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Abstract: Silicon photomultipliers (SiPMs) are semiconductor photodetectors increasingly used in high-energy physics experiments. In the planned upgrade of the Large Hadron 
Collider beauty (LHCb) experiment, they are considered to be used to detect Cherenkov photons in the Ring Imaging Cherenkov (RICH) detectors. In this application, the biggest 
drawback of current SiPMs is their susceptibility to radiation damage, where the dark count rate (DCR), typically on the order of 105 Hz/mm2 at room temperature, significantly 
increases proportionally with the irradiation fluence, which hinders the single photon detection beyond fluence of 109 neq/cm2. In this contribution, 3 x 3 mm2 SiPMs of different cell 
sizes and producers, Hamamatsu (50 μm), Ketek (25 μm and 50 μm), Broadcom (50 μm), AdvanSiD (40 μm), and SensL (35 μm) as well as 1 x 1 mm 2 SiPMs from SensL (35 μm) and 
FBK (15 μm) [2, 3], were characterized. The SiPMs were irradiated at the Jožef Stefan Institute TRIGA nuclear reactor with fluences from 109 neq/cm2 up to 1013 neq/cm2. The main 
objective was to determine the temperature at which irradiated SiPMs can still meet minimal performance requirements in future RICH detectors. Influence of high-temperature 
annealing on SiPM performance post-irradiation was also investigated. For the SiPM characterization in all the cases, current-voltage (I-V curve) measurements, DCR measurements, 
and waveform analysis, including single photon time resolution (SPTR), were carried out at controlled temperature steps from room temperature down to the liquid nitrogen temperature.

Results: I-V curves, DCR, and SPTR (before, after irradiation, and after annealing) 
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Proposed LHCb upgrade: Increase the luminosity (1.5 × 1034 cm−2 s −1) [1] 
- Higher background radiation 
- HAPD will not be able to operate
 
 Candidates: MCP-PMT & SiPMs 

Photodetectors will have to keep sufficient performance 
during several years of data-taking despite radiation 

exposure, which is estimated at about 1013 neq/cm2 [1] 
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Schematic of the experimental setup used for SiPM characterization 

TOK2 irradiation channel

TRIGA reactor

Irradiation plan
10  neq/cm² ⁹ (20/09/2024)
1011 neq/cm² (07/10/2024)
10¹3 neq/cm² (23/10/2024)

Annealing plan
- Low-temperature 

annealing after each 
irradiation fluence 

(60oC for 2 h)
- High-temperature 

annealing
(200oC for 20 h)  

Preparing the SiPMs for irradiation

The SiPMs were 
always kept

inside a freezer at 
-25oC in between the
irradiations and the 
re-characterization 

after the irradiations

Preparing the SiPMs for annealing
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Specifications of the equipment

1 ALPHALAS Picosecond Laser Diode Driver PLDD-20 M
2 Laser shutter
3 Laser shutter controller
4 GOPHER power supply for the laser shutter controller
5 Optical fiber
6 KEITHLEY 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 oscilloscope
12 National Instruments LabWindows data acquisition software
13 DRS4 evaluation board
14 Arduino temperature reader
15 Picolog USB TC-08 thermocouple data logger
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
More information about the equipment used is in picture bellow and in reference [2] 

Container filling ~ 1 per 48 h Absorption of liquid 
nitrogen on the walls 
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Experimental setup used for SiPM characterization
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1. Before the irradiation, all the SiPMs showed very similar behaviour at room temperature: the current had a very gentle dependence on V
bias 

until the 
V

br
, and after the V

br
, it exponentially increased until overvoltage of about 8 V, where correlated noise started to prevail. After the irradiation, the I-V 

curve measurements clearly showed the neutron damage effects: the current significantly increased between irradiation fluences.

2. Before the irradiation, the SiPMs showed DCR between 1 - 4 MHz at room temperature, which decreased to < 100 kHz when cooling down to -60oC. 
After the irradiation, the SiPMs showed DCR over 10 MHz at room temperature, and the steps in the threshold scan, representing different numbers of 
SPADs triggered, quickly got lost. Cooling helps, but after 1013 neq/cm2, for all the SiPMs, except for the 3 x 3 mm² Hamamatsu (50 μm) SiPM, the 
steps can not be seen at all, even at the liquid nitrogen temperature.

3. Before the irradiation, an SPTR of ~ 200 ps could be measured with all the SiPMs. After the irradiation, the single photons could not be resolved 
anymore at room temperature [4, 5]. Cooling was necessary to regain single photon discrimination and, with it, an SPTR of ~ 200 ps.

4. After high-temperature annealing, a decrease in the current was observed, which was more pronounced in the leakage current. A decrease in the DCR 
was also observed, reaching values of ~ 1 MHz at -100oC for the 3 x 3 mm² Hamamatsu (50 μm) SiPM and the 1 x 1 mm² SensL (35 μm) SiPM. 

Best timing 
before irradiation

-20oC

Best timing 
before irradiation

Liquid nitrogen 
temperature

DCR per temperature reported at 24 mV

https://cds.cern.ch/record/2776420/
https://doi.org/10.1140/epjc/s10052-024-13302-7
https://doi.org/10.1016/j.nima.2024.169776

	Slide 1

