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Abstract

The KIMS collaboration published a recent measurement of the WIMP-nucleon
scattering with 27287.9 kg-days data. For further increases in the detector sen-
sitivity, we study possible channeling effects in the crystal detector which are
relevant to the various ions’ ranges according to initial propagation directions
in the crystal, and result in the modulation of light yields in the detector.
From the simulation, we find that ~ 3% of all recoil ions in isotropic motions
have ranges and light yields larger than those in amorphous Csl crystals. We
measure this effect with a setup, that is composed of a neutron generator,
six neutron detectors, and a well characterized CsI(T1) detector. By com-
paring the light yields of recoil ions moving along a symmetry axis, [110],
with that from recoils moving along a random direction, we find a clue for
the blocking effect which are expected to result in less light yields. Though
this measurement can not determine the pulse shapes of the channeling events
due to the small statistics, with a hypothesis that these events are similar to
random nuclear recoil events, we reanalyze the KIMS data and conclude that
the channeling effect has the effect of increasing detection sensitivity by 50 ~
0 % for nuclear recoils from WIMPs with masses of 20 ~ 50GeV /c.

Keywords: Channeling effect, CsI(T1) , Dark Matter, KIMS, Pulse shape

discrimination, Scintillation, Quenching, WIMPs
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1 Introduction

1.1 Dark Matter

1.1.1 What is Dark Matter(DM) and WIMPs?

The existence of Dark Matter (DM) was first predicted by F. Zwicky in
1933 [7]. He measured the average velocity of the Coma cluster and those
of its eight member nebulae by their redshifts and found that the velocity dis-
persions are larger than that which can be estimated by the mass and distance
from the luminosity of the cluster. According to the Virial theorem, there had
to be 400 times more mass in the cluster to explain the velocity dispersion. So
he postulated the presence of dark matter which is not seen has gravitational
effects on the motion of the luminous matter. A few years later, in 1937,
V. C. Rubin et al. measured the rotational velocity distribution in a spiral
galaxy, M31 or the Andromeda Galaxy, with the precise measurements of Hyy
regions at sixty-seven different positions from 3 to 24 kpc from its core [§].
They assumed a disk model based on their measurement that the maximum
of mass density is inside the disk except the core, and above that it is slowly
decreasing as shown Fig. In 1990, K. G. Begeman et al. [9] tested two
kinds of models to explain the measured rotation curves of ten galaxies, one is
a three parameter dark halo model composed of a gas, a luminous matter and
a dark halo and the other is the modified Newtonian dynamics(MOND) of one
parameter M /L, the ratio of mass and luminosity, with a fluctuating distance
within the observation error. Both of the models explain the measurement
well as shown Fig. (1.2 However, M. J. Jee et al. [10] found that when they
reconstruct the mass structure from strong and weak lensing effects on the

galaxy in Fig. [1.3] inside the Cl 0024 + 17, there is a substructure of mass
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which is inferred to be dark matter. And they describe that the morphology
of that structure cannot be traced to the intracluster medium, thereby the
MOND, but by the collision of two massive core composed of two clusters
with noninteracting particles along the line of sight and then, by the radially
expansion and deceleration of particles. Recently, there is another work to
reconstruct the mass structure by weak lensing for two merging clusters, the
so-called bullet clusters, for which direction is perpendicular to the line of
sight [I1], When they overlap the X-ray images around them, the centroids of
mass are not on the hot region, but behind them. This is also evidence for
dark matter.

Among the candidates for dark matter, Weakly Interacting Massive Par-
ticles(WIMPs) are the best motivated one. According to the supersymmetry
extension of the standard model, WIMP is the lightest supersymmetry parti-
cle called the neutralino [I2][13]. Since it is massive due to the superposition
of supersymmetry partners of the photon, Z° and higgs, named photino, Zino,
and higgsino, thereby nonrelativistic, and its annihilation cross-section is on
the weak scale, it explains the relic density of dark matter, which is estimated
to be 0.22 when the total density of Universe is 1 by WMAP [14]. In the
next section, we will discuss how to detect WIMPs and current experiments

attempting to do it.

1.1.2 Direct detection of WIMPs

A WIMP can be detected if it interacts with ordinary nuclei in the detector
material and the material emits the absorbed energy by ionization, scintillation
or phonon. The differential event rate of the WIMP-nucleus scattering for a

target mass and a recoil energy is represented as [15]:

dR Ry ko 1 Ymaz ] 3
= — - d 1.1
dER E()T k 271'11(2)/ Uf(v7vE) v ( )

Umin
where ER is a recoil energy which is transferred from WIMP to a nucleus; Ejy
is the WIMP average kinetic energy, %M Dv%; Mp is a WIMP mass; vg is the

WIMP average velocity; vmaz and vy, represents each the velocity of escaping
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Figure 1.1: The rotational velocity measurement in M31 and the estimation

of its mass distribution(c on the right figure) [g].
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Figure 1.2: The rotation velocity curve of NGC2841 and two fitting models of
the dark halo and the MOND [9]. The solid curves are the fitting function.
For (a), the dashed lines are the visible components, the dotted line is the gas
component and the dotted-dashed line is the dark halo. For (b), the dotted
line is the one parameter M/L fit.

WIMP, vse, and Earth, vg; f(v,vg) is the velocity distribution function of
WIMP, ea:p*(“*”E)Q/vg; k is the integral of f(v,vg) for d*v and kg is k for the

case that vy,.; = 00; and Ry is represented in the unit of tru or kg~ 'day~"' as
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Figure 1.3: Cl 0024 + 17 cluster (left) and Its mass reconstruction (right).
In the left figure, A1 ~ A5 are the images which are originated from one
source and created by the strong(multiple images) and weak(elliptical shape)
lensings. B1-2 and C1-2 are also same images. In the right figure, the white

dashed line represents the dark matter substructure [10].

follows :

() (e (o
AMp 1 pb’1 0.4 GeVec2em=37"230kms—1

where A is the target atomic mass in AMU; My is the mass of a target nucleus;

) kg~ta, (1.2)

oo is the WIMP-nucleus cross-section at zero momentum transfer; pp is the

WIMP average density. From the integral of Eq. we get

dR(vE, Vesc) ko dR(vg,00) Ry —v2, 2 1y 1 -1
—_— = — — Vese/0] keV ™'k d 1.
dEg  dEp Eor P [ heV=kgd ™, (13)

where k; is k for the case that |v 4+ vg| = vese and for practical purposes, the

first term in the right side is approximated as:

dR(vg,00) Ry o F

— 2 = el —exp PR/ Bor 1.4

dEp BT ’ (1.4)
where ¢ and ¢o are fit parameters, usually 0.751 and 0.561 respectively. From

Eq. we can estimate the recoil energy spectrum for WIMPs of a given mass

4 2 A 2-T) 8

)

I

n
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with considering only elastic scattering at the zero momentum transfer in unit
of dru or keV~'kg='d~!, however, in order to obtain the realistic one, we add
a factor of a square of the form factor, F2(qr,), where ¢ is the transferred
momentum to a nucleus and 7, is the effective nuclear radius. The detail ex-
pression can be found in [I5]. By applying the quenching factor, which will be
explained in section and the energy resolution of the detector, we can
reproduce the expected measured energy spectrum for WIMP-nucleus scatter-
ing. By converting o( to Eq. and comparing the expected events with data
in the unit of dru for an energy bin, we get the WIMP-proton cross-section
for one species in the material. In this case, the spin independent elastic
scattering, the cross-section for a proton and a neutron are same. And then
through the summation as Eq. for all species, we get the WIMP-proton
cross-section, op, in the detector.

gy =

1 2
—5 A%y fn, (1.5)
Hp
where p,, and p, is each the reduced mass for a nucleus and a proton about
a WIMP mass, 0 J\%) Df;';n) and 0 J\]/}i D _::gp), and f, is the mass fraction of one
species nucleus in the material.

1 1
i — 1.6
Op ; Opn (16)

There are many WIMP search groups as Table They are located in
deep underground laboratories to avoid the cosmic ray background and set
enough shielding materials to surround their detectors to reduce the external
backgrounds from rocks and the air. After appropriate event selection cuts,
they obtain the number of events that can be originated from WIMP-nucleus
scattering. As shown in Table the current results are not consistent. It
is explained that since they are using different materials and experimental
setups for the WIMP search, the mass and state of WIMPs which they are
intend to search are different. Figure shows the current results of the

regions that some experiments exclude for the WIMP-nucleon cross-section
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of the spin independent scattering and that some experiments found for the
WIMP signatures(closed circles). DAMA /LIBRA and CoGeNT argue that
their observed events are modulating with the period of one year, and these
are originated from the flux modulation of WIMPs due to the Earth revolution
around the Sun. In the dark halo model, the WIMPs distribute around the
cluster with being stationary, however, since our galaxy moves around the
centroid of the cluster, the Sun around our galaxy and the Earth around the
Sun, WIMPs move to the Earth relatively. Some researchers expect the diurnal
modulation of WIMPs due to the Earth rotation [16][17]. XENON100, CDMS
IT and EDELWEISS II observed several events in the nuclear recoil region, but
due to the nonnegligible backgrounds, they cannot confirm that they observed
WIMPs signatures or not. Due to enough signal events, CRESST II also can

test the annual modulation.

mm CRESST 1o

1 CRESST 2o

—— - CRESST 2008

—— CRESST 2002 (all nuc.)|-H

- —- EDELWEISS-I

— CDMS ||

C— - COMS || (low thr.)

— — XENON100

———- XENON10 (low thr.)
DAMA

A
— /( e

—
[=]

DAMA chan.
R CoGeNT

'
&

WIMP-nucleon cross section [pb]
=

=
[
1
1}
|

100 1000
WIMP mass [GeV]

Figure 1.4: The WIMP search results concentrating on the experiment to
argue that they observed the evidence of WIMPs [23].
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Table 1.1: Direct detection experiments for WIMP*

Exp. Target Detection The latest results E?

window
XENON100 two phase Xe Ionization 3¢ 8.4
[18] 62 kg + scintillation in signal region ~44.6 keVnr
CDMS II Ge 230g*19 Tonization 24 10
[19] Si 105g*11 + Phonon in signal region ~ ~ 100 keVnr
DAMA /LIBRA® Na, I Scintillation 0.0116 £+ 0.0013 2
[20] 9.7kg * 25 annual modulation  ~ 6 keVee
CoGeNT Ge Ionization 16.6 £ 3.8 % 0.5
[21] 440 g annual modulation  ~ 3 keVee
EDELWEISS 11 Ge Tonizatoin 57 20
[22] 400 g *10 + Phonon in signal region ~ ~ 200 keVnr
CRESST 11 Ca, W, O Scintillation 67 12
[23] 300 g *8 + Phonon w/ some BGY ~ 40 keVnr

@ KIMS will be introduced in the next section.

b B pindow means the energy window for WIMP search.

¢ The expected background(BG) rate is 1.8 + 0.6, so the probability for 3 to
be WIMP events is 28 %.

4 The expected background rate is 0.9 & 0.2, so the probability for BG to
access two events is 23 %.

¢ For the accumulated events with DAMA /Nal.

f with three events of background.

9 Background sources are e/~ leakage and events from alpha, neutron and

recoiling nuclei from alpha decay. But they are not enough for 67 events.

1.2 KIMS experiment

The Korea Invisible Mass Search(KIMS) collaboration is searching for evi-
dence of WIMPs at Yang Yang Laboratory(Y2L) in Kangwon province in

South Korea. It is located in a deep underground cavern that was donated
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by the YangYang Pumped Storage Power Plant of Korea Midland Power Co.
in order to attenuate cosmic ray, especially muon, backgrounds. The muon
flux in Y2L is 2.7 x 1077 /cm?/s, which is measured by the liquid scintilla-
tor detector that surrounds the shielding box of the CsI(Tl) detector. The
KIMS collaboration is composed of five universities in Korea: Seoul National
Univ., Kyungpook National Univ., Sejong Univ., Ewha womans Univ. and
Yonsei Univ, plus two groups in China: Tsinghua Univ. and the Institute
of High Energy Physics(IHEP). The experiment was started in late 1997 [12]
with the carrying out of a feasibility test for the energy threshold and the
pulse shape discrimination(PSD) of a CsI(T1) crystal as a WIMPs detector.
Results were reported at the 1998 International Conference on High Energy
Physics(ICHEP98) [24][25]. Since 2000, we had been selected as a creative
research center from the Creative Research Promotion Project implemented
jointly by the Ministry of Education, Science and Technology (MEST) and
the National Research Foundation of Korea (NRF). We performed the first
complete WIMP search over the next six years [12], with results published in
the journal of Physics Letter B in 2006 [26]. During the time, the KIMS team
concentrated on the identification of the internal background sources[27][2§],
the purification of the powder of CsI to reduce **Cs and '37Cs contamina-
tion [29][30] and the recrystallization [28],ultimately achieving a count rate of
~5.5 /keV/kg/day in CsI(Tl) crystals which is acceptable for a rare event
detector. A stringent limit on the cross-section between WIMPs and nuclei,
that rejects a possible region of WIMP parameter that was favored by another
group, DAMA [31], was published in Physical Review Letter, in 2007 [32] based
on results from four low-background crystals. Since 2008, using funds from
the World Class University (WCU) project of MEST and NRF, a larger group
was formed that brings together particle and nuclear experiments and has the
name of Q2C, Quark to Cosmos. This group, composed of 7 professors, 7 as-
sociate researchers, 4 staffs and 26 graduate students, is performing a variety
of experiments including: a WIMP dark matter search with CsI(Tl) crys-

tals; a neutrinoless double beta decay search with CaMoQOy crystals; studies of
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rare decays of B-mesons, charm mesons and tau leptons; strangeness nuclear
physics; and studies of dense nuclear matter and the nucleosynthesis of heavy
elements [33]. Members of the Q2C team have many collaborations and dis-
cussions with foreign researchers from China, Japan, USA, Ukraine, Germany
etc. Recently we published results that have better sensitivity, a 10 times
larger data exposure, and an improved analysis [13]. We are currently analyz-
ing our data to see whether or not WIMPs signals with an annual modulation
are present [34], using the method to study the WIMP-nucleon interaction
signal reported by the DAMA collaboration. This section presents the current

results and the future plan.

1.2.1 Current results of WIMPs detection

The recent KIMS result is based on a 32793 kg-days data exposure that was
accumulated between Sep. 2009 and Aug. 2010 with a 12 CsI(Tl) crystal
array, each with mass 8.7 kg. During this time, we monitored the stability
of all environmental conditions: the temperature; the humidity; the electric
power; and the data acquisition rate on-line. Once each week, a collaborator
performs a shift that includes an overall system check. The crystal array is
surrounded by a four-layer shield, comprised of 30 cm of mineral oil, 15 cm of
lead, 5 cm of polyethylene(PE) and 10 cm of Oxygen Free High Conductiv-
ity(OFHC) copper (from outside to inside) as depicted in Fig. E The layer
thicknesses were optimized using a simulation for the effective reduction of
external backgrounds.

In order to prevent contamination from 2?2Rn , decays of which can in-
crease the external backgrounds of our detector, the setup is continuously
purged with Ny gas. The radon contamination measurements in the air inside
the Y2L experimental chamber was measured to be 1.2 + 0.49 pCi/l, which
is lower than that at other dark matter experiments [35]. The mineral oil
shield contains liquid paraffin with 5 % pseudocumene, and is read out with
Photo-Multiplier Tubes(PMTSs) for monitoring muons. Due to the large pro-

portion of protons in its material, it is also a neutron shielding material. The
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12 x CsI(TI) crystal

Copper shield

Polyethylene

Lead shield

Moderator(Muon Det.)

Figure 1.5: Scheme of the shielding structure of KIMS detector. Since 2008,
we have had 12 crystals inside the copper box. Outside of the copper box, two

neutron monitoring detectors are placed.

measured rate of external ~-rays inside the shielding setup measured with a
100 % High-Purity Germanium(HPGe) detector is negligible compared to the
internal background rate of ~5.5 /keV /kg/day. The v reduction effectiveness
of the shielding materials is illustrated in Fig.

In the empty space between the copper box and the PE shield, there are
two neutron monitoring detectors made of ~1 [ BC501A, which, with the
application of the pulse shape discrimination, can select neutron-induced scin-
tillation events. These have been used for data-taking since July 2004. From
the analysis of data for one of the detectors taken between July and October
2004, a measured rate of 33.65 counts/l/day and a total of 2272 neutrons and
a rate of 8611 counts/l/day of gammas were determined. However, due to
similar shapes of neutron and alpha induced signals, we checked their times
for correlations between neutron-neutron events and gamma-neutron events.
Time correlations are indications of life times of a-a and S-ar decays in 233U or
232Th decay chains shown in Fig. Y. F. Zhu et al. [36] reports the mea-
sured intrinsic radiopurity levels of 22°U,U and 232Th in the CsI(TIl) crystal

10 H-.-l”ﬂl T
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Y2L outside
Y2L in cu

500 1000 1500 2000 2500 . 3000
E(keV)

Figure 1.6: The measured value of v backgrounds at Y2L by using the HPGe
detector. The top histogram is obtained inside Y2L without any shielding
materials, and the bottom with the full shielding setup.

detectors, based on the analysis of such time correlations. These levels are
also inferred from a secular equilibrium study, in which the contamination is
determined from the estimated levels of the long-lived 2?Ra and ?2*Th par-
ents in the decay chains. Using these methods, we could attribute the number
of neutron-tagged events that are due to alphas in the **U and ?3?Th decay
chains to be 28234137, and conclude the neutron flux inside of the shield is -
1.25+1.82 neutrons/l/day, and consistent with zero. In addition, we measured
the flux of muon-induced neutrons inside the shielding setup using coincidences
between neutron monitoring detectors and the muon monitoring detectors, and
the value was 0.0035 counts/keV /kg/day. Therefore, the nuclear recoil back-
grounds that could produce misleading WIMP signals is negligible with our
shielding setup [12].

However, during actual data taking with CsI(Tl) crystals, each with a
PMT at each end, the most serious backgrounds that are observed are caused
by surface alpha decays and PMT noise. Surface Alpha(SA) signals are decays
produced by 2'°Po contamination on the crystal surface decays into 2°Pb by

emitting an alpha. 2!%Po is one of the progenies of 222Rn . ???Rn exists in the

11
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238y
(4.46Gyr)

234'_'
(0.25Myr)

Figure 1.7: 232Th (left) and 2*®U (right) decay chains.

air and produces surface contaminated CsI(T1) by the adsorption of ?'¥Po |
which is a reactive metal element produced in ?*2Rn decay. After several a
and B-decays, 2'9Po is formed as depicted in Fig. 210pg decays in which
only the recoiling 2°Pb daughter is seen in the crystal produce fast, low-
energy signals that are a troublesome background. A dedicated experiment
using alpha-coincidence detections between a 222Rn contaminated and a clean
CsI(T1) crystal was used to characterize SA signals [37]. These signals have
very fast scintillation-decay time, and survive the application of all event se-
lection cuts of KIMS except PSD. Figure shows the different PSDs for SA,
neutron scattering, and gamma scattering events. Here LMT10 means Log
Mean Time within 10 us after a trigger signal in the data-taking time win-
dow, which is used for PSD in the KIMS experiment. From this study, we infer
that when a 2!°Po undergoes an a-decay, the signals with lower LMT10 than
those for neutron scattering events are produced. This information is used to
fit the LMT10 data for each measured energy bin with Gaussian distributions

using three components: the PSDs for SA, neutron and gamma induced events.
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Figure 1.8: Pulse shape discrimination values(LMT10) for the interested re-
coil energy region. These are peak positions of each LMT10 distribution at
each measured energy bin for SA, neutron scattering, and gamma scattering
events. Crystal 1 was used for the SA study and crystal 2 was used for neutron

scattering experiment [37].

From this analysis, we can statistically separate SA and gamma induced events
from nuclear recoil events, which are the conjectured WIMP signatures.

The photomultiplier tubes(PMTs) also produce significant signal-like noises
during the Data AcQuisition(DAQ). The main sources are the spontaneous
emission of electrons from the photo-cathode, residual ions inside the glass
vacuum tube, and Cherenkov radiation or scintillation in the window glass.
The last source is studied by introducing a ?°Sr radioactive 3 source and mea-
suring coincident signals from the two PMTSs, both of which face each other.
These signals have different characteristics from normal signals that are in-
duced by scintillations in the CsI(T1) crystal. We study PMT noise signals
produced by a PMT-dummy-crystal setup located inside the shield in Y2L,
that is comprised of two PMTs on opposite ends of an empty acryl box that
is wrapped in a teflon sheet, with comparing them to neutron induced signals
and multiple-hit gamma signals, which occur mostly by Compton scattering.

The PMT noise signals can be distinguished statistically using variables (1)

]
13 M =4
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through (4) listed in Table In the table, pmt00 and pmtO1 designate the
PMTs of the detector number 0, qc is the charge sum of whole clusters in an
event, and qcl and qcl0 is the charge sum for the first 1us and 10us after the
first cluster appears, respectively, where cluster means a discriminated signal
produced by a photo-electron. After applying PMT noise cuts, the remaining
background level was 0.005 counts/day/kg/keV in the 3 keV bin in the mea-
sured energy spectrum, which is negligible compared with the rates from other
backgrounds, and the reduction efficiency in the neutron calibration data in
that bin, considering all of the cuts in the table, range from 0.207 to 0.399 for
all detectors [I3]. Since an acceptable cut is one that rejects a large fraction
of background events than signal events, these cuts are efficient. In addition
to PMT noise cuts, a Fit Quality cut is applied for high-energy tail events,
which follow a high energy signals for some time and for which clusters are
evenly distributed across the DAQ time window. This variable is obtained
from a maximum likelihood fit to the signal shape using an exponential de-
cay function. Tail events have bad fit qualities. This cut is important in our

channeling experiment as is explained in detail in section. (3.3

The Bayesian Analysis Toolkits (BAT) [38] was used to find the most prob-
able ratio of nuclear recoil events in KIMS data after all the event selection was
applied. In order to apply BAT, we need the maximum likelihood(L) proba-
bility density function(PDF) with certain parameters for each event category:
surface alphas, gammas and WIMPs. These are obtained from the maximum
likelihood fits to each control sample events separately. We use an asymmetry
Gaussian function PDF given by:

1 B’
me L’ r < m
! B’
me R T > m. (1.7)

PDF(z) =

The parameters of m, oy, and op are determined from fits from using Roofit
package in ROOT [39]. Equation [1.7|gives the log-likelihood function used for

obtaining the event fractions of fyr; and fg4, that are induced by nuclear

14 -"x_g — _..
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Table 1.2: Event selection cuts®

Name Example

: pmt00.qc pmit01l.qc
(1) Biggest cluster cut 5mi00.belasi > 3 && Dmi0Lbelusi > 3

(2)  Charge asymmetry cut (pmt00.qc - pmt0l.qc) > Cf
&& (pmt01.qc - pmt00.qc) > C§

Start time difference cut - 0.3 us < pmt00.t0 - pmt01.t0 < 0.3 us

pmt00.gc—pmt00.qcl0 4 102

Short tail rejection cut 00 g

Fit Quality(FQ) cut FQ <25

pmt00.qcl ~0.25

The qclovqc cut pmit00.qc

Second time(t1) cut det0.t1 > 2.5

Single hit cut Only 1 detector has the signal.

(3)
(4)
(5)
(6)  Muon coincidence cut  the elapsed time since the coincidence > 50 ms
(7)
(8)
(9)

@ When all cuts are satisfied, an event is accepted as a candidate of nuclear
recoils. After these cut, PSD cut is applied to discriminate events as SA,
neutron and gamma induced ones. b0y and C5 are characteristic values of

each PMT, which are due to its electric gain and quantum efficiency.

recoils and surface alphas and determined by minimizing the expression. We

assume that the last event category arises only from electron recoils(ER).

n

F = Z —Log(fNriPDFNR(xk) + fsaiPDFsai(xy) +
=1

(1= fnr — fsa,i)PDFgR.i(y)) (1.8)
Figure shows an example of a two dimensional plot of fyr; and fg4; and
a fit function with most probable parameters obtained by BAT [40]. From
this, we obtain the most probable value(mode) and the confidence levels, and
finally, we adjust those values by the cut efficiency to recover the measured
event rates. In order to estimate the WIMP-nucleon cross-section, we compare
the event rates of simulated with an assumption of 1 pb of the cross-section
and measured with the 90 % confidence level. The reason that we use the

confidence level is due to near-zero rate of the nuclear recoil events in each

5 2 8-
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energy bin. Figure shows the recent KIMS result that was published
on the Physical Review Letter in April, 2012. The sensitivity of this recent
KIMS experiment increased by about one order-of-magnitude with 10 times
more data than that used for the 2007 published results; now KIMS is the
most sensitive experiments for the detection of spin-dependent WIMP-nucleus
scatterings. Since it is largely comprised of iodine, KIMS excludes 0.02 CPD
amplitude of annual modulation of DAMA, which uses the same detector by
setting up an upper limit of 0.01 CPD for nuclear recoils in the same recoil
energy region of iodine. KIMS continues to provide important and unique

constraints to the search for WIMPs.

.,

[
< uis
0.

0.003

Tz 0.04 006 008 0.1 042 094
fiy

Figure 1.9: a) 2D plot for fy and fg, which are event fractions of nuclear
recoils and surface alphas. b) The probability function of fg. ¢) the probability
function of fx. d) The fit function with KIMS data at 6 keV bin. [40]

1.2.2 Future plan

KIMS has an upgrade plan. In order to reduce the average background level
from 3 CPD to 1 CPD, we will change the current glass PMTs to the improved

ones with high quantum efficiency and low radioactive backgrounds due to
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Figure 1.10: Spin independent cross-section limit (left) Spin dependent cross-

section limit (right) of WIMP and a nucleon [40]

their metal bodies. We continue to study the surface alpha contamination
in order to understand their origins and learn how to remove them, because
these are a primary background source. Study with GEANT4 [41] simulations
of radioactive contaminations in the KIMS experimental setup will identify
the dominant sources contributing to the low energy region and give a better
understanding of the source correlating with the surface alpha events [42].
The improved determinations of contaminations from the U_Th chains in t
he KIMS detectors, not only with the assumption of secular equilibrium but
also with individual fits for each nuclides will also give information on how the
radioactive contaminations contribute to the low energy bins and how they
might be removed from the detectors [43]. With this upgrade, we will have
improved sensitivity and with another two years of data taking, be able to
confirm or deny the annual modulation claim by DAMA. The first result will
be published in this year [34].
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1.3 Channeling effect

The theme of this study, the channeling effect, has been studied and measured
since 1933 and very actively in the 1960s and 1970s [1]. The channeling effect
is characterized as the maximum range, the maximum scintillation/ionization
yield and the minimum scattering yield of incident ions in a monocrystalline
target, when the ions move through the empty space between symmetry axes
or planes. Ions in a target material transfer their energies to the target nuclei
by the screened Coulomb interaction and to the electrons around those nuclei
by the plasma-electron and the core electron-electron interactions. For the
channeling case, ions usually lose their energies by the latter interactions, so
the stopping power, the energy lose per a unit depth, drastically decreases and
thereby the ion range increases. This effect has been applied for the crystal-
lography, ion implantation, measurement of the lattice disorder, production
of the polarized beam and measurement of nuclear life times [I]. In the pro-
duction of polarized beams, positive charged particles, which enter an electron
donor material with directions aligned along a symmetry plane of the material
and being influenced a vertical magnetic field, each obtain an electron and go
through the material with helps of the channeling effect. In this experiment, it
was found that the escaping neutral particle by the channeling has a high prob-
ability to capture a electron of certain spin in the magnetic field and thereby
can be polarized. For the measurement of the nuclear life time, particles are
implanted in the target material to be a compound nucleus, and a decaying
particle or the fission fragments from the compound nucleus is measured with
a detector aligned parallel to the symmetry plane. The life time of the decay
or fission which can be measured is in the range of 10718 ~ 1077, The scheme
of this experiment is depicted in Fig. In this experiment, the decaying
particles or the fragments undergo large angle scatterings if they are next to
target atoms, so can not be detected. But when they are generated after the
compound nuclei go to some distance from their lattices, they undergo the

weaker scattering yields and are detected more by the channeling effect. The

8 2 8-
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Figure 1.11: Illustration of the measurement of the short nuclear life time by

using blocking effect [1]

effect that this experiment are using is referred to as the blocking effect. The
blocking effect is that ions which start to move from their lattice sites undergo
large angle scatterings when their directions are along the symmetry axis or
plane. However, above some distance from the lattice, they can be channeled
like incident ions mentioned above. In other words, the channeling effect is
reduced by the blocking effect for recoil ions. The blocking effect is a main
issue, together with the channeling effect, in this study, because the goal of
this study is to measure the channeling effect of recoil ions in CsI(T1) induced
by neutrons or WIMPs, which is extricable with the blocking effect. The next
section, we will present the principle of the channeling effect and the previous

work of the estimation of the channeling fraction in CsI(T1) .

1.3.1 Principle of the channeling effect [I]

An ion entering a monocrystalline target along the direction of a symmetry
axis or plane of the crystal experiences a screened Coulomb potential, of which

formula for a target is in Eq.

19 A 1 T |



Chapter 1. Introduction 20

where Z; and Zy are atomic numbers of a projectile ion and a target atom;
e is the charge of an electron,; r is the distance between them; ¢ is the
screening function; a is the screening length to play a role to determine
how large the potential affect to a projectile ion effectively. For ¢, there
were many functions proposed by theorists, for example, Lindhard used the
form ¢(r/a) = 1 — [1 4+ (v/3a/r)?]"/2. Among the many functions, one,
which is obtained empirically by comparing the measured stopping powers
and used in SRIM, is well matched with the measurements [3]. a is also rep-
resented with different formulae, and arp = 0.4685(Z11/2 + 221/2),2/3 and
a, = 0.4685/(Z923 + Z§23) are frequently used among them. For a string
of atomic arrays or a two dimensional atomic plane of ions to be channeled as

shown Fig. the screened Coulomb potentials are represented as Eq.

1 oo
Vrs(p) = d/ V(P> +2°)lde = (2217Z2¢%/d) frs(p/a)
—0oQ
= Ev?frs(p/a) for a static row (1.10)
o0
Vps(p) = n/ 2R dR V[(p* + R)Y?| = 2xnZ1Zseafps(p/a)
0
= EyY’fps(p/a) for a static plane, (1.11)
where d is the atomic distance in an array; frs orps comes from the integral
of V(p) for each target atom; n is the areal density of atoms in a plane; F
is the kinetic energy of a projectile ion; v is the characteristic angle which is
relevant for the channeling criteria. Lindhard found the high energy condition,
11, and low energy condition, 19, for the axial channeling as follows:
b < Wy = (221 Z¢* /dE)'? (1.12)
b < o = [Carpy /(dV2)]"?, (1.13)
where C is a constant, usually is set to be v/3. For the planar channeling, the
characteristic angles are
W < Yo = (2rnZ1 Zoe*a) E)'/? (1.14)
U < Yy = av/n(ZyZe*/Ea)'/3. 5] (1.15)
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With considering whole atoms in a target material and the temperature effect
(non-static atoms), the half angle of each axial and planar channeling for the

high energy condition are written as follows:

1/)1/2 = O.8FRS(1.2u1/a)1/11deg. (1.16)
VY1j2a = 0.72Fpg(1.6u1/a,dy/a)i.deg., (1.17)

where Frg o ps represents the funcion from the integral for whole atoms; uy
is the thermal vibration amplitude [I]. In summary, ions entering a monocrys-
talline target from outside should have a moving direction which makes an
angle with a symmetry axis or plane less than the half angle will be chan-
neled.

For the estimation of the blocking effect, the half angles can be applied to
estimate whether the recoil ion is channeled or not, and simultaneously the
thermal vibration amplitude and the critical distance should be considered.
In next section, the critical distance is explained in detail. Fig. shows an
illustration of the channeling trajectories for an ion from outside and a recoil
ion. An ion from outside can be channeled if the closest distance to a symme-
try axis or a plane, which is calculated by Eq. is larger than the critical
distance, which has the same meaning to the statement with comparing of the
moving angle and the half angle. However, a recoil ion should be apart from
a critical distance and have an angle under the half angle to be channeled.
Otherwise, it would be in blocking or random scattering. Here, the critical
distances for an ion from outside and a recoil ion are different, because at the
position with the critical distance, an ion from outside has zero kinetic energy,
while a recoil ion has the minimum kinetic energy. Fig. depicts schemes
of experimental setups for the channeling and blocking effect. The difference
between them depends on which direction the symmetry axis or plane of a
target is aligned, an ion beam or a detector. Fig. shows the results for
two effects. The reason that at zero degree alignment the scattering yields are
minimum is that for the channeling setup, ion beams penetrate through the

channel and for the blocking setup, ions undergo the close encounter, which
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means large angle scatterings, and are scattered to other directions.

1—(b/p)* = Vis orps/(EY?) =0 (1.18)

(a) X, ROW [

Figure 1.12: Ion trajectories in an static atomic array (a) and a static atomic
plane (b) [1]

(a) _Ll'mcal d_lslancu Pe

o @ 6
o

Incident ion

m O O O

& 0

Lattice atom
with the vibration *

Figure 1.13: Hlustration of trajectories for the channeling ions from outside

(a) and from a lattice site (b)
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1.3.2 Channeling fraction of CsI(T1) [2]

DAMA suggested a method to estimate the channeling fraction for a recoil

ion in the crystal [5], however, in their calculation, the blocking effect was

(a) TARGET
CRYSTAL
I COLLIMATED | M
i BEAM |
PHOTOGRAPHIC PLATE
OR SCREEN
OR DETECTOR #2
DETECTOR #1
TARGET CRYSTAL
INCIDENT
BEAM .

e

Q"‘ COLLIMATED DETECTOR
(OR PHOTOGRAPHIC PLATE)

Figure 1.14: Scheme of the channeling (a) and blocking (b) experimental
setup [1]
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Figure 1.15: Comparison of the channeling effect and the blocking effect [I]
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not included. N. Bozorgnia et al. [44][2] estimated the channeling fraction
in NaI(Tl) , CsI(T1) , Ge and Si detectors from an analytical calculation
that considers blocking and thermal effects. They used Lindhard’s screened
Coulomb potential, mentioned in section but in an averaged form for
all atoms of a string, Us(p) = Ev? 3 ln(C;§2 + 1), and a plane, Up(p) =
E? [(z—z +CAH)1/2 - Z]. For the determination of the channeling criteria, they

assumed a continuum model with the conservation of the transverse kinetic

energy of an ion undergoing successive deflections in the symmetry axis or

plane as Eq. [I.19]
Ei = Ulpmin) = E@)* + U(den/2), (1.19)

where E| is the initial transverse kinetic energy of an ion; pp, is the closest
approach distance in a collision between an ion and a target atom, which is
calculated by Eq. d.p, is the half width between symmetry axes or planes.
In Eq. the ions are assumed to be injected from outside and started to
move at the center position between the symmetry axes or planes inside a
crystal. These ions can be channeled if their closest approach distances are
larger than the critical distance, and the blocking effect is not needed to be
considered in this case. For the calculation of the critical distance they used
the Lindhard’s argument that when Eq. is satisfied, Eq. is conserved.

" 8
U < ﬁE’ (1.20)

where U" is the second derivative of the averaged screened potential and d is
the interatomic spacing. When the inequality is changed into an equality, the
critical distance can be derived from the above equation. However, there are

also thermal effects. They included a thermal vibration term at the critical
distance, p. as Eq.

pe(T) = v/ p2+ [crua(T)P?, (1.21)

where uq(7T) is the one dimensional rms vibration amplitude, which is perpen-

dicular to a symmetry axis or plane and determined by the Debye temperature,
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25 1.8. Channeling effect

the recoil atom mass, and the temperature,T; ¢; is a constant which can be
from 1 to 2. For planar channeling, they substituted a plane with a fictitious
string and used similar equations of axial channeling case. And with Eq.
including thermal effect and the second one of Eq. the channeling criteria

is

P < wc(E) =

U(pe(E)) — U(den/2)
\/ - hel (1.22)

The channeling fraction in the case of incident ions is obtained by the
integral of the channeling probabilities, 0 for ¢ > 1. or 1 for ¢ <= 1., for all
isotropic directions. By the way, a recoil ion which was scattered by a particle
with a mass has some different relation for the transverse energy conservation,
expressed in Eq. [[.23] because its initial position is not a center of an open
space made of symmetry axes or plane, but around a lattice site. The former
ion must arrive at the center again after the scattering but, the scattering
position varies according to the incident angle. The latter ion starts from
a lattice position, and the arrival position is varied according to the initial

moving angle :
Bsin®6+ Ulpi+d tang) = Ulpmin) < U(pe(E)).  (1.23)

From this equation, one can calculate the minimum initial distance of the re-
coiling lattice ion with changing the inequality to the equality. After applying
the distance to the integral of Eq. to obtain the channeling probability
for a (F, ¢), summing for all symmetry axes or planes of interest as Eq.
and performing an integral of the probability for all isotropic directions as
Eq. the channeling fraction for recoil ions in a crystal is obtained. Please
refer to [44] for the detail description.

Xaxial(Ea¢) = / dpg(p) (124)
Pi,min
Xplanar (£, @) :/ 2¢g(x)dz, (1.25)

where g is a two dimensional vibration probability function for the axial chan-

neling, m, or a one dimensional vibration probability function for
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Chapter 1. Introduction 26

the planar channeling, (2ru?)~'/2exp(—22/2u?).
Xrec(E, @) = P(AjorAsor...orAg), (1.26)

where A; represents the i th symmetry axis or plane, and P(A;) means the
channeling probability for a symmetry axis or a plane, which is a multiplication
of one of 0 or 1 and Eq. For the multiplication of 1, each ¢; should be

lower than ¢ ;.

1
Pree = /X(Eyq)qu (127)
4

With this calculation, N. Bozorgnia et al. obtained the channeling fractions
in the crystal scintillators and Fig. depicts the results. In this figure, the
recoil ions have a 2 % of the channeling probability at most at 100 keV energy
and at lower energies, due to the similar distance of p.orz. with the half width

of the open space, the probability decreases drastically.

1.3.3 Implication to our experiment

The channeling effect certainly increases the scintillation yield in the scintilla-
tor due to its large ratio of the electronic stopping power for the total stopping
power. Since events produced by the WIMP-nucleus scattering increases ex-
ponentially at the lower energy, the effect plays a role to make the sensitivity
for the dark matter search to increase by enhancing some of events to a level
that is above the energy threshold in the measured energy spectrum. Although
due to the blocking effect, the channeling fraction in the scintillator may be
not enough, however, due to the large amount of events in lower recoil energies,
counts/keV /kg/day of the channeling effect can be nonnegligible. Moreover
analytic calculations of the channeling fraction can not include the effects of
reentering the channel and the resultant scintillation yield. Thus numerical
methods to reproduce the scintillation yield associated with the channeling
effect is necessary. Another thing to expect to measure is the blocking effect.
Due to the time reversal relation, the blocking fraction should be the same as

that of the channeling of incident ions, thus to measuring the effect might be
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27 1.3. Channeling effect

easier than the channeling effect for recoil ions. So if we observe the blocking
effect, it could be a guarantee that we could observe the channeling effects in

the scintillation crystal, although with smaller probability.
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Figure 1.16: The channeling fraction upperbound with setting 1 to Cj and Co
and without dechanneling effect for Nal(T1) (a) and CsI(T1) (b) [44][2]
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Chapter 1. Introduction 28

1.4 Scintillation detector

CsI(T1) and Nal(T1) have been widely used for the fields of security, medi-
cal techniques, particle experiment and so on due to their fast responses and
high light yields. They yield 65,000 photons/MeV and 38,000 photons/MeV
and have the decay times of 800 ns and 230 ns for the fast scintillation com-
ponents, respectively [45]. The scintillations in these detectors are in visible
range, with peaks at 540 nm and 410 nm respectively and the color centers
are expected to be the Tl dopants, since the doped crystal produces higher
scintillation yield at the different wavelength region in the comparison with
the undoped crystal. From the point view of the crystal engineering, studies
of their luminescence(color) center, the scintillation mechanism and the tem-
perature dependent characteristics of the yield and the decay time have been
performed [46][47] [48] [49] [50] [51], although there are different conclusions. The
next section [I.4.1] will introduces the general description of the scintillation
mechanism and results of the references for different models.

For dark matter searches, KIMS uses CsI(Tl) , and DAMA and NalAD
use Nal(T1) . KIMS measured the response of the scintillation detector for
radiation sources of gamma, electron, alpha and ion to figure out how to iden-
tify the source of measured signals in their detectors. In order to do that, they
measured the scintillation yields for gammas or electrons and use these to set
the energy scale, and the scintillation decay time induced by each source for
use as an event source selector. After classification and selection, they estimate
the cross-section of the interaction of WIMP-nucleus scattering based on the
measured event rate. However, to obtain better selection efficiency, an under-
standing of the scintillation process from the irradiation to the scintillation in
the crystal is necessary. DAMA and NaiAD discriminate only PMT noise by
the scintillation decay time, but did not go further for the scintillation charac-
teristics because their background measurement indicates that their crystals

and PMTs are very pure, with event rate level of 1 count/keV /kg/day.
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29 1.4. Scintillation detector

1.4.1 Scintillation mechanism

When a scintillator is irradiated by gammas or charged particles, free elec-
trons and holes are produced in the material by the photo-electric effect and
the Compton scattering, and the kinetic energies of hot electrons are degraded
by thermalization and the creation of phonon, plasmon and point defects while
undergoing cascades into secondary electron, x-ray and delta-ray. After cool-
down and cascade, they are trapped or recombined as excitons and decay to
the ground state with or without emitting scintillation light and some of sec-
ondary electrons and x-ray can escape from the surface [52[[46]. This is an
outline of the scintillation process. Fig. depicts the motions of an electron
and a hole after the cool-down to be at the bottom of a conduction band and
the top of a valence band for each of them. Here A means an activated site
like that of a thallium in CsI(T1) crystal and there can be another interband
site of Tly, when a TIT captures an electron [49].

Z. Wang et al. [46] constructed a MC tool, NWEGRIM, to reproduce the
thermalization of electrons created by gamma excitation. Fig. [[.1§ shows the
end state of electron energies after the thermalization, and the first peak in
the graph represents the electron energy after the plasmon decay, which means
that electrons lose their energy by moving the electron cloud around a lattice,
of which energy is lower than the bandgap energy of the crystal. The end
state of electrons are divided into the recombined electrons as self trapped
excitons(STEs), thallium trapped electrons and stopped electrons, and the
incident gamma energy dependence of the fraction of each category from the
simulation is shown in Fig. They argue that the scintillation in Csl
and CsI(T1) is mainly caused by the STE-STE radiation decay, and the T1
trapped electrons in CsI(TIl) can be another luminescence center and may be
the source of the slow component of scintillation due to the same tendencies
according to incident gamma energy for the fraction of the slow component in
the measurement and T1 trapped electrons in the simulation.

V. Nagirnyi et al. [47] measured four different emissions of 3.31 eV, 3.08
eV, 2.55 eV and 2.25 eV, of which ratio and decay times are dependent on
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the temperature, after irradiation of CsI(T1) with UV light. They assumed a
perturbed STE model to explain the visible emissions of 2.55 eV and 2.25 eV
in CsI(T1) as Fig. [L.20}(b). For the UV emissions, they assumed the triplet
state of T1T, however, when they raised the temperature until 300 K, they
observed the signature of the energy transfer between those centers as shown
Fig.

V. Yakovlev et al. [49] and L. Trefilova et al. [50] have a different point of
view for the luminescence center. They measured optical absorption density
in the large wavelength after irradiating CsI(T1) with 250 keV electrons. The
spectrum is shown in Fig. and each peak corresponds to the absorption of
each luminescence center, 62P; /2 75, /2 and 62P, /2 = 62P; /2 in T1° center
for the 1.3 eV absorptions, 62P; /2 = 62D4 /2 in T1 center for 2.25 eV absorp-
tion, 22+ —?2 ¥} in Vi center,l;, for the 3.0 eV absorption, and 2yt 2 IS
in Vi center for the 1.9 eV absorption. Since they did not observe the absorp-
tion of excitons, they conjectured that the T1° and V}, are the luminescence
centers and the decreasing rise time in the scintillation kinetics measurement
above 90 K support the Vi movements to near T1? sites. According to the
number of activated sites and the excitation density, the ratio of [T1°V}] and
[T17V;] is determined. If the temperature is above 170 K, the thermal energy,
above 0.13 eV, arise the hopping of an electron in TI° to the [TITV}], so the
rise time decrease and the scintillation yield increases continuously. The ra-
diation recombination of T1° and V, is conducted by one of the two kinds of
paths as shown Fig. [[.23] In this figure, Type I corresponds to the 2.55 eV
emission center and Type II to the 2.25 eV emission center at 80 K. and the
former shows the fast decay time and the latter shows the slow decay time,
however, at 295 K, 2.25 eV emission is the dominant one [49]. L. Trefilova
et al. [50] tested the temperature dependent rise time for the crystals under
4x1073 TI concentration, and conclude that only crystals above that concen-
tration can construct Tl sub-band and make electrons transfer from TI° to
TIT. For the slow rise component, above 130 K, V} can disassociate from

[T+ V4] with above 0.26 eV energy and go to near the T1° site. Also electrons
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31 1.4. Scintillation detector

in TI sub-band above 170 K take a role for the slow rise component. And
because of this T1 sub-band, they concluded that internal photo-effect under
UV radiation inside Csl bandgap of 6.2 eV is possible.

R. T. Williams et al. [48] performed a measurement for the excitation den-
sity dependent scintillation yield and construct a model to explain the results.
This main purpose is to explain the scintillation quenching, which will be men-
tioned in detail in the next section, however, they refer to STE(Self trapped
exciton) as one of the luminescence center at room temperature, which is
different argument with V. Yakovlev et al. It may be the difference of the
excitation density, since the probability to be recombined as STE increases
with it, and they observed 4.1 eV (302 nm) emission as pure Csl, though the
yield is much lower than 2.25 eV emission.

From this study, we can conjecture that the different conclusions between
these experiments may come from different conditions of temperature, T1 con-
centration, and excitation density. KIMS also measured the emission spectra
and the scintillation decay time for CsI(T1) , however, two experiments showed
different results, 2.95 eV (486 nm), 2.38 eV (500nm) and 2.21 eV (560 nm)
emissions with 0.6 us favored decay times at one time [53] and 2.21 eV (560 nm)
and 1.9 eV (640 nm) with 1~4 us favored decay times at the other time [54].
These measurements had a purpose of better understanding about the dif-
ferent decay times of electron, alpha and ions, but the separate experiments
with slightly different setups with different energies and powers of lasers could
not give any implications. Currently we conjecture that the higher excitation
density, which is referred to the stopping power, contributes to the fast decay
time which is based on the comparison of the stopping powers and the mea-
sured scintillation decay times for the three kinds of particles. Furthermore,
we expect the fast component is due to the perturbed STE and the slow com-
ponent due to the [T1°V}] center based on the summary for all references that
we mentioned. Although we expect that we reach to the satisfied conclusion
nearer, the emission spectra which are other than 2.25 eV are still unclear

about their origins.
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Figure 1.17: Final stage of scintillation process in the energy band scheme of
a crystal [52].
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Figure 1.18: Kinetic energy distribution of hot electrons at the end state of
the cascade [46].
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Figure 1.19: Changes in the fraction of stopped, recombined, and Tl-trapped
electrons in CsI(T1) as a function of gamma incident energy for a T1 concen-
tration of 0.1 mol% [46].

1.4.2 Scintillation efficiency, the stopping power, and the pro-

portionality

In the previous section, we provide a summary the scintillation process from
the irradiation to the luminescence based on the measurements and the mod-
els. In this section, we concentrate on the scintillation efficiency and their
nonproportionality for the excitation density.

R. B. Murray and A. Meyer [56] collected data of the scintillation efficiency
about the stopping power from different experiments and tried to make a uni-
versal formula, which is only dependent on the stopping power of a particle in
CsI(T1) and Nal(T1) based on their model. The model describes the diffusion
motions of excitons to the T1 activated site followed by the recombination lu-
minescence. They assume the high excitation density brings out the saturation
of T1 sites, so the scintillation quenching arises. For electrons, due to their
lower stopping power than other charged particles, the saturation is assumed

not to occur. Eq. represents the model, where € is the energy to make
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a pair of a free electron and a hole; ng and n. is each the number density of

excitons and electron-hole pairs and its ratio is

aK(dE/dz)
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35 1.4. Scintillation detector

tured exciton ratio by TI sites; P, is the radiation transition probability for
an excited T17; P, is the probability to escape quenching by near T1 site. The
function is fitted to the data as depicted in Fig. However, J. B. Birks [57]
said that Eq. does not match the experimental data, and this function
should be modified as Eq. but the former can be modified to be like the
latter by changing parameters, as presented in section To reproduce the
scintillation yield in this study, we use a similar form of Eq. after fitting
it to the experimental data in [58] to get parameters, which are the normal-
ization factor and B’, and aK inherited from [56]. In Fig. the left rising
part with the electronic stopping power represents the electron performance

in Nal(Tl) and arrives at maximum above 20 MeV - cm?/g. After that, the
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Figure 1.21: Temperature dependence of the intensities of the 3.09 eV (1), 2.55
eV (2) and 2.25 eV (3) measured on the excitation in the maxima of 4.504 eV

absorption band (top) and the 4.3 eV absorption band (bottom) [47].
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Figure 1.22: Optical absorption spectra of CsI(TIl) at 80 K at different time
delay after the irradiation [49].

fitting function in Fig. but also Eq. and Eq. show the quenching
effect, which had decreasing tendency for increasing stopping power, however,

the explanations for that haver not been proven.

1
dL/dE = f% S Pr P, (1.28)
€ Ne
aK(dE/dx) 1

dL/dE (1.29)

(1+ oK (dE/dz)) (1 + B'(dE/dz))

R. T. Williams et al. [48] measured scintillation yields in CsI and CsI(T1) af-
ter irradiating them by using 5.9 eV laser beam with nine different intensities.

They made a diffusion-drift model as Eq.
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a”g;’t) = V. J.(r,1) (1.30)
Je(r,t) = —D¢Vne(r,t) — pene(r,t)E(r,t)
V- E(r,t) = p(r,t)7
€€o

where J, is the electron current density; n. is the electron number density;
D, is the diffusion coefficient of ue o nkBT'/e; E is the electric field which is
obtained by Gauss’s law in this equation and p(r,t) is e[ny — ne]. And they
considered two kinds of quenching terms as follows:

ONey

ot

= —ka(t)nZ,(r,1) (1.31)

one
ot

= —ynd(r,t), (1.32)

where ky(t) is the dipole-dipole quenching parameter and ne, is the exciton
number density; ~v is the Auger quenching parameter. Here n., is not same to
ne, but they estimate n., by calculating the average distance of electrons and
holes at the stationary time, 7, with Eq. [[.31] and Eq. [I.33] and defining the

ratio of independent carriers and recombined carriers.

do(r,t) = /OT zggdt (1.33)

Figure shows that the higher the excitation density, the faster the scin-
tillation rise and decay in pure Csl, which is attributed by the higher exciton
number density and their dipole-dipole quenching. ko(t) can be obtained from
the fitting function. However, for CsI(T1) , there was no difference for the dif-
ferent excitation densities. This represents T1 sites remove the dipole-dipole
quenching and excitons are relaxed at those sites with radiations, even though
it should be studied further whether the electron-hole pair near a Tl is an
TI**, a Tl with an exciton, or [TI°V}], since the criteria for the independent
or the recombined is the T1-TI spacing. From Fig. M(a), we can infer the ex-
citon density according to the stopping power, and the implication of the left
region is similar with the measured Fig. and simulated Fig. [1.19] values.
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R. T. Willams et al. [48] explained this with the difference of mobility for the
electron and the hole. In this work, we conjecture that the nonproportionality
of electron and gamma response in CsI(T1l) above tens of keV energy in the
measurement, which is the decreasing tendency increasing incident energy, is
due to this reason. However, there are measurements that show a decrease in
the scintillation efficiency above 10 MeVem?/g in the CsI(T1) , same region
for low energy electron and gamma, but this work can explain that. It may

be due that in [48], 0.3 % TI, a quit high concentration, was used.

1.4.3 The quenching factor of ions and the scintillation yield

of channeling events

Since even for electrons and gammas, there is the nonproportionality in the
scintillation efficiency, it seems not strange that the ion response has nonpro-
portionality. For ions, there is a defined variable to represent the ratio between
the scintillation yield and the incident energy, which is called the quenching
factor. The definition of quenching factor is as follows:

E L E, cati
Quenching Factor = =% = % Y,colib (1.34)
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39 1.4. Scintillation detector

where E, .. is the energy of gamma calibration source and L. .q is light
yields of those gamma. This is the variable used to convert the measured

energy to the recoil energy in WIMP search. We usually use an energy of a
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Figure 1.24: The fitted function of the saturation model in Nal(T1) to exper-
imental data [50].
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Figure 1.25: Comparing decay of 4.1 eV STE luminescence in Csl at room

temperature. Filled points are for the lower excitation density and open points

are for the higher excitation density [48].
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gamma or electron for the calibration in the quenching factor measurement, so
the nonproportionality of the gamma or the electron can affect the value of the
quenching factor according to which source we use for the energy calibration.

Even though the calibration source response in CsI(T1) is linear, the quench-
ing factor can vary with incident ion energy or the recoil energy as shown in
Fig. and Fig. This is due to the difference of the electronic stopping
power, which is the ionization energy loss per unit depth and is mentioned
in detail in section. Figure depicts the nuclear stopping power
and the electronic stopping power for different ion energies in CsI(T1) and
NaI(T1) obtained from SRIM program [3]. From the measured quenching fac-
tors and Fig. [6], we can conjecture that the anti-correlation between the
electronic stopping power and the scintillation yield can be explained by the
Birk’s formula in Eq. But the quenching mechanism should be studied
further.

In section. the enhanced scintillation yield for ions moving between
symmetry axes or planes, which is called the channeling effect, is described.
The reason for the enhancement is not only the decrease of the nuclear stop-
ping power, which is the energy transfer to the nulceus, but also the decrease

in the electronic stopping power, which is the energy transfer to electrons.
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Figure 1.26: The e~! radius of the electron distribution and independent frac-
tion at the steady state time in the Csl (a) and CsI(T1) of 0.3 % T1 (b) [48].
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Figure 1.27: The nuclear(S,) and electronic(S .) stopping power for various

particles in CsI(T1) (a) and NaI(Tl) (b).

The open circles are S, and the

filled squares are S. For the electron, we used estar program [59].

Because the scintillation yield has an anti-correlation with the electronic stop-

ping power as Birk’s formula, and the larger the impact parameter between

a projectile ion and a target atom, the lower the electronic stopping power.

Thereby the range of the projectile ion increases. Therefore, the scintillation

response may looks like that of a gamma, if the ion energy is a several tens of

keV, in which case a gamma is expected to have a low stopping power, under

10 MeVem? /g and a scintillation decay time increases with containing of the

larger slow component, T1 trapped electrons [46].
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1.5 Simulation tools for reproducing the scintilla-

tion yield

In order to simulate particle interactions with detectors, we usually use the
GEANT4 program, which is developed by CERN [41]. Although the complex
experimental setup can be constructed and various analytical formula or cross-
section tables in regard of physics process are included, the scattering process
between ions and the material can not be described in detail. GEANT4 uses
ICRU 73 for the stopping power of heavier ions than heliums, however the
minimum energy of the table limits its applicability for lower energy particles.
The stopping power is explained in the next subsection in detail. Since for
describing the channeling effect in the scintillation detector, we are interested
in where in a material and how much ion’s initial energy is lost and how far the
ion can penetrate, we use other programs, SRIM [3] and MARLOWE [4]. They
are binary collision cascade programs which contain the classical interatomic
potential and the electronic energy loss model. By the simulations with these
codes, we can reproduce the movement of ions and secondary recoil ions. For

SRIM, the measurements fit the simulation results within 5%.

1.5.1 SRIM [3]

SRIM has a characteristic of the universal screening potential. Since atoms
have electron clouds surrounding themselves, the Coulomb potential between
two nuclei is screened as follows:

Z122€2

Vi) = 22

W(r), (1.35)

where U(r) is the same screening function as in Eq. which is defined by
V(r)/Veoutoms(r), Z1 and Zy are the atomic numbers of two atoms, and r is
the distance between them. The author calculates V (r) from the sum of V,,,, +
Vie + Vee + Vi +V, , where V,,,, is a nucleus-nucleus Coulomb potential, V,,,, a
sum of electron-target nucleus potential, V., a sum of electron-target electron

potential, Vj, a kinetic energy, which is earned by incident electrons from Pauli
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ATOMIC CHARGE DENSITIES
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Figure 1.28: The calculated atomic charge densities for 2*Ni atoms. Thomas-
Fermi atom has no shell, but a HF atom has the inner shells in a face centered
crystal(FCC) [3].

principle in the case of overlap of electrons, and V,, an exchange energy from
same spin electrons. The electron density is calculated by assuming Hartree-
Fock(HF') atoms in a solid state to express dense electron shells of K, L and
M inside the electron halo, which decrease with as distance from the nucleus
as shown Fig. When V(r), which is obtained from V'(r), is scaled with a
universal screening length of Eq. a, where ag is a Bohr radius of 0.529 A,
they can contract all of the screening functions for various atom compositions
into a narrow line as Fig. so they fit them with a universal function:
0.8853ag

= —5r a5+ 1.36
u (Z5 + 7:2) (1.36)

V(r/a,) = .1818exp(—3.2r/a,) + .5099exp(—.9423r/a,,) +
.2802exp(—.4028r/a,,) + .2817exp(—.20167/ay,). (1.37)
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Figure 1.29: The various screening functions. aj is same as a,. The crowded
lines are from the calculations by authors of SRIM for many atom composi-
tions.(a) The solid line is the universal screening function from fitting. (b)

And other screening functions are also depicted to compare each other [3].

Stopping power [3]

Stopping power is the energy loss produced as an ion slows down at every
unit penetration depth in a material. It can be divided into two kinds, one
is the nuclear stopping power(S,) and the second is the electronic stopping
power(Se). The nuclear stopping power is the average of energies which are

transfered to target atoms of different impact parameters in a unit depth. We
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45 1.5. Simulation tools for reproducing the scintillation yield

can represent it as follows:
o0
Snion(E) = / T(E,p)2mpdp
0
Pmax 9 @
= 27r7E/ sin gpdp, (1.38)
0

where T is the transfered energy, E is the incident ion energy, ~ is 4 My Ms /(M +
M>3)?, and p is the impact parameter. © in this equation is the scattering angle
in the center of mass frame, which is obtained as follows:

O = 1 9 / b (1.39)

v 2 ’
o ol— 52 - G2

where z is a reduced distance, r/a,, and b a reduced impact parameter, p/a,,

xo areduced closest approach distance, and e a reduced energy, a, Mo Ey/Z1 Zye? (My+

Ms). U(z) is the same as Eq. So, we can obtain any nuclear stopping
powers for any ion-atom compositions with any ion’s energy. However, the
authors made this calculation much simpler with a fitting function of S, (),
which is mSn(E). Eq. shows a function with only 1 parameter, which
is obtained by using the solution of Eq. and the fitting. The straggling
of @Qn(F) which is similar with the standard deviation of S, (E), is defined as
fooo T?do and its simple and empirical function is given in Eq. m

In(1+ 1.1383¢)

T , €2 1.4
Snle) 2[e 4+ 0.01321€9-21226 4 ().19593€9-9] € =30 (1.40)
l
Sn(€) = n(e) , €>30 (1.41)
2¢
n(B) = . (1.42)

44 0.197¢ 17 4 6.584¢—1.0494"

Electronic stopping power of protons is represented by an empirical cor-
rected function from the Lindhard’s theory shown in Eq. which fits well

with the experimental stopping power.

5. = [ 10,230’ (1.43)
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where

I = — WO/ dk/ wdw| o — kw) — 1], (1.44)

where v is ion’s velocity, p is the density of electrons in a target atom, of which
integral about a total volume of the atom is same to the atomic number of the

target atom. In Eq. the longitudinal dielectric constant, ey, is

€

v = 277;];)0 Z Ut > *1 2m(w—id) ™ P *1 2m(w—id) )
1<;2+21<:-k:n—T k2 =2k -k, + =5

(1.45)
where e and m are the charge and mass of electrons, wq is the classic plasma
frequency, which is defined by w3 = 4mwe?p/m, E, and k, are the energy and
the wave vector of electrons in n_th state, f(E,) is the distribution function,
and ¢ is a small damping factor. In this theory, not only the polarization
of a plasma but also the excitation of electrons in a shell are considered in
the electronic stopping power. Figl[T.30] shows the interaction function and
the electronic stopping power according to the distance from the core of a
target atom based on the above equations. For helium and heavier ions, the
electronic stopping power is calculated with a scaled function of the effective

charge, v - Z;on, which is

Sion(v) 2 2
— ~F VA 1.46
SH (U) fY’lOn won* ( )

Because when an ion’s velocity is larger than the Fermi velocity of electrons
around it, they can be stripped and the ion can be a bare atom. This effective
charge is assumed to be determined only by the ion’s velocity and the equation

for « is represented as

v = 1—exp[— Zalln forZ = 2

=1 — expl—vion/(v0Zi

won

s for Z > 2, (1.47)

where the a;s are fitting parameters for the experimental ratio distribution

of helium and protons for various energies, and vy is the Bohr velocity, 25
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Figure 1.30: The interaction function for the electronic stopping power accord-
ing to the distance from the core of a target atom for a high speed particle(a)

and a low speed particle in copper atoms(b) [3].

keV/amu. From these calculations, the electronic stopping power can be rep-
resented simply as kv® for a proton of which velocity is below 25 keV /amu
except for Zy < 6, in which case, Se = kv’%, and for a helium below 1
keV/amu, Se = kv'® . What we are interested in among them is the low
velocity heavier ions, since we are intend to reproduce the scintillation yield
induced by recoil Cs or I ions of tens of keV in Csl crystal. For this case, Lind-
hard and Firsov considered a model of slow heavy ion in a uniform electron
gas, where the electronic stopping power is proportional to the ion’s velocity
except for Z;,, < 19 in a target of Z = 6,14,32 due to its bandgap struc-

0.75

ture, where Se = kv , since if an ion’s energy is low enough, the electronic
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interaction is mostly concerned with conduction band electrons as Fig. [1.30]

(b).

Magic formula and Free flight path [3]

Another characteristic of SRIM is the use of the Magic formula (Eq. , and
Free flight path for the fast calculation with the high accuracy. From Fig.[I.31
which depicts the particle trajectory in the center of mass(CM) frame, we can

derive the magic formula.

© B+R.A4A
o _ et A 1.4
€059 Ro+ R. (1.48)

where © is the scattering angle in CM frame as shown in Eq. B is the
reduced impact parameter by the universal screening length, a,, R. is the
reduced radius of the curvature at the closest approach, Ry is the reduced dis-
tance at the closest approach, and A is the reduced correction term. When an
ion has high enough velocity, there should be unscreened Coulomb interaction
potential, the Rutherford scattering, so A can be represented as follows:

Ry— B

1+G

A = 2aeBP

G = A1 +A%)2 - A,

A=A

(1.49)

where o = 1+C1e /2, g = giiig, and vy = % C1 to Cy are determined
by fitting.

Another thing to make the SRIM calculation more exact and faster is the
free flight path, which means that within the distance, an ion loses an amount
of energy that is small enough to be neglected. High energy ions can pass

some of target layers due to the decreased nuclear stopping power :

M>AE, ML S,(E)
ME ME
0.02[1 + (M + M>)]?€? + 0.1¢138
a2 N In(1 +€)

= constant

L =
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49 1.5. Simulation tools for reproducing the scintillation yield

Figure 1.31: The particle trajectory in the CM frame and the scattering angle.
p is an impact parameter, rq is the closest approach distance, which is obtained
from the solution for the denominator in Eq. to be zero, p; and py are
the radii of the curvature of the trajectory at rg, and d; and J are the small

corrections, which will be explained in the context in detail.

If we define the free flight path, L, as the distance at which the scattering
angle is about 5°, we can calculate it with Eq. and the minimum impact

parameter to be used for finding target atoms as

W(p)sp = Wa(p)Wi(p)dp = exp(—N Lrp®)N L2mpép
p=[-In(R,)/7NL] , (1.51)

where Wi(p)dp is the probability for a target to be about p + dp, Wa(p)dp
not to be there, R, is one of the random number from 0 to 1, and N is the
mean volume of a unit cell . For low energy ions, which we are interested
in for WIMP search, the free flight path is similar to the mean interatomic
distance, N'/3, and the minimum impact parameter can be calculated with
[R,,/(mN?/3)]'/2. Whether we consider the free flight path or not, the results

are not different.

. s S8t



Chapter 1. Introduction 50

Table 1.3: Categories of the deposit energy in the binary collision cascade

Name Case Deposit energy to the material
PhononE E; < Eq && E, > Ey E;
E, <Eq && E; > Eg ¢ E,
E, <E;j && E; < Eq E, + E;
IonizationE E, > Eq4 k\/(Ep)
DamageE E: > Eq4 E,
Escaping of ions E,

® Only the case of Z; = Z, ; the replacement.
Here E, and E; is the energy of a projectile ion and a target atom after a
collision, respectively, and E; and E is each the displacement energy and

lattice binding energy.

Application

Figure shows results from TRIM(TranspoRt of Ions in Matter) for Cs
ions in a CsI(T1) crystal. There are a lot of recoil atoms in the tracks, because
the energy loss of ions with high atomic numbers like Cs is affected by nuclear
stopping power more than electronic stopping power. In these cascades of
binary atoms collisions, the last target atoms with kinetic energies lower than
the binding energy release phonons, the lattice vibrations, and the atoms with
higher energies leave their sites, which then become vacancies, with energy loss
equal to the binding energy. Incident ions also stop and become interstitial
ions, if the kinetic energies are lower than a cut off energy which can be set
by the user. While in flight, ions and the secondary atoms lose their energy
by ionization. The information about energy losses averaged for all events
can be found on the right box named energy loss % in Fig. [1.32] Table
shows these three categories for the energy loss and their components. By
checking the check box on the distribution menu on the leftmost side, we can

get informative plots and text files easily.

i3
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51 1.5. Simulation tools for reproducing the scintillation yield

-- Target Depth --

Figure 1.32: A cascade event for Cs ions with 50 keV in a CsI(Tl) crystal in

TRIM. The small branches are the recoil ions.

1.5.2 MARLOWE[]

MARLOWE 15b is the latest version program among those having the same
name, edited in 2003. It can be obtained in [4] after registration and submit-
ting a request on the web. It is also a binary collision cascade program with
the impulse approximation like SRIM, which means the potential energy from
other atoms can not affect the energy transfer between a projectile ion and a
target atom. One of the characteristics of this program is that it considers not
only amorphous but also polycrystalline and monocrystalline targets. Another
thing is that it is an open source code written in FORTRAN so that users can
list variables of interest every steps in the cascade. It contains various clas-
sical interatomic potentials and two kinds of models for the electronic energy
loss. ”Expsum” for the interatomic potential and Oen-Robinson model for
the electronic energy loss shown in Eq. [I.52] This produces results that are
similar with those of SRIM, if we use an appropriate « in Eq. the ratio

between nonlocal and local electronic energy loss. The local loss describes the
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electronic energy loss varied according to the distance, or impact parameter,
to the target nucleus, the first term in Eq. and nonlocal loss is only de-
pendent on the ion velocity, the second term in the equation. However, since
SRIM uses the electron density as a function of the radius considering Hartree
Fock atoms in the electronic energy loss model, matching the electronic energy
losses in SRIM and MARLOWE exactly is difficult.

2
SR(E) = kB (1 - a) (51=) cap(~1R(p, ) a)
+(1-a)(1+ /yfc)exp(—/yfc) +a), (1.52)

where p is an impact parameter, P, is the maximum impact parameter which
is set as the mean interatomic distance by default, v is a constant parameter
which is 0.3 in the simulation, and R(p, E) is the apsis, the distance of closest
approach in a collision.

This program is used mainly to see the channeling effect of ions. As explained
in section [1.3] an ion between symmetry axes or planes penetrates a target
more deeply. To reproduce the ion’s motion, it considers the simultaneous col-
lisions for target atoms, which have small differences in impact parameters as
shown Fig. And the linear collisions, which can be divided into focusons
and replacements are also included in the physics process. Figure [I.34] shows
a linear collision sequence for atoms along a < 100 > row. If a projectile ion
has a focuson energy, E;, it returns to its original site with a help of a ring
made of atoms in {111} [60]; if not, the ion replaces the site of a next atom
member in a sequence. For each step, a projectile ion loses its energy by a
replacement binding energy, which is E,; and usually 0.1 * Ej, in Table
and stops and releases its energy into phonons. In these linear collisions, the
stopping powers are also small that it is one of the reason for the increase of

the range and light yield.
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Figure 1.33: Comparing between a simultaneous (a) and a sequential (b) col-
lision in MARLOWE. Cu ion, P, enters [110] axis of Cu target and encounters
two target atoms, T1 and Ts , of which impact parameter is P; and Py re-

spectively. And aj9 is Tomas-Fermi screening length [61].

1.6 Motivation of the this study

The reason that we study the channeling effect on WIMP search is a new
argument in a paper from DAMA in 2008 [5]. DAMA is one of the dark mat-
ter search groups and has reported that they observe evidence for a WIMP-
induced the annual modulation. In 2007, KIMS excluded their results with a
detector containing iodines [32](Fig. [[.10). It broadens the scope of our ob-
servation for the WIMP search indeed, although for the contribution of this
effect, there is a different argument [2]. The channeling effect as we are deal-
ing in section [1.3] can make the quenching factor of ions in the scintillation
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Figure 1.34: Linear collision sequence along < 100 > row of fcc crystal in
{111} planes [60].

detector to be nearly unity like that for gammas or electrons, however, this
has been observed only for incident ions from outside of the crystal. DAMA
claimed that the WIMP detectors of CsI(T1) , NalI(Tl) , and Ge materials
certainly should observe the signals originated from the channeling effect with
some fractions for total events, however, since KIMS experiment uses the pulse
shape discrimination method(PSD) to remove the gamma backgrounds, they
lose some of WIMP signals. DAMA estimated the fraction of the channeling
effect in Nal(T1) according to recoil ion energies, with several assumptions
to make the problem simple [5]. The assumptions are in Table In their
assumption, if the recoil angle, ¢, is under the ¥, on a symmetry axis or
plain, the ion will be channeled, however, with some probability, it can be
dechanneled and the channeling is evaluated again at that point by using the
channeling probability for (E,¢), which is the channeling fraction without con-
sidering T1 dechanneling. The estimated channeling fraction can be found in
Fig. [1.35] The calculation of the measured energy can be conjectured from
the statement of Ref. [5]. They use an integral of the total stopping power
multiplied by normal quenching factor with some straggling from 0 to its range

for the nonchanneling ion, which is dependent on the ion energy and supplied
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Figure 1.35: The estimated channeling fraction in Nal(T1) according to the
recoil energy from DAMA [5].

by SRIM. For dechanneling ions, which is a partial channeling plus a nonchan-
neling one, they do each integral for the partial channeling from 0 to A and
the nonchanneling from A to the range with the straggling. The equations
for reproducing measured energy, E,,cqs, are in Eq. and the reproduced
Eneas 1s depicted in Fig. [[.36] However, due to the energy resolution, they
said that the full peak can not be observed in data :

normal range dEt "
o

dr (¢'(E) £ éq)dx (1.53)

Enormal scattering __ a /
0

meas

A
partial channeling __ dEe
Emeas - dx ’
0 dz

(1.54)

where « is the proportionality factor; dE;./dx is the total stopping power; E,
is the electronic stopping power; A is the T1-T1 distance.

The estimation of the channeling fraction from DAMA does not agree with
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Table 1.4: Assumptions for the Monte Carlo simulation about the channeling
fraction from DAMA [5]

Factor Assumption
Criteria for the channeling Scattering angle < ¥?
Recoil direction Isotropic

Recoil direction after the dechanneling Isotropic
Dechanneling probability P(x)? = %ex/ A
Energy loss in channeling Only by the electronic stopping

Quenching factor of channeling 1
Quenching factor of nonchanneling Normal value, q(E)¢, with the straggling

@ The critical angle for the channeling

b Tt is determined by the concentration of T1 impurities and X is the mean
distance between T1 ions.

¢ Normal quenching factor is measured in the neutron calibration experiment
by using a peak in the measured energy distribution(E,,eqs) for certain recoil
energy. Since this is a mono value, they applied the straggling for the range
quenching factor obtained from SRIM to the straggling for the energy

quenching factor in order to reproduce E,,¢qs for nonchanneling events.

Bozorgnia et al. [2], because they applied the critical angle of ions to estimate
the channeling fraction directly to the recoil ions which start to move from the
lattice sites. For such recoil ions, we should also consider the blocking effect
as mentioned in section It is possible for the recoil ions moving with the
angle under the critical angle to be channeled, but due to the blocking effect,
the initial distance of them should be larger than the minimum initial distance.
Since there is no experiment to see the channeling and blocking effect in the
scintillation detector for heavy recoil ions like Cs and I, we decided to use a
numerical simulation program to reproduce the channeling and the blocking
effect in CsI(T1) crystals for the estimation of the channeling fraction, the ef-

fect on E,eqs distribution and the efficiency of the pulse shape discrimination,
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Figure 1.36: The reproduced E;,cqs for iodines of 4 keV (a) and 40 keV (b) in
Nal(T1) from DAMA calculation [5].

which is dependent on the scintillation decay time. In chapter [2| we represent
the procedure to reproduce Ej,eqs distribution from the electronic stopping
power of the simulation programs, SRIM and MARLOWE with a scintillation
efficiency model, which is a function of the electronic stopping power. And
the simulation results of the channeling fraction according to recoil ion energy
and the reproduced quenching factor will be presented. In chapter (3] we in-
troduce the experimental setup to measure the channeling and blocking effect,
the experiment for the calibration, and the data acquisition and the analysis
method. Chapter [4 show the results of this experiment and compare them
with MC data obtained by using MARLOWE and GEANT4. And then we
apply the estimated channeling effect to make the expected E,,cqs distribution
induced by WIMP-nucleus scattering to reanalyze KIMS data by comparing
them. In this procedure we ignore the pulse shape of the channeling events,
because in order to know that, we need high statistics, thus more time for

data taking. So this will be postponed to the next experiment.
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2 Simulation

2.1 SRIM and MARLOWE

We use these two codes to obtain the energy loss distribution of the ions in
a material for each penetration depth. This information is a dominant factor
to determine the scintillation yield of the crystal detector as mentioned in
[56][62][63]. At first, we should set the parameters in those program for two
to present similar results. Since SRIM is well known and verified with many
data, and has only several parameters to set, we use the results of SRIM as a
reference for use of MARLOWE. We evaluate the parameters by comparing the
stopping power distribution and the energy cascade, which has three categories
at final state, the ionization energy, the phonon energy and the damage energy,
which will be explained in detail in section The ionization energy is a
part of the initial energy which is deposited to the electrons, the phonon
energy is a sum of received energies of nondisplaced target atoms after each
scattering, and the damage energy is a sum of binding energies which should
be overcome for target atoms to be displaced after the collision. To obtain
this information, the code of MARLOWE is modified a little to write them to
another file. After this setup, the dependence on the crystal axis or plane for
the scintillation yield can be investigated. Instead of the role of a reference,
SRIM is used for the reproduction of quenching factors for high energy ions
due to the lack of a model in MARLOWE for their electronic energy loss.
The quenching factors for alphas estimated using SRIM will be presented in
section
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2.1.1 Parameter setting

For driving SRIM and TRIM, we should set up several things in the main
menu, the species of ion and target material with the included periodic ta-
ble(PT), a target width to tracking ions, the number of generation, and the
method for damage calculation as shown in fig. There are lots of pre-
established compounds in the dictionary menu for easy construction of the
target material. If we make a data file of *.dat which is the same structure
as an example file included in the SRIM package, we can run the simulation
for different particles, energies and incident angles. However, MARLOWE
needs some delicate work to make the parameter input file. Fig. shows an
example of the input file. But it can be said that it opens the possibility to
simulate the collision cascade for various conditions. The user guide book in
the package helps one to understand the meanings of these parameters.

The following Table shows the parameter setup which is used for this
study to obtain the identical energy loss distributions between SRIM and
MARLOWE. As mentioned in section the a factor of ions are found by
comparing the electronic energy loss with SRIM. Since if an ion is faster and
faster, it interacts with deep electrons, we should increase the local loss term
by reducing « as the thin solid line on fig. (b) However, E,cqs changes
only a few % , we use the same condition for same composition of ion-atom
scattering. The comparison of the electronic stopping power(S.) and the en-

ergy losses are presented in the next section.

2.1.2 Comparing stopping power distributions and total en-

ergy loss

Figure depicts the electronic stopping power(S,) distributions for the pen-
etration depth, which are obtained from SRIM and MARLOWE with the
parameters of table They show the consistent results as expected. Ta-
ble shows the mean energies of different categories, phononE, ionizationE,

and damageE for two programs. The phonon energy(phononE) is the summed

1 > 11 &=L —
60 M= ]--]| oF W



61 2.1. SRIM and MARLOWE

p do 3
Gaad o B
el ] Iculation
He
Detailed Caleulation with full Damage Cascades -
TRIM Demo 7 z
= on Distribution with Recols projected on -Plane ~ 2
Restore Last TRIM Data | 7 e SRl
2| ION DATA PI|Cs  |Cesium ~[[55 132,90 50 2 [Ho
?| TARGET DATA !
- s Add Mew Elementta Layer Co Dicti -
R 2 Ao Eemeiiobier | | Comprme Dty ?
X|[Laer 1 1000 X ~|[461 |1 Z1%|PT|Cs [Cesium -||56 [132.9 0939626 [3 |08
%P1l [lodine +/53 12691 [so0zs (3 [2
X|PT/TI [Thallium ~|[81 J204.3 007300 3 |25 3 [1.8
E 2| Output Disk Fi
Stoppi . 2IT lenRanges . DR e saved
Cs [50) into Layer 1 SRIM-2008 v]| 2] 211 Backscattersdlons = TRIM cale.
5 0 2| 22U Transmitted las/Recols ’i;“"j
0 2|[~ Spuliered Aloms Calculate Quick
g 1 2| | Colision Details Rangelniabic
2 EE] 100 2 0 Special "EXYZ File" Inciement () Main Menu

Figure 2.1: The main menu of TRIM in SRIM to set parameters.

Channeling Effect

with various energies

BMODL FILE{1)="file1.lst" ,FILE(2)="File2.1s5t" ,FILE(3)="File3.1st" FILE(4)="Filek.1st" FILE{5)="File5.1st"
sRPNHL(1)=T,RDNML (3)=T,RDNHL(5)=T ,RDNML(6)=T ,SURFCE=1,TRAM=F , ICHAN(1)=10000000, TIN=F ,F ,F,T,T,T,T/

BXTAL NEWS=%,ALAT=4.5670,CENTRE=1,RZ=3=0_0,3=0.5,POLY=1,AXISA=5.0,3_0,8.0,AXISB=-1.,-1_,1./

&ATOM NTYPE=3,TYPE="Cs','I',"T1',2=55,53,81,H=132_9085,126._904,264.383, INEL=3%1 ,EQUIT=3x6_3
.EBND=6.3,0.6,0.6,6.3,0.6,0.6,6.3,0.6,0.6,LOCK({1)=-1,LOCK(2)=2,0RPER(1,1)=0.99927 ,0RDPER(3,1)=0.00073,0RDER{2,2)=1/

&SURF ORIGIN=100.,100.,SIDES=1.0,1.0,RSRF=0.8,0.0,DEPTH=2E15,SBND=0.6,0.6,0.6/

&SIZE RB{1)=8.55,RB(2)=0.55/

&QPAR ALPHA=3=1.8/

&TUIB T=298.0,TDEBYE=3=115.88/

ROUTP DRNG=3%0.25,GREX=T,L0O0K=1,TRACE=0, 8,8, INFORH(1)=T/

&PROJ MAXRUN=1000,NGR=1,PRIN=0,EKIP=18400,LEAP=3,LAIP=2
,RAIP=100.5,180.5,6.5, TRHP=F ,HILLER=F ,REFIP=100.5,100.5,06.5 ,THA=0. ,PHI=0. ,DURC=]p_0/

Figure 2.2: An example of an input file for running MARLOWE.

kinetic energies of projectile ions when they stop interstitially in the crystal
lattice when their energies are under the energy cut and those of target atoms
when they vibrate at their original site after the scattering. The damage en-
ergy(damageE) is the summed kinetic energy when they escape at the target
surface and the sum of binding energies of recoil atoms when they scatter off
in their lattice site. For the binding energy, we apply the lattice energy if there
is the measured value in the reference or a default value, ~ 3 eV in SRIM if

not, and for the redisplaced interstitial target atom, 0.1 * binding energy is
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Table 2.1: Parameters for driving simulation codes

SRIM and MARLOWE

Shn From ZBL potential [3] [4]
Se k%/E (SRIM) and Eq. [1.52l (MARLOWE)®
Unit depth 1(1)—0 of the maximum range
Temperature 295 K ¢
Debye Temperature 115.08 K ¢ [64]
Free Flight Path 0.25 A°
Simultaneous Collision 0.25 A/
Maximum impact parameter 3/N+X 9
target structure Amorphous Csl
Lattice Binding energy 6.3 eV [65]
Replacement Binding energy 0.6 eV
Displacement Binding energy 25 eV

@k is a coefficient from LSS theory [3], and E the kinetic energy of an ion.

® In MARLOWE, they use similar k\ﬂE) as the electronic stopping, but due
to the different electron density in an atom, we should include local loss term
in MARLOWE with a parameter a.

¢, 4 No need in SRIM, only for MARLOWE

¢ J No need in SRIM. The default value in MARLOWE

9 The Maximum impact parameter is the range to fine a target. N is the
mean volume of the unit cell, so 3y/N means the mean distance between
atoms. Empirically, when we add X to this value with a unit of 1/I(A) ,
where | means the unit cell size in a monocrystalline, the probability to fail

to find a target decreases and the energy losses become similar with SRIM.

used. Since this binding energy loss process was not supplied in the original
code of MARLOWE, we added them including the displacement criteria for
MARLOWE to do similar works with SRIM After this setup, we change
only the target structure to study channeling effects with MARLOWE. The
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2.1. SRIM and MARLOWE

next section will explain the target structure of CsI(T1) and Nal(Tl) , and the

relation to the channeling effect.
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Figure 2.3: The comparison of the electronic stopping power distributions
between SRIM and MARLOWE for 10 keV (a) and 50keV (b) Cs ions in
CsI(T1) , 10 keV (c) and 50 keV (d) Na ions in NaI(T1) , and 10 keV (e) and
50 keV (f) I ions in Nal(Tl) . The « factors are 0.75, 0.75 and 1.0 for Cs in
Csl, Na in Nal and I in Nal, respectively.
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Table 2.2: Comparing the mean energy loss for 3 categories

SRIM PhononE® IonizationE DamageE
Cs 10 keV in CsI(T1) 6.4 2.4 1.2
Cs 50 keV in CsI(TI) 30.6 13.7 5.7
Na 10 keV in NaI(TI) 5.6 3.7 0.7
Na 50 keV in NaI(Tl) 21.6 25.2 3.6
110 keV in Nal(T1) 6.1 2.83 1.07
I 50 keV in Nal(T1) 28.7 17.2 4.8
MARLOWE®
Cs 10 keV in CsI(T1) 6.35 2.2 1.25
Cs 50 keV in CsI(T1) 29.5 14.1 5.72
Na 10 keV in Nal(T1) 5.54 3.47 1.13
Na 50 keV in Nal(T1) 21.6 25.8 3.8
I 10 keV in Nal(T1) 6.5 2.5 0.98
I 50 keV in Nal(T1) 29.5 16.6 4.5

@ All energies have a unit of keV.

b All are obtained from the mean value of each energy loss distribution.

2.2 Crystal structure formation

2.2.1 CsI(T1) and Nal(TI)

CsI(T1) crystal is a cubic crystal, however, since each of Cs and I ion con-
structs its cubic and they overlap, the crystal looks like the body centered
crystal(BCC). This kind of the alkali halide can have both of BCC and FCC,
the face centered crystal, according to the ratio of the radius of a cation and
an anion. If the ratio is from 0.73 to 1.37, then the molecule has a BCC struc-
ture with higher probability that that of FCC. If the ratio is outside of the
range of BCC, then the probability to be a FCC structure is higher. That is
why CsI(T1) are mostly BCC crystals and Nal(T1) mostly FCC crystals [66].
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65 2.3. The range and the critical angle for ions from outside

Table 2.3: Center positions for the open spaces in CsI(T1) and Nal(T1) ¢

CsI(T1) [111] (001] [110]
(0.408, 0.0, 0.0) (0.5, 0.0, 0.0)  (0.354, 0.25, 0.0)
Nal(T1) [110] (001] [111] [-211]

(0.17,-0.25, 0.0)  (0.25, 0.25, 0.0)  (0.204, 0.0, 0.0)  (0.14, 0.17, 0.0)

@ These are used for the simulation of the channeling effect with external
ions. And these are normalized distance by the length of a unit cell in each

monocrystalline.

As mentioned in section in BCC crystals, the most open axis is order of
<111> - <100> - <110> and the most open plane {110} - {100} - {112} and
for the FCC crystals, the most open axis and plane are in order of 100 - 110
-111. However, since the structure of Nal(T1) is composed of ions with largely
different sizes, the order is somehow different as <110> - <100> - <111> for
the axis and {111} - {100} - {110} for the plane. Fig. depicts the atomic
arrays on the one of the most open axis,[110] in (a) and [111] in (b), and plane,
(100) in (a) and (211) in (b). In this figure, we indicate the unit square and
a plane pair in which ions undergo the channeling effect. The ions have the
largest probability to be channeled at the center of the spaces, the positions
of which are listed in Table 2.3

2.3 The range and the critical angle for ions from

outside

In order to test whether the MARLOWE, the simulation code, reproduces the
channeling events well or not, its results are compared with the experiments
for the range and the critical angle of incident ions in this section. After
the comparisons, we discuss the suitability of MARLOWE for estimating the

channeling effect for recoil ions in CsI(TI) .
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Figure 2.4: One of the views of CsI(T1) (a) and NaI(Tl) (b) structures con-
structed in MARLOWE. In (a), filled points are Cs ions and open points are I
ions according to the size of ions. A Cs ion enters an open space around [110]
axis, and a I ion enter an interplanar space of [-110] plane. In (b), filled points
are Na ions and open points are I ions. An I ion enter an open space around

[111] axis and a Na ion enter an interplanar space of [-211] plane.

2.3.1 The range

Piercy et al. [67] injected 3 Kr* radio isotopes into the amorphous AlO3,
polycrystalline Al and monocrystalline Al, while arranging directions of sym-
metry axes to be aligned along the incident beam to know the direction de-
pendence of ranges. By measuring the amount of residual radio isotopes,

85 Kr+, with stripping the target crystal layer by layer electrochemically and

1 > 11 &=L —
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67 2.3. The range and the critical angle for ions from outside

measuring the radioactivity for the remained crystal, they obtained the range
distribution of 8 K7t in the target material. We reproduce those situations
with MARLOWE by injecting 3 K ions in the direction of [110], [100], [111],
and 7° tilted from [211] in a monocrystalline Al target and in an amorphous Al
target. Fig. shows the comparisons between the measurement in [67] and
the MARLOWE simulation with default parameters. In this simulation, to fit
with data, the incident ion beam, of which structure is exp(z3 x log(cos(A)))
is tilted by 2° and the beam divergence is £20°. The results describe the
dependence of the incident directions of ions on the depth distribution in the
target material. The simulation shows the similar tendencies with the mea-
surements, but the depth distributions are not exactly same.

There are detailed reports which describe the channeling behavior of boron
injected to the monocrystalline silicon target [68]]69]. In Ref. [68], boron ions
of 20 keV are implanted in the directions of [100], [110] and [211], and parallel
to (111) plane. In the binary collision simulation constructed by themselves,
the ZBL potential and modified Oen-Robinson(OR) model were used, which
are similar to our work, and a damage accumulation process was included,
which contributes to fit to their measured data well. For the OR model, they
modified «, which is the ratio of the nonlocal and local losses as a function of
the ion energy, y+ E? , where y and ¢ are fitting parameters for the case of B in
Si. v was changed from 0.3 to 0.05 and k to 1.5k in Eq. For the damage
accumulation, they calculated the number of point defects, a pair of a vacancy
and an interstitial atom, with the modified Kinchin-Pease model and the stable
number of point defects after the recombination taking account or pre-existed
defects at the previous cascade. By placing the interstitial atoms around the
lattice vacancies according to the surviving probability in the simulation, they
included the damage accumulation effect. We also tried these mentioned mod-
ifications in MARLOWE for better fitted ranges shown in Fig. the use of
the energy dependent o and the damage accumulation. The damage accumu-
lation is a choice in MARLOWE doing reduction of defects which is not one of
the unpaired defect, the distant frenkel pair, the substitutional impurity and
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Figure 2.5: The residual concentrations of 8 K7t in the Al target according

to ions incident directions. All simulation parameters are those in default.

the escaped defect and passing the surviving defects on the next event. In
the modification, we used input parameters mentioned in section for the
energy loss to be similar with SRIM. However, the modifications did not show
any significant change for the curves in Fig. except it found that the tilt
of 2° of target material was unnatural. The modified curves are in Fig.
Therefore, we can not reproduce the experimental ranges for the channel-
ing ions correctly. If we use only the local energy loss function, above the
distance of 1.65 * a,, from the core, the electronic energy loss becomes lower
than that we use the local + nonlocal loss [6]. But in that case, there is a
problem that total energy loss decreases. So, we can conjecture that the local
energy loss should be applied only for the channeling ions, not for normal
scattering ions. Since there is no option for that in MARLOWE, we should
study further to modify the code. However, our main purpose of this study is
to reproduce the enhanced energy due to the channeling effect, we decide the

local + nonlocal energy loss.
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Figure 2.6: The comparison with the measurement of residual concentrations

of 88 K7 in the Al target and the modified simulation.

2.3.2 The critical angle

The critical angle for the low energy range is obtained from Eq. In the
simulation, we reproduce the half angle in the procedure that we generate
events with injecting ions along the symmetry axis with £20° of the beam
divergence, compare the range with that of amorphous target, select events of
which ranges are above the maximum in amorphous target, and than fit the
selected event distributions according to initial theta angles with Gaussian
+ constant fuction to obtain the FWHM angle. Fig. shows the selected
events with a Gaussian + constant fitting function. At first, the number of
events in a theta bin are identical, but by the event selection, only events with
larger ranges than that of an amorphous target remain. The reason to do
the simulation with this method is to detect the number of events according
to the angles from a symmetry axis or plane and get FWHM in that yield

spectrum. But the criteria for the maximum range is artificial, because in the
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Figure 2.7: The selected events for each incident angle about a symmetry axis,
[111], for 20 keV iodines in the CsI crystal and the Gaussian + constant fitting

fuction

experiment, a thin target is used to detect escaping ions. Table compares
the calculated critical angles and the simulated ones with MARLOWE. Due to
the different criteria for the half angle, they have about factor two difference.
But in other way from [70], we estimate the critical angles again. Fig.
depicts the mean of range distributions per each angle about a symmetry axis
for all events. As done by [70], if we define the critical angle is the difference
of angles between two start points for the ranges to increase from the pedestal
value, the simulated ones become similar with the calculated ones. By the
way, the total energies to deposit to the electrons shows the same shape for the
incident angle. This means that the range correlates with the deposit energy
to electrons. Therefore, it is conjectured that E,,.qs, the light yield converted
to the electron equivalent energy, from ions in a monocrystalline target implies
the channeling effect. This will be explained in detail in the next section.The
simulation for the half angle is done with default input parameters, and there

is no significant deference with using others.
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Table 2.4: Calculated characteristic angles and simulated half angles with
MARLOWE [6]

(a) Axial angles for iodine ions in Csl.

5keV  10keV 20keV  50keV

[111] 12.7 10.7 9.0 7.2
6.8 5.3 4.9 4.2
[100] 11.6 9.7 8.2 6.5
59 5.1 3.9 3.2
[110] 8.9 7.5 6.3 5.0
40 36 2.7 2.7

(b) Axial angles for sodium ions in Nal.

[100] 6.1 5.2 4.3 3.5
41 35 3.8 2.5
[110] 6.7 5.7 4.8 3.8
26 1.6 2.0 0.9
[111] 4.1 3.4 2.9 2.3
24 27 2.2 1.5

n SR
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Figure 2.8: The range distribution for the incident angles of ions, which is
that of 5 keV iodines about [110] axis in the CsI crystal (a) and that of 50
keV sodiums about [100] axis in the Nal crystal (b).

2.4 Reproduction of E,, ..

Although the range of the channeling ion in MARLOWE simulation is not the
same as data as shown in Fig. 77, the angle dependence for it is well repro-
duced. The reduced range in the simulation for the channeling ion is due to
its larger energy loss per a penetration depth from the nonlocal loss, however
the total deposit energy for the ion would be conserved. So the comparing
the electronic deposit energy for the channeling and nonchanneling case is
possible in MARLOWE simulation. However, the measured one in the exper-
iment using the scintillation crystal is not the electronic deposit energy but
the measured energy, E;,eqs- S0, we should know how the electronic deposit
energy is transformed to E,.eqs and where in that spectrum the channeling
effect emerge. E,,eqs is defined by QF *x E;,, as in Eq. In other words,
QF is the conversion factor from the incident energy to the measured energy
or the scaled light yield in the scintillation detector. The higher the QF is,
the higher the light yield is for a given energy. In QF', there are two cate-
gories, one is the nuclear quenching and the other is the electronic quenching.

The former means the light yield is quenched by transferring the energy for a
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target atom to recoil, and the latter is related to the scintillation efficiency of
the target material for the electronic excitation density as mentioned in sec-
tion [1.4.2 From the simulation, we obtain the energy loss and the stopping
power by the phonon and damage creations and the ionization, so we deduce
the nuclear quenching. For the estimation of the electronic quenching, we ap-
ply Birk’s formula as a scintillation model to the deposit energy to convert it
to the light yield. In this section, we reproduce E,,¢qs in the monocrystalline
and amorphous target with informations of the deposit energy and a scintil-
lation model from an incident ion energy. With the E,,.qs, we obtain QF and
the region of the channeling effect in that spectrum. By using the maximum
Eineas in the amorphous target as a criteria for the channeling effect, we also
estimate the channeling fraction for the isotropically radiated recoil ions. In
the reproduction process, we use the input parameters for MARLOWE which
make the energy loss in MARLOWE and SRIM to be same.

2.4.1 Scintillation model

Gwin et al. [58] had measured the scintillation efficiency for electrons, protons
and alphas with various energies. The particles of those energies have different
ranges of the stopping power, so the scintillation efficiency is represented as a
function of it as Fig. Since these particles have low atomic numbers and
masses, they interact mostly with electrons and the electronic stopping power
is dominant in the total stopping power. We use a modified Birk’s formula,
of which parameters are 1.375 for the normalization factor, 1 for ke,
and 0.0038 for B’ obtained by the comparison with Gwin’s data. The reason
that we use this curve for the scintillation efficiency, the electronic stopping
power for Cs or I ion with tens of keV energy is similar with that of the alpha
with few MeV energy in the Csl crystal, which is considered in Gwin’s data as
shown in Fig. For the summed electronic stopping power, it is similar,
which means the sum of the electronic energy losses per a unit depth of target
for the primary and secondary ions and this is the one that we are interested

in for reproducing E,cqs. Since the nuclear stopping power of Cs or I is higher
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Figure 2.9: The scintillation efficiency for the stopping power for the electron,
proton and alpha of various energies. The solid lines are from three particles
in CsI(T1) [58], the points are collected from other references for Nal(Tl) in
[56] and the dashed line is our function, which is the fitted one to the Gwin’s

data with a modified Birk’s formula.

than the electron stopping power, many secondary ions are generated in the
cascade initiated by an ion and playing a role to deposit energy to the target
again. Murray et al. [56] mentioned the possibility that the reason for making
the scintillation efficiency increase to the discrete level for particles of high
Z numbers is the generation of delta rays. Delta ray means the high energy
electron from the core shell of the target atom. Due to its low stopping power,
its range is large and the its deposit energy is not subject to the quenching

from the primary ion.

2.4.2 Quenching factors and the channeling fraction

To reproduce Ej,eqs, the first, we generate events with an ion from a lattice
point as shown in Fig. the second, divide the penetration depth along the
initial direction into a unit depth as in Table and calculate the summed
electronic stopping power, and the third, apply Eq. to obtain E,eqs with

. L .
an assumption that 7= is 1.
Y or e
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max.depthbin dE
e,z
Emeas = A Z} AL S(~
where A is a normalization factor, AL, ; is an electronic energy loss for i-th

) (2.1)

L

depth bin, and § (df;i’i) is a scintillation efficiency for the i-th summed elec-
tronic stopping power. The examples of E,,eqs distributions for the monocrys-
talline and amorphous targets and their fitting functions are in Fig. From
these we obtain the three informations, the quenching factor from Jop——
the channeling fraction from the selection of events of which Emeas is above
the maximum E,,.qs for the amorphous target as shown in Fig. and the
fitting parameters to apply to GEANT4 simulation for comparing the results
to our channeling experiment. The channeling fraction for each energy of Cs
and I ion in CsI(T1) is depicted in Fig. The fractions are under 3 %, and
from 5 keV, they are decreasing. This tendency is similar that the estimations
from N. Bozorgnia et al. [2] and G. Hobler [69] due to the large critical distance
comparable with the channel width. However, the values from this work are a
little larger than that in [2], of which value around 100 keV is 2 % and around
1 keV is 0.1 % at the upperbound. We conjecture that this difference is due
to the partial channeling with some dechannelings which can be reproduced
only in the simulation.

The method in Eq. is tested for alphas in CsI(T1) crystal. Figure
shows alpha quenching factors of the measurement and the simulation. Since
MARLOWE does not have the electronic energy loss model for ions above
25 keV/amu, we use only SRIM in this case. The summed electronic stop-
ping power obtained from SRIM is the average value of each depth, because
it is difficult to select the variable of our interest event by event in SRIM.
In the data of R. Gwin et al. [58], only 7 us of DAQ time window was used,
which is somewhat small to measure the light yield of gammas with 662 keV
in CsI(T1) . Y. F. Zhu et al. [71] and T. Y. Kim et al. [72] used 12.5 us
and 25 us, respectively. So we infer that the reduced light yield which they

measured in the gamma calibration causes the enhanced E,,cqs and thereby,

the quenching factor. After applying a factor of 0.93 to the process to obtain
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the quenching factor, we can gather the data points on the same place. And
then, we compare the reproduced quenching factors with them. Due to the
discrepancies between the scintillation efficiency curves of the measured and
our fitting function in Fig. there is 3.7 % difference at 8 MeV of alphas.
Figure depicts the reproduced quenching factors of Cs and I ions in
CsI(T1) and Na and I ions in Nal(T1) by using SRIM and MARLOWE with
other measurements. As mentioned above for alphas, we used the average
value of the summed electronic stopping power from SRIM, however, that in
event by event from MARLOWE. So the former represents the smooth curve
for the penetration depth as Fig. [2.3] while the latter the fluctuated distribu-
tion. Since the more the deposit energy is concentrated on a region, the less
the light yield due to the characteristic of the scintillation efficiency curve in
Fig. 2.9} we conjecture that the quenching factor from SRIM is overestimated.
For Nal(T1) , the same scintillation efficiency curve with CsI(T1) is used just
to test our method. If there is the measured scintillation efficiency curve for
Nal(T1) , the more correct quenching factor can be achieved. The input pa-
rameters for Nal(Tl) is in default with no significant change for the results
from using other parameters. The initial moving angles of ions are set to be
isotropic within + 20°, since MARLOWE sometimes fails to find target atoms

over the angle.
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Figure 2.10: Tracks generated by an iodine and a sodium recoil ions of 50
keV in CsI(T1) (a) (c) and NaI(Tl) (b)(d), respectively. (a) and (b) are the
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nonchanneling events, and (c) and (d) are the channeling events.
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Figure 2.11: The Ejjeqs distributions reproduced with MARLOWE for the
monocrystalline (a) and amorphous targets (b) and their fitting functions of

the Landau-Gaussian convolution from Roofit package in ROOT [39]. The

sharp peaks in the background are the Landau distributions. (a) is for Cs ion
in CsI(T1) with 30 keV, and (b) with 140 keV.
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Figure 2.12: The comparison of E,¢qs for Cs ion with 90 keV in the monocrys-

talline, the dashed line, and amorphous CsI(T1) crystal, the solid line. Above

the 14 keV, the maximum energy for the amorphous target, events are ~ 3 %

in the monocrystalline target.
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Figure 2.13: The channeling fractions for Cs and I ions in CsI(T1) , which are
all under 3 %.
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Figure 2.14: The reproduce quenching factors of alphas in CsI(T1) with SRIM
and the measurements of R. Gwin et al. [58], T. Y. Kim et al. [72] and Y. F.
Zhu et al. [71].
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Figure 2.15: The reproduce quenching factors of Cs and I ions in CsI(TI1) (a)
and Na and I ions in Nal(Tl) (b) with SRIM and MARLOWE and the mea-
surements. Data are from M. Z. Wang et al. [73], S. Pécourt et al. [T4], V. A.
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et al. [80] for NaI(T1) (b).
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3 Experiment

3.1 Goal of this experiment

In order to measure the channeling and blocking effect in our crystal, we make
the directions of recoil ions induced by the neutron-nucleus scatterings to be
aligned along one of the symmetry axis or plane in the experiment. The
setup is similar with the KIMS neutron calibration experiment, because we
use neutrons and neutron detectors to measure the scattered neutrons in the
CsI(T1) crystal. However, for the discrimination of recoil directions, we should
put the neutron detectors far from the CsI(T1) detector to reduce their solid
angles, and have a monocrystalline CsI(T1) crystal.

In the experiment, we expect that we measure the different E,,cqs spectra
in the CsI(T1) crystal when we select events tagged by different neutron de-
tectors, which have the same scattering angles but different azimuthal angles
on the bottom plane of a cone in Fig. due to the channeling or blocking
effect. By comparing the results with the reproduced E;cqs from MARLOWE
and GEANT4 with considering the equivalent setup, we test our scintillation
model and the estimation for the channeling and blocking effect. If the experi-
mental results agree with the expectations, we apply the reproduced E,y¢qs for
composing the expected E,;eqs spectrum induced by WIMP-nucleus scattering
and then estimate the change of the cross-section limit of WIMPs. In the next
two section, we introduce our experimental setup and the energy calibrations
for detectors, and show the method of the coincident event selection and the

coincident event rate.
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3.2 Setup and calibration

3.2.1 CslI detector

The test crystals of CsI(Tl) are all cut crystals from large ones used in Y2L,
of which dimension is 30 x 30 x 14 in unit of mm. For being safe from
the external contaminations of the crystals from Rn gas in the air and radi-
ation damages from cosmic ray and neutrons in the calibration experiment,
the large crystal cannot be used to measure its quenching factor with our
setup. However, from the comparisons of the responses to 59.54 keV gamma
of 241 Am source and to 5.9 keV x-ray of %Fe source [13] [34], we assume that

the small and large crystal are identical in the radiation response.

X-ray diffraction measurement

We measured the three planes of each CsI(T1) crystal by X-ray diffraction(XRD)
measurement which is requested to Center for Materials Analysis in Seoul Na-
tional University. Figure shows the 26 results for 5 different CsI(T1) crys-
tals. Except Fig. (e), they show many peaks which mean the crystals are
polycrystalline or, no significant peak which means the planes are nonsym-
metry. For 0609B crystal, there are three peaks only in one plane, of which
angles are 27.6°, 57°, and 91.4°. These represent (110), (220) and (411) for
each plane and that the 0609B crystal had grown to be monocrystalline well.
However, the other planes show no peak, this implies the crystal was cut along
the plane of nonsymmetry, but the probability to be monocrystalline is larger
than those with many peaks. Crystals are usually grown along a [110] or a
[111] axis. So (110) plane of 0609B might be obtained by the cut in parallel
with crystal growing direction. Thereby we use the 0609B for the measure-
ment of the channeling and blocking effect with aligning the [110] which is the

normal vector of the (110) plane to the one of the recoil directions.
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Figure 3.1: X-ray diffraction measurements for the CsI(T1) crystals, which are
cut from large ones which are in Y2L, 0605B (a), 0607A (b), 0607B (c), 0610B
(d) and 0609B (e). The three different colors represent 26 distribution of each
plane of the crystal.

Energy calibration with gammas and electrons

In order to convert the light yield of the scintillation detector to Fieqs

which is the electron equivalent energy, the energy calibration is important.
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Table 3.1: Miller index subjected to 20 in XRD measurement for CsI(T1) ¢

20° dA’  Intensity h k 1
27.593  3.23 100 1 10
39.419 2.284 20 2 0 0
48.789  1.865 35 2 1 1
56.973  1.615 18 2 2 0
64.426  1.445 3 1 0
71.463  1.319 2 2 2
78.227 1.221 10 3 2 1
84.822  1.142 2 4 0 0
91.364 1.077 4 1 1
97.888  1.022 4 4 2 0
104.529 0.974 20 3 3 2
111.424  0.932 2 4 2 2
118.627 0.896 4 5 1 0
134.916 0.834 2 5 2 1
145.072  0.808 2 4 4 0

¢ From 2010 International Center for Diffraction Data supplied by the
technician in the center for materials analysis.

b the interplanar distance.

We usually use 59.54 keV gamma from 24! Am for this calibration, however,
there are reports about the nonlinearity in CsI(T1) [25][58][79][81], we add
gammas and electrons of various energies to the scintillation measurement.
Figure depicts Ejpeqs of various gammas in our calibration and Table
represent E,,eqs and their proportionality. For 2! Am , we overlap the repro-
duced Ejeqs and incident x-rays obtained from GEANT4 simulation, of which
detector scheme in Fig. [3.6] with the measured spectra. The incident x-rays
are emitted from 2*'Am decay source. For reproducing E,eqs , we applied

the resolution of the measured energy, 0.015/ \KE), to the deposit energy in

T [,
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the simulation. From these results, we can state that the gamma responses of
CsI(T1) is linear from 10 keV to 100 keV for the gamma energy. W. Mengesha
et al. [81] argued that the nonlinearity of gamma response in CsI(T1) is due
to the electron response, which is based on the measurement. When Cs or I
absorbs energy from gamma, if the energy is higher than K or L shell binding
energy of the electrons of them, the atom emits several electrons having some

part of the absorbed energy as the following :
EJ,Y = A(Eb,K — Eb,L) + A(Eb’L — Eb,M) + « ,if E»y > Eb,K) (31)

where the first term and the second term is the difference of binding energies
of two shells, ~ 30 keV and ~ 5 keV, respectively, and we called the electrons
emitting with these energies from the atoms Auger electrons. The last term,
«, is the remained energy after subtraction of the sum of the first and second
terms from E,. This equation will be changed in the case of Fy, 1, < Ey < Ep i
into that without the first term. W. Mengesha et al. [81] argued according
to the sum of an electron response of each energy term the light yield is
determined. Since the first and second terms are almost mono energies, these
terms play roles of the pedestal and the fluctuation of the gamma response
depends on the response for a. Figure (a) and (b) show the electron and
gamma response in CsI(T1) respectively, which are measured by ourselves and
W. Mengesha et al [81]. For the experiment of the electron response will
be described in detail in the latter half of this section. Two graphs that we
measured are normalized with 1.1, the ratio of light yields between 59.54 keV
and 662 keV gammas in our measurement, since we did the energy calibration
with 59.54 keV gamma and W. Mengesha et al. with 662 keV gamma. By the
way, our measurements are different from those of W. Mengesha et al. below
30 keV, there is an increasing region with decreasing energies below 10 keV
in the electron response and no fluctuation between 10 keV to 60 keV in the
gamma response. This should be studied further. The decreasing region below
20 keV in the gamma response should be also studied, however, the surface
effect of low energy x-rays should be considered carefully, which makes the

light yield decrease by the interaction of x-rays at the surface. We estimate
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the nonrpoportionality of CsI(T1) for the response to the calibration source of
electrons or gammas, is within £10%, however, the low energy characteristics
will be investigated further. For the calibration data, we also measure the
time characteristics for the pulse shape discrimination. We will use the results
to compare with that of nuclear scattering events and their channeling events.
Figure shows the Log(rmt10), which means that the mean value for the
logarithmic mean time of signals within 10us time window. There are two
lines in the Log(rmt10) distributions for the E;,eqs, which are leaded by the
Compton scattering electrons, the upper one, and x-rays and gammas from
241 Am | the lower one. For other gammas from 1%?Cd and *"Co in Fig.|3.4| (b),
Log(rmt10)s are in the lower line if E,,¢qs are due to their low energy gammas,
and in the upper line if due to the Compton scattering electrons from high
energy gamma background. It tells that if there are scintillations induced by
electrons, Log(rmt10) are larger than that induced by photons. Figure
are comparing the Log(rmtl0) distribution for the electron and photon at
each E,,c.qs bin. The distribution for the electrons are placed at the right
side from that for photons. Photo-electric effect makes incident photons to
be divided into low energy electrons in CsI(T1) as we mentioned with Eq.
however, one of the Compton scattering makes only one electron. So for the
same incident energy, two scatterings makes different number of electrons.
Since the lower the electron energy, the larger the stopping power, low energy
photons may cause the shorter mean times than electrons at the same energy.
This argument will be confirmed in the future and this study will be important
to estimate the pulse shape for the channeling events.Another strange thing
is Log(rmt10) under 10 keV for 2! Am with a teflon reflector and a VM2000
reflector, which are used to wrap the CsI(Tl) , show different distributions.
241 Am source cannot produce photons under 10 keV, so Log(rmt10) in those
energies should be similar with that of the Compton electrons by high energy
backgrounds like the 24! Am with teflon in Fig.[3.4(a). When we see Log(rmt10)
induced by %°Fe , there is no difference between using teflon or VM2000. So
the lower Log(rmt10)s of 24! Am with a VM2000 can be interpreted that low
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Figure 3.2: E;peqs of various gammas with a CsI(T1) crystal, which are from
M Am (a), 199Cd (b), 5°Fe (c), and 5"Co .

energy photons and electrons can penetrate VM2000 more than teflon. One
possible reason is that VM2000 has the thickness of 64 pm which is used with
75um teflon tape for the tightening, while two layers of teflon has that of 200
pm and the escaping photons or electrons from the reflector can enter the
CsI(T1) crystal more through the thiner material. Another probability of the
fast scintillation of VM2000 itself is also in study [82].

We also measure the electron response of CsI(Tl) , since there is a non-
proportionality in the low energy gamma response and thereby, the energy
calibration with gamma has somehow uncertainty. We use the Compton scat-
tering electrons as the source, and the gammas generating the Compton scat-
tering are 661.6 keV of 137Cs source. We detect the scattered gammas by the
Ge detector, and from E,,.,s of them after the calibration, we estimate the
electron energies in CsI(Tl) . Figure shows the experimental setup. We

make coincident signals between CsI(T1) and Ge detectors to use them as the
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Table 3.2: Measurement of the scintillation efficiencies of CsI(T1) according to

various gamma energies.

source  Eggmma(keV)  Epeqs (keV)  Scintillation efficiency(a.u.)®

241 Am 17. 8 18 1.01
59.54 59.54 1.

109Cq 22.1 22.4 1.01

25. 25.4 1.01

55Fe 5.89 4.86 0.83

6.49 0. 94 0.94

57Co 6.4 5.64 0.88

14.4 14.0 0.97

@ All are normalized by the ratio of light yields and 59.54 keV.
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Figure 3.3: The electron (a) and gamma (b) responses in CsI(T1) from mea-
sured by ourselves, the dots in (a) and the filled circles in (b), and by W.
Mengesha et al. [81], the open circles in (a) and (b).

external trigger. The energy resolution of Ge detector is 2.9 keV in Fig.
(a), and 3.9 keV in Fig.[3.9| (b) at 661.6 keV due to our slow ADC module, and
that of CsI(T1) detector is 8.5 keV in FWHM at 59.54 keV due to the intrinsic
resolution. E,,.qs in the calibration of Ge detector is depicted in Fig. The

two dimensional measured energy plot for the coincident events are in Fig.
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Figure 3.4: The Log(rmt10) vs. the initial energy of the electron and gamma,
There are two lines in Log(rmt10) distributions. The upper line is relevant to
the Compton scattering electrons by high energy gammas, and the lower line
to the low energy gammas to generate the photo-electric effect in the target
material. The name with ”teflon” means that the CsI(T1) crystal is wrapped
by teflon and that without it by ”VM2000”.

When we compare the event rates with or without a gamma source, the rate
with source is about 20 times higher, so we can say that events in the plot are
mostly generated by 37Cs gammas. In Fig. the events of upper region
from those of strongly correlated are random coincident events between two
detectors because the sum of the energies is larger than the incident gamma
energy. We use a cut of E,,cqs over 660 keV not to include random coincident
events, thereby the energy threshold in CsI(T1) becomes 1.6 keV. The sum of
two Ejpeqs for the strongly correlated event is in the range from 650 keV to
670 keV. The reason that the sum is not the exact 661.6 keV is the problem
of the energy resolution. If there are partial energy depositions both of two
detectors, the events are on the random positions under the correlated region
in the figure. The electron response in the CsI(T1) crystal from this measure-
ment is in Fig. [3.3](a).

In this CsI(T1) calibration, we used event selection cuts. Two cuts are
same with those applied to the nuclear recoil event in the channeling experi-
ment, which are (5) and (8) of Table and will be explained in section ?7?
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Figure 3.5: The Log(rmt10) distributions of electrons and gammas et each
Eineas- The thick dark line is for the electrons and the thin light line for

gammas.

in detail. The biggest cluster cut in (1) of Table in order to remove some
abnormal events which shows similar energy and decay time distribution in all
of gammas and electrons in the calibrations experiment, which are in study
in KIMS [82] and Fig3.10| shows the effect of the cut. The abnormal events
can be divided into two regions. One is under 2keV in E,,..s with a broad
decay times and the other is a broad island between 2 to 10 keV with very fast
decay times. These are not from the full energy depositions from gammas and
electrons but usually exist in the calibration data to distort the energy spec-
trum and decay time spectrum. We obtain the consistent decay time spectra
of Log(rmt10) with this cut, as shown in Fig. for the calibration data,

:
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Figure 3.6: CsI(T1) detector structure constructed in GEANT4. In both side
of CsI(TI) , there are a 2 PMTs, and the crystal is wrapped by a VM2000
reflector of 64 pm, a teflon tape of 0.5 mm, and a black tape of 0.15 mm. This
PMT attached CsI(T1) setup is tighten up with helps of 4 supporters made of

SUS and 2 planes. These are all inside of copper box, where there is a hole to

accept radiative sources for the calibration.

Figure 3.7: The electron response measurement setup of csi and Ge detectors

which is established in the nuclear physics experimental laboratory in Seoul

national university.

however, since it removes most of low energy events under 2 keV and this is

the range of E;,eqs in neutron scattering events, we decide not to use it in the

channeling experiment. It will be explain in section. in detail.
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Figure 3.8: The Ge detector calibration with 2?Na and '37Cs sources of 511
keV and 661.4 keV. The difference between two peaks are used to obtain a

linear function about the ADC value.
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Figure 3.9: The two dimensional detected energy plot for the coincident events
between CsI(T1) and Ge detectors. The inclined and correlated events are of
our interest since, the sum of Ejeqs is around 661.6 keV of 37Cs gamma. (a)
is obtained with the larger solid angle for the Ge detection, and (b) with the

smaller solid angle, so the event rate of the low energy increases with (b).
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Figure 3.10: The effect of the biggest cluster cut in two dimensional plot
of Log(rmt10) and Epeqs for 22 Am (a), %°Fe (b), 1%°Cd (c¢) and Compton

scattering electrons(d).

3.2.2 Neutron detector

BC501a and the detector design

In order to detect neutrons which scatter off the nucleus in CsI(T1) , we set
up neutron detectors at certain scattering angles. These are made of BC501a,
the name of the liquid scintillator, which has the highest discrimination power
for the neutron and gammas. However, It has the flash point at 24 °C, and
it is toxic and volatile. Besides, it is easily oxygenated and denatured, when
the sealing of its bottle is not enough. So the protection of its leakage is
most important thing in terms of the safety and the discrimination power.

The prototype of our detector has an auxiliary bottle for more containing of
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BC501a, which can reduce the loss of light induced by the nitrogen bubble
which is usually needed to prepare the expansion of the scintillator. Since the
emission spectrum of BC501a has the maximum value at 425 nm, which is
similar with the wavelength of maximum quantum efficiency of PMT, and the
light output is 75% of the anthracene, if we can remove the nitrogen bubble,
the light yield increase much. The reason to make the scintillation yield worse
is the refractive index of 1.505 in average and 1.530 at 425 nm different from
the nitrogen bubble of 1. But welding was a hard work, so the scintillator easily
vented itself and the color turned to yellow, which means the oxygenated. So
our final detector shape is simple, easy to rock, and with nitrogen bubble. The
design of the bottle in Fig. Figure shows the process of bubbling,
which means the deoxygenated process in the high pressure condition with
only nitrogen and with an incandescent lamp to blow out oxygens and vapors.
We did the bubbling with a level for BC501a to be fluctuated violently in the
sealed glove box for more than 2 hours. We make 8 identical detectors to
set at same scattering angle in order to obtain more statistics with detectors
having narrow solid angle and compare E,,.qs between neutron tagged events
by each of them. The attached PMTs and the high voltages for the neutron
detectors are listed in Table B.3]

Energy calibration

For the energy calibration of these detectors, we measure the Compton edge
of 7Cs with them. Due to large activity of the source which contributes
double scattering events and the scintillation yield change depending on the
tilt angles, which is relevant to the bubble area attached to the PMT, we
put them on a place of 20 cm far from the source with standing it in upright
position. The module which we use for the conversion of analog signals to
digital signals(ADC) saves the electronic current, which is converted to the
voltage in the module, with a 10 bit(2!® = 1024 ) memory, therefore the
available range for detection of E,eqs is under 1 V, when we set 1 bit as 1

mV. In order not to lose some part of energy of the Compton edge due to the
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Figure 3.11: The neutron detector design. We modified the material from
aluminum to stainless steel(SUS) due to its shielding of x-rays and its hardness.
In addition with this, we use a quartz glass for the window to the PMT and

an O-ring for the sealing, which is strong to the volatile solvent.

saturation, we modify the power of each PMT to the optimum value. Since
the saturation starts when E,,cqs is over 0.45 in ADC sum, which has a linear
correlation with the biggest height of the electronic pulses, we set the power for
the ADC sum to be in the range from 0.35 to 0.45 as Table[3.3| with considering

Figure 3.12: The bubbling process in Y2L.
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Table 3.3: Photomultiplier tubes used for the neutron detectors®

Name Part number ALS’(A/lm) ADC¢(nA) HV4(V) Peak®

ND1 RD5404 427 0.42 2103.4  0.380
ND2 RD5405 596 1.2 1979.8  0.387
ND3 RD5101 892 1.5 1436.4  0.432
ND4 RD5267 248 0.52 1661.6  0.328
ND5 RD5415 478 1.5 1541.8  0.354
ND6 RD5419 336 1.7 1613.5  0.380
ND7 RD6247 744 3.3 1981.4  0.406
NDS8 RD6250 863 3.0 1939.4  0.388

@ All are the model of H6410 and R329-02 manufactured by
HAMAMATSU [83].

b Anode Luminescence Sensitivity

¢ Anode Dark Current

¢ The used high voltage of each PMT

¢ The peak position near the Compton edge in ADC sum distribution

the energy resolution simultaneously. Figure depicts how the ADC sum is
scaled to be an energy in the unit of keV by using GEANT4 simulation. The
obtained data and MC data for gammas in the neutron detector are fitted by
applying an inverse scaling factor(1/keV) and an energy resolution which are
changed in step by step. We choose the values when the chi square of that
fitting is the smallest. From this we can find where the Compton edge, 477.3
keV, is placed in data. These parameters are used for the simulation of our
experimental setup which will be explained in section[3.3.2] The data obtained
from the gamma source are used also for the pulse shape discrimination for
gammas and neutrons as a gamma reference. The separation of neutrons and

gammas in the analysis are presented in the next section.
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97 3.2. Setup and calibration

Pulse shape discrimination(PSD) of the neutron detectors

In this kind of neutron scattering experiment, the pulse shape discrimination
power is most important to prove that the events are induced by neutrons.
BC501a that we use was bought in 2001 with contained in two stainless steel
drum. The power of our detector is decreasing every time we open the drum.
However, with bubbling in the nitrogen condition, the power becomes the level
of available. We examine the PSD power for the previous used detector, of
which dimension is ¢ 8 x 6 containing the fresh material and for the new
manufactured one, of which dimension is ¢ 6 x 10. Figure depicts the
comparison of the PSD values, the biggest height/the charge sum for the
signal, between two detectors. The larger the distance between two peaks
from the neutron induced events and gamma induced events, the higher the
confidence for the neutron event selection. Due to the deoxygenation and the
larger depth of the dimension, the new one shows a little closer peaks. So the

stronger event cut is needed for the neutron event selection which is presented

in section B.3.11

(a)

(b)
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Figure 3.13: The energy calibration of ND1(a) and ND3(b) listed in Table
The dashed line is the fitted MC data and a thick line represents the E,,cqs dis-

tribution for Compton edge events, and a thin line shows the data.
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Figure 3.14: The comparison of the PSD power between previous used detector
(the dashed line) and new manufactured detector (the thick solid line) . The
left peaks are induced by neutrons. Because of the small amount of gamma
induced events, the peaks from the gamma calibration data (the thin solid
line) is also drawn which is obtained from the new manufactured one used for

this comparison.

Stand type construction

We establish the stand type neutron detectors of 8 having narrow solid angles
for the neutron-nucleus scattering, which cover the recoil energy deviations of
2.86 keV at FWHM. The pillar which supports the detector is composed of a
camera mount which is available to modulate the angle and stands 50 kg at
maximum, an aluminum profile for the frame and auxiliary part to assemble
all of the components. And for combining of the detector and the pillar, we
make a polyethylene box which can be joined with the camera mount. For the
alignment of the scattering angle and the direction at which detectors look, we
use a laser and a digital protractor. Figure depicts an imaginary setup
of a neutron detector and the needed equations for the distance and angle

for the alignment. We try for the laser, which passes through the origin of
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For the laser aligning

Bottom plain
Of acone

r=1000.*sin®,
A=r*cos@

B =r*sin g
C=1000.*cos 8,
D = VB2+(2

0, = atan(A/D)

Figure 3.15: An imaginary setup of a neutron detector and the equations
needed for the alignment. We obtain 6» and measure A, BandC' and set the
laser on the black triangle. And we try for the laser to pass through the

polyethylene box in parallel with its z axis.

our setup, to arrive at the center of each neutron detectors, however there are
discrepancies under 1 ¢cm on their faces, which mean that the recoil energies
related to the detectors are deviated by 400 eV at maximum. The established

detectors are seen in Fig. |3.16

3.2.3 Neutron generator

In order to determine the nuclear recoil energy for the selected events, the
mono energetic neutrons are also needed with neutron detectors at the same
scattering angles. We use a neutron generator manufactured by Thermo
Fisher Scientific, which emits 2.4 MeV mono energy neutrons by deuterium-
deuterium collisions. This is compact, portable and easy to operate. The
shape is shown in Fig. The accelerator tube is connected to the elec-
tronics part with BNC cables. The electronics part plays a role to supply low

voltages for the ionization and high voltages, 90 kV at maximum, for the ac-
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Figure 3.16: The neutron detectors of the stand type. Upper figure is the front
view, and bottom figure is the side view. The detectors look at the origin of
this experimental setup, where CsI(T1) crystal will be located. They are in a

base side of a cone, of which angle is 60°, with making an arc.
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celeration of deuteriums. When they collide at the target plane, the neutrons
come out almost isotropically. The flux is around 10 per a second. For the
control of the incident neutron direction, we need a collimator. For the safe
environment, there should be the shielding stuff around it, and there also must
be an emergency cut off function. We will explain the performance principle
of this neutron generator and how are the safety prepared in the following

sections.

Performance principle

Figure depicts the process of the neutron generation. In the acceleration
tube, there are mostly sulfur hexafluoride gases with over 8 atmospheric pres-
sure and electronically dry, and two deuterium reservoirs at both sides, which
play roles as an ionized deuterium supplier and a deuterium target plane re-
spectively. The reservoirs are made of the zirconium material and the amount
of deuteriums there depend on the temperature. The deuteriums collide and

breed neutrons almost isotropically as the following process:

H+2H —}n+3 He+3.2TMeV,50% (3.2)
—lp+3 H 4+ 4.03MeV,50% (3.3)

Figure 3.17: The neutron generator which is composed of an accelerating tube

and an electronics part.
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Protons and tritiums which are generated by the same amount as neutrons
are detained in the target plane due to the high negative voltage. However,
high energy gammas from the fusion and x-rays from the structure material
induced by the radiation come out, the shielding structures for neutrons and

gammas are needed.

The shielding structure and the interlock system

Polyethylene is very effective to stop neutrons due to their hydrogen compo-
nents, since neutrons deposit their energies to the same mass target at max-
imum in the collisions. Polyethylene of a 10 c¢m of thickness can reduce the
neutron flux by 1/10 times, and 5 mm lead plane can reduce x-rays of tens of
keV by 1/3 times. With the shielding box made of these structures, the total
radiation dose rate become 26.7 pSv/h at maximum on the top surface of the
box, 2.73 uwSv/h at the operation place with a desktop computer, and 0.15
~ 0.73 pSv/h outside of the operation room. Figure shows the neutron
generator inside the shielding box. Those are appropriate level comparing to
the regulation of 20 mSv/yr, when we use the generator about 2000 hours
in a year. However, since there is no shielding for gammas coming from the
deuterium fusion inside the tube and also from the neutron capture process
in the polyethylene, we should add shielding with lead more, so we set 10 cm

of shielding structure in three sides of the box, which is a part of top surface

Target Zr D reservoir, Zr

= o °o
° ° o °
ocoo o ) o oo
° o ©
°

Max. 130KV ':IQF

° D" ion F/‘ F
o D atoms F
99.995% Sulfur Hexafluoride(SF6) 120psi(=8.158atm)

Figure 3.18: The performance scheme of the neutron generator.
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103 3.2. Setup and calibration

and a rear surface for decreasing gamma detections in the neutron detectors
and a side surface for other laboratory in the next room.

The operation for the neutron generator is done by a distant computer
from the shielding box for the safety, which is connected to the generator by a
serial port ,and controls the generator by a Graphic User Interface(GUI) pro-
gram shown in Fig. We modulate five parameters on the menu, the beam
current, the high voltage, pulse frequency and its duty time, and the total run
time. The maximum neutron flux comes out at the combination of 60 uA and
90 kV for the beam current and the high voltage respectively. However, since
the gamma flux also increase, we measured the flux ratio between neutrons
and gammas, %, with changing the combination. The larger the beam
current, the higher the neutron flux. So we fix the beam current to 60 uA,
and with changing the high voltage, we get the highest flux ratio at 50 kV,
which is about 2, however, after that we add a lead shield of 25 mm thickness
at the exit hole and a lead neutron guide of 75 mm thickness in the shielding
box, the ratio was extremely increased as shown in Fig. Although the
added gamma shield at the exit hole can pass neutrons mostly , since gamma
with over 100 keV energy can pass the shield and the isotropically radiating
gammas from the shielding box can increase the trigger rate by arriving at
the neutron detectors in the channeling experiment, we can not increase the
beam current and high voltage further. These measurements are usually done
in the pulse setup with 2000 Hz and 10 % duty time, because our DAQ time
window is 30 us and a dead time is needed for the scintillation pulses from
two different events not to overlap. And the flux ratio measurement are not
changed significantly with several different setup, the 200 Hz and 250 us or
the 1000 Hz and 50us. Therefore the pulse structure has 50 us width and
500us interval.

Above the shielding, there should be another safety, the interlock, which
can be used to shut down the high voltage in the accelerator when there is an
emergency. In this generator, the interlock system is well established because

neutron flux is very fatal when we are exposed to them. Figure shows
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Figure 3.19: Neutron generator inside the shielding box
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Figure 3.20: Graphic User Interface for the neutron generator

several interlocks in the circuit. Some of them

are monitoring the pressure of

the sulfur hexafluoride gas, the high voltage in the tube, the current through
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Figure 3.21: The interlock system circuit for

the warning lamp and the communication with computer through the serial
port. Some of them are the active shut down for user to press the emergency
button on the electronics part, the HV disable box or an emergency menu on
GUI. And the auxiliary interlock can be widely applied to make an interlock.
The two terminals on the aux part should be always connected, and when we
construct a closed circuit with them, for example, for making a door interlock
on the shielding box, if the connection is broken due to opening the door, the

high voltage will be shut down.

3.2.4 Trigger logic and Data AcQuisition(DAQ)

We use VME and NIM modules to obtain data as shown in Fig. [3.23] The
electronic signals and their time informations of CsI(T1) and neutron detectors
go to Flash Analog to Digital Converter (FADC) in a VME crate. FADC do
the sampling for the electronic and time informations at every 2.5 ns. When
there are more than two pulses in each PMT or a large peak of over 300 ns
width in a PMT for CsI(T1) detector, the combined channels in FADC generate
a trigger signal(The CsI(T1) trigger). For neutron detectors, whenever there
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Chapter 3. Fxperiment 106

is single pulse larger than 40 mV and over 10 ns of the pulse width, of which
equivalent ADC sum is much lower than 0.15 that is our event cut value, the
trigger comes out(The neutron detector trigger). One of the triggers from
two FADCs used for 5 or 8 neutron detectors, in which there are 4 channels
respectively, goes to the FAN IN/OUT module to convert a TTL signal to
an analog signal in the inverse mode. The trigger signal from the neutron
generator is also converted to an analog signal in the module. And then those

analog signals make a coincident signal while passing through the discriminator

Emergency Fan
button switch |, LAMP
N
il =
B 11

Door sensor

Shielding box
(of PE, SUS, and Pb)

220V

\ NG / elect
Terminals EIEIENTENRAE
| e

ronics part

PC

220V ‘

HVPS
disable

Figure 3.22: The scheme of the line connection for using the neutron genera-
tor. L1 is for the auxiliary interlock circuit connection, and the door lock on
the shielding box is connected in the circuit. L2 is for the warning lamp to
transform the electric power and monitor its operation. L3 is a line for the
main power and L4 is for the connection to an operating computer by a serial
port. L5 is for the high voltage disable box which is needed on an emergency

state.
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Figure 3.23: The trigger system for DAQ. The input trigger is composed of
CsI(T1) trigger output, one of the neutron detector trigger out, and the neutron

generator trigger out, which are all TTL signals.

module and a coincidence module. These are all in the NIM crate. The
coincident signal has usually the same width and the height as FADC trigger
out of neutron detectors except the polarity, because the neutron generator
trigger pulse width is 50 us as explained in section and the trigger out
in FADC is 1.3 us of width, but the polarity is inverted in FAN IN/OUT.
It goes to the next channel of CsI(Tl) in FADC module, and when these are
gathering in a 2us window, there is the final trigger out. It is distributed with
a help of a gain module in NIM crate. Figure shows a three coincident
event displayed on GUI made by KIMS collaboration.
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3.3 Event rate

3.3.1 Analysis method for obtaining the coincident events

For the neutron scattering event selection, we use two of the same cut used
in KIMS analysis for WIMP search, (5) Fit Quality cut and (8) Second time
cut in table Other cuts in the table are used to reduce asymmetry events
in both sides of PMTs and PMT induced backgrounds. But in the neutron
scattering events those are not necessary due to higher event rate than the
backgrounds in the coincident events. Fit quality cut is for the high energy
tail events, of which pulse shape looks like the randomly dispersed pulses in

a DAQ time window. These events are one of the dominant background in

< KIMS DAQ Run for NG
Eile  Help

‘ Start | Step ‘ Ext

Acquisition
File Name hsample.ro0

Parameter
¥ ExpNum
¥ RunNum
Conirol Frame

TolEvt

EviCut 000

Update Rates

L ?lTI_%WTWL

Comment

.

Figure 3.24: The coincident event display. Upper two plot show the signals
from CsI(T1) detector and the next 5 plots show neutron detector signals
when they are coincident with CsI(T1) detector and the neutron generator.
And the last plot shows a coincident signal between a neutron detector and
the neutron generator, which is inserted to the third channel in the FADC for

CsI(T1) detector to make a final coincident trigger out.
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this experiment due to the high energy gammas from inelastic scatterings or
neutron captures by ions in CsI(T1) . When we fit pulses in an event with an
exponential decay function, we can remove most of them by the fit quality cut.
After applying the cut, the still remained elastic scattering events contami-
nated with this tail event can be removed by the second pulse time cut. When
an event is triggered, the module places the trigger position of the pulses on
the predetermined time, and save the time information. So when an event is
contaminated by several random pulses, although the fit quality is good, but
the start time of the pulses is in front of the predetermined time.

One of other cuts used for the neutron scattering experiment is the time
coincident cut, which selects events of which start time difference between
CsI(T1) and one of the neutron detectors are within 100 ns. But for the events
of lower than 5 keV energy, the cut is not applied because the start time of
CsI(T1) pulses have larger deviations in the low energy region. And the last cut
is the pulse shape discrimination cut for the neutron selection in the data from
neutron detectors. Due to the stand type of the detector, there is few shielding
for the neutron detector. So gamma backgrounds from the environment and
cosmic rays make significant coincident triggers by chance. Figure [3.25]depicts
a two dimensional plot for a variable which are used for PSD and E,,eqs for
total events from neutron detectors. A function on the plot divides the events
into two categories of neutrons and gammas. The variable is defined as the
ratio between the tail ADC sum and the total ADC sum, where the tail part
is defined as ”the total ADC sum — the ADC sum for the biggest pulse”.

3.3.2 The coincident event rate and the Geant4 simulation

We measured neutron scattering events for four different conditions, which are
for different scattering angles of 45°, 60° and 90°, and a different tilt angle
of CsI(T1) for the same scattering angle of 60°. Except 60° setup, all are
not concerned with the channeling effect because we do not know the axes of

three planes of the used crystal, 0610B shown in Fig.[3.1] In order to measure
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Figure 3.25: The pulse shape discrimination plot for 6 neutron detectors. The
vertical axis represents the PSD value, and the horizontal axis represents the
total ADC sum. The pulse height of gamma increase faster than neutrons
according to the same energies. So they are saturated in FADC in the lower
energy. Gamma events of the inclined shapes in the high energy mimic the

neutron PSD values.

the channeling effect and the blocking effect, we used the crystal, 0609B with
aligning its [110] axis to one of the recoil directions, in 60° setup after the
stabilization of DAQ with 45° and 90° setups. They show much higher event
rate due to the larger differential cross-section of the neutron-nucleus elastic
scattering for 45° setup and the larger solid angle to detect neutrons for 90°
setup. Therefore, we measure the quenching factors for 3 different recoil en-
ergies in CsI(T1) and the channeling and blocking effect for one recoil energy.
After the all event selection, we get E,,cqs originated from the neutron scat-
tering events. By applying the cuts, the event rate is reduced by about 1/10
times than the total triggered events. The most dominant cut is the PSD cut
(~ 60% reduction) and the next dominant cut is the Fit Quality cut (~ 40%
reduction). The event rate is 0.000145 Hz in average for the 60° setup, and
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Figure 3.26: The neutron event rate distribution for the file numbers for the
60° setup. The files are combined at every three files. The event rate decreases
with time passing due to the life time of the tube of neutron generator with the
same setup. When we increase the beam current and high voltage to increase
the neutron flux around 80 in the tied file number, actually ~ 240, the flux

increases temporally.

we obtain as far as possible within tube life time of the neutron generator
in order to measure the tail events induced by the channeling effect with the
sufficient statistics. The event rate after applying cuts are distributed for the
file numbers, which represent the time passed in Fig. and the total time
to obtain the data in the 60° setup is ~ 125 days.

We construct the experimental setup in GEANT4 simulation to com-
pare the event rate of measured and estimated for the verification of DAQ
system and the setup and to know the CsI(T1) detector performance by the
neutrons injections. To reproduce E,,¢qs in the setup, we insert the Landau-
Gaussian fitting function of E,cqs of Fig. for each recoil energy in the
code. Figure [3.27| shows the constructed setup in GEANT4. The estimation

of the event rate is based on the information of the neutron flux and the
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decreasing ratio for different conditions of beam currents and high voltages
given by company, the geometry of the experimental setup, and the differen-
tial cross-section obtained from the simulation in GEANT4 with a neutron
high precision model(NeutronHP modle). The estimated rate is 0.00152 Hz,
which is about 10 times higher than that of the measured. The reason that the
accidental coincident trigger induced by background gammas reduce the prob-
ability to detect neutrons. For the experiment for 90°, we just use the previous
constructed setup with larger solid angle in data taking. Since it is possible to
do enough lead and polyethylene shieldings around CsI(T1) and also neutrons
detectors due to the simple structure, the measured event rate is higher by six
times than that of other setup. The neutron scattering events are selected in

the simulation when events satisfy the following criteria simultaneously:
e Deposit energy in CsI(T1) > 0

e Gamma energy from the inelastic scattering in CsI(T1) > 50 keV®

X keV < Epeas,neutron i the neutron detector® < Y keV

No contribution in E;,eqs by gamma in the neutron detector

Only one of the neutron detectors has E,,cqs , larger than 0.

% When there is a transition from L shell to K shell in a nucleus, the
gamma energy from Cs is 79.6 or 80.9 keV and from I is 57.6 keV. But
in GEANT4 emits lower energy gammas for the energy conservation in
the G4NeutronHPFinalState. We do not include those events.

b Eyneas is calculated by the sum of Eq. [84]. Since we use the ADC
sum cut from 0.2 to 0.8 for the pulses detected bv neutron detectors in
the experiment, by comparing the ADC sum at 477.3 keV in the mea-
surement, we determine X and Y. The energy calibration of neutron

detectors was in section [3.2.2]

Epeasneutron = 0.83P — 2.82[1 — exp(—0.25P"9%)), (3.4)
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where P is the proton energy obtained by an elastic scattering with a neutron.

The reproduced E,,c.s are presented in the next section.

%85

ND3
ND1
ND?2
‘ CsI(TD
Rear view Side view

Figure 3.27: The constructed setup in GEANT4 with considering the scat-
tering angle of 60 ° about the central axis of the incident neutron directions.
Although not seen in this figure, there are polyethylene boxes around neutron
detectors. The empty cylinders represent holes in the boxes and the filled
cylinders represent neutron detectors. And a box in the central position is the
CsI(T1) detector setup.
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4 Results

For the channeling and blocking measurement, we measure E,,cqs in the case
that directions of recoil ions are aligned at a symmetry axis, [110], and other
cases that directions are on random axes. The difference between them can
be explained one of those effects. For total events including all of the recoil
directions, a comparison of E;,.,s between the measured and those modeled by

GEANT4 and MARLOWE, enables us to prove the existence of those effects.

4.1 E,,..s distributions

4.1.1 Comparing with the reproduced E,,..;

We obtain E,,qs for three different recoil energies in the experiment and the
simulation as shown in Fig.[4.1] The recoil energy is determined for each setup
of a different scattering angle by

2F
Erecoit = ﬁ(u + 5in0 — cosf\/ u? — sin26), (4.1)

where p is M, /my,, M, is the recoil ion mass, m,, is the neutron mass, and FE, is
the injected neutron energy. The recoil energies for various neutron scattering
angles are given in Table In Fig. {1} the thick lines are data and the
dashed and the filled lines are reproduced ones by GEANT4 and MARLOWE.
We normalize them by the number of events from 1 keV to 10 keV, because
it is the expected range for most of nuclear recoil scatterings to be observed.
The ratio between the peak heights of nuclear recoil events(peak under 10
keV) and that of inelastic events(peaks at 60 and 80 keV) are different for the
data and the simulation due to the coincident trigger efficiency in data. The
higher the energy deposition, the lower the fluctuation of the start time of the

scintillation in CsI(T1) crystals, so that the time difference would be smaller
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between the initial pulses from CsI(T1) and the neutron detector and thereby,
lower probability to be intercepted by other random coincident events. For the
simulation spectra, the left peaks represent pure nuclear recoil events without
gamma energy depositions and the right two peaks represent the events with
gamma energy deposition, induced by the neutron-nucleus inelastic scattering.
The energy of the right peaks are divided into the nuclear recoil energy and
the gamma energy. These gammas, which are 57.6 keV for I and 79.6 or 80.9
keV for Cs in the spectra, emit when the excited iodines and cesiums at the
L shell go to the ground state of K shell, respectively. The event ratio of the
right two peaks for the total events increases with the scattering angle. This is
because of the differential cross-sections of the elastic scattering and inelastic
scattering. The reason that the peaks of ~80 keV in data are shifted to lower
energy is the saturation in FADC module and the nonproportionality for the

gamma response of CsI(T1) .

4.1.2 Channeling fraction

In the reproduced E,,eqs distribution for a recoil energy with MARLOWE,
which is discussed in section less than 3 % of the nuclear recoil events
in the monocrystalline CsI(T1) show larger E;cqs than the maximum in the
amorphous target, which we are attribute to the channeling events. The peaks
in the E;,cqs distribution are also different for the two targets. The peak of
the monocrystalline target is shifted to lower energy due to some fraction of
blocking effect. We compare the spectra in data with those of the simulations
considering the monocrystalline and the amorphous CsI(T1) in order to know
which is better fitted to the spectrum in data. Those of the monocrystalline
CsI(T1) in the simulations are fitted to the data better in the points of the
position of the most probable E,,¢qs , which can see more clearly in Fig. and
the amount of tail events.Though the differences are not significant, we can
state that in our data, there is a shift to the low energy due to the blocking
effect, since the position of the most probable peak is lower than that of

amorphous and the enhanced tail events due to the channeling effect since the
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117 4.1. Epeas distributions

simulation with the amorphous target could not reproduce tail events enough.
We estimate the channeling effect in our data quantitively with an assumption
for the energy region of the partial channeling and full channeling. The partial
channeling means ions undergo the dechanneling and channeling alternatively
in their total ranges, and the full channeling means they undergo only the
channeling from start to finish. The regions for the partial and full channeling

in our assumption are as follows:

e for the partial channeling : from E? .~ + 3010rmal tO Efe coil = 20recoil

e for the full channeling : from E,ccoii - 20recoit 10 Erecoil + 20 recoil-

% Epnormal means Ei,eqs for normal nuclear scattering events which can
be fitted with Gaussian distribution. So ¢,ppmar 1s their o value.

Y B, ecoil means E,peqs for the full channeling events which can be fitted
with Gaussian distribution due to the energy resolution of CsI(T1) and
the deviation of neutron energies by the solid angle of neutron detectors.

SO Orecoi 1s their o value.

The correspondent values for the energy region and the channeling fraction
for each setup is listed in Table In this table, the partial channeling
fraction is larger that 3 % due to contaminations from multiple scattering and
inelastic scattering without gamma energy deposition; both are expected at
the ~ 1.3 % and ~ 0.57 % levels, for the 60° setup. These effects for the full
channeling peak is negligible. This means the events in the full channeling
region are from the channeling effect or the random coincidence events. This
will be confirmed with more statistics and better understanding of the systemic
uncertainty. The Log(rmt10) for the selected events can be seen in Fig. |4.4
however the statistics are not enough to get their mean values to compare with

others in Fig. |3.4

1 > 11 & —
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Chapter 4. Results 118

Table 4.1: The recoil energy for the neutron scattering angle

neutron recoil Erecoit(keV)
scattering angle (°) | angle (°*) | Cs I

45 67.7 10.5 | 11.04

60 99.8 18.0 | 18.82

75 52.3 26.6 | 27.85

90 44.8 35.8 37.5

105 37.3 45. 47.1

120 29.8 53.5 56.

135 22.35 60.8 | 63.66

@ All recoil angles are same for Cs and I ions except for the setup of 45°

neutron scattering, the recoil angle of I ion is 67.4 ° .

Table 4.2: The assumed energy regions for the partial and full channelings

and their fractions

Scattering angle(®) partial p-fraction® full f-fraction
45 25 ~9keV 56" % 9~11keV  02%
60 4 ~ 16 keV 4.9 % 16 ~ 21 keV  0.06 %
90 6 ~ 21 keV 5.2 % 21 ~ 42 keV 1.8 %

@ The total events are determined as not the entries in data, but the
expected number of events from the simulation after the normalization with
the events between 4 ~ 10 keV in data, some part of the tail events, because
below 3 keV, the trigger efficiency is lower than 80 % [13].

b This fraction includes the multiple scattering and inelastic scattering
events, their contributions are 1.3 % and 0.57 % at the 60° setup.

¢ In the full channeling region in 90° setup, around 36.6 keV, there are
contaminations from the x-ray escaped events for the inelastic scattering

events with ~ 60 keV of gammas.
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119 4.1. Epeas distributions

4.1.3 Quenching factors

From the first peaks in Fig. we can measure the quenching factors for
three recoil energies. Quenching factor is important in the analysis for the
determination of the WIMP-nucleon cross section, because it is a conversion
factor for the recoil energy to the Ey,eqs - From this conversion, we can make an
expected Epeqs for WIMPs in the CsI(T1) crystal at a fixed cross-section, and
from the comparison between this and the measured one in the WIMP search
experiment, we can find the real cross section. By the way, the quenching
factors are usually obtained from the Gaussian mean value in E,,..s . But
Eineas in our data shows an asymmetric distribution. The factors to make
Eineqs asymmetric are the multiple and inelastic scattering, the channeling
effect and the low trigger efficiency below 2 keV. So, for the exact quenching
factor, we should consider all, but in the current status, the trigger efficiency
is not corrected for. Table[d.3]shows the estimated quenching factors from the
histogram mean value or the peak value of E, ;.45 of this experiment. Due to the
trigger efficiency, the histogram mean values are inferred to be overestimated,

especially for the 45° setup.

Table 4.3: The estimated quenching factors of CsI(T1)

Erecoir (keV) 10.8 18.4 31.3
QF® 0.12 0.98 0.8

peak

QF¢.,. 020+ 001 0.13+0.0028 0.117 + 0.0030

@ Due to the large solid angle of the neutron detectors in 90° setup, the

events of 36.6 keV for 90° neutron scattering angle are not dominant in the

detected recoil energies.  Quenching factors are obtained from Lpear.

recoil
Ehistogram

yomanE Only with statistical errors.

¢ Quenching factors are obtained from
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4.2 Comparisons of E,,.,, among different recoil di-

rections

To align recoil directions on a symmetry axis, [110], we tilt CsI(T1) like Fig.
(a). So the central positioned neutron detector, ND3 on Fig. would see
the neutrons of which recoil ions go straight to the next target and undergo
a large angle scattering, thereby the light yield may also decrease in CsI(T1) .
The solid angle is ~ 0.2 msr and the recoil angle deviation for the single elastic
scattering is + 3 © in the GEANT4 simulation. From the MARLOWE simu-
lation, upto + 5 ° deviations the recoil directions are subject to the blocking
effect [110]. For multiple scattering and inelastic scattering, the angle devi-
ations of recoil ions are larger than that of single scattering, but since the
fraction of the total events is several %, ND3 is expected to usually see neu-
trons related to the blocking effect. So we compare each E;,.qs distribution
for the six neutron detectors in 60° setup. In Fig. we compare the mean
of E,neqs Of each neutron detector in the assumption that if a recoil ion goes
through the symmetry axis, E;,cqs may be lower than other recoil ions which
go to nonsymmetry axes due to the large angle scattering. Within the maxi-
mum recoil energy, 18.4 keV in the 60° setup, the mean values are 10% lower
for ND3 than the neighboring NDs. The difference of E;,¢qs can be found in
Fig. and Fig. Events tagged by ND3 have lower values of the peak
position and a lower number of tail events, though the difference is not well
discriminated. In the MARLOWE simulation, the difference was 20%. How-
ever, when we tilt the crystal in opposite way that the neutron path which
will be the road to be detected by ND3 is aligned along [110] axis as shown
in Fig. [4.5[ (b), still the events from ND3 shows lower E;,eqs . There may be
several reasons for this. First, in both cases, neutrons to go to ND3 have the
lower probability to do multiple scattering in CsI(T1) , because of thiner thick-
ness of CsI(T1) along the neutron moving direction for the case in Fig. [4.5 (a)
and [110] channeling of neutrons for the case in Fig. 4.5| (b). Second, the mis-

alignment of the ND3 to detect neutrons with lower scattering angles. Third,
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121 4.8. Applying to WIMPs search

there are fluctuations of E,,cqs due to not enough statistics. The first one
will be checked by another experiment with different tilt angle and for the
second one, we should align detectors regularly. For the initial time after the
setup, the alignment of neutron detectors have + 1° uncertainties, which are
correspondent to the 0.4 keV recoil energy deviation. For the third one, we
checked with GEANT4 simulation where there are ~ 5 % fluctuation. If the
first one is the dominant factor to determine the E, ;.45 distribution, we should
use very thin crystal to observe the blocking effect. Fig. and Fig.
show the reproduced E,eqs in the monocrystalline and amorphous Csl crystal
respectively which are selected by each neutron detector. The dashed line
show the multiple scattering and the filled one show the gamma contaminated
events. In this figure, if the crystal is monocrystalline, there are enhanced
Eineas events in addition to multiple scattering events, but, in the amorphous
crystal, the multiple scattering events dominate the tail region. Indeed due to
the thiner thickness of Csl along the neutron moving direction, the E,,cqs for
ND3 is inferred to haver lower multiple scattering events. We can also check
the fluctuations in this figure. However, the blocking effect should be exist
by the same fraction of the channeling effect of incident ions from outside
according to the theoretical work. According to N. Bozorgnia et al. [44], I
ions of 20 keV injected from outside have the channeling fraction of over 50 %
without dechanneling and 5 % with dechanneling. So we will work to reduce

the uncertainty in this experiment further.

4.3 Applying to WIMPs search

The uncertainty is remained for the statement that we measure the channeling
and blocking effect and the pulse shape of the channeling events are discrim-
inated from that of the Compton electron which is the one to be removed by
our PSD. However, we reproduce the E,,cqs spectrum at each neutron scat-

tering angle as Fig. and those are fitted to the data well. In addition,

=1
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the Log(rmt10) distribution in the partial channeling region can not be said
that it is similar with that of the Compton electrons. So we assume that we
measure the channeling effect as the way that we expect by the simulation and
the events are not removed by our pulse shape discrimination cut, and apply
the reproduced E;,.qs to establish the expected E,,eqs induced by WIMP in
the CsI(Tl) crystal. Figure shows the expected E,,cqs for two different
WIMP masses for WIMP—Cs scatterings with 1 pb of the cross-section. In the
modified spectrum, the solid lines, there are enhanced E, .45 events due to the
channeling effect. With this modified E;,eqs spectrum induced by WIMP, we
can reanalyze the KIMS data to see the channeling effect on WIMP search.
Figure show the WIMP-nucleon SI scattering cross-section limt for
the WIMP mass. The solid line is our modified limit after consideration of the
channeling effect, and the dashed line is the recently published KIMS limit.
In order to compare them and to measure the channeling effect on the WIMP-
nucleon cross-section limit, the mean of quenching factor which we measure

in this experiment was modified, because the quenching factors are different.

o - I | -
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Figure 4.1: The E,,cqs in data and the simulation with the monocrystalline

CsI(T1) for the 45° (top) , 60° (middle) , and 90° (bottom) setups.
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Figure 4.2: The E,,qs in data and the simulation with the amorphous

CsI(T1) for the 45° (top) , 60° (middle) , and 90° (bottom) setups.
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Figure 4.3: The refined E,,..s for the front peak in data and the simulation
with the monocrystalline(left) and amorphous(right) CsI(T1) for the 45° (top)
, 60° (middle) , and 90° (bottom) setups. The thick solid line is Ej;eqs from
data, the dashed line is that from simulation events which are selected as the
pure nuclear scattering, and the filled region represents that from simulation

events selected as the gamma contaminated events.
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127 4.8. Applying to WIMPs search

(a) P (b) [110]

/ (110) layers

neutron
neutron

recoil ion

Figure 4.5: The scheme of (110) layers of CsI(T1) and one of the trajectory of
a neutron and a recoil ion in the layers tilted by 60° to the central direction
of the incident neutrons for the blocking measurement(a) and tilted by - 60°

for the comparison(b).
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—e— -60 tilted CsI(TI)

—s— 60 tilted CsI(TI)

3.5

25

@%#%,}

1.5

IIII|I\\I|IIII|IIII|\\Illlll\‘llll
-

60 -40 20 0 20 40 60
The rotated ¢ angles (°)

e
2]

Figure 4.6: The mean of E;,¢.s correlated with neutrons tagged by each neu-
tron detector. The difference between them is about 10 % at maximum. The
red points are data for 60° tilted CsI(T1) and the blue points are data for -
60° tilted CsI(T1) .
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Figure 4.10: The E,,cqs spectra correlated with neutrons measured in each

neutron detector in the case of Fig. (b) in the log scale.
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5 Conclusion

This study starts from claim by DAMA, that KIMS detector loses some nuclear
recoil events subject to the channeling effect and their pulse shape discrimi-
nation (PSD) cut. The first goal of this study was to investigate how large
the channeling fraction is in the CsI(T1) crystal and what is the PSD value
of those events. To find them, we have studied the channeling and blocking
effect for recoil ions, the scintillation process from the energy deposition in the
material to the emission of the scintillation, and several simulation programs
to reproduce the channeling effect on the CsI(T1) crystal by recoil ions. We
also constructed an experimental apparatus to measure the channeling and
blocking effect. Finally, we reproduce an E,,..s spectra which fits the data
well with consideration of the channeling effect. We estimate that the chan-
neling effect in the CsI(T1) crystal is under ~ 3 %, which is unlike DAMA’s
claim, but in favor of N. Bozorgnia et al. [2]. We also quantify the channeling
fraction in our experimental data. The results are ~ 5 % for three different
recoil energies, however, the multiple scattering and inelastic scattering events
are also expected by ~ 2 % in the simulation, so we should reduce this uncer-
tainty in the future with higher statistics. In this study, we also notice that
the nonproportionality of the scintillation yield for the low energy gamma and
the possible PSD difference between the Compton electrons and gamma re-
sponses. These also should be investigated further to reduce the uncertainty
for the quenching factor and PSD measurement.

By applying the reproduced Ej,eqs in the simulation, we modify the ex-
pected Eineqs spectrum induced by WIMP-nucleus scattering and estimate
the modified cross-section limit. However, the channeling effect on the WIMP
search produces no significant change. But from this study, we can under-

stand CsI(T1) scintillator as a detector for the WIMP search, and expect that
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with further investigations, we can find a clue to explain the conflict between

results in the WIMP search experiments with same or different detectors.
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