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Abstract

In this study, we propose a simple gain compensation technique for silicon photomultiplier (SiPM)-
based positron emission tomography detectors, using a temperature sensor that automatically controls
the bias voltage of the SIPM depending upon the ambient temperature. The temperature sensor output,
for which the temperature coefficient can be controlled by the input voltage, is used as one end of the bias
voltage. By adjusting the temperature coefficient, the proposed gain compensation method can be
applied to various SiPMs with different breakdown voltages. As a proof of concept, the proposed method
was evaluated for two scintillation detector setups. Applying the proposed method to a single-channel
SiPM (ASD-NUV3S-P; AdvanSiD, Italy) coupled witha3 mm x 3 mm x 20 mm LGSO crystal, the
511keV photopeak position in the energy histogram changed by only 1.52% per 10 °C while, without
gain compensation, it changed by 13.27% per 10 °Cbetween 10 °Cand 30 °C.Ona4 x 4array MPPC
(S14161-3050HS-04; Hamamatsu, Japan), coupled witha3.12mm x 3.12mm X 15mm4 x 4 LSO
array, the photopeak changes with and without gain compensation were 2.34% and 20.53% per 10 °C
between 10 °Cand 30 °C, respectively. On the wider range of temperature, between 0 °C and 40 °C, the
photopeak changes with and without gain compensation were 3.09% and 20.89%, respectively. The
energy resolution degradation of SiPM-based scintillation detectors operating at temperatures was
negligible when the proposed gain compensation method was applied.

1. Introduction

Positron emission tomography (PET) is a functional and molecular imaging system used in nuclear medicine,
which detects two 511 keV gamma rays, generated by the annihilation of a positron and an electron (Cherry and
Dahlbom 2006). In the scintillation detectors used for measuring gamma rays in PET, silicon photomultipliers
(SiPMs) are now widely used because of their various attractive properties, such as magnetic field insensitivity, low
bias voltage, and compact size (Kwon efal 2011, Roncali and Cherry 2011, Yamamoto etal 2011, Hong et al 2012,
Yoon etal 2012, Ko etal 2016, Levin etal 2016, Schug et al 2016, Zhang et al 2018, Alberts etal 2021, Kim et al 2021,
Won etal2021) However, as the mechanism of the detector is based on avalanche breakdown, the gain of the SiPM
is dependent on temperature. The mean free path for electrons decreases with increasing temperature and thus a
higher electric field is required to start the avalanche process (Gundacker and Heering 2020). Therefore, a higher
temperature results in a lower SiPM gain because the gain is proportional to the overvoltage, i.e. the difference
between the applied bias voltage and the breakdown voltage (Lee and Hong 2010, Ko et al 2016).

To differentiate between the 511 keV gamma-ray events and those whose energy is lowered by Compton
scattering, the energy of each event is measured by integrating the output pulse from the SiPM-based
scintillation detector and plotted as an energy histogram. The peak in the histogram is called the photopeak and
the position of the peak is considered as 511 keV. Events in a specific range around the photopeak are considered
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tobevalid 511 keV events. Owing to the temperature dependence of the SiPM gain, the estimated energy of the
signals varies with changing temperature. Therefore, the energy variation caused by changing temperature
results in inaccurate determination of true 511 keV events, degrading the PET image quality (Kaplan 2009).

Therefore, to maintain a constant gain regardless of the temperature change, a compensation system for the
temperature dependence of the SiPM gain is required. Various gain compensation methods are proposed, using
FPGA (Zhou et al 2020), the dark current of a blind SiPM (SiPM used as a temperature sensor by measuring the
dark current) (Licciulli et al 2013, Licciulli and Marzocca 2015), alookup table implemented in a microcontroller
unit (Gil etal 2011, Ko etal 2016), thermometer (Miyamoto et al 2009), and diode (Kuznetsov 2018). The methods
based on FPGA or lookup tables allow for accurate gain compensation; however, the devices are bulky, and
constructing alookup table for each detector is laborious. A gain compensation method using the property that the
dark current of SiPM increases with temperature has the advantage that a device with the same operating principle
is used for temperature estimation; however, this method requires additional SiPM. The methods that use a
thermometer or diode exploit the linear temperature dependence of the breakdown voltage of SiPM and can be
easily implemented using a small number of devices. However, both methods necessitate an additional current
source and the method using diodes requires diode chains for compensation, with a different number of diodes
depending on the SiPM’s temperature property. The mechanism of these two methods can be interpreted as
implementing a customized temperature sensor, providing an analog voltage output that changes linearly with
temperature. Therefore, an off-the-shelf temperature sensor can be an alternative to temperature compensation
technology with improved circuit simplicity.

In this study, we propose a novel, simple gain compensation technique for SIPM-based PET detectors using
atemperature sensor that automatically controls the bias voltage of the SiPM, depending upon the ambient
temperature. The output of the temperature sensor, for which the temperature coefficient can be controlled by
the input voltage, is used as one end of the bias voltage. By adjusting the temperature coefficient, the proposed
gain compensation method can be applied to various SiPMs with different breakdown voltages. As a proof of
concept, the proposed method was evaluated with two scintillation detector setups.

2. Materials and methods

2.1. Temperature compensation technique

2.1.1. Relation between gain and temperature

The SiPM consists of single-photon avalanche diodes (SPADs), which are independent microcells (photodiode
plus quenching register) working in a limited Geiger mode. As the SiPM output is the sum of the signal from
each microcell fired by an incident photon, the gain of the SiPM is determined by the amount of charge flowing
per avalanche (Acerbi and Gundacker 2019). To operate the microcells in Geiger mode, the operational bias
voltage (V;,s) must be higher than the breakdown voltage (V). The excess bias voltage over the breakdown
voltage is called the overvoltage (AV = Vy;,s— V3,»). The relationship between the gain of the SiPM (G) and the
overvoltage (AV) is as follows:

G— Cpixel X AV
e b

where C, ;s 1s the total capacitance of a single microcell and eis the elementary charge. Because both values are
independent of temperature, if we differentiate this equation with respect to temperature, the derivative of the
gain is linear to the derivative of the overvoltage. Therefore, to achieve a fixed gain of SiPM over temperature, the
overvoltage must be constant regardless of the temperature. The relationship between the breakdown voltage
and temperature (7T) is as follows:

Vod(T) = Via,ref (1 + B(T — Tp))s

where T,is the reference temperature, V4, ris the breakdown voltage measured at T, and (3is the differential
value of the breakdown voltage to the temperature. Because 3 is independent of temperature, the SiPM
breakdown voltage has a linear relationship with temperature (Otte 2006, Dinu et al 2010). Therefore, to
maintain constant overvoltage with temperature, the operational bias voltage must change linearly to the same
degree as the breakdown voltage.

2.1.2. Temperature sensor

The temperature sensor used in this study was an AD22103 Analog Device (Norwood, MA, US). The
temperature coefficient of the AD22103 sensor can be controlled by changing the input voltage; therefore, the
sensor can be used to compensate for the temperature dependence of various detectors. The transfer function of
the temperature sensor is expressed as follows
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Figure 1. Graph of the temperature sensor output in each temperature. The bias voltage applied to the SiPM is the sum of the fixed
high voltage and the temperature sensor output.

Table 1. Temperature sensor output according to temperature.

Output voltage (V)

0°C 5°C 10°C 15°C 20°C 25°C 30°C 35°C 40°C

Input voltage (V) 3.05 0.17 0.3 0.43 0.56 0.69 0.82 0.95 1.08 1.21
5.8 0.33 0.61 0.87 1.13 1.4 1.63 1.92 2.19 2.45
6.5 0.38 0.67 0.95 1.23 1.53 1.81 2.08 2.37 2.66
6.9 0.40 0.71 1.01 1.31 1.62 1.92 2.21 2.52 2.81
7.5 0.45 0.77 1.10 1.43 1.77 2.09 2.41 2.74 3.07

Vo = (V/33V) x [025V + (28mV/°C) x Tul,

where Vs the input voltage of the temperature sensor and T, is the temperature (°C).

The bias voltage was set as the sum of the temperature sensor output and a fixed high voltage to linearly
change the operational bias voltage to the same degree as the breakdown voltage. The temperature coefficient of
the sensor and the temperature dependence of SiPM’s breakdown voltage were best matched with the smallest
difference by applying an input voltage of 3.05 V for the single-channel SiPM (ASD-NUV3S-P; AdvanSiD, Italy)
on the temperature range of 10 °C-30 °C. The best-matched input voltage for the multi-channel 4 x 4 SiPM
(S14161-3050HS-04; Hamamatsu Photonics K.K., Hamamatsu, Japan) was 6.5 V on the temperature range of
10 °C-30 °C, 5.8 V on the temperature range of 0 °C-30 °C, 7.5V on the temperature range of 10 °C-40 °C, and
6.9V on the temperature range of 0 °C—40 °C. To verify the linearity of the temperature sensor, the output of the
temperature sensor was monitored using an oscilloscope (DSOX3034T, 350 MHz analog bandwidth; Keysight
Technologies, USA). The output of the temperature sensor with varying temperatures is presented in table 1 and
shown in figure 1. As shown in figure 1, the output of the temperature sensor was linear.

The output value of the temperature sensor can match the required amount of change in SiPM bias voltage,
but from a circuit design point of view, the current sinking capability of the temperature sensor is inappropriate
as a voltage source. Therefore, to prevent the SiPM current from sinking to the temperature sensor, the output of
the temperature sensor was connected to a 1 M) resistor then applied to the cathode of the SiPM. The node after
the DC cut capacitance was grounded with 50 2 resistance to convert SiPM current to voltage.

2.2. Detector and data acquisition setup

To verify the proposed method, we used two detector setups: a3 mm x 3 mm pitch single-channel SiPM
coupledwitha3 x 3 x 20mm?® LGSO crystalanda4 x 4 SiPM with each channel of 3mm x 3 mm pitch
coupledwitha4 x 4arrayof3.12 x 3.12 x 15mm’ LSO crystal. Crystals are all wrapped with ESR film. The
SiPM and crystal were coupled using BC-630 optical grease (Saint-Gobain S.A., Courbevoie, France) and a
**Na point source (8.75 ;1Ci) was used for irradiation with gamma rays. The detector setups were placed in a
thermostatic chamber to control the temperature. Because the single-channel SiPM setup was evaluated to
show the initial feasibility of the proposed method, the temperature range was only from 10 °C to 30 °C. The
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Figure 2. Circuit diagram of single-channel SiPM.

multi-channel SiPM setup was evaluated to verify the feasibility and system-level applicability of the proposed
method. Therefore, experiments were conducted in various temperature ranges: 10 °C-30 °C, 10 °C-40 °C,
0°C-30°C, and 0 °C—40 °C. The results were compared with the non-compensation condition, in which the
bias voltage was fixed to be 1.5 V higher than the high voltage used in the compensation condition as the
output of the temperature sensor on 20 °Cisabout 1.5 V.

2.2.1. Single-channel SiPM

The breakdown voltage of the single-channel SiPM ASD-NUV3S-P was 26.5 V at room temperature (20 °C). For
the bias voltage supply to the SiPM, the SiPM cathode was connected directly to the output terminal of the
temperature sensor viaa 1 M2 resistor while the SiPM anode was connected to a fixed voltage of —28.5V

(figure 2). After passing through an inverting amplifier, the output from the SiPM cathode was connected to the
nuclear instrument modules (NIMs) fan-in/fan-out module (N625; CAEN S.p.A, Viareggio, Italy) and
branched in two ways: one to the waveform digitizer (DT 5742 B; CAEN), based on the domino-ring-sampler 4,
and the other to the leading edge discriminator module (N840; CAEN), to generate a trigger signal (figure 2). The
trigger signal was then provided to the DT 5742 B.

2.2.2.4 x 4SiPM array

The breakdown voltage of the 4 x 4 SiPM array S14161-3050HS-04 was 38.21 V at room temperature (20 °C). For the
bias voltage supply to the SiPM, the cathodes of 16 SiPM channels were merged through a 1 M{2 resistor and connected
to the output terminal of the temperature sensor while the SIPM anodes were merged and connected with a fixed
voltage of —40 V (figure 3). The SiPM merged anode output was fed to a comparator (ADCMP601; Analog Devices,
Norwood, MA, US) to generate a trigger signal. The threshold voltage supplied to the other side of the comparator was
73.90 mV. The trigger signal and output of each SiPM cathode were sent to a DT 5742 B waveform digitizer (figure 3).

2.3. Saturation correction

SiPM has a finite number of SPADs and, thus, the saturation effect occurs when the number of photons emitted
from the scintillator exceeds that the SiPM can accommodate. If the saturation effect occurs, the amplitude of
the SiPM output signal is not linearly proportional to the number of incident photons entering the SIPM.
Therefore, to accurately measure the exact gain of the SiPM, the saturation effect must be corrected (Kang et al
2015). In this study, '**Ba (356 keV) and **Na (511 keV and 1.274 MeV) point sources were used for the
saturation correction. The photopeak values of each radioisotope were measured using an energy histogram.
The relationship between the measured value and known energy of the photopeak was fitted to the equation
below to determine the saturation effect of the SIPM
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Yy = a(l - eihx):

where y is the measured photopeak value on the energy histogram, x is the known energy of the photopeak, and a
and b are constants to be determined. The tangent line at the origin of the curve allows the photopeak value to be
estimated when no saturation effect has occurred. To correct for the saturation effect, the ratio of the 511 keV
value on the curve to the value on the tangent line was multiplied by the SiPM’s output amplitude. In this study,
all gains were corrected for the saturation effects.

3. Results

3.1. Single-channel SiPM

3.1.1. Optimal input voltage of temperature sensor

To find the optimal input voltage of the temperature sensor to compensate for the gain drift of the SiPM with
temperature change, the peak positions were measured at various temperatures, i.e. from 10 °Cto 30 °Cat 2 °C
intervals. As the temperature dependence of the single-channel SiPM ASD-NUV3S-P is 26 mV °C™ " as indicated
in the datasheet, we solved the following equation and got the calculated optimal input voltage as 3.06 V.

(V./33 V) x (28 mV/°C) = 26 mV/°C.

The tested input voltage of the temperature sensor was 3.0, 3.05, 3.1 V with the same single-channel SiPM
ASD-NUV3S-P. The difference of the temperature coefficient of input voltage 3.05 and 3.06 V was less than
1 mV which is within the margin of error. For the convenience of setting, the experiment was conducted with the
input voltage in units of 50 mV. As presented in table 2 and figure 4, when 3.05 V was applied, the gain drift of the
SiPM over the temperature change was best compensated and the peak position variation was 1.52% per 10 °C,
relative to the value at 20 °C. The energy resolution was also consistent (12.17%, +0.53%).

3.1.2. Error rate with a fixed energy window

Figure 5 shows the energy histograms measured at 10 °C, 15 °C, 25 °C, and 30 °C while compensating for the
SiPM gain drift using the proposed method. The error rates of counting valid 511 keV events are summarized in
table 3. To calculate the error rates, a +10% energy window around the 511 keV peak obtained at 20 °C was

5
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Figure 5. Energy histogram on each temperature (10 °C, 20 °C, 30 °C). Histograms were normalized by the peak value.

Table 2. Peak position variation and energy resolution according to the
input voltage of the temperature sensor.

Peak position Energy
Input voltage (V) variation (%/10 °C) resolution (%)
3.0 3.39 12.44 £ 0.58
3.05 1.52 12.17 £ 0.53
3.1 2.74 12.33 +0.48
No compensation 13.27 12.87 £ 0.79

applied to other energy histograms measured at 10 °C, 15 °C, 25 °C, and 30 °C and the number of events in the
energy window was counted.

3.1.3. Energy resolution during temperature change

For an input voltage of 3.05 V, the energy resolution was measured during a temperature change from 10 °C to
30 °C. The measured energy spectra and energy resolutions were compared with and without the applied
compensation technique (figure 6 and table 4). As summarized in table 4, without compensation, the energy
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Figure 6. Energy histogram on temperature varying condition. Histograms are normalized by the peak value.

Table 3. Count rate error occurred when applying +10%
energy window around 511 keV peak obtained at 20 °C

to other energy histograms measured at different
temperatures using single-channel SiPM. The error rateisa
value of the ratio.

10°C 15°C 25°C 30°C

Error rate <0.01 <0.01 0.02 0.05

Table 4. Energy resolution during temperature change.

Condition Energy resolution (%)
Without compensation (10 °C-30 °C) 18.51
With compensation (10 °C -30 °C) 12.32
Without compensation (20 °C) 11.85

resolution was significantly degraded (18.51%); however, the SiPM gain compensation technique only slightly
degraded the energy resolution.

3.2.4 X 4SiPM array

3.2.1. Optimal input voltage of temperature sensor

The same procedure was performed usingthe 4 x 4 SiPM array S14161-3050HS-04. All 16 channels had the same
bias voltage, temperature output voltage minus fixed high voltage. Signals from each 16 cathode channels were
individually readout to measure the variation of peak position and energy resolution. We evaluated the proposed
method on various conditions, the input voltage of the temperature sensor ranging from 5.6 to 7.5Vin 0.1 V
intervals on 4 different temperature ranges, 10 °C-30 °C, 10 °C-40 °C, 0°C-30 °C, and 0 °C—40 °C. As shown

in figure 7, the optimal input voltage for the 4 x 4 SiPM array on 10 °C-30 °Cwas 6.5V, 7.5V on 10°C—40 °C,
5.8V on0°C-0°C,and 6.9V on 0 °C—40 °C. Peak position variation in energy spectrum is summarized in figure 8
and table 5.

3.2.2. Error rate with a fixed energy window
The count rate errors that occurred when applyinga £10% energy window around the 511 keV peak obtained at
30 °Cto other energy histograms measured at different temperatures are summarized in table 6.
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3.2.3. Energy resolution during temperature change

With each optimal input voltage of the temperature sensor on 4 different temperature ranges, we measured the
energy resolution of each channel under the condition that the temperature changes from the lower to the upper
limit of each range. As summarized in figure 9, with the proposed compensation technique, the average energy
resolution for each of the 4 different temperature ranges was 11.55%, 12.65%, 12.41%, 12.11%, respectively.
Without the proposed compensation technique, photopeak did not appear in several channels. In figure 9(b),
black and white colors indicate the channels in which photopeak did not appear.

4, Discussions

4.1. Variation of peak position on the wider range of temperature

Itis known that the SiPM breakdown voltage as a function of temperature is linear, however, it is not linear

over a wide range, as shown in (figure 8(b)). With the fixed bias voltage, the peak position variation was

17.17% = 1.00% per 10 °C on the temperature range of 0 °C-20 °C, and 24.61% =+ 0.65% per 10 °C on the
temperature range of 20 °C—40 °C. This shows that the gain drift of the SIPM with temperature is not linear with
temperature on a wide range of temperatures. As shown in figure 10, the parabolic model fits better than the
linear model for the peak positions measured without applying the compensation technique. The reason that the
optimal input voltage of the temperature sensor differs for different temperature ranges would be due to the
nonlinearity of the SiPM gain drift with temperature. Because of the small second-order coefficient, the gain
drift of SiPM with temperature can be assumed to be linear over a narrow temperature range. However, as the
temperature range is extended, the nonlinearity of the SiPM gain drift with temperature should be considered
and active temperature management is recommended.

4.2. Gain compensation technique for multi-channel SiPM

Array-type SiPMs were fabricated by combining different SiPMs, which could result in differences arising in the
characteristics of each channel. Also, although the temperature sensor was placed right next to the SiPM, there
was a slight difference in the distance between the sensor and each channel. The SiPM channel closest to the
temperature sensor was 0.5 cm away and the SiPM channel farthest was 1.4 cm away. Therefore, to use the array-
type SiPM,, it is necessary to verify the gain compensation method with array-type SiPM. Gain compensation
methods using FPGA and lookup tables have been verified with multi-channel SiPMs by several groups and are
used in actual PET systems (Gil et al 2011, Ko et al 2016). However, to the best of our knowledge, no validation
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Figure 8. Variation of peak position with optimal input voltage on each temperature range. (a) Temperature range: 0 °C-30 °C,
(b) temperature range: 0 °C—40 °C, (c) temperature range: 10 °C —40 °C, (d) temperature range: 10 °C-30 °C.

30 35 40

Table 5. Error rate on each temperature range with optimal input voltage and without compensation technique.

Temperature range Optimal input voltage (V) Error rate (% /10 °C) Error rate without gain compensation (% /10 °C)
0°C-30°C 5.8 2.29 £ 0.70 18.74 % 0.86
0°C -40°C 6.9 3.09 £ 0.23 20.89 + 0.78
10°C—40°C 7.5 3.61 £ 0.46 22.80 £ 0.85
10°C-30°C 6.5 2.34 + 0.31 20.53 + 1.01

Table 6. Count rate error occurred when applying £10% energy window around 511 keV peak obtained at
30 °C to other energy histograms measured at different temperatures using4 x 4 SiPM array.

Input voltage 0°C 5°C 10°C 15°C 20°C 25°C 35°C 40°C
58V 0.02 0.10 0.19 0.21 0.19 0.04 0.08 0.50
6.5V 0.11 0.11 0.03 0.05 0.06 0.02 0.17 0.41
6.9V 0.12 0.03 0.02 0.05 0.07 0.02 0.05 0.23
7.5V 0.65 0.10 0.02 0.02 0.05 0.02 0.06 0.25
No compensation ~1 ~1 ~1 ~1 ~1 0.62 0.70 ~1

studies have been conducted on methods using blind SiPMs (Licciulli ef al 2013, Licciulli and Marzocca 2015),
thermometers (Miyamoto et al 2009), or diode chains (Kuznetsov 2018) for multi-channel SiPMs. The results
forthe4 x 4 SiPM array obtained in this study demonstrate the potential of the proposed gain compensation
method for use in real PET systems. As shown in figure 11, the photopeaks of each channel are different. After
normalizing all channels to the photopeak position of (1, 1) channel, the channel with the lowest photopeak bias
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Figure 9. Energy resolution of each channel in 4 different temperature varying conditions (a) with the proposed compensation
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was (4, 4) channel with 98.09% and that with the highest photopeak was (4, 1) channel with 110.8%. The
photopeak bias of each pixel may be different because of various reasons, such as the variations in scintillation
crystal light yield and optical coupling efficiency, but the breakdown voltage and the bias voltage of each channel
were the same, so the gain over temperature was the same for each channel. This is because the gain drift

according to the temperature of each pixel is a function of overvoltage, not photopeak bias.
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Figure 10. Variation of the peak position without gain compensation fitted with (a) linear model and (b) parabolic model. The R-
square value is larger on the parabolic model.
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Figure 11. Photopeak position bias of individual channels normalized by the photopeak position of (1, 1) channel. The temperature
was fixed at 20 °C, and the input voltage of the temperature sensor was 6.9 V.

4.3. Factors causing errors in gain compensation

4.3.1. Output variation of temperature sensor

The analog output of the temperature sensor was subjected to electronic noise. When monitoring the temperature
sensor output with an oscilloscope, the signal fluctuated up to 80 mV. Ata 3.3 V overvoltage of the single-channel
SiPM, the 80 mV fluctuation can cause the SiPM gain to change by 2.4%. Therefore, techniques that reduce the
electronic noise generated at the temperature sensor output can improve the proposed gain compensation method.

4.3.2. Heating of operational amplifier

Forthe4 x 4 multi-channel SiPM experiments, 17 operational amplifiers were mounted on a printed circuit
board (PCB). Although all experiments were performed in a thermostatic chamber, the PCB was heated by the
operational amplifiers and the output of the temperature sensor attached to the PCB increased by 100 mV. For
the 3.3 V overvoltage condition of the 4 x 4 multi-channel SiPM, the 100 mV fluctuation can cause the SIPM
gain to change by more than 3%. This may explain why the proposed technique yielded higher errors in the

4 x 4 multi-channel SiPM than in the single-channel SiPM. Therefore, sufficient time was required to stabilize
the PCB temperature to obtain equilibrium with the temperature of the thermostatic chamber. At high
temperatures, the time taken to reach thermal equilibrium increases, resulting in a higher compensation error.
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5. Conclusion

In this study, a simple gain compensation technique using only a temperature sensor was proposed to overcome
the temperature dependence of the SiPM gain. Using the proposed technique, we compensated for the gain
variation with an error of 1.52% per 10 °C in a single-channel SiPM ASD-NUV3S-P and 2.34 + 0.31% per

10 °C in a multi-channel SiPM S14161-3050HS-04 between 10 °C and 30 °C. On the wider range of temperature,
between 0 °C and 40 °C, the error of the gain variation in a multi-channel SiPM S14161-3050HS-04 slightly
increased to 3.09 £ 0.23% per 10 °C. Because the implementation is simple and the performance is reasonable,
this method will be useful for radiation detection and imaging.
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