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A B S T R A C T

Irradiation damage is one of the main drawbacks restricting the application of Silicon Photomultiplier (SiPM),
especially in high irradiance environments such as space, colliders, and nuclear power plants. In-situ current
annealing is a method of using the self-current heating of SiPM, and because it does not require disassembly of
the SiPM and additional heating devices, it exhibits potential for dealing with radiation damage. We investigate
the in-situ annealing performance of three types of SiPM for irradiation damage. The annealing current and
time are optimized and the SiPM performance before and after annealing is compared. It was found that after
annealing the dark currents of the three types of SiPMs decreased significantly by 1–2 orders of magnitude.
Finally, the variation of SiPM performance with temperature is investigated. The energy resolution does not
recover as well as the dark current.
1. Introduction

Silicon photomultiplier tubes (SiPMs) are considered novel semi-
conductor photodetectors. Owing to their small size, high gain, high
photon detection efficiency, and low operating voltage, they have grad-
ually become the first choice for photoelectric detection [1], especially
in space microsatellite applications [2]. However, a major disadvantage
of SiPMs is that they are easily damaged in complex irradiation en-
vironments [3–5], resulting in performance deterioration and reduced
operating life. Extensive studies have shown that there are two main
types of radiation damage in SiPM, namely ionization damage and
displacement damage. The ionizing damage affects the performance
below the breakdown voltage [6–8]. Displacement damage is caused
by lattice defects that result from the collision of high-energy particles
such as protons and neutrons with Si nuclei [9,10]. Previous studies
have reported that displacement damage mainly results in a decrease
in the output signal amplitude, manifested as a decrease in gain due to
displacement damage, and is mainly observed for irradiance flux [11],
an increase in dark current [12], and a decrease in the photon detection
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efficiency (PDE) [13]. The GECAM [14] satellite developed in-house
by our research group has detected obvious SiPM radiation damage in
orbit. Therefore, the recovery of radiation damage of SiPM needs to
be studied and solved urgently. Annealing is a well-established method
for addressing SiPM performance recovery against radiation damage.
It has previously been observed that long-time annealing at both room
temperature [15–17] and a high temperature [18–21] can effectively
restore the performance of SiPM. A special annealing method is in-
situ current annealing, in which a current is applied to the SiPM, and
the current heats the SiPM to achieve a high-temperature annealing
effect [22,23]. This method does not require the disassembly of the
SiPM or additional heating devices and can be realized through cir-
cuit design, hence it is especially suitable for space applications or
colliders and other situations where replacement and maintenance are
difficult. Previous studies have shown that the presence of a strong
electric field also plays a role in annealing [24]. In this study, we
investigated three types of SiPM by in-situ annealing, which are SensL
MicroFJ-60035-TSV [25], Hamamatsu S14160-3010PS [26], and NDL
EQR1511-3030D-S [27].
https://doi.org/10.1016/j.nima.2023.168381
Received 4 January 2023; Received in revised form 9 May 2023; Accepted 15 May
Available online 29 May 2023
0168-9002/© 2023 Elsevier B.V. All rights reserved.
2023

https://doi.org/10.1016/j.nima.2023.168381
https://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2023.168381&domain=pdf
mailto:sunxl@ihep.ac.cn
mailto:xuyb@ihep.ac.cn
mailto:quguopu@usc.edu.cn
https://doi.org/10.1016/j.nima.2023.168381


F. Gu, Y. Liu, X. Sun et al. Nuclear Inst. and Methods in Physics Research, A 1053 (2023) 168381

a
w
a
a
r

I
a
t
5
m
S
t
s
1
1
s
e
d
s
c
d
t
e

Fig. 1. The test circuit boards, (a) SensL MicroFJ-60035-TSV, (b) Hamamatsu S14160-3010PS, and NDL EQR1511-3030D-S.
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Table 1
Irradiation fluence for SiPMs.
Manufacturer Beam flow type Sample Model 𝜑𝑒𝑞 (n𝑒𝑞/cm2)

A 2.7 × 108

SensL Proton B MicroFJ-60035-TSV 2.7 × 109

C 4.6 × 1010

D 1.0 × 109

Hamamatsu Neutron E S14160-3010PS 1.0 × 1010

F 1.0 × 1012

NDL Neutron G EQR15 11-3030D-S 1.0 × 1010

2. Experimental set-up

2.1. Irradiation of SiPMs

The test circuit boards of the SiPMs are shown in Fig. 1, and the
SensL MicroFJ-60035-TSV chip is 6 mm × 6 mm with a 35 μm pitch
s shown in Fig. 1(a), Hamamatsu S14160-3010PS is 3 mm × 3 mm
ith a 10 μm pitch and NDL EQR1511-3030D-S is 3 mm × 3 mm with
15 μm pitch as shown in Fig. 1(b). The beam spot covered the SiPM

rea of each board, and there were multiple test plates, each of which
eceived one dose of radiation.

The SensL MicroFJ-60035-TSV SiPMs were irradiated at the Chinese
nstitute of Atomic Energy (CIAE) using the HI-13 tandem acceler-
tor [28] on April 13 2021. The 19 MeV proton beam was used
o irradiate SiPM from 108 to 1010 proton/cm2 at a flux rate of
∼10 × 107 counts/cm2/s. A Keithley 6517 picometer was used to
onitor changes in dark current during irradiation. The Hamamatsu

14160-3010PS and NDL EQR1511-3030D-S SiPMs were irradiated at
he China Spallation Neutron Source on 8 July 2022 by using ES#2
pot [29]. The neutron beam was used to irradiate SiPM from 109 to
012 neutron/cm2 at a flux rate of 6.9 × 106 counts/cm2/s. SensL has
2 SiPMs, with every four pieces grouped together and soldered onto a
ingle test board, as shown in Fig. 1(a). Hamamatsu has six SiPMs, with
very two pieces grouped together and each group receiving a single
ose of radiation. NDL has two SiPMs grouped together and receiving a
ingle dose of radiation. The displacement damage caused by different
harged particles on the semiconductor varies. Globally, to study the
isplacement damage caused by different particles, the radiation par-
icle flux will be converted into a 1 MeV neutron injection [30]. The
quivalent 1 MeV neutron fluence [31] is shown in Table 1.
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.2. Annealing methods of SiPM

SiPM in-situ annealing was performed by heating it with a forward
urrent flowing from the anode to the cathode. The concept diagram of
he equipment is shown in Fig. 2. The SiPM was placed in a dark box,
he constant current source was Keithley 2450, and the temperature
easuring instrument was a Fluke TiS55+ infrared thermometer. Dif-

erent annealing effects can be achieved by varying different currents
nd times, but to prevent damage to the SiPM maximum heating tem-
erature should not exceed the chip reflow temperature of 260 ◦C. The
nnealing current of SensL MicroFJ-60035-TSV SiPM was 0.5 A, 0.6 A,
.7 A, and 0.8 A for the same group of four different SiPMs respectively,
nd the annealing time was the shortest 10 s and the longest 1800 s.
amamatsu S14160-3010PS and NDL EQR1511-3030D-S SiPMs were
nnealed at a current of 0.8 A for 100 s. Room temperature annealing
as performed for eight months before the in-situ current annealing
f SensL MicroFJ-60035-TSV SiPMs. After each annealing, a half-hour
ooling period was necessary to ensure sufficient cooling and to prevent
n increase in dark current caused by inadequate cooling. The testing
fter annealing is conducted at room temperature, which is 20 ◦C when
ooled down.

.3. SiPMs performance test

The Keithley 6517 picometer was used to measure the dark current
f each SiPM. All SiPMs were placed in cryogenic bins for dark current
esting as shown in Fig. 3. Unless otherwise noted, all measurements
n this study were performed at fixed operating voltages and at room
emperature. In particular, cooling to room temperature is required for
ark current measurements after annealing. SensL SiPM was performed
sing a SiPM bias voltage of 28.0 V, which corresponds to a 3.5

overvoltage. Hamamatsu SiPM was performed using a SiPM bias
oltage of 43.0 V, which corresponds to a 5.0 V overvoltage. NDL SiPM
as performed using a SiPM bias voltage of 38.0 V, which corresponds

o an 8.0 V overvoltage. The overvoltage we used was determined
y employing the breakdown voltage stated in the data sheet. The
icroFJ-60035-TSV SiPM was used as a photo-detector to detect the

-ray from the dotted 137Cs radioactive source. The experimental set-up
ncludes a LaBr3 crystal, the GECAM ground detection data acquisition
ystem, a high and low temperature experimental box, and a 137Cs
adioactive source. The GECAM ground test system is a device for
esting satellite systems under ground control. It has a sampling rate of

0 M/s and eight acquisition channels, and can provide a stable voltage
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Fig. 2. The concept diagram of the in-situ annealing device.
Fig. 3. The concept diagram of the low-temperature test device.
of about 28 V. It contains differential circuits that can filter out noise.
For comparison, the full energy peak for the dotted 137Cs radioactive
source was measured before and after irradiation and after annealing
for comparison.

3. Results and discussion

3.1. Annealing

The variation of MicroFJ-60035-TSV SiPM dark current with equiv-
alent neutron fluence is shown in Fig. 4. Usually, the SiPM dark current
is proportional to the radiation dose. The nonlinearity of the current
growth is caused by the instability of the proton beam, and the plateau
area at the top is caused by the saturation of the Picometer. The dark
current in the figure increases slowly than expected as the delivered
radiation dose increases. One possible reason is that SiPM has a self-
annealing effect at room temperature. Similar results are shown in
Ref. [32]. The three types of SiPM used in this study are SensL SiPM
with different fluence values: A (2.7 × 108), B (2.7 × 109) and C
4.6 × 1010). The current value corresponding to a 28.0 V bias voltage
easured immediately after irradiation and maintaining it at room

emperature for eight months are shown in Table 2. The 28.0 V dark
urrent without irradiation is ∼2 μA, and it can be seen that the dark
urrent increased by 20, 211, and 4000 times for these three different

oses, respectively. After eight months, their dark currents were all

3

Fig. 4. Plot of the dark current of MicroFJ-60035-TSV SiPM at an operating voltage of
28.0 V as a function of the equivalent neutron fluence of the 19 MeV proton injection.

reduced by more than 60%, this obvious room temperature annealing
effect is consistent with the literature [33].

The dark current values of SiPM with an irradiation injection of
4.6 × 1010 n /cm2 in Table 2 are different from the one in Fig. 4. This
𝑒𝑞
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Table 2
Results of SiPM dark current measured immediately after irradiation.
SiPM samples 𝜑𝑒𝑞 (n𝑒𝑞/cm2) Dark current (μA)

After irradiation After annealing at room temperature for eight months

A 2.7 × 108 40.0 14.8
B 2.7 × 109 423.0 158.7
C 4.6 × 1010 7917.5 3028.5

D 1.0 × 109 0.6 –
E 1.0 × 1010 5.4 –
F 1.0 × 1012 530.0 –

G 1.0 × 1010 81.1 –
Fig. 5. Maximum temperature at each annealing (top) and dark current of MicroFJ-60035-TSV SiPM with an operating voltage of 28.0 V after each annealing (bottom). (a), (b)
and (c) denote SiPM with irradiation fluence 2.7 × 108 n𝑒𝑞/cm2, 2.7 × 109 n𝑒𝑞/cm2, and 4.6 × 1010 n𝑒𝑞/cm2, respectively.
abnormal result of the SiPM dark current after the third exposure was
due to SiPM self-heating when the SiPM dark current is 7.9 mA. The
radiation doses of SiPM in groups D, E, and F are respectively 1.0 × 109

n𝑒𝑞/cm2, 1.0 × 1010 n𝑒𝑞/cm2 and 1.0 × 1012 n𝑒𝑞/cm2. The 43.0 V dark
current of S14160-3010PS SiPM without irradiation is ∼0.03 μA, it can
be seen that dark current increased by 20, 181, and 17 667 times for
these 3 different doses, respectively. The radiation doses of SiPM in
group G is 1.0 × 1010 n𝑒𝑞/cm2. The 38.0 V dark current of EQR15 11-
3030D-S SiPM without irradiation is ∼0.2 μA, it can be seen that for
this dose, the dark current increased by a factor of 40 times.

After maintaining it at room temperature for eight months, we
performed current annealing experiments on these MicroFJ-60035-TSV
SiPMs. The relationship between the annealing temperature, relative
change of dark current and annealing time is shown in Fig. 5. From
the experimental results, it can be seen that the annealing temperature
increased as the current and annealing time increased, and the anneal-
ing temperature entered a plateau region with slow growth when the
annealing time extends to about 30 s. The ratio of the dark current after
annealing to that before annealing is defined as R𝑑𝑎𝑟𝑘. The reference
current used to define R𝑑𝑎𝑟𝑘 is the current measured after annealing
at room temperature for eight months prior to current annealing.
From its variation with annealing time, we observed that the dark
current increased significantly at lower annealing temperatures(under
150 ◦C) or shorter annealing times, indicating a deterioration of device
performance. Therefore, proper annealing conditions are crucial for
optimizing device performance.

We used a gradual increase in annealing time, that is, the annealing
time before each measurement is an accumulation of the previous one.

For example, the annealing time before the second measurement is 10 s

4

plus 20 s, the annealing time before the third measurement is 10 s plus
20 s plus 30 s, and so on. Therefore, it is reasonable for the peak temper-
ature in Fig. 5 to increase with the annealing time. After annealing for
120 s using a current of 0.8 A, the peak temperature reached 220 ◦C–
235 ◦C, and the dark currents of the three groups of SiPMs decreased to
14%, 10%, and 8% of the pre-annealing values, respectively. It should
be noted that the dark current fluctuation corresponding to 0.5 A in
Fig. 5(a) (bottom) may be caused by light leakage from the dark box
during the test. In Fig. 5(b) (bottom), the missing 0.7 A annealing result
is due to a piece of SiPM that was damaged during the lab placement. A
general trend is that the larger the current and the longer the time, the
better is the annealing effect, and when the annealing time reaches 100
s, the dark current enters a slowly changing plateau region. According
to the experimental results, 0.8 A current has the best annealing effect,
and the temperature does not exceed the reflow temperature of SiPMs,
so the following two groups of experiments are carried out with 0.8 A
current.

The 0.8 A current annealing results of S14160-3010PS SiPM are
shown in Fig. 6. After annealing for 20 s, the peak temperature rises to
248 ◦C, and the dark currents of the three groups of SiPMs drop to 6%,
3%, and 1% of the pre-annealing values, respectively. This is related
to the different sensors, because the results show that Hamamatsu can
reach a higher temperature in a shorter time using the same annealing
current, which leads to a larger dark current drop. We believed that this
is related to the quenching resistance, where the larger the quenching
resistance, the more heat will be generated by the circuit through the
same current at the same time, so the higher the temperature, the lower
the dark current drop.
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Fig. 6. Maximum temperature at each annealing (top) and dark current of S14160-3010PS SiPM with an operating voltage of 43.0 V after each annealing (bottom). (a), (b) and
(c) denote SiPM with irradiation injections of 1.0 × 109 n𝑒𝑞/cm2, 1.0 × 1010 n𝑒𝑞/cm2, and 1.0 × 1012 n𝑒𝑞/cm2, respectively.
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The 0.8 A current annealing results of EQR15 3030D SiPM are
hown in Fig. 7. After annealing for 150 s, the peak temperature rises
o 248 ◦C, and the dark current decreases to 0.9% of the pre-annealing

value.
The decreases of the dark current values of the eight groups of SiPMs

after in-situ current annealing using a 0.8 A current are summarized
in Fig. 8. Three kinds of SiPM from different manufacturers undergo
current annealing after irradiation, and the dark current decreases by
1–2 orders of magnitude.

3.2. Low temperature performance

Low temperature can effectively reduce the dark current, so we
tested the effect of low temperature on the dark current before irradi-
ation, after irradiation and after annealing. The dark currents of SensL
MicroFJ-60035-TSV, Hamamatsu S14160-3010PS, and NDL EQR15
3030D SiPMs at different temperatures are shown in Figs. 9(top),
9(middle), and 9(bottom), respectively. It can be seen from the figure
that the dark currents of all eight groups of SiPMs decrease with
decreasing temperature. The peak temperature of SiPMs in Fig. 9
during annealing is within the temperature range of 220 ◦C–248 ◦C,
as shown in Figs. 5, 6, and 7. One point to note is that we measured
the temperature dependence at a constant voltage, and the constant
bias actually comes from the conditions of the microsatellite platform.
Due to limited resources, the microsatellite platform finds it difficult
to adjust the SiPM bias with temperature changes, and generally a
fixed bias power supply is used. Therefore, the temperature dependence
measurements in this paper are all conducted at a fixed bias. The
reason why the lowest temperature is set to −30 degrees is also based
on the temperature of the microsatellite, the general microsatellite
has no temperature control, and the lowest temperature can reach
−30 degrees. Of course, in fact, cooling will reduce the breakdown
voltage of the SiPM, maintaining a constant voltage actually increases
the overvoltage of the SiPM, which will lead to an increase in the
dark count. Meanwhile, cooling also has the effect of suppressing the
dark count, this is a complex process with multiple variables coupled
together.
 r

5

The test results of the energy resolution are shown in Fig. 10.
In Fig. 10, the peak temperature of SiPMs during annealing is also
within the range of 220 ◦C and 235 ◦C, as demonstrated in Fig. 5. No
ignificant change in energy resolution is shown in Fig. 10(a) and (b).
s the temperature decreases, the energy resolution of the irradiated
iPM in Fig. 10(c) is significantly decreased. In-situ current annealing
f the irradiated SiPM shows a significant improvement in the energy
esolution of the SiPM at high irradiation injection. As shown in the
igure, after annealing, the energy resolution did not improve with
emperature variation for all radiation doses.

The peak position of the 662 keV peak of 137Cs was measured every
◦C between −30 ◦C and 20 ◦C, as shown in Fig. 11. Similarly, the

eak temperature of SiPMs during annealing in Fig. 11 is between
20 ◦C–235 ◦C, as indicated in Fig. 5. Comparing the results, it can
e seen that the peak positions of 662 keV in all three groups of SiPM
ecreased to different degrees after irradiation compared with the peak
ositions before irradiation. Among them, the peak position of the
rradiation injection of 4.6 × 1010 n𝑒𝑞/cm2 has the largest decrease of
bout 40%, as shown in Fig. 11(c). After in-situ current annealing, the
eak positions of the 662 keV peaks obtained from all three groups of
iPM test 137Cs recovered to about 80% of the pre-irradiation levels.

The energy resolution is also related to the bias voltage of the SiPM,
o we tested the detector energy resolution of the SiPM with different ir-
adiation doses separately. The results of energy resolution as a function
f voltage are shown in Fig. 12. The best operating voltage of the SiPM
fter annealing was obtained based on the energy resolution of 356 keV
ersus the operating voltage. The energy resolution of 356 keV obtained
rom the SiPM test is shown in Fig. 12. The SiPM operating voltage is
oo small or too large voltage will worsen the energy resolution. From
he data, there is no significant difference in the optimum operating
oltage of each SiPM, which is approximately 28.2 V.

.3. Discussion

As mentioned above, in-situ current annealing has a significant
nnealing effect on all three types of SiPM that were subjected to
adiation, namely Hamamatsu, NDL, and SENSL SiPMs. As shown in
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Fig. 7. Maximum temperature at each annealing (top) and dark current of EQR15
3030D SiPM with an operating voltage of 38.0 V after each annealing (bottom). The
irradiation fluence of SiPM is 1.0 × 1010 n𝑒𝑞/cm2.

Fig. 5, the annealing effect of different currents on the irradiated SiPM
damage varied, with the 0.8 A current providing the best annealing
effect. The different annealing times required for different SiPM models
are due to the different resistance values of the quenching resistors of
the different SiPMs, so the heat production is different for the same
current.

Regarding the reduction in the ADC count shown in Fig. 11 after
irradiation, it is quite challenging to accurately understand the reason
based on the limited experimental data we currently have. We have
intuitively speculated several possibilities here: one is due to the re-
duction of gain, another is due to the reduction of PDE, and another
possibility is the joint result of both the gain and PDE reduction. Why
the gain and PDE would decrease needs further research. Conclusions
reported from Ref. [34] indicate that SiPMs with lower electric fields
and higher breakdown voltages have better radiation tolerance, indicat-
ing that the SensL sensor used in this study may have weaker radiation
tolerance owing to its lower breakdown voltage and higher electric
field. The SiPM energy resolution deteriorated with higher irradiation
injection in Fig. 10, and similar results were found in [35,36]. One
6

Fig. 8. Dark current of SiPM at 20 ◦C. The operating voltage is 28.0 V for SensL,
43.0 V for Hamamatsu, and 38.0 V for NDL. The irradiation fluence to each MicroFJ-
60035-TSV SiPM Samples A, B and C were 2.7 × 108 n𝑒𝑞/cm2, 2.7 × 109 n𝑒𝑞/cm2 and
4.6 × 1010 n𝑒𝑞/cm2. The irradiation fluence to each S14160-3010PS SiPM Samples D,

and F were 1.0 × 109 n𝑒𝑞/cm2, 1.0 × 1010 n𝑒𝑞/cm2 and 1.0 × 1012 n𝑒𝑞/cm2. The
rradiation fluence to EQR15 3030D SiPM Samples G is 1.0 × 1010 n𝑒𝑞/cm2.

xplanation is that in Ref. [37], when the noise level increases after
rradiation, some of the APD cells in SiPM are in a dark noise-induced
valanche state and cannot respond to incident light. Several factors
ay affect the energy resolution of LaBr3 scintillators with temperature,

uch as the light output of the crystal, the dark noise and correlated
valanche of SiPMs, and the overvoltage applied to SiPMs. According
o literature [38,39], the energy resolution of LaBr3 crystal will be
lightly improved with a decrease of temperature, which may be coun-
erbalanced by the change of SiPM performance with the increase of
vervoltage. In our experiment, we observed that the energy resolution
id not change much with temperature within our measurement range
−30–20 ◦C). This may indicate that these factors have a small or
anceling effect on each other under our experimental conditions. The
urpose of showing the temperature dependence at constant voltage
as to study the effect of temperature on the performance of the
etector. However, the changes in performance due to temperature
re convoluted and not solely dependent on the data provided in this
aper. The low-temperature performance tests showed that although
he properties of the SiPMs improved after annealing, they did not fully
ecover to their pre-irradiation levels. However, SiPM still does not
ully recover to its pre-irradiation state after in-situ current annealing.

. Conclusion

In-situ current annealing tests were performed on three different
ypes of SiPM obtained from SensL, Hamamatsu, and NDL. In the
ests, we compared the annealing effect of different currents on SiPM
nd found that the best in-situ current annealing effect was achieved
sing a current of 0.8 A. The annealing times required for the three
iPMs using a 0.8 A forward current were 120 s for MicroFJ-60035-
SV, 20 s for S14160-3010PS, and 150 s for EQR15 3030D. For all
hree different models of SiPMs the dark current decreases with the
ncrease of peak temperature during in-situ current annealing. After
he annealing process, the dark current of all SiPMs decreased by
–2 orders of magnitude. When tested at temperatures of −30 ◦C–
0 ◦C, it was found that in-situ current annealing fixed the reduced
ensitivity of the irradiated SiPM to temperature, improved the energy
esolution of the SiPM, and restored the peak position of the SiPM to
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Fig. 9. Dark current of SiPMs at different temperatures. The operating voltage is 28.0 V for SensL, 43.0 V for Hamamatsu, and 38.0 V for NDL. The irradiation fluence to
MicroFJ-60035-TSV SiPM sample A, B and C was 2.7 × 108 n𝑒𝑞/cm2, 2.7 × 109 n𝑒𝑞/cm2 and 4.6 × 1010 n𝑒𝑞/cm2. The irradiation fluence to each S14160-3010PS SiPM sample D,
E and F was 1.0 × 109 n𝑒𝑞/cm2, 1.0 × 1010 n𝑒𝑞/cm2 and 1.0 × 1012 n𝑒𝑞/cm2, respectively. The irradiation fluence to EQR15 3030D SiPM sample G is 1.0 × 1010 n𝑒𝑞/cm2.

Fig. 10. The energy resolution for 137Cs source as a function of temperature, measured with MicroFJ-60035-TSV SiPMs with an operating voltage of 28.0 V. The irradiation fluence
to each MicroFJ-60035-TSV SiPM sample A, B and C was 2.7 × 108 n𝑒𝑞/cm2, 2.7 × 109 n𝑒𝑞/cm2 and 4.6 × 1010 n𝑒𝑞/cm2, respectively.

7
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Fig. 11. The peak position for 137Cs source as a function of temperature, measured with MicroFJ-60035-TSV SiPMs with an operating voltage of 28.0 V. The irradiation fluence
o each MicroFJ-60035-TSV SiPM Samples A, B and C was 2.7 × 108 n𝑒𝑞/cm2, 2.7 × 109 n𝑒𝑞/cm2 and 4.6 × 1010 n𝑒𝑞/cm2, respectively.
Fig. 12. Best operating voltage determination, based on the best energy resolution
of 133Ba source for the SensL MicroFJ-60035-TSV SiPM after annealing at room
temperature. The irradiation fluence to each MicroFJ-60035-TSV SiPM sample A, B,
and C was 2.7 × 108 n𝑒𝑞/cm2, 2.7 × 109 n𝑒𝑞/cm2 and 4.6 × 1010 n𝑒𝑞/cm2, respectively.

bout 80% of its pre-irradiation level. Overall, several properties of
iPM were significantly improved after in-situ current annealing. In
onclusion, short-time and high-current in-situ annealing is an effective
nd convenient SiPM radiation-resistant technical solution.
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