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A spectrometer employing a silicon photomultiplier (SiPM) based scintillation detector has spectrum drift issues
under temperature variations. Although some temperature-dependent compensation methods are reported,
spectrum distortions under rapid temperature fluctuations have received little attention. We have developed a
SiPM-based CsI(T1) spectrometer and proposed gain stabilization designs to settle this problem. A temperature
sensor was coupled to the SiPM in the detector and wrapped with a thermal insulation foam material to
acquire the temperature of the SiPM. Meanwhile, a temperature correction module was applied in the field-
programmable gate array (FPGA) within a custom multichannel analyzer (MCA). The effectiveness of the
temperature correction module in the FPGA and a specialized detector design were studied and verified
under slow and rapid temperature variations. The results prove that the spectrum drifts of the SiPM-based
CsI(T1) spectrometer under rapid temperature variations can be significantly constrained with the proposed

gain stabilization designs.

1. Introduction

A silicon photomultiplier (SiPM) is a kind of avalanche photodiodes
array operated at Geiger mode, also known as multi-pixel photon
counter (MPPC) with excellent features including high gain, insensi-
tivity to magnetic fields, low bias voltage and compact size [1-3]. The
SiPM has been widely used in different applications such as nuclear
safety, medical imaging and high-energy physics experiments [4-7],
however, the SiPM gain is sensitive to temperature [8]. Temperature
variations may lead to gain instability of the SiPM-based systems.
Passive gain stabilization methods can be realized by keeping the
SiPM temperature under control, similar to the temperature control
technology used for semiconductor detectors [9]. Active gain stabi-
lization methods by adjusting the bias voltage [10-13] or the gain of
the amplifier [14,15] according to the temperature of the SiPM have
been reported. However, the effect of the rate of temperature change
on the performance of the temperature-dependent gain stabilization
method has not been given enough attention. Predictably, because of
the temporal temperature differences between the SiPM-based detec-
tor and temperature sensor [14], the gain compensation results by
these methods may diverge from the actual values when the detector
encounters rapid temperature variations.

We have recently developed a digital spectrometer employing a
compact SiPM-based CsI (T1) scintillation detector for the use of y
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radiation monitoring and radionuclide identification applications [16].
In order to solve the problems mentioned above, a temperature sensor
was thermally coupled to the SiPM and wrapped with a thermal in-
sulation foam material. Then a gain stabilization method was realized
by compensating each pulse amplitude from the detector in the field-
programmable gate array (FPGA) according to the SiPM temperature.
This method needs no extra hardware compared with other gain sta-
bilization methods which use digital-to-analog converters or adjustable
high-voltage driver circuits.

2. Materials and methods
2.1. Detector design

The radiation detector is shown in Fig. 1. A 6 x 6 x 10 mm? CsI(T1)
crystal and a Hamamatsu SiPM S13360-6075CS [17] were employed.
The SiPM sensitivity is well matched with the CsI(Tl) luminescence
spectrum [18]. The CsI(T1) crystal was coupled to the SiPM by optical
grease, and they were wrapped in an aluminum foil to keep out am-
bient light. The gain instability of the SiPM-based CsI(Tl) scintillation
detector is mainly caused by the temperature change of the SiPM. To
measure the SiPM temperature, a temperature sensor DS18B20 [19]
was coupled to the back of the SiPM by thermal grease. Then, an
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Fig. 1. The structure of the SiPM-based CsI(Tl) detector.
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Fig. 2. Photograph of the DMCA board: (a) Analog processing; (b) ADC; (c) FPGA; (d)
USB; (e) General-purpose input/output interface.

ethylene-vinyl acetate copolymer (EVA) foam material was used to
wrap the SiPM and the temperature sensor together. The EVA foam ma-
terial is an ideal packaging material which has many advantages, such
as heat-insulating, water proof, chemical resistant, collision resistant,
and recyclable. Benefiting from the thermal insulation property of the
EVA foam, the temperatures of the SiPM and the temperature sensor
can arrive in the same time as the ambient temperature changes. The
output signals from the temperature sensor and the SiPM were both
drawn from the insulation layer using thinner wires to minimum heat
conduction.

2.2. DMCA design for gain stabilization

A digital multichannel analyzer (DMCA) board (Fig. 2) has been
successfully developed to process the detector’s signals and implement
gain stabilization. An FPGA chip of Altera Cyclone III series was used
with a working frequency of 100 MHz. The signals from the detector
were first processed by an analog circuit including an amplifier and a
Sallen-Key (S-K) filter, then sampled by an analog to digital converter
(ADC) with a sampling rate of 100 MHz. The low voltage differential
signaling (LVDS) outputs from the ADC were sent to the FPGA for
digital pulse processing. In order to acquire the temperature data of the
SiPM in real time, a general-purpose input/output interface (GPIO) was
applied for communications between the FPGA and the temperature
sensor. A third-generation telecommunication technology used in our
previous design portable dose rate detector was also expected to be
applied in the DMCA board [20].

The procedure of the digital process in the FPGA is shown in Fig. 3.
First, the digital pulses from the ADC were received by the pulse height
analyzer (PHA) module to be shaped using a trapezoidal shaper. The
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Fig. 3. Diagram of the digital process in the FPGA.

amplitudes of the trapezoidal pulses were acquired after the baseline
restoration and the pulse pile-up rejection processes. Simultaneously,
the temperature monitor module read the latest temperature of the
temperature sensor at each pulse event. A gain stabilization module
was invented to correct every pulse amplitude from the PHA module ac-
cording to the temperature sensor data and a gain correction algorithm.
The corrected pulse amplitudes were finally converted into spectra in
the FPGA and sent to a computer for spectral analysis.

2.3. Principle of the gain correction method

For a certain y energy, the variations of the SiPM gains can be
reflected by those of the pulse amplitudes from the PHA module
linearly, and lead to the shifts of the peak channel. A gain correction
factor F is here defined as:

F=8 _A_C
CO

Ag
where G is the SiPM gain, G, is a reference gain, A is the pulse
amplitude at G, A, is the pulse amplitude at G, C is the peak channel
at G, and C, is the peak channel at G,

Meanwhile, the SiPM gain G is a linear function of the SiPM
temperature when the bias voltage is fixed [21], which results in a
linear relationship between the gain correction factor F and the SiPM
temperature T. That is:

@

F(T)=a+bT @

The a and b in formula (2) can be obtained by measuring the relative
peak positions (C/C,) at different SiPM temperatures, and thereafter we
have:

Ag= A - A
F(T) a+bT

An algorithm based on Formula (3) was programmed in the gain
stabilization module in the FPGA. Then every pulse amplitude A from
the PHA module corresponding to any SiPM temperature T can be
corrected to the reference pulse amplitude A,, which corresponds to
an established reference temperature. So far, the SiPM gain instability
under temperature variations is corrected.

3

2.4. Experimental setup

When applied to environmental radiation monitoring, the SiPM-
based detector will encounter temperature fluctuations which could be
dramatic sometime. Taking into account of that, this study considered
not only slow but also fast temperature changes. A thermal chamber
Drick DRK641 was used to study the peak shift in the spectra and
to verify the gain stabilization performance under different conditions
of temperature variation. The detector and the readout circuits were
placed together in the thermal chamber. The spectra measurements
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Fig. 5. Stabilized spectra of ¥Cs (a) and ®°Co (b) measured during different temperature variation periods.

used a 5.29 x 10% Bq 1%7Cs or a 5.29 x 10* Bq ®°Co radioactive source
next to the detector. The bias voltage of the SiPM was 56.6 V which
was supplied from outside of the thermal chamber. The signals from
the detector and the temperature sensor were transferred outside the
thermal chamber and input to the DMCA board.

3. Results and discussions

3.1. Determination of the gain correction factor

In order to establish the gain correction factor F, we measured the
relative peak positions (C/CO) of the 99Co spectra at different SiPM
temperatures. The spectra were measured at 14 different temperatures
between 15 °C and 40 °C. The light yield of the CsI(Tl) scintillator
adopted is almost stable, 55,300 +/— 630 photons/MeV in the range
of 15 °C to 40 °C, according to the production information. Every
given temperature was kept constant for 3 min before a spectrum
measurement. Fig. 4(a) shows the peak shifts at three of these different
temperatures. The temperatures were read out by the temperature
sensor. The reference temperature was set to 25 °C, and the relative
peak positions of 1173 keV and 1332 keV are shown in Fig. 4(b).
The relative peak shift from 15 °C to 40 °C is 38%, indicating a gain
deviation of —1.46% per degree Celsius. Linear fits were performed for
both 1173 keV and 1332 keV, which get same results of parameters a
and b in formula (2). Therefore, the gain correction factor F function in
Fig. 4 was established and programmed in the gain stabilization module
of the FPGA for pulse amplitudes corrections.
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3.2. Gain stabilization performances of the spectrometer under relative slow
temperature changes

The gain stabilization performance of the spectrometer was tested
by measuring ®°Co and !37Cs spectra and evaluating their peak po-
sitions and energy resolution. The temperature variation rates in the
experiments were relatively slow. As shown in Fig. 6, the temperature
increased from 10 °C to 45 °C and dropped back to 10 °C twice with the
average temperature variation rates of +1.17 °C/min and +0.51 °C/min,
correspondingly. Fig. 5 shows part of the stabilized 137Cs and °Co
spectra in different temperature variation processes. The measuring
time of each spectrum was 5 min. The spectra measured at different
temperatures were almost identical, and very small peak shifts were
found after the gain stabilization method was carried out. The gain
stabilization performance can also be reflected by the shape consistency
of each measured energy spectrum.

The peak positions at 662, 1173 and 1332 keV were normalized by
the peak position at 25 °C to obtain the relative peak position. As shown
in Fig. 6, the experimental results show that the maximum relative peak
shift was no more than 3.4% with the gain stabilization module applied,
while it was approximately 53.6% without corrections.

The SiPM gain is constantly changing during the temperature changes,
indicating that if no stabilization method is used, the peaks will shift
continuously and the energy resolution will be decreased. In order
to study the improvement of the energy resolution by our method,
several spectra without the gain stabilization were also measured. The
spectra were fitted and the FWHM was extracted for energy resolution
calculations. As shown in Fig. 7, the average energy resolution at 662
and 1332 keV measured before the gain stabilization was 6.3% and
4.4%, respectively. They were improved to 5.8% and 3.7% after the
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Fig. 7. Energy resolution at 662 and 1332 keV with and without the gain stabilization.

gain stabilization module was applied. These values were close to the
energy resolutions measured under constant temperature conditions.

3.3. Gain stabilization performances of the spectrometer under fast temper-
ature changes

3.3.1. Without the thermal insulation layer

The gain stabilization performances of the spectrometer under rel-
ative slow temperature changes seems fairly good in the aspect of
whether peak shifts or energy resolutions when the gain stabilization
module was applied. However, some energy resolution deteriorations
were found when temperature changed much faster than that in Sec-
tion 3.2. It was possibly related to the temperature measurement error
caused by the fast temperature variation. To find the cause of the
energy resolution deteriorations, an experiment using the designed
gain stabilization module without thermal insulation layer was first
carried out. To simulate fast temperature variations, the detector was
first placed outside of the thermal chamber at an ambient temperature
of 14 °C. Then the detector was rapidly transferred into the ther-
mal chamber which was preheated to 40 °C. The energy resolutions
were being measured during this process. As shown in Fig. 8(a), the
temperatures of the SiPM varied from 14.0 °C to 40.1 °C within 2
min with an average rising rate of 0.20 °C/s. Fig. 8(b) shows the
spectra before, in the middle of, and after the fast temperature rising
process, and the energy resolutions were 3.7%, 7.2% and 3.7% at 1332
keV, correspondingly. A Gaussian fit was used to extract the peak
of the spectrum. The peak of the spectrum in the middle of the fast
temperature rising process shifted left compared to those of the spectra
under constant temperatures. Based on the results, the correction factor
of the spectrum during fast temperature variations was bigger, which
means that the temperature of the temperature sensor was greater than
that of the SiPM during rapid temperature changes.
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3.3.2. With the thermal insulation layer

Although the temperature sensor is thermally coupled to the SiPM,
there is always a temperature gradient between them when the external
temperature suddenly changes. In addition, the temperature of the
temperature sensor rises faster than the SiPM’s. Therefore, reducing the
temperature differences between the temperature sensor and the SiPM
is necessary for a better spectrum stabilization performance. As shown
in Fig. 9(a), after the foam thermal insulation layer was attached to the
detector, the average temperature rising rate of the temperature sensor
was reduced to 0.12 °C/s. The energy resolution at 1332 keV slightly
worsened to 4.1% when fast temperature variation occurred compared
to the value of 3.8% measured at constant temperature. However,
the energy resolution was greatly improved compared with the value
of 7.2% measured without the thermal insulation layer (Fig. 8(a)).
Fig. 9(b) shows a %°Co spectra measured during different temperature
variation periods. The application of the thermal insulation layer for the
SiPM-based CsI(T1) detector effectively improved the spectrum stability
during the period of fast temperature variations, also indicating that the
temperature differences between the temperature sensor and the SiPM
can be reduced by this method.

The energy resolution results in Fig. 9(a) show that some tempera-
ture differences still existed after the thermal insulation layer was used
for the detector. First, the heat transfer from the environment to the
temperature sensor cannot be completely eliminated by the thermal
insulation layer, so the temperature of the temperature sensor cannot
completely follow that of the SiPM. Second, the temperature differences
may exist between the two surfaces of the SiPM when the ambient
temperature varies rapidly. The temperature of the surface coupled
with the CsI(TD) scintillator may change slower than that of the surface
connected with the temperature sensor.

4. Conclusions

In order to solve the gain instability problem of the SiPM based
scintillation detector used during rapid temperature variations, we in-
vented a gain stabilization method. A FPGA-based MCA was developed
and a gain correction algorithm was realized. The maximum relative
peak shift was reduced from 53.6% to 3.4% after the gain correction
was applied when the ambient temperature changed at the rate of
+1.17 °C/min and +0.51 °C/min between 10 °C and 45 °C. A temper-
ature sensor was thermally coupled to the SiPM and wrapped with a
thermal insulation foam material. The energy resolution with the foam
thermal insulation layer was greatly improved to 4.1% compared with
the value of 7.2% measured without the thermal insulation layer under
fast temperature variation conditions. A thermal insulation layer can
effectively reduce the temperature differences between the temperature
sensor and the SiPM, and improve the energy resolution of the SiPM
based spectrometer.
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