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Response of undoped cryogenic CsI to low-energy nuclear recoils
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The bright scintillation of pure CsI operated at liquid-nitrogen temperature makes of this material a promising
dark matter and neutrino detector. We present the first measurement of its quenching factor for nuclear recoils.
Our findings indicate it is indistinguishable from that for sodium-doped CsI at room temperature. Additional
properties such as light yield, afterglow, scintillation decay properties for electron and nuclear recoils, and energy
proportionality are studied over the 108–165 K temperature range, confirming the vast potential of this medium
for rare-event searches.
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I. INTRODUCTION

An ongoing interest in characterizing the response of ra-
diation detectors to low-energy nuclear recoils, induced by
the elastic scattering of neutral particles, is traceable to the
first direct search for weakly interacting massive particles
(WIMPs) [1], popular dark matter candidates. Neutrinos with
energies below a few tens of MeV can scatter coherently
from nuclei via the weak neutral current [2], also producing
few-keV nuclear recoils as the single outcome from this pro-
cess. The recent observation of this so-called coherent elastic
neutrino-nucleus scattering (CEνNS) [3,4] has added thrust to
a quest for new materials well adapted to the detection of these
subtle low-energy interactions.

Scintillating sodium-doped cesium iodide (CsI[Na]), oper-
ated at room temperature, was chosen as the favored detector
material for the first CEνNS measurement. A long list of
virtues leading to its selection is described in [5,6]. Among
those is a large and essentially identical CEνNS cross section
for both Cs and I, a high light yield, reduced afterglow, and a
quenching factor (QF) of order 10% in the few-keV nuclear
recoil (NR) energy region of interest. This QF is the ratio
between the light yield for NRs and that for electron recoils
(ERs) of the same energy. A precise understanding of the
energy dependence of the QF is of crucial importance in the
interpretation of WIMP and CEνNS searches [7].

Undoped CsI exhibits a large increase in light yield at
liquid-nitrogen temperature, reaching a theoretical limit in
light-conversion efficiency that exceeds 100 scintillation pho-
tons per keV of ER energy deposition [8–16]. This is close
to three times the room-temperature yield of CsI[Na]. When
monitored with silicon light sensors combined with state-
of-the-art wave shifters able to maximize their quantum
efficiency, the potential to detect NRs as low in energy as
1 keV appears to be within reach [17]. This is a NR energy
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regime unprecedented for inorganic scintillators; one where
the new physics beyond the standard model that is reachable
via CEνNS concentrates [17]. However, the assumption on
which this promise is based is that the QF of this cryogenic
material, unknown for NRs until now, is at least as favorable
as for doped CsI at room temperature.

This work describes a first measurement of this QF in
the temperature range 108–165 K, using the custom detector
assembly in Fig. 1, exposed to monochromatic 2.25 MeV
neutrons from a 2H - 2H generator. Neutrons scattering from
the CsI crystal are detected by a Bicron 501A liquid scin-
tillator cell with neutron/γ discrimination capability. This
cell is placed at a user-defined angle from the initial neutron
trajectory, allowing to select the energy deposited by NRs in
CsI. This experimental setup, data acquisition system (DAQ),
and analysis method have been previously employed by us
for NaI[Tl] and CsI[Na] room-temperature QF measurements.
Details of these technical aspects are provided in [5,7,18]. In
this new implementation, a PID algorithm was used to monitor
the temperature at both ends of the CsI crystal and control the
power injected into a heating element (manganin wire, Fig. 1)
resulting in a temperature stability of ≈0.03 K, and a gradient
across the crystal of <1.5 K, for all present runs.

In the second section of this paper we describe our QF
measurements. The third section includes the determination
of a number of additional quantities (light yield, afterglow,
scintillation decay properties for ERs and NRs, and energy
proportionality) of interest to assess the potential of this new
material for rare event searches. Its extraordinary promise is
emphasized in our conclusions.

II. ISOLATION OF LOW ENERGY NUCLEAR RECOILS
AND QF MEASUREMENT

The use of a small 7.24 cm3 CsI scintillator [19] en-
sures that single scatters dominate neutron interactions in the
crystal. Multiple scatters make up for just 17–27 % of the
total, depending on the selected scattering angle, and are
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FIG. 1. Detector cross section, derived from the MCNP simula-
tion: 1) voltage divider, 2) Hamamatsu R8520-506 cryogenic PMT,
3) copper holder, 4) position of thermocouple #1, 5) coiled manganin
wire, 6) thermocouple #2, 7) CsI crystal, 8) PTFE reflector, 9) cold
finger, immersed in liquid-nitrogen Dewar, 10) stainless steel endcap.
A vacuum manifold on the endcap houses cable feedthroughs. The
direction of incoming neutrons is indicated.

accounted for in simulations. A Hamamatsu R8520-506 cryo-
genic bialkali photomultiplier (PMT) was directly coupled to
the sample using optical RTV. While operation of this PMT
down to 87 K is possible, the lowest temperature of 108 K
achieved in this study was limited by the cooling power of the
horizontal-arm cryostat employed.

Among the lessons derived from our latest CsI[Na] ex-
perimentation is the impact on QF measurements of PMT
saturation at high bias. As a preliminary precaution, we com-
pared the PMT charge output for 241Am 59.5 keV γ s and
for single photoelectrons (SPE) following the test procedure
developed in [7]. The normalized ratio of these outputs pro-
vides a light yield in units of PE/keV. As in [7], the energy
reference used in the definition of the QF was given by this
241Am emission, assuming direct proportionality for lower
ER energies. Tests over a range of PMT voltage biases were
made at 108 K, a temperature corresponding to the maximum
light yield observed in this work. As can be seen in Fig. 2
the chosen 820 V bias is well within the linear response of
this PMT and away from saturation effects at the light levels
involved in this study.

Incremental improvements to the MCNP-PoliMi simula-
tions [20] used in [7] were made by accounting for sub-
dominant inelastic neutron scattering through de-excitation
γ escape from CsI. Similar to [7], charge was integrated over
the 3 µs following the onset of scintillation signals. How-
ever, due to electrical safety concerns for metallic-envelope
PMTs like the R8520-506, a positively biased voltage divider
was used. The resulting capacitive coupling to the DAQ pro-
duces a well-documented overshoot of the PMT signal [21].

FIG. 2. Tests of R8520-506 PMT saturation under 59.5 keV
γ irradiation of the CsI crystal. Light yield is normalized to the
average of all measurements. Error bars combine the uncertainties
from fits to SPE and 59.5 keV charge distributions [7]. A bias of
820 V was adopted.

Uncorrected, this leads to an underestimation of the integrated
charge carried by a scintillation signal. Remedial analysis
techniques have been put forward in a number of affected
experiments [22–24]. The impact of this effect and its correc-
tion on our charge measurements can be assessed from Fig. 3.
The corrective procedure uses an inverse high-pass algorithm
(an offline pole-zero cancellation) to allow for accurate charge
integration below the median waveform baseline. Special at-
tention was paid to ensure that this average charge correction
also applied to signals at lower energy. As expected, since
the response of the output capacitor causing the overshoot
depends on signal frequency, and not on amplitude, the mag-
nitude of the integrated charge correction was found to be
consistent at 18% for all energies.

Also following [7], we utilize an integrated rise-time (IRT)
analysis [25,26] to separate neutron- from γ -induced events in
the Bicron 501A backing detector. The resulting data quality
is illustrated in Fig. 4 following rejection of initially-dominant
gamma contaminations. The modest background of random
coincidences between CsI and backing detector is removed
by subtraction of the energy spectrum of events within the
105–225 ns time range of Fig. 4 from that for true coin-
cidences concentrated within the 225–345 ns interval. The
residual spectra of NR signals from elastic neutron scattering
at 108 K are shown in Fig. 5, for each of the six scattering
angles explored. The residual corresponding to the 84◦ scat-
tering angle exhibits a small unexpected excess around 1 keV.
This dataset was inspected for a noise contamination possibly
contributing to this fluctuation; none was found.
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FIG. 3. Implementation of an offline baseline correction using an
inverse high-pass algorithm on an example co-added ensemble of
1000 241Am γ signals. The final integrated charge over the first 3 µs
is corrected by ≈18% with respect to the original trace.

The extraction of a best-fit QF is accomplished identi-
cally to [7]: simulated energy depositions are translated to
a corresponding number of photoelectrons (PE), accounting
for Poisson smearing of PE statistics and the effect of the
assumed QF. The obtained simulated distributions are then
compared with the experimental residuals, allowing a log-
likelihood analysis to select the most adequate QF. Figure 6
illustrates this comparison, performed in PE parameter space,
for the lowest-energy NRs measured. The uncertainties in the
QF values, manifested as vertical error bars in Fig. 7, combine
the 1-σ log-likelihood error (Fig. 6, inset) and the small dis-
persion in the 241Am light yield. This 241Am energy reference
was measured repeatedly during these runs. Horizontal error
bars in Fig. 7 are akin to those in [7], i.e., derived from the
simulated spread in NR energies being probed at each angle.

The totality of our QF measurements for pure CsI at 108 K
are reported in Fig. 7. An excellent match to the modified
Birks model developed for room-temperature CsI[Na] in [7]
is noticeable. At least from the point of view of the adiabatic
factor included in that model this agreement is not surpris-
ing: the band gap on which this adiabatic factor depends is
not expected to change significantly from room temperature
to 108 K [27,28], an argument supported by observations
in other cryogenic scintillators [29]. However, this apparent
constancy of the QF for NRs over the 108–295 K temperature
range is in contrast with a reported factor of ≈ 7 increase
with decreasing temperature in the QF for α particles, over
the same range, for this material [11,12].

To confirm the observed independence of the QF on oper-
ating temperature, measurements at the 56◦ scattering angle
(13.9 keV NR energy) were repeated for four additional tem-
peratures, up to 165 K. The maximum temperature that could

FIG. 4. Scatter plot of CsI events passing the Bicron 501A IRT
cut for the 65◦ neutron scattering angle. Prompt coincidences be-
tween the backing detector and CsI crystal appear at ≈ 225 ns along
the horizontal scale in this DAQ [18]. A scintillation decay time of
≈ 600 ns at 108 K [8] results in a modest spillage of the onset of
few-PE signals to later times.

be explored was limited by the rapidly decreasing light yield.
Figure 8 shows the result of these measurements. As expected,
no statistically significant variation in the QF is visible, over a
temperature range for which the overall light yield neverthe-
less more than tripled.

III. ANCILLARY MEASUREMENTS

Small differences in the scintillation decay properties of
ERs and NRs have been exploited in past experiments. Even
when these are too subtle for event-by-event ER-NR discrim-
ination they can still be applied to a large enough ensemble
of events, statistically improving the sensitivity of a search for
rare NR events [30]. To explore this possibility, a dedicated
ER data set was collected containing Compton scatters from
a collimated beam of 133Ba γ s impinging on the CsI crystal.
Low-energy events were favored by triggering the DAQ on
coincidences with a backing detector placed at a small angle
with respect to the incoming beam [4]. 500 events were se-
lected from this data set, and the same number from available
NR data, with the criterion that both groups should have
similar distributions in the number of PE registered per event
(Fig. 9 inset, [5]). This PE range selection corresponds to a NR
energy of ≈15–25 keV. Waveforms within these two subsets
were co-added, aligning all traces at the position of the first PE
in each. The resulting artificial spike in PMT current at time-
zero was removed from the analysis [5]. The average ER and
NR traces thus obtained, shown in Fig. 9, were fitted allowing
for fast and slow scintillation decay components [8,14]. The
PMT overshoot corrections for each data subset had identical
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FIG. 5. Energy deposition by NRs from neutron scattering on CsI
at 108 K. Data points are experimental data, histograms correspond
to simulated distributions at best-fit QF. Scattering angle, backing
detector distance to the CsI crystal, simulated mean NR energy, and
best-fit QF are indicated. The decrease in event rate with increase in
angle is characteristic of forward-peaked elastic scattering.

decay components, to avoid introducing an artifact in the fits.
This direct comparison between few-keV ER and NR events
in CsI at 108 K shows only subtle differences, probably too
difficult to exploit even for statistical ER-NR discrimination.

Separately, exposures to a variety of γ -emitting radioiso-
topes were obtained in order to define the light yield
proportionality of pure CsI at 108 K. A lowest-energy data
point at 5.9 keV was acquired by placing an evaporated 55Fe
source adjacent to the CsI crystal, in contact with its PTFE
reflector. These results are displayed in Fig. 10, along with
all other available similar data for this material [9,31,32].
Attempts have been made to understand the considerable

FIG. 6. Comparison between light yield observed for ≈6.5 keV
NRs at 108 K (data points), and its best-fit simulated prediction
(histogram). The triggering efficiency, calculated as in [5,18], is also
shown, and is corrected for prior to data comparison with simula-
tions. Error bars are statistical. The vertical band in the inset is the
±1-σ uncertainty in the best-fit QF derived from a log-likelihood
analysis. Systematic uncertainties in the simulation are assumed to
be negligible in this analysis.

FIG. 7. Quenching factor for low-energy nuclear recoils in un-
doped cryogenic CsI. The recoil energies probed span the CEνNS
range of interest for CsI at a spallation source [3,17]. A dashed line
shows the modified Birks model developed in [7] for 295 K CsI[Na],
a grayed band its ±1-σ uncertainty.
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FIG. 8. CsI quenching factor measurements as a function of tem-
perature, normalized to their average, for the 56◦ scattering angle
(13.9 keV NRs). No significant dependence of QF on temperature is
observed. A hardware issue impacted the lowest temperature mea-
surement, resulting in a slightly larger error. The 241Am light yield
shown follows a trend of rapid change as in [8,14–16] (error bars are
encumbered by data points). Extrapolated to 87 K, the lowest operat-
ing temperature of modern bialkali PMTs, the observed light yield
triples that for room-temperature CsI[Na] during the first CEνNS
observation [3,4].

FIG. 9. Decomposition of the scintillation decay time of pure CsI
at 108 K into fast and slow components, for co-added ensembles of
low-energy NRs and ERs (see text). One in ten waveform points is
displayed, for clarity. For an unbiased ER-NR comparison, the PE
distributions (inset) were chosen for similarity between both data
sets. Best-fit slow (s) and fast (f) scintillation decay constants, and
the ratio of PMT current in each decay component are shown.

FIG. 10. All known light yield proportionality data for ERs
in undoped CsI at various temperatures, made relative to
662 keV [9,31,32], including the present measurement.

dispersion in these results as a function of operating temper-
ature and of CsI sample origin [31]. Our measurements using
Amcrys/Proteus stock [19] show a characteristic absence of
reduction in light yield below ≈ 30 keV ER energy, seen in
other datasets. The deviation from the assumption made in the
definition of the QF that direct proportionality exists below
59.5 keV ER energy, is modest for our data. As emphasized
in [7], this assumption is in any case immaterial as long as the
NR energy scale it defines is applied consistently to both QF
calibrations and in the interpretation of physics runs.

The light yield previously demonstrated for pure CsI at
liquid nitrogen temperature (≈ 80 K) is in the range of
80–125 scintillation photons per keV at a reference ER en-
ergy of 662 keV [8,10,12,13], displaying a dependence on
CsI stock [9,33]. The presently measured yield is 26.13 ±
0.37 photoelectrons per keV at 108 K (Fig. 8). Accounting
for the 25% quantum efficiency of R8520-506 PMTs at the
≈ 340 nm emission characteristic of cryogenic pure
CsI [8,14], and a nonproportionality of 8.5% between 59.5
keV and 662 keV (Fig. 10), gives 96.3 ± 1.4 scintillation
photons per keV at 108 K, based on our data. Following
the temperature trends observed in [8,14–16] and Fig. 8, an
additional ≈10% increase is to be expected at the minimum
87 K operating temperature of present-day cryogenic bialkali
PMTs. As emphasized in [12,13,15,17], this uncommonly
high yield is ideal for low-energy NR detection.

A final study was performed to quantify the afterglow
(phosphorescence) of cryogenic pure CsI, thus far also an
unknown quantity. These long-delayed few-PE emissions fol-
lowing a primary energy deposition can lead to a continuum
of low-energy pulses that impede the identification of NRs,
raising the effective threshold of the detector. The abatement
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FIG. 11. Afterglow in cryogenic pure CsI. The procedure to
obtain these data follows our previous CsI[Na] and CsI[Tl] measure-
ments, also shown [5]. Each data point combines 500 measurements.
This was 100 for doped material, leading to smaller present error
bars, shown one-sided for clarity.

of afterglow is of particular importance for CEνNS searches,
performed without the benefit of a significant overburden,
and therefore subject to frequent, energetic primaries from
cosmic-ray traversal. CsI[Na] was preferred over CsI[Tl] dur-
ing the first CEνNS measurement for this reason [5]: however,
the removal of residual afterglow events still resulted in signif-
icant signal acceptance losses [3,4]. Figure 11 illustrates our
results, following the same procedure as in [5] (integration of
afterglow over 1 µs periods following a ≈1.5 MeV primary).
The substantial further inhibition of this process for cryogenic

CsI is immediately noticeable to an experimenter upon simple
inspection of oscilloscope traces: this bodes well for its use in
the detection of faint scintillation signals.

IV. CONCLUSIONS

We have presented a first measurement of the quench-
ing factor for low-energy nuclear recoils in undoped CsI at
cryogenic temperature. Our results indicate that it is indis-
tinguishable from that for room-temperature CsI[Na], further
validating a physical response model developed for that scin-
tillator in [7], and the modified interpretation of the first
CEνNS measurement described in that same publication.
The combination of a sizable and by now well-understood
NR quenching factor, negligible afterglow, and light yield in
excess of 100 scintillation photons per keV defines an excep-
tionally promising material for WIMP and CEνNS detection.
Specifically, when combined with high quantum-efficiency
light sensors, cryogenic CsI can provide a sensitivity to
≈ 1 keV nuclear recoils, a new frontier for inorganic scintil-
lating materials [17]. In the context of the high neutrino flux
expected from the upcoming European Spallation Source, a
small array of cryogenic CsI scintillators can provide an un-
precedented sensitivity to physics beyond the standard model
via CEνNS studies [17].

Additional work using a 88Y /Be photoneutron source and
the QF measurement technique laid out in [34–36] is planned.
This will probe nuclear recoils below 4.6 keV in CsI. A
search for low-energy deviations from the model depicted in
Fig. 7, stemming from Migdal-like processes [37–39], should
be possible using this unique material.
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