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Abstract With the aim of simulating the harsh tempera-
ture condition of space, a thallium-activated cesium iodide
crystal (CsI:Tl) detector readout with a PIN photodiode
(CsL:'TI(PD)) and with a silicon photomultiplier (CsI:TI
(SiPM)) is investigated over a temperature range from
— 40 to 40 °C. With the increase in temperature, the output
signal increases by ~ 24% with CsI: TI(PD) and decreases
by ~ 69% with CsL:TI(SiPM). To reduce the effect of
temperature in outer space, a method of bias voltage
compensation is adopted for CsL:TI(SiPM). Our study
demonstrates that after correcting the temperature the
variation in the analog-to-digital converter’s amplitude is
< 3%.
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1 Introduction

In recent decades, because of the increasing interest in
outer space, numerous exploration activities have been
pursued. The accurate measurement of the space radiation
distribution has been regarded as one of the most important
tasks during these explorations, because space radiation is
harmful to astronauts and electronic devices. Almost all
low earth orbit and interplanetary space exploration satel-
lites are equipped with space radiation detectors
(SRDs) [1, 2]. Silicon detectors are used as SRDs because
they are sensitive to ionizing radiation [3, 4]. However,
owing to the limitation of modern semiconductor technol-
ogy, it is difficult to fabricate them with sufficient thickness
that enables them to measure particles with energy up to
hundreds of MeV. To reach this measurement goal, silicon
hodoscopes are needed. However, employing such devices
will increase both power consumption and cost. Conse-
quently, a new tendency in deep space exploration is to use
inorganic crystals with high stopping power, such as thal-
lium-activated cesium iodide crystals (Csl:Tl). While the
particles are incident on the inorganic crystal, scintillation
light can be produced in it. Usually, the signal is read out
by photomultiplier tubes (PMTs), which have been widely
used in terrestrial experiment, and excellent energy reso-
lution is achieved [5]. Recently, some new photon devi-
ces—the silicon photomultiplier (SiPM) and the PIN
photodiode (PD)—have been developed and are now
widely used [6, 7]. Their specific advantages include their
compact volume, low operational voltage, insensitivity to
magnetic fields, high photon detection efficiency (PDE),
and good optical matching to CsI:Tl. They will enable the
next generation of SRDs and will make the whole detection
system more compact with lower power consumption. In
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contrast to the terrestrial detectors, satellite-borne detectors
operate under limited conditions, such as power con-
sumption restrictions, severe launch-dependent constraints
on mechanical stability, and good work performance over a
wide range of temperatures.

The temperature dependence of the breakdown volt-
age (Vpq) of SiPMs has been widely studied. The typical
temperature coefficient of Viq is 40-60 mV/°C, resulting in
a gain variation of ~ 3%-45%/°C [8]. To maintain a
stable gain for these devices, many ways have been pro-
posed in Refs. [9, 10]. Because the photodetector is made
of a scintillator, the light yield can also be influenced by
temperature [11, 12]. Up to now, methods to correct for the
temperature effect of this combination have been seldom
studied. The stability of the gain of SiPMs still limits their
application in a variable temperature environment. In this
paper, a Cs:Tl manufactured at the Institute of Modern
Physics of the Chinese Academy of Sciences is coupled to
different readout devices and the temperature dependencies
of the amplitude and energy resolutions are studied.
Meanwhile, some specific characteristics of SiPMs and
PDs are also investigated. In addition, a method for
amplitude correction is proposed to reduce the temperature
effect. Our study indicates that the method can also be
applied to different scintillation detectors.

2 Experimental setup

The scheme of the experimental setup used to study the
response of SiPMs and PDs as a function of temperature is
shown in Fig. la. With the aim of studying the temperature
performance of PDs and SiPMs, a blue light-emitting diode
(LED) driven by a pulser with variable intensity is used as
the light source. Because the light intensity of the LED is
temperature dependent [13], therefore, a thermostat room
is used to keep the temperature steady. An optical fiber is
used to inject the blue light into the photon devices, which
are placed in a variable temperature chamber. The optical
fiber is fixed to a support frame to eliminate its thermal
contraction. The thermal chamber (NT408-70AD, ETOMA
Company) has inner dimensions of 700 x 800 x 750 mm>.
It can be operated in a large dynamic temperature range
from — 70 to 150 °C. Temperature stability is within = 0.5
°C. To avoid condensation of water vapor inside the
chamber at low temperature, a dryer system is coupled to
the chamber. With the dryer system, dry and clean air can
be transported into the thermal chamber to prevent frosting
below 0 °C. A PT100 platinum resistance thermocouple is
attached to the PD (S3590-08, Hamamatsu Photonics
K.K.) [14] or the SiPM (S13360-6050CS, Hamamatsu
Photonics K.K.) [15] to monitor the temperature precisely.
Their major parameters are listed in Tables 1 and 2,
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respectively. The power supply, the LED driver, the cables,
the electronics, and the data acquisition (DAQ) system are
placed outside the thermal chamber, because they are not
sensitive to the ambient temperature. The output signal of
the PD or SiPM is connected to an amplifier. The unipolar
signal from the amplifier is fed into a peak analog-to-digital
converter (ADC; V785N, CAEN) [16]. The dipole signal is
sent into a fan-in—fan-out module (Phillips 744) to obtain a
fast negative signal. Then, the discriminated signal from
the constant fraction discriminator (CF8000, ORTEC) is
stretched by a logic coincidence module (CO4020,
ORTEC) to provide triggers for the ADC. Because the PD
has no gain, a charge-sensitive preamplifier (ORTEC
142a) [17] coupled to a spectroscopy amplifier (ORTEC
572A) [18] is adopted to collect the signal produced by the
PD. For the SiPM, only a spectroscopy amplifier is used
because it has a high gain. Figure 1b represents the
experimental setup scheme used to investigate the perfor-
mance of the CsI: Tl read by the PD or SiPM as a function
of temperature. To investigate the temperature effect of a
CsI:Tl coupled to a PD and a SiPM, one cube of polished
CsI:T1 with a side of 1 cm was coupled to the PD or SiPM
through silicone grease. The whole detector was then
wrapped with Teflon tape to enhance the reflective effi-
ciency. In addition, the detector was placed in a dark,
sealed thermostat and the ambient light was completely
blocked by it. A standard radioactive gamma source ('*’Cs)
was used for the test.

3 Results and discussion
3.1 Temperature effects of the SiPM and the PD

To investigate the temperature effect of the PD, a PD
with an effective area of 1 X 1 cm and an optical fiber with
a diameter of 1 mm were used. The temperature inside the
chamber was allowed to change from — 40 to 45 °C in
steps of 10 °C. To guarantee thermal equilibrium between
the measured components and the environment, the
chamber was kept running for about one hour at each
setting temperature before measurements were taken.
During the measurement process, the bias voltage of the
PD was fixed to 70 V. The ADC peak values of the LED
light, which are obtained from a Gaussian fit, as a function
of temperature are shown in Fig. 2. The data are fitted with
a linear function, as shown in the figure by the red curve.
The obtained slope is 2.36 = 0.04 channel/°C.

By comparing the temperature effect with different
devices, the following temperature coefficient can be
obtained:



Temperature dependence of CsI: Tl coupled to a PIN photodiode and a silicon photomultiplier

Page 3 of 9 27

Fig. 1 Sketches of the test
equipment. a Test setup for

Thermal chamber 2 ADC

studying PD and SiPM Thermal chamber 1 x
performance. b Entire test setup bias voltage| o J
driver LED . T e}
PD/SiPM ",:,;
Air PT100 |
COMPressor Dryer 744 =31 CFS000 =3 C04020
A
Amplifier
(a)
187¢s Thermal chamber ADC
S x5 bias voltage o
] ﬁ
detector Q
Air
D F
compressor f= ryer | PT100 I 744 =3 CF8000 =] CO4020
A
\ 4
Amplifier
(b)
Table 1 Major SiPM parameters
Type Active area Number Spectral response Gain Breakdown Dark counts
(mm) of pixels range (nm) voltage (V) (kcps)
S13360-6050CS 6x6 14400 270-900 1.7 x 10° 53+£3 2000

Table 2 Major PD parameters

Type Active area (mm) Spectral response range (nm) Reverse voltage max (V) Dark current (nA) Vg =70 V

$3590-08 10 x 10 340 to 1100 100 2

c S ) applied for fitting. The temperature coefficient C of the
" Pr_soec’ (1) SiPM is given by

where S is the slope and Py—j¢-c is the ADC channel of the
most probable value (MPV) at a temperature of 20 °C [13].
Therefore, the temperature coefficient C of the PD can be
calculated by

Cpp = (0.097 £ 0.002)%/°C. (2)

The measurement process for the SiPM is the same as
for the PD. The bias voltage of the SiPM was fixed to 55 V.
Figure 3 shows the distribution of the ADC channel of the
peak as a function of temperature. A linear function is

Csipp = (—1.76 £ 0.05)%/°C. (3)

From Figs. 2 and 3, it can be clearly seen that Cpp and
Csipm have different signs. The reason why PD has a
positive temperature coefficient is that the average ion-
ization energy of electron—hole pairs in the PD decreases
when the temperature increases [29]. The opposite ten-
dency for the SiPM may be caused by the increase in the
gain of the SiPM with decreasing temperature [19]. The
obtained Cs;py is a factor of ~ 18 > Cpp, which indicates
that the SiPM is more sensitive to temperature than the PD.
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Fig. 2 PD response (ADC channel units) to LED blue light as a
function of temperature. The error bars represent the 1o range of the
Gaussian fit
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Fig. 3 Distribution of the ADC channel of the peak as a function of
temperature (readout with a SiPM). The error bars represent the lo
range of the Gaussian fit

3.2 Temperature performance of CsI:Tl coupled
to a PD a SiPM

The temperature dependencies of CsI:TI(PD) and
CsI:T1(SiPM) were measured with a 137Cs source at several
temperature values from — 40 to 45 °C. To reduce the
influence from thermoluminescence of the CsL:Tl crys-
tal [20], the thermal chamber was initially heated to 50 °C
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and then gradually cooled to the set value. Figure 4 shows
typical energy spectra at room temperature (20 °C) for
CsI:TI(PD) (Fig. 4a) and CsL: TI(SiPM) (Fig. 4b). The total
energy peak of 662 keV and backscattering peak of
184 keV can be seen clearly in both spectra. Furthermore,
the total energy peak in Fig. 4b is much narrower than that
in Fig. 4a, indicating that CsL:T1(SiPM) has better energy
resolution than CsI: TI(PD). The peak of 32 keV is clearly
observed for the SiPM readout, but it is mixed with noise
for the PD readout, demonstrating that the CsI:T1 crystal
coupled to the SiPM has a better signal-to-noise ratio.
Therefore, the CsI:T1 crystal coupled to the SiPM has the
capability of detecting particles with much lower energy
than the CsI:TI crystal coupled to the PD.

For CsI:Tl crystal readout with the PD, the distribution
of the full energy peak (662 keV) as a function of tem-
perature is shown in Fig. 5a. The data shown in the plot
have normalized to 7 =20°C. One can see a positive
correlation below 20 °C. Saturation is reached somewhere
between 20 and 40 °C. The MPV increases by ~ 24 %as
the temperature changes from — 40 to 40 °C, which is
consistent with the previous result [20]. The experiment
shows that the temperature instability of CsI: T1(PD) mainly
comes from the crystal itself, because the contribution of
the PD is only 8.8%. Figure 5b shows the relationship
between MPVs of the full energy peak (662 keV) and the
bias voltages. The test was performed under room tem-
perature (20 °C), and all data have been normalized to
V =70 V. It can be clearly seen that, with increase in the
bias voltage, the MPVs become almost constant. The rea-
son for this is that the PD reaches full depletion at
~ 70 V [14].

The temperature and bias voltage dependencies of the
output amplitude of the CsI: Tl crystal coupled to the SiPM
are shown in Fig. 6. With the increase in temperature, the
output amplitude varies linearly, which is similar to the
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No. of event
(2]
o
o

0
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Energy (KeV)

Fig. 4 Energy spectra of the '*’Cs source obtained with a CsI:TI
crystal coupled to a PD (a) and a SiPM (b)
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Fig. 5 Relative values of full energy peak of the '*’Cs source
obtained from a CsL:Tl crystal coupled to a PD at different a
temperatures and b bias voltages. The error bars are the 1o ranges of
the Gaussian fit

observation that can be made from Fig. 3. From 40 to
— 40 °C, the output amplitude decreases by ~ 69%. The
temperature coefficient is ~ — 1.82%, which is close to
Csipm. Therefore, the changes with temperature for this
combination are mainly caused by the SiPM. However, a
small deviation from linearity is observed at — 40 °C. The
reduction in light in the CsI:TI crystal may be the reason
for this deviation. Figure 6b shows the relationship
between MPVs of the full energy peak (662 KeV) and the
bias voltage of the SiPM. At room temperature (20 °C), the
ADC peak position versus bias voltage follows a quadratic
polynomial relationship. In the case of constant PDE, the
dependence should be linear, whereas the PDE improves
with increasing bias voltage. [21] It can be seen that the
gain of the SiPM is strongly dependent on the bias voltage,
which gives an effective way to correct the temperature
effect of the CsI:TI crystal coupled to the SiPM system.

3.3 Temperature behavior of energy resolution

In this section, the temperature dependence of the CsI: Tl
detector’s energy resolution is studied. The (width half

(C))
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Fig. 6 MPVs of the full energy peak of the '*’Cs source obtained
from a CsI:TI crystal coupled to a SiPM at a different temperatures
and b different bias voltages. The bias voltage of the SiPM in (a) is
set to 55 V. A linear function and a quadratic polynomial function
were used to fit the data. The error bars are the 1o range of the
Gaussian fit

maximum) energy resolution of the full energy peak can be
expressed, following Ref. [21], as

(AE/E)* = (6s¢)” + (3s1)” + (6n)°, 4)

where dgc is the crystal’s intrinsic resolution, dgr is the
contribution of statistics, and Jdy is contributed by the dark
noise. Figure 7b shows the distributions of energy resolu-
tions as a function of temperature. The black triangles and
red squares are the results of CsI: Tl readout with the SiPM
and the PD, respectively. As can be seen, the energy res-
olutions of CsI: Tl readouts with the SiPM and the PD have
similar trends. From — 40 to 40 °C, the relative energy
resolutions achieved by CsL.TI(PD) are ~ 2% worse than
those by CsL: TI(SiPM). The main reason for this degrada-
tion is that the PD has a larger active area and greater dark
noise than those of the SiPM at the same temperature. To
get better energy resolution, a PD with a proper sensitive
area [22] and lower capacitance [23] should be chosen.
Figure 7a shows the energy resolutions of the SiPM and the
PD as a function of temperature, which are measured with
the LED light. In the test, the intensity of the LED light
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Fig. 7 a Energy resolutions as a function of temperature measured
with LED light. The black triangles and red squares are the results
obtained with a SiPM and a PD, respectively. b Comparison of the
energy resolution of a CsI:Tl crystal readout with a SiPM and with a
PD in the range of — 40 to 40 °C. The error bars in the plot are the 1o
range of the Gaussian fit. The lines in the plot are just used to guide
the eye

was adjusted to be comparable with the ones from the
CsI:T1 while being irradiated by the '*’Cs source. For the
test, we obtained energy resolutions of ~ 5% and ~ 7%
for the SiPM and the PD, respectively. These values are
much lower compared to the energy resolution of the
CsI(SiPM) system, which is > 10%, as shown in Fig. 7b.
In conclusion, the temperature behavior of the energy
resolution is dominated by the resolution of the crystal, and
small changes in the readout device will not cause signif-
icant deviations in the energy resolution. This is consistent
with the work in Ref. [24].

Figure 8 presents the energy resolution as a function of
the shaping time at room temperature measured for the
662-keV 7y rays. For CsI: Tl with the PD readout, the best
energy resolution is achieved for a 3-us shaping time,
which means that the best signal-to-noise ratio is obtained
at ~ 3 us of shaping time. For CsI: TI(SiPM), the detector
working with 10 ps can achieve the best energy resolution.
The avalanche process of the SiPM will increase the pho-
toelectric collection time. This may be the reason why
CsL:TI(SiPM) has a longer shaping time than CsI:T1(PD).

As discussed in Sect. 3.2, the output amplitude of a
CsI:Tl readout with a SiPM or PD is bias voltage depen-
dent. Further studies show that a detector’s energy reso-
lution can also be influenced by the bias voltage, which is
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tested using a standard radioactive source, '*’Cs. Figure 9a
shows the energy resolution results with the SiPM readout
at three different temperatures. For the curve of 45 °C, the
energy resolution improves with increasing bias voltage at
the beginning. However, as the bias voltage continues to
increase, the energy resolution begins to deteriorate. The
reason for the improvement in energy resolution is that the
PDE becomes greater with the increases in bias voltage.

35
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Fig. 9 Distributions of energy resolution as a function of bias voltage
at different temperatures for a CsI:TI(SiPM) and b CsL:TI(PD). The
error bars in the plot are the 1o range of the Gaussian fit. The lines in
the plot are just used to guide the eye
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The deterioration of the energy resolution might be caused
by crosstalk and afterpulses of the SiPM. The results are
similar to the ones that are shown in Ref. [25, 26]. The
other two curves may display the same behavior, but their
curves are stopped at too low a voltage value.

Figure 9b shows the results with the PD readout. It is
similar to Fig. 5b, with the resolution being almost con-
stant in the test voltage range. This suggests that the noise
of the PD does not worsen with the increase in the bias
voltage, as described in Ref. [27].

3.4 Correction method

As discussed in the above sections, the CsI:Tl crystal,
PD, and SiPM are all temperature dependent, especially the
SiPM. Therefore, a method to correct for the temperature
effect is necessary for operation of a CsI: Tl readout with a
SiPM or PD in a variable temperature environment.

For the PD readout, owing to the small temperature
effect, a numerical correction can be adopted. According to
previous studies, the following correction function (5) can
be used to correct the data back to the temperature of
20 °C:

P, =P, —p; x (T —20) — pp x (T* —20?), (5)

where P;, is the raw ADC channel and p; and p, are the
fitting coefficients. The black squares in Fig. 11 show the
correction result and a good consistency at different
temperatures.

However, for the SiPM readout, a numerical correction
is not feasible because the gain of the SiPM is too sensitive
to the temperature. A small variation in the temperature
may cause a huge change in the dynamic range of the
detector. One practical way to solve this problem is to
compensate for the gain of the SiPM to reduce the tem-
perature effect with a specific power system. In this man-
ner, the relationship among the gain of the SiPM, the bias
voltage, and the temperature can be obtained.

With the data as mentioned above, a three-dimensional
drawing can be made, as shown in Fig. 10. To depict the
distribution, a surface function is constructed as follows:

P=py x T2+p1 XT+py X% V2+p3 XTXV+psxV+ps,
(6)

where P is the value of the total energy peak, T is the
temperature, V is the bias voltage, and py, p1, p2, p3, P4, and
ps are coefficients that need to be extracted from the fit.
According to Eq. (6), by adjusting the bias voltage of the
SiPM, the output amplitude can be kept constant at every
temperature. To certify the feasibility of this method, a new
measurement was performed at different temperatures. The
results are shown in Fig. 11 (red inverted triangles). All the

P (ADC channel)

-20~

-30

Fig. 10 (Color online) A three-dimensional drawing of the relation-
ship among values of the full energy peaks of the '*’Cs source
obtained with a CsI: Tl crystal coupled to a SiPM, temperatures, and
bias voltages. White points are data, and the colored surface is the
fitting result
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Fig. 11 ADC channels of the full energy peak of the '*’Cs source
obtained with CsL:TI(SiPM) (red inverted triangles) at different
temperatures after bias voltage compensation. Black squares represent
the corrected value for PD readout after numerical correction. The
error bars represent the 1o range of the Gaussian fit
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Fig. 12 Energy resolution of the '*’Cs source obtained with
CsL:TI(SiPM) as a function of temperature after bias voltage
compensation. The line in the figure is just used to guide the eye

data at different temperatures have been corrected to the
condition with a bias voltage of V =55 V and a temper-
ature of T = 20°C. A good consistency is achieved with a
deviation of < =+ 3%. For a possible circuit for adjusting
bias voltage with temperature, see Ref. [28]. However, the
energy resolution is difficult to improve using this method.
Figure 12 shows the distribution of energy resolution as a
function of temperature for CsL:TI(SiPM). It can be
observed that, with the increase in working temperature,
the energy resolution is improved.

4 Summary

The performances of CsI:TI(PD) and CsI:TI(SiPM) are
investigated in the temperature range from — 40 °C to
40 °C. The results show that the output signal increases by
~ 24% for CsL.TI(PD) and decreases by ~ 69% for
CsI:TI(SiPM) when the temperature shifts from — 40 °C to
40 °C. The temperature dependence, especially for the
SiPM readout, limits the application of this detector in
experiments with a wide range of operating temperature,
particularly in deep space exploration. Therefore, a
numerical method is adopted to correct the temperature
effect of CsI:TI(PD), and a method to compensate for the
output by adjusting the bias voltage is implemented to
correct for the temperature effect of CsI:TI(SiPM). Our
study shows that the variation in amplitude caused by

@ Springer

temperature is suppressed within +3% for the SiPM
readout after correction. In addition, compared to the PD,
the maximum number of photons that the SiPM can accept
is confined because of its finite number of pixels. Only
these particles with energy below a certain threshold can be
detected by CsL:T1(SiPM). Furthermore, the SiPM is more
sensitive to temperature than PD. It is a good optical device
because of its better energy resolution compared to that of
the PD. These two different readout devices have their own
advantages, and they can be used for different applications.
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