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Abstract
In this study, we comprehensively characterized and optimized a cryogenic pure CsI (pCsI) detector. We utilized a 
2 cm × 2 cm × 2 cm cube crystal coupled with a HAMAMATSU R11065 photomultiplier tube, achieving a remarkable 
light yield of 35.2 PE/keV

ee
 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 remained stable within the range of 70–100 K. The light yield of the polished crystals was 
approximately 1.5 times greater than that of the ground crystals, whereas 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.

Keywords Cryogenic CsI detector · Light yield · Energy resolution · Scintillation decay time · Light yield optimization · 
CLOVERS · CE�NS

1 Introduction

The coherent elastic neutrino-nucleus scattering (CE�NS) 
process has garnered considerable attention since it was 
first detected in 2017 by the COHERENT collaboration [1]. 
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 100MeV ) 
and nearly pure electromagnetic-weak dynamics (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 exam-
ines the standard model at low momentum transfer, aids 
the understanding of core-collapsed supernova bursts [2, 
3], helps to determine the neutron radius of a nucleus [4] 
and clarifies neutrino fog in WIMP dark matter searches, 
such as CDEX and PandaX experiments [5, 6]. As a new 
neutrino detection method, it offers a flavor-independent 
approach for searching sterile neutrinos because it is insen-
sitive to neutrino flavors but sensitive to all flavors of neu-
trinos [7], sensitive detection of solar and supernova neu-
trinos and threshold-free method to measure the reactor 
neutrino spectrum below the 1.8MeV inverse beta decay 
(IBD) threshold, which would be highly valuable for reac-
tor oscillation experiments such as JUNO [8]. However, the 
typical observable ionization energy of a recoiled nucleus is 
only approximately 1 keV electron equivalent ( keVee ), mak-
ing signal detection highly challenging. Various technolo-
gies have been proposed for detecting CE� NS signals. For 
instance, the RELICS project plans to utilize liquid-xenon 
detectors [9], whereas the RECODE experiment opts for 
HPGe detectors [10].
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To precisely measure the cross section of the CE� NS 
process and advance detector technology based on CE�NS, 
we propose the CLOVERS (coherent elastic neutrino(V)-
nucleus scattering at the China Spallation Neutron Source 
(CSNS)) experiment [11, 12]. Cryogenic pure CsI (pCsI) 
detectors are adopted because of their large cross sec-
tion, proportional to the square of the neutron number in 
the nucleus [13] and high light yield, reaching 33.5 pho-
toelectrons (PE)/keVee coupled to photomultiplier tube 
(PMT) [14] and 43.0 PE/keVee coupled to Si photomultiplier 
(SiPM) [15]. To better understand and enhance the perfor-
mance of the cryogenic pCsI detector, a detailed characteri-
zation and optimization were conducted. In this study, the 
light yield, energy resolution and scintillation decay time 
of pCsI crystals at 77K were characterized. Moreover, the 
influence of temperature, 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.

2  Experimental setup

The experimental setup used in this study is illustrated in 
Fig. 1. The pCsI crystals obtained from HAMAMATSU 
BEIJING have two different shapes: 2 cm × 2 cm × 2 cm 
cubes and Φ2.5 × 2 cm3 cylinders. The light output surfaces 
of all the crystals were polished, whereas the remaining sur-
faces were 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 241 Am radioactive source was affixed to the side sur-
face of the crystal. Signals 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-in HAMAMATSU R11065 because 
the commonly used optical coupling grease or silicon rub-
ber 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 Lux-
ium Solutions BC-642 Teflon reflection material. Outside 
the Teflon-type, the crystal was warped 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 con-
tact between the PMT and the crystal as well as thermal con-
tact 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, Cryo-
Pride KDC6000V helium compressor and CryoPride 
KDE401SA refrigerating machine capable of achieving 
a vacuum pressure below 1 ×10−6 Pa and temperature as 
low as 3K . Temperature control and monitoring were per-
formed using a Lake Shore Model 325.

The R11065 PMT was powered by a CAEN NDT1470 
HV module with a high negative voltage of 1500 V. The 
PMT signal was read using a CAEN DT5751 digitizer with 
1GHz sampling rate, 500MHz bandwidth, 1Vpp dynamic 
range and 10 bit resolution. The working mode of the 
DT5751 was set to a 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 [16, 17].

Fig. 1  (Color online) Sketches and pictures of the experimental setup. 
A 2 cm cubic pCsI crystal is directly coupled to a HAMAMATSU 
R11065PMT by springs, wrapped by four layers of BC-642 Teflon 
tape and black masking tape from inside out
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3  Data analysis

A typical signal waveform induced by 59.54 keV gamma 
from 241 Am in pCsI at 77K is shown in Fig. 2. Each wave-
form consists of 8000 samples, corresponding to a dura-
tion of 8000 ns , given the 1GHz sampling rate of DT5751.

To analyze the waveforms, a toolkit based on C++ and 
CERN ROOT was developed [18] by implementing the 
following algorithm: 

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

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

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

4. A peak-searching algorithm to identify all peaks in the 
SG region is applied. A peak is identified when a sample 
deviates from 0 by at least 5 �BL . 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 illus-
trated in the subplot of Fig. 2.

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.

4  Characterization of pCsI detector at 77K

Using the setup and analysis methods described in Sects. 2 and 
3, the light yield, energy resolution and scintillation decay time 
of 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.

4.1  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 populating a histogram (Fig. 3) 
with the PeakQ values of peaks with TS between 7000 ns and 
7999 ns for all events in dataset. As depicted in Fig. 2, 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. 3 is fitted using a simplified SPE model, 
similar to the one described in Ref. [19].

where

(1)f (q) = [Bkg(q) +

3
∑

i=1

aigi(q,Qspe, �spe)] × Acp(q)

(2)Bkg(q) =abkg ⋅ e
−

q

�bkg

(3)gi(q) =Gaus(q, iQspe,
√

i�spe)

(4)Acp(q) =[1 + e−k(q−q0)]−1

Fig. 2  (Color online) A typical signal waveform induced by 241 Am 
59, 54 keV gamma for pCsI at 77K . The subplot shows the process of 
peak searching

Fig. 3  (Color online) SPE histogram filled by the PeakQ values of 
peaks with T

S
 in range 7000–7999 ns. A simplified SPE model is fit-

ted to the histogram. �spe = 32.50 ± 0.03 and �spe = 10.37 ± 0.03 in 
unit of ADC counts⋅ns
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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 �spe represents the spread 
of SPE charge due to fluctuations in the PMT multiplica-
tion process. The Acp(q) term is a sigmoid-shaped func-
tion that describes the threshold effect introduced by the 
peak-searching algorithm discussed in Sect. 3. 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. 3. The fitted results 
are as follows: Qspe = 32.50(3) and �spe = 10.37(3) in units 
of ADC count ⋅ns.

4.2  Light yield and energy resolution of pCsI

The recorded energy spectrum of 241 Am measured in terms 
of the number of photoelectrons (NPE) generated during 
each event is shown in Fig. 4 with the fitting results listed 
in Table 1. The NPE is computed using the following 
formula:

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 
241 Am 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 into Cs or I atoms. 
The 13.95, 17.8 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 coin-
cidence of the 59.54 keV gamma rays and X-rays. The 
Bkg component accounts for events from an environmen-
tally 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 spec-
tra remains oversimplified, resulting in an overall �2

∕ndf  
value of 4.0. However, when the �2

∕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 because of the significant 
prominence of the peaks as long as the fitting converges.

(5)NPE =
TotalQ

Qspe

.

Fig. 4  (Color online) Energy spectrum of 241 Am measured using a 
pCsI detector at 77 K. Ten unconstrained Gaussian functions are used 
for the global fitting of the spectrum. The fitted curve and its compo-
nents are shown. Fitting results shown in Table 1. The subplot shows 
the fitting of the 77 keV coincidence peak which is too weak to be 
visible in the main plot

Table 1  Fitting results of the 
measured 241 Am spectrum

*Averaged among Cs and I atoms [20].
† Mean energy of X-rays nearby [20].

Type Energy ( keVee) �npe �npe LY ( NPE/keVee) FHWM (%)

� 59.54 2103.4 61.46 35.3 6.9
L shell escape 55.43∗ 1968.4 119.2 35.5 14.3
K shell escape 29.5∗ 1045.6 68.7 35.4 15.5
� 26.3 922.8 61.2 35.1 15.6
X-ray 20.8† 758.3 43.1 36.5 13.4
X-ray 17.8† 610.2 35.5 34.3 13.7
X-ray 13.95† 473.5 36.7 33.9 18.2
Coincidence 77.3 2664.0 137.7 34.5 12.2
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The fitted curves and their components are shown in 
Fig. 4, with fitting results listed in Table 1. The detector 
light yield (LY) at various energy points is calculated as:

where �npe 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 deter-
mine the mean light yield and the associated uncertainties. 
The fitted results are shown in Fig. 5. The error bars in the 
graph represent the standard deviation of the Gaussian func-
tion fitted at different energy points divided by the energy 
( �npe∕Energy ). The final mean light yield of the pCsI detec-
tor at 77 K is 35.2(6) PE∕keVee , which is slightly higher than 
the assumed value used in the CLOVERS sensitivity estima-
tion, 33.5(7) PE∕keVee , as reported in Ref. [14], where the 
CsI crystal was also coupled to an R11065 PMT.

The most remarkable achievement of this study is the 
world-leading energy resolution achieved by scintillator 
detectors. Given that the 59.54 keV gamma peak is mono-
tonic (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. [14], 8.8% in Ref. [21] and 7.8% in 
Refs. [22], making it the best among all the reported reso-
lutions of cryogenic pCsI detectors. This resolution even 
outperforms that of the brightest inorganic scintillators typi-
cally used at room temperature, such as NaI(Tl), CsI(Na), 

(6)LY[PE∕keV
ee
] =

�npe

Energy[keV
ee
]

CsI(Tl) or LaBr3 . A summary of the comparison is presented 
in Fig. 6.

4.3  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 components. The waveforms 
and fitted results are shown in Fig. 7. The decay time of the 
slowest component of pCsI at 77 K is approximately 1 μs , 

Fig. 5  (Color online) Light yield calculated at different energy points 
and their averaged value

Fig. 6  (Color online) Comparison of energy resolution at 59.54 keV 
of different crystals from various studies reveals that the 6.9% resolu-
tion achieved in this work by the pCsI detector at 77K is superior to 
all others. Resolution data were obtained from Liu [14], Wang [22], 
R. Hawrami  [23], N. Yavuzkanat  [24], R. Casanovas  [25], W. 
Chewpraditkul [26], Swiderski [27] and Feng [28]

Fig. 7  (Color online) Scintillation decay time fitting of the pCsI 
detector at 77K . The waveform fitted is the sum of 100k 241 Am 
induced events and normalized to its maximum value. The decay con-
stants and composition fractions of different components are listed
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which is considerably faster than that of the CsI(Na) crys-
tal, which is approximately 17 μs , as shown in Fig. 8. These 
results are consistent with those in previous studies  [29–32]. 
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) experiment [19].

5  Optimization of cryogenic pCsI detector

To optimize the performance of the cryogenic pCsI detec-
tor, investigations were conducted to assess the influence of 
the temperature, surface treatment and crystal shape on the 
light yield.

5.1  Influence of temperature on the light yield

The relative light yields of the pCsI detector at different 
temperatures are shown in Fig. 9, alongside results from 
Mikhailik [33], Amsler [29], Zhang [34] and Kim [32]. The 
results of this study and those of Mikhailik are normalized 
to the maximum value for each dataset. However, Amsler 
and Zhang and W.K. Kim do not include data points below 
77 K; therefore, their light yields are normalized to the val-
ues 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 temperature to approximately 100 K. 
Subsequently, it reached a plateau between 70 K and 100 K, 
followed by a slight increase at approximately 60 K. The max-
imum light yield was attained at approximately 20 K, after 
which it decreased rapidly as the temperature decreased, 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 safer than liquid hydrogen, which 
must be obtained to 20 K.

Because the light yield remains relatively stable between 
70 K and 100 K, another potential approach is to place pCsI 
in an 87 K liquid argon environment and utilize liquid argon as 
an active veto system to reject the background introduced by 
external particles such as neutrons or gamma rays.

5.2  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. [35].Kilimchuk et al. [36] and Ref. [37]. 
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 different surface treatments. One crystal 
had all its surfaces polished, whereas the other had a surface 
ground, except for the light output surface. The ratio between 
the light yield of the ground and polished crystals, Rly , is 
defined as follows:

(7)Rly =

LYground

LYpolished
.

Fig. 8  Scintillation decay time fitting of the CsI(Na) detector at room 
temperature followed the same setup as the pCsI experiment, except 
for the crystal type

Fig. 9  (Color online) Relative light yield at various temperatures 
from multiple datasets shows consistent agreement in the over-
all trend. Both this study and Mikhailik’s results indicate that the 
maximum light yield is achieved at approximately 20 K. The results 
from Mikhailik are sourced from Ref. [33], Amsler’s from Ref. [29], 
Zhang’s from Ref. [34] and Kim’s from Ref. [32]
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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. 10. 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 the 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 
the room temperature.

In addition to these four experiments with pCsI crystals, 
similar experiments were conducted for CsI(Na) and CsI(Tl) 
crystals using the same procedure as in Experiments C and 
D, respectively. The measured Rly from the experiments are 
listed in Table 2.

As shown in Table 2, the light yields of the ground crys-
tals are consistent at approximately 60–70% of the polished 
crystals, regardless of the temperature, crystal shape or indi-
vidual crystals. However, the ratio of CsI(Na) to CsI(Tl) is 
almost 1. We hypothesize that UV light (310 nm at room 
temperature  [38, 39] and 340 nm at 77 K [38]) emitted 
by pCsI is more likely to be absorbed by microstructures 
on the ground surface. In contrast, light with longer wave-
lengths emitted by CsI(Na) (420 nm [40, 41]) and CsI(Tl) 

(550 nm [42, 43]) 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.

5.3  Influence of crystal shape on the light yield

The crystal shape may also influence the light yield, as 
reported in Ref.  [44, 45]. The light yields of cubic and 
cylindrical crystals were compared for both the ground and 
polished crystals. The results are presented in Table 3. The 
light yields and energy resolutions of the cubic crystals are 
slightly higher than those of the cylindrical crystals under 
both ground and polished conditions; however, the dif-
ference is not significant. Therefore, in future CLOVERS 
experiments, the choice of the crystal shape may depend on 
the shape of the photon detector to balance the light-collec-
tion efficiency and detector mass. For instance, the crystal 
should be cuboidal for SiPMs with square cathode regions 
and cylindrical for PMTs with circular cathode regions.

6  Summary

We measured the light yield, energy resolution and scintil-
lation decay time of pCsI detectors at 77 K coupled with 
PMT HAMAMASTU R11065. We achieved a light yield of 
35.2 PE∕keVee , surpassing the assumed value for CLOVERS 
sensitivity estimation, and an unprecedented energy resolu-
tion of 6.9% FWHM at 59.54 keV, which is the best ever 
for cryogenic pCsI detectors and world-leading scintillation 
detectors. The improved light yield and resolution enhanced 
the sensitivity of CEvNS detection. The shorter scintil-
lation 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 

Fig. 10  (Color online) Laser beam passing through two ground sur-
faces (left) and two polished surfaces (right)

Table 2  Ratio of the light 
yield ( Rly ) between ground and 
polished crystals for different 
experiments. Defined in Eq. 7

Experiment pCsI(A) pCsI(B) pCsI(C) pCsI(D) CsI(Na) CsI(Tl)

Rly(293K) 0.68 0.62 0.63 0.68 0.94 1.0
Rly(77K) 0.70 0.68 – – – –

Table 3  Comparison of the light yield and energy resolution of crys-
tals with different shapes and surface treatment

Crystal LY (PE/keVee) FWHM (%)

Cubic (polished) 35.2 6.9
Cubic (ground) 24.8 7.8
Cylindrical (polished) 33.9 7.1
Cylindrical (ground) 22.3 7.9
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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 treat-
ment and crystal shape. Although the light yield peaks at 
approximately 20 K, cooling a 10 kg material to 20 K was 
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 the outer background.

Surface treatment significantly affected the light yield, 
with ground crystals yielding only 60–70% polished crys-
tals. However, the crystal shape had a minimal influence on 
the light yield. These findings suggest that for future CLO-
VERS 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 sensi-
tive area of the photon detector.
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