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Outline

 Introduction

 Radiation damage estimation for scintillator and SiPM

 Unit Test

• Intrinsic Radiation test and simulation
• SiPM test: DCR, Dynamic range 
• Light yield of the unit with different crystal size, film and SiPM (radiation 

source&cosmic ray)
• Uniformity scan

 Crystal module design

 Summary
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Dark Matter Search Experiments

• Evidence from cosmology and astronomy showing that DM exists in the universe.

• Lots of DM search experiments with different approaches:

• Underground experiments (direct): PandaX, CDEX, LUX, Xenon, …

• Space experiments (indirect): DAMPE, AMS, …

• Accelerator-based experiments (production): Belle-ll, Bes-lll, LHC, NA64, DarkLight, 

DarkMESA, LDMX…
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DarkSHINE

• Searching for MeV~GeV light DM with dark photon mediator

• 1~10MHz high repetition rate single electron beam @8GeV to be provided by SHINE, 3 × 1014 EOT

• Invisible decay of dark photon can be detected by energy loss of recoil electron

• Aim to achieve internationally competitive sensitivity in the search for dark photon

• Innovation: high rate single e-beam, energy loss + momentum loss, homogenous calorimeter, …
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Electromagnetic Calorimeter (ECAL) of DarkSHINE

• Precise measurement of EM clusters

• Requirements:

• Radiation hard to survive in ~107𝑟𝑎𝑑 dose
• High density: contain all of the EM components
• Fast response: minimum to 100ns time window
• Sensor with large dynamic range

• Design: LYSO crystal calorimeter with homogeneous structure

• LYSO: ~30000pe/MeV, 40 ns decay time, density 7.2 𝑔/𝑐𝑚3, 1.14cm 𝑋0, 
radiation hard

• SiPM readout
• Total length ~39 𝑋0

~53cm

~45cm
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Radiation Damage Estimation

• 1~10MHz e- beam @8GeV with 3cm radius

• Under such a powerful and high-frequency beam, detectors are subjected to a huge radiation dose.

• For crystal

• Damage: light yield reduction, uniformity, phosphorescene

• Max irradiated cell: ~ 107 rad, about 15% light yield reduction

• For SiPM

• Damage: increase of noise, reduction of resolution

• Max irradiated cell: ~ 1013 equivalent 1MeV neutron fluence

Average Cell Energy Deposit per Event
Light Yield Reduction of LYSO

Equivalent 1MeV Neutron 
Fluence for SiPM

[1] Ultrafast and Radiation Hard Inorganic Scintillators for Future HEP Experiments [2] https://doi.org/10.1016/j.nima.2022.167661 
[3] https://doi.org/10.1016/j.nima.2020.164203 [4] https://doi.org/10.1016/j.nima.2009.01.176

𝟑 × 𝟏𝟎𝟏𝟒 Events

https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012022/meta
https://doi.org/10.1016/j.nima.2022.167661
https://doi.org/10.1016/j.nima.2020.164203
https://doi.org/10.1016/j.nima.2009.01.176
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LYSO Intrinsic Radiation

• The radioactivity is from element 71
176𝐿𝑢, consist of one β decay and three ensuing γ decay

• Fit and sample the beta spectrum of 71
176𝐿𝑢 according to theoretical calculations. And then 

simulate emission and absorption of e- and γ in LYSO with Geant4.

• Energy range=0~1.2 MeV,  𝑇1/2 = 3.64 × 1010 𝑦, potential online calibration source!
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SiPM DCR Test

• SiPM:

• NDL EQR06 11-3030D-S, 2484kcps, 8 × 104 gain

• NDL EQR10 11-3030D-S, 3600kcps, 1.7 × 105 gain

• NDL EQR15 11-3030D-S, 2250kcps, 4 × 105 gain

• NDL EQR15 11-6060D-S, 11250kcps, 4 × 105 gain

SiPM ×10 Pre-Amp LTD Counter
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Dynamic Range Test of SiPM with Large Pixel Num

• The central crystal in Dark SHINE could absorb energy about 1GeV, ~200k pe . So we need SiPMs

with very large dynamic range. And response measurement for these SiPMs is also necessary.

• Use PMT and Si-PIN to calibrate SiPM output

• Pico-second laser: ~40ps pulse width

• Beam splitter: Split light into two beams that are not equal

• PMT, Si-PIN: reference photosensors

3 × 3 mm2

6𝜇𝑚 𝑝𝑖𝑥𝑒𝑙 × 244720 

in IHEP

𝐍𝐩𝐡𝐨𝐭𝐨𝐧 ∙ 𝐏𝐃𝐄

大动态范围SiPM的响应刻度-NED2023

https://indico.ihep.ac.cn/event/19183/contributions/137629/attachments/70942/85693/20230810_SiPM_Dynamic_Range_Test_NED2023_ZhiyuZhao.pdf
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Radioactive Source Test

• 2.5 × 2.5 × 5𝑐𝑚3 𝐿𝑌𝑆𝑂 covered by reflective film (ESR)

• Th-232， 2.6MeV gamma

• SiPM: NDL EQR06 11-3030D-S, 244720 pixels

• Light yield: 216 pe/MeV (~1GeV for the hottest crystal, ~220k pe)

LYSO

Th232

SiPM

𝝈

𝒎𝒆𝒂𝒏
≈ 𝟓. 𝟗𝟔%

𝟐. 𝟓 × 𝟐. 𝟓 × 𝟓𝒄𝒎𝟑 𝑳𝒀𝑺𝑶
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Light Yield and Energy Resolution of Units

➢ Crystal (ESR, NDL EQR06):

① 2.5 × 2.5 × 2.5𝑐𝑚3 𝐿𝑌𝑆𝑂

② 2.5 × 2.5 × 5𝑐𝑚3 𝐿𝑌𝑆𝑂

③ 2.5 × 2.5 × 10𝑐𝑚3 𝐿𝑌𝑆𝑂

④ 1 × 1 × 4𝑐𝑚3 𝐿𝑌𝑆𝑂

⑤ 1 × 1 × 8𝑐𝑚3 𝐿𝑌𝑆𝑂

⑥ 1 × 1 × 16𝑐𝑚3 𝐿𝑌𝑆𝑂

➢ Film (2.5 × 2.5 × 5𝑐𝑚3 𝐿𝑌𝑆𝑂, NDL EQR06):

① ESR, 1 layer

② Tyvek1, 3 layers

③ Tyvek2, 3 layers

④ Teflon, 3layers

➢ SiPM (2.5 × 2.5 × 5𝑐𝑚3 𝐿𝑌𝑆𝑂, ESR):

① NDL EQR06-11-3030D-S, 244720 pixels

② NDL EQR10-11-3030D-S, 90000 pixels

③ NDL EQR15-11-3030D-S, 40000 pixels

④ NDL EQR15-11-6060D-S, 160000 pixels

100~1400 PE/MeV, minimum coupling ~ 100 -> 1GeV = 100k PE  
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Cosmic Ray test

Signal from LYSO covered by 
black aluminum foil is 
smaller(~1/70) but faster

200ns

2cm

① 2.5 × 2.5 × 2.5𝑐𝑚3 𝐿𝑌𝑆𝑂, ESR, SiPM NDL EQR06, ~9684pe

② 2.5 × 2.5 × 5𝑐𝑚3 𝐿𝑌𝑆𝑂 , ESR, SiPM NDL EQR06, ~5377pe

③ 2.5 × 2.5 × 10𝑐𝑚3 𝐿𝑌𝑆𝑂 , ESR, SiPM NDL EQR06, ~2819pe

④ 2.5 × 2.5 × 5𝑐𝑚3 𝐿𝑌𝑆𝑂, black aluminum, SiPM NDL EQR06, ~90pe
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Uniformity Scan

5cm LYSO 10cm LYSO

• Use 𝟐𝟕
𝟔𝟎𝑪𝐨 to scan the crystal, about 0.5cm 

per step. The response of SiPM gets smaller 

as the source moves away from the SiPM.

• Uniformity looks good for crystal shorter 

than 5cm.

~ 2.48% ~ 5.34%

in IHEP
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Module Performance

PWO

LYSO

• Staggered structure to prevent particle leakage

• 2.5 × 2.5 × 4𝑐𝑚3 LYSO&PWO, 147/244/330 of 5/8/11 layers module(38 LYSOs)

• We choose LYSO, which has high radiation resistance, as the core detector. And  

PWO, which is denser and more economical, as the outer detector.

• Energy resolution is better than 3%. No energy leakage below 2.5 GeV for 11 

layers module, 1e5 events.
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Summary

➢ The LYSO crystal ECAL in DarkSHINE has a very good energy resolution(1.2%/√E⊕0.57%). But radiation 

damage is also significant, especially for SiPMs(1013 𝑛𝑒𝑞). SiPMs with radiation hardness are needed.

➢ We have finished many measurement works for crystals and SiPMs. The light yield for the unit can be 

about 100~1400 pe/MeV with different couplings. It is too large to consider further attenuation. 

➢ A LYSO/PWO hybrid crystal module is proposed for system performance validation.
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Backup
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Module Size Optimization

• Standalone simulation, 2.5 × 2.5 × 4𝑐𝑚3 LYSO, 21 × 21 × 11 crystals, 8GeV e-

• Truth analysis

• PWO (8.3 𝑔/𝑐𝑚3) has a larger density than LYSO(7.2 𝑔/𝑐𝑚3). So the energy 

efficiency is higher, and the shower is smaller in PWO ECAL. And PWO also 

have a fast decay time(30ns), which is important for our detector.
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Module Size Optimization

1GeV 8GeV

• A module with LYSO core and PWO barrel is good choice

• For the transverse size, 3 layers is ok. Then it is better to number of z layers.

• ￥7000 for one LYSO, ￥1500 for one PWO (2.5 × 2.5 × 4𝑐𝑚3 )

• x2_z4: 36 crystals (36 LYSO ). 91% ~￥25w

• x3_z5: 125 crystals (36 LYSO + 89 PWO), one PWO layer at the end. 96% ~￥38w

• x3_z6: 150 crystals (36 LYSO + 114 PWO), two PWO layers at the end. 97% ~￥42w

• We can even take this module to do a 8GeV test beam.

x1: only one central bar
x2: one central bar with one layer of barrel
x3: one central bar with two layers of barrel
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Background Rejection and Signal Efficiency

• Set1~Set4: Energy smearing for cell energy

• Others(𝜎/𝐸):  Energy smearing for total energy

• For 1e10 events, DarkSHINE detector system can reject all of the 

background events, even with a ECAL of 20% energy resolution. 
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