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Cryogenic Csl and SiIPM-Based Detector with
Ultra-High Light Yield for CEvNS Experiments
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CEVNS (coherent elastic neutrino-nucleus scattering)

= Theoretically predicted about 50 years ago

= Experimentally confirmed in 2017 (Akimov et al., Science)
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The CEVNS Physics

= Compelling Physics at Ev <50 MeV

o NPT AR
o EHEPRHMTIRN

o IRERBABERI, B0
Weinberg £

o IJHBEMPRMT, FARIFFRAE
HE RS e
SM precision tests

o MIHEEN A (Weinberg-angle)
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Constraln NSI parameters

Neutrino Magnetic Moment
Reactor monitor



The Low-Threshold Challenge

= In CEVNS experiments, detector sensitivity is fundamentally bound
to the energy threshold

= The exponential gain: A mere 0.1 keV reduction in the nuclear recoil
threshold can increase the expected event rate by a full order of

[ J
m a g n It u d e CEVNS Target Comparison: Expected Rate vs. Threshold
(Target Mass: 1kg, Reactor: 4.6 GW at 36 m)
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Detection technology of CEVNS

= Primary Signal Channels: Photons (Scintillation), Phonons (Heat),
and Electrons (lonization)

Cryogenic Superheated
bolometers liquids

'PHONONS / HEAT

Cryogenic bolometers
with charge readout

e e

Scintillating cryogenic
Germanium

Scintillating
detectors \_crystals

CHARGE LIGHT

Liquid noble-gas

dual-phase time

projection chambers
ar5iv.labs.arxiv.org/html/1509.08767 6
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The First Scintillator CEVNS detector

= Utilized a Csl(Na) + PMT configuration at room temperature

= Dimensions: 11 cm diameter, 34 cm length, yielding a 14.57 kg
mass

= Light Yield (LY): ~40,000 photons/MeV at 420 nm
= QE ~33%, resulting in ~13 p.e./keVee

Dinosaur heretic looks Increase inclusion to increase
Tor redemplion g ey i STEM diversity 5 oo
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= QF ~8.8%, yielding an effective~1 p.e./keVnr !

Fluorescent or magnetic
oolton fibers poans
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= Next-generation neutrino detectors: SPOTTING A ‘f‘

e require higher light yield
e and lower threshold.




Ultra-High Light Yield Solutions

Proposed Architecture: Low temperature Csl+SiPM+TPB
= Undoped Csl: LY ~100 photons/keV at cryogenic temperatures

= SiPM Readout: Peak PDE of 50%-60%, averaging ~ 40% across the
emission spectrum

= Expected light yield of 30-40 p.e./keVee

SiPM TPB (WLS)
Low temperature



Csl Crystal Properties
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= Recognized as the brightest known scintillator at cryogenic
temperatures (LY > 70,000 photons/MeV at 10-80 K)

= QF>100% for alpha/gamma, QF for nuclear recoil maybe >10%
(Requires further precise measurement)
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TPB wavelength shifter

= Function: Shifts the 340 nm UV emission of pure Csl to 420 nm.

= Purpose: Perfectly matches the peak spectral sensitivity of the
coupled SiPMs.
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SIPMs properties

= PDE 50-60% at 420 nm
= DCR reduced by 7 orders, reaching 0.01-0.1 CPS/mm? at 77K

! . . . . Thermal generation
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Characterization of SIPMs

= Testing Apparatus: Custom 30-240 K low-temperature testing device
utilized to characterize models from NDL, Broadcom, and Hamamatsu

! —e=ae

Temperature _
ke

Liu, T., Sun, X., Luo, F. et al. Radiat Detect Technol Methods 10, 253—-262 (2026).
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Characterization of SIPMs

m Dark count rate, can reach 0.01-0.1 Hz/mm?
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Liu, T., Sun, X,, Luo, F. et al. Radiat Detect Technol Methods 10, 253—-262 (2026). 3



Characterization of SIPMs

= Single-photon electron resolution is good, with a resolution better
than 10% at LT

= The gain can reach 10’
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Characterization of SIPMs

= After pulse, < 12%
= internal Cross talk, 20-40%
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Characterization of SIPMs

= external Cross talk, the probability is directly proportional
to the overvoltage
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2-Inch Prototype Detector Performance at 77K

m Csl crystal 5x5x5 cm, 0.56 kg, polished
= Wrapped in Teflon reflective film (without TPB coating)

= Readout: Dual-ended 5x5 cm SiPM arrays (with TPB coating), cooled
to 77 K via liquid nitrogen.

Lei Wang et al. Eur. Phys. J. C(2024) 84:440
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2 Inch SIPMs array performance at 77K

= Single photoelectron resolution is good
= DCR ~0.1 Hz/mm? @35V bias

Event
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2 Inch Prototype Energy spectrum at 77K
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2 Inch Prototype Linearity at 77K

= Excellent LY linearity, showing a highly favorable upward trend at

energies below 10 keV

= Better than LaBr;, Nal:Tl in the low-energy regime
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1-Inch Prototype Performance at 40 K

= Csl crystal $2.5x2.5 cm, polished
= Packaging with Teflon reflective film, without TPB coating
= Single-end readout, SiPMs array, 2.5x2.5 cm, without TPB coating

= Cooling to 35 K with cooling machine

22



1-Inch Prototype Performance at 40 K

= ~16 p.e./keVee for 59.6 keV gamma, at 35.0 V bias, without TPB

= ~18 p.e./keVa for 5.5 MeV alpha, at 35.0 V bias, without TPB
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Light Yield Performance (With TPB)

m 2-inch (77 K):
= 1-inch (40 K):

~30 p.e./keVee at 37.0 V bias,

~37 p.e./keVee and ~42 p.e./keVa, at 37.0V bias

/ K
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Sensitivity Projections for reactor neutrino

Count [/(1kgxdayxp.e.)]

35 m distance to a 4.6 GWth reactor

Assuming 40 p.e./keVee, QF=0.06, DCR= 0.1 CPS/mm?

10 kg, requires 1 year to reach 50 confidence level
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Sensitivity Projections for reactor neutrino

= 35 m distance to a 4.6 GW?h reactor

= 40 p.e./keVee, QF=0.15, DCR= 0.01 CPS/mm?, optimistic estimate

= A 10 kg detector could achieve a 50 confidence level in just 1 day
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sSummary =

m Overcoming the ultra-low energy threshold is the primary
challenge for the next generation of CEVNS experiments

m Our proposed architecture (Csl + SIPM + TPB at 40 K)
preliminary achieves a light yield of ~40 p.e./keVa

m QF is a key parameter and requires further measurement

m Kilogram-day scale detector is expected to be realized

27
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2 Inch Prototype Light yield

m ~123 p.e./keVee, with CT AP
= ~30 p.e./keVee, without CT AP

Viias (V) pee.

resolution measured LY corrected LY
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Issue of SIPMs eCT coincidence events

= Events rate of eCT coincidence is very high

= 5 orders larger than accidental coincidence of DCR
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Influence of SIPMs Cross Talk and After Pulse

= CT, AP significantly increasing the measured p.e. number
= Internal CT, AP triples the number of p.e. at 37 V},;,
= External CT 1.4 times the number of p.e. at 37 V,,;
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Influence of TPB

Light yield [p.e./keVee]

70

m Photoelectrons number is doubled with TPB
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Performance indicators Nal:TI* Srly:Eu® LaBr;:Ce®  Cs;Culs:TP Cs3Cuals:Mn
This work
Light yield (*'Cs, Photons/MeV) 38,000 >90,000 70,000 87,000 95,772
Scintillation decay time (¥'Cs) 230 ns 1200 ns ~16 ns 690 ns (88%)  3ns (81.5%)
Energy resolution (¥'Cs) 6% 2.6% 2.6% 3.4% 3.7%
Emission wavelength 415 nm 435 nm 390 nm 990 nm 445 nm
Density (glcm’) ~3.67 ~455 ~5.29 ~4 51 ~456

DOI: 10.1002/adma.202304938
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Other Potential Applications

= Dark matter searches, better than RT Nal(Tl), CsI(TI)

= Gamma ray spectrometer, no intrinsic BKG like LaBr;

3
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