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Abstract Photodetectors used in future high-energy physics
experiments will need to keep sufficient performance during
a few years of data-taking despite radiation load, which,
for example, in the planned upgrade of the Ring Imaging
Cherenkov detectors in Large Hadron Collider beauty (LHCb)
experiment is estimated at about 10' 1-MeV neutron
equivalent per cm? (neq/cm?). Silicon photomultipliers
(SiPMs) are considered as candidates for photodetectors
for this application. However, their sensitivity to neutron
irradiation may seriously compromise their operation, with
the increase in dark count rates being the primary limita-
tion after the irradiation. In this work, 1 x 1 mm? 15 um
pitch NUV-HD-RH silicon photomultipliers developed by
the Fondazione Bruno Kessler were characterized before and
after the irradiation. In total, 5 SiPMs were irradiated at the
JoZef Stefan Institute TRIGA nuclear reactor with different
fluences from 10° negq/cm? up to 10'? neq/cm?. The SiPMs
were also annealed at high temperatures and re-characterized
after the annealing. For the SiPM characterization in all
the cases, current—voltage (I-V curve) measurements, dark
count rate measurements, and waveform analysis, including
single photon time resolution, were carried out at different
controlled temperature steps from room temperature down to
the liquid nitrogen temperature. While cooling to — 20°C was
enough for the SiPM irradiated at 10° neq/cm? to recover the
ability to resolve single photons, by 10'® neq/cm?, cooling
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to liquid nitrogen temperature was necessary. With sufficient
cooling, the measured single photon time resolution was
around 90 ps FWHM for all irradiation levels.

1 Introduction

The Large Hadron Collider beauty (LHCb) experiment at
the European Organization for Nuclear Research (CERN)
and the Belle II experiment at the High Energy Accelerator
Research Organization (KEK) are two of the currently
operational experiments in high energy physics searching
for new phenomena beyond the Standard Model. For charged
pion, kaon, and proton separation, both experiments rely on
Ring Imaging Cherenkov (RICH) detectors [1,2]. In order
to increase the size of the data sample of recorded events
available for studies of rare processes, the next generation
of experiments is under preparation with a much higher
interaction rate. The LHCb experiment will be re-designed
to operate at a luminosity of 1.5 x 103 cm=2 s~! [3],
ten times that of the present detector. Due to the planned
increased luminosity and, thus, higher background radiation,
an upgrade of the RICH detectors is necessary. The increased
background radiation to which the photodetectors will be
exposed is one of the most challenging problems. They will
have to keep sufficient performance during several years of
data-taking despite radiation exposure, which is estimated
at about 10'® 1-MeV neutron equivalent per cm? (neq/cm?)
[3]. One of the most promising candidates considered for the
detection of Cherenkov photons is the silicon photomultiplier
(SiPM). SiPMs are semiconductor photodetectors that have
become a competitive choice in many fields [4-6], like
nuclear medicine [7-9], high energy physics [10-13], and
industrial and space applications [14—17]. Among their
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benefits are high photon detection efficiency of up to 60%
[18], high gain (~ 10%), and good timing resolution below
100 ps FWHM. In addition, they are small and robust
photodetectors that do not require high operating voltages
and can work in a magnetic field. All of these makes the SiPM
a very promising photodetector for RICH applications [19],
where the biggest drawback of the SiPMs is their susceptibil-
ity to radiation damage, with current devices not being able
to withstand the background radiation levels expected in the
upgraded RICH detectors of LHCb.

Analog SiPMs are composed of an array of single photon
avalanche diodes (SPADs) connected in parallel, each reverse
biased above breakdown voltage (V,), thus, operating in
Geiger-Miiller mode [20]. However, thermal excitations can
also trigger an avalanche, even when the SiPM is not exposed
to light, leading to what is called the dark count rate (DCR).
While the corresponding DCRs of current SiPMs are of
the order of 10° Hz/mm?” at room temperature [21], they
can dramatically increase when the SiPM is exposed to
radiation. Consequently, one of the main parameters affecting
the operation of irradiated SiPMs is the increase in DCR
[22,23]. One way to reduce the DCR is by cooling the SiPM
as the DCR approximately halves every 10°C [6,18,24],
although at some point saturation is reached [25,26].

In Si-based photodetectors, two types of damage are
present due to radiation exposure: surface damage by
ionizing energy loss (IEL) and bulk damage by non-ionizing
energy loss (NIEL) [27]. For instance, neutron irradiation
causes bulk damage by displacing atoms from their lattice
site, thus creating crystal defects, e.g., Frenkel and cluster
defects [28]. The degradation of neutron-irradiated SiPMs is
mainly expressed as an increase in the leakage current (Iyoqx)
and dark current (Ij4.%), i.e., the non-multiplied current
and the current from the bulk that is multiplied in the
Geiger—Miiller mode, respectively. The DCR significantly
increases proportionally to the irradiation fluence, leading to
another important disadvantage: single photons can not be
resolved anymore at room temperature when current SiPMs
are irradiated beyond about 10° neq/cm” [29]. To some
degree, SiPM operation after irradiation can be recovered
through high-temperature annealing as reported in [30].

In this work, 1 x 1 mm? silicon photomultipliers developed
by the Fondazione Bruno Kessler (FBK) were characterized
before and after the irradiation. In total, 6 SiPMs were
characterized before the irradiation, 5 of them were irradiated
at the Jozef Stefan Institute (JSI) TRIGA nuclear reactor with
fluences from 10” neq/cm? up to 10'® neq/cm?, while leaving
one of the SiPMs non-irradiated. One of the open questions
is at which temperature the irradiated SiPMs could still be
useful for RICH applications. Thus, the main objective of
this contribution was to estimate the temperature at which
single photons can be resolved after the irradiation. This
paper is organized as follows. The experimental setup with
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details of the SiPM temperature stabilization are presented
in Sect. 2. In Sect. 3, the obtained results for the current—
voltage (I-V curve) measurements, the DCR measurements,
and the waveform analysis, including single photon time
resolution (SPTR), are shown before and after the irradiation
at room temperature and at different controlled temperature
steps down to the liquid nitrogen temperature. The results
are discussed in Sect. 4, and finally, conclusions are given in
Sect. 5.

2 Experimental setup

The SiPMs characterized were 1 x 1mm? 15 pwm pitch
FBK NUV-HD-RH UHD-DE SiPMs, based on the NUV-HD
technology [31], and developed to improve the radiation
hardness. For this purpose, the SiPMs were designed to have
very small SPADs with fast recharge time (around 6 ns)
to reduce saturation after the irradiation, even with high
fluences. At the same time, the size of the non-active features
of the SPAD was reduced to improve the fill factor and,
thus, also the photon detection efficiency (around 40% at an
overvoltage of 6 V and 420 nm). The SiPMs achieved a gain
of approximately 9 x 107 at an overvoltage of 9 V, and the
quenching resistance as reported by the producer is around
450 kOhm. Figure 1 shows an overview of the experimental
setup for the SiPM characterization with details of the
equipment used. More detailed descriptions of individual
measurements are provided in the following sections. Com-
mon to all the measurements was the arrangement of the
SiPM enclosure (Fig. 2): the SiPM and the custom electronics
board were mounted inside a radio-frequency (RF) shielding
box to minimize the electronic noise, which was necessary
to enable good timing measurements.

The custom electronics board was composed of a SiPM
RC bias filter and a high-speed NEC uPC2710TB
pre-amplifier, based on an older RF gain block amplifier,
with input impedance of 50 Ohm, power gain of 30 dB,
and an upper limit operating frequency of 1.0 GHz [32].
In addition, the SiPM circuit bias loop was closed via an
external KEITHLEY 6517B electrometer, holding a virtual
ground for the SiPM. Hence, the -V curve measurements,
the DCR measurements, and the waveform analysis could
be performed concurrently. Due to the overlapping design
requirements necessary for cooling, laser illumination, and
RF shielding, resulting in strict space constraints, as well
as the necessity to measure different SiPMs with varying
pin-outs, each characterized SiPM was connected to the
custom electronics board through an approximately 5cm
long LEMO cable. Inside the RF shielding box, custom-made
aluminum pieces ensured good thermal coupling between the
RF shielding box and the SiPM, while 3D printed mechanical
supports were used for optical isolation and alignment of
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Fig. 1 Experimental setup: (1) ALPHALAS Picosecond Laser Diode
Driver PLDD-20M; (2) Laser shutter; (3) Laser shutter controller
(Melles Girot electronic shutter controller); (4) GOPHER power sup-
ply for the laser shutter controller; (5) Optical fiber; (6) KEITH-
LEY power supply for the two resistive heaters; (7) Liquid nitrogen
container; (8) HAMEG power supply for the pre-amplifier of the
custom electronics board; (9) Cylindrical plastic container with a radio-
frequency shielding box inside; (10) KEITHLEY 6517B electrometer;
(11) LeCroy oscillosope; (12) National Instruments LabWindows

the SiPM. Light from an ALPHALAS 405 nm picosecond
laser head, controlled by picosecond laser diode driver
PLDD-20M, was guided into the RF shielding box through a
2mlong optical fiber and was used to illuminate the SiPM at a
single photon level. At the same time, three sensors were used
to monitor the temperature and two resistive heaters were
coupled to the external surface of the RF shielding box using
thermal pads. Before starting each SiPM characterization,
the RF shielding box was wrapped with thermal isolation
(PE foam) and positioned in a cylindrical plastic container,
which went inside the dry liquid nitrogen container. Dry
liquid nitrogen containers are designed to absorb the liquid
nitrogen in the walls and, in this way, keep the inside of
the container at cryogenic temperatures without the need to
submerge the experiment in liquid nitrogen itself. At the end
of each SiPM characterization, the RF shielding box was
removed from the cryogenic environment and thoroughly
dried to prevent humidity condensation. All 6 SiPMs were
operated at the same bias voltage (Vp;,s), calculated based
on the producer specified Vp, of 32.5 V and temperature
coefficient of —25 mV/°C.

2.1 I-V curve measurements

For the I-V curve measurements (Fig.3), a KEITHLEY
6517B electrometer provided the SiPM bias voltage between

data acquisition software; (13) DRS4 evaluation board; (14) Arduino
temperature reader; (15) Picolog USB TC-08 thermocouple data log-
ger; (16) Philips Quad rotary Attenuator Model 804; (17) ORTEC
Octal Fast Timing Amplifier Model FTA820; (18) Octal divider;
(19) Phillips Scientific 16 Channel discriminator latch CAMAC Model
7106; (20) CAEN 16 Ch ECL Scaler MOD C 257; (21) CAEN 16
Ch Universal Programmable I/O register MOD C 219; (22) LeCroy
8901A GPIB interface. Schematics of the setups used for individual
measurements are shown in Figs. 3,4, 5, 6

Optical fiber NUV-HD-RH UHD-DE SiPM Custom electronics board

Fig. 2 Arrangement of the SiPM and the custom electronics board
inside the radio-frequency shielding box

0V and 48 Vin 0.1 V steps and measured the output current
at each step by averaging 10 consecutive readings.

2.2 DCR measurements

For the DCR measurements (Fig.4), the SiPM signal height
threshold scans were performed at overvoltages between
3 Vand 13 V in 2 V steps. First, the SiPM signal
was pre-amplified using the custom electronics inside the
RF shielding box, attenuated using Philips Quad rotary
Attenuator Model 804, and additionally amplified using an
ORTEC Octal Fast Timing Amplifier Model FTA820 to fit
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Fig. 3 Schematics of the setup used for the /-V curve measurements
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Fig. 4 Schematics of the setup used for the DCR measurements

the SiPM signal inside the digitizer dynamic range. Then,
the signal was divided using a passive signal splitter with
one half going to the discriminator (Phillips Scientific 16
Channel discriminator latch CAMAC Model 7106), where
the threshold was computer controlled, increasing it 5 mV
per step with 200 steps per threshold scan. The discriminator
output pulse width was 110 ns, which limited the DCR
measurement system dynamic range to a couple of MHz.
At each step, the DCR was measured using a scaler (CAEN
16 Ch ECL Scaler MOD C 257) inside a 1s long window
controlled with the CAEN 16 Ch Universal Programmable
1/O register MOD C 219.

2.3 Waveform analysis

For the waveform analysis (Fig.5), the other half of the
divided signal was digitized at 5 GS/s using Paul Scherrer
Institute (PSI) DRS4 Domino Ring Sampler evaluation board
[33] with 10° waveforms collected per measurement. In front
of the optical fiber, a computer-controlled shutter blocked the
laser light during all measurements except for the waveform
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Fig. 5 Schematics of the setup used for the waveform analysis
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acquisitions. The post-processing of the data was performed
using the ROOT analysis framework [34].

A challenging aspect of good timing measurements was
the electronic noise. Although it was suppressed mainly by
the RF shielding box, inside which the SiPM and the custom
electronics board with its pre-amplifier were enclosed, long
cables between the pre-amplifier and the modular electronics
necessary to place the SiPMs inside the dry liquid nitrogen
container, as well as additional circuitry and cabling needed
for the I-V curve measurements, led to some remaining
noise visible as an additional contribution in the timing
distributions.

2.4 Temperature stabilization

Figure 6 (top) shows the schematics of the setup for tempera-
ture stabilization. An effort was made to optimize the total
measurement time, which still ended at ~ 14h per SiPM
characterization. Some steps had to be done manually,
like changing the SiPMs and placing the setup inside
the dry liquid nitrogen container. However, after that, the
measurement protocol was performed automatically using
custom National Instruments LabWindows data acquisi-
tion (DAQ) software. The most time-consuming was that
measurements had to be carried out at multiple temperatures.
First, a temperature stabilization was needed, and then,
the measurements at each stabilized temperature step took
approximately 1h 20 min. Thus, measurements were only
carried out at room temperature (~ 23°C), — 20°C, — 60°C,
— 100°C, — 140°C, and liquid nitrogen temperature. More
exactly, in this work, the lowest measurement temperature
was not — 196°C but approximately — 187°C because this
is where the equilibrium was reached between the liquid
nitrogen cooling and the heating of the setup.

The RF shielding box was heated to the targeted tempera-
ture by two resistive heaters thermally coupled to the external
surface of the RF shielding box, while three sensors were
used to monitor the temperature (Fig.6, bottom). One of
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Fig. 6 Schematics of the setup used for temperature stabilization (top);
customizing the radio-frequency shielding box (bottom)

the sensors (a PT 100 sensor) was placed between the
resistive heaters and the RF shielding box. The other two
sensors (another PT 100 sensor and a Picolog K-type sensor)
were inserted inside the aluminum block at ~ 2cm distance
from the SiPM. The Picolog sensor was used to calibrate
the PT 100 sensor placed close to the SiPM, and the
temperatures from the two PT 100 sensors were readout
using Arduino-based electronics. Based on these temperature
readouts, the voltage applied to the two resistive heaters was
adjusted using custom DAQ software to reach and stabilize
the targeted temperature. A separate calibration measurement
was performed to determine the correlation between heat-
ing power (heater voltage) and SiPM temperatures, and
additionally, the voltages were adjusted in real-time propor-
tionally to the square of temperature deviation (Eq. (1)).

Va(t) = Ve(Ty) — sgn(Ty(t) — Ty) x k x (T, () — Ty)?,
(1

where V,(t) is the total real-time voltage applied to the
heaters, T;, () is the real-time temperature measured with the
PT 100 sensor 1, T; is the temperature set as a target, and k is
a constant (set to a value of about 2). Based on the previously
mentioned separate calibration, V,(Ts) is the expected total
voltage to be applied to the heaters for the temperature set as
atarget. This procedure enabled reaching target temperatures
within £ 2°C, except at room temperature where the
temperature was stabilized at ~ 23°C and at liquid nitrogen
temperature where equilibrium at approximately — 187°C
was reached as explained above. During all measurements,
the stability of the reached temperature was maintained with

—— PT 100 sensor 1

—— PT 100 sensor 2

Temperature [°C]

|
a
o

-160 - \
-180

oo | 1 L 1 L 1 oy I |
0 10000 20000 30000 40000 50000 60000

Measurement time [s]

Fig. 7 Temperature stabilization as recorded by the PT 100 sensors

fluctuations of less than 1°C (Fig. 7). The slight difference in
behavior of the two PT 100 sensors is due to their position:
at high temperatures, sensor 2 readings are above sensor 1
readings due to the heating of the resistive heaters, while at
low temperatures, sensor 2 readings are lower than sensor 1
readings because sensor 2 was more exposed to the cryogenic
environment.

2.5 Trradiation and annealing of the SiPMs

After characterizing each SiPM before the irradiation, 5
SiPMs were irradiated inside the triangular channel of
the 250 kW TRIGA nuclear reactor of the JSI [35]. The
SiPMs were exposed to 5 different fluences: 10° neg/cm?,
10'% neg/cm?, 10! neq/cm?, 10! neg/cm?, and 10! neq/cm?.
No Vypiss was applied to the SiPMs during the irradiation.
The irradiation time per SiPM was 143 s, with reactor power
adjusted to reach each targeted fluence. The irradiation
was performed at room temperature, and the whole pro-
cess took approximately 15 min; thus, the annealing during
the irradiation can be neglected. The SiPMs were kept
inside a freezer at — 25°C all the time in between the
irradiation and the re-characterization after the irradiation.
The temperature of annealing was set to 80°C according to
producer recommendation except for the SiPM irradiated at
10° neg/cm? where the annealing at 110°C was explored.

3 Results
3.1 I-V curve measurements

Before the irradiation, the 6 SiPMs showed very similar
behavior at room temperature (Fig. 8, top-left): the current
had a very gentle dependence on Vj;,s until the V, and
after the Vj, it exponentially increased until overvoltage
(the voltage in excess of Vp,) of about 10 V, where

@ Springer
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correlated noise started to prevail. As expected, the current
decreased, and the V. slowly shifted to lower values
when a SiPM was cooled down (Fig.8, top-right), where
it has to be noted that the smallest measurable current
was limited by the electrometer accuracy (about 3 pA), as
seen for temperatures below — 20°C. After the irradiation,
the I-V curve measurements clearly showed the neutron
damage effects: at room temperature the current significantly
increased between irradiation fluences (Fig. 8, middle-left),
and this behavior remained seen at liquid nitrogen temperature
(Fig. 8, middle-right). The V- seems unaffected by irradiation
(black arrows in Fig.8). The -V curve measurements
at different temperatures for two specific fluences were
compared to the I-V curve measurement of the non-irradiated
SiPM at room temperature. For example, at 10° neq/cm?
the current matched the non-irradiated measurement at
approximately — 60°C around useful overvoltage (Fig.8,
bottom-left). In contrast, at 10'3 neq/cmz, even at liquid
nitrogen temperature, the current did not decrease to the
original level at useful overvoltage (Fig. 8, bottom-right).

3.2 DCR measurements

Before the irradiation, the DCR behaved as expected: it
increased with overvoltage (Fig.9) until reaching the lim-
its of the system dynamic range at an overvoltage of ~
13 V and decreased with temperature by a factor of 2.2
per 10°C (Fig. 10, top-right), whereby at — 100°C only the
electronics noise remained. Also, before the irradiation, the
DCR measured with the 6 SiPMs showed good agreement
at room temperature and an overvoltage of 9 V (Fig. 10,
top-left). After the irradiation, all of the SiPMs are at or
close to the maximum of the system dynamic range at room
temperature and an overvoltage of 9 V (Fig. 10, middle-left),
and the steps in the threshold scan representing different num-
bers of SPADs triggered quickly get lost. Cooling, of course,
helps (Fig. 10, bottom-left). However, for the SiPM irradiated
at 1013 neq/cmz, the steps can not be seen at all, even at
the liquid nitrogen temperature (Fig. 10, middle-right). The
DCR measurements at different temperatures for specific
fluences were compared to the DCR measurement of the
non-irradiated SiPM at room temperature. For example, the
DCR of the SiPM irradiated at 10° neq/cm? was comparable
to the DCR of the non-irradiated SiPM close to — 60°C
(Fig. 10, bottom-left). In contrast, at 10'3 neq/cm? the DCR
never matched the original level, and was close to the max-
imum of the system dynamic range at most temperatures.
At 10'2 neg/cm?, the DCR at original level could be
reached somewhere between —140°C and liquid nitrogen
temperature (Fig. 10, bottom-right).
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10°E — 11V
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E - 7V
107 ; - 5V
F— - 3V
= 0°E
% 10° _‘L N\
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Threshold [mV]

o

Fig. 9 DCR measurements for one of the SiPMs at room temperature
before the irradiation for different overvoltages

3.3 Waveform analysis

On the oscilloscope, signals from single SPADs could be seen
(Fig. 11, top). From the waveforms, many quantities could be
measured, for example, the pulse height, the charge (Fig. 11,
bottom-left) as well as the timing (Fig. 11, bottom-right). The
charge was obtained by integrating the waveforms inside a
60 ns gate around the signal peak. The timing was calculated
as the difference between the linearly interpolated 40% maxi-
mum amplitude crossing time of the waveforms belonging to
the laser and the SiPM. To obtain the SPTR, a single photon
cut (SP-cut) was always performed on the charge (red area in
Fig. 11, bottom-left) within £ 1o interval determined from
the Gaussian fit of the single photon peak. The SPTR values
reported were obtained from a triple Gaussian fit over the
timing distributions with the FWHM calculated from the fit
function.

Before the irradiation, the SPTR values were around 90 ps
FWHM independent of the temperature. After the irradiation,
the single photons could not be resolved anymore at room
temperature and an overvoltage of 9 V, even for the SiPM
irradiated at 10° neg/cm?. It has also been observed that
the noise contribution moved relative to the main peak of
the timing distributions with changing temperatures (blue
arrows in Fig.12). This could possibly be explained by
the temperature dependence of the electrical properties of
the pre-amplifier and/or of the other components of the
custom electronics board and even of the long cables.
Besides, the SiPM operation at cryogenic temperatures is
not straightforward due to the temperature dependence of its
electrical properties. For example, in [36], it was observed
that between 300 K (27°C) to 77 K (— 196°C), the quenching
resistance and, thus, the recharge time of the SPAD, increases
by a factor of 10, while the junction capacitance decreases
by less than a factor of 2.
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Fig. 11 Before the irradiation:
SiPM signal shape at room
temperature and an overvoltage
of 9 V (top); charge distribution
at room temperature and an
overvoltage of 9 V with single
photon cut shown in red
(bottom-left); timing
distribution at room temperature
and an overvoltage of 9 V with
the SPTR expressed in FWHM
(bottom-right)
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The metric used in this work to determine the temperature,
at which irradiated SiPMs can still be useful for RICH
application, was defined as the temperature at which single
photons can be resolved in the charge distributions at an
overvoltage of 9 V. For example, Fig. 12 (left) shows the
charge distributions at an overvoltage of 9 V of the SiPM
irradiated at 102 neq/cm2, from which it can be seen that
single photons can not be resolved at higher temperatures.
For this irradiation level, — 140°C was selected as the
temperature of stable operation, as the single photon peak
became again clearly visible. The choice of metric was sup-
ported by the timing distributions, where it can also be seen
that a good SPTR is reestablished at around — 140°C (Fig. 12,
right). The temperatures of stable operation at different
fluences, as estimated by this definition, are shown in Fig. 13.
At 10"3 neq/cm?, cooling to liquid nitrogen temperature is
necessary while — 20°C seems enough for SiPM irradiated
at 10° neq/cm?. At the so-defined temperatures, the SPTR
after the irradiation is shown for each fluence in Fig. 14. The
SPTR does not seem to be affected by irradiation as long as
single photons can be resolved. However, there are still small
fluctuations due to the remaining background contribution, as
indicated by the best SPTRs obtained for the irradiated SiPMs
at any overvoltage or temperature (green line in Fig. 14).
Only at 10'3 neg/cm?, SPTR below 100 ps FWHM could
not be recovered, as cooling to liquid nitrogen temperature
was barely sufficient for this irradiation level.

3.4 Annealing of the SiPMs

All the SiPMs were annealed at 80°C for 24 h except the
SiPM irradiated at 10° neg/cm? for which the annealing
results reported are after a total annealing of 3 months at
room temperature and additional annealing at 110°C for 24 h.
For all the irradiated SiPMs, after the annealing, a slight
decrease in the current was observed (Fig. 15, top), which
is more pronounced in the Ij., for the SiPM irradiated at
1013 neq/cm2 and in the I, for the SiPMs irradiated at
lower fluences (< 10'> neq/cm?). After the annealing, a
decrease in the DCR was also observed for all the irradiated
SiPMs (Fig. 15, bottom), although the improvement is minor
for the SiPM irradiated at 10'® neq/cm?. In contrast, for the
SiPM irradiated at 10° neq/cm?, the DCR at liquid nitrogen
temperature reaches levels below the electronics noise.
Annealing at the conditions used in this work did not
improve operational temperatures where single photons
could be resolved at an overvoltage of 9 V (Fig. 13). While
the improvement could be sufficient to enable operation at
slightly higher temperatures, the temperature increase could
not be resolved by the 40°C steps where measurements
were carried out in this work. The SPTR does not seem
to be affected by annealing as long as single photons can
be resolved. Though the background contribution remains,
for the SiPM irradiated at 103 neq/cm? after the annealing,
SPTR values lower than 100 ps FWHM were measured at
liquid nitrogen temperature and overvoltages of 5V and 7 V.
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Fig. 12 For the SiPM
irradiated at 10! neq/cm? at
different temperatures: charge
distributions at an overvoltage
of 9 V with SP-cut included
when possible (left); timing
distributions at an overvoltage of
9 V with the SPTR expressed in
FWHM (right). Arrows indicate
how the noise contribution
moved relative to the main peak
as discussed in sub-section 3.3
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4 Discussion

Considering the specific requirements of the planned RICH
detector upgrades, to achieve a timing resolution below
100 ps FWHM, the DCR needs to be low enough so that
single photons can still be resolved and single photon cut
can be applied to the data, all at high SiPM overvoltage
necessary for good timing. By this definition, cooling

to — 140 °C and — 180 °C was necessary after the irradiation
at 10'? neg/cm? and 103 neq/cm?, respectively (Fig.13).
Another, although more strict, requirement could be that the
DCR at single photon level, after the irradiation but with
cooling, should be on the same level as before the irradiation
at room temperature and an overvoltage of 9 V. In Fig. 16,
the DCRs for different irradiation levels and temperatures
are plotted and compared to the DCR before the irradiation at
room temperature and an overvoltage of 9 V (gray line). It can
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annealing
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be seen that the DCR of the SiPM irradiated at 10'? neq/cm?
only reaches the value before the irradiation around — 170 °C,
with the annealing reducing the cooling requirement to about
— 150°C. A similar 20°C reduction in cooling requirements
can be observed for all other irradiation levels, except for
the 1013 neq/cmz. On the other hand, if cooling to only, for
example, — 50°C was possible, irradiation to a maximum of
10° neq/cm? could be tolerated. This can also be seen with
the same data rearranged to show the dependence on the
fluence, as shown in Fig. 17. For example, the line indicating
measurements at liquid nitrogen temperature reaches the
DCR of the non-irradiated SiPM at room temperature and
an overvoltage of 9 V (gray line) at a fluence of about
2 x 10'2 neg/cm?, which can be only slightly improved by
the annealing as conducted in this work. The data in Fig. 16
can also be used to determine the cooling requirements
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for different tolerable DCR levels, shown in Fig. 18. The
DCRs at which single photons could be resolved (Figs. 13
and 16) are about 1 MHz for all irradiation levels below
103 neg/cm?. For such DCR levels the results in Fig. 18
indicate liquid nitrogen cooling is necessary for irradiation
levels above 10'% neq/cm?, again with only small relaxation
of requirements observable after the annealing.

A similar behavior of irradiated SiPMs with cooling was
observed in [29], where it was reported that even when
single photons could not be resolved after 10° neq/cm? at
room temperature, single photons could be resolved again
by cooling the same SiPM to 84 K (— 189°C). In addition,
it was also shown that at 250°C the SiPM annealed to
the extent where single photons could be resolved again
after 10° neq/cmz, even at room temperature. Whereas, in
[30], it was also demonstrated that thermal annealing up to
175°C and cooling the SiPM down to 77 K (— 196°C) lead
to the possibility of operating the SiPM with single photon
discrimination after 10'* neq/cm?. On the path of achiev-
ing the targeted SiPM radiation hardness alongside good
timing performance, dedicated developments, together with
radiation damage reduction and mitigation techniques, are
needed. For example, if the noisiest SPADs of the SiPMs
could be turned off, which is not the case for existing
analog SiPMs as all the SPADs are connected in parallel,
the DCR could be substantially decreased. Following this
idea, in [37] it was shown that when only the three nois-
iest SPADs in irradiated 5 x 5 CMOS SPAD arrays are
disabled, the DCR reduced from 51 to 18 kHz. Another
strategy for improving SiPM radiation tolerance would be
using smaller SPADs because their active area is less likely
to be damaged [38]. However, this will also result in lower
photon detection efficiency, which can be recovered by using
optical enhancements like microlenses [39]. Even though
these results look promising, more research is needed, and
thermal annealing might be challenging to implement in the
context of operational RICH detectors.

5 Conclusions

In this work, neutron-irradiated SiPMs with fluences from
10” neg/cm? up to 10'3 neq/cm? were characterized at room
temperature and at five equidistant stabilized temperatures
down to the liquid nitrogen temperature. Besides, it was
explored how the high-temperature annealing can improve
their performance post-irradiation. It was observed that with
increasing irradiation fluence, the Ijeqx, Lgark, and DCR
worsened. Before the irradiation, an SPTR below 90 ps
FWHM was measured, and it was observed to be unaffected
by cooling down to the liquid nitrogen temperature. After the
irradiation, the high DCR made single photon discrimination
not possible at room temperature, even for the SiPM
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irradiated at 10° neq/cm?. Cooling was necessary to regain
single photon discrimination, and with it, SPTR values below
100 ps FWHM. The results presented in this contribution
indicate that cooling to liquid nitrogen temperature would be
necessary for the examined SiPM technology to be useful in
the planned RICH upgrades. As long as cooling applied was
sufficient to discriminate single photons, SPTRs measured
did not seem to be affected by the irradiation with values
around 90 ps FWHM obtained for all the irradiation levels at
SiPM overvoltage of 9 V except for the SiPM irradiated at
10'3 neg/cm?. The annealing of the SiPMs at 80°C for 24 h
improved the performance only slightly, relaxing the cooling
requirements for about 20°C as indicated by the measured
DCRs. The presented experimental setup is planned to be
used to characterize other SiPMs and test structures, and the
results of this and future work will be used to guide the design
of more radiation-resistant SiPMs and find the way to use
SiPMs in highly irradiated environments at single photon
level.
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