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Silicon photomultipliers (SiPMs) have been used in several space-borne missions, and the radiation effect as well
as the performance degradation must be a concern during space operations. SiPMs will be used as photon-electric
devices of the Plastic Scintillator Detector (PSD) for the High Energy Cosmic Radiation Detection (HERD) facility,
and the performance change of these SiPMs under in-orbit radiation needs to be studied to satisfy the 10 years of
in-orbit operation mission. In this study, the radiation damage and annealing for potential SiPM candidates
including Hamamatsu and Novel Device Laboratory series have been done. The dark current for S14160-3010 PS

(HM10), S14160-3015 PS(HM15), and EQR1511-3030D-S(NDL15) was observed to increase by a factor of 300,
400, and 200 after exposure to an equivalent on-orbit dose of 10 years. PSD showed a significant decrease in MIP
detection capability after irradiation. In addition, annealing of neutron radiation damages in SiPM at tempera-
tures 50 °C and room temperature is studied.

1. Introduction

The High Energy Cosmic-Radiation Detection (HERD) facility, which
is an international collaboration project by China, Italy, Switzerland,
and Spain, is a large-scale space experiment on particle detection that
will be onboard China’s Space Station around 2027. The main scientific
goals of HERD are.

o Searching for the decay or annihilation signal from dark matter by
measuring the energy spectra and anisotropy of high energy elec-
trons and gamma-rays;

e Studying the origin, propagation, and acceleration mechanism of
cosmic rays by measuring precisely and directly the energy spectra
and composition of primary cosmic rays from 10 GeV up to a few
PeV;

e Monitoring the high energy gamma-ray sky from 0.5 GeV to 100 TeV
[1].

The PSD is a sub-detector of HERD, particularly operated as an anti-

coincidence detector to discriminate incident photons from charged
particles, and is capable of providing precise charge measurement of
incoming cosmic-ray nuclei in the range of Z = 1-28 of atom number.

The PSD will consist of plastic scintillator bars coupled to SiPMs [2].
The choice has been driven by recent SiPM technological developments
that demonstrate: fast light signal detection; good sensitivity to low light
yields; lower power consumption and robustness[3-6]. These features
delineate the practicality and versatility of SiPMs in space applications,
whereas PMTs require well-increased operation voltages (~kV) and
large size, therefore not optimized for HERD PSD. Moreover, plastic
scintillators featuring low density and good radiation hardness, while
being affordable and available in mass production, seem as a suitable
choice regarding the PSD realization. Many other tests are studying
plastic scintillators coupled to the SiPMs for space missions, including
the Gamma-Ray Integrated Detectors (GRID) [7], e-Astrogam [8], and
AMEGO [9].

The degradation of SiPM in orbit has an important impact on the
performance of PSD. Irradiation damage is one of the main drawbacks
restricting the application of SiPM in space [10,11]. Therefore, a
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Fig. 1. The layout of HERD.

Table 1
SiPM equivalent proton fluence and neutron fluence with 2 times margin and
different shielding thicknesses after 10 years of operation (solar minimum).

Shield thickness 0.0001 mm 3 mm
Equivalent 10 MeV proton neq/cm2 2.29E10 5.46E09
Equivalent 1 MeV neutron neq/! cm? 9.13E10 2.18E10

Fig. 2. The test circuit boards.

strategy for radiation damage of SiPM is required. 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 [12,13] and a high
temperature [14-17] can effectively restore the performance of SiPM.

2. Flux range calculation

In this section, the calculation of on-orbit equivalent proton intensity
and the estimation of equivalent neutron fluence of HERD SiPM is
introduced.

The radiation dose of the SiPM operating space environment was
estimated. HERD will be installed on board the Chinese Space Station
(CSS) around 2027, following a Low-Earth Orbit (LEO) at an altitude of
approximately 400 km and an inclination angle of 42°, and the expected
life span is > 10 years [18]. PSD is located on the periphery of HERD,
and the outer layer has only Silicon charge detectors(SCD), as shown in
Fig. 1. The equivalent aluminum shielding thickness of PSD SiPM can be
estimated within 1-3 mm, so the fluence calculation is based on 3 mm Al
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shield thickness and without shielding.

In our study, a typical satellite orbit was considered: 400 km 42°
inclination (circular Low Earth Orbits, Polar). The expected proton flu-
ence along this orbit was estimated through the use of SPENVIS soft-
ware, for a ten-year mission with minimum solar activity. SPENVIS
provided as output the spectra of total mission average flux and total
mission fluence related to several contributions: protons and electrons
trapped into the terrestrial magnetic field [19].

In space, proton irradiation is predominant, but due to CSNS limi-
tations, neutron irradiation is performed for SiPMs. Radiation damage in
SiPMs includes bulk damage from Non-Ionizing Energy Loss (NIEL) and
surface damage from Ionizing Energy Loss (IEL). Low-energy photons
and electrons mainly cause surface damage, while high-energy particles
cause significant bulk damage. This study focuses on high-energy elec-
tron and proton irradiation, where surface damage is negligible
compared to displacement damage [20]. To compare the displacement
damage of different particles, equivalent 10 MeV protons are converted
to 1 MeV neutrons using NIEL coefficients [21,22]. Referring to the NIEL
data of neutrons and protons in Si calculated by SEEAP, the NIEL coef-
ficient for 1 MeV neutrons in Si material is 1.97E3 MeV/cm~2/g, and for
10 MeV protons, it is 7.86E3 MeV/cm~2/g. If the fluence of 10 MeV
protons is set to 2.29E11 neq/cmz, the equivalent fluence for 1 MeV
neutron is 9.13E11 neq/cmz, as shown in Table 1.

3. Experimental setup

To study radiation damage on SiPM with a small pitch size
(< 15 pm), some SiPM from two manufacturers was measured. The
HAMAMATSU S14160-3015 PS(HM15), S14160-3010 PS(HM10) and
NDL EQR1511-3030D-S(NDL15)SiPMs feature pitches of 15 pm,10 pm
and 15 pm, respectively. They are installed on the circuit board, as
shown in Fig. 2. This irradiation experiment will mainly compare the
performance of SiPM pre- and post-irradiation.

The SiPMs were irradiated at the China Spallation Neutron Source
(CSNS) in July 2022 by using the ES #2 spot, as shown in Fig. 3(a). Back-
streaming neutrons through the incoming proton channel at the spall-
ation target station of CSNS has been exploited as a white neutron
beamline (so-called Back-n). The intensity of the neutron beam is in the
order of 5.0 x 10° n/cm?/s at 80 m from the target and has an excellent
energy spectrum spanning from 1 MeV to 100 MeV [23]. In this exper-
iment, the neutron beam was used to irradiate SiPM from 10E9 to 10E12
neq/cmz.

In addition, NDL15 SiPMs were irradiated at Sichuan University
using the 3 MV Tandem Accelerator. A 3 MeV proton beam is used to
bombard the tritium target, where neutrons are generated through nu-
clear reactions, and the neutron energy in the 0° direction is about 2.3
MeV [24,25]. The SiPM to be irradiated is placed in the direction of 0°,
approximately 7 cm away from the neutron target, as shown in Fig. 3(b).
During this neutron irradiation, the neutron fluence rate on the SiPM
circuit board was about 3.3E7 cm™2/s. The NDL15 SiPMs have been
irradiated with neutrons, corresponding to a neutron fluence of 4.6E10
neq/cm2 and 1.35E12 neq/cmz, respectively. The SiPM used in the
experiment and the neutron irradiation fluence in CSNS and SCU are
shown in Table 2.

4. Experiment results

The performance of SiPM before and after the irradiation experiment
is studied, and then the performance after annealing is discussed in this
section. The current-voltage (I-V) characteristics and dark count rate are
monitored before and after irradiation. Then, the performance of the
PSD prototype using the irradiated SiPM was analyzed, SNR.; and
RES,, of the MIP were quantitatively analyzed. As for the annealing
experiment, the performance after room-temperature annealing and
high-temperature annealing (50 °C) are reported. Finally, based on the
irradiation results and annealing results, a method of conducting on-
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Fig. 3. China Spallation Neutron Source (CSNS)(a) and 3 MV Tandem Accelerator in Sichuan University(b). The test circuit boards are shown in the red box.

Table 2
Introduction of SiPMs.
Irradiation site(Fluence [neq/cmz]) Manufacturer Model Pixel Size Operational Voltage Abbreviation
CSNS Hamamatsu $14160-3015 PS 15 pm 43V HM15
LES(0.5-year 3 mm Al shield) H t $14160-3010 PS 10 42V HM10
5E9(2.5-year 3 mm Al shield) ramamatsu Sy Owm e
1E10(5-year 3 mm Al shield) NDL EQR1511-3030D-S 15 pm 37V NDL15
2E10(10-year 3 mm Al shield)
5E11(5-year unshielded)
1E12(10-year unshielded)
SCU NDL EQR1511-3030D-S 15 pm 37V NDL15

4.6E10(20-year 3 mm Al shield)
1.35E12(10-year unshielded)

orbit thermal annealing for five days per year was proposed.

4.1. -V characteristics analysis after irradiation

The effect of the irradiation on the dark current of the SiPMs was
measured. The I-V characteristics were measured utilizing the Keithley
2450 Source Measurement Unit before and after irradiation. The voltage
range was set across the 25-50 V spectrum for the Hamamatsu and NDL
SiPMs. The increase of dark current for SiPMs (HM10, HM15, NDL15) is
reported in this paper. The increase in dark current leads to a decrease in
signal-to-noise ratios, degrading the performance of PSD [26].

Fig. 4(a), (b), and (c) show I-V characteristics for three different
SiPM series: HM10, HM15, and NDL15. Due to the Typical Breakdown
Voltage of HM10, HM15, and NDL15 being 38V, 38V, and 30V respec-
tively, the voltage was scanned in the range of 25V-50V during the
measurement of the I-V curves. Their on-orbit currents for 1 and 10
years are shown in Table 3. After 10 years in orbit, the currents for
NDL15, HM10, and HM15 have increased to 200, 300, and 400 times
their initial currents, respectively.

4.2. Current increase versus neutron fluence

The effects of different neutron fluences on HM and NDL series SiPMs
were studied. By subtracting pre-irradiation currents from post-
irradiation currents, a relationship between current increase and
neutron fluence was reported, as shown in Fig. 5. For all series of SiPM,
as the neutron fluence increases, the dark current increases.

The larger the pixel, the greater the current increase rate of the SiPM.
For irradiation fluences below 2E10, the increase rate in SiPM current

within the same cell exhibits consistency which can be seen from the
current increase of HM15 and NDL15. For irradiation fluences over
5E11, the linear slope of the current increase displays a difference.

The current increase of HM15 was 1.49 times that of HM10. It can be
seen that for the same pixel size of 15 pm, the current increase of NDL15
is larger than that of HM15.

4.3. DCR analysis for NDL series

Dark count rate(DCR) has been measured at different voltages and
different temperatures (—20,0,10,20,25,30 °C) for NDL15 with 5-year
on-orbit dose irradiation. The relationship of DCR is obtained by the
same procedure as previous literature [27].

According to Fig. 6, lower DCR can be attained by lowering the
temperature. The temperature dependence rises proportionally, exhib-
iting an increase of 1.5 times for every 10 °C in irradiated specimens. In
addition, Lower DCR can be attained by lowering the overvoltage,
although this reduces PDE and gain.

4.4. Comparision of MIP detection

The cosmic ray test is designed to explore the damage of space ra-
diation to the PSD detector, which provides some reference for the in-
orbit operation of HERD.

The cosmic ray testing system built in the laboratory is shown in
Fig. 7. The test system contains two trigger modules, which can trigger
cosmic rays muons that vertically penetrate the plastic scintillator. An
EJ-200 plastic scintillator with dimensions of 100 mm x 100 mm x 5 mm
was coupled to.
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Fig. 4. Current-Voltage curve measured at room temperature (25 °C) of
different SiPM (a), Hamamatsu S14160-3010 PS SiPM with 10 pm cell pitch
and (b) Hamamatsu S14160-3015 PS SiPM with 15 pm cell pitch and (c) NDL
EQR1511-3030D-S with 15 pm cell pitch at different irradiation fluences.

Table 3
Current increase for 1 and 10 years in orbit.

Model Current(Not Current (1 year on- Current (10 years on-
irr) orbit) orbit)

NDL15 150 nA 4.5 pA 30 pA

HM10 40 nA 1.2 pA 12 pA

HM15 70 nA 4 pA 30 pA

SiPMs to collect photons at room temperature (25 °C). Four SiPMs
were used, including NDL15 and HM15 before and after irradiation, as
shown in Fig. 6, operating at the overvoltages 8 V for NDL15, and 4 V for
HM15.

Fig. 8 shows the MIP and pedestal which were obtained by integra-
tion of SiPM measured waveforms by four SiPMs. In Fig. 8(a)(b)(c)(d),
the orange line represents the pedestal fitted with the Gaussian function,
the red line represents the MIP fitted with a convoluted Landau and
Gaussian function, the detection efficiency of MIP is largely determined
by SNRpp. To study the impact of irradiation on detection efficiency,
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Fig. 5. A relationship between current increase and neutron fluence from 1E9
neq/cm2 to 1E12 neq/crn2 for four SiPMs, that is HM10, HM15, NDL6,
and NDL15.
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Fig. 7. The cosmic ray test system, including two trigger modules and the EJ-
200 plastic scintillator coupled with four SiPMs.

SNRy;, of the MIP is defined as Formula (1).

RMP — PMean — 2.5 x PSigma
FWHM/2.355

SNRyip = m

Where RMP represents the peak position of the MIP. FWHM is the full
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Fig. 8. The MIP and pedestal measured by NDL15 and HM15 when coupled with the PSD. (a) measured by NDL15 before irradiation. (b) measured by NDL15 SiPM
after irradiation. (c) measured by HM15 before irradiation. (d) measured by HM15 after irradiation. The orange line represents the MIP fitting, and the green line
represents the pedestal fitting. SiPM are numbered by channel No. ((a)-CHO, (b)-CH1,(c)-CH2,d-(CH3)).

Table 4
the SNRyjp and RES, before and after irradiation.

SiPM before irradiation after irradiation

Manufacturers SNRop RESp SNy RESmp
HM S14160-3015 PS 2.04 25.4% 0.52 49.6%
NDL EQR1511-3030D-S 1.52 33.6% 1.18 35.5%

width at half maximum of the Landau convolution Gaussian function.
PMean represents the mean given by fitting the pedestal using a
Gaussian function. PSigma represents the standard deviation given by
pedestal fitting using the Gaussian function. According to Formula (1),
SNRpj, of the MIP measured by the NDL15 and HM15 SiPM before and
after irradiation are shown in Table 4. It can be seen that SNR,;;, of the
MIP becomes worse after irradiation, SNRy;, of MIP of the PSD decreases
by 74.5%, from 2.04 to 0.52 for HM15, and by 22.3%, from 1.52to0 1.18
for NDL15 after irradiation.

In terms of charge measurement, RESy;, of MIP is defined as Formula
(2).

FWHM
RMP — PMean

According to Formula (2), RESy;, of the SiPM measured MIP before
and after irradiation are shown in Table 4. It can be seen that the RES,,,

of MIP becomes worse after irradiation, from 25.4% to 49.6% for HM15
and from 33.6% to 35.5% for NDL15.

4.5. Annealing analysis

SiPMs have been irradiated with white light neutron beams at CSNS,

and also with monoenergetic neutron irradiation at the Sichuan Uni-
versity tandem accelerator.

4.5.1. White-neutron annealing result

The relationship between the increase of dark current and the
overvoltage after irradiation was obtained to study the annealing at
room temperature after white light neutron(Beams of neutrons with a
continuous energy distribution)irradiation. Fig. 9 summarizes the data
obtained for NDL15, HM15, and HM10 in fluence of 1E9 neq/cmz.
Taking into account the I-V characteristics, the annealing effect for
different overvoltages is consistent.

Fig. 10 shows the annealing rates of HM10, HM15, and NDL15 began
to become slow after a few (4-5) days. On the 10th day, the dark current
is reduced to up to 20% of its original value. In addition, we observe that
a higher irradiation dose correlates with a faster annealing rate for the
SiPM.

4.5.2. Monoenergetic neutron irradiation annealing result

In addition to studying the annealing after white light neutron irra-
diation, the annealing study after monoenergetic neutron irradiation
was conducted.

According to Fig. 11(a), the dark current of NDL15 is reduced by 18%
after five days of annealing at 50 °C after irradiating in neutron fluences
of 1.35E12 neq/cm?. There is a fast recovery of the current in the first
five days at 50 °C annealing. The recovery trend slows down after the
first five days. After 38 days of annealing, the current is reduced by 25%.

At room temperature with neutron fluences of 4E10 neq/cmz(close to
the ten-year dose under 3 mm Al shielding), as shown in Fig. 11(b), the
annealing decreased by 12% after the first 5 days, the annealing
decreased by 27% after the first 11 days. There is a fast recovery of the
current in the first 11 days at room temperature.
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Fig. 9. Dark Current (pA) measured for NDL EQR1511-3030D-S, Hamamatsu
$14160-3015 PS, and Hamamatsu S14160-3010 PS on Day 1, Day 4, and Day
10 after exposure to a neutron fluence of 1E9 at room temperature.

Results from other literature indicate the annealing effect is more
efficient at high temperatures [28]. Considering the softening point of
the EJ-200 plastic scintillator(75 °C) and faster annealing rate at higher
temperatures in the short term, the annealing temperature(50 °C) is
recommended in the HERD project. During on-orbit operations, it is
crucial to achieve the annealing effect promptly to maximize effective
detection time.

5. Conclusion and discussion

For a single SiPM, considering two times margin, the dark current for
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Fig. 10. Dark current of SiPM at room temperature annealing. The operating
voltage is 43 V for HM10, 42 V for HM15, and 37 V for NDL15. The irradiation
fluence to each HM15 and NDL15 SiPM were 1E9,5E9,1E10,2E10 neq/cmz. The
irradiation fluence to HM10 SiPM were 1E9,5E9,1E10 neq/cmz.

Hamamatsu with 15 pm pixels increases by 400 times to 30 pA exposed
to a 3 mm Al shielded environment with a 10-year dose. The dark cur-
rent for NDL with 15 pm pixels increased by 200 times to 30 pA, and the
dark current for HM with 10 pm pixels increased by 300 times to 12 pA.
For a SiPM with a pixel size of 15 pm, the dark noise of Hamamatsu is
lower than that of NDL, the initial current of NDL is half of that of
Hamamatsu, and the currents of the two are of the same magnitude after
irradiation. For Hamamatsu manufacturers, the anti-radiation perfor-
mance of HM with 10 pm pixels is better than HM with 15 pm pixels.

Cosmic ray muons test results show that when SiPMs are irradiated,
the charge resolution ability and detection efficiency of PSD become
worse.

The results of annealing experiments show that annealing has a faster
recovery on detections in high temperatures. Considering the soft point
of plastic scintillators(75 °C), 50 °C is a reasonable annealing tempera-
ture. The working temperature of PSD is controlled at around 0 °C, so the
recovery of SiPM after radiation damage was tentatively promoted by
thermal annealing with a hot plate [29]. Considering that the first five
days of high-temperature annealing(50 °C) are the fastest annealing
stage, we suggest stopping on-orbit operation for 5 days every year to
perform thermal annealing. In this case, we predict the trend of dark
current in orbit considering that the irradiation and annealing processes
are carried out simultaneously, which is a complex process with multiple
variables coupled together. The predicting result shows that heating the
sensors for 5 days after 1 year of operation for HERD would suffice to
reduce the current increase by a factor of 2.

Considering ten years of on-orbit measurements without shielding,
the total power consumption of 8000 SiPMs will rise to 403.2W,
275.2W, 395.2W for HM15, HM10 and NDL15 under recommended
operation voltage (42V for HM15, 43V for HM10, 37V for NDL15)
without considering annealing. This requires PSD not only to operate in
low-temperature environments, but also to reserve sufficient margin in
power supply design.
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