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Abstract

We perform the CANDLES experiment to search for neutrinoless double
beta decay (0v83) of “*Ca. Currently, the CANDLES II(U.G.) detector is run-
ning. The purpose of this study is to show origins of backgrounds in the energy
region around Qg (4.27 MeV) and to estimate the amount of backgrounds. In
O pp region, Th-chain backgrounds are expected and can be excluded by anal-
ysis. However, backgrounds that were out of expectation at the Qgg region
existed in the observed spectra. The current sensitivity of CANDLES for Ov 38
half-life is > 0.8 x 10?2 yr. In order to improve the sensitivity, backgrounds
should be reduced. Therefore, we studied the origin of backgrounds. For this
investigation, experimental runs using >>>Cf neutron source were performed and
we found that these backgrounds are mainly caused by y-rays from (n,y) reac-
tions in materials around the detector. This means that additional outer shields
against y-rays and neutrons are necessary. We aim to reduce backgrounds of
less than 1 event per year at Q gg region with additional shielding. By achieving
ultra low background condition, half-life sensitivity of the detector is expected
to be ~ 10%* yr, which will be the most stringent experimental limit for Ov 38 of
BCa.
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Chapter 1

Double Beta Decay

1.1 Neutrino properties

Neutrino is one of the most important particle in subatomic physics [1]. Espe-
cially, the greatest interest about neutrino is whether it is Majorana particle or
Dirac particle.

The Standard Model (SM) of particle physics assumed that neutrinos are
massless. In fact, neutrino mass have not been measured directly experimen-
tally. On the contrary, the discovery of neutrino oscillations (solar, atmospheric,
reactor and accelarator) provided us that neutrinos should be massive [2]. These
results suggest that each flavor of neutrinos v, v,, v; has its own mass m,,, My, My,
and these flavor eigenstates are mixtures of different three mass eigenstates
V1,V2,V3,

my, mi Ut U Ues) (m
my, | =Uwns |m2| = U Up Ug||m
my, ms3 Uy Upny Uzz)\mj
€12€13 §12€13 s1ize”"0\ (m
= | =s12e23 — c1as23513€"° ciaea3 — siesms3e syen | [ma, (11)

5 5
§12823 — €12023513€'° 12823 — S120238513€'°  c3C13 ) \m3

where Upns 1s the lepton mixing matrix, called MNS(Maki-Nakagawa-Sakata)-
matrix, m; (i = 1,2,3) is mass eigenvalue of v;, ¢ is the phase and s(c);; =
sin(cos)#;; with mixing angles 61,623,613. Observed parameters are listed in
Table 1.1.



Table 1.1: Neutrino oscillation parameters summary [2].

parameter best fit
Ang, (107 V] T
|Am3,| [107 eV?]  (normal) 2. 55w:§.'(8Jg
(inverted) 2437007
sin’ 012 0.320*0.016
sinZ 63 (normal)  0.61 3.:0:032
(inverted)  0.60070020
sin? 05 (normal)  0.024679-9929
(inverted) 0.0250t§:§§§6
0 (normal) 0.807

(inverted) -0.037

Although the evidences of non-zero neutrino mass are found, absolute mass
values have not been measured yet. Furthermore, oscillation experiments have
not shown the neutrino mass hierarchy completely yet. According to the delta
mass squares (Am%l and IAmg1 |!) obtained from oscillation experiments, normal
(m3 >> mjp,mp) and inverted (mj,my >> ma3) hierarchy candidates remain
(Fig. 1.1). The other possibility is that these masses are degenerated (m; ~
my ~ mz >> Am).

Neutrino masses are expected to be considerably smaller than other leptons
(e.g. electron mass m, = 511 keV). We need a mechanism that can explain
reasonably such small masses. Moreover, there is another problem that ob-
served neutrinos (anti-neutrinos) are only left-handed (right-handed). This fact
suggests that there are essential differences in left-handed neutrino and right-
handed one, and can be explained by introducing Majorana mass. In the case of
Majorana neutrino, a mass of left-handed neutrino (my) can be different from
one of right-handed(mg). A Lagrangian of Majorana neutrino shows how mp

10Only an absolute value of Am%1 is established.
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Figure 1.1: Illustration of the current state of neutrino mass and mixing mea-
surements [4]. The colors in states represent the flavor eigenstates; red is v,,
green is v, and blue is v;. This figure shows two versions of the hierarchy,
normal and inverted.

and mpg can be different (1.2) [1].
m m
Lymass = —mp{Vrvy + VZVICQ} - TL{VZVL + VLVZ} - TR{V;VR + VRVICQ} (1.2)

where mp in this expression is a Dirac mass, vy g are wavefunctions of left-
handed and right-handed neutrinos, and an index c is a charge conjugation, a
bar(") is an index of antiparticle. Here first term is the Dirac mass term and
the others are the Majorana mass terms. A Lagrangian of an ordinary Dirac
particle has only the Dirac term. The Dirac mass term is complicated in the
term involving left-handed and right-handed function. As a result, two-handed
particles have same mass.

On the other hand, in Majorana case, a Lagrangian has two mass eigenvalues
mr, mg which make left(right)-handed term independently each other. This
makes left-handed and right-handed particles to have their own masses (m; #
mpg). From a form of this Lagrangian, a relation between three mass eigenvalues



is explained as
2

m
mj = —D (13)
MR

This relation is called the seesaw mechanism [5]. With mp of the order of MeV-

GeV,
mymg ~ 1012718 g2, (1.4)

Assuming that mpg is a large value exceeding an observation limit, very small
my value can be explained by this mechanism. This explain a problem of a sub-
eV mass value of left-handed neutrino. As stated above, various studies make a
expectation that neutrino is Majorana fermion.

1.2 Double Beta Decay

Observation of neutrinoless double beta decay provides important informations
about neutrino property. Double beta decay (8) is a rare kind of radioactive
decay which happens in even-even isotopes. Weizicker mass formula [6] shows
isobar’s (mass number A = constant) description as

m(A,Z) <« aZ + ,822 + dp + constant (1.5)

where Z is an atomic number, «, 8 are arbitrary coefficients, J p is called pairing
energy and parametrized as

—apA'?  even-even nuclei
op=1+0 even-odd, odd-even nuclei (1.6)
+apAl?  odd-odd nuclei.

Odd A makes zero J p that results mass function in one parabola. If A is an even
number, this function is separated into two parabolas by 26p (Fig. 1.2). For
even-even nuclei, single beta decay is forbidden by energy conservation, and
consequently 88 decay can be observed.

The types of decays are below (and Fig. 1.3),

(A, Z) = (A, Z +2) +2¢” + 27, 2vBp), (1.7)

(A,Z) = (A, Z +2) +2¢~ (OvBp). (1.8)



Two neutrino double beta decay 2v 58 conserves lepton number and is allowed
within the SM, regardless of whether neutrino is the Majorana particle or not.
This decay has been observed for several isotopes.

On the other hand, neutrinoless double beta decay OvBf violates lepton
number and is forbidden in the SM. In Ov 88 mechanism, an antineutrino, which
is emitted when a neutron decays, is absorbed by another neutron in the same
nucleus as a right-handed neutrino (See Fig. 1.3). This decay occurs only when
a neutrino is a Majorana fermion. The search for Ov 8 is the only experimental
way to determine whether a neutrino is a Majorana fermion or a Dirac fermion.

Moreover, Ov 8 8 observation provides information about neutrino mass. De-
cay rate of OvBp ((Tlo/vz)"l) is explained as a function related with effective
Majorana mass (mgg) [8],

(T~ = G (Qpp, Z)IM” P (mpp)? (1.9)

where GV (Q BB Z) 1s the function of Q-value and the quantity of protons (or
atomic number), called the phase space factor and |M Ov| is the nuclear matrix
element (NME) that varies with B isotope, and (mpgg) is effective Majorana
neutrino mass which is given in equation below,

Kmpp)l =1 > miUZ| (1.10)

where m; and U,; (i = 1,2,3) are same expression as equation (1.1) [8]. Effective
Majorana mass imposes restrictions on neutrino mass and hierarchy (Fig. 1.4).

1.3 Experiments for Double Beta Decays

As described above, Ov observation is essential to neutrino physics, and
many experiments have been performed with several isotopes(Table 1.2). Re-
cent experiments mainly measure the sum energy of two electrons emitted by
BB decay. In 2v 33, the sum kinetic energy of two electrons forms continuous
spectrum because neutrinos also carry parts of the kinetic energy. In Ov 35, two
electrons carry the full kinetic energy which makes that the sum kinetic energy
of electrons forms a single peak at Qg (Fig. 1.6). For this reason, measurement
of the sum energy of electrons is the key to observe Ov 5 events.

Observation systems are devided into two types according to setup of 8
emitter (source) and emission detector (target).

7



P —
\.:\\h

&

m(A,Z)—»
miAZ)—=

ML

N a

a)

Figure 1.2: Dependence of energy on Z for nuclei with the same mass number
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A [1].

S
Yo

Y
Yo
Y

Y
oY
Y

3
oY

2vpp decay Ovfp decay
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Table 1.2: A list of 5 isotopes with high Q-value and experiments [8].

G 0 pgp hat. ab. T 12/V2
1sotope (yr'hH  (keV) (%) (y) Experiments
“8Ca 6.3x1071% 4274  0.187 0.44x10*® ELEGANT VI, CANDLES
°Ge  0.63x107'* 2039 7.8  15x10%° GERDA, MAJORANA
823e 2.7x107% 2996 9.2 0.92x10* SuperNEMO, LUCIFER
10Mo  44x107% 3035 9.6 0.07x10*° NEMO-3, MOON, AMoRe

16y 4.6x10°1 2809 7.6 029x10%° COBRA

130Te 4.1x1071% 2530 345 9.1x10*® CUORE, SNO+

136xe 43x1071% 2458 8.9 21x10% KamLAND-Zen, EXO, NEXT
I50Nd  19.2x10714 3367 5.6 0.08x10* SNO+, DCBA/MTD

e The passive, "source#target" or tracking method is the detector that the
source and counter are separated. Merits of the method are good reduction
for background and ability of observation with several isotopes in one
detector system.

e The active, "source=target" or calorimatoric method is the type that the
source and detector are identical. This method has advantages of easy
increasing in size and high detection efficiency of 8 decay.

Backgrounds

Since 0v33 decays are considerably rare events whose T, is expected to be

1/2
larger than 10?yr, background reduction is one of the most important measures.

For long measuring time, if background is negligible,

74 12 1
, 1.11
<mﬁﬂ>oc[fxeG0v|M0v|2] VMT (111)
yet if backgrounds exist,
w 172t bAE1/4
1.12
(mppy o | v (1.12)

fxeG0v|M0v|2
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where W is the weight of the source material, f is the isotopical abundance, x is
the proportion of 5 candidates atoms in material, € is the detector efficiency,
M 1is the mass of isotope, T is the live time of the experiment, b is the num-
ber of background counts/kg/yrs/keV, and AE is the energy window for Ov g3
search. These equations shows that mass sensitivity depends on the existence of
backgrounds drastically.

Possible backgrounds are as follows.

1. Cosmic muons

Cosmic ray interactions in the atmosphere produce secondary particles
like muons, which become backgrounds of electron detection. To a large
extent, cosmic muons can be reduced in underground observatories. For
example, underground situation of Kamioka Observatory (1km in depth)
reduces muon intensity by 1/200,000. Vertical muon flux in some repre-
sentative underground laboratories is shown in Fig. 1.3.

2. Natural radiation in U,Th chain

The highest end point of environmental "single pulse" y-ray energy is 2.6
MeV which 28T1 emits. Therefore, the target 3 isotope should have Q-
value which is higher than 2.6 MeV. Table 1.2 shows S isotopes of high
0 pp and experiment using these isotopes. On the other hand, other events
can reach the energy region above 4 MeV (for example, double pulse
events of Bi-Po serial decays and 8 + y events of 2Tl decays). Those
backgrounds have to be reduced with material purification and analytical
method on experiments.

3. 2vB B event (Fig. 1.6)

OvBp events have a monochromatic energy of Qpgp that forms a peak
and 2v BB events make a continous spectrum below Qgg. To separate
these types of 53 events on the spectral shapes, good energy resolution is
necessary.

1.3.1 Experiments

Although some B experiments could measure 2v S half-lives, Ov 88 had not
been observed yet. This section shows some projects reporting results with
stringent limits for 83 of 13Xe, 7°Ge and *3Ca.

11
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Figure 1.5: Vertical muon flux as a function of depth, normalized to meter water
equivalent(m.w.e.) [9].
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Figure 1.7: Observed spectrum around the expected OvgBS peak of the
Heidelberg-Moscow collaboration. [10]

The Heidelberg-Moscow Experiment [10]

The experiment in the Gran Sasso Laboratory used 11kg of Ge enriched to about
86 % in "°Ge in the form of five High Purity Ge (HPGe) active detectors. With
the exposure of 53.9 kg - yr, the evidence for Ov B decays was reported by a
few members of the collaboration and this is still a matter of controversy (well
known as KKDC claim. See Fig. 1.7). If it is true, the Ov B half life and the
resulting mass are

175 ("°Ge) ~ 1.9 x 10 yr (90 % C.L.). (1.13)

<mlglg> ~0.35eV. (1.14)

The method of analysis had been discussed, and to examine this claim is the
first goal of the other groups.

GERDA [11]

A first phase of the GERDA experiment at Gran Sasso used the germanium
("°Ge) detectors of Heidelberg-Moscow and IGEX (total mass 13kg). The de-
tectors are supported by a minimal amount of material with low radioactivity in
a 4mg¢ cryostat filled with liquid argon as active shield and cooling material.

14



GERDA collected the data between November 2011 and May 2013 as first
phase with total exposure of 21.6 kg - yr. Then a lower limit for Ov 83 of 7°Ge
is derived as

TP/VZ(%Ge) > 3.0 x 10% yr (90 % C.L.), (1.15)

which is one of the most stringent limits for Ov38. GERDA started a second
phase with additional 18kg of "°Ge detectors in 2013.

KamLAND-Zen [12]

The KamLAND-Zen experiment is performed at Kamioka Underground Obser-
vatry. A balloon of 1.54 m radius made out of 25 um thick nylon is inserted
into the KamLAND detector and filled with xenon loaded scintillator (~ 290 kg
136Xe). The project started collecting data in 2011. The results using data of 62
kg - yr exposure are below,

Tf/z(l%Xe) =2.38+0.14 x 10*' yr (1.16)
T ("*%Xe) > 1.9 x 10% yr (90 % C.L.). (1.17)

Meanwhile, unexpected backgrounds from ''"™Ag were observed in the Q-
value region. Additional 700 kg of Xe with 90 % enrichment and a cleaner
balloon are set in the near future. Therefore, KamLAND-Zen will be the first
observation with ton scale isotope masses.

EXO(EXO0-200) [13]

EXO0-200 at Waste Isolation Pilot Plant (WIPP) focuses on 3°Xe. The experi-
ment includes a liquid xenon TPC of 40 cm ¢ X 40 cm (175 kg liquid Xe, 100
kg fiducial mass). The group has recently published results on the 2v 5 half
life and limit on the Ov 8 half life with 32.5 kg - yr exposure as

Tf/vz(136Xe) =2.1+0.2x 10*! yr (1.18)

TP ("Xe) > 1.6 x 10™ yr (90 % C.L.). (1.19)

This experiment is scheduled to run for 4 more years. In addition, next
expansions with multi-ton LXe detectors are planned.

15



ELEGANT VI and CANDLES [16, 17, 18, 19, 20]

Calcium 48 (*8Ca) has the highest Q35(4.27 MeV) in 3 isotopes (see Fig. 1.8, [14]),
but it has the exceedingly small natural abundance (0.187 %) [15]. We per-
formed the ELEGANT experiment, the measurements of Ov 35 with CaF,(Eu)
scintillators at Oto Cosmo Observatory. The ELEGANT VI detector consists of

23 CaF,(Eu) crystals with dimensions of 4.5x4.5x4.5 cm?’ as sources (contain-

ing 7.7g of *8Ca), CaF,(pure) bars as light guides, and CsI(T1) scintillators as
active veto (Fig. 1.9). ELEGANT VI with exposures of 4947 kg - day (about 2
years measurement) achieved zero background measurement and obtained the
most stringent experimental limit for 0v 38 of **Ca,

T (*%Ca) > 5.8 x 10**yr (90 %C.L.) (1.20)

We continues the measurement focused on **Ca Ov 83 with the CANDLES
experiment. 40 times targets in weight are prepared and impurities of crystals
are reduced to less than one order. Details of CANDLES are described in Chap-
ter 2.

Observation of OvB S must be performed with multiple isotopes comple-
mentary. The CANDLES experiment is expected to perform an important role
in Ov BB physics.

1.4 Purpose of the study

Our group have operated the CANDLES experiment. On Qv experiments,
background reduction is important to improve the sensitivity. Expected back-
grounds around Qgg are B + y emission from 208 (Qp= 5.0 MeV) and se-
quential decay of 2!?Bi-?!?Po (max visible energy of B + a is around 5 MeV).
Those events can be discriminated by offline data analysis (See Chapter 3,4).
However, in a long-term measurement (97 days as live time), we found the un-
expected backgrounds in the high energy region above Qg and peak structure
is found in 7~8 MeV. To improve the detector sensitivity, it is necessary to elim-
inate the origin of backgrounds. The purpose of this study is to identify these
unknown backgrounds and to study the method of background reduction.

16
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Figure 1.8: Decay Scheme from “8Ca to “3Ti [14]. Single 8 decay of *® Ca is
strongly suppressed by spin.

17



CaF2(Pure)

Figure 1.9: A schematic drawing of ELEGANT VI. [16]
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Figure 1.10: A comparison of the experimental data of live time of 232 days in
the ELEGANT VI experiment (solid line) with Monte Carlo simulations from
the internal radioactives (dashed line) and the 2v 3 of 48Ca (dotted line) [16]
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Chapter 2
The CANDLES Experiment

2.1 *Ca 8 experiment

About three dozens of 3 isotopes exist, but those which can be examined are
limited because high Qg are required in order to reduce the natural radioactiv-
ity in environment. About a dozen isotopes are studied with 58 physics cur-
rently. Table 1.2 shows the typical examined S isotopes and their Q-values.
The CANDLES Experiment focuses on “Ca as the target 83 isotope.

A merit of “®Ca is the highest Q gp value among all the 53 isotopes (Qpg =
4274 keV), which makes it possible to perform measurement in very low back-
ground environment. The highest energy of natural background single y-ray is
2.6 MeV from 2%8T1 decay. Therefore, we can search 88 events of “®Ca without
natural radiation. In addition, higher O gg makes better energy resolution at the
energy of Ov B8, which is necessary to separate Ov S signals from 2v 5 ones.

On the other hand, *®Ca also has weakness in natural abundance which is
extremely small (0.187 %) [15]. 48Ca cannot be enriched with centrifugation
method because gas compound of calcium does not exist. To enlarge experimen-
tal exposure, new approach for “*Ca enrichment should be developed. Currently,
enrichment method by laser excitation and another method using resin-treated
crown ether are studied.

19



2.2 Property of CANDLES

The concept of CANDLES (Fig. 2.1) is a solid large detector with 4x active
shielding system. The number of 10cm cubic CaF,(pure) crystal scintillators
are immersed in liquid scintillator (LS) which works as active veto shield. These
scintillators are placed in a transparent acrylic tank, and large PMTs, which are
installed in pure water, observe scintillation lights from both scintillators and LS
simultaneously. Ov 8 events cause a scintillation light from only each of CaF;
crystal that the event occurs, not from the other crystals and LS. An external
background (y rays from outer detector and environment, cosmic rays) interacts
with LS and crystals, which causes lights from both scintillators. Each decay
constant of scintillator is considerably different; that of CaF; is 1 usec and that
of LS is about 10 nsec (Fig. 2.2). Therefore, scintillation lights from different
materials can be separeted analytically.

CaF, (pure)

>
JJol_ Conversi
< Veto Phase iz

Figure 2.1: A conceptual design of the CANDLES detector and crystal mod-
ule [19].
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Figure 2.2: Illustration of scintillation pulse waveforms [20]. The CaF, signal
has long decay constant (1 us) and the LS signal has short constant (10ns).

CaF, crystal module

A CaF;(pure) scintillator has an advantage of longer attenuation length (10m)
than CaF,(Eu), which is suitable for three-dimensional expansion of detector.
On the other hand, it has demerits of lower photon production which is nearly
half of CaF;,(Eu) and the UV-region scintillation lights (Fig. 2.3) which are out
of sensitive region of PMTs. Light collection with PMT light guides should
be composed for the former problem, and both of problems can be solved with
wave length shifter(WLS) phase. In the detector design, a large number of CaF,
crystals in the form of 10 cm cubes are immersed in the LS.

WLS phase

In order to collect more scintillation photons, WLS has to absorb UV-region
lights and convert it into visible-region lights. In addition, a refractive index
of WLS must be close to that of CaF, crystal (ncar, = 1.43). The thickness
is limited as mm order because WLS is dead volume for the LS active veto
phase. A kind of paraffin oil (Showa Shell Sekiyu K.K., Paraol) is selected
for the solvent of WLS. It does not absorb UV light and has a refractive index
which is close to that of crystals. Bis-MSB is selected for the solute, because it

21
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Figure 2.3: Emission wavelength of undoped(pure) CaF, (blue) and CaF,(Eu)
(green) taken from [20].

absorbs lights with wevelength around 360nm and converts it to that of 420nm
wavelength(Fig. 2.4). Then bis-MSB with paraffin oil is used for WLS in Smm
thickness phase around CaF; crystal.

LS as active veto phase

Active veto phase should have similar refractive index to crystal module with
WLS phase. Additionally, it is required to have a large light output, high light
transparency. Furthermore, a large quantity with reasonable costs is needed.
Pseudocumene(PC) is used as solvants because it has large light output and long
attenuation length. PC should be diluted in order to avoid dissolving the acryl
which is used for materials of CaF, module cases and LS vessel. Then paraffin
oil is also used as solvant. As solutes of LS, Bis-MSB and PPO are selected.

Table2.1 is the components of WLS and LS used by CANDLES. LS is con-
fined into transparent acrylic vessels.
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Figure 2.4: Wavelength spectra of Bis-MSB. (solid) absorption lights, (dashed)
emmision. This figure is taken from [20].

WLS phase LS phase
Solvant paraffin oil paraffin oil (80 %) + pseudocumene (20 %)
Solute  bis-MSB(0.1g/1) bis-MSB(0.1g/1) + PPO(1.0g/1)

Table 2.1: Components of WLS phase and active veto phase which is used as
CANDLES’s setup

PMTs and passive veto phase

Pure water phase is used as passive shield for environmental neutrons. Large
PMTs surrounding the LS tank observe scintillation light from CaF, and LS.
light pipes are installed in front of PMTs in order to improve their light collec-
tion efficiency. PMTs and pipes are fixed on hard stainless steel tank.

2.3 Setup of the CANDLES III(U.G.) Detector

2.3.1 Detector setup

Current setup of the CANDLES experiment (CANDLES III(U.G.), Fig. 2.5) is
introduced. The detector is constructed in Kamioka Underground Observatory.
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As Introduced Chapter 1.3 (Fig. 1.5), Kamioka Observatory reduces muon in-
tensity to negligible. Some of the other low background experiments are held in
Kamioka. [9]

Geometry

The detector is ¢ 3 m X 4 m stainless steel tank including 96 cubes of CaF,
crystal (300 kg in total), 2,000 L of LS and 28,000 L of pure water. Crystal
modules with 10 cm X 10 cm X 10 cm CaF; crystals, WLS phase of Smm in
thickness and acrylic cases are positioned at equal intervals of 10cm. These
module arrangements are shown in Fig. 2.6. Scintillator tank (¢ 1.4 m X 1.4 m)
including CaF; crystal modules are observed by 14 of 20-inches PMTs and 48
of 13-inches PMTs with mirror light pipes. Figure 2.7 shows the installed posi-
tion of PMTs. Each crystal module has different energy scales from the others
since it has individuality in WLS phase and photon number difference from its
location. This requires precise crystal identification and energy calibration for
each module. These parameters are calculated by the offline analysis which is
described in the next chapter.

Purification

Even if the g 8 emitter with high Qg 1s used, the detector should not be contam-
inated by radioactive impurities (U, Th series). Therefore, purification processes
are performed to crystals, active(LS) and passive(water) veto phase.

e On the stage of the crystal production, the impurities are removed from
CaF; compounds by chemical approach. we select ingredient powder of
CaF, compounds based on concentration of U,Th series impurities that
are measured by the Germanium detector.

e As a countermeasure against LS contaminations, there are the LS reserv-
ing tanks and purification equipment next to the detector tank. When the
detector is not during observation, LS is preserved into the reserving tanks
and purified by the system.

e Passive veto phase with pure water is cleaned by the pure water level
maintenance system during observation. Furthermore, N, gas is flowed
into the tank in order to remove the radioactive gas (radon etc.) and com-
bustible oxygen from the internal gas of the detector.
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Figure 2.5: Setup of the CANDLES III(U.G.) Detector

Energy calibration system

Energy scales must be determined precisely for the detector. Good energy res-
olution is necessary to distinguish Qv events from high-energy tail of 2v 53
events in the vicinity of Qgg. We must consider that each crystal module has
different energy scales from the others.

In order to estimate the scale of each crystal, we had to develop charac-
teristic energy calibration system. We planned to operate the standard y-ray
source nearby crystals into the LS tank. Then the system should gain access
to flammable LS phase, and therefore O, contamination must be prevented in a
safety requirement. In addition, in order to avoid electric speaks, source instal-
lation and operation must be performed without the use of mechanics. Consid-
ering requirements as above, the system was developed as the 30cm X 20cm X
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Figure 2.7: PMT layouts of the CANDLES II(U.G.) Detector
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20cm stainless steel box(Fig. 2.8). We can attach this box to the detector tank
when we perform energy calibration run, and at first, the inner part of the box is
purged by flowing Nj gas. The tank has six apertures to connect to the calibra-
tion system since crystals are distributed widely. These apertures are closed by
equipped valves usually and opened in the case of calibration. A stainless wire
and a reel are attached to the box, and the ¢1cm X 2cm capsule is suspended by
this wire. The cupsule is the jacket of small 3%Y (y ray of E, = 898 keV, 1836
keV) RI source (Fig. 2.10 shows the decay scheme of 8Y). Figure 2.9 shows
both shapes of the source and the jacket. The reel has a vernier scale and a
handle, and the source is installed nearby the crystal modules using this handle.

2.3.2 Electronics
DAQ system

The data acquisition system (DAQ system) is designed to take signals from
CaF; scintillators. Figure 2.11 shows the circuit diagram of current system.
The scintillation lights from CaF, scintillator and LS are viewed by 62 PMTs
simultaneously. Raw signals are amplified to 10 times by amplifier modules.
Each module has two output ports, one of which is used to input pulse shape
into FADC (Flash A/D Converter) modules to record pulse shapes. Analog
signals from 62 ports are summed up, also sent into FADC and used to make
triggers of data taking.

Trigger

Triggers of data taking are made by dual gate trigger system (DGT). This system
selects CaF; events immediately using decay constant that is different between
CaF, and LS(Fig. 2.2). DGT handles two types of digital pulse, gate S1 and
gate S2 (Table 2.2). Digital pulse is integrated for S1 and S2 gate indivisually.
Trigger is issued if integrated values are both above thresholds. In other words,
S1 and S2 are risen when a CaF; signal is caught, and only S1 is risen when a
LS one or the other odd pulse comes. Trigger signal is sent due to timing of S2.
Figure 2.12 shows the expression of dual gates against pulse shape and Figure
2.13 shows the trigger efficiency. Here energy threshold for S-ray is about 880
keV.

In addition, pulse shape discrimination (PSD) in offline analysis is also nec-
essary to sweep the remaining LS or odd signal and to assess the type of event,
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Figure 2.10: Decay Scheme of 83Y [14].

Table 2.2: Settings of Double Gate Trigger

Gate Time Width (ns) Threshold (ADC Counts) Delay Time (ns)

S1 128 1073 384
S1 168 3443 0

a or B. FADC modules are used to record and analyze the pulse shape. Wave-
forms of 62 PMTs are converted into digital form by FADC modules and are
stored as raw data (Fig. 2.14). This form is expression of 384 channels. Pulse
heights of first 512 ns, including about 130 ns pedestal in front of pulse rizing,
is recorded as pulse height by 2 ns using 256 channels. Shape of next 8.2 us is
recorded as pulse height by 64 ns using 128 channels. Coarse recording of latter
pulse shape causes reduction of data size. Details of PSD is presented in next
chapter.
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2.3.3 Comparison to the ELEGANT VI detector

The CANDLES experiment and the ELEGANT VI experiment focus on Ov S
of “8Ca. CaF,(Pure) has longer attenuation length than CaF,(Eu) and allows us
to expand the detector in three-dimension. Table 2.3 shows the detector com-
parison of two detectors. In the target mass, the CANDLES III detector has
exposure which is about 45 times as large as that of the ELEGANT VI detector.
In addition, with expansion of crystal cubes from 4.5 cm to 10 cm on each side,
the higher detection efficiency for 88 events is expected. The surface of crystal
is inefficient to detect Ov 38, because [-rays emitted in this area escape to the
outside of the crystal without full energy deposit. The ratio of this inefficient
area to total scintillator can be reduced by enlarging crystal volume.

ELEGANT VI performed zero background measurement in 2 years and ob-
tained the most stringent limit for Ov 88 of “Ca. If CANDLES 1III also performs
zero background experiment, It can achieve the sensitivity of ELEGANT VI in
less than 2 weeks experiment.

Table 2.3: The comparison between ELEGANT VI and CANDLES III

ELEGANT VI CANDLES III
Material CaF,(Eu) CaF;(Pure)
Crystal size 45 x 45 x45cm?> 10 x 10 x 10 cm?
# of crystals 23 96
Target mass in total 6.7 kg 305 kg
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Chapter 3

Analysis

3.1 Event Reconstruction

In order to distinguish Ov 3 events from backgrounds, we take several steps
in offline analysis. Methods of event reconstruction and event selection are
described in this section.

3.1.1 Informations from Pulse

We get important information from a pulse shape in each event: energy deposi-
tion in scintillator, event position, a scintillator type (CaF; or LS) and particle
type (B or a).

Light from scintillators are caught by 62 PMTs and recorded in "the raw
data" as a voltage on each bin (first 256 bins per 2 ns and latter 128 bins per 64
ns) and time stamp by Flash ADC. The raw data is analyzed by "Pre-Analyzer"
program (see Fig. 3.1). At first, analyzer tags bad quality events. Next, inte-
grated charge for 4 us from pulse-starting channel for each PMT is calculated.
Pedestal is calculated using non-pulse events that are taken by 1 Hz clock trig-
ger. Integrated charge for each PMT is used for position reconstruction. The
number of photons entering into each PMT is used for energy reconstruction.
Meanwhile, one-photon events are used for measuring a conversion factor from
charge to photoelectron for each PMT. Next, 62 pulses are summed up after
aligning pulse-starting timing. From this summed pulse shape, scintillator type
and particle type are distinguished by pulse shape discrimination (PSD). Energy,
position and PSD parameters are calculated by "Main Analyzer" program.
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Figure 3.1: Flowchart of analysis.

3.1.2 Bad Quality Events

In the CANDLES system, occasionally bad quality events are recorded in the
data. These bad events are categorized as below.

1. Events with saturated PMT signal. The main cause of saturation is large
pulse shape of LS emission.

2. Start channel errors. These are the cases that the start channel cannot be
recognized in the region of first 512 ns.

3. Events with overshoot PMT signal. These are cases that kickstart pulses
are higher than pedestal.

Pulse shapes of these bad quality events are shown in Fig. 3.2. These are
tagged separately by Pre-Analyzer, and can be removed as necesarry. In Ov 3
study, we reject start channel errors and overshoot signals, but accept saturation
signals not to remove events in Qgg region unjustly. Influence of saturation
appears as lower shift of energy scale in high energy region described in section
3.1.5.
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3.1.3 Pulse Shape Discrimination
Chisquare values

Our primary concern is S decay in CaF, crystals and we must consider a re-
duction of « signal. we need to discriminate between § and « pulses in CaF,,
and LS scintillation pulses. Events without CaF, scintillation (only LS scin-
tillation) are rejected by online dual gate trigger; still, CaF, events with small
energy deposit in LS are left. These CaF, + LS emission events can be dis-
criminated using pulse shape information taking advantage of large difference
in decay constant (See Fig. 2.12). In addition, a-ray signal in CaF, has a little
bit shorter decay constant than that of S-ray signal (See Fig. 3.3), which makes
decay type discrimination possible using pulse shape.

Fine pulse shape discrimination (PSD) is performed in order to pick up S
decay events. At first, reference pulses are generated from an avarage of about
10,000 events for each event types (8, @ or 8 + LS) from data. Then each
event pulse is fit to reference pulses, and chisquare values ( X%, X(zp X% +LS) are
obtained. Chisquare value is defined as

| i—en i)
X2:;;§:(f Uf’) 3.1)

where d is the degree of freedom, i is the number of bin, f; is the observed
pulse voltage on each bin, e, ; is the pulse voltage of each reference pulse (r cor-
responds to the type of events; @, S, or § + LS) and o7 is the error of observed
fi- In latter 128 bins (64 ns sampling) region, one photoelectron is normally
observed in only one bin, which means that the observed voltage is simply pro-
portional to the number of observed photoelectron and o; is equivalent to the
voltage conversion value of the photoelectron fluctuation. On the other hand,
in first 256 bins (2 ns sampling) region, one photoelectron is observed across
several bins because of ~ 7 ns width of the photoelectron signal. Therefore, the
shape of the photoelectron signal is assumed as gaussian to calculate o;.

We use these values as pulse shape parameters. For example, imposing a
upper limit on X%, other a-like and CaF, + LS signals can be rejected. Figure

3.4 shows distributions of two parameters, y2 and X%- In addition, the cut
inefficiencies by )(% cut are shown in Fig. 3.5. The inefficiency of S selection
be%<15m9&7%.
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Shape Indicator

We also use "Shape indicator (SI)" [24] based on the Gatti parameter [25] as
an additional pulse shape parameter. This value is calculated from the equation

below,
€a,i eﬁ l
SI o (3.2)

where i is the number of bin, f; is the observed pulse voltage on each bin and
er, i 1s the pulse voltage of each reference pulse (r corresponds to the type of
events; a, ). Shape indecator performs particle identification between @ and
v(B) rays (See Fig. 3.6). This value is mainly used in order to discriminate «
signals of backgrounds from Th-chain impurities in crystals.

3.1.4 Position Reconstruction

Each crystal module has different energy scales from the others. For this reason,
we should identify a crystal module in which a radiation ray deposits energy.
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As a result, analyzing event position is essential. Here we use weighted mean
method for event reconstruction discribed below,

62 ST
%2 1,F,PMT,,
202 LnFy

where 7 is a position vector of event (x, y,z). m is PMT number(1~62), I, is the
integral of pulse charge for each PMT, F,, is photoelectron number factor which
is given for each PMT, then [, F,, corresponds to an amount of photoelectrons

which PMT(number m) observes. In addition, PMT,, is a position vector of
each PMT.

Figure 3.7 shows distributions of reconstructed position. Then rough g
events selection ( )(% < 3) is performed. The distortion of position is seen espe-
cially in z-axis, which is caused by worse photoelectron collection efficiency of
PMTs set on upper of the detector (see Section 5.2). Nevertheless, comparing
with Fig. 2.6, position reconstruction reproduces crystal distribution and identi-
fication.

(3.3)

-
r =
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3.1.5 Energy Reconstruction

Energy information is given as integrated value of the 4 usec waveform. Energy
E is simply calculated below,

62
E = Toaefn ) InFn (34)
m=1

where Ty, 1 a correction factor which is obtained by temperature of the detec-
tor per day (See Fig. 3.8), n is crystal number(1~96), and m is PMT number(1~62).
In addition, f;, is energy scale factor which is given for each crystal. f,, is given
by energy calibration measurement with standard y-ray source. This value must
be determined precisely, because good energy resolution is necessary to distin-
guish Ov BB events from high-energy tail of 2v3 S events. In addition, each
crystal module has different energy scales from the others. For this reason, f,
of each module must be measured individually.
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Figure 3.8: Detector temperature (blue) and ralative energy scale (red). Hor-
izontal axis shows the sub-run number corresponding to the number of days.
This figure shows that energy scale has negative correlation to detector temper-
ature.

Energy Calibration with 83Y RI source

Energy scale of each module must be measured with points of energy as close
as Q gg. The standard source 88Y which usually emits 898 keV and 1836 keV y-
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rays in single electron capture reaction is used for energy calibration (Fig. 2.10).
1836 ke'V is the highest energy (the closest to 4.27 MeV of Qg 3(48Ca)) in stan-
dard RI source.

Small 8Y source is hanged on and put on positions among crystals in LS
tank. Factors of crystals can be measured at a certain position of the source.
We can measure energy scales at 1836 keV of all crystals by changing source
position. Figure 3.9 shows an energy spectrum of this calibration measurement.
The highest peak corresponds to 1836 keV y-ray, and sum peak of 898 keV and
1836 keV +y-rays can be seen. 898 keV events are usually lower than energy
threshold. We calculate the energy scale f, using a charge value of 1836 keV.
Figure 3.10 shows a center value of 1836 keV peak at each crystal. The variation
of the energy scales for each crystal is 14 %. Energy spectrum of total crystals
is obtained by applying the energy factor for each crystal.

Energy Calibration with neutron source

In order to estimate energy scales in Q g region, calibration run with 252Cf neu-
tron source and Si, Ni blocks were performed. No isotope emits y-rays with
energy of 3 MeV or higher spontaneously. On the other hand, when a nucleus
captures a single neutron, it is excited and quickly decays to a ground state with
emission of y-rays (called (n,y) reactions). Several nuclei can emit high energy
y-rays with (n,y), which are useful for high energy calibration of the detector.
Therefore, calibration run with >2Cf neutron source and absorbers were per-
formed. Here silicon (Si) and nickel (Ni) were selected as neutron absorbers.
Energy of y-rays from (n,y) is shown in Fig. 3.11. The silicon absorber was the
form of blocks with the size of 30 cm X 30 cm X 40 cm including 63 % of sil-
icon. The nickel absorber was the form of a polyet ball with 18 cm in diameter
including 35 % of nickel oxide. Information about >>Cf source is presented in
Chapter 4. Both scematic views are shown in Fig. 3.12. Especially Si has y-ray
emission at 3.5 MeV and 5 MeV which can be used to check energy linearity in
O pp region.

By calibration runs with two absorbers, (n, y) spectra were obtained (shown
in Fig 3.13). Energy peaks of high energy y-rays could be observed. In addi-
tion, an energy peak in 7.6 MeV could be seen. This peak was observed even in
background measurement (meaning observation with 22Cf source without ab-
sorbers). This was caused by (n,y) reactions of iron (Fe) included in the stainless
steel tank. With these energy peaks, linearity of energy was studied as shown in
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Figure 3.10: Energy scale as a center value of 1836 keV peak at each crystal.
Holizontal axis shows crystal number.
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next section.
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Figure 3.11: A calculated y-ray spectrum from (n,y) reaction in silicon (Si, left)
and nickel (Ni, right) absorbers. Energy and cross section of each y-ray are
from [22].

Energy Scale around Qgp

Energy calibration with 83Y only enables to estimate calibration factors in the
energy region at 1836 keV. One of our primary demand for Ovgf search is
precise energy reconstruction in the region around Qgg of BCa (4.27 MeV).
Meanwhile, current energy resolution of Qgg is estimated as o/u ~ 3 % (See
Fig. 3.16), and therefore uncertainty of energy determination should be enough
smaller than this value. Here we must confirm that energy factor estimation on
lower energy (~ 2 MeV) can be applied on the region around Qgg. Thus, we
performed linearity check using 3.5 ~ 9 MeV v rays from neutron capture (n,y)
reactions. These measurement were performed with 2>>Cf neutron source. We
examined the linearity of the whole detector using energy peaks below:

e y-ray peaks of environmental 40K (1.4 MeV) and 29Tl (2.6 MeV),
e 3.5MeV and 5 MeV y-rays from (n,y) at silicon (Si1),
e 7.6 MeV y-ray from (n,y) at iron,

e 8.5 MeV and 9 MeV y-rays from (n,y) at nickel (Ni).
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Figure 3.14 shows comparison between calculated energy and real energy.
Calculated energy is getting lower than real value in the energy region above 3
MeV. These shifts of energy are from saturated signal of small LS deposit (see in
FlIg.3.15). In Q gp region, difference between calculated energy and real energy
is estimated as about 0.4 %. We can calculate the energy value of events with
better accuracy than energy resolution. Current energy resolution of CANDLES
III is shown in Fig. 3.16. We estimate energy resolution in 4.27 MeV at ~ 6 %
in FWHM.

3.2 Analysis of Physics Run

In this section, we show analysis of physics run for OvS S search. We have
performed some series of physics run continuously since 2012. In this thesis,
one series of physics run (called "Run005") is used for the background and
sensitivity investigation. This series was performed from June 2013 to October
2013 which has the live time of 61.0 days and exposure of 1.86 x 10* kgxday
(96 crystals).

3.2.1 Conceivable Background Sources in Qg

When we search for S events in energy spectra, tight background reduction
must be applied. In this observation, Ov S events will be shown as signals
of B-ray, in Qgp the energy region and position in crystal. OvBS events are
selected using the information from event reconstruction as explained in section
3.1 ; however, a part of backgrounds which cannot be rejected by this method,
especially in the Qgpg energy region, must be rejected using another analysis
described below. Conceivable backgrounds in Q gg region are caused by 232Th
impurities in the detector, in other words, two decays in Th-chain (Fig. 3.17)
can be backgrounds.

e 212Bi-212Pg sequential decays

212g; _, 212py _, 208py, (3.5)

Half-life of 212Po is 0.3 usec which means that total energy of these se-
quential decays is a problem. Q-value of >'?Bi 3 decay is 2.248 MeV.
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Figure 3.16: Energy resolution of the CANDLES III detector. Black line shows
observed resolution, and red line shows estimated resolution from photon statis-
tics.

Q. of 2'?Po « decay is 8.785 MeV but CaF,(Pure) scintillator quenches
a-ray in a factor of about 0.3. This makes visible Q, about 3 MeV. In
total, visible energy of 212Bi-?>!2Po sequential decays are distributed up to
5 MeV region, as a result, these decays can be backgrounds. Figure 3.18
shows two cases of pulse shapes in 2!?Bi->!>Po sequential decays.

In order to exclude these events, two method are performed. In the case
long sequential time lag in which a kickstart of 2'?Bi 8 decay and that
of 212Po « decay are separated clearly, we perform a time difference dis-
crimination to find these kickstarts. More than 95 % of >!?Bi-2'?Po decays
can be discriminated and excluded. in the case of short interval event In
the case of shorter interval event, a time difference discrimination method
may not work well. We use SI as an additional pulse shape parameter
in this case. To regard a summed pulse with short interval as an "a-like"
pulse, we can exclude sequential decay backgrounds using SI. Figure 3.19
shows SI distributions of sequential decays in energy region near Qgg.
For Ov BB search, events in purple box (OvS S window) is established
as SI limit in -30- ~ +10 and AT < 10ns. Finally, reduction efficiency of
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212Bi-212Pg sequential decays backgrounds at 4.27 MeV attains more than
99 %. The detection efficiency for Ov B of this selection corresponds to
84 %. This efficiency is calculated from the number of data in 2.6 MeV
(+ 1 o) 2T1 y peak which decreases when the selection is applied.

208T] B decays

212 — 2081 208py (3.6)

Qp- of 208T] 8 decay is 5.0 MeV (shown in Fig. 3.20). Although we can
ignore 2.61 MeV 7y emission from 2°®TI, 8 +y events can be background.
In order to remove 2%8T1 events, we must focus on 212 Bi « decays that
are previous events of 2%8T1 8 decays. Q, of 2'?Bi @ decay is 6.05 MeV,
corresponding to visible Q, of about 1.7 MeV. Half-life of 2%8Tl is 3.0
min.

Reduction of 28Tl g signals is performed using time coincidence method
between parent 212Bi « signals and daughter 28Tl S signals. « signals in
1.7 MeV region (+ 3 o) are selected using x2 and SI. These are regarded
as 21°Bi « signals. Then, all events within 12 minutes (four times of 2°8Tl
half-life) from timing of each 2'?Bi « signal in same crystals are excluded
(see Fig 3.21). In this method, reduction efficiency of 2°Tl g decays
attained about 60 %, and data acceptance rate is estimated as 66 %.

3.2.2 Event Selection

When we search for Ov 88 events in energy spectra, we perform event selection
with event reconstruction parameter and background reduction. We must study
B events which occur in CaF, crystals. In addition, backgrounds of known
causes (>'?Bi->'’Po sequential decays and 2°Tl g decays) must be rejected.
From above mentioned requirements, we set limits to event reconstruction pa-
rameters (named "Ov B selection") :

e Reduction of bad quality events.

o X% < 1.5 to remove LS + CaF, events.

e Sl selection (-30- < SI < 107) and double pulse cut to remove 212Bj.212p
sequntial decays.
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Figure 3.20: Decay Scheme of 20871 [14).

e Rejection of events after 12 minutes from the timing of each >'?Bi « sig-

nal.

e Selection of 26 of best purified crystals that are contaminations of 23>Tl <
10 uBg/kg. Events in + 3 o region from center position of these crystals

(for each x, y, z axis) are selected.

Additionally, in order to study shapes of energy spectra, we also use loose
"CaF, selection" very often:

e Reduction of bad quality events.

° X,zB < 3.0.

e Selection of all 96 crystals. Events in 3 o region from center position of

these crystals (using the Gaussian fit) are selected.
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Figure 3.21: Figures of 2!?Bi->"8Tl coincidence [26]. a) The energy spectra of
the preceding events of 2%TI. Red line corresponds to the preceding and black
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3.2.3 Energy Spectra

Here we show observed energy spectra in 61.0 days live time. Figure 3.22 shows
spectra with CaF, and Ov g event selection. Structure in 3.5 ~ 5 MeV region
of the blue spectrum mainly consists of 28Tl 8 decay events, and we can see
that this structure cannot be seen in red line. On the other hand, we can see
6 events in energy region of 4.16 ~ 4.48 MeV (according to energy resolution,
QOpp - 10 ~ Qpgp + 20). The events are more than estimated the number of 20871
backgrounds (~ 1 events / 26 crystals / 61 days). This indicates that unexpected
backgrounds exist. Focusing on the high energy region of the blue spectrum,
there are a structure with two peaks. Peaks shows around 7.5 MeV and 9 MeV.
These peaks will make low energy structure and influence as backgrounds in
0 pp region. We must identify the origin of these unexpected backgrounds. The
study of these high energy events is shown in the next chapter.
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Figure 3.22: Energy spectra of 61.0days physics observation. Blue line corre-
sponds to the spectrum with loose CaF, selection and red line corresponds to
the spectrum with Ov 3 selection.

3.2.4 Current Sensitivity

The sensitivity of Ov 3£ is calculated as below,

10 > o laac (3.7)
uw

where M is the target mass, T is the measurement time, with following the
Feldman-Cousins method [29], W is the morecular weight of the molecule, a
is the abundance of 3 candidate per molecule, Na is Avogadro’s constant (
= 6.02 x 10?* atom/mol [30]), € is the detector efficiency, and u is the high-
est Poisson signal mean which is derived from observed events and background
events. Here u is calculated using a number of observed background events.
According to this formula, the sensitivity is proportional to the mass of the tar-
get, the isotopic abundance, the detector efficiency and approximately inverted
proportional to the event rate (Nevent/T)-
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Current sensitivity of CANDLES as limit for Ov 38 half life of **Ca is cal-
culated as

{5 (*Ca) > 0.8 x 10%yr. (3.8)

The value of each parameter is listed in Table 3.1. Here, the detector effi-
ciency € ~ 0.3 is estimated as the total efficiencies shown below;

e Detection efficiency for Ov 38 events based on size of crystals and energy
resolution. The efficiency is estimated by Monte Carlo simulation with
the energy resolution of 6 % (FWHM) at Qg to be 62 % (See Fig. 3.23).

e Bad quality cut efficiency (~ 100 %).
e Position selection efficiency (99 %).

e S selection efficiency (y? and SI) (94 % and 84 %) which are calculated
from the number of data in 2.6 MeV (+ 1 o) 28Tl y peak which decrease
when the selection is applied.

e Acceptance in reduction of 208 decays (66 %).

Current sensitivity has not reached the level of ELEGANT VI even though
exposure is limited on this analysis (96 — 26 crystals). The key of sensitivity
improvement is surely low background observation.

Table 3.1: Parameter for Ov 8 sensitivity of the current CANDLES III detector.

Na
6.02 x 102 /mol

a
1.87 x 1073

J7i

M T
547

82.68 kg | 0.167 yr

€ w
0.3 | 0.07807 kg/mol
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Chapter 4

High Energy Background Study

4.1 Background Candidate

As discussed in Chapter 3, we tried to find Ov 3 signals in physics run with
event selection using energy, position reconstruction and pulse shape discrimi-
nation, while we found more backgrounds than expectation in the energy region
above Qgg. We studied the origin of these backgrounds in high energy region.
In Fig. 3.22, the characteristic structure of two peaks is shown. There is a clear
peak around 7.5 MeV and this is the key to understand these high energy back-
grounds.

Neutron capture, a nuclear reaction in which an atomic nucleus and neutrons
collide and merge to form a heavier nucleus, is one of the main possibilities of
high energy events. Neutron capture is accompanied by y-ray emissions ((n,y)
reaction). There are various energies and intensities of emitted y-rays in these
reactions. Especially, iron (Fe) emits remarkable 7.631 MeV and 7.646 MeV -
rays from (n,y) reactions. In fact, Fe is contained in materials around the CAN-
DLES detector. Mainly two materials can be candidates of (n,y) background
origins; a detector tank which is made of "SUS304", a type of stainless steel,
and rock wall surraunding the experimental tank. Each elemental composition
is given in Table 4.1.

Figure 4.1 and Figure 4.2 show the schematic views of neutron capture reac-
tion around the detector and expected y-ray spectra of each material considering
its elemental composition. These spectra are calculated from the photon inten-
sity of y-rays as seen in (n,y) reactions based on cross section [22] and chemical
composition of the material. The stainless steel of the tank contains about 70 %
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of Fe, 8.0 ~ 10.5 % of nickel (Ni) and 18.0 ~ 20.0 % of chromium (Cr). In the
energy region above 7 MeV, Fe y-ray emission with energy around 7.6 MeV 1is
considered to be the main component of (n,y) reaction. This emission can be
the source of the 7.5 MeV peak. In addition, both Ni and Cr components emit
high energy y-rays (especially, 8.998 MeV of Ni and 8.884 MeV of Cr) from
(n,y) reactions. They are origins of the 9 MeV peak in energy spectra of physics
runs. The wall material is solid rock of Kamioka and its chemical composition
is given in [27]. As for the rock material, Fe y-ray emission with energy around
7.6 MeV is dominant.

In conclusion, we assumed that y-ray from (n,y) reactions of the detector
tank and the rock wall could be the origin of high energy backgrounds.

Here we have to make reference to the neutron flux in physics run. In pre-
vious research with the >He proportional counter [31], flux of thermal neutrons
(with energy E, = 0.025 eV), non-thermal neutrons (0.5 eV < E,, < 10 MeV)

and fast neutrons (0.5 MeV < E, < 10 MeV) were estimated as below,

Dthermal = 8.26 + 0.58 X 107° neutrons/cmz/sec 4.1)
®pon—thermal = 1.15 £ 0.12 x 107> neutrons/cm?/sec 4.2)
Df = 2.06 £0.21 X 1076 neutrons/cm?/sec. 4.3)

Considering that the detector tank has the surface area of 51.8 mZ2, number of
thermal and non-thermal neutrons incident on the tank are calculated as

Nthermal = 4.28 + 0.30 neutrons/sec 4.4)
Nnon—thermal = J.96 = 0.62 neutrons/sec 4.5)
Niotal = Mthermal + Mnon—thermal = 10.3 % 1.3 neutrons/sec. (4.6)

In addition, By assuming that the laboratory has a simple cylinder shape with
6 m in the floor diameter and 6 m in height, the the surface area of the rock
wall is estimated to be 170 m2. As a result, number of thermal and non-thermal
neutrons incident on the rock are calculated as

Nthermal = 14 £ 1 neutrons/sec 4.7)
Mnon—thermal = 20 + 2 neutrons/sec (4.8)
Riotal = Mthermal + Pnon—thermal = 34 * 3 neutrons/sec. 4.9)
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Figure 4.1: (Left) Schematic view of neutron capture at stainless steel tank.
(Right) A calculated y-ray spectrum from (n,y) reaction in stainless steel. Cross
section of each y-ray energy is from [22] and the element composition is
from [28].
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Figure 4.2: (Left) Schematic view of neutron capture at rock wall. (Right) A
calculated y-ray spectrum from (n,y) reaction in rock wall. Cross section of
each y-ray energy is from [22] and the element composition is from [27].
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Table 4.1: The elemental composition of rock in Kamioka [27] and stainless
steel tank (SUS 304, [28]). Neutron capture cross section and energy for princi-
pal y-rays from (n,y) reaction in each element [22] are also shown in the table.

Element | Rock Tank Cross section | Energy for principal y-rays
(%) (%) (barns) (keV)

O 60.67 1.9 x 107*

Si 18.47 < 1.00 0.172 3539, 4934

Al 10.58 0.231 1779

Na 3.90 0.530 1369, 2754

K 2.11 2.06 30, 770

Ca 1.82 0.431 1943, 6420

Fe 1.04 | (66.3-74.0) 2.56 7631, 7646

H 0.58 0.3326 2223

C 0.29 <0.08 3.5 x 1073 | 4945, 1262
Mg 0.28 6.7 x 1072 | 3917, 585

P 0.11 < 0.045 0.172 513

TI 0.09 3.44 140
Mn 0.04 <2.00 13.36 847

S 0.01 < 0.030 0.534 841, 5421

Cr 18.00 - 20.00 3.07 835, 8884

Ni 8.00 - 10.50 4.39 8998, 465, 8534

4.2 Experimental Run with >>>Cf Neutron Source

In order to verify the hypothesis that (n,y) reaction is the source of backgrounds,
we must understand how events appear in experimental energy spectra. In ad-
dition, we need to determine the fraction of (n,y) origin which is necessary for
designing additional background shielding. To study them, we performed neu-
tron source run in order to generate (n,y) reaction artificially.
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4.2.1 Setup of Neutron Source Run

We used californium 252 (32Cf) neutron source in order to obtain sufficient
statistics of (n,y) events in limited time scale. Figure 4.3 shows setup and photos
of neutron source run. In contrast to energy calibration with the 83Y source, the
neutron source was set outside of the detector, between the detector tank and the
rock. For comparison with energy spectra of y-rays from the tank and the rock,
the source was placed near the tank and near the rock wall with observation
performed depending on the source position.

The neutron source 2>>Cf emits a number of neutrons and y-rays in its spon-
taneous fission reactions. Average energy of emitted neutrons is about 2 MeV.
Prepared 2°2Cf source had its radioactive intensity of 0.4 MBq. Three percents
of decays in 2>2Cf is spontaneous fission and 3.8 neutrons in average are emitted
in the fission, which corresponded to neutron emissions as

Nsource = 4.56 X 10* neutrons/sec (4.10)

at the time of this experiment. When the neutron source was set near the rock
wall, almost all of these neutrons enter the rock. Simple estimation with neu-
trons incident in comparison to environmental neutrons incident on the tank
(4.9) indicated that neutron source run for about 6 hours would provide a statis-
tic of neutron-induced events in one-year physics run. In order to shield unnec-
essary y-rays, lead (Pb) blocks with 5 cm thickness were used.

Table 4.2 shows run list of neutron source run series.

Table 4.2: List of each neutron source run and physics run.

Run Name Date Run Time Live Time
Cf run (Tank) 31st August 2014 21899 sec 20920 sec (5.8 h)
Cf run (Rock) 31st August 2014 41994 sec 40567 sec (11.3 h)

Physics Run  June ~ October 2013 5.39 x 10%sec 5.27 x 10° sec (61.0 days)
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Figure 4.3: (Up) Top view of the experimental site and the layout of the setup
of the Cf runs. Observation of Cf run (Rock) and Cf run (Tank) were performed
individually. (Middle) A photo of the source setting near the tank. (Bottom) A
photo of the source setting near the rock.
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4.2.2 Energy spectra of Neutron Source Runs

Spectrum of Cf run (Tank) and that of Cf run (Rock) without normalization are
shown in Fig. 4.4 and Fig. 4.5. Loose CaF, selection was applied in order to
compare spectral shapes with physics run in this region. In addition, each source
run was normalized with the number of events in the energy region above 5.5
MeV in Fig. 4.6. This figure shows energy spectrum of 61.0 days physics run
in blue plots, that of Cf run (Tank) in red and that of Cf run (Rock) in green.
There are lots of events in physics run in the region below 5 MeV because loose
selection was also applied to physics run and 2°8T1 S events are not rejected.
We should focus on the energy region above 5.5 MeV.

We found that 7.6 MeV peak (Fe) and 9 MeV (Fe, Cr, Ni) structure from
(n,y) reactions are observed experimentally. In addition, an energy peak in 6
MeV region were found in every spectrum, which corresponded to y-rays of
5.920 MeV and 6.019 MeV from (n,y) reactions from Fe. From the above,
spectra of neutron source runs reproduced the spectrum of physics run above
5.5 MeV.

We considered that high energy backgrounds come from y-rays originating
in (n,y) reactions; however, in spite of different source position, there were not
many gaps between two spectra of neutron source run. The tank captures more
neutrons than estimated, because neutrons from the source were reflected by the
rock and distributed uniformly in the laboratory. In addition, Silicon component
which is shown in Fig. 4.2 could not be observed because the rock shielded 3.5
MeV and 5 MeV vy-rays. Statistics in 7.6 MeV peaks (shown in Table 4.3 as
item A) shows that Cf run (rock) for about 4.3 hours could provided a statistic
of neutron-induced events in one-year physics run. This result was consistent
with estimation using neutron flux.

4.2.3 Components of (n,y) Backgrounds

In the following discussion, we assume that y-ray spectra in energy region above
7 MeV consist of two components; one is from the rock and another is from the
tank. Components of (n,y) backgrounds were estimated from the shape of each
Cf run spectrum. Figure 4.7 shows calculated y-ray spectra from (n,y) reactions
in both materials with energy resolution FWHM = 6 % at 4.27 MeV. Same data
with Fig. 4.1 and 4.2 [22] are used in these spectra. Ratio of total number of
events in 8 ~ 10 MeV (area B) to that in 7 ~ 8 MeV (area A) are used for
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Figure 4.4: Energy spectra of Cf run (Tank) in 20920 sec observation. CaF,
selection (see Section 3.2.2) is performed in this spectrum.
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Figure 4.5: Energy spectra of Cf run (Rock) in 40567 sec observation. CaF,
selection (see Section 3.2.2) is performed in this spectrum.
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Figure 4.6: Energy spectra of physics observation (blue points) and neutron
source run (red points show Cf run (Tank) and green points show Cf run (Rock)).
CaF; selection (see Section 3.2.2) is performed in all spectra. Each source run
is normalized with the number of events in the energy region above 5.5 MeV.

this calculation, because the structure of 8 ~ 10 MeV is feature of the tank
conponent. This ratio is named "the B/A ratio". From Fig. 4.7, the B/A ratio of
(n,y) backgrounds from the tank is 0.77, and that from the rock is 0.10.

Components of (n,y) events of physics run and two neutron source runs are
calculated by comparing their B/A ratio with values calculated from Fig. 4.7.
This is shown in the equation below;

R =0.77t +0.10(1 — 1),

_R-0.10
T 0.67

where R is the observed B/A ratio and ¢ is the component of (n,y) backgrounds
from the tank in area A. The B/A ratios and the components of backgrounds in
7.6 MeV peaks are shown in Table 4.3. We performed two Cf runs of different

4.11)
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Figure 4.7: Calculated y-ray spectra from (n,y) reaction with energy resolution
FWHM = 6 % at 4.27 MeV. neutron capture information with y-ray energy is
from [22]. Purple line shows y-rays spectrum from (n,y) reaction of the tank.
Blue line shows y-rays spectrum from (n,y) of the rock.

source positions, resulting in a small difference of (n,y) components. In physics
run, about 70 % of (n,y) backgrounds are from the rock wall, and we have to
consider about shielding against y-rays from both materials. In next section, we
estimate number of (n,y) background in CANDLES using the results of these
source runs.

4.3 Simulation

By the measurement with neutron source, we found that y-rays from neutron
capture reactions were main events above Qgg region. Component ratios of
(n,y) reaction in 7.6 MeV, from rock or tank, were estimated from the y-ray
spectrum using database, but more accurately these should be calculated from
the experimental y-ray spectrum of only the rock component and only the tank
component. However, to obtain such spectra, neutron source must be set into
a mass of rock or tank with thickness of a few meter because of neutron trans-
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Table 4.3: The B/A ratio and the components of backgrounds in 7.6 MeV peaks.
The components in the ’database’ column are estimated from B/A ratio of y-ray
spectra shown in Figure 4.7. The components in the ’y MC’ column (a) are
estimated from spectra fitting with simulated spectra shown in Figure 4.10 and
those in (b) are from B/A ratio of simulated spectra.

Run Name A B B/A Ratio Tank : Rock (%)
(database) (y MC (a))
Fit range (MeV) 7-10 5.5-10

(y MC (b))
7-10

Cfrun (Tank) 2937 1237 0.42+0.01 48+2:52+2 74+1:26+1 62+2:48+2
Cfrun (Rock) 3803 1396 0.37+£0.01 41+2:59+2 62+1:38+1 53+2:47+2
Physics run 243 73 0.30+£0.04 31+£5:69+5 33+2:67+2 41+5:59+5

parency. It is difficult to perform such measurement in the CANDLES labora-
tory.

For further understanding of (n,y) backgrounds, we performed Monte Carlo
simulation [32] instead of additional experiments. In addition, we needed infor-
mation about neutron distribution in the CANDLES laboratory and in the rock
wall. This was the key to understand the component ratio of (n,y) backgrounds
in physics run. Two types of simulation were needed; y-ray simulation to ob-
tain energy spectrum of each component and neutron generation to investigate
neutron distribution.

Geometry in Monte Carlo simulation is shown in Fig. 4.8. Simulation for
y-rays was performed using database shown in Fig. 4.1 and Fig. 4.2, uniformly
in rock or tank. Energy deposition in each crystal was recorded and total energy
deposit in CaF; and in LS was obtained.

We generated the spectra correponding to the rock component and the tank
component. By fitting these two simulated spectra to the experimental spectrum,
the ratio of component was estimated. Energy spectrum of physics run with two
simulated spectra is shown in Fig 4.9. It is noted that data in 88.1 days live time
were used in this spectrum and simulated spectra were fit to the experimental
spectrum in the energy range from 5.5 MeV to 10 MeV.

These estimation was performed also for 22Cf source runs which are shown
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in Fig. 4.10. The ratio of the components in 7.6 MeV of each run are shown in
(y MC a) column of Table 4.3. With y-ray Monte Carlo estimation, the rock
component has a tendency to be estimated lower than database estimation. This
was because the number of events in 9 MeV region in the tank component with
simulation was estimated fewer than those with database. In addition, fit range
of simulated spectrum covered the structure of 6 MeV. The spectrum of the tank
component had clear single peak in 6 MeV, and the experimental spectra of
252Cf runs also had the clear peak. Therefore, the ratio of the component was
estimated with simulation more correctly, and especially in Cf runs, the tank
component seemed to be remarkably stronger than estimation with databese.
On the other hand, both of estimation show that the rock component in physics
run is higher than that in neutron source run with setting the source near the rock
wall. In order to confirm the difference between fit range, calculation using the
B/A ratios of simulated spectra was performed and shown in (y MC b) column
of Table 4.3. Although the rock component was estimated lower than database,
the difference between Cf runs and physics run was reduced.

The calculated ratio of the two components Tank / Total in 7.6 MeV was

calculated as 0.33i8'.(1)§. The ratio of the components in Qgp region (+ 1 o)

was calculated as O.ZOfgiég. As estimated above, y-rays from the rock wall are
considered as the main component of backgrounds.

Next we performed neutron generation for understanding neutron capture
and y-ray distribution. Geometry in this simulation was same as y-ray simu-
lation. In this study, three types of neutrons were generated uniformly in thr
rock wall. The types were thermal (0.025 eV), non-thermal (0.1 eV ~ 10 MeV)
and fast neutrons (0.1 MeV ~ 10 MeV). For every type, 10° of perticles were
generated. Then numbers of neutron captures in the rock and in the tank were
recorded. As a result, neutron captures were calculated as (1.21 + 0.10) x 10’
/day in the rock and (2.53 + 0.21) x 10° /day in the tank. That correspond to
numbers of y-rays emission as (2.45 + 0.20) X 107 /day in the rock and (4.30
+ 0.35) x 10° /day in the tank, calculated from number of y-rays per one (n,
v) reactions is 2.04 in the rock and 1.66 in the tank. These show that the rock
wall was higher level y-ray emitter than the tank in physics run. By contrast,
considering energy deposition in crystals and event cut condition, the ratio of
components Tank : Rock in 5.5 MeV ~ 10 MeV region calculated from this
neutron simulation was 4.4 : 5.6, which showed that the rock component was
smaller than the other estimation. This might come from the small thickness
settings of the rock wall in this study (1 m). Several meters of the rock wall will
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Figure 4.8: Geometry in Monte Carlo simulation.

be suitable for real geometry and enlarge the rock component.

4.4 Background Estimation

We found that y-rays from (n,y) reactions in materials around the detector are
the main origin of Qgg backgrounds. We focus on energy spectrum with Ov 3
selection. It is noted that 2'?Bi->!?Po cut and 2°%Tl cut are performed in this
selection but 2°8T1 and (n, ) background still remain. Figure 4.11 shows energy
spectrum of physics run in blue line and that of Cf run (Rock) in green line
with CaF; selection in order to study current amounts of background. Cf run is
normalized with number of events in the energy region above 5.5 MeV. Table
4.4 shows background estimation of the run in the Qgg energy region. Six
events were observed in physics run. In this region, normalized spectrum of
232Cf source run, corresponding to current (n,y) backgrounds, were estimated
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Figure 4.9: Energy spectrum of physics run in 88.1 days live time (black circle)
with the most suitable simulated spectrum fitting (red solid line). Blue dotted
line shows the stainless steel tank component in fitting spectrum and green dot-
ted line shows the rock component.

as 3 + 1 events. Number of 2%TI background was estimated as about 1. This
shows that (n,y) reactions of the rock and the tank could be major origins of
current background in Qgp region. However, studying contribution of (n,y)
backgrounds with high statistics is necessary. Next we focus on energy spectrum
of physics run with loose CaF, selection in order to confirm the consistency of
background rate.

Physics events with loose cut include backgrounds from 2'?Bi->'?Po sequen-
tial decays, 28Tl 8 + y and (n,y) reactions. Number of sequential decays and
that of 2%®T] decays were estimated to pick up events with pulse shape dis-
crimination and timing analysis as shown in Section 3.2. We should consider
present low 208 reduction (selection) efficiency (60%). In order to count 208
events after the corresponding selection, spectrum with 2°3T1 selection and spec-
trum without 2%8TI selection were compared and 2%Tl spectrum was obtained
(shown in Fig. 4.12(Down)). This spectrum should correspond to 60% of all
208T] events. Therefore, number of remaining 40% was estimated from this
spectrum. In addition, number of (n, y) backgrounds was estimated from en-
ergy spectrum of 2>>Cf source run normalized with the number of events in the
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Figure 4.10: Energy spectrum of >2Cf source runs in same format with Fig. 4.9,

with additional simulated spectrum of y-rays from >32Cf source. (purple dotted
line). (Up) Cf run (Tank). (Down) Cf run (Rock).
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Table 4.4: Background estimation of physics run in Q gg energy region.

Live time 61.0 days
Mass of target 82.68 kg (26 crystals)
Energy window 4.16-4.48 MeV (-1 o ~2 0)
Observed events 6
208T] estimated backgrounds ~1
(n,y) estimated backgrounds 3+0.6

energy region above 5.5 MeV. All background estimation are shown in Table 4.5
and corresponding energy spectra are shown in Fig. 4.12. All number of events
in Qg region with loose CakF; selection, Bi-Po cut and 20871 cut were 149 + 12
events / 96 crystals / 61.0 days. On the other hand, events of remaining back-
grounds were estimated as 132 + 10 events / 96 crystals / 61.0 days, including
these two types of backgrounds which cannot be removed analytically, 62 + 10
events of remaining 2°®T1 backgrounds and 70 + 3 events of (n,y) backgrounds.
The number of remaining 28Tl backgrounds were estimated from energy spec-
tra with Bi-Po cut and "T1 selection" which figures events that are removed by
Tl cut. Removed 23Tl events were calculated as 103 + 16 events in Q B region
with subtracting energy spectrum before applying T1 selection (normalized with
the number of 2.6 MeV events) from the spectrum after Tl selection. Here we
estimated that the number of remaining events were about 0.6 times as much as
the number of removed events, which was calculated as 62 + 10 events. The
number of (n,y) backgrounds were estimated as 70 + 3 events from energy
spectrum of Cf run (Rock) normalized with the number of events in the energy
region above 5.5 MeV. In this study, events in Q gg were found to be consistent
with assumed backgrounds.

This study shows that main backgrounds in Qgg region are y-rays from
neutron capture reactions at surrounding materials of the detector. These are the
forms of y-rays that is difficult to remove analytically. On the other hand, these
background are from outside of the detector. Therefore, sufficient shieldings
against y-rays and neutrons is expected to be effective for background reduction.
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Table 4.5: Contribution of remaining backgrounds (?!*Bi-?>!2Po, 2%8TI, neutron
capture) in physics run in Qgg energy region (4.16 ~ 4.48 MeV).

Cut condition counts / 96 crystals / 61 days
LS cut 1791 £ 42
+ Bi-Po cut 369 £ 19
+ Tl cut 149 + 12
Remaining %®Tl estimated 62 £ 10
(n,y) estimated 70+ 3
Total estimated background 132 £ 10
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Figure 4.12: (Up) Energy spectra of physics observation and backgrounds re-
duction (?'?Bi-212Po, 298T1) with performing CaF, selection (see Section 3.2.2)
in every spectrum. (Down) Energy spectra for calculating contribution of 2°8T1
backgrounds remaining after 2“®T1 cut.
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Chapter 5

Prospect

5.1 Background Reduction

Additional passive shieldings

As the results so far, main background above Q gg region was found to be y-rays
from neutron capture reactions at the rock and tank materials, whose event rate
was estimated to be 3 + 0.6 events / 61 days / 26 crystals. This rate corresponds
to 66 + 12 events/year in all 96 crystals. Monte Carlo simulation gives the ratio
of (n,y) backgrounds from the tank to that from total in Qg region as about
0.20*0:13 (see Sec. 4.3).

As described in Sec. 1.3, the most effective strategy to improve sensitive
for Ov BB search is to perform zero background measurement. Therefore, we
aim to reduce total backgrounds rate to be 0 events/year level. The realistic tar-
get of (n,y) background rate is set to be about 0.5 events/year in both the rock
component and the tank component, 1 events/year in total. The rock compo-
nent and the tank component must be reduced to 0.01 and 0.03 of current level,
respectively.

The rock component of (n,y) background can be reduced by using lead (Pb)
shielding. Required thickness of Pb to achieve 0.5 events/year background level
can be estimated from the mass attenuation coefficient shown in Fig. 5.1 [33].
For example, the coefficient for y-rays at 4 MeV is 4.2 x 10> cm?/g, which
corresponds to the attenuation length of 2.1 cm. This shows that the Pb shielding
with the thickness of 10 cm attenuates the intensity of y-rays with the energy
around Qg into about 0.009. In addition, y-rays in the energy higher than Qg
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(7.6 MeV from Fe, 9 MeV from Cr, Ni and more) can be attenuated by Pb better
compared to 4 MeV, because attenuation coeflicients are slightly larger than that
of Qpp. Therefore, Pb with 10 cm thickness can have desired performance for
shielding (reduction of the rock component into 1 %).

Incidentally, Pb emits mainly 7.368 MeV y-rays from (n,y) reactions, but
neutron capture cross section of Pb is 0.154 barns which is significantly smaller
than that of Fe (2.6 barns) [22]. This cross section indicates that effects of
neutron capture in Pb shields is much smaller than those in the tank. Table 5.1
shows values of attenuation length of 10 MeV vy-ray and neutron in Fe or Pb.
Attenuation length of y-ray is calculated as

1
Lg =

=, (5.1)
up

where u(cm?/g) in this equation is mass attenuation coefficient for y-ray and
p(g/cm?) is mass density of material. On the other hand, attenuation length of
neutron is calculated as

1 A

Ly = = , 5.2
N onn  onNNup (5-2)

where o y(barn(10~2*cm?)) is neutron capture cross section, and n(atom/cm?) =
NaXP i atomic density which is calculated from Avogadro constant N4(=6.02 X
10%3atom/mol), atomic numberA(g/mol) and mass density p(g/cm3). The Pb
shielding and the tank emit y-rays from (n,y) reactions but attenuate these rays
for themselves. Amounts of y-rays from (n,y) entering into the detector is pro-
portional to R = i—g When the detector is simply assumed as a spherical object
and other constructs have uniform thickness, this background problem is sim-
plified as a one-dimensional problem. Intensity factor of y-rays from the tank

into the detector is calculated as
X0
Pink = f Rinke “dx = Rk (1—e™) = 0.932x(1-0.91) = 0.0839, (5.3)
0

where x( correspnds to the thickness of the tank (as 4 mm) with a unit of Lg,
which is calculated as xo = % = 0.0943. On the other hand, intensity factor
of y-rays from the Pb shieldings into the detector is calculated as

Ppy, = f Rppe "dx = Rppe ™ = 0.009 x 0.91 = 0.0082, (5.4)

X0
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when shielding has sufficiently thick enough to absorb y-rays from outside.

From calculation above, effects of neutron capture in Pb shields is about 10% of

those in the tank at most.

Table 5.1: Attenuation length of y-ray with high energy and neutron in material
(Fe, Pb and rock)

| Fe Pb | Ikenoyama [27] | Ref.
Mass attenuation coeflicient 0.02994 | 0.04972 0.0223 [33]
for 10 MeV vy-rays [,u(cmz/g)]
Density [p(g/cm?)] 7.874 11.35 2.70 [30]
Neutron capture cross section 2.59 0.154 0.165 [22]
[on (barn(10~2*cm?))]
Atomic weight [A(g/mol)] 55.845 207.2 20.42 [30]
Avogadro constant [ N4(atom/mol)] 6.02 x 10% [30]
Attenuation length of 4.242 1.772 16.6
10 MeV vy-rays [Lg(cm)]
Attenuation length of 4.549 196.9 76.1
neutron [Ly(cm)]
R=Lg/Ly 0.932 0.009 0.218

From the point of strength of the concrete foundation and hardness of Pb,
the top part of the Pb shielding should be designed as light as minimum neces-
sary. Furthermore, y-rays which enter crystal modules horizontally should be
the major component because the water thickness distribution on the side of the
LS tank (0.4 ~ 0.8 m) is thinner than that of the top and the bottom (0.6 ~ 1.3 m)
as shown in Fig. 5.2. Attenuation length for y-rays of water (H,O), calculated
from the mass attenuation coefficient (Fig. 5.1(bottom)), is 29 cm at 4 MeV and
45 cm at 10 MeV.

In order to design shielding in detail, we examined which surface of the tank
(top, bottom and side) y-rays pass through into the detector with Monte Carlo
simulation [34]. As a result, the ratio of y-rays passage is Top : Bottom : Side
=1:1: 16, which shows that the side component of y-rays is large compared
to the actual surface area ratio of tank (Top : Bottom : Side = 1 : 1 : 5.3).
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Consequently, a part of the side covering, the height of 1 m ~ 3 m which is
the same height as the internal LS tank, should be designed thicker in order
to improve the shield efficiency. From discussion above, we determined each
thickness of Pb as below: 7 cm for a top part (5.6 t), 10 cm for a bottom part
(8.0 t) and 10 cm for a side part with 2 cm addition in the height of 1 m ~ 3 m
(50 t in total).

em?/qg

10°

/o or ien/p.

107"

1072
1073 1072 107" 10° 10! 107
Photon Enerqgy, MeV

em?/g

/0 or jien/p.

1073 1072 107" 10° 10! 107
Photon Energy, MeV

Figure 5.1: The mass attenuation coeflicient (solid line) and the mass energy-
absorption coefficient (dashed line) of Pb (top) and H>O (bottom), as a function
of y-ray energy. [33]
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Figure 5.2: The size of the water tank, the LS tank and the water layer in CAN-
DLES III.

Backgrounds from the tank can be reduced by shielding neutrons which en-
ter into the tank material. The isotopes which have a high neutron capture cross
section, for example, boron (10B 19.9 % in natural abundance) and cadmium
(“3Cd, 12.2 % in natural abundance), are often used to absorb neutrons. For the
purpose of (n,y) background reduction, using the isotopes with y-ray emission
is inadequate. By contrast, '°B emits a-rays from (n,a) reactions with thermal
neutron cross section of 3837 barns [35], which do not cause any problems.
Therefore, boron neutron absorbers are suittable for our purpose. We select
silicone rubber sheet containing 40 wt% of boron carbide (B4C) as neutron ab-
sorber, which has the highest boron content of all materials commercially avail-
able. Besides thermal neutrons from the outside of the detector, non-thermal
neutrons which are thermalized by water layer of the inner detector should be
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reduced. This requirement can be satisfied to attach the sheets of the B absorber
to both the outside and the inside of the detector so as to enclose the stainless
steel and the Pb shielding.

Required thickness of the absorber to achieve 0.5 events/year background
level was estimated by comparing the number of neutron captures in stainless
steel with each thickness from Monte Carlo simulation. We found that the sheet
with 4 mm thickness is sufficient for target background level. and a further
thickness does not improve neutron reduction effect because of high transmis-
sion of non-thermal neutrons.

We designed additional passive shield (shown in Fig. 5.4) based on the dis-
cussion above. For the top and side surface of the detector, the B absorber sheet
is attached on the inside of the stainless tank and the Pb block with B absorber
is established on the outside. For the bottom of the detector, to avoid the pro-
cess for lifting up the tank, the waterproofed Pb block is installed into the tank.
Figure 5.3 shows expected (n,y) background rate with additional shieldings. We
expect that (n,y) backgrounds are reduced to less than 1 events/year with addi-
tional shield. We plan to install the shield in 2015.

20871 reduction

Signals of 2"®T1 8 decays still remain after event selection around Q BB- Some
of 298T1 events can be removed using time coincidence method between parent
212Bj @ decays and daughter 28Tl g decays. Because of relatively high acciden-
tal coincidence, the rejection efficiency for 2°®Tl is only 60 %. Two approaches
are considered in order to decreace accidental events.

e Improvement of pulse shape discrimination is necessary. Better a dis-
crimination with 8 + LS events will determine prompt 2!°Bi signals ac-
curately.

e Accidental events are caused by external backgrounds. Additional passive
shieldings which are previously mentioned can reduce these backgrounds.

Reduction of accidental event rate can expand the coincidence time, which im-
proves the 28Tl reduction efficiency. 0 0 0 0 O
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Figure 5.3: Expected background rate with additional shieldings. The horizontal
axis means the ratio of (n,y) backgrounds from the tank to that from total in
O pp region and orange area shows the current estimated ratio. A red thick line
shows total background for each the tank component ratio. In the range of the
estimated background ratio, the amount of background with 66 + 12 events/year
will be reduced to less than 0.95 events/year with additional shieldings.
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Figure 5.4: Outline of additional passive shield.
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5.2 Improvement of energy resolution

Energy resolution mainly depends on photon counting statistics. In addition,
large number of photoelectrons leads better pulse shape discrimination. Increas-
ing the number of observed photoelectrons is an important key to improve res-
olution and pulse shape discrimination, and therefore upgrades of the detector
are now being performed.

e Cooling system

The light yield of CaF,(Pure) scintillation increases as temperature de-
creases [36]. Temperature dependence of light yield were studied and
we confirmed that light output of the scintillator increases about 2 % by
lowering temperature by 1°C [37]. Temperature of the CANDLES III lab-
oratory had been controled in around 18 ~ 20°C, and we installed cooling
system in May 2014. We plan to cool down the detector by 2°C. If we
achieve this, the light yield is expected to be improved by 30 %.

e Geomagnetic cancellation coil

In CANDLES III, 62 large PMTs (13 inch’s and 20 inch’s) are used.
These large phototubes are influenced by geomagnetism and their per-
formance of photoelectron collection gets worse. The deterioration of
photoelectron collection efficiency leads worse energy resolution. Geo-
magnetic cancellation coil have been installed and we confirmed that light
collection was improved to increase by about 30 %. In addition, as shown
in Fig. 5.5, improved PMT performance could suppress the distortion of
position reconstruction.

The number of photon statistics can be improved by about 70 % in total
using in these upgrades, which leads improvement of energy resolution from
FWHM ~ 6 % to ~ 4.6 % at Qgp.

5.3 Expected sensitivity
Currently 6 events are observed as backgrounds in 61 days physics run. With

hardware improvement of shieldings, we aim for background reduction as less
than 1 events per year. If we achieve one year measurement with less than 1
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Figure 5.5: Position reconstruction in y-z axis without installing geomagnetic
cancellation coil (left) and with the coil (right). Photoelectron collection ef-
ficiency of each PMT especially on the top was improved, which leads better
position reconstruction.

event observation, half-life sensitivity of the detector is calculated using equa-
tion (3.5) using the Feldman-Cousins rule supposed that 1 event is expected as
background, as below,

Tlo/V2(48Ca) > 7.4 x 10?? yr (26 crystals, 90 % C.L.), (5.5)

TIO/V2(48Ca) > 2.7 x 107 yr (96 crystals, 90 % C.L.). (5.6)

Sensitivity estimation about 0 background in one year measurement is cal-
culated as,

T (**Ca) > 1.0 x 10* yr (26 crystals, 90 % C.L.), (5.7)
T{)5(*°Ca) > 3.8 x 10* yr (96 crystals, 90 % C.L.). (5.8)

In addition, multi-year measurement is shown in Fig. 5.6. For dashed lines
in this figure, events are summed totally in measurement term assuming that
event rate is 1 events / year (for example, 3 events are expected in 3-year mea-
surement), and all these events are regarded as background. In the calculation,
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the ditection efficiency € is set to 0.3 as same value as estimated in chapter 3.
This efficiency improvement in each factor is estimated as below.

e Better energy resolution leads expansion of energy window for OvgS
search. The efliciency based on crystal (calculated as 62 % in energy
window of -10- ~ 207) is estimated to be 74 % in the expanded window of
20 ~ 30

e Improvement of pulse shape discrimination and background reduction us-
ing the Pb shielding are expected to reduce accidental events in 212Bi Q,,
region on time coincidence method for 2°TI background reduction. In
addition, better energy resolution can make energy window for 2'?Bi Q,
more shorter. This noise reduction shortens dead time, and thus data ac-
ceptance rate (= detection efficiency) is expected to be improved from 66
% t0 95 %.

e Improvement of pulse shape discrimination will make total 8 selection
efficiency ( y? and SI) as almost 95 %.

For applying these improvements, in coarse estimation, total detection ef-
ficiency € is expected to be 0.7. Sensitivity estimation about 0 background
measurement with this efficiency and 96 crystals using the parameter shown in
Table 5.2 is calculated as

Tf)/g(“SCa) > 8.9 x 102 yr (90 % C.L.), (5.9)

which shows that sensitivity will achieve ~ 10%* yr for 1 ~ 2 years measurement.
As described above, CANDLES III will give the most stringent experimental
limit for Ov 38 of *¥Ca.
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Table 5.2: Parameter for Ov 3 sensitivity estimation with improved efficiency
about 0 background measurement. The Feldman-Cousins rule [29] is used to
calculate u.

M T a Na € W u
30528 kg | 1yr | 1.87 x 1073 | 6.02 x 10?* /mol | 0.7 | 0.07807 kg/mol | 2.44
x10?
= 1000 T sor, o ovty
G; 900 —e— 96Cr, 0 evty
— 800i ----@---- 26Cr, 1 evtly ..
I—g F -—--e--- 96Cr, 1 evtly

LiveTime [year]

Figure 5.6: Expected sensitivity as upper limit of TIO/"2 (*8Ca). Two colored solid
lines (red: 26 crystals, blue: 96 crystals) show estimated values on zero back-
ground measurement. Two colored dashed lines show values on 1 events / year
measurement. Then the ditection efficiency € is set to 0.3. Black dashed line
shows ELEGANT VI sensitivity.
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Chapter 6

Conclusion

Observation of neutrinoless double beta decay is an extremely interesting re-
search because it demonstrates lepton number violation and Majorana nature.
These theories are beyond the Standard Model and OvB will be a signal of
new physics. We perform the CANDLES experiment to search for Ov5S of
48Ca at the Kamioka underground laboratory.

The purpose of the study is to show origins of backgrounds in the energy
region around Qgg (4.27 MeV) and to estimate the amount of backgrounds.
In Qpp region, Th-chain backgrounds are expected and can be identified by
analysis improvement. However, we observed unexpected backgrounds with a
characteristic structure in the high energy region above Qgg. The amount of
total observed events in the energy region from 4.16 MeV to 4.48 MeV with
total exposure of 5043 kg - days is 6 events. This corresponds to 0.8 x 10?? yr
of the detector sensitivity as the lower limit on the half-life of 3Ca Ov 8. This
result has not reached the world best sensitivity of “®Ca 0v 83 up to date due to
backgrounds.

For improvement of the sensitivity, finding the origin of these unexpected
backgrounds was necessary. From the characteristic structure of observed en-
ergy spectrum, we assumed that y-ray from (n,y) reactions of the detector tank
and the rock wall could be the origin of high energy backgrounds. In order to
verify the hypothesis, we performed neutron source run to generate (n,y) reac-
tion artificially. As a result, we found that main backgrounds in Qg region are
y-rays from neutron capture reactions at surrounding materials of the detector.
In addition, the ratio of the (n,y) background components Rock : Tank in Qgg
region was estimated as about 7 : 3, which means that we should consider about
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shielding against y-rays from both materials.

In conclusion, in order to achieve the best sensitivity, additional shields for
neutron and y-ray which are scheduled to be installed have been discussed. As a
result, we have planned to install ~ 10 cm Pb block and 5 mm B-containing sheet
as additional shieldings and expected that (n,y) backgrounds will be reduced to
less than 1 events / year. We aim to reduce total background to less than 1
event / year at Q gg region and to achieve the most stringent experimental limit
for Ov 83 of Ca with 1 ~ 2 years measurement.
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