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 Abstract – LYSO crystals readout by SiPM will be used in the 
barrel timing layer of a precision timing detector for the CMS 
experiment at the HL-LHC. This detector is expected to be 
exposed up to 5 Mrad γ-ray dose, 2.5×1013 charged hadrons/cm2 
and 3×1014 neq/cm2 at the HL-LHC for 10 years’ operation. We 
present results of the photocurrent in LYSO+SiPM packages 
induced by Co-60 γ-rays and Cf-252 neutrons of the expected dose 
rate and neutron flux, respectively. The γ-ray induced readout 
noise is about 30 keV, which is negligible as compared to the          
4.2 MeV signal from the minimum ionization particle signals. The 
neutron induced readout noise is about 7 keV, which is more than 
a factor of four smaller than that from the γ-rays. 

I. INTRODUCTION 

HE Compact Muon Solenoid (CMS) experiment has a 
comprehensive upgrade plan for the High-Luminosity Large 

Hadron Collider (HL-LHC) which will operate at a luminosity 
of 5×1034 cm-2s-1 for ten years with an integrated luminosity of 
4,000 fb-1 [1]. A minimum ionization particle (MIP) based 
timing detector (MTD) is under construction to mitigate the 
severe pileup effect expected at the HL-LHC [2]. Bright and 
fast cerium doped lutetium-yttrium oxyorthosilicate 
(Lu2(1−x)Y2xSiO5:Ce, LYSO or LYSO:Ce) crystals readout by 
silicon photomultipliers (SiPM) are planned to be used in the 
Barrel Timing Layer (BTL) of the MTD. Recent studies show 
that LYSO crystals are radiation hard against γ-rays [3], 
charged hadrons [4,5], and neutrons [6]. However, it is also 
important to understand radiation induced readout noise (RIN) 
in the LYSO+SiPM packages from the γ-rays and neutrons 
expected in situ at the HL-LHC. This type of RIN 
measurements were first used for CMS PWO (or PbWO₄) 
crystal quality control [7, 8, 9], and subsequently in CsI quality 
assurance by the Mu2e experiment at Fermilab [10, 11,12].  
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Table I lists the integrated hadron fluence and γ-ray dose as 
a function of pseudorapidity (η), which are expected by the 
CMS MTD detector after ten years. Also listed in the table are 
the expected hadron flux and γ-ray dose rate. The numerical 
values in the table were calculated by using the CMS Beam 
Radiation Instrumentation and Luminosity (BRIL) tool [13] 
where the neutron fluence is shown in 1MeV neutron equivalent 
in silicon. We notice that the BTL LYSO+SiPM packages 
expect up to a dose rate of about 200 rad/h and a 1 MeV neutron 
equivalent flux of 3.2×106 cm-2s-1 at the highest pseudo-rapidity 
of η=1.45 (bold in the table). 

 
In this paper we report results of an investigation on RIN 

induced by γ-rays (RIN:γ) and neutrons (RIN:n) in 
LYSO+SiPM packages. SiPM current before, during and after 
irradiation by γ-rays and neutrons was measured by a SiPM 
coupled to LYSO crystal bars from several vendors for a dose 
rate of up to 250 rad/h and a neutron flux of 8.2×105 neq/cm2/s. 
The photocurrent measured during irradiation was used to 
extract the energy equivalent readout noise RIN for 
LYSO+SiPM packages. The correlation between the RIN value 
and the crystal light output was also reported.  

II. EXPERIMENTAL DETAILS 
Fig. 1 shows particle energy spectra for neutron (left), 

photons and charged hadrons (right) expected at the LHC, 
which are calculated by using the CMS BRIL tool. Both γ-rays 
and neutrons are peaked at several MeV, which is in a good 
agreement with the energies of γ-rays and neutrons from Co-60 
and Cf-252 radioactive sources, respectively. We thus used   

Chen Hu, Nan Lu, Liyuan Zhang, Ren-Yuan Zhu, Adolph Bornheim, 
Lautaro Narvaez, Jason Trevor and Maria Spiropulu are with the HEP, 
California Institute of Technology, Pasadena, CA 91125, USA (e-mail: 
zhu@hep.caltech.edu).  

T 

TABLE I 
THE RADIATION ENVIRONMENT EXPECTED BY THE CMS MTD DETECTOR AFTER 4,000 FB-1 AT THE HL-LHC 

CMS MTD η neq 
(neq/cm2) 

neq Flux 
(neq/cm2/s) 

Protons 
(p/cm2) 

p Flux 
(p/cm2/s) 

Dose 
(Mrad) 

Dose rate 
(rad/h) 

Barrel 0.00 2.5×1014 2.8×106 2.2×1013 2.4×105 2.7 108 
Barrel 1.15 2.7×1014 3.0×106 2.4×1013 2.6×105 3.8 150 
Barrel 1.45 2.9×1014 3.2×106 2.5×1013 2.8×105 4.8 192 
Endcap 1.60 2.3×1014 2.5×106 2.0×1013 2.2×105 2.9 114 
Endcap 2.00 4.5×1014 5.0×106 3.9×1013 4.4×105 7.5 300 
Endcap 2.50 1.1×1015 1.3×107 9.9×1013 1.1×106 26 1020 
Endcap 3.00 2.4×1015 2.7×107 2.1×1014 2.3×106 68 2700 
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Co-60 and Cf-252 as the radiation source for the RIN:γ and 
RIN:n investigations respectively.  

 

 

Fig. 1. Energy spectra for neutrons (left) and photons and charged hadrons 
(right) expected at LHC calculated by BRIL simulation [13] compared to 
Co-60 and Cf-252 radioactive sources and three proton accelerators.  
 
 
Fig. 2 shows a setup used to measure photocurrent induced 

in LYSO+SiPM packages under irradiation from a Co-60 γ-ray 
source or a Cf-252 neutron source. Four LYSO crystal bars of 
3.12 × 3.12 × 57.00 mm3 randomly picked from a batch of 
twenty samples from each vendor produced by CPI (CPI-12), 
SIC (SIC-5) and Tianle (Tianle-2 and Tianle-20) were used in 
this investigation [14]. The sample Tianle-20 shows a decay 
time of about 34 ns which is shorter than 40 ns from the other 
three samples. Both γ-ray and neutron irradiation were carried 
following the order of CPI-12, SIC-5, Tianle-2 and Tianle-20. 
The samples under irradiation were surrounded by a Teflon 
block and coupled with an air gap to a Hamamatsu S14160-
3015PS SiPM at –40V (2 V overvoltage) with a gain of 2 ×105. 
The SiPM current was measured by a Keithley 6485 
picoammeter. The accuracy of the picoammeter is 0.2%+10 pA 
for 20-200 nA range, 0.15%+100 pA for 0.2-2 µA range, and 
0.1%+1 nA for 2-20 µA range. 

 

 

 
Fig. 2. A schematic showing the setup used to measure photocurrent in 
LYSO+SiPM packages induced by Co-60 γ-rays and Cf-252 neutrons. 
 
 
The RIN:γ experiment was carried out first. LYSO+SiPM 

packages were placed at three positions from the Co-60 source 
of 50 Ci with γ-ray dose rates of 120, 185 and 250 rad/h that 

were measured by an ionization chamber with an uncertainty of 
about 10%. The SiPM current was measured for about 40 and 
120-220 seconds before irradiation, 50 and 120 seconds during 
irradiation, and 40 and 120-190 seconds after irradiation for 
each LYSO+SiPM package in the RIN:γ and RIN:n experiment, 
respectively. The time interval between different dose rates for 
one sample is about 5 to 7 minutes.  

Fig. 3 shows the layout of the neutron source assembly 
consisting of three cylindrical Cf-252 source pairs of                     
5, 5 and 1 mg. These sources were arranged to provide the best 
trade-off between the neutron flux and the uniformity along the 
57 mm long LYSO bar.  

 

 
Fig. 3. Three Cf-252 source pairs are arranged to provide the best trade-off 
between the intensity and the uniformity of the neutron flux applied to the 
57 mm long LYSO bar. 
 
 
Fig. 4 shows the calculated neutron flux as a function of the 

position along the LYSO bar, which was placed at D = 1.4 cm 
from the source group with its center at x = 5 cm. The neutron 
flux of 8.2×105 neq/cm2/s applied to the entire LYSO bar from 
x = 2.15 to 7.85 cm was rather uniform with a rms of 4.2%. The 
γ-ray background was measured to be 2 rad/h by using the same 
ionization chamber used in the RIN:γ experiment. 
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Fig. 4. Neutron flux is shown as a function of the position along the LYSO 
sample placed at D=14 cm from the source group with its center at x=5 cm. 
 
The measured photocurrent was used to extract an “F” factor 

for the LYSO+SiPM package, defined as the radiation induced 
photoelectron numbers per second, normalized to the γ-ray dose 
rate (Fγ) or neutron flux (Fn). 

 

𝐹𝐹 =

𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶ℎ𝑎𝑎𝑜𝑜𝑎𝑎𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 𝐺𝐺𝑎𝑎𝐺𝐺𝑜𝑜𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐷𝐷𝑜𝑜𝐷𝐷𝑜𝑜 𝑜𝑜𝑎𝑎𝑜𝑜𝑜𝑜𝛾𝛾−𝑒𝑒𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹𝑒𝑒𝑒𝑒𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
          (1)     

 
The photoelectron numbers (Q) in an integration gate were 

calculated by multiplying the F factor, the gate length and the 
dose rate or neutron flux, which are 200 ns, 200 rad/h or 3.2×106 
neq/cm2/s for the CMS BTL detector: 

 
𝑄𝑄 = 𝐹𝐹 × 𝐺𝐺𝑎𝑎𝑜𝑜𝑜𝑜 𝐹𝐹𝑜𝑜𝑜𝑜.  ×  𝐷𝐷𝑜𝑜𝐷𝐷𝑜𝑜 𝑜𝑜𝑎𝑎𝑜𝑜𝑜𝑜𝛾𝛾−𝑒𝑒𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹𝑒𝑒𝑒𝑒𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (2)  

 
The corresponding energy equivalent RIN:γ (σγ) or RIN:n 

(σn) values in keV under a dose rate or a neutron flux were 
calculated by normalizing the fluctuation of the photoelectron 
numbers Q to the measured light output (LO) in photoelectron 
numbers per MeV energy deposition for the corresponding 
LYSO+SiPM package. We note that the correlated noise due to 
cross-talk and after-pulse is negligible at 2V over-voltage [15]. 

 

𝜎𝜎 (𝑘𝑘𝑜𝑜𝑘𝑘) =
�𝑄𝑄

𝐿𝐿𝐿𝐿 (𝑁𝑁𝑝𝑝.𝑒𝑒./𝑀𝑀𝑜𝑜𝑘𝑘)
× 1000             (3) 

III. RESULTS AND DISCUSSION 

A. Radiation Induced Noise by Gamma-rays  
Fig. 5 shows histories of the photocurrent measured by the 

Hamamatsu S14160-3015PS SiPM under Co-60 irradiation 
with dose rates of 120, 185 and 250 rad/h. Also shown in the 
figure is the numerical values of the average SiPM photocurrent 
before, during and 20 seconds after irradiation. The 

photocurrent during irradiation is 119, 163, and 217 nA for the 
dose rates of 120, 185 and 250 rad/h, respectively. We notice 
no significant variation between dark currents measured before 
and after three irradiation steps, indicating negligible damage 
in the SiPM by 35 rad from Co-60 γ-rays. 

 

Fig. 5. Histories of the photocurrent measured for SiPM only under Co-60 
irradiation of 120, 185 and 250 rad/h. 
 
Figs. 6 and 7 show histories of photocurrent measured for 

four LYSO+SiPM packages under Co-60 irradiation of 120, 
185 and 250 rad/h. Also listed in the figures are the numerical 
values of the average SiPM photocurrent during irradiation 
ranged from 221 to 565 µA, which are more than three orders 
of magnitude larger than that for SiPM alone shown in Fig. 5. 
This indicates that radiation induced scintillation light in LYSO 
crystals dominates the photocurrent in LYSO+SiPM packages.  

 

 

Fig. 6. Histories of photocurrent measured for CPI-12 (top) and SIC-5 
(bottom) packages under Co-60 irradiation of 120, 185 and 250 rad/h. 
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Fig. 7. Histories of photocurrent measured for Tianle-2 (top) and Tianle-20 
(bottom) packages under Co-60 irradiation of 120, 185 and 250 rad/h. 
 
The total dose was 7.8 rad for all crystals, except CPI LYSO-

12, which received an additional dose of 3.4 rad for test runs. 
The corresponding light output loss in LYSO crystals during 
this experiment was negligible [3]. 
 

 

 
Fig. 8. Photocurrent as a function of dose rate for four LYSO+SiPM 
packages with numerical values of Fγ and RIN:γ under 200 rad/h listed. 
 
Fig. 8 shows the photocurrent measured during irradiation as 

a function of the dose rate for four LYSO+SiPM packages, 
showing a good linearity with excellent correlation coefficients 
(CC) of 99.7%, 99.0%, 99.4%, and 99.3%, respectively. Also 
listed in the figure are the numerical values of Fγ and RIN:γ (σγ). 
The Fγ factor values were calculated according to equation (1) 
by using the photocurrent during irradiation and the dose rate. 
The RIN:γ (σγ) values in a 200 ns gate were calculated 
according to the equation (3) for the BTL detector under          
200 rad/h. The LYSO crystal light output in a 200 ns gate was 
measured using a Hamamatsu R1306 PMT and a LeCroy 3001 
QVT MCA with coincidence triggers from a Na-22 source for 
each LYSO bar surrounded by the same Teflon block and 
coupled to the PMT with an air-gap [8]. The corresponding light 
output values for LYSO+SiPM packages were corrected for the 
differences between the quantum efficiency of the Hamamatsu 

TABLE II 
A SUMMARY OF PHOTOCURRENT, F FACTOR AND GAMMA-RAY INDUCED READOUT NOISE FOR FOUR LYSO+SIPM PACKAGES 

LYSO 
Crystal ID 

L.O. of 
LYSO+SiPM 

(p.e./MeV) 

Dose rate 
(rad/h) 

Photocurrent 
before irrad. 

(nA) 

Photocurrent 
during irrad. 

(µA) 

Photocurrent 
20s after irrad. 

(nA) 

Fγ  
(p.e./s/(rad/h)) 

σγ  
(keV) 

CPI-12 1610±16 
120±12 81±1 296±2 108±1 

(7.2±0.2)×107 33.4±0.7 185±19 87±1 411±4 108±1 
250±25 107±1 561±7 159±2 

SIC-5 1620±16 
120±12 27±1 259±1 125±1 

(7.0±0.2)×107 32.7±0.7 185±19 103±1 429±4 288±3 
250±25 230±2 565±7 460±5 

Tianle-2 1340±13 
120±12 28±1 221±1 177±2 

(5.6±0.2)×107 35.6±0.8 185±19 50±1 328±2 273±3 
250±25 102±3 452±4 330±3 

Tianle-20 1480±15 
120±12 27±1 246±1 101±1 

(6.4±0.2)×107 34.1±0.7 185±19 45±1 388±3 153±2 
250±25 71±2 497±5 191±2 
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R1306 PMT and the particle detection efficiency (PDE) of the 
Hamamatsu S14160-3015PS SiPM as well as the fraction of the 
areas of the LYSO bars covered by photodetectors. 

 
Table II summarizes the light output in 200 ns gate, the 

average photocurrent before (dark), during and 20 second after 
(afterglow) irradiation of 120, 185 and 250 rad/h, Fγ and RIN:γ 
in keV for four LYSO+SiPM packages.  

 

 

 
Fig. 9. Correlation between Fγ (top) and RIN:γ (bottom) vs. LO in 200 ns 
gate for four LYSO+SiPM packages.  
 
 
The dark current measured before irradiation is 27 to 230 nA 

which is larger than 23 nA for SiPM alone. This is due to the 
phosphorescence in LYSO from both natural radioactive 
isotope 176Lu (a β emitter) and the residual afterglow from 
previous irradiation. The dark current before the first irradiation 
under 120 rad/h is about 27 nA for all LYSO+SiPM packages, 
except 81 nA from CPI-12. This 81 nA is due to the afterglow 
from several test γ-ray irradiation runs before the 1st 120 rad/h 
irradiation for CPI-12. The contribution of the natural 
phosphorescence is about 4 nA after subtracting SiPM dark 
current, so is negligible. 

 
 The photocurrent measured 20 seconds after each irradiation 

(afterglow) ranged from 101 to 460 nA for four LYSO+SiPM 
packages, which is more than three orders of magnitude lower 
than the radiation induced photocurrent, indicating that the 
afterglow effect to RIN:γ is small as compared to γ-ray dose 
induced readout noise. The afterglow effect, however, is clearly 
shown in the larger dark currents measured before the 2nd and 
3rd irradiations as compared to the 1st irradiation for each 
LYSO+SiPM package. 

 

Fig. 9 shows an excellent correlation between the Fγ (top) and 
RIN:γ (bottom) vs. the LO in 200 ns gate for four LYSO+SiPM 
packages.  The CC values of 99% and 98% confirm that the       
γ-ray induced photocurrent and readout noise can be entirely 
attributed to the scintillation light from the LYSO crystals. The 
RIN:γ values are about 33 keV for all four LYSO+SiPM 
packages, which is less than 1% of the 4.2 MeV MIP signal in 
the CMS BTL detector.  

B. Radiation Induced Noise by Neutrons 
Fig. 10 shows histories of the SiPM dark current measured 

during the entire neutron irradiation experiment with a flux of 
8.2×105 neq/cm2/s from the Cf-252 source group, where the 
source on (dashed lines) and off (solid lines) timing marks and 
the duration of each irradiation are shown. Also shown in the 
figure are the numerical values of the SiPM dark current before 
and after each step of irradiation and the corresponding neutron 
fluence. 

 

 

Fig. 10. Histories of SiPM current measured under the Cf-252 irradiation 
experiment. 
 
While the SiPM current during the 1st 326 seconds of source 

on is shown in the figure, the photocurrent during the four 
irradiation period of 121, 122, 124 and 122 seconds for four 
LYSO+SiPM packages are not shown in this figure, rather in 
Figs. 12 and 13.  
 

The SiPM dark current increased from 28 nA to 410 nA 
during the 1st step of 326 seconds after a neutron fluence of 
2.7×108 neq/cm2. It then stabilized at 390 nA due to thermal 
annealing at room temperature for about 20 minutes. We 
note that the dark currents measured are about one order of 
magnitude higher than in the RIN:γ experiment, indicating 
that the observed SiPM damage is dominated by neutrons. 

 

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on April 29,2021 at 18:32:52 UTC from IEEE Xplore.  Restrictions apply. 



0018-9499 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNS.2021.3075943, IEEE
Transactions on Nuclear Science

  
 

 
Fig. 11. SiPM dark current measured after each step of irradiation is shown as 
a function of the cumulated neutron fluence. 
 

The SiPM dark current increased to 1.04 µA after a total 
fluence of 6.6×108 neq/cm2 received in four irradiation steps 
for LYSO+SiPM packages. This steady increase of SiPM 
dark current shows clearly evidence of cumulative damage 
in SiPM induced by neutrons [16]. Fig. 11 shows a good 
linearity between the SiPM dark current measured after five 
irradiation steps as a function of the cumulated neutron 
fluence. While such a linearity does not hold beyond 2×109 
neq/cm2 the high dark current expected by the BTL detector 
is a main concern. A mini thermal electric cooler (TEC) will 
be mounted on the SiPMs. The TEC allows SiPM operation 
at a low temperature, such as -35°C or -45 °C, during beam 
on to reduce the dark current, and at a high temperature, 
such as 25°C, during beam off to facilitate thermal annealing 
[17].  

 
Figs. 12 and 13 show histories of the photocurrent 

measured for four LYSO+SiPM packages under a neutron 
flux of 8.2×105 neq/cm2/s from the Cf-252 source group. 
Also listed in the figures are the numerical values of average 
photocurrent before, during, and after irradiation. The 
photocurrent measured during Cf-252 irradiation with a flux 
of 8.2×105 neq/cm2/s is much lower than that measured 
during γ-ray irradiation, indicating that the main 
contribution to the radiation induced readout noise in 
LYSO+SiPM packages is from γ-rays in situ at the HL-
LHC. The total neutron fluence received by LYSO bars in 
the RIN:n experiment is 9.8×107 neq/cm2. The corresponding 
light output loss in LYSO crystals is also negligible [8].  

 
 

 

Fig. 12. Histories of photocurrent measured for CPI-12 (top) and SIC-5 
(bottom) LYSO+SiPM packages under Cf-252 irradiation. 
 
Table III summarizes the light output in 200 ns gate, average 

photocurrent before, during and 20 second after Cf-252 
irradiation under a neutron flux of 8.2×105 neq/cm2/s, Fn and 
RIN:n in keV for four LYSO+SiPM packages. Table III also 
lists the Fn and RIN:n values calculated according to equations 
(1) and (3) respectively for a neutron flux of 3.2×106 neq/cm2/s 
expected by the BTL at the HL-LHC. There are three 
contributions to the measured photocurrent during Cf-252 
irradiation: dark current in SiPM, photocurrent induced by 
neutrons and photocurrent induced by γ-ray background of         
2 rad/h from the Cf-252 source, which was measured by using 
the same ionization chamber used in the RIN:γ experiment. 
Neutron induced photocurrent was determined by subtracting 
the dark current in SiPM and the photocurrent induced by the 
γ-ray background, which was obtained by using Eq. 1 and the F 
factors extracted from the RIN:γ experiment for each 
LYSO+SiPM package. 
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Fig. 13. Histories of photocurrent measured for Tianle-2 (top) and Tianle-
20 (bottom) LYSO+SiPM packages under Cf-252 irradiation. 
 
Fig. 14 shows correlations between the Fn (top) and RIN:n 

(bottom) vs. LO in 200 ns gate for four LYSO+SiPM packages.  
The CC values of 95% and 82% confirm that the neutron 
induced photocurrent and readout noise are mostly due to the 
scintillation light from LYSO crystals as well. The result RIN:n 
value is found to be about 7 keV for four LYSO+SiPM 
packages under 3.2×106 neq/cm2/s, which is more than a factor 
of four less than the 34 keV of RIN:γ under a γ-ray dose rate of 
200 rad/h. 
 

 

 
Fig. 14. Correlation between Fn (top) and RIN:n (bottom) vs. LO in 200 ns 
gate for four LYSO+SiPM packages. 
 

IV. SUMMARY 
RIN:γ and RIN:n experiments were carried out for four 

LYSO+SiPM packages under three γ-ray dose rates up to       
250 rad/h and a neutron flux of 8.2×105 neq/cm2/s. While these 
LYSO samples are not identical, they show consistent RIN:γ 
values of about approximately 33 keV for 200 ns gate under the 
maximum γ-ray dose rate of 200 rad/h expected by the BTL 
detector at the HL-LHC, which is negligible as compared to the 
4.2 MeV MIP signal. The RIN:n has a value of about 7 keV 
under the maximum neutron flux of 3.2×106 neq/cm2/s, which is 
about a factor of four lower than the RIN:γ expected by the BTL 
detector at the HL-LHC, indicating that the dominate 
contribution to the radiation induced readout noise in 
LYSO+SiPM packages in situ at the HL-LHC is from γ-rays.  

 
Good correlations are observed between the F and RIN 

values and the light output of the LYSO+SiPM package, 
indicating that radiation induced photocurrent and readout noise 
are mainly due to scintillation light from LYSO crystals.  

 

TABLE III 
A SUMMARY OF CURRENT, FN AND NEUTRON INDUCED READOUT NOISE FOR FOUR LYSO+SIPM PACKAGES 

Crystal 
ID 

L.O. of 
LYSO+SiPM 

(p.e./MeV) 

Neutron Flux  
(neq/cm2/s) 

Photocurrent 
before irrad. 

(µA) 

Photocurrent 
during irrad. 

(µA) 

Photocurrent 
20 s after irrad. 

(µA) 

Fn  
(p.e./s/(cm-2s-1)) 

σn  
(keV) 

CPI-12 1610±16 (8.2±0.8)×105 0.39±0.01 10.0±0.1 0.56±0.01 188±6 6.8±0.1 
SIC-5 1620±16 (8.2±0.8)×105 0.58±0.01 9.8±0.1 0.76±0.01 175±5 6.5±0.1 

Tianle-2 1340±13 (8.2±0.8)×105 0.76±0.01 8.0±0.1 0.88±0.01 137±4 7.0±0.1 
Tianle-20 1480±15 (8.2±0.8)×105 0.83±0.01 9.4±0.1 1.04±0.01 166±5 6.9±0.1 

        
        
 1620±16       
        
        
 1340±13       
        
        
 1480±15       
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The use of LYSO+SiPM as a precision timing detector at the 
HL-LHC presents several technical challenges on the signal to 
noise ratio of the system. This investigation provides a solid 
evidence that radiation induced noise would not be a show 
stopper. On the other hand, SiPMs are also known to suffer 
from increased dark current due to neutron induced damage. 
This will be mitigated by mounting a TEC on the SiPMs for 
operation at low temperature during beam on and annealing at 
high temperature during beam off. 
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