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Abstract

Silicon photomultipliers (SiPM) are candidates selected as the potential pho-
todetector technology for the dual-radiator Ring-Imaging Cherenkov (dRICH)
detector at the future Electron-Ion Collider (EIC). SiPM are cheap devices,
highly efficient and insensitive to the high magnetic field at the expected
location of the sensors in the experiment. On the other hand, SiPM are not
radiation tolerant. Despite the integrated radiation level is expected to be
moderate it should be tested whether single photon-counting capabilities and
the increase in dark count rate can be kept under control to maintain the
optimal dRICH detector performance across the years. The current status
of the research for the EIC dRICH application and the first results on stud-
ies performed on a sample of commercial and prototype SiPM sensors are
presented.

1. Introduction

The future Electron-Ion Collider (EIC) [1] is under development by a
large international community and will be constructed in the USA in this
decade and foreseen to start operation in the early 2030. One of the major
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challenges for the detectors at the EIC is particle identification (PID) [2].
A dual-radiator Ring Imaging Cherenkov (dRICH) detector [3] is identified
as a compact and cost-effective solution for the broad momentum coverage
required at forward rapidity: 30 K/ separation from a few GeV/c up to 50
GeV/c. The detector would consist of aerogel and gaseous (CoFg) Cherenkov
radiators with refractive indices of ~ 1.02 and 1.0008, respectively. A read-
out surface of ~ 3 m? equipped with 3x3 mm? photosensor pixels (~ 300 k
channels) must provide efficient single-photon detection inside a high mag-
netic field (~ 1 T). The photosensors are located outside of the detector
acceptance, opening the possibility to explore the use of silicon photomulti-
plier sensors (SiPM) as an option for Cherenkov light readout [4]. The SiPM
readout option has on one hand several advantages: SiPM are cheap sensors
with high photodetection efficiency, excellent time resolution [6] and are in-
sensitive to high magnetic fields. On the other hand they naturally present
large dark count rates (DCR) and are prone to radiation damage [5], which
increase currents and the DCR significantly.

The R&D being carried out aims at studying the radiation damage in
SiPM and their usability for Cherenkov imaging application up to fluences
of 10" /em? 1-MeV neutron equivalent (simply ne, in the following), beyond
the highest radiation level expected during dRICH operation. Several op-
tions are available to maintain the DCR to an acceptable rate (below ~ 100
kHz/mm?), namely by reducing the SiPM operating temperature (cooling),
using the timing information with high-precision TDC electronics (gating)
and by recovering the radiation damage with high-temperature annealing cy-
cles (curing). Encouraging results have been published on the performance
of cooled SiPM after irradiation and annealing cycles [7]. Nonetheless, the
limits on the usage of SiPM sensors depend on many factors and they should
be tested for each specific application.

2. Irradiation and annealing

Custom carrier boards have been designed to host SiPM sensors arranged
in a matrix of 3x3 mm? pixels (Figure 1, left). This design was carefully
chosen to allow the boards to withstand irradiation and high-temperature
annealing cycles and have a form factor usable for imaging in beam tests.
The following boards and SiPM sensors have been irradiated: one board
equipped with 16 Hamamatsu S13360-3050VS and 16 Hamamatsu S13360-
3025VS sensors; one board equipped with 16 Hamamatsu S14160-3050HS
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Figure 1: (left) Custom SiPM carrier board. (centre) Uniform 3 mm irradiation field on
a gafchromic film. (right) The collimator system on the irradiation beam line.

and 16 Hamamatsu S14160-3015PS sensors; 2 boards each equipped with
12 NUV-HD-CHK and 12 NUV-HD-RH prototype sensors provided by Fon-
dazione Bruno Kessler (FBK).

The SiPM sensors have been irradiated in the experimental room of the
Trento Proton Therapy facility with 140 MeV protons produced in a large
and uniform irradiation field [8]. The NIEL-scaling hypothesis is used to nor-
malise the proton fluence to the corresponding 1-MeV neutron equivalent [9)].
A dedicated collimator system (Figure 1, right) has been designed to deliver
the uniform irradiation field in a 3 mm wide window (Figure 1, centre) such
that thanks to a precision micrometric translation system a single column of
sensors (8 SiPM) in the matrix is irradiated at a given time (Figure 1, left)

For each board three different columns have been exposed at three differ-
ent levels of irradiation: 10 , 10! and 10" n.,. The fourth column was used
to control the background neutrons generated by the scattering system and
the collimators. Background neutrons received by each board are estimated
to correspond to about 2-3 10% n.,. The overall knowledge of the delivered
neutron equivalent fluence is estimated to be of about 10%.

High-temperature annealing of the SiPM sensor boards has been per-
formed with long (~ 200 hours) cycles up to 150 °C in a temperature-
controlled climatic chamber (“oven” annealing).
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Figure 2: Experimental equipment for SiPM characterisation outside (left) and inside
(right) the climatic chamber.

3. Characterisation

Characterisation of the SiPM has been performed at T = -30 °C in a
temperature-controlled climatic chamber on the sensors when new, after ir-
radiation and after the high-temperature annealing cycles. Figure 2 shows
the characterisation setup with the experimental equipment located outside
(left) and inside (right) the climatic chamber. Current measurements as a
function of the bias voltage are performed in an automatised way by means
of multiplexers that feed a Keithley 2450 source meter. DCR measurement
as a function of the bias voltage are performed using a custom prototype elec-
tronics chain based on the ALCOR chip. ALCOR [10] is a prototype 32-pixel
low-power mixed-signal ASIC developed to readout silicon photomultipliers
at low temperature and performing single photon time-stamping. Configu-
ration and readout of the ALCOR chip is performed via a Xilinx Kintex-7
FPGA KCT705 evaluation board controlled by a Linux PC.

4. Results

Figure 3 shows the dark current measured in FBK NUV-HD-CHK (left)
and Hamamatsu S13360-3050VS (right) SiPM sensors. The dark current in-
creases linearly with increasing fluence and decreases after high-temperature
annealing. The amount of decrease measured in FBK sensors is of a factor
~ 10 after annealing at T = 125 °C and of a factor ~ 100 after annealing
at T = 150 °C, corresponding to the dark current of sensors that have re-
ceive a factor 10 and 100 less fluence, respectively. A similar behaviour is
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Figure 3: Dark current measured in FBK (left) and Hamamatsu (right) sensors for different
fluences and at different stages. The points represent the average over several sensors,
whereas rectangles represent the RMS dispersion of the sample.
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Figure 4: Comparison of the measured DCR across different sensors before (left) and after
(right) annealing. Also shown are measurements on SENSL MICROF J-30035 sensors.

observed in Hamamatsu sensors. Figure 4 compares the measured DCR be-
tween different sensors at the same value of overvoltage before (left) and after
(right) annealing. Hamamatsu S13360 sensors show the lowest DCR at all
stages, starting from ~ 1.5 kHz for new sensors up to ~ 500 kHz for sensors
irradiated with 10 ne, before annealing and up to 10! n,, after annealing.

The light response of irradiated and annealed Hamamatsu S13360 SiPM
sensors coupled to the electronics has been studied with a pulsed-LED setup.
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Figure 5: Relative variation of PDE measured with pulsed LED light after irradiation and
annealing as a function of bias voltage (left) and background rate (right).

Time coincidences between the recorded photon hit on the sensor and the
LED pulse are used to count the number of detected photons and as a proxy
for the single-photon detection efficiency. While an abolute measurement
of the PDE is not possible with this system, its relative variation can be
measured with an estimated precision of 5%. Figure 5 (left) shows the results
of the relative variation of the PDE of irradiated and annealed sensors with
respect to their performance measured when new. No loss in PDE is observed
for sensors irradiated up to 10'° n., and after high-temperature annealing.
This proves that no damage on the sensors due to annealing procedure are
observed within the accuracy of the measurement. An increasing PDE loss
with increasing overvoltage is observed for sensors irradiated at 10! n., after
high-temperature annealing, which is likely due to saturation effects either
in the readout electronics or signal overlaps over the large DCR background.
Figure 5 (right) shows that the loss in PDE starts when the background rate
exceeds 4 MHz and hints at a saturation of counts in the ALCOR readout
system.

An alternative procedure to the high-temperature annealing performed
in the climatic chamber (“oven” annealing) was explored as a potential so-
lution for annealing “in situ”, that would allow curing the radiation damage
without the need of removing the sensors from the dRICH in the experiment
(online annealing). A few Hamamatsu S13360-3050VS sensors have beed ir-
radiated with 5 cycles of 2 - 10® n,, fluence each. Each irradiation cycle was
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Figure 6: (left) SiPM sensors undergoing the “online” annealing procedure are monitored
with a thermal camera. (right) Comparison of the DCR measured after the “online”
annealing procedure with other DCR measurements.

interleaved by online annealing, forward biasing the sensor to deliver high
current (corresponding to ~ 1 W/sensor) for 30 minutes. A temperature of
~ 175 °C was measured on the sensor surface by means of a thermal camera
(Figure 6, left) during the 30 minutes of the online annealing procedure. Pre-
liminary results are shown in Figure 6 (right) and are very encouraging. The
sensors annealed with the “online” procedure show a factor 10 lower DCR
than the irradiated sensors. While the “online” annealing procedure does
not reach the recovery levels achieved with the “oven” annealing procedure,
the method provides an effective and fast (100 times faster) cure of radia-
tion damage that can be performed “in situ” and repeated as many times as
needed. Futher R&D will follow to consolidate the approach for EIC dRICH

experimental case.

5. Conclusions

An R&D is ongoing to explore the use of SiPM as baseline for the EIC
dRICH optical readout in conjunction with prototype chain of electronics
based on the ALCOR front-end ASIC. Results on irradiation and high-
temperature annealing over a large sample of devices show that the Hama-
matsu S13360 sensors as the ones with the lowest DCR at all stages. Fu-
ture studies foresee to perform repeated irradiation and annealing cycles to
test the experimental scenario in a more realistic way. Preliminary stud-
ies based on forward-bias current annealing of the sensors show promising
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results, making the online annealing a valuable method for “in-situ” recov-
ery and a “continuous” effective reduction of delivered fluence. Studies of
single-photon light detection efficiency show that the SiPM performance is
unaffected by irradiation and annealing up to 10'° n.,, the observed efficiency
loss at 10! ne, is likely due to saturation of the electronics due to the very
high background rate.
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