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Abstract

The potential merits of CsI(Tl) scintillating crystals for Dark Matter experiments make it a subject of recent interest. The
scattering signatures by neutrons on a CsI(Tl) detector were studied using a neutron beam generated by a 13 MV Tandem
accelerator. The energy spectra of nuclear recoils from 7 keV to 132 keV were measured, and their quenching factors for
scintillating light yield were derived. The data represents the first confirmation of the Optical Model predictions on neutron
elastic scatterings with a direct measurement on the nuclear recoils of heavy nuclei. 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The detection of Dark Matter and the studies of
their properties [1] are of fundamental importance in
particle physics and cosmology. The Weakly Inter-
acting Massive Particles (WIMPs) are good candi-
dates for “Cold” Dark Matter, and their experimen-
tal searches have gathered a lot of interests in recent
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years. The most promising avenue is to detect the
nuclear recoil signatures due to elastic scatterings of
WIMPs on the target isotopes. The typical energy de-
positions are only of the order of 10 keV, imposing big
experimental challenges in terms of the detection of
weak signals as well as background control at low en-
ergy close to detection threshold. A wide spectrum of
experimental techniques is being pursued [2].

The DAMA experiment observed an annual mod-
ulation of nuclear recoil events [3] with Nal(Tl) scin-
tillating crystal detectors, which can be interpreted as
positive evidence of WIMPs due to the difference of
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the relative velocities of the Earth from the Halo sea
within the year. However, results from the CDMS ex-
periment [4] based on cryogenic technique were inter-
preted as in contradiction to the DAMA results when
a particular model framework was considered.

There are potential merits of using CsI(Tl) scintil-
lating crystals [5] for WIMP search and other low-
energy low-background experiments [6,7]. An exper-
iment towards 200 kg of CsI(Tl) crystal scintillators
to study low energy neutrino interactions at the Kuo–
Sheng power reactor is being pursued [7], while the
adaptation of the crystal for Dark Matter searches are
the focus of several on-going projects [8,9] and an ap-
proved experiment [10].

One of the key issues to realize a Dark Matter
search experiment with CsI(Tl) crystal scintillator is
the studies of the experimental signatures of nuclear
recoils due to WIMP-nuclei elastic scatterings. Nu-
clear recoils produce large charge density (dE/dx).
The scintillating light output is expected to be reduced
(“quenched”) while the timing profile of the pulse is
different relative to the same energy deposition by
minimum ionizing particles [11].

These experimental observables are the same as
those due to nuclear recoil events produced by elas-
tic scattering of neutrons on nuclei. The quench-
ing factors measurement is reported in this Letter.
They extend and improve on the work from the other
recent measurements on CsI(Tl) [8,9], as well as
on other scintillating crystals such as NaI(Tl) and
CaF2(Eu) [12].

2. Experimental setup and procedures

The experiment was performed at HI-13 Tandem
accelerator at the China Institute of Atomic En-
ergy (CIAE) in Beijing. A pulsed deuteron beam at
5.6 MeV interacted with a deuterium gas target in a
cell (1 cm in diameter and 3 cm in length) at a pres-
sure of 6 bar. Neutrons at 8.0 MeV kinetic energy with
an RMS spread of 0.2 MeV were produced at zero
degree. The CsI(Tl) sample was located 2.02 meters
away from the deuterium target. Neutrons at zero de-
gree were selected by a 32 mm by 35 mm collimator
of length 1.2 m. The collimator were surrounded by
shielding materials like iron, paraffin, lead and poly-
ethylene to reduce background. During this data tak-

ing, the repetition rate of the pulsed beam was set at
4 MHz with 1 ns width and the average beam current
was at 1 µA.

The scattering target, which also functioned as
a detector, was a CsI(Tl) crystal scintillator1 with
diameter 3 cm and length 3 cm wrapped with Teflon
sheets, aluminum foil and black plastic tape. To
minimize supporting structures, the detector was hung
at the correct position by a piece of string. The readout
was achieved by a 29 mm diameter photo-multiplier
tube (PMT).2 The PMT signals passed through an
amplifier and shaper and were digitized by a 20 MHz,
8-bit, Flash Analog-to-Digital Converter (FADC) [13].
The electron-equivalence response of the CsI(Tl) +
PMT detector was studied with standard109Cd and
133Ba γ -sources. In addition, measurements of the
PMT signals with an LED pulsed at single photo-
electron intensity provided the calibration of 4 photo-
electrons per keV of electron-equivalence energy.

Neutron tag was provided by liquid scintillator3

detectors 105 mm in diameter and 50 mm in length
equipped with PMT4 readout and placed at various
distance (r) and scattering angle (θ ) from the target.
The liquid scintillator provides pulse shape discrimi-
nation (PSD) capabilities forn−γ separation by com-
mercial electronics.5 The neutron tag signal was used
to define the “START” timing for the time of flight
(TOF) system. The pulsed deuteron “pick-off” signal
provided by the accelerator was delayed and used as
“STOP” for the TOF. The timing was arranged such
that the STOP signal would always arrive before the
next neutron pulse, so as to eliminate confused and ac-
cidental triggers. The(r, θ) configurations were cho-
sen to optimize the TOF resolution to differentiate
neutron elastic scatterings off protons from those of
heavier nuclei in the wrapping materials and the CsI
target.

The FADC recorded data continuously in a circular
buffer of 4 k size. A START-STOP sequence from
the TOF system initiated a trigger which stopped
the FADC digitization after 25 µs. The pulse shape

1 Producer: Unique Crystal, Beijing.
2 CR110, Hamamatsu Photonics, China.
3 Co-261, ST-451.
4 Philips XP-2041.
5 CANBERRA 2160A.
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Fig. 1. The TOF spectra at 50◦ scattering angle, for configurations
with wrapping material only (dashed histogram) and with CsI(Tl)
target (solid histogram).

from the CsI(Tl) crystal was recorded for a pre-
trigger and post-trigger periods of 5 µs and 25 µs,
respectively. The typical data taking rate with such
trigger conditions was 4 Hz.

Data taking at each scattering angle was comple-
mented by a measurement of the TOF background
spectrum with empty target which was made of the
CsI(Tl) wrapping materials only. Displayed in Fig. 1
is the TOF spectra at 50◦ with empty and complete
target. Faster neutrons have earlier START pulses re-
sulting in larger TOF values. The “slower” (Pp at 36
ns) and “faster” (PN at 48 ns) peaks are due to neutron
elastic scattering off protons and the heavier nuclei
such as C, Al, F, Cs and I, respectively. The relative
intensities between the two peaks and among the two
target configurations are consistent with the expecta-
tions derived from the ratios of target compositions
and their respective neutron scattering cross sections.
The flat background is due to random coincidence. It
can be seen that with the CsI(Tl) target in place,PN
for neutron scattering off heavier nuclei becomes en-
hanced. The normalized difference between the two
TOF spectra are the recoil events from Cs and I.

The reconstructed energy of the CsI(Tl) target is
defined as the pedestal-subtracted integrated area of
the FADC pulse, where the pedestal measurements are
derived from the time period before the accurately-
known “time-zero”(t0) of the CsI(Tl) events during
the same data taking. This pedestal-subtraction would
effectively eliminate the bias from pile-up effects due

Fig. 2. The CsI(Tl) recoil energy spectra at 50◦ scattering angle for
(a) events atPN (solid histogram) andPp (dashed histogram), and
(b) the subtracted excess fitted to a Gaussian.

to accidental low energyγ ’s along the beam line.
A restricted integration time window of 2.5 µs starting
from t0 is adopted for further optimizing the energy
resolution.

Events are categorized into two groups by the cen-
tral value between the two TOF peaks and their corre-
sponding nuclear recoil energy spectra are compared.
Using the data set at 50◦ as illustrations, the energy
spectra are displayed in Fig. 2a for events under the
PN (solid histogram) andPp (dashed histogram) peaks
where the null events consistent with the pedestal
background are rejected. ThePp events are triggered
by proton recoils from the wrapping materials while
having finite signals at the CsI(Tl) target due to acci-
dentalγ ’s. The spectrum shows a distinct peak with
long tail on the high-energy side.

This spectrum, scaled by a normalization factorf ,
should also contribute to the background in thePN
spectrum which originated from neutrons scattering
off the heavier nuclei in the wrapping materials. The
normalization factorf is the ratio of thePp to PN
peaks in the empty target configuration in Fig. 1. The
detector response for CsI(Tl) nuclear recoil events can
then be derived by subtractingf times the dashed
histogram from the solid one in Fig. 2a. Displayed in
Fig. 2b is the resulting spectrum with a Gaussian fit.

3. Measurement results

The CsI recoil spectra obtained by the analysis
scheme discussed in Section 2 were evaluated from the
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Table 1
Measured results on electron-equivalence light yield (E.E.) and
quenching factor Q.F. of the neutron elastic scatterings from the
CsI(Tl) target, for different neutron scattering angle(θ) target-
detector distance(r) and nuclear recoil energy(T ). Errors shown
are combined systematic and statistical uncertainties

θ (◦) r (cm) T (keV) E.E. (keV) Q.F. (%)

20 228 7.3 1.25± 0.20 17.1± 2.7
30 133 16.2 2.26± 0.27 14.0± 1.7
40 100 28.4 3.57± 0.57 12.6± 2.0
50 89 43.3 4.86± 0.49 11.2± 1.1
60 60 60.6 6.53± 0.65 10.8± 1.1
65 63 70.0 7.18± 0.72 10.3± 1.0
80 70 100 10.2± 1.0 10.2± 1.0
95 68 132 13.4± 1.3 10.1± 1.0

measurements of eight different scattering angles. The
background levels away from the signal peaks after
subtraction are always consistent with zero, showing
the validity of this procedure. The mean light output
and the number of observed events were derived from
the centroid and area of Gaussian fits to the recoil
spectra, respectively. The results are summarized in
Table 1.

The nuclear recoil energy(T ) is related to the
neutron scattering angle(θ) by a simple kinematical
formula:

(1)T = 2A

(1+ A)2 (1− cosθ)En,

whereA is the target atomic mass andEn is the inci-
dent neutron energy. The neutron scattering angle can
be considered to be the same in this case in both the
laboratory and center-of-mass systems. Comparisons
of the nuclear recoil spectra with those due to cali-
bration sources allow the evaluation of the quenching
factors, defined as the mean light yield from nuclear
recoils versus that fromγ sources.

As mentioned, a restricted integration time of
2.5 µs was adopted for the energy definition of the
CsI(Tl) events, as compared to a typical complete
light collection time of 12.5 µs. A correction factor
of 1.15 is applied to the nuclear recoils light yield to
account for this partial summation. This factor was
derived by averaging and comparing a large number
of events due to nuclear recoils and109Cd γ -source.
The estimated uncertainty is 10%, based on studies
with different integration time window from 1.5 µs
to 12.5 µs. The pile-up effects are accounted for

by pedestal-subtraction, and the residual errors are
less than 0.02 keV for all data points. The TOF
triggers are independent of the CsI(Tl) light output,
and therefore ensure that all events are detected. The
data point at 20◦ corresponds to a light yield of
1.25 keV electron-equivalence or 5 photo-electrons,
such that a detection efficiency of better than 99% is
achieved.

The uncertainty of the mean nuclear recoil energy
due to finite detector size is at most 2% for different
scattering angles. This is checked by calculating this
mean energy with proper weights of angular distrib-
utions, detector acceptance and the spread in neutron
energy. A shift of detector at 1 mm scale has negli-
gible effect on the central value of nuclear recoil en-
ergy. This uncertainty is small compared to that of the
electron-equivalence light yield measurements shown
in Table 1. The beam current was stable at the 1%
level, as indicated by the stable data acquisition rates
and measurements from beam monitor counters. The
statistical and systematic uncertainties are then com-
bined in quadrature to give the total uncertainties for
each data point. The results were cross-checked with
an alternative pulse shape analysis algorithms [14]. In-
stead of statistical subtraction, nuclear recoil events
were selected based on their different pulse shapes
compared toγ -background. The systematics of both
procedures are different and the consistency levels
among them provide an estimate of additional system-
atic uncertainties which amounts to 16% at the lowest
energy point at 20◦.

The measured quenching factors are depicted in
Fig. 3a, while the variation of electron-equivalence
light yield (the “visible” energy) versus recoil energies
are shown in Fig. 3b. Previous measurements [8,9] are
overlaid for comparison. There is a clear trend of less
quenching towards low energy points. This measure-
ment achieved a lower threshold and with improved
uncertainties. The quenching factors are of the sim-
ilar range to those for NaI(Tl), which are typically
25% for Na and 8% for I from Ref. [15]. A linear fit
with a finite intercept is in excellent agreement with
our data set between the electron-equivalence light
yield and the nuclear recoil energy. Data from Ref. [8]
shows more quenching and deviates from the linear
regime at high energy. This linearity in the CsI(Tl) re-
sponse is different from the highly non-linear char-
acteristics due to threshold effects observed in liq-



M.Z. Wang et al. / Physics Letters B 536 (2002) 203–208 207

(a) (b)

Fig. 3. (a) The quenching factors and (b) electron-equivalence light yield versus recoil energy measured in this work (black circles), as well as
in Ref. [8] (open triangles) and Ref. [9] (open squares).

uid scintillator [16] at the same range of recoil en-
ergy.

To derive the differential cross sections from the
observed number of events, the data taking time, the
acceptance (proportional tor−2) and the efficiency
correction factors have to be evaluated. The efficiency
factors are due to the TOF selection criteria and
background subtraction scheme. It is close to 100%
for the well-separated TOF peaks, but is only 42% at
20◦ where there are overlap between the TOF peaks.
The contributions from inelastic scattering leading to
the low excited levels for133Cs and127I are expected
to be less than 0.1% relative to the elastic processes.

After all the correction factors are taken into
account, the measured angular distribution for neutron
elastic scatterings off Cs and I is displayed in Fig. 4.
The uncertainties are dominated by statistical errors
from the subtraction procedures. The shape of the
solid curve is due to the evaluated neutron elastic
scattering cross sections on133Cs and 127I from
the ENDF/B-VI library [17] which originates from
the Optical Model calculation. There is excellent
agreement between the recoil angular distribution
from this measurement and the predictions from the
Optical Model. In particular, this is a kinematical
regime where the size of the nuclei is comparable

Fig. 4. The measured nuclear recoil differential cross sections in
CsI(Tl), superimposed with the Optical Model prediction.

to the wavelength of the incident neutrons, and the
diffraction pattern is well-reproduced by the data. The
differential cross-section measurements demonstrate
the validity of the analysis procedures at all angles,
and provides an additional consistency check on the
light yield results in Fig. 3.
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4. Discussion and summary

In this Letter, we present a new measurement on
the quenching factors of Cs and I in a CsI(Tl) crystal
scintillator. Lower threshold and improved accuracies
are achieved compared to previous measurements.
The measured differential cross-section of neutron
scattering from I and Cs is in excellent agreement
with Optical Model derivations, and represents the first
confirmation of the Optical Model on neutron elastic
scattering cross-sections with a direct measurement of
nuclear recoils from heavy nuclei. That is, the neutrons
do elastically scatter off from the nuclei but not via
some anomalous processes. The recoil differential
cross sections and the quenching factors are relevant
to the studies of radiation damage in materials.

By optimizing the detector geometry and using
green-extended photo-cathode, a detector with several
kg modular mass and a light yield of a few photo-
electron per keV can be realized [10]. The background
considerations for CsI(Tl) detectors in terms of am-
bient radioactivity and intrinsic radio-purity are dis-
cussed in Refs. [6,7,18]. Levels of better than the
10−12 g/g level in concentration for the238U and
232Th series have been demonstrated, assuming sec-
ular equilibrium. The potential problem of the internal
137Cs contaminations can be overcome via selection
of clean ore materials and careful chemical processing
and purification treatment [10]. Given that the PSD ca-
pabilities for CsI(Tl) are better than those of NaI(Tl)
and that there is matured experience of scaling up the
CsI(Tl) detector to multi-ton systems, there are poten-
tials of further improvements in the current sensitivi-
ties, and in the case of positive results, performing an
accurate measurement of the annual modulation.
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