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H I G H L I G H T S

• In this article using 2 × 2 SiPM array coupled with CsI(Tl).
• Designing preamplifier circuit for each channel of SiPM, and also summed circuit to sum 4-channel of array.
• PWrite algorithm of trapezoidal digital filter.
• Using conventional Multichannel analyzer for summed channel and get spectrum.
• The algorithm for digital spectroscopy method has been compared with the analog method.

A B S T R A C T

Digital spectroscopy with Silicon Photomultiplier (SiPM) array coupled on CsI(Tl)
crystal, needs some consideration to achieve desirable energy resolution. an array of
SiPMs must be used with large scintillation crystal, therewithal signal from whole SiPMs
is not ideal. Also silicon pixels are arranged in arrays at regular intervals. The distances
between the pixels and the interference of the cross-talk of adjacent pixels are undesirable
factors for energy resolution when the light is received by the crystal and transmitted
to the SiPM array. On the other hand, due to the advantages of the SiPM array, there
is a need to improve the energy resolution in order to be able to be applied. In this
paper, an attempt is made to obtain the desired energy resolution by using the digital
spectroscopy method and digital filters and properly shaping the output pulse of the
preamplifier by the trapezoidal filter method. In this case, it will be possible to use it in
different applications such as spectroscopy by the detector.
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1 Introduction

SiPMs are a good alternative to Photomultiplier Tube
(PMT) tubes due to their insensitivity to a magnetic field,
small size, low bias voltage, and the lack of effect of time
on their performance (Alispach et al., 2020; Henningsen
et al., 2021; Sun and Maricic, 2016; Knoll, 2010; Czyz and
Farsoni, 2017). SiPMs have many applications in various
fields including light detection and its range Light De-
tection and Range (LiDAR) (Optical Imaging Systems)
(Gnecchi et al., 2019; Gnecchi and Jackson, 2017; Jeong
and Hammig, 2020; Shimazoe et al., 2020; Liang et al.,
2020; Maira et al., 2020), medical imaging (Yang et al.,
2019; Kitsmiller and OSullivan, 2019; Cates et al., 2017;
Kim et al., 2021), and gamma radiation detection (Yang
et al., 2019; Tétrault et al., 2015; Aldawood et al., 2017;

Lee et al., 2020; Cozzi et al., 2016; Boo et al., 2021; Xiong
et al., 2019; Berti et al., 2020; Jiang et al., 2021). Thus,
representing techniques for measuring and improving en-
ergy resolution plays an important role in spectroscopy.
Two methods are used to read signals from SiPMs: the
analog method and the digital method (Frach et al., 2009).
The use of digital systems is a good option for accurate
measurements. One of the advantages of these systems
is the possibility of implementing optimal filters in or-
der to achieve a better signal-to-noise ratio and correct
the filter parameters compared to analog systems and im-
prove the energy resolution. Other advantage of digital
spectroscopy over analog spectroscopy are the removal of
hardware and help to the reduction of the size of these
systems. The good thing about doing this is that it flexes
the system to make various changes to it, which allows
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Figure 1: SiPM with CsI(Tl) crystal and reflector.

Figure 2: Four-channel amplifier board with detector power supply in dimensions 6 cm × 7 cm (b) schematic circuit of pream-
plifier.

for extensive changes without any hardware changes. On
the other hand, there will be no noise from the electronic
system such as thermal noise in these systems. As the
pixels of SiPM array are not completely identical and also
the quality of optical coupling between SiPM and crystal
is not the same, the light collected by the crystal could
be different in each pixel to another one. In digital spec-
troscopy, it is possible to sum different amounts of light
collected and use some weighting factor to normalize the
signal before summing them. Parameters such as pile up,
death time, and electronic noise in analog systems are de-
structive factors in spectroscopy. Trapezoidal filters are
commonly used in digital spectroscopy processes in order
to improve energy resolution by reducing noise. This pro-
cess is done by averaging the peak time range (p) and
calculating the difference between the two areas separated
by a flattop and it is repeated for each point of the sample
(CAEN, 2011). One of the major problems for the use of
SiPM coupled with integrated CsI(Tl) crystal is a loss of
energy resolution. According to the studies, two methods
have been proposed: the active method and the passive
one. In the passive method, the output of SiPM is given
to adder energy resolution improved but the side of the
pulse shape is not preserved. In the active method, the
outputs of 4 SiPM from a 2×2 array are given to an ampli-

fier, and finally, with an output collector, they are fed to
a multi-channel analyzer. This operation is repeated for
the other arrays, respectively. It is well preserved, but the
resolution is less favorable than the passive state (Lavelle
et al., 2019). In our proposed method, a multichannel an-
alyzer was applied to each element of the array and their
spectrum by a simultaneous adder was added. The paper
goal is to achieve the advantages of the previous method,
namely the desired energy resolution and also maintaining
the pulse shape. The following steps have been performed
to prepare the test instrument including the detector and
amplifier.

2 Material and Methods

In order to provide the required data for the spectroscopy
of SiPM array detectors by digital spectroscopy method,
an experimental setup was designed which was shown in
Fig. 1.

In the experimental setup, a polished CsI (Tl) crystal
together with Teflon tape as a reflector was coupled on the
SiPM (60035, 2 × 2 array, Sensel Co.) surface with scin-
tillation Silicon grease (BC-631, Saint Gobain Co.) (Fig.
1).

The 4-channel, fast and low noise preamplifier applied
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to use with the array detector along with its power supply
and schematic circuit of this Printed Circuit Board (PCB)
is shown in can be seen in (Fig. 2). The bias voltage of
each SiPM is 24 Volt.

The integrated CsI(Tl) and Array 2 × 2 of SiPM was
coupled. SiPM/CsI(Tl) crystal dimensions of 14 mm × 14
mm × 15 mm (crystal dimensions are about one millime-
ter smaller than the margin of the arrays compared to the
effective surface of the SiPM array). The other parts of
the crystal are covered with the reflectors. According to
the studies, the use of a guide between the crystal surface
and the optical-silicon amplifier does not have the desired
result (Huang et al., 2017). Therefore, an array of SiPM
is used while using a large surface area of scintillators.
The output is given to a four-channel digitizer system, in
which the output of each silicon SiPM array pixel is con-
nected to a channel of the digitizer, and each pixel is given
separately to a pre-amplifier designed for this application
in this study. On the other hand, the output of the pre-
amplifiers can be connected to 4 multi-channel analyzers
and the spectrum obtained from these analyzers can be
added together.

In this research, a low noise charge-sensitive preampli-
fier and amplifier have been used (Fig. 2).The output of
the CsI(Tl) detector is connected to the zero to third in-
put of the digitizer. As can be seen in Fig. 3, the output
of the CAEN model 1721 digitizer has been used. After
making the necessary adjustments to its output digitizer,
the digitized output has been received and a trapezoidal
filter has been applied to the input. The written algorithm
is given in this research.

3 Result of Measurements

3.1 Trapezoidal filter

Trapezoidal filter is one of the most widely used types
of the digital filters for pulse processing relevant to the
nuclear radiation detectors. Applying trapezoidal forma-
tion (trapezoidal filter) is one of the methods of extract-
ing the information of the detector output signal. One of
the advantages of pulse shaping in this way is reducing
noise and improving energy resolution. There are differ-
ent algorithms for applying this filter to the output pulse
of the amplifier (Knoll, 2010) Digital filters such as finite
impulse response (FIR) (Press et al., 2007) which is in
impulse response of a limited time interval. In contrast
there are filters (IIR) that can have internal feedback and
have unlimited and continuous responses. In this research,
the recursive shaping algorithm (Eq. (1)) has been used
(Gnecchi and Jackson, 2017). A part of the code, written
for this recursive algorithm, is also visible along with the
relation.

y(n) =
N∑

k=0

h(k).(n− k) (1)

where h(k) is the signal impulse response, the convolution
of which is calculated in the recursive function.

Convolution determines the relationship between the
input signal and the output signal. The results of apply-
ing the algorithm to the amplifying signal can be seen in

Fig. 5 and Fig. 6. As can be seen in Fig. 6, the trapezoidal
algorithm worked correctly on successive pulses, while the
flattop in Figs. 6-B and 6-C is without slope and com-
pletely smooth, but in Fig. 6-A, we see it as slope. In or-
der to correct this condition and smooth the flattop for all
input pulses, it is necessary to optimize the digital trape-
zoidal filter parameters. In the analog systems, it was
applied as the hardware.

Figure 3: CAEN digital system including digitizer cards,
TDC (Time to Digital convertor), Bridge trapezoidal pulse re-
set.

Figure 4: Code snippet for the recursive algorithm of trape-
zoidal digital filter.

Figure 5: Output of trapezoidal filter with three input pulses.

3.2 Digital spectroscopy system

Pixels are applied to four separate preamplifier circuits,
then four preamplifier outputs are combined using an out-
put summed circuit. The output of the summed signal
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of 4-channel and the individual pixels of arrays are ap-
plied separately to the 5-channel of CAEN digitizer, also
collecting the output waveforms using the Cs-137 radioac-
tive sources. The output of the digitizer is obtained as
shown in Fig. 7 by the impact based SiPM detector. Each
gamma radiation on a CsI(Tl) generated pulses of differ-
ent heights according to the share of photons received from
the source (Fig. 7). The summed output pulse, which has
a higher rate than the output signal of each array is also
shown in Fig. 8.

Figure 6: Zoom in on the output pulses of the trapezoidal
filter based on the input pulses.

For digital spectroscopy, a prepared SiPM coupled
CsI(Tl) detector and CAEN 8 channel digitizer were used.
The specification of this digitizer board is in Table 1. As
shown in Fig. 9 the output of each pixel of array and
summed signal connected to 5-channel of the digitizer is
seen.

Figure 7: 4-channel output signal from the digitizer.

Figure 8: Digitizer output signal from each of the SiPM ar-
rays 4-channel of SiPM array and summing of 4 channel show
as Ch4.

Figure 9: Connecting the detector, preamplifier and collector
assembly to the digitizer.
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Figure 10: digital spectrum of each channel of SiPM, channel 1, 2, 3, and 4 spectrum are respectively shown in panels (a), (b),
(c), and (d).

Table 1: CAEN digitizer specification.

Model V1721 Standard VME
Input Channel number 8 channel
Sample Rate 500 MS.s−1

Input connector of channels MCX
ADC Resolution 8 Bit

Table 2: Analog MCA Specification.

Model FA-RD-MCA1
Channel Number Selectable from 128 to 2045
Conversion Time 2 µs
Maximum throughput 50000 CPS
Internal amplifier shaping Fixed 1 µs
ADC Successive approximation 12 bit

3.3 Digitally summed spectrum

The digital spectrum of each pixel was obtained in Fig. 10.
Also, the summed spectrum of 4 arrays which was digitally
obtained for Cs-137 is shown in Fig. 11. The resolution
of this spectrum was calculated 9%, which is better than
this channel resolution for the analog spectrum (Fig. 14).

3.4 Analog Spectroscopy system

The analog spectroscopy system and its specification are
respectively presented in Fig. 12 and Table 2. Likewise,
the calibration was done with two sources, Na-22 and Cs-
137 and the calibration curve was obtained in Fig. 13.

Figure 11: digitally summed spectrum of 4 channels of SiPM.

Figure 12: Connecting the detector, preamplifier and collec-
tor assembly to the digitizer.
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Figure 13: (a) Calibrating system with mixed source Cs-137 and Na-22, (b) Calibration Curve of spectrum.

Figure 14: Spectrum obtained from a 2 × 2-pixel array detector when exposed to Cs-137 gamma ray source.

3.5 Detector calibration

Calculating FWHM needs energy calibration which has
done, as show in Fig. 13. the calibration equation were
obtained with 3 energy which are related to Na-22 (511
keV, 1274 keV) and Cs-137 (662 keV).

3.6 Energy resolution

The energy spectra for SiPM coupled on CsI(Tl) with an
energy window of 200 to 800 keV were obtained. Events
were acquired using a Cs-137 source for 300 s in energy-
spectrum mode. The pulse height spectra were measured

by ADC, via an output amplifier. Energy resolutions were
calculated as FWHM by fitting the full-energy peaks with
Gaussians, in percentage.

As mentioned in the introduction section, the goal of
this study is to achieve the appropriate energy resolution.
One of the steps taken to achieve this goal is to add the
output of the arrays. In the digital method, the spectrum
of each channel was summed; the FWHM calculated for
this spectrum is 9%. By connecting the output of the am-
plifier pulses to the MCA (Multichannel Analyzer), the
resulting spectrum of the 2 × 2 array detector based on
the CsI(Tl) crystal can be seen in Fig. 14. FWHM (en-
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ergy resolution) of 10.16% has been calculated through
the offline data storage for this detector. The activity of
gamma-ray source is 2.7 µCi.

4 Conclusions

In this research, the digital signal reading method has
been used to receive and shape the output pulses of SiPM.
Trapezoidal digital filters are used to properly shape the
pulse. In this way, in the digital reading method, unlike
the analog reading method, the output of the preamplifier
is directly connected to the digitizer. The use of cou-
pled SiPM/CsI(Tl) with integrated crystals on an array
of SiPMs in turn destroys the resolution, and the use of
analog methods will not have the desired result. In the
digital method, the trapezoidal filter algorithm is imple-
mented with the Python programming language in such
a way that the output of each of the 4-channels shaped.
Pixels are applied to four separate preamplifier circuits,
then four preamplifier outputs are combined using an out-
put summed circuit. The output of the summed signal
of 4-channel and the individual pixels of arrays are ap-
plied separately to the 5-channel of CAEN digitizer and
then the trapezoidal filter is applied to the output of the
digitizer to shape a pulse. Also, digital spectrum of the
4-channel of SiPM were summed. The resolution of this
digital spectrum was calculated 9%, which is comparable
with analog spectrum. The resolution of the analog spec-
trum was calculated 10.16%. In the future, we will focus
on optimizing weighting factor of each pixel.
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