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Measurement of Quenching Factor for Nuclear Recoils
in CsI(T1) Crystal”
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Abstract Detection of dark matter using CsI{Tl) scintillating crystal as the detector has gathered more
and more interests. In this paper. the quenching factor of nuclear recoils induced by incident neutron
beam was measured hased on Pulse Shape Discrimination ( PSD) method to identify events of nuclear
recoils from background. It is shown that the quenching factor increases with the decreased recoil energy
in the range of 7 keV to 132 keV. This result shows the great advantage of CsI(T1) erystal detector in de-

tecting of dark matter.
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1 Introduction

There are more and more interests for physicists to study the nature of dark matter?’ . One of
candidates of dark matter, weekly interacting massive particle (WIMP), has atiracted many physi-
cists to focus on its detection. Many experiments have obtained exciting results for the detection of
dark matter'™* . In some experiments recoiled nuclei induced by incident neutron beam in a suitable
detector were used to simulate the nuclei recoil of detector scattering off by WIMP particles and
Pulse Shape Discrimination ( PSD) method has been used to discriminate signals induced by nuclear
recoils and gammas or electrons®® . In this paper, we use the PSD method to analyse pulses of
recoiled nuclei induced by 8 MeV neutron beam to derive the quenching factor of nuclear recoils in
the energy range from 7 keV to 132 keV. The quenching mechanism is due to the less light yield of
heavier nucleus comparing to that of electron with same energy . Here the quenching factor is defined

as follows:
E;
QF = E, (1

where E is the electron-equivalent recoil energy of recoiled nucleus and Ej is theoretical recoil en-

ergy calculated from the energy of incident neutron and scattering angle of neutron.

2 Experimental Setup

The reaction D(d,n)’ He was used to obtain 8 MeV pulsed neutron beam. The pulsed deuteron
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beam with an energy of 5.6 MeV was supplied by HI-13 Tandem accelerator at China Institute of
Atomic Energy (CIAE), interacted with the deuterium gas target. A small CsI(T1) crystal detector
(3em in diameter, 3cm long) was hit by the collimated neutron beam. The block diagram of experi-
mental setup is shown as Fig.1. The arrangement of the CsI(Tl) crystal, neutron detector and the
neutron collimator has been described in the Ref.[7].
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Fig.1. Block diagram of the experimental setup.

‘The incident neutrons were scattered off by cesium, iodine nuclei of the detector and proton,
carbon nuclei which came from the black plastic tape and Teflon of the wrapping laver of CsI(TI)
crystal. The scattered neutron was detected by liquid scintillator ( Co-261, ST-451) detectors,
105mm in diameter and 50mm in length, equipped with Photo-multiplier Tube (PMT, Philips XP-
2041) readout and gave a Irigger signal to the homemade Main Amplifier (MAMP) . At the same
time, the fluorescence of recoiled nuclei in CsI(Tl) crystal was collected by PMT (CRI110,
Hamamatsu Photonics, China) and the output current signal was passed to MAMP. The signal com-
ing from the neutron detector was also used as the start signal of a Time-Of-Flight ( TOF) system.
The stop signal of TOF system came from the delayed pulsed deuteron beam. This TOF signal was
also passed to MAMP and recorded for further neutron tagging. All of these signals passed to MAMP
were digitized by home-made Flash Analog-to-Digital Convertor ( FADC) and recorded by a data ac-
quisition system. The details of the electronics can be found in the Ref.[8].

The energies of recoiled nuclei can be decided by the scattering angles 6, which were changed
from 20° to 95°, and the recoil energy changed from 7 keV to 132 keV. The pulse shape recorded
by FADC system has a pre-trigger and post-trigger period of 5 ps and 258, respectively. For more
details, one can see the Refs.[7,8].

3 Data Process and Results

The energy of recoiled nucleus being scattered by incident neutron was determined by the nu-
clear mass of detector and scattering angle @, and can be calculated out by a kinematical formula:
o 24 (1 0V E (7

J’l = (1 x .4)?\ — CosU ) IL &)

where A is the mass of nucleus and E, is the energy of incident neutron. The TOF of scattering neu-
tron will be different at a special angle for the different nucleus and would be used to identify events
induced by recoiled nuclei of cesium or iodine from that by proton, which is much lighter. The TOF
spectrum at an angle 95° is displayed in Fig.2(a). On the platform of random coincidence, two

peaks have been found and can be attributed to the neutron elaslic scattering ofl by proton and some
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heavier nuclei such as cesium, iodine and carbon, respectively. Because of the large scattering an-
gle and relative light mass, proton-induced events were much less than that of heavier nuclei. For
each signal of CsI(T1) crystal, several parameters were used to discribe the pulse shape. The first
was Abin, which is defined as the time bin where the amplitude of signal reached its maximum val-
ue. The other two were R and (¢} which were defined as follows:

>i(4e)
(1) = “—
24

and

& (4)

i=1

where A, is the FADC amplitude at a time bin ¢, . All of these parameters at 95° have also been dis-
played in Figs.2(b),(c) and (d). One can see the different parts for recoil signal and background
in these three plots, respectively.
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Fig.2. The distribution of TOF, {t),R and Abin for recoils and backgrounds at 95°

The scattered plots for () versus TOF as well as (¢) versus R for the data set at 95° are
shown in Figs.3(a) and (b), respectively. There are clear separations between the Cs or I nuclear
recoil events, represented by the box region, and the accidental background events caused by the
recoils of the wrapping materials (protons as well as other heavy nuclei such as carbon) and from
environments. In Fig.3(a), all the events relative at scattering angle 95° are shown. We first use
the parameter TOF to make the event selection and require it is greater than 38.5 ns and less than
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42 ns. All the event after this criterion of selection are shown in Fig. 3(b). We used the cut box

displayed in the Fig. 3(b) as a selection criterion to get the events of recoil after cutting for parame-
ter Abin which is great than 500 ns and less than 1500 ns (see Fig.2(d)).
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Fig.3. Scattered plots for the {1; parameter versus the TOF values and R parameters for the nuclear recoil

events at 95°. The box region represents the Csl nuclear recoil events, indicatinn clear separations from the

The

accidental backgrounds.

total charge ( Q) spectra of CsI(Tl) crystal before and after events selection are shown in

Figs. 4(a) and (b). One can see that most of the accidental background has been rejected. The
same method of event selection in (¢) versus R space as defined in Fig.3(b) after TOF and Abin
cuts are subsequently applied to the other data set at lower recoil energies to select nuclear recoil

events. The results of mean light yield in FADC unit at different angles have been summaried in

Table 1. The energy response of the experimental setup has been measured by using ¥ sources such
Table 1. Measured results of the neutron elastic scatterings from CsI(Tl) detector.

Angle/( ° ) 20 30 40 50 60 65 80 95
Neutron Detector 7 S
Distance/cm 228 133 100 89 60 63 70 68
Recoil Energy/keV 7.3 16.2 2.4 4.3 60.6 70.0 00 132
Mcan Light Oupmt  243.0+  358.3:  467.1:  668.0x  924.6% 1038+  ldll+ 1869+
(FADC Unit) 60 .8 71.7 93.4 100 92.5 104 141 187
Electron-Equivalent 1.78 ¢ 2.60 £ 3.37+ 4. 802 6.62t 7.43¢ 10.1+ 13.3+
Light Yield/keV 0.45 0.52 0.67 0.72 0.66 0.74 1.0 1.3

Quenching Factor

0.24 + 0.16 + 0.12+ 0.11¢ 0.112 0.112 0.10+ 0.10 ¢
0.060 0.032 0.024 0.017 0.011 0.010 0.010 0.010
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Fig.4. The energy spectra at angle 95° before cuts (top) and after cuts { down) .
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as 'Cd and "Ba® . The electron-equivalent energies of recoiled nuclei were also shown in this
table. The measured quenching factors are shown in Fig.5.
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Fig.5. The quenching factors measured in this work  Fig.6. The pulse shapes of nuclear recoils at different
(solid circle) . Open squares are from Ref. “10], and angles and y-ray at 22.1 keV. All the pulses have been
open triangles are from Ref. [11]. normalized by their total charges.

The uncertainties of light yield and quenching factor at different angles have also been shown in
Table 1. This uncertainty mainly cames from three parts. The first is from statistical error and is
usually less than 3 % . The second part is from the correction of light yield. The integration time for
current signal to get the total charge was chosen as 50 FADC time bins for all the scattering angle of
neutron. One can see from Fig.6 that 50 FADC time bins of integration make partly loss of the total
charge of the recoil event. We change the integration time for events of angle 95° from 50 to 120
FADC time bins and get a correction factor 1.15 for the total charge. The error of this correction
factor is about 5 % for all angles. Another uncertainty comes from the selection of the border of cut
box as shown in Fig.3. This is the main contribution of the error and increases with the recoil ener-
gy decreasing. The error bars have also been plotted in the Fig.5. There is a clear increase of
quenching factor when the recoil energy decreases. This trend has also been found by several
experiments """ .

Several pulses for different angles and 22.1 keV Y-ray have been depicled in Fig.6. All the
pulses have been normalized by their total charges. The pulse difference between recoil nuclei and
Y-ray has been shown and there are almost same pulse shapes for the recoiled nuclei in different en-
ergies. It can be seen that pulses of heavier nuclei have relatively smaller decay time than that of
Ts.

4 Summary
In this paper, a measurement of the quenching factor of cesium and iodine nuclei in a CsI(T])

crystal is presented. This measurement is based on Pulse Shape Discrimination (PSD) method. The

cut conditions in this experiment are effective enough to reject background from events of recoil when
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energy is great than 4 keV and become less effective when energy is low. A trend of increasing
quenching factor with decreasing recoil energy has been obtained in the energy range from 7 keV to
132 keV.
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