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Abstract. Silicon photomultipliers (SiPMs) coupled with various scintillators are currently used as gamma-
radiation detectors for different applications. Many tasks require the ability to use detectors in environments with 
varying operating temperatures. However, the profound dependences of the characteristics of both SiPMs and 
scintillators on temperature make it difficult to use these detectors in such environmental conditions. The gain of an 
SiPM increases with increases in bias voltage, and it decreases with increases in temperature; however, the 
scintillator’s light yield may increase and/or decrease with temperature, depending on the type of scintillator used. 
Such temperature dependence makes it necessary to use special techniques for the stabilization of the detector 
parameters. We proposed and tested a method and an electronic module for compensating for the temperature 
instabilities of the gain of an SiPM and the light output of BGO and CsI(Tl) scintillators. Our method is based on the 
application of the SiPM biasing power supply that is controlled and managed by the microprocessor. The calibration 
data of the temperature dependence of a photo peak (662 keV) are stored in the microprocessor memory. The exact 
value of the bias voltage for each temperature is calculated by the formula of the 5th-degree polynomial. This method 
achieved a high accuracy of the photo peak position stabilization in the tested operation temperature range (-20⁰C - 
+50⁰C). The test results of the SiPM-based gamma-radiation BGO and CsI(Tl) scintillation detectors as well as the 
results of their practical applications in medical surgical probes are presented. 
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1. INTRODUCTION 

Silicon photomultipliers (SiPMs) are good 
alternatives to traditional photomultiplier tubes for 
application in the scintillation detectors used to 
convert optical signals to electrical ones and to amplify 
them to measured values [1, 2]. 

SiPMs are a set of miniature avalanche diodes 
operating in Geiger mode and are connected in 
parallel. The diode and the quenching resistor 
comprise a micro cell of the SiPM. SiPMs have a 
smaller size and a similar gain compared to those of 
traditional vacuum tube-based photomultipliers. 

SiPMs are of a more compact size, they have a 
higher reliability and stability under mechanical 
impacts, and a lower sensitivity to magnetic fields, and 
they can operate at significantly lower operating 
voltages compared to traditional photomultipliers. The 
use of SiPMs with scintillation detectors makes it 
possible to obtain a satisfactory energy resolution for 
many applications. 

However, SiPMs have some disadvantages. In 
addition to an increased noise level, the characteristics 
of SiPMs, primarily the gain, significantly depend on 
temperature. Changes in the characteristics of SiPMs 
caused by temperature changes limit their application 
in conditions with a changing operating temperature of 
the environment, for example, various field conditions, 
homeland security conditions, and military conditions. 

In addition to the temperature instability of SiPMs, 
the dependence of the characteristics of scintillators on 
temperature can also limit the use of SiPM-based 
scintillation detectors. 

The influence of the instability of the electronics 
used with an SiPM on temperature also has a negative 
effect on the stability of the detector characteristics. 

This paper considers the influence of temperature 
on the characteristics of detectors based on inorganic 
CsI(Tl) and BGO scintillators produced by the company 
EPIC Crystals Co., LTD. [3] as well as a SiPM produced 
by the company SensL [4], and it suggests a method 
and a device for compensating for the temperature 
dependences. 
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2. DEPENDENCE OF CHARACTERISTICS OF SiPMS AND 

SCINTILLATORS ON TEMPERATURE AND METHODS OF 

THEIR COMPENSATION 

2.1. Dependence of CsI(Tl) and BGO scintillators on 
temperature 

It is known that scintillator characteristics, such as 
the light yield (or scintillation efficiency) and the light 
pulses that decay over time, depend on temperature. In 
addition, the luminescence spectrum also depends on 
temperature; however, the amount of change is 
insignificant and has a slight effect on work stability. 
The light yield in BGO scintillators decreases 
substantially with decreasing temperature [5, 6, 7, 8]. 
In the temperature range from –20°C to +50°C, the 
light yield in BGO scintillators depends almost linearly 
on temperature. According to data from various 
publications the temperature coefficient of the light 
yield at temperatures close to room temperature is  
– 0.9 %/ºC [8] or – 1.2 %/ºC [5]. The light pulse decay 
time in BGO scintillators varies from approximately 
0.6 µs at – 20°C to approximately 0.2 µs at + 50°C [7]. 
The maximum emission spectrum in BGO crystals 
corresponds to 480 nm.  

The light yield in CsI(Tl) scintillators depends on 
the temperature to a lesser degree than in BGO 
scintillators; however, the behavior is different. There 
is a maximum light yield lying in the temperature 
range from – 40°C to + 30°C [9, 10]. The temperature 
coefficient of the light yield at temperatures close to 
room temperature is approximately 0.4%/ºС [8]. The 
light pulse decay time in CsI(Tl) scintillators also 
depends on temperature. However, the decay time in 
these crystals consists of more than one component. 
The fast and slow components at room temperature 
have a decay time of approximately 0.6 μs and 3.5 μs, 
respectively [10]. The maximum of the emission 
spectrum in CsI(Tl) crystals corresponds to 550 nm. 

BGO detectors have a higher gamma-ray 
absorption efficiency and a shorter light pulse decay 
time but a much lower light yield and a lower energy 
resolution compared to CsI(Tl) detectors. BGO 
detectors are recommended for use in tasks where high 
efficiency of radiation detection is required whereas 
high energy resolution is not. 

The dependence of the light pulse decay time on 
temperature determines the change in the shape of the 
output signals of the detector with temperature 
changing. This phenomenon leads to an additional 
change in the position of the centroids of the detected 
photo peaks due to the ballistic deficit in the shaping 
amplifier caused by a change in the relation between 
the light pulse decay time of scintillators and the 
amplifier shaping time [9]. 

2.2. Dependence of the SiPM characteristics on 
operating temperature 

SiPMs are solid-state devices based on a silicon 
semiconductor material. The characteristics of such 
devices profoundly depend on temperature. It is the 
leakage current that determines the level of noise, 
breakdown voltage, gain, junction capacitance, optical 
crosstalk, after-pulsing and photon registration 

efficiency [11, 12, 13, 14]. However, the most important 
parameter of the SiPM that depends on temperature is 
the gain. The essential dependence of the gain on 
temperature is related to the dependence of the 
breakdown voltage on temperature. The dependence of 
the breakdown voltage on temperature is 21.5 mV/ºС, 
and the gain of SiPM C-series produced by SensL is –
 0.8%/ºС [11, 15]. 

Moreover, the gain of SiPMs depends on the 
overvoltage. With an increase in the overvoltage, the 
gain of the SiPM also increases. It is possible to 
compensate the gain temperature dependence using 
this behavior. 

2.3. Methods for the compensation of temperature 
dependences of the characteristics of detectors 
based on scintillators and SiPMs 

Both the temperature shift of an SiPM gain and 
electronics and the change in the light yield in the 
scintillator substantially deteriorate the spectrometric 
characteristics of the measuring equipment when the 
measurements are conducted in a relatively large time 
interval under conditions of varying operating 
temperature. To eliminate this deterioration, it is 
necessary, in one way or another, to stabilize the 
detector characteristics.  

In the literature, several approaches for stabilizing 
the SiPM gain under conditions of changing 
environmental temperature have been described. Some 
of these approaches were previously used to stabilize 
the characteristics of conventional vacuum-tube-based 
photomultipliers coupled with scintillator detectors  
[16, 17]. These are methods based on the use of various 
electronics, radioactive sources incorporated into the 
material of a scintillator [18], or pulsed light-emitting 
diodes [19, 20]. 

There are also other methods when specific features 
of SiPMs [21 - 26] are used. 

The most obvious approach is to stabilize the 
characteristics of the detector by stabilizing the 
operating temperature, for example, cooling the 
detector, using the Peltier element [27] or using other 
methods of the temperature stabilization of the 
detector [28]. However, these methods require 
complex design solutions for their implementation that 
are energy-consumable and that cannot be used in 
portable devices for field application. Other methods 
[21, 22, 23] are based on the use of the temperature 
dependence of the SiPM gain and the temperature-
dependent bias voltage power supply. These methods 
mainly differ in the methods of operating temperature 
measurement. 

Some of the proposed methods allow the 
compensation of only the temperature dependence of 
the SiPM gain but not the temperature dependence of 
the scintillator characteristics and the temperature 
instability of the electronics. 

In reference [23], the temperature stabilization of 
the SiPM gain was conducted using the method of 
active monitoring of a bias voltage. The developed 
experimental setup was controlled via PC. 

We also proposed a method and a device for 
temperature dependence compensation of SiPM-based 
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scintillation detector characteristics based on a 
controlled bias power supply. 

3. EXPERIMENT 

3.1. Detectors 

To demonstrate the developed scheme of 
temperature compensation, we selected BGO and 
CsI(Tl) scintillation detectors that have different 
temperature dependences of their characteristics. 
Scintillators of different sizes were used. 

To build the detector modules, SensL low noise C-
series SiPM [15] MicroFC 60035, with a sensitive area 
of 6×6 mm² and a microcell size of 35 μm, as well as a 
MicroFC30035 with a sensitive area of 3×3 mm² and a 
microcell size of 35 μm, were used. The breakdown 
voltage of these SiPMs at room temperature is 
approximately 24.5 V, and the recommended 
overvoltage range is 1.0 V to 5.0 V. 

The detector module consisted of three 
components: a scintillator (BGO or CsI(Tl)), an SiPM, 
and a thermistor. The SiPM and the thermistor were 
mounted on a common PCB. The close arrangement of 
the thermistor and the SiPM provided an accurate 
measurement of the SiPM temperature and, 
accordingly, an accurate setting of the operating bias 
voltage to compensate for temperature changes in its 
characteristics. 

The scintillator and SiPM were coupled together by 
a low-stress optical epoxy resin EPO-TEK 301-2FL. 
Further, a diffusion reflector covered the resulting 
assembly. A Teflon film was used as a diffusion 
reflector. 

The following detectors were assembled for the 
tests: 

1. Scintillator BGO Ø12.5 mm × 50 mm, SiPM 
MicroFC 60035. 

2. Scintillator CsI (Tl) Ø12.0 mm × 50 mm, SiPM 
MicroFC 60035. 

3. Scintillator BGO Ø6 mm × 10 mm, SiPM 
MicroFC 30035. 

4. Scintillator CsI (Tl) Ø6 mm × 10 mm, SiPM 
MicroFC 30035. 

The appearance of the assembled detector modules 
is shown in Fig. 1. 

 
Figure 1. The assembled detector modules 

3.2. Method of compensation of the temperature 
dependences  

The temperature stabilization of the parameters of 
the assembled detectors was conducted using the 
method of active monitoring of the detector bias 
voltage. This method requires precise preliminary 
calibration. Calibration allows compensating not only 
for the effect of temperature instability of the SiPM 
gain and for the light yield of the scintillator but also 
for the temperature instability of the scintillator light 
pulse decay time. In addition, calibration allows taking 
into account the temperature instability of electronic 
circuits (amplifier and bias power supply) if they are 
arranged in close proximity to the detector. 

The temperature calibration of the detectors was 
conducted with the use of a temperature chamber, 
which allowed for setting and maintaining the 
temperature, with an accuracy of ±0.25°C. 

For the measurements, the detector was connected 
to the measuring equipment – digital multichannel 
analyzer MCA527. 

Based on the requirements for parameters such as 
optimal signal-to-noise ratio, dynamic range of the 
control system in the operating temperature range  
– 20⁰С - + 50⁰С, the reference voltage of SiPM 28,5 V 
for the temperature point of 25⁰С was selected.  

To improve the calibration accuracy, the entire 
process must be performed in one continuous 
measurement cycle for each detector. To ensure the 
operating temperature range of the system from -20⁰С 
to + 50⁰С, the calibration in an extended temperature 
range – 25⁰С - + 55⁰С was performed. Based on the 
capabilities of the equipment used, within 1 working 
day it was possible to carry out measurements in 9 
temperature points of the extended temperature range 
in step of 10⁰С. 

The following calibration procedure was used. 

First of all, for each of the selected temperature 
points, the bias voltage of the SiPM was manually 
adjusted so that the peak of 662 keV was in the region 
of the target channel with an accuracy of ±0.1%. The 
target channel is a channel of maximum of 137Cs 662 
keV photo peak recorded at 25⁰С and at bias voltage of 
28.5V. The current operating temperature was 
controlled by a temperature sensor – the NTC 
thermistor arranged near the SiPM.  

The experimental dependence of the adjusted bias 
voltage as a function of temperature was obtained.  

Then, this dependence was approximated by a 5th 
order polynomial dependence (calibration curve). The 
resulting polynomial can be used by а microcontroller 
of the stabilization system to calculate the required 
operating voltage at any measured temperature point, 
however, to reduce the calculation time, the following 
procedure was implemented. 

Dependences of the calculated bias voltage for 
different detectors on temperature are shown in Fig. 2. 

According to the equations of the polynomials, the 
values of the bias voltage of SiPM for the temperature 
range from – 25⁰C to + 55⁰C in steps of 5°C were 
calculated and tabulated into the memory of the 
microprocessor, which controls the temperature 
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stabilization unit. The bias voltage for all intermediate 
temperature values are calculated by the 
microcontroller of the stabilization system using linear 
interpolation. An identical calibration procedure has 
been applied to all four types of detectors. 

 
Figure 2. Dependence of the calculated bias voltage for 

different detectors on temperature used for gain stabilization 

3.3. The proposed scheme 

The architecture of the temperature stabilization 
scheme of the detector is shown in Fig. 3. 

 
Figure 3. Block diagram of the detector’s temperature 

compensation scheme 

The microcontroller MKL05Z32VFK4, based on the 
Cortex-M0+ core, which includes 12-bit ADCs and 
DACs, achieves the operation control of the entire 
circuit. The microcontroller periodically measures the 
current temperature of the detector. 

Based on the calibration table stored in the 
processor memory, the required bias voltage of the 
detector is determined. There is a voltage set at the 
DAC output of the microcontroller that controls the 
regulated bias power supply of the SiPM. The bias 
power supply is based on the LT3571EUD chip. The 
circuit is designed in such a manner that, when the 
voltage of the DAC output is changed from 0 V to 2.5 V, 
the voltage of the output of the detector bias source 
varies from 26 V to 30 V. The accuracy of setting the 
required bias voltage of the detector is ± 4 mV, and the 
accuracy of maintaining the set value is ± 1 mV. This 
accuracy of setting the bias voltage makes it possible to 

maintain the accuracy of keeping the amplitude of the 
output signal of the detector within ± 0.5%. 

The microcontroller also periodically controls the 
correctness setting of the bias voltage of the detector. 

The SiPM is connected to the amplifier by the 
standard mode positive biasing and AC coupled 
readout [15], but without fast output. Such connection 
allows excluding the shift of the baseline at the output 
of the amplifier caused by the temperature change in 
the dark current of the SiPM. 

The amplifier based on the ADA4805-1ARJZ chip 
amplifies and shapes the signals. A pseudo-Gaussian 
waveform at the output of the amplifier has a duration 
at the half-height of the signal, approximately 1.1 μs. 
The signal from the detector through the amplification 
stage is sent to the subsequent recording equipment. 

All the elements of this scheme are located on two 
small PCBs with dimensions of 45 mm × 12 mm and 
39 mm × 7 mm, which are coupled to each other by a 
connector. The small size of the developed module 
allows their arrangement in a cylindrical case with an 
internal diameter of 14 mm.  

The power supply voltage of the module is + 5 V, 
and the current consumption does not exceed 12 mA in 
the entire tested temperature range. 

The appearance of the PCBs is shown in Fig. 4. 

 
Figure 4. PCBs of the temperature compensation module 

4. TEST RESULTS 

The developed scheme for the compensation of the 
temperature dependence of the characteristics of 
detectors is based on the scintillator and SiPM tests in 
the temperature range from – 20°C to +50°C using the 
temperature chamber. The tests were conducted in 
both a stationary mode (when the measurements were 
started after maintaining a given temperature for 1 
hour) and in a dynamic mode, with a continuous 
change in temperature in the measuring chamber at 
the speed of approximately 1.8°C/min. 

Figure 5 and Figure 6 show the position of the 
photo peak 662 keV centroid and the energy resolution 
(FWHM) in the temperature range with and without 
the use of the stabilization scheme, as measured with 
BGO and CsI(Tl) detectors of different sizes.  
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Figure 5. Dependence of the photo peak at 662 keV centroid 

on temperature with and without using the stabilization 
scheme measured with different detectors 

The change in the position of the photo peak 
centroid in the tested temperature range for BGO 
detectors without the use of stabilization was 
significant. The amplitude of the signals decreased 
approximately by a factor of 2 in this temperature 
range. The change in the position of the photo peak 
centroid in the same temperature range for the CsI(Tl) 
detectors without using the stabilization system was 
not so significant as for the BGO detectors. The 
amplitude of the signal decreased in this temperature 
range approximately 1.2-fold compared with the 
amplitude at room temperature. 

 
Figure 6. Dependence of the energy resolution at 662 keV on 
temperature without (1, 3, 5, 7) and with using (2, 4, 6, 7) the 
stabilization scheme measured with the different detectors:  

1, 2 - BGO Ø12.5 mm × 50 mm, 3, 4 - BGO Ø6 mm × 10 mm, 
5, 6 - CsI(Tl) Ø12.0 mm × 50 mm,  

7, 8 - CsI (Tl) Ø6 mm × 10 mm. 

The use of the temperature compensation circuit 
allowed us to stabilize the peak positions for all types of 
detectors. 

Changes in the photo peak position did not exceed 
0.07 %/°C. The measurements in a dynamic mode with 

constantly changing operating temperature 
(approximately 1.8°C/min) yielded the same results. 

 
Figure 7. Spectra of 137Сs recorded by the SiPM-based detector 

with a BGO scintillator with the size of Ø6 mm × 10 mm at 
different operation temperatures 

At the same time, the use of the compensating 
scheme did not significantly affect the dependences of 
energy resolution on temperature. Both with and 
without the application of the compensating scheme, 
the energy resolution of the detectors with the CsI(Tl) 
scintillators deteriorated with decreasing temperature, 
and that of the detectors with the BGO scintillators 
improved with decreasing temperature. Such 
dependences are primarily caused by the difference in 
the behavior of the light yield and light pulse decay 
time in these detectors on temperature.  

The 137Cs spectra obtained by detectors with the 
BGO scintillators with the size of Ø6 mm ×10 mm at 
different temperatures are shown in Fig. 7. 

The parameters of the developed correction scheme 
and the results of its testing demonstrate the possibility 
of their application in devices intended for the use in 
conditions of changing ambient temperature.  

For example, the developed correction scheme was 
used to stabilize the characteristics of a surgical probe 
intended for the measurement of gamma-radiation 
from isotopes injected into the human body for cancer 
diagnostics. The appearance of the probe is shown in 
Fig. 8. 

 
Figure 8. The surgical gamma-radiation probe 

The surgical probe consists of an SiPM-based BGO 
scintillator detector with the size of Ø6 mm ×10 mm, a 
tungsten collimator, a thermal compensation scheme 
and a shaping amplifier. The external dimensions of 
the probe are as follows: head diameter – 17 mm, head 
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length – 30 mm, and total probe length – 165 mm. The 
probe is designed for application in the temperature 
range from +10°C to +40°C. The gain stability for the 
temperature range is <0.6%. 

After careful calibration, the temperature 
stabilization of the detectors shows good repeatability. 
A total of 50 similar-type detectors using the same 
calibration curve were fabricated and tested. The 
scattering in the photo peak of 662 keV centroid 
position in the temperature range from +10°C to +40°C 
for this batch was ±1.8%. 

5. CONCLUSION 

A temperature compensation module using the 
method of active monitoring of the bias voltage of a 
detector was developed and tested with SiPM-based 
BGO and CsI(Tl) scintillator detectors of different sizes. 

The method of accurate calibration of the 
stabilization unit allows for compensating the 
temperature instabilities of scintillation detectors, 
SiPMs and electronic components. 

The developed firmware for the microprocessor 
provides control and management of the fabricated 
module. 

The proposed method and the developed 
temperature stabilization module demonstrate a 
significant improvement in the temperature stability of 
the tested detectors. The temperature coefficient of the 
photo peak of 662 keV in the temperature range from –
 20°C to + 50°C is approximately 0.07 %/°C for all 
types of the tested detectors. 

The developed temperature-compensating module 
was used in a small-scale production of surgical 
gamma-radiation probes. The experience of using the 
developed modules in the production of these probes 
has shown the possibility of using the same calibration 
table for the same type of detectors, with high 
reproducibility of the results. 
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