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Abstract

Despite numerous cosmological observations strongly suggesting the presence of dark matter, its nature
remains unknown. The current dark matter search can be broadly categorized into three types: direct
detection, indirect detection, and accelerator experiments. In direct searches, various signals such as
light, ionized electrons, and heat produced by the interaction of dark matter with matter in the Standard
Model are detected. To effectively search for dark matter, it is essential to construct detectors utilizing a
large target medium, enabling the detection of events with smaller recoil energy, while minimizing the
occurrence of background events that mimic the signals. In the indirect search, dark matter is searched
through the observation of particles in the Standard Model that result from the decay or annihilation
of dark matter. Detectors can be mounted on balloons or satellites, or positioned on the ground, all of
which enhance sensitivity by increasing the solid angle and effective area. When detecting particles that
do not lose information on the direction of origin, such as gamma rays, the detector must be capable of
reconstructing the flight direction. Additionally, when detecting targets with low fluxes (such as cosmic
ray antiparticles), the detector must have the capability to identify particles.

Among many detectors, those utilizing liquefied noble gases are leading the search because of their
excellent performance. In direct searches, experiments such as LUX and XENONNT, using xenon as a
target, and DEAP and DarkSide, using argon as a target, have provided the most stringent limitations
over a wide range of dark matter masses from 1 GeV to 1 TeV. In addition, the excellent energy/position
reconstruction capability, strong particle identification capability, and ease of scaling up make them

potential candidates for applications in indirect searches where argon has not been used as a detector.

Liquid argon functions as a calorimeter. When a particle passing through liquid argon drops energy into
liquid argon, the energy is converted into scintillation photons or ionizing electrons through excitation,
ionization, and recombination processes. The operation of liquid argon detectors involves a number
of technical challenges, such as the high purity of liquid argon, the cryogenic temperature of liquid
argon, and the detection of vacuum ultraviolet photons. On the other hand, the scintillation waveform,
ionization/scintillation ratio, and dE/dX are different for each incident particle, making strong particle
identification possible. This particle identification capability can be enhanced by improving light collec-
tion efficiency and spacial resolution, and by reducing noise in the readout electronics. There are many
technical issues to be solved for the operation of liquid argon and development challenges to improve the
detector performance, and the focus should vary depending on the target to be detected. In this study, we
first addressed the following two points that lead to improvement of direct search sensitivity. The first
is to improve the light collection efficiency of vacuum ultraviolet light. To collect and detect vacuum
ultraviolet light more efficiently, wavelength is converted to visible light. We built vacuum evaporation
system for the conversion material TPB and optimized the amount of the coating. Then, a compact

liquid argon detector was constructed and the light collection efficiency was measured. As a result, the
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world’s largest light collection efficiency was confirmed. In order to further improve the light collection
efficiency, PMT with a quantum efficiency of 30% has been replaced by MPPC with a quantum efficiency
of 50-60%. The second is a spectrum measurement of continuous wavelength emission in the visible
region in the gas phase, which is still not fully understood. We constructed a gas argon TPC setup that
is simpler to use than liquid argon, and performed the measurements. The electric field dependence
and wavelength spectrum were consistent with Neutral bremsstrahlung, which can explain visible light
emission. In addition to the above, a balloon-borne test of the liquid argon detector was performed for
the application to the indirect search experiment with a flying objects, where liquid argon detectors have
not been used so far. The balloon-borne liquid argon TPC was launched on July 27th, 2023, and both
environment data and TPC data were obtained. The experiment successfully maintained high-purity

liquid argon in the stratosphere, and cosmic charged particles were successfully observed.
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CHAPTER 1

Introduction

Dark matter, a mysterious matter that does not emit, absorb, or reflect photons, was first proposed by F.
Zwicky et al. in 1933 to account for unexplained gravitational effects within coma galaxy clusters [1].
Subsequent cosmological observations, including galaxy rotation curves [2] and gravitational lensing
effects [3], have provided convincing evidence supporting its presence. Furthermore, predictions from
Cosmic Microwave Background (CMB) observations, such as those from the Planck satellite in 2018,
suggest that dark matter constitutes approximately 23% of the universe’s total energy density Q 4% ~ 0.12
(~23%) [4].

Dark matter is postulated to possess specific properties, including (i) a lifetime significantly longer than
the age of the universe, (ii) a suitably low kinetic velocity during the formation of cosmic large-scale
structures, and (iii) minimal to no electromagnetic interaction. Neutrinos, within the framework of the
Standard Model, satisfy conditions (i) and (iii). However, due to their lightweight nature, they move at
speeds approaching the speed of light, preventing them from contributing significantly to the formation

of cosmic large-scale structures.

While these observations provide strong evidence for the existence of dark matter, its precise nature
remains entirely elusive. It is believed to be a new particles that eludes explanation within the confines
of the Standard Model. Understanding its nature stands as one of the most important issues in modern
physics, driving numerous research groups worldwide to actively conduct experiments aimed at detecting

and revealing the mysteries of dark matter.

This chapter provides an overview of the search for dark matter and the detectors utilized in dark matter

detection. Additionally, we summarize the structure of this dissertation at the end of the chapter.

1.1 Review of dark matter search

The candidates for dark matter are considered to be of multiple types, and many groups are conducting
experiments using detectors specifically designed to be sensitive to the targeted dark matter. The current
approaches can be broadly categorized into three types: direct detection, indirect detection, and accelerator

experiments.

Accelerator experiments, exemplified by the Large Hadron Collider [5], focus on detecting dark matter
within the particles generated by colliding Standard Model particles in high-energy accelerators. In this

approach, the exploration range for mass is constrained by the accelerator’s energy, posing a challenge
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in extending the search to a higher mass range. Nevertheless, upon discovery, precise measurements of

properties such as mass, cross-section, and spin become feasible.

Direct searches involve the detection of light, ionized electrons, heat, and other signals produced by the
interaction (scattering) of dark matter with matter in the Standard Model. Detectors, including liquid
noble gas detectors and cryogenic detectors, are strategically placed on the Earth’s surface or underground
to detect dark matter in the vicinity of the Earth. Detection becomes challenging when the mass of dark
matter is small due to the low scattering energy. Accelerator experiments and direct searches complement

each other in exploring the mass range.

Indirect searches focus on observing cosmic rays in the Standard Model (y, e*, p, D, etc.) resulting
from the decay or annihilation of dark matter. This search method includes experiments conducted with

balloons and satellites.

These three search methods can be represented by an equivalent Feynman diagram, as shown in Fig. 1.1.
Currently, various experimental groups are in competition to be the first to discover dark matter. Upon
discovery, these three methods are anticipated to provide mutually reinforcing evidence, contributing to
a clearer understanding of the nature of dark matter. In this section, we outline the current status of dark

matter search experiments.

X X X q q X
q q X q q X
(i) scattering ' (ii) annihilatior; (iii) pair producti(;n
(direct) (indirect) (collider)

Fig. 1.1. Feynman diagrams representing interaction for (i)direct, (ii)indirect, and (iii)collider dark matter
searches.

1.1.1 Direct dark matter detection experiment

Dark matter is assumed to surround galaxies and follows a velocity distribution modeled by a Boltzmann
distribution, characterized by a most probable speed vo. This distribution describes the statistical behavior
of dark matter particles. Additionally, the average velocity is assumed to be zero relative to the galaxy.
As the Earth orbits within the galaxy as part of the solar system, a detector placed on Earth continually
traverses the region where dark matter is present, introducing a relative velocity between the Earth and

the dark matter. Under this hypothesis, the search is conducted with the premise that dark matter recoils
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with the target material at a velocity equal to the sum of the Earth’s motion relative to the galaxy and the

velocity derived from the Boltzmann distribution.

In a direct search, nuclei or electrons within the target materials undergo scattering. When dark matter
deposits energy into the target material, it triggers a reaction with the moving charged particle—either a
recoiled target nucleus or electrons—resulting in the production of light, charge, heat, and other signals
within the detector. These signals are then detected to reconstruct the recoil energy or distinguish the
particle. Recoil events involving dark matter and target materials are rare due to the low dark matter-
nucleon scattering cross-section. Therefore, conducting experiments in an extremely low-background

environment, achieved through the removal of background events, is crucial.

Event rate of dark matter-nucleus elastic scattering

The description in this section is informed by Ref.[6]. In experiments searching for the elastic scattering
of dark matter and target nuclei, the detection rate of dark matter-nucleus elastic scattering events in
the detector is calculated as follows. However, in the subsequent calculations, we proceed under the
assumption that there is only one type of dark matter which has a mass m, and a number density n, in

the vicinity of Earth.

The velocity of dark matter is assumed as follows:

v _'UE|2)
b

—exp(
(mv3)32 v

f(v) = (1.1)

where vg ~ 230 km/s is the velocity of Earth relative to the Milky way and vg is ~ 220 km/s.

The event rate R can be expressed as in Eq. 1.2 in unit of events/day/kg when selecting a nucleus N(Z, A)

as the target material with atomic number Z and mass number A.

Emax

Na R Vmax doy
R=-2 dE d =N 1.2
o [ o /,,, o) (1.2)

The parameter Eg is the recoil energy of dark matter and target nuclei. EZ“* is the maximum recoil
energy and E Z”'" is the minimum detectable recoil energy. v,,4y is the maximum velocity of dark matter
constrained by escape velocity of Standard Halo Model, and v,,;;, is the minimum velocity at which the

recoil energy becomes Eg, and N4 is the Avogadro’s number. v,,;, is given by

mNER
- , 1.3
Vmin 2/12 (1.3)

mynty

my +m,’

where m is target nuclei mass. The differential scattering cross section of dark matter and target nuclei
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is written as

F 2
dov(@) _ . Fla)” (1.4)
dq? 422
g = V2myERg,
. 4u?
Ay = “Zfp+(A-D)fu 403,

where ¢ is a momentum transfer, 0% is a cross section at zero momentum transfer, and F(g) is a nuclear
form factor. The first term of ¢’y is the spin-independent cross section, while the second term is the spin-
dependent cross section. We only consider the spin-independent cross section since the target material
in this study, “°Ar, has zero total nuclear spin. fp and f, represent the effective coupling constants of
protons and neutrons with dark matter, respectively. In direct dark matter search experiments, the Helm
Form Factor written in Eqn. 1.5 is commonly used as a correction factor F(g) [7]. In cases where the
momentum transfer ¢ is not negligible compared to the de Broglie wavelength of dark matter, the reaction

cross-section is reduced due to the visibility of the internal structure of the nucleus.

sin(qrn) — qrn cos(gry) o (as)?
qrN

7
7’12V = ?+-n?d® =55

F(q) 3

(1.5)

c : 1.23AY3-0.60fm
a : 052fm
s : 090fm

Here, when effective coupling constant f,, and f, are equal, and the scattering cross-section for protons

is denoted as o), oy is given as follows:

m,+m
oy = (—2—X)24%,. (1.6)
my +m,

When using different atomic nuclei as the target, a comparison is made with the nucleon scattering cross-

section o), The recoil energy Eg of the elastic scattering is calculated from momentum conservation as

follows:
1-— 6
Er = Eir%(), (1.7)
dm,ympy
r = ———
(my +mp)?

where E; is the kinetic energy of incident dark matter, and € is the scattering angle. If we assume isotropic

scattering in the center-of-mass frame, the event count becomes uniform for recoil energy in the range of
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0 < Eg < E;r. Then differential event rate is given as follows:

Emax

dR _/ ' LdR(Ei):/LdR(v—'vE). (1.8)
E v Eir

dER min  Eir i
12

E"* and E;"i" represent the maximum and minimum kinetic energies of the incident dark matter,
respectively. Substitute Eq.1.2 into Eq.1.8 yields

dR Ny

o= Son PP [ dvf(o-vep. (1.9)

Figure 1.2 illustrates the energy spectrum resulting from dark matter-nucleus scattering with argon as the
target material. The assumed dark matter-nucleus scattering cross-section is 107#° cm?, and calculations
span dark matter masses ranging from 10 to 100 GeV/c?. The recoil energy is on the order of several
tens of keV, with a higher event rate at lower energies. Particularly for low-mass dark matter with a mass
of 10 GeV/c?, the event count sharply decreases for recoil energies above 10 keV, thus it is advantageous
to lower the energy threshold of the detector. Additionally, the greater the mass of the target material and
the observation time, the larger the number of detectable events. Therefore, the enlargement of detectors

and their long-term operation is crucial.
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Fig. 1.2. Expected recoil energy spectra for argon target for dark matter masses of 10, 20, 50, 100 GeV//c?
with dark matter-nucleus scattering cross-section of 10740 cm?, respectively.

Detectors in direct dark matter search experiments

Direct search experiments are designed to detect signals resulting from the recoil of particles and target
material. Various signals, such as light, ionization electrons, and heat, can be generated during these
interactions. The choice of the signal to be measured depends on the type of detector utilized, each
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with its own advantages and disadvantages. The following provides an overview of detectors commonly

utilized in direct searches for dark matter.

Superheated
liquid

Bolometers

Phonon/Heat

Superheated liquids

Bolometers S with scintillation

with charge Bolometers

with scintillation

Semi-conductor / sl e \

detectors

Scintillating
crystals

Liquid noble-gas .
Gaseous . oo Liquid noble-gas
Time Projection Chambers Time Projection Chambers scintillation detectors

Fig. 1.3. Schematic diagram of signal types utilized in the direct dark matter search.

Scintillating Crystals: Solid scintillators are highly robust and operate at room temperature, making
them relatively easy to handle. However, one notable challenge is the presence of radiation impurities,
which contribute to background events in dark matter searches. Unfortunately, these impurities cannot
be removed after crystallization. Consequently, there is active development focused on crystallization
techniques aimed at achieving extremely low background events [8]. The energy threshold for detection

typically lies around several keV.

Liquid Noble-gas detectors: Liquid noble gases, such as xenon and argon, emit ionized electrons
and scintillation light upon energy deposition. Operating liquefied noble-gas detectors is challenging
due to their cryogenic temperatures and the signal attenuation caused by impurities. However, the
advantage lies in obtaining a large target mass, facilitated by the higher density compared to gases.
Furthermore, scalability is achievable, with ton-scale detectors already in operation. Additionally, the
scintillation waveform and the scintillation/ionized electron ratio depend on particle types, contributing
to the reduction of background events. Typically, the energy threshold for these detectors is in the range
of several 100 eV to several 10 keV.

Semi-conductor detectors: Electron-hole pairs produced by energy deposition are detected as signal in
semi-conductor detectors, such as silicon and germanium. The high cost per unit mass of semi-conductor
detectors makes larger detector sizes difficult. On a positive note, semiconductor detectors offer excellent

energy resolution and energy threshold due to their very small band gap.
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Bolometers: The bolometer is designed with extremely low heat capacity, and it registers a temperature
increase in the target material caused by energy deposition from incident particles. Target materials, such
as semiconductors (e.g., silicon and germanium) and scintillators like CaWQ,, are employed. Although
the target material must be cooled to about 10 mK, the energy threshold is exceptionally low, typically on
the order of a few 10 eV. However, increasing the mass of the target causes an elevated energy threshold,
making it difficult to enlarge the detector. In addition to the heat channel, combining ionized electron and
optical signals allows for the separation of electron and nuclear recoils, contributing to the reduction of

background events.

Recent results of Dark Matter Direct Detection

In a direct dark matter search experiment, sensitivity relies on the expected number of signal events and
background events. A discovery is claimed if the number of detected events significantly exceeds what
can be explained by background events. Conversely, if the observed events can be reasonably explained
to background events, the existence of dark matter is rejected. For instance, in a scenario where a dark
matter like event is detected in an environment with zero background, a dark matter is claimed. In cases
where a dark matter-like event is observed, its consistency with dark matter is validated through various
means, such as utilizing a different target detector or conducting experiments by different research groups,

as well as examining time and directional dependence.

Many experiments are currently conducting direct searches for dark matter, utilizing a wide variety of
target materials and techniques. The global status of these direct dark matter searches is illustrated in
Fig. 1.4 with the dark matter mass on the horizontal axis and spin-independent dark matter-nucleon
scattering cross section on the vertical axis. Fig. 1.4 is generated using ’Dark Matter Limit Plotter
v5.18” [9]. The solid curve in Fig. 1.4 represents the experimental results that reject the existence of dark
matter above that line. The assumed dark matter density near Earth is 0.3 GeV /cm®. The yellow area in
the lower part of the figure is expected to be affected by background events from coherent scattering; solar

neutrinos dominate below 10 GeV /c?, while atmospheric neutrinos dominate above 10 GeV/c? [10].

The experiments utilizing liquefied noble gas detectors, such as the DarkSide [11] and DEAP [12]
experiment with liquid argon, and the XENON [13, 14] and LZ [15] experiments with liquid xenon,
have set the most stringent limit in the mass region above ~ 1 GeV/c?. These experiments exhibit high
sensitivity in the region of relatively heavy mass and low scattering cross-section because of the ease
of scaling up the detector. The results obtained by DarkSide-50 in the several GeV/c? region were
not derived from an experiment conducted in a zero-background event environment. Instead, they are
based on data acquired by triggering the ionized electron signal; however, the energy threshold for this
signal is 0.6 keVnr, where keVnr represents the energy scale for nuclear recoils. For sub-GeV dark
matter, CRESST experiment provides the most stringent limits by utilizing a bolometer with CaWOy as
a target [16]. The bolometer’s small energy threshold is advantageous for detecting dark matter with
relatively lower masses. In addition to these most stringent limits, experiments employing various targets
and techniques have provided constraints. Examples include CDMSlite experiment with a semi-conductor
bolometer [17], NEWS-G experiment with a Ne + CH4 mixture gas [18], COSINE experiment with a
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Nal(Ti) scintillator [19], PICO experiments with a bubble chamber [20], and DAMIC experiment with a
silicon of charge coupled device [21]. The dashed lines in the figure represent the expected sensitivity of
future experiments. The superCDMS experiment (gray dashed line) utilizes a semiconductor bolometer
with silicon and germanium [22], while the GADMC 300 ton-year [23] (purple dashed line) and DARWIN
200 ton-year [24] (green dashed line) experiment employ liquid argon and liquid xenon as target nuclei,

respectively.

-

o
A
,N

Neutrino Background for Ar target

10746 | \/

10748

Dark Matter-nucleon oy [cm2]

10 1 10 100 1000

Dark Matter Mass [GeV/cz]

Fig. 1.4. Overview of results from direct dark matter detection experiments in mass and cross section
parameter space. The solid line represents the 90%C.L. upper limits, while the dashed line indicates the
predicted sensitivity. The colored area at the bottom of the figure represents the region where solar or
atmospheric neutrinos are expected to contribute as background events. The figure is generated using
’Dark Matter Limit Plotter v5.18° [9].

1.1.2 Indirect dark matter detection experiment

The indirect search for dark matter involves detecting signals, such as gamma rays, neutrinos, antiparticles,
and other Standard Model particles, that reach around Earth as cosmic rays. If a component is detected,
which cannot be attributed to known cosmic ray sources but can be explained by the annihilation or
decay of dark matter, a discovery is either claimed or suggested. However, it is crucial to consider

unknown cosmic ray sources and uncertainties in cosmic ray propagation. Observations are conducted
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using detectors on satellites, atmospheric balloons, and ground-based telescopes.

The production rate of Standard Model particles from dark matter depends on (i) the annihilation cross-
section (ov) or lifetime 7y, (ii) the number density of dark matter ppas (F) /mpas, and (iii) the types of
final states f possible through annihilation or decay. The production rates from annihilation q?""(?, E)

and decay q? ¢¢(7, E) can be expressed as follows, respectively:

Ann

N —
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LE) = R 1.10
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g (7. E) = I pom(7), (1.11)
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where aE; and aE;

is the energy density of dark matter at position (7), and mpy is the dark matter mass. The constant « is

represent the number of particles produced per annihilation and decay, ppas (F)

1/2 if the dark matter is Majorana particle, and 1/4 if not. In decay, the number density term appears to

the first power, while in annihilation, it appears to the second power.

The distribution of dark matter, particularly in the galactic center, is not well-understood. Furthermore,
the event rate depends on the extent to which particles created by annihilation and decay can reach
the Earth within the halo. Particles produced by annihilation or decay propagate through space to the
earth via processes such as diffusion, convection, and re-acceleration. Reducing the uncertainty in the
generation and propagation processes is essential for predicting event rates and conducting indirect dark
matter searches.

Recent results of Dark Matter Indirect Detection

Several observations suggestive of dark matter have been reported in y-ray and antiparticle observations.
These include AMS-02, Fermi-LAT, BESS experiments, which will be reviewed below.

anti-particles: Charged particles resulting from the annihilation or decay of dark matter can reach the
Earth as cosmic rays. To maximize the signal-to-background ratio, searches focus on antimatter, such as
positrons, antiprotons, and anti-nuclei. This is because antimatter is less frequently produced through
primary and secondary known processes compared to ordinary matter, resulting in fewer background

events.

Alpha Magnetic Spectrometer-02 (AMS-02) [25], a detector installed on the International Space Station
(ISS) designed to measure cosmic rays with high sensitivity, comprises a silicon tracker, permanent
magnet, Time of Flight scintillator, transition radiation detector, Cherenkov counter, and calorimeter. The
detector can identify the mass and charge of an incident particle by combining each of these detectors.
Figure 1.5 displays AMS-02’s observations of antiprotons in the left panel [26] and positrons in the right
panel [27]. The red plots in the left panel represent the flux obtained from AMS-02, while the solid
lines depict the fitted results. The fitting process takes into account the contribution from the secondary

production (in the blue line) and dark matter annihilation (in the yellow band), along with the propagation
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process. To determine the background event for antiprotons, the fitting process considers the observation
of B/C ratio, the 'Be/Be ratio, and the proton flux. The flux of dark matter-derived antiprotons is then
calculated within 20 of the fitted result for the background event. In Fig. 1.5, assumed dark matter mass
is 47 GeV /c? and an annihilation cross-section (ov) is 1072 ¢cm?/s, indicating a component that cannot
be explained by cosmic rays from secondary production alone. However, the flux from dark matter is
approximately two orders of magnitude lower than that from secondary production, and the uncertainty

of background events remains an issue.

For positrons in right panel of Fig. 1.5, components that cannot be explained by known sources have also
been observed. Pulsars and dark matter are listed as potential source terms. However, if all components
are attributed to dark matter, a dark matter mass above 1 TeV is required. Special modeling is necessary
to constrain the particles produced by annihilation to avoid contradictions with other observations, such
as antiprotons and gamma rays. High-sensitivity observations of cosmic-ray charged particles, including
antiprotons, and modeling of their propagation processes and production origins are still in progress.
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Fig. 1.5. Observation results of antiprotons (left) and positrons (right) by AMS-02 along with model
fitting results. These figures are taken from Ref.[26] and Ref.[27].

On the contrary, there have been no observations of heavier anti-nucleus than proton in cosmic rays,
despite they are anticipated to serve as effective probes in the search for dark matter. Figure 1.6 shows the
expected anti-deuteron fluxes, taking into account the contribution from secondary production (depicted
in the red line) and dark matter annihilation suggested from anti-proton observation (depicted in the
green line), alongside the upper limit set by the BESS-Polar and the sensitivity of future experiments
such as AMS-02, GAPS, and GRAMS. The secondary background flux peaks at the kinetic energy per
nucleon (rigidity) of a few hundred MeV/n, given the kinematic suppression of secondary production
at low momentum. In contrast, anti-deuterons originating from dark matter annihilation are not subject
to such suppression at low momentum, resulting in a flux that is two orders of magnitude higher than
the secondary background in the low-energy region. Among the various experiments, only BESS, a
long-duration balloon-borne experiment, has provided an upper limit of 1.9 x 10™* /m?/s/sr/(GeV /n)
within a rigidity range of 0.17-1.15 GeV [28]. BESS employs ToF scintillators and superconducting

10
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magnets with a gas detector. Additionally, upcoming balloon-borne experiments such as GAPS, utilizing
Si detectors and ToF [29], and GRAMS, utilizing a liquid argon detector and ToF [30], are in preparation
for observations. The expected sensitivities of GAPS, GRAMS, and AMS-02 are shown in the Fig. 1.6,

respectively.
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Fig. 1.6. Anti-deuteron sensitivity for GAPS, GRAMS, AMS-02 with expected fluxes from secondary
sources (green line) and dark matter annihilation (red line). The balloon-borne experiment, BESS,
provides an upper limit of 1.9 x 10™* /m?/s/sr/(GeV /n). Figure is taken from Ref.[30].

y/X-ray: Gamma rays and X-rays are emitted from any final state through a variety of processes including
2y decay of neutral pions, bremsstrahlung from charged particles, as well as 2-body decay of dark matter
to y rays, and decay to yZ. The 2-body decay from dark matter exhibits as energy peak at its mass, whereas
other emission processes result in continuous spectrum. Gamma rays remain unaffected by magnetic
fields during propagation, preserving their directional information. Therefore, it is essential to carefully
select observation regions, considering both the density of dark matter and the background derived from
known processes. Additionally, the direction reconstruction capability is a crucial requirement for the

detector.

Figure 1.7 show the results of dark matter searches based on y-ray observations from the galactic center
and dwarf galaxies [31]. The solid black lines represent 11 years of Fermi-LAT observations on 27 dwarf

galaxies, along with data on the galactic center excess and the thermal relic cross section.

1.2 Requirements for dark matter search detector

The following requirements are crucial for detectors used in dark matter searches:

11
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Fig. 1.7. Results of dark matter search utilizing Felmi-Lat data on dark matter mass and annihilation
cross section parameter space. This analysis use 11 years of Pass 8 data for 27 dwarfs, and shows profile
likelihood for the bb. The figure is taken from Ref.[31].

1. Large target mass (for direct detection), or large sensitive area/solid angle (for indirect detection),
2. Low energy detection threshold (especially for direct detection),
3. Minimal external/internal background (for both direct and indirect detection),

4. Particle identification capability (for both direct and indirect detection).

The first requirement enhances the number of signal events, and the second is particularly effective in

direct searches for low-mass dark matter, as shown in Fig. 1.2.

In rare event searches, the reduction of other radiation acting as background events is essential, i.e.
requirement 3. In direct searches, background events consist of external background, which is incident
from outside the detector, and internal background, originating from the materials of the detector. External
background events comprises environmental neutrons, y rays emitted from structures around the detector,
as well as cosmic rays. A shield, consists of lead or water, around the detector reduces these background
events. Addressing neutron background is crucial since neutrons cannot be analytically distinguished from
nuclear recoil events caused by dark matter interactions. Shielding is an effective method to reduce neutron
background, and an active veto detector also assesses the neutron background. Internal background events
comprises y rays, § rays, and « rays originating from radioisotopes present in the detector materials.
Additionally, neutrons are produced from the @ rays through the (@, n) reaction. Shielding is less effective
against internal background events, making it crucial to use materials with low radiation sources through
thorough material screening. Cosmic rays, particularly muons, not only penetrate the detector themselves
but also interact with the detector components and the surrounding ground and buildings, leading to

12
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the secondly generation of background events. Cosmic rays, particularly muons, not only penetrate the
detector themselves but also interact with the detector components, the surrounding ground, and buildings,
leading to the generation of secondary background events. Underground experimental facilities, such as
the Gran Sasso and Kamioka mines, utilize the surrounding rock as a shield, resulting in fewer external
background events caused by cosmic rays. Many research groups choose to conduct experiments in

underground environments to minimize these external background events [32].

In addition, background events that cannot be mitigated through material screening, relocation to under-
ground facilities, or shielding should be distinguished by employing distinct signal features depending
on particle types, as specified in requirement 4. In indirect searches involving antiparticles, numerous
ordinary particles, such as protons, traverse the detector with a higher flux compared to antiparticles.
In gamma-ray observations, neutrons and other particles constitute background events. Hence, particle

identification is crucial in indirect searches as well.

1.3 The flow of this dissertation

This chapter provides an overview of the current status of the dark matter search. Chapter 2 reviews the
properties of argon as a target material, including its properties, and scintillation/ionization yield, etc.
Chapter 3 summarizes the features and challenges of liquid argon detectors. Additionally, it presents a

summary of the dissertation’s subject.

In Chapters 4 and 5, we detail efforts to enhance the light collection efficiency of liquid argon detectors.
In Chapter 4, we discuss the production of the wavelength shifter vacuum deposition system, optimization
of vacuum deposition, and light collection efficiency measurements using a compact liquid argon detector
with a photomultiplier tube (PMT). Chapter 5 describes the installation of TSV-MPPC, a device highly
sensitive to visible light and advantageous for constructing large photodetection areas. We first summarize
tests to confirm the TSV structure’s operation in the cryogenic environment of liquid argon using a single-

channel TSV-MPPC. Subsequently, we describe light collection efficiency measurements using the array
type.

Chapter 6 describes a study of the continuous wavelength component in visible light in the gas phase,
known as Neutral Bremsstrahlung (NBrS). This emission component has been theoretically studied, and

experimental verification has been crucial in recent years. In this study, data were obtained at a gaseous

argon TPC and compared with a theoretical model of NBrS.

Chapter 7 provides a description of the loading test of the liquid argon detector to a scientific balloon,

conducted with the potential application in indirect search experiments.

Chapter 8 provides a conclusion of the results obtained in this study and discussion for application of

liquid argon detector to dark matter search.

13



CHAPTER 2

Argon as a detector medium

Liquid argon is a highly promising radiation detector medium in particle physics experiments, and
is widely used in many experiments with various physics motivations, such as ICARUS [33] (neutrino
detector), DUNE [34] (neutrino and proton decay detector), DarkSide (direct dark matter search detector),
ATLAS [35] (calorimeter for proton-proton collider), GERDA [36] (veto detector for neutrino less double
beta decay searches), and GRAMS (gamma-ray and antimatter detector on balloons and satellites). A key
attribute of liquid argon is its capability to produce scintillation photons and ionized electrons in response
to energy deposition. The combination of these signals provides excellent energy/position reconstruction
and particle identification capabilities. However, liquid argon detectors also have various challenges,
including the need for stable operation at cryogenic temperatures, the achievement of high purity, and
detection of the short scintillation wavelength of 128 nm. This chapter provides an overview of the

physical properties of argon as a detector medium.

2.1 Liquid argon

Table 2.1 summarizes the properties of liquid argon. Argon has boiling and freezing points of 87.3 K and
83.8 K, respectively, at 1 atm. Consequently, precise temperature control within a few Kelvin is essential
for the operation of liquid argon detectors. Moreover, as the detector operates at cryogenic temperatures
below 80 K, its components must be capable of withstanding low temperatures. On the other hand, these
cryogenic temperatures offer several advantages: inhibiting the solidification of impurities, minimizing

outgassing from the face of detector components, and reducing the thermal noise of the sensor.

Argon is present in the atmosphere at the third-highest concentration, approximately 1%, exceeding that
of other noble gas elements. Unlike other noble gases, argon is cost-effective as it can be obtained as
a byproduct of the production of liquid nitrogen and liquid oxygen from air. This cost-effectiveness
facilitates the rapid and flexible development of detectors and the construction of large or multiple
detectors.

2.2 Radioactive isotope

Atmospheric argon contains the radioactive isotope 3° Ar, which undergoes 8* decay with a Q value of
565 keV and a half-life of 269 years, contributing to background events in rare event searches. According
to measurements from Ref.[38], the mass fraction is (8.0+0.6) x 10716 g(3®Ar) /g("*Ar), and the activity
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Table 2.1. Properties of argon [37]

Atomic number 18

Mass number 39.948

Liquid density 1.399 g/cm?

Boiling point at 1 atm 87.3K

Melting point 83.8 K

Triple point 0.068 MPa, 83.8 K

Concentration in air 9340 ppm

Stable isotope 36Ar (0.0034)

(abundance in air) 38 Ar (0.0006)
40Ar (0.9960)

in liquid argon is (1.01 + 0.08) Bq/kg. Since 3°Ar is generated by cosmic rays, argon obtained from
deep underground has lower 3 Ar levels compared to atmospheric argon, with an activity reported as

6.6 mBg/kg in Ref.[39], effectively reducing the internal background radiation from argon radioisotope.

2.3 Interaction of particles in liquid argon

Liquid argon serves as a calorimeter, producing approximately 50,000 ionized electrons or scintillation
photons per 1 MeV of energy transfer. When a particle traverses through liquid argon and imparts
energy into it, the energy is converted into quanta, such as scintillation photons and ionized electrons,
through processes like excitation, ionization, and recombination. Figure 2.1 presents a schematic diagram
illustrating the conversion process from energy deposition to observable signals. Moving particles within
liquid argon deposit energy into either argon nuclei or orbital shell electrons, known as nuclear and
electronic losses, respectively. As depicted in Fig. 2.2, the ratio of nuclear to electronic losses depends
on the particle type and its kinetic energy. Electronic losses are predominant for light particles such as
electrons, protons, as well as heavy ions with high kinetic energy. Nuclear losses dominate for low kinetic
energy heavy ions and recoiled argon ions. Subsequently, recoiled argon nuclei and electrons transfer
energy to other argon atoms. Consequently, the ratio of energy deposited into nuclei and electrons differs
from the ratio directly given by the incident particles. The energy distributed to electronic losses excites
or ionizes argon atoms, leading to the formation of excitons and electron-ion pairs. Excitons, directly
excited by energy deposition or formed by recombination, deexcite by emitting scintillating photons. In
an electric field, some of the ionized electrons escape recombination and drift according to the applied

electric field.

2.3.1 Energy dissipation

The energy deposited into liquid argon Ej dissipates into three channels; atomic motion, ionization, and

excitation. The average number of quanta N, induced by energy losses, specifically, the sum of the
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Fig. 2.1. Schematic diagram of the energy conversion process in liquid argon. The energy transferred to
liquid argon is divided into ionization, excitation, and atomic motion. Ionized electrons and scintillation
photons are both detectable, and atomic motion is unobservable in the current liquid argon detector.
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Fig. 2.2. Stopping power in the liquid argon for electron (green line), a ray (red line) and recoiled argon
nuclei (blue). Solid lines represent total stopping power, and dashed lines represent contributions of
electronic losses and nuclear losses. The figure is taken from Ref.[40].
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number of electron-ion pair N; and exciton N,,, is expressed as follows:

EoL
Ng = Nex +Ni = ~5=. 2.1

A
where Wj is the average energy required to produce one electron-ion pair or exciton, referred to as the
effective work function. A commonly used value for W is 19.5 eV. The parameter L represents the ratio
of the energy consumed in generating quanta to the total energy loss, accounting for energy losses due to

atomic motion. Defining the exciton-to-ion ratio as @ = N,y /N;, N; and N, are given by:

1 ElL

N; = , 2.2

=0 X W, (2.2)
a E()L

= ) 2.3

ex = 7 X W, (2.3)

These parameters have been measured and modeled in various studies. For electronic recoil, the factor
L is set to 1, and the ratio @ has been measured as 0.21 [41]. For nuclear recoil, Lindhard theory [42]

predicts L as a function of the dimensionless energy e:

kg(e)

L T ke’ (2.4)
k = 0.13322347172,

ge) = 3" 4+0.7¢%0 + ¢,
e = 11.5(Ey/keV)Z773,

where Z = 18 and A = 40 are the atomic and mass numbers of argon, respectively. The expression for
g(e) is an approximation detailed in Ref.[43].

The ratio @ for nuclear recoil depends on the applied electric field F and recoiled energy Er. This has
been discussed in several literature; 0.6-2.4 depending on Eg of 16.9-57.3 keV [44], 0.19 [45], 1.0 [46],
or 1.3 X exp(—0.60 x F [kV/cm]) [47]. Additionally, it has been empirically parametrized as a function
of the applied electric field F in Ref.[48]:

a = ay N exp(-DYRF), (2.5)

NR
0

5

where )R and DR are constant values; 1.0 and 8.9*0 [V/cm™'], respectively.

2.3.2 Electron-ion recombination

Some of the ionized electrons recombine to form excitons, while the remaining free electrons drift or
diffuse away. The recombination probability depends on the electric field and Linear Energy Transfer
(LET), which represents the energy deposited to the medium per unit path length along an initial particle
track. LET is a crucial parameter for understanding the response of liquid argon. A higher external
electric field leads to a lower recombination probability, resulting in an increased number of electrons

escaping from the binding of ions. Conversely, when LET is high, indicating a high density of ionized
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electrons, the recombination probability is large due to the increased collision rate between ionized

electrons and argon ions.

Recombination is considered to be rapid when the separation between ionized electron-ion pairs is such
that the electric field-induced drift of charge carriers surpasses the drift caused by thermal diffusion. This
crucial distance, denoted as the Onsager radius 7., is expressed by the equation:

62

=kpT, (2.6)

drer,

where e is the elementary charge, € is the dielectric constant, kg is the Boltzmann constant, and 7 is the
temperature. Recombination is directly proportional to the electron and ion number densities, denotes as

ny, n_, respectively. This relationship is expressed by the equation:
R=«knyn_, 2.7)

where « is the recombination coefficient. The temporal evolution of the number density is described by

Jaffe’s diffusion equations, which are expressed as follows:

On

o = W+ d.V?n, — kn_n,, (2.8)
on_
% = u F-Vn_+d_Vn_ —n_n,, (2.9)

where F' is the total electric field arising from charged carriers and the applied field, and p. are the
diffusion constants. The terms on the right-hand side of each equation delineate the drift due to the
electric field, diffusion, and recombination, respectively. Subsequently, we describe the treatment of
short and long tracks.

The case for short track: Thomas-Imel box model

When the ionizing track length is comparable to or less than the electron thermal distance, carriers are
presumed to disperse uniformly within a region characterized by the typical size of the thermal distance.
With an increase in number density, the probability of recombination also rises. This phenomenon is
particularly noticeable in instances such as Nuclear Recoil (NR) and low-energy Electron Recoil (ER).
The Thomas-Imel box (TIB) model effectively captures and describes this process. Thomas and Imel

simplify Jaffe’s diffusion equations as follows [49]:

on

a; = —Kkn_ny, (2.10)
on_ on_

—— = v/ —«kn_n,. 2.11
ot Vgg T 21D

The external electric field is considered only in the -z direction, and the drift velocity is assumed as
v = (0,0,—v) = u_F'. Given that the diffusion of electrons is sufficiently smaller than the drift induced
by the external electric field in liquid argon, the second term in Eq. 2.9 is omitted. Additionally, both the
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diffusion and drift velocities of ions are also smaller compared to electrons, leading to the neglect of the

first and second terms in Eq. 2.8.

As a boundary condition, TIB model assumes that ions or ionized electrons exist with a uniform density

within a square of side length 2a at the initial state:

No
Q.3 x 2 b Z < a’

na(t=0) = |5 x|, Iyl |zl 2.12)
0 otherwise,

where Ny represents a total number of electron or ion provided as f dx3n.(x,t = 0) = N,. Substituting
Eq. 2.12 into Egs. 2.11 and 2.10, and taking the limit # — oo, the recombination probability is given as

follows:
n_(t = o) 1
r = l—-—==1-=In(1+&), (2.13)
No & ¢
N()K
= . 2.14
3 12y F (2.14)

The case for long track: Doke-Birks * s model

In the case of long tracks, such as those produced by charged particles or high-energy ER events, the
Doke-Birks’s model provides a good description. Electron-ion pairs are generated along the trajectory of
ionizing particles, forming a columnar distribution. In this model, the diffusion and drift terms in Jaffe’s
equations are omitted, leading to the following simplified form:

on, On_

at = W = —a n_n+. (215)

The electrons and ions are assumed to distribute uniformly within a unit length dx along the trajectory.

Additionally, since the number of ionized electrons and ions is the same,

=—-a'ni. (2.16)

The integration of Eq. 2.16 until an appropriate time 7 when recombination occurs leads to the following

expression:

T dN SN2a't
R = S/ ——dt=—"0 (2.17)
0 dt 1+ Noa’'t

where R is the number density of recombined electron-ion pairs, S is the cross-sectional area of the
ionization column, and Ny = N.(f = 0). Assuming that the initial number of ionized electrons or ions

Ny is proportional to dE /dx, recombination probability is given as follows with constants A and B:

_ R SKa't(dE/dx) A(dE/dx)
" No 1+Ka't(dE/dx) 1+ B(dE/dx)

(2.18)

r
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Additionally, a correction term is added based on the measurement from heavy ion beam tests by Doke et al.

as follows:

 A(dE/dx) A
"= TvBwEa "¢ BT iTe 219

The parameters A and C are determined from experimental results. Figure 2.3 shows the relative
scintillation yield of liquid argon as a function of LET.
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Fig. 2.3. Relative scintillation yield of liquid argon measured using various ion beam as a function
of linear energy transfer. Open circles represent non-relativistic particles, and solid circles represent
relativistic particles. The result marked with e~ is the 1 MeV electron point. This point corresponds to
41 photon/keV since the maximum scintillation yield is 1/W=51.2 photon/keV. The figure is taken from
Ref.[50].

2.3.3 Drift electron

In the presence of an external electric field, some ionized electrons escape recombination and move
along the electric field. Since argon is a closed-shell atom and does not adsorb free electrons, these
free electrons can drift over long distances. These free electrons move at a constant velocity as a result
of repetitive acceleration by the electric field and collisions with surrounding argon atoms. Figure 2.4
depicts the electron drift velocity in liquid argon, as a function of the applied electric field represented

on the horizontal axis. The higher the electric field, the greater the drift velocity.

Impurities with electronegativity, such as oxygen and water, adsorb free electrons, resulting in a reduction

of the ionized electron signal. The lifetime of free electrons is contingent on the electronegativity of
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impurities and their concentration. For instance, in the case of oxygen, the lifetime of free electrons is

directly proportional to the level of contamination and is approximately 300 ps/1ppb. Captured electrons

are subsequently released and undergo drift.

Drift velocity (mm/ps)

()

0.5

: LAr Temperature T=89 K |CARUS T600

long tracks
O showers
O  purity monitor

———  P5 Polynomial fit

0 0.2 04 0.6 0.8 1 12
E-Field (kV/cm)

Fig. 2.4. Drift velocity of electrons in liquid argon measured in the ICARUS T600 TPC. The figure is

taken from Ref.[51].

2.3.4 Excitation and de-excitation in liquid argon

The primary component of argon scintillation is vacuum ultraviolet light with a wavelength of 128 nm

emitted as a result of de-excitation of excimer Ar; (referred to as the "second continuum"). Figure 2.5

displays the emission wavelengths of liquid argon scintillation measured in experiments utilizing ion

beams. The blue line represents the spectrum when irradiated with a proton beam, the green line with a

gold ion beam, and the red line with a sulfur ion beam. The de-excitation of excimer Ar}, around 128 nm

is the most intense and dominant for all types of beam particles. The peak around 150 nm is attributed

to components derived from xenon mixed in argon.

The formation and de-excitation of Ar} occur through two processes, direct excitation and recombination

process, as follows:

Ar+E

— Ar’

(2.20)

Ar*+2Ar — Ar; +Ar
Ar; — 2Ar+hv (128nm)
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Fig. 2.5. The emission wavelengths of liquid argon scintillation measured in experiments utilizing various
ion beams; a proton beam (blue line), a gold ion beam (green line), and a sulfur ion beam (red). The
figure is taken from Ref.[52].

and,
Ar+E — Arf+e” 2.21)
Ar'+Ar — Ar
Ar;+e” — Ar”+Ar
Ar”™ —  Ar* +Epea
Ar*+2Ar — Ar, +Ar
Ar; — 2Ar+hv (128nm)

The argon excimer includes a singlet excited state (‘Z“J) and a triplet excited state (323). Most of the
Ar produced in the process of Eq. 2.20 is in the singlet state, as the spin of the excited electron and the
nuclear system to which electron is bound are in opposite directions. On the other hand, in Eq. 2.21, argon
ions and electrons can have the same spin orientation since the electrons are ionized once. Therefore,
both singlet and triplet states are produced. Additionally, the singlet state changes to the triplet state by
interaction with free electrons, as expressed by the reaction:

A ('ZH +e” - AGCEY) +e” (2.22)

The lifetimes of scintillation differ for each state, and in the case of liquid argon, 'S} has a lifetime of
approximately 6 ns, while >X} has a lifetime of approximately 1.5 pis [53]. The scintillation time profile
is characterized by the ratio of the two states, and this ratio depends on the LET, i.e., the type of incident
particles. Figure 2.6 shows the average waveforms of liquid argon scintillation obtained at the liquid
argon test stand at Waseda University. The black line represents the waveform of an ER event, and the red

line represents an waveform of a NR event. There are two lifetime components: singlet and triplet states,
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and the ratio of the triplet component is smaller in NR than in ER; this allows for particle identification,
a technique known as Pulse Shape Discrimination (PSD). The practical application of this PSD will be

discussed in Section 3.2.1.

Amplitude (A.U)

P R S
0 2 4 6

Time (us)

Fig. 2.6. Average waveforms of liquid argon scintillation induced from electron recoil (black line), and
from nuclear recoil (red line). Both waveforms are normalized so that the peak values are set to 1.

Figure 2.7 shows the scintillation yield of liquid argon in a no-electric-field environment as a function of
the incident energy of gamma ray. Since the recombination probability changes with LET, the scintillation

yield exhibits an energy dependence.

In the case of NR, the LET is larger than that of ER, resulting in a dense distribution of excimers.
Therefore, the scintillation yield decreases in NR compared to ER through the following process:

Arf + Ar* - Arf + Ar+e” (2.23)

The ionized electrons generated in this process promptly undergo recombination, rendering them un-
detectable as ionized electron signals. Figure 2.8 illustrates the scintillation efficiency referenced to a

511 keV ER event measured under electric fields ranging from 0 to 3 kV/cm as a function of the recoil

energy.

Impurities such as oxygen or nitrogen, when mixed with liquid argon, induce the de-excitation of excimers

without emitting photons through the following processes:

Ar;+0; — 2Ar+ 0 (2.24)
A +Ny — 2Ar+ N,
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Fig. 2.7. Measured scintillation yield of liquid argon in a no-electric-field environment as a function of
gamma ray energy. The figure is taken from Ref.[54].
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Fig. 2.8. The scintillation efficiency of NR event referenced to 511 keV ER event. The horizontal axis
represents the NR energy. The solid lines are the results and dashed lines represent extrapolations. This
figure is taken from Ref.[48].

24



2.3 INTERACTION OF PARTICLES IN LIQUID ARGON

Notably, the triplet state, which has a longer lifetime, is more strongly affected than the singlet state.
Figure 2.9 shows the measured lifetime of liquid argon scintillation with different impurity concentrations:
O, on the left and N; on the right. The horizontal axis indicates the impurity concentration, and the
vertical axis indicates the lifetime. Changes in scintillation lifetime are observed with oxygen and nitrogen

impurity concentrations, respectively.
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Fig. 2.9. The variation in scintillation lifetime of liquid argon triplet component due to impurity con-
tamination. Left plots represent a contribution of O, taken from Ref.[S5], and right plot represent a
contribution of N, taken from Ref.[56].

2.3.5 Fano factor in liquid argon

The fluctuation in the number of quanta produced by the incident ionizing particle is an important
parameter that determines the limit of the energy resolution. The standard deviation of the ionized

electron produced does not follow simple Poisson statistics, but is given by

oc=VF-N (2.25)

where F is the Fano factor and N is the average number of produced ionized electrons. The Fano factor
of liquid argon has not been measured, but it has been estimated approximately 0.1 theoretically by F.
Doke [57]. This is due to the fact that the production of excitons and ionized electrons in liquid argon are

not independent of each other. In the Ref.[57], the Fano factor is written as follows:

Nex Nex ng (Ei - Ei - 5)2 Nex (Eex - E_ex)
F=—(1+— +— 2.26
N; ( N; )WZ w2 N; w2 ( )

where N, is the number of collisions with reaction a (excitation or ionization), €; is the energy loss due
to ionization, E; + € is their average value, E; is the average ionization energy, € is the energy loss as
electron kinetic energy, &,, is the energy loss due to excitation, and E, is the average excitation energy.
Here, the first term corresponds to the fluctuations in whether ionization or excitation occurs, and the

second and third terms correspond to the fluctuations in the energy loss during each collision. Because

25



2.4 LUMINESCENCE IN GASEOUS ARGON

Nex/N; is small, the Fano factor is also small.

2.4 Luminescence in gaseous argon

2.4.1 Gaseous argon scintillation

Figure 2.10 displays the emission wavelength spectrum of gaseous argon scintillation measured in ex-
periments utilizing proton beams. The blue line represents the spectrum for liquid argon, and the red
line represents that for gaseous argon. Gaseous argon scintillation encompasses ultraviolet light with
wavelengths between 170 and 300 nm and infrared light beyond 700 nm, in addition to the 128 nm,
known as the ’second continuum’. The emission process of the infrared component is well-known and

arises from the de-excitation of argon atoms, as follows:
Ar*(3p°4p') — Ar*(3p4s') + hv (IR : 700 — 850 nm). (2.27)

On the other hand, the emission process of ultraviolet light in the range of 170-300 nm is not well-
understood. It is speculated that this emission, which is suppressed in the scintillation of liquid argon,
may originate from transitions of highly-ionized argon ions, hereinafter referred to as the ’third contin-

uum’ [58]. The process can be explained as follows:
Ar3* — 2Ar* + hy (UV: 170 — 300 nm). (2.28)

The gaseous scintillation spectrum has been measured, and its luminous intensity has also been studied.
In this dissertation, we will subsequently refer to gaseous scintillation, including the second continuum,

third continuum, and infrared, as ’ordinary electroluminescence (ordinary EL)’.
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Fig.2.10. The emission wavelength spectrum of gaseous (red line) and liquid (blue line) argon scintillation
measured in experiments utilizing a proton beam. These figure is taken from Ref.[52].

In addition to ordinary EL, luminescence due to impurities has also been observed. For instance, Fig. 2.11

displays the results of wavelength measurements for argon-nitrogen gas mixtures. The measurements
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were conducted using an >*! Am a source as the light source while varying the amount of nitrogen mixed
with argon gas. The visible light emissions (300-450 nm) for the argon-nitrogen gas mixture due to the

nitrogen excimer are given by the following process:

Ar +N; —  Ar+N;(CIL), (2.29)
N;(C°I,) —  N3(B’Ilg) + 4v (300 — 450 nm). (2.30)
| AG—e2ar N3 () - N5 (83
1130 torr *128nm(2nd order) ;337nm v'=0-=v"'=0
357nm v'=0=v'=1
Pure Ar /[ r380nm v=0-v:2
/ 1 Ak —24r
2
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(3rd
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Fig. 2.11. Emission wavelength measurements of argon-nitrogen (Ar-Nj) gas mixtures. The figure is
taken from Ref.[59].

2.4.2 Neutral bremsstrahlung

In addition to ordinary EL and the luminescence resulting from the impurity effect, recent studies have
proposed a novel form of luminescence known as Neutral Bremsstrahlung (NBrS). This phenomenon is
interpreted as bremsstrahlung, arising from the interaction of slow electrons, typically in the O (1-10) eV,

recoiling from neutral atoms.

Figure 2.12 illustrates schematic diagrams for several types of bremsstrahlung. Bremsstrahlung resulting
from fast electrons penetrating matter is well understood as the interaction between the electric field
of the nucleus and electrons (top left in Fig. 2.12). We will refer to the bremsstrahlung produced by
this mechanism as ordinary bremsstrahlung, abbreviated as ’OBrS’ hereafter. Additionally, polarization
bremsstrahlung (PBrS) is known to occur when a fast electron recoils from an electron associated with an
atom. This interaction induces a temporary dipole moment in the atom, and the intensity and direction
of polarization vary with time, giving rise to bremsstrahlung (top right in Figure 2.12) [60].

On the other hand, theoretical and experimental studies in Ref.[61] suggest that NBrS is believed to be
generated by the scattering of relatively slow electrons at 1-10 eV with electrically neutral atoms. The

following descriptions of NBrS are based on the findings in Ref.[61]. The bottom of Fig. 2.12 illustrates
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Fig. 2.12. Schematic diagrams illustrating different types of bremsstrahlung. Top left is OBrS, top right
is PBrS, bottom left is NBrS without excitation, bottom right is NBrS with excitation.

schematic diagrams of scattering accompanied by excitation (in-elastically, on the right) and without
it (elastically, on the left). The differential cross sections of NBrS for inelastic scattering, denoted as

‘2—‘:)6 xc» and elastic scattering, denoted as (‘fl—‘:)el, are given as follows, respectively:

do 8re 1
== - £ __ 2.31
(dV )C‘XC 3 c hV ( )
E—-E... —hv\1/2
[(#) (E - Eexc - hV) O-exc(E)
exc
E — hv\1/2
+( V) E Tore(E - hv)],
E
do 8ro 1 (E —hv\1/2
- = —__£__ 2.32
(dv Jel 3¢ hv ( E ) ( )

X

(E = hv) ou(E)+E 00(E — hv)]

where r, represents the classical electron radius defined as o2 /mec2 with electron mass m, and speed
of light ¢, E and E.,. represent the initial electron energy and excitation energy, and Av is the photon
energy. Oexc and o are the electron-argon atom cross sections as a function of electron energy, provided
in the left panel of Fig. 2.13. The light yield of NBrS, denoted as (YETL) VB’ is defined as the number of
emitted photons per electron per atomic density per drift length, expressed in photons cm?/electron/atom.

The definition is given by the following integral equation:

Y, A ® v, do dv
(%)NB;'S - ./1 /h ﬁﬁﬁ J(E) dE dd (2.33)
1 v

where v, represents the electron velocity, v, is the drift velocity of electron, 4; and A, are the sensitive

region of the detector, dv/dAd = —c/A?, and f(E) is the standardized energy distribution function of
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electron. Subsequently, the wavelength spectrum is given in (photon cm?/electron/atom/nm) as follows:

d(YEL/N)NBrs /Oo Ve do dv
Sl T L R— ——— f(E) dE 2.34
da hy Va dv dAa J(E) ( )

The center and right panels of Fig. 2.13 display the anticipated wavelength spectrum and light intensity,
respectively, induced by the drift electron under an electric field in gaseous argon. It is expected to exhibit
a continuous spectrum within the visible light range and is induced by a lower electric field compared to

ordinary EL.
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Fig. 2.13. Theoretical predictions for NBrS in gaseous argon. The left panel illustrates the electron-argon
atom cross sections as a function of electron energy. The center and right panels show the anticipated
wavelength spectrum and light intensity, respectively. The expected spectrum exhibits a continuous range
within the visible light range, induced by a lower electric field compared to ordinary EL. These figures

are taken from Ref.[61].

Figure 2.14 presents experimental results for electroluminescence yield in the gaseous phase of a double-
phase liquid argon Time Projection Chamber, as measured in Ref.[61]. Both plots in Fig. 2.14 represent
the same data; the right plot is displayed on a logarithmic scale for the vertical axis. Hollow square
markers depict observations using a PMT with wavelength shifting, sensitive to vacuum ultraviolet
photons, i.e., ordinary EL. Black circle markers represent observations using a PMT insensitive to VUV.
This measurement confirms luminescence in the visible light region, even below the threshold of ordinary

EL.

NBrS is expected to be a more easily detectable emission component due to its anticipated wavelength
within a continuous spectrum of visible light. However, its wavelength spectrum has not been experimen-

tally measured. The measurement of NBrS constitutes one of the primary subjects of this dissertation,

discussed in Chapter 6.
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Fig. 2.14. Experimental results of electroluminescence yield as a function of the reduced electric field
E/N in the gaseous phase of a double-phase liquid argon TPC. Hollow square markers represents
for observations using a PMT with wavelength shifting (sensitive to vacuum ultraviolet photons, i.e.,
ordinary EL) and black circle markers represents observations using a PMT insensitive to VUV. Both
plots represent the same data, with the right plot displayed on a logarithmic scale for the vertical axis.
This figure is taken from Ref.[61].
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CHAPTER 3

Liquid argon detectors in particle physics
experiment

Liquid argon detectors detect either scintillation light or ionized electron signals, or both, facilitating the
reconstruction of reaction position, energy, and other parameters. This chapter provides an overview of
the operational principles of liquid argon detectors and discusses the challenges in their development.
Among the various challenges, the detection of light signals is crucial for the operation of liquid argon
detectors, significantly impacting detector performance. Therefore, this study focuses on challenges
related to light signals. The specific focus of the dissertation is detailed at the end of this chapter.

3.1 Operation principle

The existing liquid argon detectors can be broadly classified into three types. Figure 3.1 illustrates
schematics of the Single-Phase Scintillation detector, Single-Phase Time Projection Chamber, and

Double-Phase Time Projection Chamber, respectively, from left to right.

Single-Phase Scintillation detector (SP-Sci): In single-phase scintillation detectors, the sensitive area is
filled with liquid argon, and scintillation light generated by interactions with incident particles is detected.
The reaction position is reconstructed based on the distribution of scintillation photons detected by each
photo-detection device. Since the design prevents the generation of an electric field within the sensitive
region, the probability of recombination of ionized electrons is high, resulting in a larger scintillation
yield compared to other detector types. This design offers advantages in terms of the energy resolution
of the scintillation signal and the PSD capability.

Single-Phase Time Projection Chamber (SP-TPC): The sensitive area is filled with liquid argon, and
an electric field is applied in this region to induce the drift of ionized electrons. This configuration
allows the detection of both scintillation light and ionized electron signals. The trajectory or recoil
position of the incident particle is determined by the hit pattern of the ionized electron signal and the
difference in detection time between the scintillation photon and the ionized electron. Subdividing the
anode electrodes enables a position resolution of several millimeters. However, achieving high energy
resolution for low-energy events is challenging due to the small number of ionized electrons and the
difficulty of amplifying electrons in liquid argon.

Double-Phase Time Projection Chamber (DP-TPC): A double-phase TPC consists of a liquid phase
and an upper gaseous phase. In addition to a drift electric field that guides ionized electrons toward

the gaseous phase, an extraction electric field larger than that drift electric field is formed across the
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3.2 PARTICLE IDENTIFICATION

liquid surface. Ionized electrons drifting to the liquid surface are transferred to the gaseous phase by the
extraction electric field, leading to the excitation of gaseous argon and subsequent photon emission in
gaseous phase, known as electroluminescence. Both the scintillation light emitted when incident particles
recoil with argon (referred to S1 hereafter) and the electroluminescence at the gas phase (referred to S2
hereafter) are detected. The reaction position of the incident particle is determined by the distribution
of detected S2 photons for each photo-detection device in the XY direction, and by the difference in
detection time between S1 and S2 in the Z direction. While the XY position resolution is inferior to that
of a single-phase TPC, the light yield in the gaseous phase is ranges from several tens to hundreds of

photons per electron, enabling detection from a recoil energy equivalent to a single electron.

Additionally, a GEM/LEM-based method for amplifying and reading out drift electrons in the gas phase

is under development [62]. This is expected to provide better spatial resolution than electroluminescence.
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Fig. 3.1. Schematics of various liquid argon detectors, including the Single-Phase Scintillation detector

(left), Single-Phase Time Projection Chamber (center), and Double-Phase Time Projection Chamber
(right).

3.2 Particle identification

The liquid argon detector possesses particle identification capabilities derived from the distinctive charac-
teristics of signals depending on incident particle types. In the subsequent sections, we describe particle

identification through parameters including the singlet/triplet ratio (PSD), ionization/scintillation ratio
(S2/S1), and dE/dX.

3.2.1 Pulse shape discrimination (PSD)

In a straightforward approach, the PSD parameter can be calculated as a percentage of the scintillation

signal remaining after the singlet is nearly completely de-excited. Hereafter, the PSD parameter Slow/Total
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3.2 PARTICLE IDENTIFICATION

is defined as Slow/Total= Lgjow/Ltoral, Where L;orq; represents the total detected scintillation signal,

and L., represents the signal observed after t=120 ns.

The left panel of the Fig. 3.2 illustrates Slow/Total as a function of detected number of photoelectrons,
effectively separating ER and NR. This data was acquired using a liquid argon detector with a photon
collection efficiency of 5.7 p.e./keVee, where keVee stands for keV electron equivalent. The mean values

of Slow/Total for ER and NR converge at small recoil energies.

As the deviation of Slow/Total becomes smaller with higher number of detected photons, depending on
stochastic nature, PSD capability increases with improved light collection efficiency. The right panel
of Fig. 3.2 shows PSD distributions obtained with a detector featuring a light collection efficiency of
5.7 p.e./keVee for the black line and 12.8 p.e./keVee for the red line, both corresponding to about 10 keVee.
It is evident from the figure that the 12.8p.e./keVee detector exhibits smaller deviation and higher PSD

power.
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Fig. 3.2. (left) Distribution of Slow/Total as a function of detected number of photoelectrons. ER
events and NR events are well-separated. The left panel is taken from Ref.[47]. (right) Slow/Total
distributions corresponding to approximately 6 keVee. The black line represents Slow/Total obtained
with 5.7 p.e./keVee detector, while the red line represents Slow/Total obtained with 12.8 p.e./keVee
detector.

3.2.2 Scintillation/ionization ratio (S2/S1)

The ionized electron and scintillation ratio distinguish ER and NR as the recombination probability
depends on the LET. The recombination probability is also influenced by the external electric field,
leading to a dependency on the drift electric field. Many experiments utilize log;o(S2/S1) as a parameter
for particle identification. Figure 3.3 shows the S2/S1 distribution of NR and ER with the drift electric
field of 1 kV/cm, where ER and NR events are well-separated. On the other hand, the application of a
drift electric field reduces the scintillation and the PSD capability. The study in Ref.[47] shows that the
highest separation capability is achieved when S1 PSD is used with no electric field.
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Fig. 3.3. Distribution of log;o(S2/S1) for NR and ER with the drift electric field of 1 kV/cm, obtained
using 222Cf. The figure is taken from Ref.[47].

3.2.3 dE/dX along a particle track

Charged particles moving through matter lose energy according to the Bethe-Bloch equation. The rate
of energy loss, dE/dX, depends on the velocity and charge of the particle. The single-phase TPC can
reconstruct dE/dX along the particle trajectory, and this information is valuable for particle identification.
Fig. 3.4 makes it clear that the separation of muons and protons based on their respective energy depositions
is enabled. This measurement was obtained with the proto-DUNE detector [63], showcasing the dE/dX
along the tracks of a proton and muon stopped in the detector, with the horizontal axis representing the

distance from the stopping point

3.3 Signal detection technique

The detection of liquid argon signals involves different techniques for photons and electrons in gaseous

and liquid phases. Table 3.1 provides the necessary technologies, with each component discussed below.

Table 3.1. Required technologies for detecting signals in liquid argon detectors

phase to detect photons to detect electrons
Liquid - VUV sensitive photo-devices - Multi-channel & Low-noise cold electronics
- Wavelength downshifting to visible light
and VL sensitive photo-device
Gaseous - Well-controlled S2 amplification - Electron amplification in gas phase
- VUV sensitive photo-devices such as GEM and LEM
- Wavelength downshifting to visible light - Multi-channel electronics
and VL sensitive photo-device
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Fig. 3.4. The dE/dX along the track of stopped protons and muons in the detector, plotted as a function of
the distance from the stopping point. The data is measured in proto-DUNE detector. The figure is taken
from Ref.[63].

3.3.1 Detection of argon scintillation

Argon scintillation signals are detected using photon-detection devices capable of single-photon detection,
such as a PMT or a Multi Pixel Photon Counter (Hamamatsu Photonics K.K., MPPC). In the case of a
PMT, the sensitivity threshold on the short-wavelength side depends on the transmittance of the PMT
window material. Figure 3.5 displays the emission wavelengths of noble gases and the transmittance
of materials used as PMT windows. The black dashed line represents the transmittance of MgF,, and
the solid blue line represents the spectrum of liquid argon scintillation. PMTs using MgF, as a window
material exhibit sensitivity to liquid argon scintillation. The Quantum Efficiency (QE), which is the
ratio of the number of photoelectrons ejected from the material to the number of photons incident
on the window, for PMTs with MgF, windows, operational at liquid argon cryogenic temperatures, is
approximately 20%. In addition, certain semiconductor detectors, such as the VUV-MPPC, are sensitive
to vacuum ultraviolet light by eliminating the protective window material in front of the semiconductor
detection area. It has been confirmed that they can operate in liquid argon environments. For example,
the Photon Detection Efficiency (PDE) of the latest 4th-generation VUV-MPPC is about 10-20% for
liquid argon scintillation [64, 65].

On the other hand, visible light can be detected by photon-detection devices that operate at liquid argon
temperatures, exhibiting a sensitivity to visible light in excess of 30%. In addition, visible light is
more effectively collected than VUV because of its ease of reflection compared to VUV, resulting in
detectors with high light collection efficiency. Therefore, many liquid argon experiments use a method
of wavelength downshifting from liquid argon scintillation to visible light before detection. Wavelength
shifting is the subject of this dissertation, described in detail in Chapters 4.

The observed light yield of a liquid argon detector with wavelength shifting, caused by the energy
deposition originating from electron recoil, nuclear recoil, and a-ray, as illustrated in Fig. 3.6, can be
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Fig. 3.5. Scintillation spectra for liquefied noble gases and transmittance of common PMT window
materials. The figure is taken from Ref.[66].

described as:
LYops = LYLAr X Avuy X EwLs X Ayis X QEpmt, (3.1)

where LY} 4, is the scintillation yield of liquid argon, A, is the geometrical acceptance of the VUV
scintillation light reaching the wavelength shifter, ey s represents the wavelength shifting efficiency
defined as the probability of visible light emission when VUV light is incident on the wavelength shifter,
A, is the geometrical acceptance of downshifted visible light reaching the photo-devices, and QE ;s 18
the QE of PMTs. For example, assuming maximum geometrical acceptance (A, X A,;s = 1), conversion
without excess or deficiency (ewrs = 1) and a PMT with a QE,,,,; of 30%, the observed light yield for
the recoil electron event (LY 4 = 41 photons/keVee) is expected to be LY,ps = 41 X 1 X 30% = 12.3
p.e./keVee.
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Fig. 3.6. Schematic of the detection of liquid argon scintillation.

36



3.3 SIGNAL DETECTION TECHNIQUE

3.3.2 Detection of ionized electrons as charge signal

The signal electric current at the electrodes is induced as free electrons drift between the electrodes. Many
detectors incorporate a grid or wire-shaped electrode, referred to as the gate-grid hereafter, positioned in
front of the anode electrodes, in addition to the cathode and anode electrodes as illustrated in Fig. 3.7.
In this configuration, the signal electric current is induced on the anode electrode while drifting between
the gate-grid and anode, rather than between the cathode and gate-grid. The total induced charge is
equivalent to the number of charges that have moved between the anode and gate-grid.

Generally, the signal is amplified by a charge-integrating amplifier connected to the electrodes. It
is essential to utilize a low-noise readout device capable of detecting small charge signals. Anode
electrodes can take the form of a 2D wire or strip electrode or a 3D pad, and the XY position can be
reconstructed from the hit anode channel. The position resolution is contingent on the electrode size, and,
in principle, good resolution can be achieved down to the diffusion level of drift electrons. Some detectors
utilize a 3-axis wire configuration because the 2-dimensional readout lead to misreconstruction, resulting
in ghost tracks. The Z position is reconstructed from the time difference between the scintillation and
ionized electron signals. In the case of the gas-liquid two-phase TPC, a method of generating electron

amplification in the gas phase is also under development.
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Fig. 3.7. Schematic of the detection of drift electron.
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3.3.3 Detection of ionized electron as electroluminescence

When there is an electric field above a certain level at the liquid surface of argon, electrons are extracted

from the liquid phase to the gas phase. As shown in Fig. 3.8, the larger the applied electric field, the

37



3.4 CHALLENGES TO ENHANCE PERFORMANCE OF LIQUID ARGON DETECTOR

greater the probability of transfer from the liquid phase to the gas phase. Because the density of the gas
phase is smaller than that of the liquid phase, electrons extracted into the gas phase are accelerated more

easily than those in the liquid phase.
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Fig. 3.8. Extraction efficiency of electrons from the liquid to gaseous phase, measured as a function of
the extraction electric field. The figure is taken from Ref.[51].

The free electrons moving through gaseous argon undergo repeated collisions with argon atoms, exciting
and ionizing the surrounding argon along their trajectories when a certain level of electric field is applied
to gaseous argon. This process generates gaseous argon scintillation, known as electroluminescence. As
explained earlier, this emission includes components of vacuum ultraviolet, ultraviolet, and infrared light.
The electroluminescence yield N depends on factors such as the density of gaseous argon p, electric
field F, and the drift length in gas x. The relationship is expressed as follows:

1 dN, F
—=d [10~"photon/electron - cm?/atom] = P, — — Pg, (3.2)
p dx Io

where F/p isin Td (1077 V cm? atom™"), and P, and Ppg are constant parameters. Measurements from
Ref.[67] provide P, = 0.081 and Pg = 0.190. The electroluminescence yield, with a luminescence field

of a few kV/cm and an inner pressure of O(1 atm), is on the order of O(10-100) photon/electron/cm.

3.4 Challenges to enhance performance of liquid argon detector

Figure 3.9 illustrates challenges for development of liquid argon detector. For all types of detectors

described in Section 3.1, low-temperature techniques and the attainment of high purity argon are necessary.
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In addition, the detector configuration varies depending on the physics motivation, leading to differences

in the development elements.

In direct dark matter search experiments, the region of interest for the recoil energy of dark matter with
argon is 100 keV or below. A lower energy threshold is advantageous for observations. Especially,
when searching for dark matter with masses on the order of a few GeV or lower, it is necessary to detect
recoil energies below 1 keV. Therefore, Darkside-50, targeting liquid argon, utilizes a Double-Phase Time
Projection Chamber (DP-TPC), while DEAP-3600 uses a Single-Phase Scintillation Detector (SP-Sci).
Both detectors are designed to detect low-energy events. For the detection of low-energy rare events, both
DP-TPC and SP-Sci require a medium-sized detector with a liquid argon of about several tens of tons,
high light collection efficiency, and the use of extremely low-background detector materials. In the case

of DP-TPC, it is crucial to achieve sufficient gain for S2 electroluminescence and understand its emission.

In neutrino experiments, the total energy deposited in the detector varies widely, ranging from a few
MeV to 100 GeV, depending on the origin of the neutrinos being studied. However, particles depositing
energy to argon is charged particles like electrons or muons from neutrinos interacting in the detector.
For instance, in the case of Minimum Ionizing Particles (MIPs), around 1 x 10° quanta are generated per
centimeter, resulting in a significantly larger signal yield compared to dark matter searches. However,
since the reconstruction of charged particle tracks is necessary, a high spacial resolution is required.
Additionally, to detect neutrinos with low interaction probabilities at high statistics, the construction of
a large-scale detector on the order of tens of kilotons becomes necessary. With the scale-up, challenges
arise, including the increase in the required number of readout channels and the applied voltage for
electric field. Notably, the MicroBooNE experiment has already conducted observations using a SP-TPC,
and the DUNE experiment is advancing the development of both DP-TPC and SP-TPC.

On the contrary, liquid argon detectors have not been utilized to observe cosmic MeV gamma rays, which
are attractive in astrophysics, or for the observation of charged cosmic antiparticles, which are good
probes for dark matter. For these observations, it is necessary to operate the detector at an altitude of
over 30 km to avoid atmospheric shielding, and it is required to be mounted on a flying object such as
a scientific balloon or a satellite. However, there have been no missions with liquid argon detectors on
balloons or satellites. Balloon and satellite experiments have unique challenges, such as shocks during
launch and parachuting, as well as changes in atmospheric pressure and temperature during ascent. In
the case of detecting cosmic charged antiparticle, similar to neutrino experiments, charged particles move
through liquid argon, resulting in a large deposited energy that can be reconstructed by existing SP-TPC
technology. On the other hand, for cosmic gamma rays in the MeV range, where Compton scattering is the
main reaction, recoils of several tens to several hundred keV occur at each interaction point. To reconstruct
these event as a Compton camera using a single-phase detector for incident direction and energy, it is
essential to achieve an energy resolution close to the theoretical limit and a position resolution of a few
millimeters. Since there is no liquid argon detector that satisfies these requirements, the development of
a high-energy and high spatial resolution readout for ionized electrons is necessary, as well as on-board

flight objects.
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Fig. 3.9. Schematic illustrating challenges for development of liquid argon detector.

3.5 Subject of this dissertation

As described above, the liquid argon detector exhibits ease of scaling up, excellent energy/position
reconstruction capability, and strong particle identification. These qualities satisfy the requirements for
a detector listed in section 1.2. On the other hand, there are numerous challenges in maximizing these

capabilities.

In liquid argon detector, the detection of light signals is an essential technique. There are two types of
light signals emitted in the liquid and gas phases as mentioned above, and all of liquid argon detector
utilize light signals. In direct dark matter search experiments, the understanding and efficient detection
of luminescence exhibit a significant impact on performance in terms of energy resolution and particle
discrimination capability. Vacuum ultraviolet light is the primary emission element for both liquid- and
gas-phase luminescence, making its detection technique crucial in any liquid argon detector. While the
luminescence associated with the excitation and de-excitation of argon is well-understood, as previously
explained, the luminescence in the visible light region in the gas phase remains less clear. This lack
of understanding may introduce uncertainty or result in the overlooking of useful luminescence signals.
Efficient detection of vacuum ultraviolet light and an understanding of gas-phase luminescence are pivotal

developments in enhancing the sensitivity of liquid argon detectors in direct search experiments.

The light detection technique is not only crucial for direct searches but is also valuable for neutrino exper-

iments and indirect searches. However, when applied to indirect search experiments requiring mounting
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on a flying vehicle, challenges arise that are not required in ground-based experiments. Therefore, for the
knowledge on light detection obtained in this study to be applied to future indirect search experiments, it

is imperative to overcome the challenges specific to such flying objects.

Thus, this dissertation focuses on addressing the following three challenges related to the liquid argon

detectors.

Maximization of light collection efficiency

As discussed thus far, enhancing photon collection efficiency proves beneficial for achieving lower energy
thresholds and improved particle identification. Previous studies utilized detectors with light detection
efficiencies below 10 p.e./keVee, as shown in the table. The liquid argon detector used by Waseda’s
experimental group also had a light collection efficiency of less than 10 p.e./keVee before the study of

this dissertation.

Table 3.2. Light collection efficiency of liquid argon detectors

Experiments E-Field Light collection efficiency Reference

(V/cm) (p-e./keVee)
DarkSide-10  Zero 9.1 [68]
DarkSide-50  Zero 7.9 [69]
200 7.0
DEAP-3600  Zero 7.8 [70]
SCENE Zero 6.3 [71]

A light collection efficiency of about 12 p.e./keVee can be achieved with the approximately 30% quantum
efficiency of the PMT for visible light, a common choice in many experiments. In addition, light collection
efficiency can be further improved by changing the light detection device to one with higher sensitivity.

In this study, our focus was on improving light collection efficiency through the following two methods:

1. Optimization of TPB wavelength shifting
To enhance the light collection efficiency until it is constrained by the detection efficiency of the
light detection device, the factors A, X ewrs X A,;s in the formula 3.1 are optimized. To achieve
this, we developed a vacuum evaporation system that allows for precise control of the coating. We

then optimized the coating of the wavelength shifter.

2. Installation of TSV-MPPC to liquid argon detector
The TSV-MPPC, with high sensitivity to visible light after wavelength conversion, was implemented
into the liquid argon detector. Compared to the 30% sensitivity of the PMT, the TSV-MPPC has
a sensitivity exceeding 50%. In principle, this implies an expected light collection efficiency of
exceeding 41 photon/keVee x 50% = 20.5 p.e./keVee.
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Spectrum measurement of NBrS emission

The NBrS described in Section 2.4.2 is still poorly understood, as its emission and wavelength character-
istics have not been experimentally confirmed. Scrutinizing this emission process is crucial for a better
understanding of the existing S2 signal detection. Furthermore, given the expected wavelength in the
visible light range, optical detection may be feasible without requiring wavelength conversion if enough
light is available. The electric field required to generate NBrS is also lower than that required for normal
electroluminescence, which is advantageous both for operation and for scaling up. If it can be confirmed
that NBrS is generated with sufficient light yield even in liquid phase, it may be possible to convert
the ionizing electron signal into an optical signal in single-phase TPCs. This could enable eliminating
the need for a charge readout device with exceptionally high signal-to-noise ratio when directly reading
ionizing electrons in single-phase TPCs. This capability is valuable for detecting low-energy events,
particularly in environments where two-phase operation is not feasible, such as on balloons. In this
study, we measured the emission wavelength spectrum in gaseous argon while systematically varying the

electric field and the concentration of nitrogen impurities to advance our understanding of NBrS.
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Fig. 3.10. Advantageous in NBrS compared to ordinary luminescence.

Application to scientific balloon-borne experiments

While liquid argon detectors have been extensively utilized in ground and underground experiments, they
have not yet been operated on flying objects such as balloons and satellites. Liquid argon, however, can
be configured to cover large solid angles and large sensitive areas, presenting the potential for significant
advancements in cosmic ray observations including indirect dark matter search. This study conducted a
balloon-borne experiment as the initial test for airborne operation of liquid argon. Details are described

in Section 7.
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3.6 Liquid argon test stand at Waseda University

The liquid argon test stand, utilized in liquid argon test described in Chapters 4 and 5, is situated in a
semi-underground location on the Nishiwaseda campus in Okubo, Shinjuku-ku, Japan. The test stand
comprises liquid argon, a detector within a 200L vacuum-insulated vessel, filling and circulation lines, a
liquefier, an electric rack, and a desk for monitoring. An overall photograph of the setup is presented in
Figure 3.11.

Fig. 3.11. Liquid argon test stand of Waseda university.

Figure 3.12 illustrates the schematic of liquid argon handling system situated on Waseda university.
Liquid argon for the detector is contained in a vacuum-insulated stainless steel vessel with a diameter of
50 cm, a height of 100 cm, and a capacity of 200 L. The liquefier, equipped with a 200 W GM-cryocooler
(Sumitomo CH-100), is also constructed from a stainless steel vacuum-insulated container. The GM-
cryocooler cools the gaseous argon, circulating it through the system before returning it to the 200L
container to cool its interior. It’s important to note that the 200L vessel and the argon in the liquefier are

separated.

At Waseda’s test stand, impurities are systematically reduced in three steps. Initially, to minimize
outgassing, the 200L vessel and circulation system are evacuated for 10 days to 2 weeks before the
experiment, achieving a vacuum level of 1 x 1073 Pa. As the liquid argon used for system filling
is commercially obtained and contains impurities, a homemade filter, comprising molecular sieve and
reduced copper, is employed during the filling process to eliminate water and oxygen. Moreover, the argon
gas circulation line is equipped with a SAES Microtor to remove w