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Abstract

There is strong evidences for the dark matter in our universe from various observations. A
direct search for dark matter is important not only in astrophysics but in particle physics
since there is a possibility that the dark matter is neutralino, which is the lightest super-
partner in supersymmetric theories. The direct search, by means of nuclear recoil with
low energy, is limited by the radioactive background from a detector itself as well as
the sensitivity of the detector, which is required to have low energy threshold. However,
there is the technique, which can distinguish nuclear recoil from electron recoil due to the
background from a detector and the surrounding materials, developed using bolometric
detectors combining with observation of ionization or scintillation signal.

CDMS, EDELWEISS and ZEPLIN | experiments, which have set the limit for a
WIMP-nucleon cross section in the spin independent case, excludes DAMA allowed re-
gion. For further search such as the annual modulation, a detector with large volume will
be required to have enough statistics for small event rate less than 10~ count/day/kg/keV
although the mass of bolometers used in previous experiments is a few hundreds grams
per module.

From this point of view, a double phase Xe detector was proposed since it is easier to
have large mass and the R & D for this detector has been carried out in the laboratory on
the ground level from 1998 to 2001. We built the detector with 0.3 liter fiducial volume
and measured its basic performance. We succeeded to utilize a PTFE reflector for liquid
Xenon scintillation light and have been able to distinguish nuclear recoil from electron
recoil using the direct scintillation and the proportional scintillation. From 2001, we
started an underground experiment using a prototype detector in Kamioka mine, Japan.
The background study, the radioactivity of all the materials used for this detector, was
carried out using HPGe detector in the mine. Low background PMTs were developed by
our group. The result of the prototype detector was 1 order of magnitude worse than the
current limit in the WIMP-nucleon cross section. However, the origin of the radioactive
source has been identified and the background level is understood quantitatively. The
expected results with a 15 Kg detector in the next phase will be three order of magnitude
better than the current limit.
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Chapter 1

Introduction

1.1 Dark matter

“Dark Matter” signifies the invisible matter whose presence is only known through its
gravitational effects. There is strong evidence from a variety of different observations for
a large amount of dark matter in the Universe [1, 2].

The most robust evidence for dark matter comes from the rotation curve of spiral
galaxies. Fig.1.1 shows the circular rotation velocities as a function of distance from the
center. The circular velocities of clouds of neutral hydrogen can be measured by using
21-cm emission as a function of the distance r from the center of the galaxy. The orbital
velocity distribution is expected from the Kepler’s law,

2 M(r)G

: (1.1)

Y

where G is the gravitational constant and M(r) is the total mass within a radius r. If the
luminous matter was all there was, the rotation curve would drop at larger r, however
the velocity curves stay flat even outside the luminous disk, it indicates M(r) [ r. These
observations show the existence of non-luminous matter.

1.2 Cosmology

It is convenient to scale energy densities to the critical density , pc = 3H§/8r[G =52x
10-S, H, is the present value of Hubble parameter.

Q;=p/pe (1.2)
Q, >1 open,

Q, =1 flat, (1.4)
Q, <1 close.

A value of total density Q, can be estimated by the Cosmic Microwave Background
(CMB) radiation experiments which study the power spectrum of its angular distribution.
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Figure 1.1: Rotation curve for the spiral galaxy NGC6503. The points are the measured
circular rotation velocities as a function of distance from the center of the galaxy. The
dashed and dotted curve are the contribution to the rotational velocity due to the observed
disk and gas, respectively, and the dot-dash curve is the contribution from the dark halo.
This figure is derived from Ref.[3].



Boomerang[4] gives Q, =1.02-+0.06, DASI[5] 1.04--0.06, MAXIMA[6] 0.975-18. These
result are consistent with the generic prediction Q, = 1 of inflationary models.

Type la supernovae provide the information on the relationship between redshift and
distance [7]. The result gives

0.8Qy, —0.6Q, ~ —0.2+0.1, (1.5)

where Q,, is the total pressureless matter density (baryonic and nonbaryonic), Q , is the
density of unknown component(strongly suggested the presence of exotic form of dark
mass-energy).

The combined results of CMB and Type la supernovae was reported in Ref.[8]

Q,=0.71+0.11, Q,, =0.317313. (1.6)

The photons of CMB have p, = 1—";T04, where T, = 2.73K is the present temperature
of CMB,

Q,=51x10" (1.7)

is reported from Ref.[9]. Results from Big Bang nucleosynthesis indicate that the total
baryon density is

Qg = 0.039+0.004. (1.8)
Stars contribute roughly 10% of this
Q, m~ 0.004. (1.9)

Values of Q are summarized in Fig.1.2. Qp,, and Q, are described later.

1.3 Local dark matter density

The local dark matter density, p, and the velocity dispersion of dark matter particles,

V=< % >1/2 are crucial to both the direct and indirect methods of dark matter detection.

In determining pp and v, the rotation curve is the most important observational quantity
since it measures the change in density and sets the scale for the depth of the Galactic

potential well. The rotation curve of the Milky Way has been measured repeatedly, but

due to our unfortunate location inside the Galaxy, the errors are larger than those for

external galaxies. The AU standard value for the rotation velocity at the Sun’s distance

from the Galactic center is about 220km/s. Flores argues for pj in the range 0.3 - 0.43

GeV cm~3[10]. In this thesis, it is adopted that,

pp = 0.3 Gevem 3 (1.10)

for compare the results easily to the other experiments.
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Figure 1.2: Summary of matter/energy in the Universe. Most recent values of Q are
described in the text. This figure is derived from Ref. [1].

1.4 Dark matter candidates

The type of dark matter is classified as baryonic or nonbaryonic matter. In this section,
these searches are described.

1.4.1 Searches for baryonic dark matter

Baryonic matter can exist in the halos of galaxies in the form of remnants, for example
white dwarfs, neutron starts, black holes, of an early generation of massive stars. These
MAssive Compact Halo Objects are searched by gravitational lensing effects by some
groups, MACHO, EROS and OGLE. Millions of stars in the Large Magellanic Cloud
(LMC) and the Small Magellanic Cloud (SMC) are monitored by them, and when a MA-
CHO passes directly between earth and star, the MACHO acts a gravitational lens and
magnifies the source star. A combined results from EROS and MACHO [2] excluded the
masses from 10~7 to 10~ region, and the result from MACHO [11] indicated that MA-
CHOs with masses of ~ 0.5 M . comprise ~ 20 % of total mass of the halo. But such
objects should be shine, so this situation is not understood clearly at now.



1.4.2 Searches for nonbaryonic dark matter

The nonbaryonic dark matter is classified as “hot” or “cold” depending on whether it is
relativistic or nonrelativistic.

Hot dark matter

Neutrino Neutrino could be a significant component of dark matter if their masses are
in the approximate range 1 - 50 eV. m, > 20 eV would mean that neutrinos are dominant.
However, tritium decay sets an effective mass limit of 2.8 eV [12].

The neutrino experiments, Super Kamiokande (Super-K) and SNO indicate that neu-
trino mass exists. A squared mass difference from atmospheric neutrino oscillation anal-
ysis by Super-K [13] is in the range of 103 eV?2.

This difference, together with the tritium decay result, limits the sum of the mass
eigenvalues of active neutrinos to be between 0.05 and 8.4 eV, so that

0.001 < Q, < 0.18 (1.11)

for the neutrino contribution to the critical density.

Cold dark matter

The two best known and most studied cold dark matter candidates are the lightest super-
synmmetric particle (LSP) and the axion.

Axion Axion is predicted by extensions of the Standard Model which resolve the strong
CP problem. Axion in the mass range of 10~ eV < m< 102 eV are viable dark matter
candidates. Axion couple to two photons via intermediate quark states and could be
detected by interaction with a magnetic field that produces a faint microwave radiation
detectable in a tunable cavity. Two new experiments, US halo axion detector [14] and
Kyoto CARRACK [15] will explore to reach the required sensitivity for parts of the mass
range, or can do so with further upgrades.

WIMP  The neutralino is linear combinations of the superpartners of the photon, the Z°,
and two neutral Higgs bosons. It is called Weakly Interacting Massive Particle (WIMP)
and described later in detail.



Chapter 2
WIMP search

WIMPs interact with normal matter by elastic scattering from nuclei. The energy de-
posited by the resulting recoil nuclei has a characteristic exponential spectrum (See Chap-
ter 3).

2.1 MSSM and neutralino

The Minimal Supersymmetric extension of the Standard Model (MSSM) contains all the
known fields of the standard model and an extra Higgs multiplets. The interactions of the
theory are all those which are allowed by the gauge symmetry SU(3) x SU(2) x SU(1).
The MSSM possesses a multiplicative R parity invariance,

R— (_1)3(B—L)+ZS, (21)

where B, L are the baryon and lepton number operators and Sis the spin. This means that
R =1 for ordinary particles and R= —1 for their superpartners.

In supersymmetry, there is a fermionic (bosonic) degree of freedom for every bosonic
(fermionic) degree of freedom, so the particle is greatly extended in the MSSM (Table
2.1). The lightest supersymmetric particle (LSP) is stable by the invariance of R parity, so
it can be WIMP.

MSSM predicts four neutral, massive Majorana fermions; these masseigenstates are
linear combinations of the superpartners of the photon (photino(§)), the Z° boson (zinoZ),
and two neutral Higgs bosons (higgsinos(l—Tl, I—TZ) ). They are called neutralinos().

X = N, B+ N,W3 4 N;HY 4 N,HY, (2.2)

where B and W2 are the supersymmetric partners of the U(1) gauge field B and the third
component of the SU(2) gauge field W2 that mix to make the photon and Z° boson.
A useful parameter for describing the neutralino composition is the gaugino fraction,

fg = [Ny >+ [N, %, 2.3)

if fg > 0.5, then neutralino is primarily gaugino and fg < 0.5, the neutralino is primarily
higgsino.



Normal particles

SUSY partners

Symbol Name Symbol Name
qg=u,c, up quarks al.....q8 up squarks
q=d,s, down quarks gd. ....as down squarks
l=e 1, t leptons Iy, ... 1 sleptons

Y neutrinos Vi, oo, Vs sneutrinos
g gluons g gluinos
W= W boson i, s charginos
H* charged Higgs

Y photon

Z° Z boson

h (HY) light scalar Higgs AT neutralinos
H° (HY) heavy scalar Higgs

A° (HS, Py) pseudoscalar Higgs

Table 2.0 Particles of MSSM [18]
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2.2 WIMP search by eTe~ colliders

A search for neutralinos is performed using the data collected with the OPAL detector
at the center-of-mass energies (1/S) of 181-184 GeV at LEP e"e~ collider at CERN.
The lightest neutralino and next-to-lightest neutralino (x? and x?, respectively) can be
produced like this,

ete” — xOx. 2.4)
XNS decays as followings,
X2 — X2, (2.5)
X3 — xPvv, 91717 or X090, 2.6)

while )(Ni) will always produce a considerable missing energy and missing momentum
signal, Xg give rise to a spectrum of Eqg.2.5 and 2.6.

The current OPAL limit is MX~O mass > 31.6 GeV/c? [16].
1

2.3 WIMP indirect search

If WIMPs are Majorana neutralinos, pair annihilations can occur. There are numerous
final states into which the neutralino can annihilate. Table 2.1 shows neutralino-neutralino
annihilation channels. Fig.2.1 shows diagram contributing to neutralino annihilation to
fermions.

Annihilation channel
ff

WTW—

Z070

WHtH-, W Ht
Z0A0

XX — ZOHO, ZOhO

AOAO, HOHO, hOhO’ HOhO
AOHO AOhO

HTH™

gg

144

Table 2.1: neutralino-neutralino annihilation channels.
The most likely scenario is a search for high energy neutrino signals from the Sun,

Earth, or Galactic center, where WIMP density may be sufficiently enhanced by gravi-
tational capture. Observation of muon neutrinos provide the best hope for observing the
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neutrino channel(v-v), since the resulting upgoing muons produced in the Earth have
long range in the neutrino detector such as Super-K. A recent analysis by the Super-K
to produce a WIMP-nucleon cross section limit using combined Sun, Earth and Galactic
center data appears to exclude parts of the DAMA-allowed region [17].

Figure 2.1: Feynman diagrams contributing to neutralino annihilation into fermions.
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2.4 WIMP direct search

WIMPs interact with normal matter(target) by elastic scattering from nuclei. Fig.2.2 and
Fig.2.3 show the Feynman diagrams contributing to the spin dependent and the spin inde-
pendent elastic scattering of neutralinos from quarks.

X X
X X
zZ g qg...
q q

tf q

Figure 2.2: Feynman diagrams contributing to the spin independent elastic scattering of a
neutralino from quarks

X\/x
s £ B X
: q
Hh o mete
/\ q q
q

Figure 2.3: Feynman diagrams contribution to the spin dependent elastic scattering of a
neutralino from quarks

It is expected that event rate would be less than 1kg—tday—?! in a few keV up to a few
ten keV, so low energy threshold, low background and a large mass are needed for the
detector (See Chapter 3). WIMPs direct searches are under way or planned in deep un-
derground laboratory all over the world. Present WIMPs direct searches are summarized
in Table2.2.

13



Method Group Site Target Mass
Scintillation | DAMAJ19, 20] Gran Sasso Nal 9x9.70 kg
Xe 6.50 kg

CaF 0.37 kg

ELEGANTI[21] Oto Nal 20x 36.5 kg

CaF 25x0.29 kg

UKDMC [22] Bulby Nal 6x 8 kg

ZEPLIN [23] Bulby Xe 4 kg

XMASS Kamioka Xe 100 kg

lonization | IGEX [24] Canfranc Ge 2.0 kg
HDMS [25] Gran Sasso Ge 2.758 kg

Bolomater | CRESST [26] Gran Sasso Cawo, 262 g
Tokyo Kamioka LiF 8x214¢

NaF 8x22¢

Bol/lon EDELWEISS[27] | Frejus Ge 3x320 ¢
CDMS[28] Shallow depth | Ge 6x165 g

Sci/lon XMASS Kamioka Xe 1kg

Table 2.2: Present experimental activities on WIMP direct detection.
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In 1998, DAMA reported an allowed region for WIMP with 100 kg Nal using annual
modulation analysis in the total count rate over 4 years [29, 30]. However the technique
does not separate nuclear recoils from the much larger low-energy background which
could be subject to other modulating systematics.

CDMS [28]and EDELWEISS [27] excluded that region. These experiment is using
Ge detector with measuring both phonon and charge signal to discriminate gamma or beta
rays from nuclear recoil events. Fig. 2.4 shows these results.

-39

10

Cross—section [cﬁ]| (normalised to nucleon)

10 10° 10
WIMP Mass [GeV]

DATA listed top to bottom on plot

IGEX 2002 limit

CDMS Mar. 2002, Qshared, bkgd subtracted, no Si data
Edelweiss, 11.7 k —days Ge 2000+2002 limit

DAMA 2000 58k k daa/s Nal Ann. Mod. 3sigma w/DAMA 19!
Gondolo et al. SUSY (Gaugino-like Models

Gondolo et al. SUSY (Higgsino-like Models

Gondolo et al. SUSY (Mixed Models)

Figure 2.4: Spin independent exclusion limits. Allowed region at 30 CL from DAMA
and limits from CDMS, EDELWEISS and IGEX experiments. This figure is taken from
Ref.[31].

Neutralinos can be detected also by spin dependent interaction. Results of the spin
dependent interaction are shown in Fig 2.5.
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Figure 2.5: Spin dependent exclusion limits.This figure is taken from Ref.[31].
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Chapter 3

Direct detection of WIMP

A number of experiments are underway or planned to investigate new heavy weakly inter-
acting particles (WIMPSs) in our Galaxy. The experiments aim to detect (or set limits on)
nuclear recoils arising from collisions between WIMPs and target nuclei. In this section,
the theoretical framework of the direct detection of WIMPs is described [32].

3.1 Total event rate

The particle density of dark matter particles is given by :

dn = n—iff(v,vE)df*v, (3.1)
where k is a normalization constant, n, is the mean dark matter particle number density (
= pp/My for dark matter particle mass M,,, density pp), v is the dark matter velocity onto
the target, v is Earth (target) velocity relative to the dark matter distribution, and Ve is
the local Galactic escape velocity. A Maxwellian distribution with the velocity dispersion
v, is assumed for dark matter velocity:

f(v,Vg) = exp(—(V+Vg)?/%p) (3.2)
for Vegc = o,
k=ky = (m5)%2, (3.3)
where the same distribution truncated at |v 4 Vg| = Vesc would give
ko Vesc| 2 Vesc 2 3
k_kl_ko{erf(VO) \/Trvoe of, (3.4)

where erf(x) = 2//TT J3 exp(—t?).
The event rate per unit mass on a target of atomic mass A AMU, with cross section per
nucleus for zero momentum transfer g;, is

N
dR= Koaovdm (3.5)

17



where N, is the Avogadro number (6.02x10% kg~1), v is the dark matter velocity. From
Eq.(3.1) and Eq.(3.5), total event rate R is then

N N
R= Koao/vdn = Koaon()(v}. (3.6)

Here, (v) is the mean dark matter velocity. The total event rate R, for vz = 0 and Vesc = o
is expressed as

2
Ry = aono\/vﬂ (37)

for v # 0 and Vese # 0, using (3.3), (3.6) and (3.7)
VIv) % vf(v,vg)d3v (3.8)

R=R% ROanv4

R, is conventionally expressed in units kg~1d~. Normalized to pp = 0.3 GeVc2cm—3
and v, = 230km s71, (3.7) is written as:

R szl\:lN (1(:)0b> <o 3Ge\ZD—2cm 3) < 230;% s—1> kgd™ (3.9)

with M,, My, in GeV ¢ =2 where My is the mass of target nucleus (M, = 0.932 A).

3.2 Differential rate

The recoil energy of a nucleus struck (Eg) by a dark matter particle of Kkinetic energy
E(= 1|\/|XV2) scattered at angle 0 in center of mass is:

Egr=Er(1—cos9)/2, (3.10)
4My My,

= A N 3.11

(Vy + My 2 -

It is assumed that the scattering is isotropic, so that recoils are uniformly distributed in
Eg, over the range 0 < E; <Er,

dR Emex 1 1 [Ymex V3
d—ER_/Emm adR(E)_g/\/ SdR(v), (3.12)

where E_;(Emax) is the smallest (biggest) particle energy which can give a recoil energy
and v,;, (Vmax) is the dark matter particle velocity corresponding to E,;, (Emax),

Enin = Er/T » Virin = (2Ein/My)"% = (Er/Eqr) /Y,
The differential form of (3.8) is

dR=R, 01

- 3
2nngf(V’VE)d v, (3.13)

~|x

18



using Eq.(3.12) and Eq.(3.13)

dR Rk 1 vl ;
& -Erk 2nv0/v LA (3.14)

Hence, from Eq.(3.14), the nuclear recoil spectrum for v = 0 is written as

dR(0,») Ry _E
dE, _E—Ore R/ (3.15)

With non zero vg and finite Vesc, (3.14) gives

dR(0, Vesc) k0 RO e Er/Eof o agC/V(Z))
dEg Ky E0r
Kk {dR(O,w) _ &e—vacz/v%} , (3.16)
K, dEg Eor
dR(Vg,) Ry vV [ rf( m.n+VE) _erf(Vmin__VE)] (3.17)
¢ 2 R Eor (318)
Eor
dR(VE,Vesc) o Ko dR(VE7°°) R, V3 Vg2
e s T (3.19)

where ¢, , ¢, are fitting constants. Values of ¢, ¢, for different months are ¢, = 0.738,c, =
0.540 in June, ¢; = 0.771,c, = 0.592 in December, ¢, = 0.751,c, = 0.561 in average
through the year [32].

3.3 Elastic scattering cross section

The WIMP-nucleus elastic scattering cross section depends on the WIMP-quark interac-
tion strength. The total WIMP-nucleus cross section g, at zero momentum transfer can
be written as [18]

— 4GE UK Cy, (3.20)

where the WIMP-target reduced mass Lty is given by M, M,/ (M + M) for WIMP mass
M, and target nucleus mass M, the Fermi coupling constant G /(hc)® = 1.166 GeV 2
with Ac = 0.197 GeV fm and C; is a dimensionless number that carries all the parti-
cle -physics model information. It is conventional to normalize to WIMP-nucleus cross
section when comparing results from different experiments which use different target ma-
terials. The WIMP-proton cross section g, _, is written as
3 C

p=0, u;’ cp (3.21)

19



where L1 is the reduced mass which is expressed above and C, is the enhancement factor
for proton.

In this section, the cross section for the coherent (spin independent) o' and the axial
vector (spin dependent) oSP interaction are described.

3.3.1 Spin independent interaction

In the spin independent (SI) case, Cy is expressed as [36]

1

CN:@[

Zfp+ (A—2Z) ), (3.22)

where fp and fy, are the effective WIMP couplings to protons and neutrons, respectively
which are determined by the information of quark mass ratio and chiral symmetry applied
to baryons. For Majorana WIMPs f, ~ fy,, one typically has

Cy Cy o
N N A 3.23
Cp GCn (3.23)

and from Eq.(3.21) and Eq.(3.23)

2
s Hp 1

0y n=0p— —-. (3.24)
X—p 0‘1’%l A2

For massive Dirac neutrino-like WIMPs f, ~ 0

CNNC_NN . 2
e ~ (A—Z)2. (3.25)

3.3.2 Spin dependent interaction
In the spin dependent case(SD), C, is expressed as [36]

C, = %AZJ(J +1), (3.26)
where

A =5 (ap(Sp) +an(Sh)); (3.27)

[aryy

ap and a, are effective WIMP-proton and WIMP-neutron couplings and (Spn) = (N |
Spo.n | N) are the expectation values of the proton and neutron spins within the nucleus and
J is the total nuclear spin. The full expressed ap, an are reported in [18, 37]. In the case
of the WIMP-nucleon interaction mediated by Z-exchange one has [38]

?p:( s T3qu> /( s T3qu> : (3.28)
n p

g=u,d,s g=u,d,s
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where T, denotes the third component of the quark weak isospin, Aq are the fractional
spin carried by the quark g in the appropriate nucleon. Then, from Eq.(3.21), Eq.(3.26)
and Eq.(3.28)

68 _ g Hp (Apd0+ 1) 3.29)
X—p O“’% (A’%I?ZJ(J_Fl))Nuclear
2
Hp 0.75
_g. P (3.30)
Ou’%‘ <A|%7ZJ(‘]+1))NUCIear

From Eq.(3.30), under the assumption of a pure Z exchange , allows us the conversion of
any experimental upper limit into upper bound on aggown, in the same way as for the spin

independent case. Table 3.1 shows )‘SZJ(‘] + 1) values on various targets. The value of
Aqg are from Ref.[35]

Au=0.83+£0.03, Ad=-0.43+0.03, As=—-0.104+0.03 (3.31)

These values are for quarks in proton. In case of neutron the isospin symmetry substitu-
tions are needed,

Au— Ad, Ad— Au. (3.32)

an/ap is calculated using these value,

an/ap = —0.853. (3.33)
Nucleus | J | Odd Nucleon | (Sp) | (Sy) | A53(0+1)
Li 3/2 p 0.497 | 0.004 0.406
19 1/2 p 0.441 | -0.109 0.855
23Na 3/2 p 0.248 | 0.020 0.089
3Ge 9/2 n 0.009 | 0.372 0.105
1257e 1/2 n 0.001 | 0.287 0.178
127 5/2 n 0.309 | 0.075 0.084
129%e 1/2 n 0.028 | 0.359 0.232
131xe 3/2 n -0.009 | -0.227 0.057

Table 3.1: Values of (Sp), (Sh) )\é}zJ(J + 1) for various nuclei. Values for Li, F are taken
from Ref.[39], for Na, Te, I, Xe are taken from Ref.[34], for Ge is taken from Ref.[40].
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3.4 Nuclear form factor correction

When the moment transfer g = (2MyEg)/? is such that the wavelength h/q is no longer
large compared to the nuclear radius, the effective cross section begins to fall with in-
creasing g, even in the case of spindependent scattering which effectively involves a single
nucleon. Here h is the Planck constant. It is adequate to represent this by ’Form Factor’,
F, which is a function of the dimensionless quantity grn where ry is an effective nuclear
radius.

q= (2M\Eg)*?/ h. (hc = 197.3 MeV fm) (3.34)
Cross section then behave as:
o(qrn) = aon(qrn>a (3.35)

where gy, is the cross section at zero momentum transfer. For the spin independent case,
the form factor is written as:

FZ(ER) =

3]si n) —dn n i
_ ( [sin(qr )(qr?)r3 cos(qr )]) exp[—(as)?], (3.36)

where j;(qrn) is the spherical Bessel function of index 1, s ~ 1 fm is the thickness param-
eter for the nuclear surface, rp = (R2 —5s?)1/2 and R = 1.2A1/3 fm [33].
For the spin dependent case,

2_ 99
F(a = gy (3.37)

S(0) = 8§ (a) + 2§ Sy (q) +agay S, (a)-

a, = ap+an and a; = ap — an are the isoscalar and isovector coefficients. The most
recent nuclear physics calculations for the spin structure function S(q) [34] was used in
our analysis, the ratio an/ap is -0.853 using for the Aq’s estimates of [35]. Fig3.1, 3.2
shows the value of form factor as a function of recoil energy for spin independent and
spin dependent case. Fig3.1 and Fig3.2 show Form Factor (F(q)?) as a function of recoil
energy in the spin independent case and the spin dependent respectively.
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Figure 3.1: Nuclear Form factor as a function of recoil energy for spin independent case
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Figure 3.2: Nuclear Form factor as a function of recoil energy for spin dependent case in

various targets.
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3.5 Quenching factor

For scintillation and ionization detectors are calibrated with gamma sources, but the re-
sponse of nuclear recoil is different from an electron recoil. The ratio f, of an electron
recoil to a nuclear recoil is determined by neutron measurement. This is called quenching
factor,

_Er

f.=
Q E,’

(3.38)

where Eg is the observed energy for a nuclear recoil as mentioned above and E, is for an
electron recoil of the same energy as the nuclear recoil. Consequently, Ey in the above
rates and spectra should be replaced by the ’visible’ energy Ey using E, = Eg/ fQ. The
quenching factors for various detectors are listed in Table3.2.

Detector Nucleus fQ
Xe Xe 0.2 [43]
0.22+0.01[44]
0.4540.12[20]
Nal(TI[41] Na 0.3
I 0.09
CaF(Eu)[42] Ca 0.08
F 0.12
Ge[45] Ge 0.25
Si[46] Si 0.30

Table 3.2: The quenching factors for various detectors.

Quenching factor for LXe is described in detail in 4.6.

3.6 Expected spectrum

From various factors discussed above, we can calculate the expected spectrum. The pa-
rameters for this spectrum are listed in Table7.1. Fig3.3 and Fig3.4 are the expected
spectrum in the SI and SD case respectively. In this estimation, WIMP mass 50GeV and
100GeV are used.
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oy 1.0x10~°pb

a§9§ 1.0x10'pb
Dark Matter density pp 0.3 GeV/c?
Dispersion of Dark Matter velocity v, 220km/s
Earth(Target) velocity vg 232km/s
Local Galactic escape velocityVesc 650km/s
Quenching Factor 0.263[see Sec.7.2]

Table 3.3: Astrophysical and nuclear parameters used to calculate the spectrum.
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3.7 Annual modulation

The annual modulation of the WIMP rate on a target detector is induced by the Earth’s
motion around the Sun[47]. The expected nuclear recoil energy spectrum depends on the
WIMP velocity distribution and on the Earth’s velocity in the galactic frame, v, (t). It
varies along the year due to the expression,

Ve (t) = Vaun + Vg1, COS YCOS ((t — 1), (3.39)

where Vgun = 232 km/s is the Sun’s velocity with respect to the halo, V., = 30 km/s is
the Earth’s orbital velocity around the Sun on a plane with inclination y = 60° respect to
the galactic one, w = 2m/T with T = 1 year and t; ~ 2nd June. Fig.3.5 illustrates the
motion of the Earth relative to the Galactic coordinates. The annual modulation signature
is the one of the most strong evidence of WIMPSs, but the total event variation is only ~ 3
%, a large mass detector is needed for statistics.

Fig.3.6 shows the expected spectrum in Jun 2nd, Dec 4th and their rate difference. In
this calculation, the following value were used.

e Cross section to WIMP for Sl case is 1.0x10~°pb.
e WIMP mass is 50 GeV.
e V¢ inJun 2nd is 247 km/s.

e Vg in Dec 4th is 217 km/s.

Figure 3.5: The motion of the Earth relative to the Galactic coordinates.
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difference. The parameters are listed in Table 7.1. Vs are calculated by using Eq.3.39.
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Chapter 4

Lig.Xe detector

Since the end of 1970, many new devices based on rare gas liquids have been proposed
in the fields of elementary particles and astrophysics experiments. In this chapter, LXe’s
property is described.

4.1 Why xenon?

Until now, as mentioned in Chapter2, the following detectors have been good showing for
the result of the WIMP direct search,

e Large scintillator (Nal(Tl)),

e Strong background rejection by using two signal (Ge).

Considering the above situation, the next generation search will need

e alow energy threshold (the event rate reduce exponentially),
— high light yield, good photo-coverage, high quantum efficiency PMT. PMT is
famous for a low noise device.

e strong background rejection technique,
— using two kinds of signals, self shielding[75].

e large mass for the statistics and annual modulation.
— inorganic scintillators are suitable for handling and costs. For the LXe detector,
to design the cryogenics is easier than bolometer, because the operating temperature
is 165K, while the bolometric detector is ~ mK.

We have recognized the Xenon detector will satisfy all item the above.
In this chapter, the property of LXe is introduced.

29



4.2 Physical properties of LXe

The Liquid Xe (LXe) is expected to be an excellent detector medium for gamma rays be-
cause of its fast response, high scintillation yield, large atomic number, and high density.
The summary of LXe property is listed in Table 4.1.

Atomic Number 54
Mass Number 131.29
Density 3.06g/cm?®
Boiling point 165K
Melting point 161K
Radiation length 27.7mm
Scintillation wave length 178nm
Refractive Index 1.61[48]
Energy per scintillation photon 21.6+2.8eV [49]
Decay time(recombination) 45ns
Decay time(Fast Components) 4.2ns
Decay time(Slow Components) 22ns
Scintillation absorption length >100cm
Rayleigh scattering length 29cm [52]
30cm (calculated)[53]

Table 4.1: Physical properties of Lig.Xe

Fig.4.1 shows the phase diagram of Xe. The LXe detectors are usually operated in
170-185 K using the refrigerator or liquid Nitrogen. Fig.4.2 shows the gamma cross
section for Xe. Because of its high atomic number, the LXe detector is favorable to the
gamma ray detector. Table4.2 shows the natural abundance of Xe. As mentioned in
Section3.3, 129Xe and 131Xe are very interesting isotopes in spin dependent case because
of their cross section to WIMP. Furthermore, 136 Xe can be used in the double beta decay
experiment. The isotope separation is possible by centrifugal separation.

3xe
8.87

KZSVOA
10.4

32%e
26.9

BTxe
21.2

30%e
4.07

29%e
26.4

128%e
1.92

126%e
0.09

LZSVOA
0.10

Isotope
Abn.[%]

Table 4.2: Natural abundance of Xe.
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Figure 4.2: Photon cross section for Xe.

31



4.3 lonization

In the design of LXe detector which is operated in the ionization mode it is necessary to
know the mean number of ion pairs (= W-value) produced in the liquid by the ionizing
radiation. In the middle of 1970, W-values in liquid rare gases were measured by using
the electron pulse method and energetic conversion electrons as ionizing radiation[58, 59].
We-values in LAr and LXe obtained by this method are shown in Table 4.3.

Liquid | I[eV] | Wgas[eV] | Eg[eV] | W, q [eV]
Ar 15.76 26.4 143 | 23.6+£0.3
Xe 12.13 21.9 9.28 | 15.64+0.3

Table 4.3: The W values in the gas and liquid phases of argon and xenon.

4.4 Electron drift velocity and diffusion

The drift velocity of electrons determines the time response of detectors and the diffusion
of electrons in the detector gives the limit of the accuracy of position determination.

tiq. Ar E(Vemt)
102 10°

102 103 104
Lig. Xe - . e

3,

=

DRIFT VELOCITY (cm/sec)

103

R . . .
3 1072 3 10?2 3
E/p (Vem! Torr™!)

Figure 4.3: Drift velocity of electrons in LXe. For purpose of comparison, that of elec-
trons in LAr, gaseous argon and xenon are also shown. This figure is derived from [55].

32



E (kV/am) for lig. Xe
et 10 100
T T ¥

E (kv/cn) for lig. Ar

1 10 100
100 |~ Lig. Xe 3
- 3
- R

° Liq. Ar

D{em2sect)
o
Lol

T T T

1

T

T T
Lol

g 1
1020 1019 108 107
© EIN(v-emZ)

Figure 4.4: Field dependence of the diffusion coefficients of electrons. This figure is
derived from [55].

Fig.4.3 shows the drift velocities of electrons in LXe and LAr with the electric field,
as well as in gaseous argon and xenon with densities corresponding to the liquid state
[54]. Clearly seen, the drift velocity in liquid is larger than that in gas over the whole
region. For this reason, LXe is suitable as detector medium of drift chambers. The cloud
of electrons produced by the ionizing radiation in LXe gradually spreads during drifting
by the diffusion process. Fig.4.4 shows the diffusion coefficients of the electrons in LXe
and LAr with electric field strength [55, 56].

4.5 Scintillation

For comparison of the scintillation yield in LXe with that in LAr and Nal(Tl), the W s
which is the mean energy for produce one photon, is listed in Table 4.5. The scintillation
light from LXe has two decay components for a particles or fission fragments due to de-
excitation of singlet and triplet states of excited dimer. The decay shapes for electrons, o
particles and fission fragments in LXe are shown in Fig.4.5.

The wave length spectrum of LXe shows a single peak, corresponding to 174 nm,
with a width of approximately 10 nm, which is almost equal to that of scintillation from
its gas state. In addition, the scintillation from LXe has two decay time constants. Excited
atoms Xe* produced by ionizing radiation from excited molecules Xe; through collision
with other atoms on the ground state and VUV photons are emitted in transitions from the
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lowest excited molecular state of Xe; to the dissociative ground state. The scintillation
light from LXe is produced by the two processes summarized in the following[55]:

Xe* 4+ Xe
Xe;

Xet +Xe
Xey +e”
Xe**

Xe* 4+ Xe
Xe;

—  Xe3,

— 2Xe-+hv

_|_
Xey ,

Xes,

el

Xe* 4+ Xe
Xe* + heat

2Xe+hv

(4.1)
(4.2)

(4.3)
(4.4)
(4.5)

where hv denotes the VUV photon and the process Eq.(4.3) corresponds to a non-
radiative transition. In this two processes, the excited dimer R3, at the lowest excited
level, should be de-excited to the dissociative ground state by emitting a single VUV
photon, because the energy gap between the lowest excitation level and the ground level
is so large that there exists no decay channel such as non-radiative transitions.

Scintillator LAr LXe Nal(TI)
Relativistic electrons 25.1+2.5 | 21.6+2.8 | 17.2+0.4
o particles 27.5+2.8 | 19.64+2.0
Relativistic heavy particles | 19.5+2.0 | 14.7+1.5

Table 4.4: Measurements and estimates of the average energy needed to produce a scin-
tillation photon, th(eV) in LXe, LAr [57]and Nal(TH[50, 51]
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Xe (b) and liquid Kr (c) excited by electrons, by o particles and fission fragments. This
figure is taken from [57].
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4.6 Quenching factor for liquid xenon

For the bolometric detector, the quenching factor is 1, but this values for scintillation or
ionization detectors are about 0.1-0.3. This is because, when a incident particle enters a
detector, the electronic and nuclear stopping take place in the detector materials. Only the
electronic stopping produces the scintillation or/and the ionization and this is dominant
for electron recoils and fast ions. On the other hand, this is not dominant for nuclear
recoils produced by fast neutron and WIMPs. We call this effect “nuclear quenching”.
Semiconductors show good agreement with nuclear quenching based on the theory of
Lindhard et al[60]. However, this is not the only case for liquid noble gas scintillator[61].
Hitachi explained using the electronic quenching model[62] which is taken place in the
high excitation density core. This mechanism is biexcitonic collisions,

Xe* +Xe* — Xe+XeT+e (K.E) (4.6)

only one photon is produced through Eqg.4.5 and e~ carries away and loses its energy
by elastic scattering before recombination. This explanation shows good agree with the
experimental data[43, 44]. When the electric field is applied in LXe, the scintillation
light yield is changed. Fig5.3 shows the light yield variation in the case of electron recoil
and a particles. The variation of the light yield for electron recoils in very low electric
field is described in 5.4.3, in our case, the ratio of it at no electric field to at 250 V/cm is
0.76. However, in the case of non relativistic particle and nuclear recoil, its variation is
negligible because of its high ionization density. If we take 0.2 for the quenching factor
for LXe at no electric field, it gives 0.263 at 250 V/cm. In this experiment, this value is
used in our analysis.
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Chapter 5

Double phase Xe detector with PTFE
reflector

The low energy threshold is very important for WIMPs direct search, to collect LXe
scintillation light effectively, we tested PTFE reflector. Furthermore, a prototype double
phase Xe detector with PTFE reflector for this search has been constructed and tested.
Basic properties of the detector is described.

5.1 PTFE reflector

5.1.1 Reflector for LXe scintillation light

There are some difficulties to detect the scintillation light effectively, because the wave-
length is in the vacuum ultra violet region. Additionally, the photon detectors such as
photomultiplier (PMT) have to operate at low temperatures around 170K. The light col-
lection efficiency of a scintillator is generally worsened because of the decrease in solid
angle coverage of photon detectors in large volumes. To reduce this deterioration, one
of the most practical and efficient ways is to fully surround the scintillator with a good
reflector. M. Chen et al. [63] obtained a reflection coefficient in the range 85-90% by
coating an aluminum mirror with MgF,. However, it is very difficult to use such elec-
trically conductive reflector when an electric field is applied in the LXe for the charge
collection. The measurement of the Teflon® reflectance of LXe scintillation light was
already reported by several groups [64, 65, 66], and the best result (82.6%) was obtained
by M. Miyajima et al.. This satisfies the requirements for LXe detector. The reflectance
properties of PTFE were well investigated by V.R. Weidner and J.J. Hsia [67]. Precise
measurements of the reflection properties for a wide spectral range of 200-2500 nm were
reported by them. The diffuse reflectance is 99% or higher over a spectral range of 350-
1800 nm and slightly decreasing from 350 nm down to 200 nm. A reflectance of 95% at
174 nm, the peak of the Xe scintillation emission, is expected from a simple extrapolation.
This attractive result encourages the use of PTFE in LXe.
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5.1.2 Reflection coefficient of PTFE

Fig.5.1 shows the schematic view of the chamber. This chamber has wire sets to collect
the charge from LXe. However, in this experiment, no electric field was applied. A 175
mm long chamber is surrounded by two PTFE walls shaped as a frustum of a cone. An
anode set is placed in the middle of the chamber and two UV quartz windows with an
effective diameter of 44 mm and 5mm thickness are fixed on both ends of the chamber.
The optical transmission of the anode set is 97% and the inside surface of the wire frames
corresponds to 3% of the PTFE surface. Nickel meshes, with 90% optical transmission
were evaporated on the inner surface of the UV quartz windows as cathodes on ground
potential. A nickel coated copper wire of 0.5 mm diameter, carrying a 122 keV gamma
source (°’Co) on its tip was fixed on the PTFE wall. The source is positioned on the cham-
ber central axis. The distance between the source and the chamber center was changed in
each test. The emitted scintillation light was detected by two UV sensitive PMT (Philips
XP2020Q) mounted outside the windows and coupled through 1.5 mm vacuum. The PMT
output signal can be described as follows:

E
P=—xfxQEXxG, (5.1)
W,

where P is the PMT signal, E is the energy deposited by the particle, th is the energy
to produce a scintillation photon (21.6 eV), f is the light collection efficiency at the PMT
photocathode, QE is the PMT photocathode quantum efficiency and G is the gain of the
PMT. One measurement was performed with a 122keV gamma ray source deposited on
the tip of a wire fixed in the chamber center. The two PMTs should have equal f values
since the chamber is completely symmetric with respect to its center. This means that the
value for the two PMTs in Eq.5.1 are equal. Therefore, the ratio of P and f is a constant,
independently of the source position, for both PMTSs.
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Figure 5.1: Schematic view of the chamber for measuring the reflectance of PTFE.

5.1.3 Monte Carlo simulation for the light collection efficiency

For measuring the reflectance coefficient of PTFE, a Monte Carlo simulation was per-
formed to calculate the light collection efficiency on the PMT photocathode, which de-
pends on the position of light emission in the LXe. The variable f is defined as the ratio
of the number of incident photons on the photocathode to the photons generated. Each
photon was traced through the whole detector until it hit the PMT photocathode or was
absorbed by a material surface or by the LXe possibly due to photo-absorption by impu-
rities. The reflection and absorption on the surface of the PTFE reflector and the wire, the
reflection and refraction on the boundary with other media like LXe, the MgF, window,
the vacuum and the windows of PMTs were taken into account. The reflections on the
PTFE surface were treated as perfect diffuse reflections which follow the Lambert law
and those on the boundary of other media were simulated as a regular reflection. The
refractive index used for LXe was 1.61 [48] while a value of 1.45 was used for the MgF,
windows. The optical transmissions of the wire set, meshes on the MgF, windows and
MgF, windows were also included. Fig.5.6 shows the optical transmission of MgF, win-
dow as a function of wave length with the spectrum of LXe scintillation light. We take
90% for the optical transmission of MgF,. The value of Rayleigh scattering in LXe was
already measured [52] and calculated [53]. A Rayleigh scattering length of 30cm was
assumed in this simulation, however the effect of this length was negligible to the result
in this simulation. Each photon was reflected on the reflective surface with R, where
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R; is the reflectance of PTFE, otherwise it was considered as absorbed and the total path
length of photon track is described as the light absorption length (A) in LXe.

5.1.4 Result of reflectance of PTFE measurement

Measurements were made at three different source position, z = 20, 50, 74 mm. The
reflectance R; of the PTFE wall for LXe scintillation light can be determined by fitting
the MC simulation to the experimental data. The results are shown in Fig.5.2 together
with several possible solutions of the MC simulation for different combinations of R; and
A. The vertical axis is lined with two scales, the left is f for the MC simulation and the
right is the number of the collected photoelectrons Npe for the experimental data. Three
MC simulation parameters (R;,A); (0.95, 1.0),(0.92, 1.5),(0.88, «) are used , where A is
in meter. The result of three parameters are almost same and overlapped. It is reasonable
to limit the maximum value of R; to 0.95 for which a minimum value of A =1 m is
estimated by the fit. The lower limit of R, 0.88 can be obtained when A goes to infinite.
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Figure 5.2: Experimental data (z = 20, 50, 74 mm) of light output Nph and the light
collection efficiency f for MC simulations as a function of z. Sum of the two PMT, a
single PMT of left and right are plotted. Three MC simulation parameters (R;,A); (0.95,

1.0), (0.92, 1.5), (0.88, =) are used, where A is in meter.
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5.2 Background rejection method

Many direct detection experiments of Weakly Interacting Massive Particles (WIMPS) as
cold dark matter candidates in the universe are under going or proposed (see eg. [19,
70]). The direct search, by means of nuclear recoil with low energy, is limited by the
radioactive background from detector materials as well as the sensitivity of a detector
(low energy threshold). ldentification of nuclear recoil from electron recoil due to the
background gamma or beta rays is great advantage for the search, because it is impossible
to avoid the background from the detector itself and the surrounding materials including
radiation shields. A progress of cryogenics detectors is remarkable in these days[71],
this identifying technique have been developed by bolometric detectors combining with
observations of ionization or scintillation signal [28, 72, 73]. Recent results to a WIMP-
nucleon cross section in spin independent case are limited by CDMS, EDELWEISS and
ZEPLIN I[70] experiments which are excluding DAMA allowed region[20]. For further
search like the annual modulation, a large mass detector will be required to explore <101
count/day/kg/keV event rate region for a statistic, while the mass of these bolometers are
a few hundreds g per one module.

5.2.1 Prototype double phase LXe detector

From such a point of view, we introduce a double phase Xe detector for WIMPs direct
search. Liquid Xe (LXe) is one of the excellent scintillator whose photon yield is close to
that of Nal(TI)[57]. Although special technique are required due to its short wave length
(174 nm) and low operation temperature (~ 180 K) , it is possible that energy threshold
can be set down to a few keV. Previously a simple method to reject of ionization events
by electrons has been proposed and demonstrated by the simultaneous observation of ion-
ization and scintillation signals in LXe[68]. In the case of Xe recoil (due to WIMP or
neutron) the fraction of ionization to scintillation is much smaller than that of electrons
under an ordinary electric field applied in LXe, because non relativistic heavy ions pro-
duce higher density of ionization than that of electrons, and ion-electron pairs recombine
easily. Particle identification is achieved like this,

Q Q

(E>electron >> (E)recoil ~ 07 (52)

where & and S are the charge and the scintillation yield from the LXe, respectively.
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Figure 5.3: Variation of the relative luminescence intensity (L) and collected charge (Q)
in LXe with the applied electric field strength for alpha particle and 1 MeV electron.

Proportional scintillation signal, instead of the primary ionization signal, produced by
the extremely strong electric field near the thin anode wires was observed for low en-
ergy gamma rays. In liquid, the use of thin wires less than 10 um in diameter is usually
required but it is very difficult to handle such thin wires. Furthermore, they are easily
discharged due to bad surface conditions. The lifetime of anode wires was only in few
months even under low voltage in our experience. On the contrary, to improve a identifica-
tion of recoil signals from background gamma rays, it is required to increase an intensity
of proportional scintillation. To solve such problems, an idea of double phase detector
was proposed [75]. Fig.5.4 illustrates the mechanism of the double phase detector. Liquid
phase works for active region and proportional scintillation is generated in gas phase. For
ionization electrons, the electric field of higher than 3 kV/cm is enough to cross the poten-
tial barrier (about 0.6 eV) between liquid and gas phase [76]. Proportional scintillation in
gas phase was beginning to occur from two orders lower electric field than in liquid phase.
Consequently, thicker wires are available for anode and larger number of photons can be
produced in gas phase; more than 100 photons per electron compared with a few photons
per electron in liquid phase. Recently a prototype double phase detector with 0.3 | active
volume was constructed and tested in Waseda University. The scintillation response of
LXe for gamma rays, basic performances and background rejections are described here.
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5.3 Experiments

5.3.1 Prototype design

PMT

¢ Feedthrough

5 s
, MgF2 window

Field shaping ring
PTFE Teflon

Hem

Figure 5.5: Schematic drawing of the prototype double phase detector.

A schematic drawing of the prototype double phase detector is shown in Fig.5.5. The
objects of the detector design were the following[68, 69],

1) to have no dead region for either ionization and scintillation,
2) to prevent any disturbance of the drifting electrons,
3) to control separately the electron drift field and the proportional scintillation field by a

grid.
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A frustum of circular cone with a 0.3 | active volume(LXe) is formed by a longer PTFE
wall and Xe vapor stays in a shorter cone. They are separated by an anode structure
which consists of two sets of grid placed 15 mm apart and one set of anode wires placed
in 5 mm above the bottom grid. The liquid surface stays between the bottom grid and
the anode wires. The cone-shaped PTFE wall is required for high efficiency of charge
collection. The anode and the cathode diameter and their distance are 84 mm, 46 mm
and 85 mm, respectively. Both anode and grid wires are 30 um in diameter and placed
at 2 mm pitches. Seven field-shaping rings with 1 cm intervals are placed outside the
bottom PTFE frustum in order to form a uniform drift field. A MgF, window is placed
at each end of the PTFE. Grounded cathode meshes with 90% optical transmission are
evaporated on the inner surface of the MgF, windows. Two UV sensitive PMTs (Electron
tubes 9426B) are mounted outside the windows. For this experiment, gamma ray sources
are located in an outer vessel near the detector. The following sources were used for this
experiment: 2*1Am (59.5 keV), >'Co (122 keV), *1Cr(320 keV), &Sr (514 keV), ¥'Cs
(662 keV), >*Mn (835 keV), 88Y (898,1836 keV) and Am-Be (4.43 MeV).
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Figure 5.6: Transparency of MgF, at LXe scintillation wave length.
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Figure 5.7: PTFE reflector and wire structure.
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5.3.2 Gas line, cryogenics and purification

The detector and the gas line were evacuated and baked out for about 3 weeks at 120 °C
(the detector) and 200 °C (the gas line). The vacuum pressure before experiments was
smaller than 10~° Pa. Xenon gas passed the Oxisorb (Messer Grieshein, 3.3 | volume
) before filling detector with LXe. The purification was described else where in detail
[69]. Fig.5.8(right) shows a schematic view of the cryogenics. 40 | liquid nitrogen bath
installed on top and the vacuum for the thermal insulation was kept by turbomolucular
pump. The detector was cooled and kept by *Cold Finger’ system, that consists of copper
plates which were contacted to liquid N,, touched the detector. The temperature of the
chamber was adjusted by heaters which were mounted on copper plates and kept at 180
K.
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Figure 5.8: Cold finger system and the source port.
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5.3.3 Electronics and data acquisition system

The data acquisition system needs to treat two kinds of signals, direct scintillation (S1)
and proportional scintillation (S2) because of its difference of time scale. Energy infor-
mation from S1 was taken by CAMAC charge sensitive ADC (REPIC RPC-022). The
wave forms of S1 and S2 were recorded by two digital oscilloscopes (osci-1,0sci-2)in
each channel. The osci-1 was set to 50 nsec/div time rage and focused to S1 which has
fast decay time constant. The wave forms from osci-1 was used to identify useful signals
from a dark current noise and accidental triggered by S2. The summed signal was con-
nected to osci-2 after a shaping amplifier (EG&G ORTEC 450 Research amplifier) with
2 usec shaping time constant. The osci-2 was set to 5 usec/div and recorded from S1
for 50 usec, because S2 appears within ~ 45 usec after S1 (Fig.5.14). The pulse height
of S2 and the time interval between S1 and S2 were derived from osci-2. The data from
oscilloscopes were transfered to PC by GPIB (IEEE-488) interface.
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Oscilloscope 2 ( 5 psec/div)

A discri
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linear
fan in/out

Oscilloscopel
trigger
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lincar 4‘ Oscilloscopel (50nsec/div) ‘ ADC gate
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A discri

dlay
100nsec
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100psec
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V

Oscilloscopel
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Figure 5.10: The schematic view of the electronics
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5.4 Results

5.4.1 Energy resolution

The energy spectrum for LXe exposed to 59.5 keV, 662 keV, 898 keV and 1836 keV is
shown in Fig.5.11. The escape X ray peak is also shown in Fig.5.11(a). The energy reso-
lution (a/E) for 59.5 keV, 662 keV and 1836keV are 16.7%, 7.1 % and 5.0%, respectively.
The 59.5 keV, 122 keV, and the X ray escape peak were fitted by Gaussian distributions,
the other energies were fitted by Gaussian distributions plus 2nd order polynomial func-
tion. Fig.5.12 shows the energy resolution for several gamma rays sources. The energy
peak at 4.43 MeV from Am-Be was not clearly distinguishable from the two escape line
at 3.92 and 3.41 MeV. The best fits to the data is 0 /E = 118/+/E +2.2[%)] as shown in
Fig.5.12. Energy resolution are summarized in Table5.1.

gamma source || Energy[keV] | Energy resolution(o/E)[%]
288 Am 59.5 16.7
5Co 122 12.1
Slcr 320 8.7
85gy 514 75
137¢Cs 662 7.1
5Mn 835 6.3
88y 898 6.5
88y 1836 5.0

Table 5.1: Energy resolution by Double phase detector.
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Figure 5.12: Energy resolution as a function of gamma ray energy. The fitted function is
0/E = 118/VE + 2.2[%]

5.4.2 Scintillation efficiency for LXe

Fig.5.13 shows the scintillation efficiency L of LXe normalized at 662 keV. It was highest
at 59.5keV, decreasing with increasing energy, and limited to 0.9 above 2000 keV. L for

the two-escape lines at 3.92 and 3.41 MeV are plotted peak value instead of fitting with
Gaussian, but 4.43 MeV was not seen clearly.
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Figure 5.13: Scintillation efficiency (L) as a function of gamma ray energy. L is normal-
ized at 662keV.

5.4.3 Basic performance

Typical scintillation signals of gamma rays from the sum of the two PMTs are shown in
Fig.5.14. The first, small and narrow pulse(30-40 nsec decay time) corresponds to S1 and
the following huge signal(around 1 usec pulse width) to S2. Here drifting(cathode-grid)
electric field is E; = 250 V/cm and anode-grid electric field is Eqg= 7 kV/cm. The time
intervals between S1 and S2 correspond to the electron drifting time from the ionizing
point to the anode wires. The energy is estimated around 50 keV by S1 intensity. Events
in gas phase are easily distinguishable because of their longer decay time(more than 100
nsec) of S1.
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Figure 5.14: Typical scintillation signals from two PMTs for low energy gamma ray at E
=250 V/cm and Eag= 7 kV/cm.
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Variations of scintillation intensity for electric field were measured. 59.5 keV gamma
rays from 2*LAm source are exposed to the detector from outside for energy calibration.
Fig.5.11(a) shows energy spectrum under no electric field. The energy resolution (o/E)
was 16.7% at 59.5 keV. Full absorption and escape X-ray peaks were observed. Fig.5.15
and Fig.5.16 show the variation of S1 and S2 intensities as a function of E; at Egg= 7
kV/cm, respectively. S1 decreases with E; and was not affected by E,g. On the other
hand, S2 increases with E and is similar to the electric field dependence of direct charge
collection [80]. Fig.5.17 shows the variation of S2 intensity as a function of Eqg at E =
250 V/em. Multiplication gain of S2 increases with Eaq for all region in this figure. S2
was observed even at lower electric field( < 4 kV/cm) but unstable, because of electric
field should not be enough to extract electrons from liquid to gas phase. The ratio of
§2/S1 can be maintained to be at least greater than 10 by adjusting Eqg.
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Figure 5.15: Variations of direct scintillation intensities for 59.5 keVV gamma rays and
escape X-ray , as a function of E ;.
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5.4.4 Electron lifetime

In order to operate properly this kind of detector, high transparencies for drifting elec-
trons and scintillation light are extremely required. A light attenuation length of more
than 1m in LXe were successfully achieved by a special purification process and a stable
cryogenic technique [69]. Two thousands events of low energy background gamma rays,
which were discriminated between 10 and 100 keV by S1, were sampled. The averaged
number of photoelectrons from S2 for every 5 usec interval of electrons drifting time is
shown in Fig.5.18. On the horizontal axis of the figure, time zero and 45 usec corre-
spond to the position of anode and cathode, respectively. The charge collection between
the anode and the grid is higher than that of drift region. The component of background
around the cathode region must be different from the other. Except both regions averaged
photon number slightly decrease with increase of electrons drift time. It should be mainly
caused by electron attachment due to electronegative impurities. The lifetime of drifting
electrons was estimated 3 msec, which was corresponds to about 5 m attenuation length,
by assuming that averaged absorption energy from background gamma rays is uniform
in the LXe (Fig.5.18). The detector was maintained for three months and no significant
change was observed without additional purifications during that time.
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Figure 5.18: Electron life time attenuation in LXe is 3 msec. Solid line correspond to 5
m attenuation length.
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5.4.5 Background rejection

Fig.5.19(left) shows the correlation between S1 and S2 obtained from two thousands of
low energy events which are selected by S1. Applied electric fields are E ; = 250 V/cm and
Eag= 7 kV/cm. It is obviously separated in two groups; about 99 % events have enough
big proportional scintillation (S1 << S2) and S2 are small or zero for the rest. We made a
test by exposing a low active Am-Be neutron source (about 200 cps for 4 rrdirection). The
result is shown in Fig.5.19(right). The number of small S2 events were clearly increased.
Mean event rate of low energy gamma rays by the detector was around 3.5 Hz and neutron
background was about 0.2 Hz in the laboratory, which was estimated by a well-calibrated
neutron counter. Taking account of these all facts, the rejection efficiency of the detector
for background gamma and beta rays is much better than 99 %.

proportional

Il Il Il Il
0 50 100 150 0 50 100 150

direct(keV) direct(keV)
Figure 5.19: Correlation between direct and proportional scintillation. Each event is pre-

sented by plot; only background on surface laboratory(left), background plus Am-Be
neutron source(right).
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5.5 Discussion

5.5.1 Monte Carlo simulation and energy resolution

Fig.5.20 shows the distribution of the light collection efficiency fOIIO for the double phase
detector. In this Monte Carlo simulation, photons are generated everywhere in the LXe.
The parameters used in this simulation are listed in Table9.1. The fluctuation of the light
collection (o/fdp) due to changing position is 2.5 %. In case of low energy gamma rays,
the positions of photon emission are well localized. For energies of higher than a few
hundred keV, they are spread over the full detector volume. In fact, the data from Bara-
banov et al. showed that the energy resolution for 662 keV was the same as for 122 keV
or even slightly worse, but in the present data, the energy resolution becomes better and
better with increasing gamma rays energy as shown in Fig.5.12.

Parameter Value
Refractive index MgF, || 1.45
Reflective index PTFE 95% (diffuse)

Absorption length in LXe | 1m
Rayleigh scatter 30cm

Table 5.2: Parameters for the Monte Calro simulation.

5.5.2 Scintillation efficiency

L in Fig.5.13 continuously decreases with increasing energy in the range of 59.5 keV-
3.92 MeV. Its variation is about 20%. Barabanov et al. reported a 30% variation, although
they got a similar curve shape as in the present work. One of the reasons might be the
non-uniformity of light collection. They also used a Teflon® reflector, but its reflection
coefficient was estimated to only 60%. Also their actual energy resolution was much
worse than in this work. The reason of non-linearity in scintillation yield, in particular,
in the region where the scintillation yield decreases with the energy of gamma-rays is
simply explained as follows by the so-called "escape electrons” effect. The scintillation
light emission is produced by two processes of excitation and recombination and the main
part of the scintillation is produced through recombination process. In such a case, a
fraction of electron escapes from recombination when the electron-ion density is low as
in relativistic electron and as a result the scintillation yield is reduced. The variation of
L between 30 keV and 59.5 keV is consistent with that of Ospanov and Obodovoski[77].
In such a low energy region, Tojo [78] explained for Nal(TI) that L is changed by the
contribution of photoelectrons from the K or L-shell of an atom, and this is also as valid
for LXe. For electrons over 2000 keV, L is constant almost 0.9. In this region, it is
assumed that the part of high ionization density at the end of a track is negligible and does
not significantly contribute to the total energy deposited in LXe.
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Chapter 6

Experiment in a deep underground
laboratory

We constructed the new detector for the underground experiment. In this chapter, the
experiment in Kamioka mine are described.

Figure 6.1: Location of Kamioka Observatory.
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6.1 XMASS experiment at Kamioka

There are many interesting physics in the underground physics. XMASS project [84, 85,
86] has three goals for

e Xenon MASsive detector for Solar neutrinos,
(pp, "Be neutrino experiment)

e Xenon detector for weakly interacting MASSive particles,
(Dark Matter experiment)

e Xenon neutrino MASS detector.
(Double Beta decay experiment)

As a part of this project at Kamioka mine, the double phase Xe detector was constructed
for WIMPs dark matter experiment. The depth and the muon flux of this deep under-
ground laboratory is about 1000 m ( 2700m.w.e.) and about 10~/ cm~2/sec, respectively.
In this section, double phase Xe detector at Kamioka mine is described.

site muon flux [cm—2/s]
surface 1.1x10~2
Kamioka ~1077

Table 6.1: The muon flux of surface laboratory and Kamioka mine.

6.2 Detector set up

1 kg Kr-free LXe (Kr 10 ppb) was surrounded by frustum of cones made from PTFE
Teflon and MgF, windows completely. LXe stay in a bottom cone, a largest diameter is
@ 80 mm. Thickness of gas and liquid are 25 mm and 95 mm. They are separated by an
anode structure (gold coated ¢ 30 um tungsten wires) which consists of two set of grids
placed at 5 mm (liquid part, G1) and 15 mm (gas part, G2) from the anode wires. Two
MgF, windows ( an effective diameter of 46 mm and 5mm thickness) are fixed on both
end of the detector. Nickel meshes (cathode), whose optical transmission is ~ 90 %, were
evaporated on the inner surface of them. 9 field-shaping rings with 1 cm intervals are
placed outside the bottom Teflon in order to form a uniform drift field. They are chained
with nine 20MQ resistors from G1 to the grounded cathode. The inner vessel is made of
5cm thickness of OFHC copper. The vacuum or gas filling stainless steel of CONFLAT
flange is welded to the inner vessel. The detector was evacuated and baked out for about
3 weeks at 120 °C (the detector). The vacuum pressure before experiments was smaller
than 10> Pa. Two PMT with Quartz window was coupled to windows through 1mm
thickness of vacuum. Electric field between cathode and G1 was 250 V/cm and between
G1 and anode was 7 kV/cm. The detector was thermally insulated by vacuum and cooled
by liquid nitrogen through the copper plates (cold finger system). Temperature of the
detector was kept by the cold finger system with heater at 180K.
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Figure 6.2: Schematic view of the detector.
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Figure 6.3: Installation of Teflon

Figure 6.4: Picture of the detector.
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6.3 Gas line

All of parts (SUS304 tubes, materials of the detector ...) were carefully cleaned by ul-
trasound with acetone and ethanol before fabricating the gas line system. The detector
and the gas line were evacuated and baked out for about 3 weeks at 120 °C and 200 °C,
respectively. The vacuum pressure before experiments was the order of 10~° Pa at room
temperature.

Digital Pressure

lonization Pressure
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Xenon gas bottle (1gallon) Gage
Regulator

% Valve

\ _

Pump

§ ﬂ_er Vacuum
Detector 4+—

N/

—
Cooled Ethyl alcohol (170K) Hot Getter
or

Lig. N2

Figure 6.5: Purification and gas line system.

6.4 Purification of gas Xe

In R&D stage, Xenon gas passed the Oxisorb before filling detector with LXe and this
method results for the long life time of electron as described in Section 5.4.4. However,
we found that Oxisorb has a large amount of the radioactive material and gas Xe was con-
taminated by them during liquefaction of Xe. Fig.6.6 shows background spectrum without
shield. Assuming alpha particles only come from inside the detector, the radioimpurity of
gas Xe was tuned out by counting its rate. From Fig.6.6, clearly seen in higher than a few
MeV energy range, Oxisorb have much radioactive materials than SAES getter.

For this reason, SAES getters [89] was used for purification. The radioactivities of
these purifier was reported in [90].
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Purifier | 28U[ppb] | 2% Th[ppb] | K[ppm]

Oxisorb | 298+33 43149 2445

SAES <25 <10 <7
Inlet Impurity | H,O O, CO CO, N, H, CH,
Outlet <1ppb | <1lppb | <1lppb | <1ppb | <1ppb | <1lppb | <1lppb

Table 6.2: The radioactivity in Oxisorb and SAES getters[90] and Performance Guarantee

of SAES getters.
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Figure 6.6: Purification and gas line system.
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6.5 Cryogenics

Fig.6.7 shows a schematic view of the cryogenics. 100 liter liquid N, bath installed on
top. The detector was cooled and kept by *Cold Finger’ system, that consists of copper
plates and a long copper rod from liquid N, to the detector. The vacuum for the ther-
mal insulation was kept by turbomolucular pump. The temperature of the detector was
adjusted by a heater which were mounted near the Lig. N, bash and kept at 180 K.

Heater

LN2

Cold Finger

Figure 6.7: Schematic of Cryogenics.
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6.5.1 Low background PMT

The PMTs, R8778Q(Hamamatsu, Quartz window), were used to detect L Xe scintillation
light. This PMT has high quantum efficiency ~30% at 174nm. Fig.6.9 is the schematic
view of R8778Q. The quartz window and metal tube are used in this PMT with plus high
voltage. The voltage divider of R8778Q is shown in Fig.6.10.
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Figure 6.8: Schematic view of R8778Q.

Figure 6.9: Picture view of R8778Q.
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For low background experiments such as WIMPs direct search, the radioactivity of
PMT is one of the most important things in scintillation detectors. Usually, PMTs are
enveloped by glass, but glass has high radioactivities. This PMT was enveloped by metal
tube and the circuit elements (capacitors, resistor, including PCB) were selected by the
HPGe detector to reduce radioactive components[87]. Table6.3 shows the radioactivities
of PMT. The contribution of this background is discussed in Section 8.2

U chain [Bg/PMT] | Th chain [Bq/PMT] | *°K[Bqg/PMT] | %9Co [Bq/PMT]
ZK0667 5.0 x10 2 1.3 x10 —2 6.1 x10 T (1.8 x1073
Base 1.1 x10 1 2.7 x10 ~2 4.1 x10 2 (35 %1074
R8778Q || 1.840.2 x10 2 6.9+1.3 x10 —° | 1.440.2 x10 1 | 554+0.9 x10~3
Base 1.5 x10 3 1.8 x10 3 1.0 x10 4 -
Table 6.3: The radioactivities of PMT and its Base.
. . . c ANODE OUTPUT
T S =
Dyl Dy2 Dy3 ! Dy4 Dyl0 Dyll R1,R2,R6:910k ohm  R7-R17: 620k ohn
i cs o
DIVIDER CURRENT:137uA at 1.5kV INPUT J\/\/\[——ID 7777777 +HV INPUT

Figure 6.10: Voltage divider of R8778Q.
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6.6 Shield set up

The detector is shielded against gamma rays and neutron from environment. 5 cm of
OFHC copper vessel itself, 5 cm of OFHC copper and 15 cm of lead are set for gamma
rays, 5 cm of Boric Acid(1g/cm?®) and 15 cm of Polyethylene are for neutron.

Polyethylene
RN

O.F.H.C - || “Borid acid case

Lead

135cm

Figure 6.11: Schematic view of the radiation shield.
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Figure 6.12: Picture of the radiation shield.
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6.6.1 Shields for gamma rays

Lead is very effective for shielding gamma rays because of its high Z. But it has a radioac-
tive isotope 21°Pb with half life time of 22.3 years. Fig.6.13 shows decay scheme of 21°Pb.
B decay occurs from 210Bi to 219Po with Q value = 1163 keV and the bremsstrahlung is
taken place. To avoid this effect, The OFHC copper is located inside of lead and we se-
lected the lead itself from sample of several companies because the radioactivity of lead
depends on when it was fabricated. The radioactivity of the lead blocks are measured by
HPGe detector. The measurement of the radioactivity is shown in Fig.6.14 We selected
lead D from various samples and results is shown in Table 6.4. The contribution of this
background is discussed in Section 8.2

223y
o+
e rre—— X 5.013d
= 210Pb f I 0
8z & 210R
Qp=63.5 © = 83B|
15
84% 55_ 0 % 46539 _3 g QB,:1162.7
16% 7.9, 1 05013d [100% 80, 0" 0383764
210p; 210

Figure 6.13: Decay scheme of 210Pb[88].
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Figure 6.14: Measurement of various lead samples by HPGe .
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U chain [Ba/kg] | Th chain [Ba/kg] | *°K[Ba/kg] | ®°Co [Ba/kg] | 2*°Pb[Ba/kg]

LeadD | <4.1x10 3 <6.5x10 3 <29x10 2| <1.6x10~* | (2.6+0.4)x10?

Table 6.4: The radioactivities of lead D.

6.6.2 Shields for neutrons

15cm thickness of polyethylene plates and Boric Acid act as the moderator and absorber
for neutrons. shielding for fast and thermal neutron, respectively.

10B have a large cross section for thermal neutron. We fabricated 5cm thickness of
Boric acid powder with acrylic cases. Density of Boric acid is 1g/cmq.

abundance | cross section[barn]
B 19.8% 3840

Table 6.5: Cross section of thermal neutron fori°B.

6.7 Radon purge

A radon, which exists in the air, can contribute to background. The radon concentration in
Kamioka mine air has a seasonal variation, its concentration is 2000-3000Bg/m? during
the warm season, from May until October, while the 100-300 Bg/m® from November to
April in the cold season [91] Because of its high concentration of the radon in the air, it
IS necessary to reduce this concentration by flowing purified (Rn-reduced), a super radon
free air (SRFA) ~ a few mBg/m? [91], around the detector.

Fig6.15 shows the comparison of the background spectrum, without the lead and cop-
per shield, with them and with SRFA. From this result, because of the high concentration
of the radon in Kamioka, the air around the detector should be keep with the low concen-
tration of the radon air.

6.8 Data acquisition system and monitor

Fig.6.16 shows the block diagram of the data acquisition system for this experiment. The
wave forms of direct scintillation light were recorded by 250 MHz flash ADC (FADC)
(BASTIAN STR7515) through the VME system. Two channels of FADC were chained
for digitize 500 MHz sampling rate in each PMT signal. The 12 bits charge sensitive
ADC (LeCroy 1182) with through the VME system was used for the energy information.
The proportional scintillation light were recorded by 10 MHz flash ADC (Rinei RPC-081)
through CAMAC system in each channel.

500 MHz FADC was operated presampling mode with 8 bits. At the same timing of
the ADC gate, it stops the presampling and starts to digitize for 2usec. The length of
presampling data is also 2usec.
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Figure 6.15: The comparison of the background spectrum, without the lead and copper
shield (blue), with the shield (red) and with SRFA(pink). The typical radon concentration
of SRFA is a few mBg/m?3.

100 MHz FADC was also operated presampling mode and it digitize for 100usec and
stops after 80usec from the gate signal.

The temperature of the detector and Cold Finger were measured by using platinum
sensor (PT100). These temperature and the pressure of the inner detector and vacuum
insulate are monitored by the multi channel digital meter (KEITHLEY 2700). This digital
meter was connected to PC by GPIB(IEEE488) interface.

As the measurement is performed in the mine, these housekeeping data are sent Web
server machine the minute by minute, and the collaborator can see the status of the detec-
tor in Web site and also by a cellular phone [92]. Fig6.17 shows the housekeeping status
display. DAQ and monitor system were controlled by PC with Linux operating system.
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Figure 6.17: Display of the housekeeping data on the Web site.
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6.9 Calibration

6.9.1 PMT gain

The gain of PMT were measured by using LED light from optical fibers during the ex-
periment. Fig6.18 illustrates the PMT gain calibration system. The optical fiber were
fixed on beside both top and bottom of the PMTs. The spectra of photoelectron is shown
in Fig6.20. In this case, the gain of PMT is 1.91+ 0.02x10’. The Poisson distribution
smeared with the Gaussian distribution was used to derive the single photoelectron peak.

PMT

Y ray source

Figure 6.18: PMT gain calibration using LED light.
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Figure 6.19: PMT gain calibration using LED light. The single photoelectron distribution
is shown. The Poisson distribution smeared with the Gaussian distribution was used to fit
the spectra. The gain of PMT was 1.91+ 0.02 x10”.

6.9.2 Energy calibration

The energy calibration of the detector was carried out by using °’Co gamma ray source at
250V/cm electric field. The detector was exposed by gamma rays from the outside of the
detector, the location of the source was illustrated in Fig6.18. Energy resolution o/E is
13.8+0.16%. The photoelectron yield of the detector is 2.054+0.02 phe/keV.

78



20000
=

S - Xt /ndf R 161.5/23
3180001 / \?

- ant) 1.884e+04 +43.
16000 Constant | 1.884e+04 +43.46
14000 ean / 50.+£0.1023
12000 - Sigma: J[ 34.44+0.09409

|

10000 - JJ ‘\
8000 - ]
6000 lJ

/
z / \

2000 r

L Y,

et
011111111111111111111111111111111

0 50 100 150 200 250 300 350 400 450
Number of Photoelectron

Figure 6.20: Energy calibration with ®’Co gamma ray source. The photoelectron yield of
the detector was 2.05 4 0.02.
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Chapter 7

Results

7.1 Event selection

7.1.1 Noise rejection

In the case of the low background experiments, the event in the low energy region are
dominated by the noise event. For the scintillation detector with PMTs, the noise events
commonly come from,

e the PMTs with fast photoelectron pulses,

e the PMT windows and MgF, windows as Cerenkov light.

To select real events, the partial gate method was carried out for each PMT. Fig.7.1
shows the typical pulse shape recorded by the 500MHz FADC. In this analysis, the ratio
R(40 : 90) of the integration of 40nsec (F(40nsec)) to 90nsec (F(90nsec)) was used. The
R(40:90) plotted as a function of energy is shown in Fig.7.2. The upper one was the
measurement of the background run in Kamioka mine and the lower one is the irradiated
gamma rays by >’ Co source. The noise pulse is clearly seen around the R(40 : 90) ~ 0.9.

130 [ 130 [
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Figure 7.1: Typical signal from PMT. The real signal (left) and the noise one (right) are
distinguished by the partial gate method.
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Figure 7.2: Ratio of F(40nsec)/F(90nsec) as a function of energy. The upper distribution
was obtained by the measurement of the background run in Kamioka mine, the lower one
by irradiating °’ Co gamma ray source from outside the detector.

To evaluate the detection efficiency due to a cut using this method, the reference pulse
data from °’Co source run was used in each energy bin for each PMT. Fig7.4 shows the
R(40 : 90) distribution in each energy bin from 0 to 11 keV. The distribution of R(40 : 90)
from the background is normalized to the source run in this figure. These efficiencies are
summarized in Fig7.5. Fig.7.6 shows the energy spectrum of the raw data and the noise
cut data.
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Figure 7.3: Ratio of F(40 nsec) to F(80 nsec) for PMT(U) in each energy bin. Both
background run ( red line ) and source run (black line) are plotted. In this analysis, the
event below green line are selected.
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Figure 7.4. Ratio of F(40 nsec) to F(90 nsec) for PMT(U) in each energy bin. Both
background run ( red line ) and source run (black line) are plotted. In this analysis, the

event below green line are selected.
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Figure 7.6: The energy spectrum of the raw data (blue) and the noise cut data (red).

7.1.2 Background rejection

Fig.7.7 shows S2 plots as a function of the energy S1. The black dot is the events that
both top and bottom PMT have S2 signal and the red one is the rest. The projection to
energy axis of these plots are shown in Fig.7.8.
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7.2 WIMP-nucleon limits

The limits of the WIMP-nucleon cross section g, _, as described in Section3.3 with the
astrophysical and nuclear parameters listed in Table 7.1.

In these results, the same manner as presented in Ref.[32, 20] was used. We con-
servatively assumed that all the signals are caused by the neutralino and compared the
obtained spectra shown in Fig.7.8 to the spectra expressed as Eq. 3.19 smeared with the
resolution of the detector for a given WIMP mass M, and nucleus component N(= Xe).
The spectrum smeared with the resolution o is written as

dR(o)  [int dR
i _/O (Ex—E) g, (7.1)

1 exp(— X2 )
V210 =552

where g(x) is the Gaussian distribution. The 90% confidence level upper limit count rate
of each energy bin of the spectra, S, is obtained by

g(x) = (7.2)

St = NoiCH /t/AE /m/eff(Eg) (7.3)

where n(= 1) denotes the detector number, k does the energy bin number, 5" is the
90% confidence level upper limit count rate, N23"*Cl- is the 90% confidence level upper
limit of the observed number of events. NQO%C'- is defined by the observed events Ny @

Nk et =N, +1.28- /N, (7.4)

for N, > 10. For N, < 10, the Poisson upper limits listed in Table 7.2 were used.
Then, 7

SKCHAE = f F2(ER)dEg (7.5)

AE dER

was used to derive the upper limit of the cross section of the WIMP-nucleus interaction,
where fy, is the mass fraction of the nucleus. The lowest value among the obtained limits
all n,k for a given WIMP mass M, and nucleus N is adopted as the combined limit Oy_N:
Fig.7.9 shows the calculated trigger efficiency for this experiment in this simulation. The
detail of this simulation was described in Section5. The refractive index of the Quartz is
1.56.To evaluate this efficiency, the number of photons, which follow the Poisson distri-
bution, are produced in the whole of detector. The threshold is set to one photoelectron in
each PMTs.
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Figure 7.9: Trigger efficiency as a function of energy for this experiment. The thresholds
are set to 1 photoelectron in each PMT in this simulation.

Dark Matter density pp 0.3 GeV/c™?
Dispersion of Dark Matter velocity v, | 220km/s
Earth(Target) velocity vg 232km/s
Local Galactic escape velocityVes 650km/s
Quenching Factor 0.263

A2 z3(3+1)(12%Xe) 0.232
25733+ 1)(B¥1Xe) 0.057

Table 7.1: Astrophysical and nuclear parameters used to calculate the limit.
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2.30
3.89
5.32
6.68
7.99
9.27
10.53
11.77
12.99
14.21
15.41

OO ~NOoO O~ WwNPEF- O

=
o

Table 7.2: Upper limits for the mean v of a Poisson variable given N observed events in
the absence of background, for confidence levels of 90%.[102]

7.2.1 Oy_p

To compare with the results of other experiments, which used different target materials,
the WIMP-nucleus cross section limits are normalized to the limits for a single proton
and this manner to evaluate the limits was described in Section3.3. Fig7.10 and Fig7.11
shows the WIMP-nucleus cross section with other experiments in the spin independent
case and in the spin dependent, respectively. The results of LiF and NaF experiment by
Tokyo group were derived from Ref.[103].

Limits
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Figure 7.10: 0;?'_p limits as a function of M,. The region above the curves are excluded.
The result at 90% C.L. from this experiment is shown in black line together with other
experiments. This figure was taken from Ref.[31].
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The result at 90% C.L. from this experiment is shown in black line together with other
experiments. This figure was taken from Ref.[31].
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Chapter 8

Discussion

To understand the background component is very important to find the origin of the back-
ground and to reduce it. This understanding is also very useful the designing of the next
phase detector. In this chapter, the component of the background was estimated by using
the radioactive value measured by HPGe and Monte Calro simulation.

8.1 Ambient gamma rays

The ambient gamma flux at Kamioka Observatory is reported as 0.71 gamma/sec/cm 2 in
500 - 3000 keV range[95]. The effect of lead shield are calculated by GEANT3 simulation
tool.
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Figure 8.1: The effect of lead shield as a function of thickness .
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Fig.8.1 shows gamma ray spectrum without shield(corresponding to ambient gamma
flux), 5¢cm thickness of lead, 10cm and 15cm. From this result, the gamma flux is reduced
3 orders of magnitude in the 500-3000keV energy range. The contribution of ambient
gamma to the detector is estimated less than 200 count/day and is negligible to our current
result.

8.2 Background from materials

The contribution of the detector materials to the result is discussed here. High radioactive
materials, for instance a glass, a ceramic ..., are not used or located far from the detector.
To understand the background quantitatively, the radioactivities of the detector materials
were measured by HPGe detector in Kamioka mine (see Appendix A). The values of PMT
and its base are listed again here in Table8.1 and that of all materials near the detector,
O.F.H.C copper and lead which are mainly used for the shields are listed in Table8.2 and
Table8.3. Fig.8.2 shows the location of each materials. Indium and O-ring are used for
the vacuum sealing, Acrylic for PMT holder. Nine resistors divide the high voltage for
shaping rings. In this simulation, “DECAY4” is used for event generator[93]. The energy
resolution is smeared by the calibration data. In this simulation, the value of activities
were assumed to be the center values or the upper limits.
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Figure 8.2: The location of materials.
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U chain [Bg/PMT] | Th chain [Bq/PMT] | *°K[Bqg/PMT] | %9Co [Bq/PMT]
ZK0667 5.0 x10 2 1.3 x10 ~2 6.1 x10 1T (1.8 x1073
Base 1.1 x10 1 2.7 x10 2 4.1 x10 2 (35 %1074
R8778Q || 1.840.2 x10 —2 6.9+1.3 x10 ° |[1.4+0.2 x10 1 [ 554+0.9 x10—°
Base 1.5 x10 3 1.8 x10 3 1.0 x10 —* -

Table 8.1: The radioactivities of PMT and its Base.

U chain [Bg/kg] | Th chain [Ba/kg] 20K [Ba/kg] %0Co [Ba/kg]
SUS (outer) <7.6x1073 <1.0x10 ~2 <6.9x1077? 1.54+0.63x10~2
Resistor
(Shaping Ring) 1.240.24 1.140.53 2.640.16 <8.9%1072
PTFE Teflon <4.1x1073 <6.5x1073 <3.9x107? <25x1073
Acrylic <6.4x10 ~2 <9.0x10 =% | (5.945.6)x10 1| <3.6x107?
O-ring (8.440.8)x10 1 | <7.5x10 2 2.040.4 <1.6x1072
Indium 754+4.4x10 2 | 7.14£6.7x10 2 <4.0x10 1T <2.5x1072
Invar <9.3x10 3 <1.6x10 ~2 1.441.2x10 T <6.7x1073

Table 8.2: The radioactivities of materials.

U chain [Ba/kg] | Th chain [Ba/kg] | °K[Ba/kg] | ®°Co [Ba/kg] | “*°Pb[Ba/kg]
O.FH.C <3.2x10 % <8.3x10 % <6.1x10 3| <25 x10~* -
Lead <4.1x10 3 <6.5x10 3 | <29x10 % | <1.6x10~* | (2.6+0.4)x10?

Table 8.3: The radioactivities of O.F.H.C and lead. They are used for the vessel of LXe
and the shields.
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Figure 8.3: Background estimated by Monte Calro Simulation
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Figure 8.4: Background estimate by Monte Calro Simulation
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Figure 8.5: Background estimate by Monte Calro Simulation
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8.3 Background from 3°Ar, #Ar and ®Kr

Normally, Ar and Kr remain in a commercial gas Xe. The radioactive isotopes of noble
gases are discussed here. 3°Ar and “2Ar are produced in spallation reactions, electro-
magnetic interactions with cosmic muons, or nuclear weapon test, 8°Kr is formed in a
nuclear reactor as a waste product of the fission process. As listed in Table 8.4, because
of the very long half lives, decay energies and decay modes of these nuclide, they can
be can be important sources of background in a large volume a noble gas based detector.
For “2Ar, the beta decay of the 2K daughter isotope (Tl/2 = 12.36h) has a maximum

electron energy of 3.52 MeV (Fig.8.7). The 3°Ar concentration of 3Ar in atmospheric
argon is measured, and the results are 3°Ar/Ar = 8.1x10-16[96], that of *2Ar is *2Ar/Ar
< 6x10721[97]. The atmospheric 8Kr concentration was monitored since 1979 at Uni-
versity Gent in Belgium[98] and since 1995 at MRI in Japan[99]. They reported that
8Kr concentration is ~ 1 Bg/m? in the end of 1900, this is equivalent to 8Kr/Kr = 1.8
%1071, Ar and Kr usually remain about 10 ppm in gas Xe which give about 5 8Kr
decays/(1kg Xe), 3.1x10-5 39Ar decays/(1kg Xe) and 1.8 *2Ar decays/(1kg Xe). From
these estimates, 8Kr can be problem for background, we used Kr free Xe (10ppb) in this
experiments. Fig8.8 shows the energy spectrum from 85Kr in the cases of 10ppm and 10
ppb Kr in Xe.

Isotope half life[years] Q value[keV] abundance

S9Ar 269 565 8.1x10- 16 39Ar/Ar
“2Ar 32.9 600 < 6x102L 22 Ar/Ar
85Kr 10.7 687 ~ 1.8x10711 85K y/Kr

1.1x 1011 8Ky/Kr [100]

Table 8.4: 8Kr, “2Ar and 3°Ar.
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8.4 Background from neutron

8.4.1 3He proportional counter

The neutron flux was measured using 3He proportional counter at Kamioka Observatory.
Neutron classification by energy is followings:

e Thermal neutron
Ep<0.5eV

e Epi-thermal neutron
0.5eV < Ep <500 keV

e [ast neutron
Ep >500 keV

For the energy spectrum of neutron, 1/E-law [94] was assuming as,
N(E) = = (8.1)

where E is neutron energy, N is neutron flux and A is constant.
The spec of this counter is listed in Table8.5. The applied high voltage is +1159[V].

Diameter 5.16cm
Length 43.5cm
Pressure of He 3 atm
Thermal neutron sensitivity || 102cps/(n cm—2s~1)

Table 8.5: Spec of 3He counter

8.4.2 Measurement and results

Fig.8.10 shows the energy spectrum of the 3He counter in Kamioka mine. 0.764 MeV
peak was clearly seen in this figure. Table 8.6 shows the measurement result of the neutron
flux in Kamioka mine. In the case with shield, the value of the thermal and fast neutron
flux was less than ( 2.55x10~" and ( 6.40x 10", respectively.

Thermal[n cm=2s~1] | Epi[n cm=2s~1] | Fast[n cm—?s71]
Ambient 8.324+0.90x10°° | 1.66+0.38x10° | 3.60+0.83x10~°
with shield (2.55x10~7 (2.95x10°° (6.40x10~7

Table 8.6: The neutron flux in Kamioka mine and inside the shield.
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Figure 8.9: 3He proportional counter.
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Figure 8.10: The thermal neutron background spectrum by the3He proportional counter.
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8.4.3 Fast neutron

The background from the elastic scattering of fast neutron was calculated. Fig.8.11 shows
the cross section of elastic scattering n-12°Xe, 131Xe, 132Xe[101]. In this calculation,
Eq.8.1 was assumed.

The background spectrum with or without shield are shown in Fig.8.12. The fast
neutron is the one of the most dangerous background for WIMPs direct search. This
background is negligible to the current results, in the future, for further search, we must
reduce this background by i.e. Huge Water Tank.

— 8
= — 129Xe
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5 — 132Xe

: \\\ AT
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Figure 8.11: The elastic scattering cross section for Xe[101].
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8.4.4 Thermal neutron

Thermal neutrons are captured by Xe isotopes. Neutron captured Xe isotopes are listed
in Table8.7. The longest half life of radioisotope is ~ 36 days. This short half life is
advantage to underground physics for low background.

Background produced by thermal neutrons was calculated using the flux in Table.8.5.
Fig.8.13 shows the estimated background spectrum from various Xe isotopes (red is total)
and Fig.8.14 shows sum of these spectrum with or without shield.

Isotope || cross section[barn] | half life | disintegration mode | Energy(keV)
125mye 28 57.0 sec IT 140.8(y)
111.8(y)
125%e 165 16.9 hour EC 243.4(y)
188.4(y)
127mye 0.45 69.2 sec IT 124.7(y)
172.4(y)
127Xe 35 36.4 day EC 375.0(y)
202.9(y)
129mye 0.48 8.88 day IT 39.58(y)
196.6(y)
13Imye 0.45 11.8 day IT 163.9(y)
133mxe 0.05 2.19 day IT 233.2(y)
133Xe 0.45 5.24 day B~ 346(B)
81.0(y)
135mye 0.003 15.3 min IT 526.6(y)
135xe 0.265 9.14 hour B~ 910(B)
249.8(y)
137Xe 0.26 3.8 min B~ 4170(B)
3720(B)
455.5(y)

Table 8.7: The cross section of neutron capture for Xe Isotopes.

105



counts/daykgkeV
B

0 @ 0 0 8 0 @
Energy[keV]

Figure 8.13: Estimated background from thermal neutron. The red line is correspond to
the total spectra from , blue:with shield)

106



10

—— | neutron: background

10°
—— | with shield (upper limit)

10

counts/day/kg/keV

f;{i
;

-4
10

"WMWW

10° ; M‘“UWWMWW

v

10-77\\\\\\\\\\\\\\\\\\\\\\\\
0 500 1000 1500 2000 2500 3000

Energy [keV]

10°

N

=
o

—— | neutron background

—— | with shield(upper limit)

[

counts/day/kg/keV
[
o

=
o

-4 |
10
10° =
10°

T T TTTTI T \\|\HH T T TTTTIT T T TTTTT T T TTTTIT T T TTTTIT

7 L1l

0
0 10 20 30 40 50 60 70 80 90 100
Energy [keV]

Figure 8.14: Estimated fast neutron background, (red:neutron background , blue:with
shield)

107



8.5 Summary of the Monte Carlo simulation

The results of the background studies are shown in Table8.8. PMT and stainless steel
used for the outer vessel, were main component to our data. The stainless steel should be
replaced O.F.H.C copper. For the PMT, we will reselect the parts of PMT in the future.
The differences of count rate in the low energy region is discussed in Sec.8.5.1.

Source Rate(10-30keV)[counts/day/kg/keV] Total events[counts/day/kg]
PMT(R8778Q) 7.3x1071 736
PMT Base 1.8x1072 23.6
SUS(outer) 7.3x1071 928
Resister 1.7x1071 211
PTFE Teflon <19 <1217
Acrylic 1.2x1072 144
O-ring 8.9x1073 12
Indium 1.7x1072 23
Invar 8.2x1072 94
O.F.H.C. Copper <3.4x1071 <473
Lead ~2x1071 ~ 600
8Kr <3.2x1072 <138
Radon <6.5%x1072 < 87
Fast neutron <1.4x1072 <17
Thermal neutron <6.3x10°6 <1.2x1072
Simulation total ~1.2 ~2600

Table 8.8: Summary of the background evaluation compared to the measurement result.
The averaged count rate from 10 keV to 30keV and total count rate are shown.
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Figure 8.15: Summary of the Monte Calro simulation and experimental data and spectra
from WIMP (black). For the spectra for WIMP, 0;?'_p = 1x10~° pb was assumed.

8.5.1 Anomalous event in low energy region

From Fig.8.15, the simulation and experimental data was consistent in the energy range
higher than 40keV, but the low energy region was not. Fig.8.5.1 The rejected event, which
have the S2 signal, was consistent with the simulation in the full range. The events "not-
rejected’, which did not have the S2 signal, was not also explained by the neutron flux in
Kamioka mine. This result was assumed that the low energy events from the experimental
data didn’t mainly come from the outside the detector except events form 85Kr but from
inside. This kinds of anomalous events was also observed by the UK group in their
inorganic scintillator [104, 105]. They explained these events come from the surface of
the detector due to 214Po implanted by Rn in the air and they estimated that the material
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which was exposed in the air for 1000 hours was enough for them. They reported about
the surface of the scintillator, but in our case, the surface of the wires and the PTFE
reflector which were exposed in the air should be the main component of the anomalous
event. Taking into account the high Rn concentration in Kamioka mine, it is enough
for our case. Additionally, it is assumed that the electrons which ionized at the surface
would sufficiently collected because they could be trapped by the surface. The UK group
succeeded to reduce the anomalous events by polishing the surface of the scintillator less
than 10~ times in the low energy region. If we succeed to reduce anomalous events to
clean up the wire and the PTFE, the result will be much improved.

6 Sl

rejected event

Tl vco

counts/day/kg/keV
[6)]

—+

+
_l.
4

OO

10 20 30 40 50 60 70 80 90 100
Energy[keV]

110



Chapter 9

Future detector

9.1 The design of large Lig.Xe detector

This long electron life time makes it possible to construct a large detector with long drift
length (> 1m) and implies realistically to scale up to ton order of detector. Fig.9.1.

Wires MgF2 Window
Grid3— with Ni mesh(Cathode)
Anode—

Grid2—
Gridl—

PTFE TEF

Hamamatsu(R8778Q)

Figure 9.1: 15kg Xe detector
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The concepts of design are same as the small prototype. LXe and gas Xe are sur-
rounded by two large MgF, windows which are evaporated with Ni meshes and PTFE
Teflon. 7 PMTs are mounted on top and bottom sides (total 14 PMTSs). Fiducial volumes
is 5 liter LXe (15kg). This detector will improve not only statistic of events but also
background rate. From the small detector results, the backgrounds come from outside
the detector, it is expected that the volume-surface ratio of the detector and using more
radioactive clean PMTs lead to reduce the background more than one order of magnitude.
The light collection efficiency for this large one was calculated using the same parameter
in Section5.5. From this result, the mean light collection efficiency is 15.4%. This value
Is almost same as the small one.

Parameter Value
Refractive index MgF, 1.45
Refractive index Quartz 1.56

Reflective index PTFE Teflon || 95% (diffuse)
Absorption length in LXe Im
Rayleigh scatter 30cm

Table 9.1: Parameters for the Monte Calro simulation.
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Figure 9.2: Distribution of the light collection efficiency (fdp) for the large detector. The
fluctuation (o/fdp) is 6.9%
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9.2 Expected results

Fig.9.3 shows the WIMP-nucleus cross section as a function of WIMP Mass[GeV] with
our expected results. This expected result are assumed that 3o discovery, the anomalous
events is negligible to other source (red), 99% rejection with 1kg x 1 year (green) and
the 15kg second phase detector with 15kg x 1 year (blue). In the case of 15kg detec-
tor, 9x10~* events/day/keg/keV background rate after rejection, 1 ppb 8Kr because the
number of PMTSs per the detector mass is reduced and the volume-surface ratio relative to
the prototype 1kg detector is included.
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Figure 9.3: the WIMP-nucleus cross section in SI case with our expected 3o discovery,
cleaned surface by 1kg detector (red), 1kg detector with rejecton 99% (green) and the
second phaes 15kg detector(bule).

9.3 The idea for other experiments

In addition to WIMPs direct search, there are interesting physics experiments by Xe target

such as pp/’Be solar neutrino [81] , 13Xe double beta decay experiments (i.e.[82]) and
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gamma ray imaging telescope[106]. Approaches to such experiments are considered us-
ing technique as below. It is possible to develop 3D position sensitive detector by setting
plurality of PMTs on top using gas proportional scintillation [83]. The z position was
informed by drift time like this prototype detector and x-y position by weighted center of
S2. It allows us to use gamma ray imaging telescope. Additionally, electron scattering
events were recognized by counting number of S2 signals event by event because, for
example, one Compton scattering events should have two S2. This method is suitable for
pp/’Be and double beta decay experiment.
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Chapter 10

Conclusion

o The reflection coefficiency, R; = 88 — 95%, for PTFE reflector for the LXe scintil-
lation light was obtained.

e The best energy resolution for gamma rays by LXe detector was obtained by this
experiment. The energy resolution for LXe with double phase detector is o /E =
7.1% at 662keV.

e This is the only detector that can obtaine the scintillation efficiency of LXe for
gamma rays in the range from 30 keV to 4000keV.

e The electron life time of our LXe detector is estimated approximately 3 msec.

e This is the first experiment that measures both direct and proportional scintillation
to identify nuclear recoil from electron recoil with the double phase Xe in the un-
derground laboratory.

e We evaluate the expected result of o' , and 032, limits. ;" limit of 7.4x10~*2cm?
and the 0,2, limit of 1.6x10~38cm~2 by 1kg with 99% rejection and 5.6 x 10~*>cm?

for M, =50 GeVc—2. The 15 kg detector in the next phase is expected to be reached
2 order of magnitude better than the current limit. M, dependence of the limits are
shown in Fig.9.3.
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Appendix A

HP Ge detector in Kamioka mine

Before setting up the detector, the radioactivity of materials were measured by HP Ge
detector in Kamioka mine. These measured values are used for selections of the materials
or background estimation for the result. Fig.A.1 shows the HPGe set up. The atmosphere
around HPGe is purged by Super radon free air to reduce background from the air in
Kamioka mine.

Aluminum
15y | sample]

A

Figure A.1: The size of HPGe detector in Kamioka mine.
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Fig.A.2 shows the background spectrum of HPGe. This data was accmulated for
766807 second.

\
=
(@)

counts/sec/ke

10

0% L i
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500 1000 1500 2000 2500 3000
Energy[keV]

o

Figure A.2: The background spectrum of HPGe detector in Kamioka mine.

The detection efficiency was caluculated using GEANT3 simulation tool. Fig.A.3
shows the detection efficiency in the range of 0-3000 keV. The point source is used in this
simulation, but the shape and materials of samples are included for the value of radioac-
tivity in this thesis.
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Figure A.3: The simulation of the detection efficiency for HPGe detector. Point source is
used in this caluculation.
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