
AI translation ・View original & related papers at
chinarxiv.org/items/chinaxiv-202501.00071

Characterization and Optimization of a Cryo-
genic Pure CsI Detector with Remarkable Light
Yield and Unprecedented Energy Resolution for
CLOVERS Experiment
Authors: Chenguang Su, Qian Liu, Linqquan Kong, Shi Chen, Kimiya Mohar-
rami, Yangheng Zheng, Jin Li, Qian Liu

Date: 2025-01-09T00:00:00+00:00

Abstract
In this study, we conducted a comprehensive characterization and optimization
of a cryogenic pure CsI (pCsI) detector. We utilized a 2 cm cubic crystal cou-
pled with a HAMAMATSU R11065 photomultiplier tube (PMT), achieving a
remarkable light yield of 35.2 PE/keVee and an unprecedented energy resolu-
tion of 6.9 % at 60 keV. Additionally, we measured the scintillation decay time
of pCsI, which proved to be significantly faster than that of CsI(Na) at room
temperature. Furthermore, we investigated the impact of temperature, surface
treatment, and crystal shape on the light yield. Notably, the light yield peaked
at approximately 20 K and remained stable within the range of 70 −100 K. We
observed that the light yield of polished crystals was approximately 1.5 times
greater than that of ground crystals, while the crystal shape exhibited minimal
influence on the light yield. These results are crucial for the design of the 10 kg
pCsI detector for the future CLOVERS (Coherent eLastic neutrinO(V)-nucleus
scattERing at China Spallation Neutron Source (CSNS)) experiment.
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In this study, we comprehensively characterized and optimized a cryogenic pure
CsI (pCsI) detector. Using a 2 cm × 2 cm × 2 cm cubic crystal coupled with
a HAMAMATSU R11065 photomultiplier tube, we achieved a remarkable light
yield of 35.2 PE/keVee and an unprecedented energy resolution of 6.9% at 59.54
keV. Additionally, we measured the scintillation decay time of pCsI, which was
significantly shorter than that of CsI(Na) at room temperature. Furthermore,
we investigated the impact of temperature, surface treatment, and crystal shape
on light yield. Notably, the light yield peaked at approximately 20 K and re-
mained stable within the range of 70–100 K. The light yield of polished crystals
was approximately 1.5 times greater than that of ground crystals, whereas crys-
tal shape exhibited minimal influence on light yield. These results are crucial
for the design of the 10 kg pCsI detector for the future CLOVERS (Coherent
eLastic neutrinO(V)-nucleus scattERing at China Spallation Neutron Source
(CSNS)) experiment.
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Introduction
The Coherent Elastic Neutrino-Nucleus Scattering (CE�NS) process has gar-
nered considerable attention since its first detection in 2017 by the COHER-
ENT collaboration [?]. Owing to the coherent enhancement of the cross-section
(2–3 orders of magnitude higher than any other neutrino-matter interaction
process with neutrino energies below 100 MeV) and nearly pure electroweak dy-
namics (the cross-section is easy to calculate), the CE�NS process serves as a
valuable probe and novel neutrino detection method. As a probe with precise
cross-section measurement, it examines the Standard Model at low momentum
transfer, aids understanding of core-collapsed supernova bursts [?, ?], helps de-
termine the neutron radius of a nucleus [?], and clarifies neutrino fog in WIMP
dark matter searches, such as CDEX and PandaX experiments [?, ?]. As a new
neutrino detection method, it offers a flavor-independent approach for searching
sterile neutrinos because it is insensitive to neutrino flavors but sensitive to all
flavors of neutrinos [?], enables sensitive detection of solar and supernova neutri-
nos, and provides a threshold-free method to measure the reactor neutrino spec-
trum below the 1.8 MeV Inverse Beta Decay threshold, which would be highly
valuable for reactor oscillation experiments such as JUNO [?]. However, the
typical observable ionization energy of a recoiled nucleus is only approximately
1 keV electron equivalent (keVee), making signal detection highly challenging.

Various technologies have been proposed for detecting CE�NS signals. For in-
stance, the RELICS project plans to utilize liquid-xenon detectors [?], whereas
the RECODE experiment opts for HPGe detectors [?]. To precisely measure
the cross-section of the CE�NS process and advance detector technology based
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on CE�NS, we propose the CLOVERS (Coherent eLastic neutrinO(V)-nucleus
scattERing at the China Spallation Neutron Source (CSNS)) experiment [?, ?].
Cryogenic pure CsI (pCsI) detectors are adopted because of their large cross-
section, which is proportional to the square of the neutron number in the nu-
cleus [?], and high light yield—33.5 photoelectrons (PE)/keVee when coupled
to a photomultiplier tube (PMT) [?] and 43.0 PE/keVee when coupled to a Si
photomultiplier (SiPM) [?]. To better understand and enhance the performance
of the cryogenic pCsI detector, a detailed characterization and optimization was
conducted.

In this study, the light yield, energy resolution, and scintillation decay time of
pCsI crystals at 77 K were characterized. Moreover, the influence of tempera-
ture, crystal shape, and crystal surface treatment on light yield was investigated.
A world-leading energy resolution for scintillator detectors was achieved, and a
direction for optimizing future CLOVERS 10 kg pCsI detectors was identified.

II. Experimental Setup
The experimental setup used in this study is illustrated in Fig.~??. The pCsI
crystals obtained from HAMAMATSU BEIJING have two different shapes: 2
cm × 2 cm × 2 cm cubes and Φ2.5 cm × 2 cm cylinders. The light output
surfaces of all crystals were polished, whereas the remaining surfaces were either
ground or polished depending on the specific crystal. The arithmetic mean
roughness values (Ra) of the surfaces were approximately 40 nm for polished
surfaces and 800 nm for ground surfaces.

An 241Am radioactive source was affixed to the side surface of the crystal. Sig-
nals generated by 10–26 keV X-rays and 59.54 keV gamma rays were used to
characterize and optimize the detector. The crystal was directly coupled to
the quartz window of a 3-inch HAMAMATSU R11065 PMT because commonly
used optical coupling grease or silicon rubber deforms at low temperatures and
deteriorates the light-coupling effect. To minimize light leakage, the side and
bottom surfaces of the crystal, as well as the remaining area of the PMT window,
were enveloped in four layers of Luxiumsolutions BC-642 Teflon reflection mate-
rial. Outside the Teflon wrapping, the crystal was wrapped with black masking
tape to protect the Teflon layers from stretching. Springs were employed to
press the PMT window against the light output surface of the crystal, ensuring
adequate optical contact between the PMT and the crystal as well as thermal
contact between the crystal and the copper base coupled to the cooling platform
using cryogenic vacuum silicone thermal grease outside the black masking tape.

The cryogenic system comprised a custom vacuum chamber, Agilent TPS-mini
molecular pump, CryoPride KDC6000V helium compressor, and CryoPride
KDE401SA refrigerating machine capable of achieving a vacuum pressure be-
low 1 × 10−6 Pa and temperature as low as 3 K. Temperature control and
monitoring were performed using a Lake Shore Model 325.

The R11065 PMT was powered by a CAEN NDT1470 HV module with a high
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negative voltage of 1500 V. The PMT signal was read using a CAEN DT5751
digitizer with 1 GHz sampling rate, 500 MHz bandwidth, 1 Vpp dynamic range,
and 10-bit resolution. The working mode of the DT5751 was set to self-trigger,
and the trigger threshold was set to 30 ADC counts. The original waveform data
were directly recorded in the CERN ROOT format using a modified WaveDump
software [?, ?].

III. Data Analysis
A typical signal waveform induced by 59.54 keV gamma rays from 241Am in
pCsI at 77 K is shown in Fig.~??. Each waveform consists of 8000 samples,
corresponding to a duration of 8000 ns, given the 1 GHz sampling rate of the
DT5751.

To analyze the waveforms, a toolkit based on C++ and CERN ROOT was
developed [?] by implementing the following algorithm:

1. The waveform is divided into two regions: the baseline (BL) region cov-
ering samples 0–1399 and the signal (SG) region covering samples 1400–
7999.

2. In the BL region, the mean value (𝜇𝐵𝐿) and standard deviation (𝜎𝐵𝐿) of
the baseline for each waveform are determined.

3. Next, the baseline of the waveform is adjusted to 0, and the waveform is
inverted.

4. A peak-searching algorithm is applied to identify all peaks in the SG region.
A peak is identified when a sample deviates from 0 by at least 5𝜎𝐵𝐿. This
sample is defined as the trigger point. The start (𝑇𝑆) and end (𝑇𝐸) of
each peak are defined by the first sample falling back to 0 backwards and
forwards from the trigger point, as illustrated in the subplot of Fig.~??.

5. The integral of the ADC numbers of each peak is recorded in a C++
std::vector named PeakQ for each event. The total charge, that is, the
sum of all elements in PeakQ, is stored as a C++ float variable named
TotalQ for each event. These variables are utilized to derive the results
in subsequent analyses.

IV. Characterization of pCsI Detector at 77 K
Using the setup and analysis methods described in Sec.~II and Sec.~III, the
light yield, energy resolution, and scintillation decay time of the pCsI detector
at 77 K were measured. The crystal used in this characterization was a 2 cm ×
2 cm × 2 cm cube with all polished surfaces.
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A. Single PE Calibration of the PMT

Single-photoelectron (SPE) calibration was necessary to determine the light
yield of the pCsI detector. The online SPE calibration was performed by pop-
ulating a histogram (Fig.~??) with the PeakQ values of peaks with 𝑇𝑆 between
7000 ns and 7999 ns for all events in the dataset. As depicted in Fig.~??, within
the 7000–7999 ns range, the pulses are sparse, with each likely corresponding to
an SPE. The subplot shows a typical SPE signal. Given the small contributions
of multi-PE events, the histogram in Fig.~?? is fitted using a simplified SPE
model, similar to the one described in Ref.~[?]:

𝑓(𝑞) = [Bkg(𝑞) + ∑
𝑖

𝑎𝑖𝑔𝑖(𝑞, 𝑄𝑠𝑝𝑒, 𝜎𝑠𝑝𝑒)] × 𝐴𝑐𝑝(𝑞)

where

Bkg(𝑞) = 𝑎𝑏𝑘𝑔 ⋅ 𝑒−𝑞/𝜏𝑏𝑘𝑔

𝑔𝑖(𝑞) = Gaus(𝑞, 𝑖𝑄𝑠𝑝𝑒,
√

𝑖𝜎𝑠𝑝𝑒)

𝐴𝑐𝑝(𝑞) = [1 + 𝑒−𝑘(𝑞−𝑞0)]−1

The Bkg(𝑞) term describes events generated by electrons emitted from dynodes
undergoing incomplete multiplication as well as some electronic noise. The
𝑔𝑖(𝑞) terms represent the 𝑖-PE Gaussian responses for fully multiplied electrons.
𝑄𝑠𝑝𝑒 is the mean SPE charge and 𝜎𝑠𝑝𝑒 represents the spread of SPE charge
due to fluctuations in the PMT multiplication process. The 𝐴𝑐𝑝(𝑞) term is a
sigmoid-shaped function that describes the threshold effect introduced by the
peak-searching algorithm discussed in Sec.~III. 𝑞0 represents the edge midpoint
and 𝑘 controls the steepness of the edge. The 𝑎𝑖 values are not constrained to a
Poisson distribution because the process of populating PeakQ in this histogram
is not a Poisson procedure.

The fitted curves are shown in Fig.~??. The fitted results are as follows: 𝑄𝑠𝑝𝑒 =
32.50(3) and 𝜎𝑠𝑝𝑒 = 10.37(3) in units of ADC count・ns.

B. Light Yield and Energy Resolution of pCsI

The recorded energy spectrum of 241Am measured in terms of the number of
photoelectrons (NPE) generated during each event is shown in Fig.~?? with the
fitting results listed in Table~??. The NPE is computed using the following
formula:

NPE = TotalQ
𝑄𝑠𝑝𝑒
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The spectrum undergoes a global fit by employing ten unconstrained Gaussian
functions to accommodate the various components. The 59.54 keV and 26.3
keV gamma peaks originate from intrinsic gamma rays emitted during 241Am
decay. The K-shell escape and L-shell escape peaks are unique to CsI detectors
because of the delayed release or escape of X-rays or Auger electrons after a
59.54 keV gamma ejects a K- or L-shell electron from Cs or I atoms. The 13.95
keV, 17.8 keV, and 20.8 keV X-rays originated from the activated states of 237Np,
a decay product of 241Am. These peaks are merged because of nearby X-rays
rather than monotonous X-rays. The 77 keV peak arises from the coincidence
of the 59.54 keV gamma rays and X-rays. The Bkg component accounts for
events from environmental radioactive background. In addition, another X-
ray/e component addresses the complex X-ray and electron spectra below 25
keV, requiring more than three Gaussian functions to achieve fitting convergence.
However, using a single Gaussian function to describe other X-ray/e spectra
remains oversimplified, resulting in an overall 𝜒2/ndf value of 4.0. When the
𝜒2/ndf calculation is constrained to the range NPE ∈ [600, 3000], the value
improves to 1.8. We did not pursue a more refined model for the Other X-ray/e
components because their influence on the fitting of the peaks, which are used to
determine the light yield, should be minimal due to the significant prominence
of the peaks as long as the fitting converges.

The fitted curves and their components are shown in Fig.~??, with fitting results
listed in Table~??. The detector light yield (LY) at various energy points is
calculated as:

LY [PE/keVee] = 𝜇𝑛𝑝𝑒
Energy[keVee]

where 𝜇𝑛𝑝𝑒 denotes the Gaussian’s fitted mean at a given energy point. The
light yield results obtained at various energy points were fitted using a zero-
order polynomial function to determine the mean light yield and the associated
uncertainties. The fitted results are shown in Fig.~??. The error bars in the
graph represent the standard deviation of the Gaussian function fitted at differ-
ent energy points divided by the energy (𝜎𝑛𝑝𝑒/Energy). The final mean light
yield of the pCsI detector at 77 K is 35.2(6) PE/keVee, which is slightly higher
than the assumed value used in the CLOVERS sensitivity estimation, 33.5(7)
PE/keVee, as reported in Ref.~[?], where the CsI crystal was also coupled to an
R11065 PMT.

The most remarkable achievement of this study is the world-leading energy reso-
lution achieved by scintillator detectors. Given that the 59.54 keV gamma peak
is monotonic (unlike the X-rays, K/L Shell escape, and coincidence peaks) and
is less influenced by nearby peaks (unlike the 26.3 keV gamma peak, which is
strongly affected by nearby X-rays and K-shell escape peaks), its resolution is
chosen to represent the overall resolution of this study. The full width at half
maximum (FWHM) energy resolution of this pCsI detector at 77 K at 59.54
keV reached 6.9%, surpassing the reported 9.5% in Ref.~[?], 8.8% in Ref.~[?],
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and 7.8% in Refs.~[?], making it the best among all reported resolutions of
cryogenic pCsI detectors. This resolution even outperforms that of the bright-
est inorganic scintillators typically used at room temperature, such as NaI(Tl),
CsI(Na), CsI(Tl), or LaBr3. A summary of the comparison is presented in
Fig.~??.

C. Scintillation Decay Time of pCsI

The scintillation decay time of the pCsI detector at 77 K was determined by
fitting the accumulated and normalized waveforms to three exponential compo-
nents. The waveforms and fitted results are shown in Fig.~??. The decay time
of the slowest component of pCsI at 77 K is approximately 1 µs, which is con-
siderably faster than that of the CsI(Na) crystal, which is approximately 17 µs,
as shown in Fig.~??. These results are consistent with those in previous studies
[?, ?, ?, ?]. The considerably shorter decay time of pCsI significantly reduces
the afterglow background induced by environmental radioactive events, which
contaminates approximately 30% of all events in the COHERENT CsI(Na) ex-
periment [?].

V. Optimization of Cryogenic pCsI Detector
To optimize the performance of the cryogenic pCsI detector, investigations were
conducted to assess the influence of temperature, surface treatment, and crystal
shape on the light yield.

Influence of Temperature on the Light Yield

The relative light yields of the pCsI detector at different temperatures are shown
in Fig.~??, alongside results from V. Mikhailik [?], C. Amsler [?], X. Zhang
[?], and W.K. Kim [?]. The results of this study and those of Mikhailik are
normalized to the maximum value for each dataset. However, Amsler, Zhang,
and W.K. Kim do not include data points below 77 K; therefore, their light
yields are normalized to the values in this study at 77 K based on their results
at the same temperature. All results show good agreement in the overall trend,
with slight differences possibly owing to variations in the PMT setup and crystal
used.

The light yield increases rapidly as the temperature decreases from room tem-
perature to approximately 100 K. Subsequently, it reaches a plateau between 70
K and 100 K, followed by a slight increase at approximately 60 K. The maximum
light yield was attained at approximately 20 K, after which it decreased rapidly
as the temperature decreased further, which is consistent with both our results
and those of Mikhailik. Although there is a 20% increase in light yield from 77
K to 20 K, cooling down to 20 K is considerably more challenging than cooling
to 77 K, which can be easily achieved with liquid nitrogen, is inexpensive, and
is safer than liquid hydrogen, which must be used to reach 20 K.
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Because the light yield remains relatively stable between 70 K and 100 K, an-
other potential approach is to place pCsI in an 87 K liquid argon environment
and utilize liquid argon as an active veto system to reject background introduced
by external particles such as neutrons or gamma rays.

Influence of Surface Treatment on the Light Yield

In addition to temperature, another factor that could influence the light yield is
the surface treatment of the crystal, which affects the light-collection efficiency of
the detector system, as mentioned in Ref.~[?]. To optimize the surface treatment
(ground or polished), four comparison experiments were conducted.

Experiment A compared the light yields of two cubic crystals subjected to dif-
ferent surface treatments. One crystal had all its surfaces polished, whereas the
other had its surfaces ground, except for the light output surface. The ratio
between the light yield of the ground and polished crystals, 𝑅𝑙𝑦, is defined as
follows:

𝑅𝑙𝑦 = LYground
LYpolished

This comparison was conducted at room temperature (293 K) and 77 K. A
laser beam passing through the two ground surfaces and two polished surfaces
is shown in Fig.~??. The scattering effect of the ground surface on the laser is
evident.

Experiment B was identical to Experiment A except that the crystals were
cylindrical rather than cubic. Experiments A and B compared different crystals.
To eliminate differences between crystals, Experiments C and D were conducted.
In Experiment C, a cubic crystal was initially ground and then polished, and
the light yields were measured before and after polishing. Experiment D was
identical to Experiment C, except that a different ground crystal was used.
Experiments C and D were conducted at room temperature.

In addition to these four experiments with pCsI crystals, similar experiments
were conducted for CsI(Na) and CsI(Tl) crystals following the same procedures
as in Experiments C and D. As shown in Table~??, the light yields of the ground
crystals are consistently approximately 60–70% of those of the polished crystals,
regardless of temperature, crystal shape, or individual crystals. However, the
ratio of CsI(Na) to CsI(Tl) is almost 1. We hypothesize that UV light (310 nm
at room temperature [?, ?] and 340 nm at 77 K [?]) emitted by pCsI is more
likely to be absorbed by microstructures on the ground surface. In contrast, light
with longer wavelengths emitted by CsI(Na) (420 nm [?, ?]) and CsI(Tl) (550
nm [?, ?]) is less susceptible to absorption by these microstructures. Although
this hypothesis requires further verification, the results suggest that for future
10 kg pCsI detectors in the CLOVERS experiment, all crystal surfaces should
be polished to achieve higher light yields.
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Influence of Crystal Shape on the Light Yield

The crystal shape may also influence the light yield, as reported in Ref.~[?]
and Ref.~[?]. The light yields of cubic and cylindrical crystals were compared
for both ground and polished crystals. The results are presented in Table~??.
The light yields and energy resolutions of the cubic crystals are slightly higher
than those of the cylindrical crystals under both ground and polished condi-
tions; however, the difference is not significant. Therefore, in future CLOVERS
experiments, the choice of crystal shape may depend on the shape of the photon
detector to balance light collection efficiency and detector mass. For instance,
the crystal should be cuboidal for SiPMs with square cathode regions and cylin-
drical for PMTs with circular cathode regions.

VI. Summary
We measured the light yield, energy resolution, and scintillation decay time
of pCsI detectors at 77 K coupled with a HAMAMATSU R11065 PMT. We
achieved a light yield of 35.2 PE/keVee, surpassing the assumed value for
CLOVERS sensitivity estimation, and an unprecedented energy resolution of
6.9% FWHM at 59.54 keV, which is the best ever for cryogenic pCsI detectors
and world-leading among scintillation detectors. The improved light yield and
resolution enhance the sensitivity of CE�NS detection. The shorter scintillation
decay time of pCsI at 77 K compared with that of CsI(Na) at room temperature
also implies that it is much less likely for afterglow photons from a previous
environmental radioactive event to fake a real CE�NS signal, suppressing this
kind of background significantly.

To optimize the future CLOVERS 10 kg pCsI detector, we investigated the
effects of temperature, surface treatment, and crystal shape. Although the
light yield peaks at approximately 20 K, cooling a 10 kg material to 20 K is
challenging. As the light yield remained stable between 70 and 100 K, placing
pCsI in liquid argon at 87 K may be a more viable option, utilizing liquid argon
as an active veto system to mitigate external background. Surface treatment
significantly affected the light yield, with ground crystals yielding only 60–70%
of polished crystals. However, crystal shape had minimal influence on light
yield. These findings suggest that for future CLOVERS 10 kg pCsI detectors,
crystals should be polished, and their shape should match the cathode area of
the photon detectors to maximize light yield and utilize the entire sensitive area
of the photon detector.
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