliability and long-term stabil-
ity. They can be coupled with scintillators of various
types, dimensions, and emission spectra, which
ensures substantial flexibility in the design of scintil-
lation detectors. Nevertheless, PMTs also exhibit
inherent limitations, such as sensitivity to magnetic
fields, the requirement for stable high-voltage sup-
ply, fragility, large dimensions and mass. These
factors restrict their applicability in lightweight por-
table spectrometers, particularly in radiation moni-
toring systems mounted on small unmanned aerial
vehicles.

Silicon photomultiplier [2-5] is a relatively
recent type of solid-state photodetector that appro-
aches the performance of conventional PMTs in
many respects. A SiPM comprises an array of micro-
cells (typically 10-50 um in size), each functioning
as an independent photodiode. A reverse bias exce-
eding the avalanche breakdown voltage is applied to
every cell, thereby providing high internal gain. The
combined output from all microcells constitutes a
current pulse proportional to the number of photons
absorbed by the device.

The main advantages of SiPMs are low operating
voltage (20-70 V), compact size, high mechanical
stability, sub-nanosecond response time, insensitivi-
ty to magnetic fields, and a broad operating tempera-
ture range [6-8]. These properties make them par-
ticularly suitable as photodetectors for compact scin-
tillation systems intended for nuclear spectrometry
in field applications (portable and mobile detectors
deployed outdoors), including airborne and space-
based applications.

However, SiPMs also exhibit certain limitations.
These include relatively high dark current, a consi-
derable dark count rate (spontaneous triggering of
individual cells), and a pronounced temperature
dependence of their characteristics. Such factors
must be taken into account in the design of spectro-
metric detector assemblies based on these photo-
detectors.

A possibility to use various scintillation crystals
(LSO, BGO, and Csl(TI) crystals with volumes in
the range of ~1 cm® coupled to 1x1 mm? SiPMs
was investigated in the early study [6]. Despite
employing specialized nuclear electronics, the
reported results indicated poor performance of
SiPMs in scintillation y-spectrometry. By contrast,
modern SiPMs demonstrate substantially improved
characteristics compared to earlier devices, inclu-
ding reduced dark count rate, afterpulsing, and opti-
cal crosstalk between individual cells [9-11]. These
advances make SiPMs increasingly promising as
photodetectors for y-spectrometry in nuclear physics
research.
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GAMMA SPECTROMETRY WITH Csl(TI), Nal(Tl) AND CdWO, SCINTILLATION CRYSTALS

In the present work, we report studies of signal
waveforms and y-ray spectra obtained with CdWOQs,,
CsI(TI), and Nal(TI) scintillation crystals coupled
using optical grease Dow Corning Q2-3067 to SiPM
MICROFC-30035-SMT-TR device manufactured by
Onsemi (USA) [9]. The SiPM has an active area of
3x3 mm?, the number of microcells is 4774, and the
microcell fill factor is 64 %. The maximum spectral
sensitivity is at 425 nm (41 % of photon detection
efficiency at 5 V of overvoltage, dropping to 10 % at
wavelengths of 320 and 680 nm) [9]. The readout
was performed using commercial electronics based
on an 8-bit 25 MHz digital oscilloscope module
VDS10221 [12] and a specially developed Python-
based software.

2. Experiment and results
2.1. Current-voltage characteristic of the SiPM

The current-voltage characteristic of the reverse-
biased SiPM MICROFC-30035-SMT-TR  was
measured using a Keithley 480 pA-meter and a
Twintex TP-4303N laboratory power supply. As
shown in Fig. 1, a sharp rise in current occurs at a
reverse bias voltage of approximately 25V, cor-
responding to the onset of avalanche breakdown.
Further increase in the reverse bias voltage results in
a significant growth of the SiPM gain, but is simul-
taneously accompanied by an increase in dark cur-
rent and dark count rate [9]. In the present study, a
reverse bias voltage of 28 V was applied, which
provided sufficient gain while keeping the dark
current and noise of the SiPM at its technical
specification.

Current, pA
I
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Fig. 1. Current-voltage characteristic
of the SiPM MICROFC-30035-SMT-TR for reverse bias.

2.2. Characterization of scintillation detectors
based on SiPMs

For the spectrometric measurements, the silicon
photomultiplier was mounted on a printed circuit
board equipped with a bias voltage filter and a load
resistor (SMD 0603 package) installed on the bottom
side. The photodetector board was placed in a
polylactide support fabricated by fused deposition
modelling 3D printing, which ensured stable posi-
tioning of the SiPM with respect to the crystal as
well as reliable optical contact. The entire detector
assembly was enclosed in a light-tight box.

Signal acquisition was carried out using an
OWON VDS10221 oscilloscope module with a
sampling rate of 100 MS/s in an experimental setup
in which the input amplifier of the oscilloscope
served as a preamplifier. The connection scheme is
shown in Fig. 2.

Power
supply

| Lowpass
| filter

Y

SiPM/PMT

b4

b4

Oscilloscope PC

Fig. 2. Scheme of the experimental setup.

The scintillation crystals were coupled to the
SiPM using optical contact and fixed with several
layers of polytetrafluoroethylene (PTFE) tape. Cha-
racteristics of CdWOQ,, CsI(TI), and Nal(TI) scin-

tillation crystals used in the measurements are given
in Table 1. Fig. 3 presents digitized signal wave-
forms recorded with the OWON VDS10221 oscil-
loscope module for each of the scintillators.

Table 1. Properties of crystal scintillators used in the measurements
(scintillation properties are compiled from [13-19])

Property CdwWO, CsI(Th Nal(TI)
Scintillation decay time, s 13-15 0.8-1.0 0.23
Wavelength at emission maximum, nm 475-495 540-550 415
Light yield, x10® photons/MeV 6.2-28 52-66 3841
Crystal shape Elliptical cylinder Parallelepiped Cylinder
Dimensions, mm 2(18-20)x20 10x6%6 325%25
Encapsulation PTFE film wrapped Solid PTFE wrapped Alumlnlu_m

encapsulation
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Fig. 3. Signal waveforms obtained with the SiPM and the
CdWO, (top panel), CsI(TI) (middle panel), and Nal(TI)
(bottom panel) scintillation crystals. Different time scales
of the plots should be noted.

A distinctive feature observed in the CdWO,
waveform is the separation of individual photo-
electrons, manifested as discrete pulses. This effect
results from a combination of factors: high time
resolution of the SiPM, which allows the detection
of individual photons; long scintillation decay time
of cadmium tungstate; and its relatively low light
yield.

The CslI(TI) crystal, characterized by a high light
yield and a favourable balance between light output

and decay time, demonstrated the best compatibility
with the investigated SiPM. These properties
ensured the generation of a sufficient number of
photons for reliable analogue signal formation,
thereby enabling reasonably high spectrometric
performance (see Table 1 and results below).

The energy spectra were measured using a *°'Bi
y-ray source with the setup, in which the output signal
was fed through a load resistor into the input of the
oscilloscope module. The trigger level was set by the
oscilloscope software as close as possible to the noise
level. The digitized signal waveforms were trans-
ferred to a computer via a high-speed USB connec-
tion and stored on a hard drive for subsequent soft-
ware processing. The energy spectra were constructed
by integrating the area under the digitized waveforms
over the entire data frame after baseline subtraction.
The baseline was determined by averaging 100 ADC
time bins at the beginning of each oscilloscope frame,
ensuring accurate correction for electronic offset and
noise prior to signal acquisition. For comparison of
spectrometric performance, additional measurements
were performed using Hamamatsu R6233 PMT (3”
diameter, bialkali photocathode, spectral response
window 300-650 nm) [20] under identical conditions
(see Fig. 2).

The energy resolution was evaluated from the full
width at half maximum (FWHM) of the y-ray full
energy absorption peaks. Among the studied sam-
ples, the best resolution was achieved with the
CsI(TI) crystal, yielding 11.6(4) % for the 570 keV
peak and 9.1(5) % at 1064 keV. This performance
can be attributed to the favourable matching of the
scintillation emission spectrum with the SiPM pho-
ton detection efficiency and to efficient light collec-
tion enabled by the small crystal size, which provi-
ded a high signal-to-noise ratio. For comparison, the
PMT measurements yielded FWHM values of 8.2(2)
and 6.2(3) % for the 570 and 1064 keV peaks, res-
pectively, representing better resolution than that
obtained with the SiPM. The resulting spectra are
shown in Fig. 4.

CdWO4+PMT is known to provide good spec-
trometric  performance [13], but for the
CdWO4+SiPM assembly, the relatively low light
yield and long decay time resulted in signal ampli-
tudes comparable to the dark count amplitude (as it
is seen in the pre-trigger part of signal in Fig. 3, top
panel). Analysis of the pre-trigger region indicates
dark count rates of ~270 kHz, during the 15 ps
CdWO, decay time, which significantly affects
energy resolution. Consequently, dark count pulses
significantly affected the integrated charge of the
scintillation signals and distorted the amplitude
spectrum, preventing the formation of resolvable
peaks. Therefore, no pronounced full-energy peaks
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Fig. 4. Energy spectrum of y-radiation from the 2°/Bi source obtained with a CsI(TI) 10x6x6 mm? crystal coupled to the
SiPM (blue) and the PMT (red). The FWHM values for the individual peaks are indicated in the corresponding colours.

(See color Figure on the journal website.)

were observed in the spectrum from the present
CdWO4+SiPM assembly. However, we do not think
that these features completely preclude the possibi-
lity of using these scintillators with silicon photo-
multipliers. The low temperature dependence of the
light yield, chemical stability and non-hygrosco-
picity, high gamma-ray absorption efficiency, and
the response to thermal neutron flux still leave cad-
mium tungstate in the group of scintillators of
interest for mobile radiation monitoring. Improving
the performance of gamma-spectrometry with cad-
mium tungstates and SiPMs remains an interesting
challenge.

Table 2. Obtained FWHM

Configuration 207Bj 570 keV 207Bj 1064 keV
CsI(Tl) + SiPM 11.6(4) % 9.1(5) %
Nal(T1) + SiPM 20.0(5) % 15.0(9) %
CdWO4 + SiPM — —
CsI(TI) + PMT 8.2(2) % 6.2(3) %
Nal(Tl) + PMT 8.0(2) % 5.5(2) %
CdWO, + PMT 8.5(2) % 6.4(3) %

For the Nal(TI) crystal, despite its relatively high
light yield and short decay time, the resolution was
inferior to that of the CsI(TI) assembly. This limita-
tion arises primarily from the higher mismatch
between the scintillator output window (25 mm)
and the SiPM active area (3x3 mm?), leading to
lower light collection efficiency. For Nal(Tl), the
measured FWHM values were ~20 % at 570 keV
and ~15 % at 1064 keV. Results are summarized in
Table 2.
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4. Conclusions

Silicon photomultipliers, owing to their high gain,
fast response, compact design, and low operating
voltage, are becoming increasingly attractive for
applications in nuclear physics. In the present study, it
was demonstrated that scintillation y-ray spectra can
be obtained with a relatively simple and cost-effective
setup consisting of an SiPM, a power supply, and a
digital oscilloscope module.

Comparative measurements with CdWOs, Csl(TI)
and Nal(TI) crystals showed that the suitability of a
scintillator for spectroscopy with SiPMs strongly
depends on its light yield, light-collection conditions,
and decay time. Due to the pronounced influence of
dark counts, crystals with high light yield and rela-
tively short decay time provided the most favourable
performance, yielding resolvable y peaks and the best
energy resolution among the studied samples. In con-
trast, CdWQO, with relatively wide range of reported
CdWO; light yields (6.2-28 k photons/MeV, see
Table 1) that reflects strong dependence on crystal
quality and measurement conditions combined with
the 15us decay time, leading to significant
integration of dark counts into the energy signal, did
not show reasonable spectrometric properties under
given conditions, while Nal(Tl) demonstrated
intermediate performance limited primarily by the
geometric mismatch between the scintillator output
window and the SiPM active area.

The energy resolution achieved with the
SiPM-based assemblies was found to be ~40 %
lower than that obtained with a conventional PMT
under identical conditions. Nevertheless, the results
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confirm that modern SiPMs can serve a practical
alternative to PMTs for scintillation y spectrometry,
particularly in applications requiring compact, low-
voltage, light-weight and magnetically insensitive
detectors. Further improvements in resolution may
be expected through optimization of scintillator-to-
SiPM coupling, reduction of dark count contribu-
tions, by cooling the detector assembly, and employ-
ing advanced signal processing techniques.
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TAMMA-CIIEKTPOMETPI 31 CUAUHTUIALIIMHUMUA KPUCTAJAMM CsI(TI), Nal(TI) TA CdWO4
3A 1OIIOMOI'OIO KPEMHIEBOI'O ®OTOINIOMHOXYBAYA

VY wiif po6GoOTi NMPOBENECHO MOCHTIPKEHHS BHKOPHUCTAHHS Cy4dacHUX KpeMHieBHX (oTomomHOXKyBadiB (SiPM) mms
CIMHTIIALINRHOI y-criekTpometpii 3 kpuctamamu CdWOas, CsI(TI) Ta Nal(Tl). Bussnerno, mo KpuCTamd 3 BHCOKAM
CBITJIOBUM BHXOJIOM i KOPOTKHAM HacoM BHcBidyBaHH:, 30KkpeMa CsI(Tl), 3abe3medyroTs Halikpamli XapakTepUCTHKH,
TONI SK IOCSTHYTa €HepreTHdHa PO3AUTPHA 3MATHICTh HIDKYA, HDK OTPHMAaHA 3 TPAAWLIHHUMH (HOTOECIEKTPOHHUMH
nomHoxyBauamu (DEIT). Orpumani pe3ynbTaTH HiIKPECHOTh MoTeHuian SiPM sk KOMIAKTHOT Ta €KOHOMIYHO
edpexruBHOl anbTepHaTBu OEIT ayst 3actocyBanb y sifepHiil (i3ulli, 30KpemMa y JIETKHX TOPTaTUBHUX CIIEKTPOMETPAX,
TaKHX SIK CHCTEMH PaialliiHOr0 MOHITOPHHTY HAa OCHOBI MaJIUX O€3MIIOTHHUX JITANIBHHUX araparis.

Kniouosi cnosa: raMma-CIeKTpOMETpisi, CUMHTWIALIHHUN JEeTeKTOp, KpeMHieBHH QoTonomMHoxyBau (SiPM),

CdAWO,, Csl(Tl), Nal(TI).
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