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Abstract

Dark matter, constituting approximately 25% of the mass-energy content of the
universe, remains one of the most profound mysteries in modern physics. The true
nature of dark matter is yet to be known with numerous experiments designed for
its search.

The GRAMS experiment is a next-generation balloon experiment utilizing a
liquid argon time projection chamber (LArTPC) which aims to simultaneously de-
tect MeV gamma rays and low-energy cosmic antiparticles. The final objective of
the GRAMS experiment is a long-duration balloon flight at the South Pole where
the rigidity cutoff is lowered enabling the detection of low-energy cosmic rays (an-
tideuterons for indirect dark matter search).

As LAr is cost-effective and abundant in the atmosphere, it has been widely used
in numerous experiments. However, a LArTPC has never been operated at balloon
altitudes. Therefore, an engineering flight using a prototype LArTPC (with 3ch),
accepted by JAXA'’s balloon committee was conducted on 27th July 2023, marking
a crucial milestone for GRAMS. The main goal of this flight was to monitor and
control LAr during the flight and obtain environmental data to understand the LAr
response to balloon altitudes. Furthermore, operating the LArTPC to obtain cosmic
ray data was another objective. As this was the first balloon flight for the GRAMS
collaboration, it was important to identify R&D issues that may become crucial for
upcoming balloon flights with larger LArTPCs and complex systems.

The payload consisted of a gondola which held the cryostat containing LAr with
the detector system, a pressurized vessel for all the electronics, JAXA’s balloon
bus system for radio communication with the ground, and two other piggyback
experiments. To handle LAr, an absolute pressure valve was used with a differential
pressure valve and rupture disk for safety. During the descent, LAr was to be
evacuated for safety measures.

The flight was successfully conducted on 27th July 2023 in which the balloon
reached a maximum altitude of 28.9 km and 44 minutes of level flight was achieved.
During the flight, LAr conditions were monitored and controlled stably. Also, the
LArTPC was successfully operated to obtain cosmic ray data. During the descent,
the LAr was fully evacuated and the recovery of the gondola with the flight data was
completed. In analyzing the LArTPC data, the purity of LAr was evaluated and
the LAr purity was maintained at a sub-ppb level during the flight. Furthermore,
the rate of cosmic rays entering the LArTPC was calculated, which was compared
to a Geant4 simulation. The results show that both the data and simulation exhibit
a shower maximum curvature at 20 km.

Looking ahead, a balloon flight funded by the NASA /APRA program is planned
to be launched in Arizona, USA between fall 2025 and spring 2026. For this flight,
a larger LArTPC with particle tracking ability will be used which will require a
larger cryostat and upgraded electronics. In preparing for the next balloon flight,
the insights gained from this engineering flight will be leveraged and applied. Ad-
ditionally, further preparations are ongoing for the balloon flight at the South Pole
in the 2030s and a possible satellite mission in the future.
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1 DARK MATTER

1 Dark Matter

This section introduces the characteristics of dark matter and delves into various pieces
of evidence on the existence of dark matter from cosmological observations. Subsequently,
it covers the leading candidate for dark matter, describing the various search methods and
current /past experiments with a particular focus on indirect dark matter search through
cosmic antiparticles. This focus on indirect searches is one of the key motivations for the
GRAMS experiment.

1.1 About Dark Matter

Dark matter is a hypothetical, non-luminous mass in the universe that could provide
explanations for numerous cosmological and astrophysical observations, ranging from the
scale of individual galaxies to the entire universe. Being non-luminous (dark) derives
from the fact that dark matter does not interact electromagnetically. Moreover, it must
be extremely long-lived, at least comparable to the age of the universe; it must interact
with other particles at the weak scale; and it must be non-relativistic (cold) as the universe
ages.

Recent observations made by the Planck observatory on the Cosmic Microwave Back-
ground (CMB) suggest that the universe is roughly 68% dark energy, 27% dark matter,
and 5% ordinary matter as shown in Figure 1.1

Dark Matter

Dark Energy

Figure 1.1: Composition of the universe from the CMB.

Despite the Standard Model (SM) of particle physics being able to explain physical
phenomena below the electroweak scale, there is no single particle in the SM that fits the
characteristics of dark matter. Consequently, the discovery and understanding of dark
matter are crucial for particle physics and astronomy.
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1.2 Dark Matter Evidence

The existence of dark matter has been confirmed by various cosmological and astro-
physical observations. However, all of the accumulated evidences rely on the gravitational
effect of dark matter and its true nature is still yet to be known. Dark matter was first
introduced by Fritz Zwicky in the mid-1930s when he applied the virial theorem to the
dynamics of the Coma Cluster. He found out that the calculated mass-to-light ratio of
the galaxies in the Coma Cluster is approximately 800 solar units, which is several orders
of magnitude greater than what one would expect if the mass of the Coma galaxies is
mostly stars [1].

Four decades after Zwicky’s initial observations on the Coma Cluster, Rubin, Ford,
and Thonnard began to analyze the rotation curves of galaxies using new spectroscopic
techniques. They measured the rotation curves of the Andromeda Galaxy via the Doppler
shift of the spectral signatures and discovered a flat rotation curve. This suggested the
existence of invisible mass extending beyond the stars and gas clouds [2]. From Kepler’s
law and Newtonian dynamics, the rotation velocity of a galaxy can be expressed as:

(1.1)

Where 7 is the radius of the galaxy, v(r) is the rotation velocity, G is the gravitational
constant, and M(r) is the total mass of the galaxy. Since v(r) is inversely proportional to
r, at the outer regions of the galaxy where r is large, the rotation velocity should decrease.
However, from the observation of galaxy NGC 3198 [3] shown in Figure 1.2, the rotation
velocity stays constant as the radius increases.

DISTRIBUTION OF DARK MATTER IN NGC 3198

200II|||||||||II|||||I||II|

NGC 3198
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Figure 1.2: Rotation curve of galaxy NGC 3198.
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An alternative method, rather than depending solely on visible matter, utilizes the
phenomenon of gravitational lensing. Light from a distant source is bent as it travels
towards the observer due to massive celestial bodies causing a sufficient curvature of
spacetime. This method was used when observing two colliding galaxy clusters. Figure
1.3 shows the image of the Bullet cluster where the x-ray emission taken by the x-ray
telescope and the gravitational potential seen with the gravitational lens is mapped as
the pink and blue regions correspondingly [4]. From the separation of the pink and blue
regions, it is deduced that most of the luminous matter is concentrated in the region of
collision. Whereas, the gravitational mass resides in the outer region, probing as a direct
evidence of dark matter.

Figure 1.3: ITmage of the colliding galaxy clusters (the Bullet cluster, 1E 0657-56).

1.3 Weakly Interacting Massive Particle

A leading candidate for non-baryonic cold dark matter is weakly interacting massive
particles (WIMP). It is a hypothesized particle with masses ranging from GeV/c? to
TeV /c?, interacting with ordinary matter at or below the weak scale. The interest in
WIMPs as dark matter stems from the fact that WIMPs in thermal equilibrium in the
early Universe could naturally explain the relic density of dark matter in the current
universe. By assuming that WIMPs can annihilate into ordinary matter (SM particles),
WIMPs x and SM particles g are in thermal equilibrium during the early universe when
the temperature is extremely high (xx = ¢q). Furthermore, the time evolution of WIMP
number density n, is explained by the Boltzmann equation,

%nx = —3Hn, — (aamw(ni — n;eq) (1.2)
where H is the Hubble Constant, (04,,v) is the thermally averaged annihilation cross

section and n, ¢, is the co-moving number density in thermal equilibrium.

11
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As the universe expands and the temperature cools, the WIMP production rate will
decrease due to SM particles having insufficient energy for WIMP pair production to
occur. Also, the WIMP annihilation rate will decrease due to the average distance between
WIMPs increasing. Following this, the number density of WIMPs in an expanding volume
will be in a "freeze-out” state as shown in Figure 1.4. The current WIMP density can be
numerically calculated from Eq.(1.3) as

1pb -
szo.fz( b C) (1.3)

(TannV)

By considering an electroweak scale particle with mass m, =100 GeV/c? and coupling
constant o = 0.01, (Gannv) = &®/m? = 1 pb. This then agrees with the observed relic
density of dark matter Q, ~ 0.27, often named the "WIMP miracle” [5].

>

- ]. T T TTTTIT T T TTTTI T TTTTT
2 5%

3 10:2
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3 1 10! 102 103

time——=
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Figure 1.4: Time evolution of WIMP co-moving number density.

There are three interaction channels between WIMP and SM particles which probes
methods to detect WIMP dark matter. As shown in Figure 1.5, the three interactions are
annihilation, scattering (DM-SM interaction), and production. The annihilation process
is used in indirect searches, looking for heavy cosmic antiparticles originating from dark
matter. Additionally, the scattering process is used in direct searches in which the signal
originates from the elastic scattering between the detector material and dark matter.
Finally, the production process is used in collider experiments, where high-energy particles
are collided to produce other particles to search for invisible mass.

12
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Dark Matter Particle

X YA

uone|iyiuuy
Production

" q SM particles q

.

DM-SM Interaction

Figure 1.5: Interactions between dark matter and SM particles.

1.4 Indirect Dark Matter Search with Cosmic Antiparticles

Various particles are raining down from outer space, including antiparticles such as
antiprotons and positrons. Antiparticles are thought to be produced secondarily when
primary cosmic rays such as protons collide with interstellar gas in the universe as they
propagate through the galaxy. After being produced, cosmic ray antiparticles are affected
by various physical phenomena before they propagate through the galaxy and the helio-
sphere to reach the Earth. Therefore, measuring the flux of cosmic rays is very important
for understanding the propagation model of cosmic rays and solar modulation. It has
also been suggested that antiparticles may be produced by annihilation or decay of dark
matter. Secondary antiparticles are limited in their production at low energies due to the
kinematics of collisions, while primary antiparticles (produced from dark matter) are not
limited by kinematics and may therefore be distinguished from secondary antiparticles.
Although positrons and antiprotons have already been observed in various experiments, it
is difficult to distinguish between dark matter-induced and secondary cosmic antiparticles
because the flux of secondary cosmic antiparticles is larger than the predicted flux from
dark matter. Therefore, the search for antideuterons, in which the flux of secondary cos-
mic antiparticles is smaller than the predicted flux due to dark matter, is now attracting
attention and could be a smoking gun for indirect dark matter search.

1.4.1 Cosmic Antideuteron

A single antideuteron atom is a bound state of antiproton and antineutron, therefore
having a charge of —le. The first observation of antideuteron occurred in 1965 with a
collider experiment. However, cosmic antideuterons have never been observed yet. [6]

o Antideuterons from ISM Collision (Secondary) [7]

The source term for cosmic antideuterons from ISM collision is given as:

13
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E; dE

ic{p,He,p} ic{p,He} kin,min kin

sce (r’ Egm) — Z Z Amn; (r) X /OO dE.,. <d0p20d> d, (I‘, E}im) (1.4)
]

In this equation, all incident cosmic ray species are represented by ¢ with flux ®; and
kinematic energy per nucleon E!. . The index j represents the ISM components with the
number densities: n, = 0.9 cm ™ and ny. = 0.1 cm ™2 used to calculate source functions.

The term (dapd"d> represents the antideuteron differential production cross section with

kin

the primary cosmic ray fluxes involved in the collision.

« Antideuterons from Dark Matter (Primary)

The source term for cosmic antideuterons from dark matter annihilation is given as:

2 d
= 1 r dN
DM,ann d p( ) > f
o I‘)E inl = = g e 15
d ( " ) 2 (mDM < mde,‘jm (15)

where p(7) is the local dark matter density, (ou); is the velocity averaged dark

matter annihilation cross section into given channels such as yy — bb or W-W. The

dN¢
antideuteron multiplicity produced from one annihilation event is represented as —L-.

kin

The cosmic ray propagation can be described by the Fokker-Planck equation:

p (0
5(VV) w] -~ (16)

o _ D ap D00 [ dp_
opp? Op

= (D — —p’D
ot Q(r,p)+V( xx Vi Vw)+app P dt

where ¢ = 1 (r,p,t) is the time-dependent cosmic ray density per unit of the total
particle momentum at position r. The source term of a given cosmic ray (primary or
secondary) is represented as @ (r,p). The spatial diffusion coefficient is given as Dy,
the convection velocity as V, and the diffusive re-acceleration coefficient as D,,. The
last term % accounts for particles lost via decay. By using the source terms described
above, the flux of antideuterons can be calculated which is shown in Figure 1.6. The left
and right plots in Figure 1.6 show the antideuteron flux from dark matter annihilating
to bb and W~W ™, respectively. It can be seen that as the mass of dark matter increases,
the peak shifts to the right, and the flux is decreased. Furthermore, at low energies, the
antideuteron flux from dark matter annihilation is an order or two of magnitude larger
than the background (ISM collision produced antideuterons).
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Figure 1.6: Antideuteron fluxes from cosmic ray collisions and dark matter annihilation.

1.4.2 Experiments Searching for Cosmic Antiparticles
« AMS-02 Experiment [8]

The AMS-02 experiment (AMS: Alpha Magnetic Spectrometer) is a satellite experi-
ment on the International Space Station (ISS) operating at an altitude of about 410 km,
with the objective to precisely measure fluxes of cosmic (anti)particles. The detector con-
figuration is shown in Figure 1.7: A permanent magnet to bend incoming particles, TRD
to identify electrons/positrons, ToF to measure the velocity and dE/dx of incoming par-
ticles, silicon detector to measure charge and track the particle trajectory, Ring Imaging
Cerenkov Detector (RICH) to further measure charge and velocity for higher energies,
Anit-Coincidence Counters (ACC) to identify particles incident on the side of the de-
tector and a calorimeter (ECAL). Particle identification can be performed by combining
information obtained from multiple detectors. Particularly, the identification of electric
charges and momentum using the velocity and curvature of the particle track.

TRD
Identify e+, e-

] Slicon Tracker
P

Figure 1.7: AMS-02 detector design.
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Among the numerous nuclei AMS-02 has detected over the past years, antiprotons
are particularly interesting for dark matter search. Figure 1.8 shows the measured an-
tiproton flux. The measured antiproton flux shown in red can be mostly described by the
background component shown in green. Here, the background components are secondary
antiprotons produced from the collision of primary cosmic rays and interstellar medium,
described in the previous section. However, in the low energy region, there is an excess in
the measured antiproton flux. The primary antiproton flux from dark matter annihilation
could explain this excess, where the dark matter mass ranges from 20 to 80 GeV with a
cross-section of (0.2 —5) x 10720 ¢m?
shown in Figure 1.8 is 47 GeV. Therefore, these observations from AMS-02 provide valu-

s~! for the bb channel. The primary antiproton flux

able constraints on the parameter space of dark matter models, guiding future searches
and theoretical developments.
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Figure 1.8: Antiproton flux measured by AMS-02.

« BESS Experiment [9]

The BESS experiment is a balloon experiment using a cylindrical detector equipped with
a superconducting magnet that has been flown over Antarctica for a total of more than
30 days in 2004 (BESS-Polar I) and 2007-2008 (BESS-Polar II). The detector consists
of an internal track detector, a solenoid coil, an aerogel Cerenkov counter, and a ToF
scintillator. A schematic diagram of the detector is shown in Figure 1.9.

The upper and lower ToF scintillators measure the velocity of the particles, and the
JET chamber and the ToFs measure dE/dx. In addition, particle identification is possible
by bending the incoming charged particles with the magnet and measuring the rigidity
and mass of incoming particles with an internal track detector surrounded by solenoid
coils. The BESS-Polar II experiment was successful in measuring cosmic ray fluxes with
a flight duration of 30 days. Although no antideuterons were observed, it is the only
experiment to place an upper limit on the antideuteron sensitivity as shown in Figure
1.10 [10]. When considering the primary flux of antideuterons from dark matter with a
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Figure 1.9: BESS-Polar II detector.

mass of around 50 GeV, the sensitivity has to be lowered by almost 2 orders of magnitude
to detect a single antideuteron.
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Figure 1.10: Measured antiproton flux and antideuteron upper limits.

« GAPS Experiment [11]

The General Anti-Particle Spectrometer (GAPS) project is a current-generation bal-
loon experiment searching for low-energy cosmic antiparticles. Unlike AMS-02 and BESS,
the GAPS detector does not use a magnet for particle identification. The detector design
is shown in Figure 1.11 where a ToF system surrounds the Si(Li) trackers. As a magnet
is not used, the particle identification is done by the velocity information from the ToFs,
dE/dx, and range (if stopped) from the Si trackers and an exotic atom technique de-
scribed in Section 2.3.1 and shown in Figure 1.12. Incoming negatively charged particles
are captured by Si nuclei and form an exotic atom with the Si nucleus. The negatively
charged particles emit characteristic X-rays as they undergo de-excitation, finally annihi-
lating with the nucleus to produce multiple hadrons that can be detected. By using such a
strategy, the mass volume of the detector is reduced as a magnet is not needed and hence
enables low-energy particles to reach the detector volume. The exotic atom technique has
been validated in an antiproton beam test using nitrogen gas as the detector material [12],
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and a balloon experiment (pGAPS) [13] with a prototype detector was successfully con-
ducted in June 2012 in Hokkaido, Japan. The GAPS project is currently preparing for a

long-duration flight in Antarctica planned in late 2024 with projected sensitivities shown
in Figure 2.2.
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Solar
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\I x l r
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\
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~~  Exofic Atom

Solar shield

TOF cube

Electronics bay Si(Li) tracker

Figure 1.11: GAPS detector design. Figure 1.12: GAPS detection technique.
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2 GRAMS Experiment

The GRAMS experiment (Gamma-Ray And AntiMatter Survey) is a next-generation
balloon experiment using a liquid argon time projection chamber (LArTPC), aiming at a
long-duration balloon flight in Antarctica and a satellite mission in the future. It is the
first project to simultaneously target both astrophysical observations of MeV gamma rays
and indirect dark matter search through cosmic antiparticles. Currently, the project is
being conducted jointly by Waseda University, Osaka University, Northeastern University,
Columbia University, and other research institutes in Japan and the United States. At
Waseda University, the R&D for GRAMS is particularly focused on indirect dark matter
search using cosmic antiparticles. In this section, an overview of the GRAMS experiment
will be given, describing the detector design, detection concept, milestones, and a brief
introduction to the R&D being conducted at Waseda University.

2.1 Physics Goals

As stated above, the GRAMS experiment has two main physics goals: astrophysical
observation of MeV gamma rays and indirect dark matter search with cosmic antiparticles.

Recent astrophysical observations from the Large Area Telescope [14] and the Nuclear
Spectroscopic Telescope Array (NuSTAR) [15] have improved the sensitivities and unrav-
eled physics in the hard X-Ray (up to 80 keV) and high-energy gamma ray (above 20 MeV)
regions, respectively. On the other hand, gamma rays in the MeV energy range have not
been well explored. As shown in Figure 2.1, the Imaging COMPton TELescope (COMP-
TEL) currently sets the best sensitivity in the MeV region, however only 30 objects have
been detected [16]. The difficulty in MeV gamma-ray physics arises from the interaction
of MeV gamma rays being Compton scattering dominated which complicates the event
reconstruction and the vast background from in and out of the detector volume. However,
gamma-ray astronomy in the MeV energy region is key to understanding nucleosynthesis
processes from nuclear line emissions and various astrophysical phenomena.

1078

PICsIT AE/E = 0.5

1003 J--. 300 mCrab

o COMPTEL
o] 10 mCrab

107
&P

10-11 4 ... 1 MCrab

1012 4

10-13 4 NUSTAR

Continuum Sensitivity x E2 [erg/cm?/s]

GRAMS (1 LDB flight, Tes = 35 days)

=== GRAMS (Satellite with detector upgrades, T = 1 year)
COSI-X (3 ULDB flights, Tes = 300 days)

= = e-ASTROGAM (Satellite, Tes = 1 year)

10-14 4

10-15
1072 107t 10° 10* 10? 10°
Energy [MeV]

Figure 2.1: Continuum gamma-ray sensitivities.
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In addition, as stated in Section 1.4.1, low-energy antideuterons are of particular
interest due to the flux of antideuterons from dark matter annihilation being an order or
two of magnitude larger than the background. Figure 2.2 shows the predicted antideuteron
flux from 30 GeV dark matter annihilating into bb and the target sensitivity of GRAMS.
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. .
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—_ Oy ht o Proton AMS-02 (PRL 117, 091103 (2016))
E I RSy A Proton BESS-Polarll (ApJ 822, 65 (2016))
> 10? |- Proton .
S 'GAPS :
'%J 1 [Target :
- - Antiproton
o 1 0_2 DR - 0”””00“
e F Antideuteron™u,,
= - '/ BESS Upper Limit ™
§ 10—4 % PRL.132,131001(2024). ...
(T
10 - Antideuteron|
¢ et —_(Secondary) |
108 : :
107" 1 10 10?

Kinetic Energy per Nucleon (GeV/n)

Figure 2.2: Antideuteron flux from 30 GeV dark matter and target sensitivity.

2.2 Liquid Argon Time Projection Chamber (LArTPC)

As LAr is dense (40% denser than water), abundant (1% of the atmosphere) and
very sensitive to incoming particles (40 photon/keV for scintillation and 1 fc/mm for
ionization), Liquid Time Projection Chambers (LArTPC) have therefore become standard
technology in particle physics experiments particularly for direct detection and neutrino
experiments [17-19]. Further details of liquid argon characteristics and the operation
principle of a LArTPC will be discussed in the following sections.

2.2.1 LAr Characteristics

Argon is a noble gas and the third most abundant gas in the atmosphere which en-
ables detector volumes to be increased with lower cost compared to other less abundant
materials. The basic properties of liquid argon are shown in Table 2.1 [20] and the phase
diagram is shown in Figure 2.3. The W-values on Table 2.1 are of liquid argon. As shown
in Figure 2.3, a liquid phase does not exist below 0.7 bar, and at 1 bar, the liquid and gas
phases are only separated by a few degrees. Therefore in operating and maintaining liquid
argon in a detector, it is extremely important to control the pressure and temperature.

When a particle interacts with liquid argon, the energy is deposited in two main
channels other than heat: ionization and excitation as illustrated in Figure 2.4. The
equation for ionization can be written as:

Ar + Eyeeot — ArT +e” (2.1)
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3.0 Property Value
2.5 ] Atomic Number 18
§ 20f ] Atomic Weight 39.9
@ ,f Soup ] Boiling Point (latm) 87.3 K
2 ., e Melting Point (latm) 83.8 K
ol oAs ] Density (Liquid) 1.395 g/cm?
0.5F—Trple pont ] W-Value (Ionization) 23.6 eV
005 pre o o o W-Value (Scintillation) 19.5 eV
Temperature [K] Scintillation Wavelength 128 nm
Figure 2.3: Phase diagram of argon. Table 2.1: Properties of argon.

If there is an electric field applied, the majority of the ionized electrons will drift along
the electric field and a portion will recombine with surrounding argon atoms to form an
Arj excimer [21]. The recombination factor can be expressed as:

_ QTGC _ A

R— —
E dE
Q  14g-g

(2.2)

where )y is the number of ionized electrons, @,.. is the number of ionized electrons
after recombination, F is the applied electric field, p is the liquid argon density and A and
k are fit parameters (A = 0.800 £ 0.003, £ = 0.0486 + 0.0006). Moreover, electronegative
impurities such as oxygen and water have to be filtered out as the ionized electrons get
absorbed:

02 +e — O; (23)
HQO +e — HQO_

The primary scintillation signal in liquid argon results from the relaxation of the Ar;
excimer as shown as:

Ar + Erecoit — Ar™ (2.5)
Ar* 4 2Ar — Ary(*STor’Sh) + Ar
Ary — 2Ar + hv(128nm)

The Ar* exciton immediately forms an excimer of either a single or triplet state (with
lifetimes of 7 ns and 1.6 us) and decays. The scintillation light spectrum peaks at 128 nm
and lies in the vacuum ultraviolet (VUV) region.
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Figure 2.4: Ionization and excitation channels Figure 2.5: Lifetime of ionized elec-
in liquid argon. trons against LAr purity.

2.2.2 LArTPC Operation Principle

A LArTPC detector uses ionization electrons and scintillation light signals to measure
dE/dx and track particles. A schematic diagram of a LArTPC is shown in Figure 2.6.
As stated in the previous section, when a particle deposits energy in liquid argon, ionized
electrons and scintillation light are produced. By applying an electric field between the
cathode and anode, the electrons drift towards the anode plane for charge readout where
the X and Y positions of the ionized electrons are obtained. The anode can be wired or a
pad depending on the experiment. The scintillation light is detected by a cryogenic pho-
tosensor (PMT or SiPM) and the time difference between the scintillation light detection
and the arrival of ionized electrons on the anode enables the Z position to be determined.
By placing a grid just below the anode, the ionized electrons leave a signal only when
they are drifting between the grid and the anode. This enables a larger signal and a
countermeasure to the pile-up of events at high rates.
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Figure 2.7: Relationship between electric
Figure 2.6: Schematic diagram of a field strength and electron drift velocity in
LArTPC. liquid argon.
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The drift velocity of the ionized electrons depends on the applied electric field strength
as represented in Figure 2.7. The drift velocity could be calculated from the electric
field strength E and temperature T with the following equation given by the ICARUS
experiment [22]:

P, :
va (T,|E|) = (P (T —T+0)+1) <P3 |E|In <1 + |§|) + B |E|P‘)> + P (T —Ty) (2.8)
The value of each parameter is shown in Table 2.2. Therefore, given a LArTPC of
height 10 cm and an electric field of 200 V/cm, it would take around 100 us for the
electron to drift from the cathode to the anode.

Property Value
P —0.01481 £ 0.00095 K '
Py —0.0075 = 0.0028 K
Py 0.141+0.023 (&)
Py 124427 (&)
P 1.627 +0.078 (52)
Py 0.317 £ 0.021
T 90.371 K

Table 2.2: Drift velocity equation parameter values.

2.3 GRAMS Detector

As mentioned in Section 1.4.2; in detecting low-energy antiparticles, the mass vol-
ume of the detector instrument must be reduced as much as possible for the low-energy
antiparticles to reach the fiducial volume. The GAPS project aims to achieve this by
utilizing an exotic atom technique instead of a magnet which will be described in detail
in the next section. As the GAPS project utilizes a semiconductor layered detector, the
energy resolution is very high but with a drawback of cost and hence the difficulty to scale
its detector in size. Therefore, the GRAMS experiment is a next-generation experiment
to GAPS which will utilize the same detection technique, but by using a LArTPC which
is relatively easy to scale up in size due to the abundance and low cost of argon, higher
sensitivities to antideuterons are expected.

The proposed detector design is shown in Figure 2.8. The LArTPC which acts as
a calorimeter, particle tracker for cosmic rays, and Compton camera for gamma rays is
surrounded by two layers of plastic scintillators that measure the velocity of incoming par-
ticles. Also, for gamma-ray observation, cosmic rays are background events and therefore
could be vetoed by the ToFs.
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Figure 2.8: GRAMS detector concept design.

2.3.1 Particle Identification Technique

It can be seen from Figure 2.2 that to detect one antideuteron event, 10* antiproton
events and 10° proton events must be rejected from the background (and all other parti-
cles). Therefore, a strong background rejection power is essential for antideuteron search.
This section will describe the particle identification ability of a LArTPC.

Firstly, the GRAMS detector can obtain dE/dx from the charge signals in the LArTPC
and velocity information from the ToFs. On top of that, to distinguish antideuterons
from the background, the exotic atom technique mentioned briefly in previous sections is
shown in detail in Figure 2.9 [23]. As the antideuteron enters the LArTPC, it deposits
energy and stops to form an exotic atom with the Argon nucleus. As the atom de-excites,
characteristic X-rays are released and the reaction ends in a nuclear annihilation producing
multiple hadrons. The LArTPC can create tracks of the hadrons from the stopping point.
For antiprotons and antideuterons with the same velocity, antideuterons will penetrate
deeper into the LArTPC and release more energy per unit length (dE/dx). Furthermore,
the average number of hadrons released from nuclear annihilation from antideuterons is
more than antiprotons. From the points stated above, the LArTPC has a strong particle
identification ability.

ATOMIC TRANSITIONS

Augeres 777

Renlllnqg'_____,_

EXOTIC ATOM

Figure 2.9: Exotic Atom Technique in LAr.
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2.4 Antideuteron Single Event Sensitivity

As mentioned in the previous sections, the current upper limit on the antideuteron
sensitivity is calculated by the BESS experiment at 6.7x107° m~2?s!sr’(GeV/n)~!. The
GRAMS experiment plans to conduct a long-duration (~30days) balloon flight at the
South Pole which is expected to improve the current upper limit by more than an order
of magnitude.

To calculate the single event sensitivity to antideuterons, the GRAMS detector setup
was implemented in Geant4 shown in Figure 5, antideuterons were generated uniformly
from a sphere surrounding the detector and the ratio of events that ended with an-
tideuterons being captured in the LArTPC was recorded for various energies.

Figure 2.10: GRAMS detector setup in Geant4.

The calculation for the single event sensitivity is shown below:

N
2 —1_ —1 —1y _
Flux [m™ s ‘st (GeV/n) | = St x T x Qfst] < E[Gev/n] (2.9)
Sensitivity (m™2s"lsr ™! (GeV/n) 7] = ]l:l:x (2.10)
€

Here, S is the orthodrome area of the sphere on which antideuterons were generated,
T is the expected time of the balloon flight, €2 is the solid angle, E' is the energy, R is the
ratio of captured events and e is the particle ID efficiency of the LArTPC which is set to
1 (100% particle ID ability) for this calculation. As shown in Figure 2.11, the solid pink
line represents the calculated sensitivity for the GRAMS detector operated for 30 days,
improving the current upper limit by more than an order of magnitude. The dotted line
shows the sensitivity for a 30 x 30 x 30 cm? operated for 1 week. It can be seen that
with a LArTPC with a size comparable to the GRAMS40 detector (explained in the next
section), a sensitivity on par with the current best limit can be achieved.

The locations for conducting balloon experiments like GRAMS which search for low-
energy cosmic rays, are crucial for maximizing data collection and improving sensitivity.
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Figure 2.11: Calculated single event sensitivity compared to the antideuteron flux.

Figure 2.12 shows the flux of proton and helium at different altitudes and latitudes, cal-
culated from the EXcel-based Program for calculating Atmospheric Cosmic-ray Spectrum
(EXPACS) [24]. It can be seen that the flux is heavily dependent on the latitude and for
helium, there is a strong cutoff at latitudes below 50° to 60° indicating the geomagnetic
cutoff. Furthermore, the proton flux peaks at 30km but the helium flux increases gradually
from 0 km to 60 km. This is due to the protons that are reflected or secondarily produced
from lower altitudes. Therefore, when considering the altitude for balloon experiments, an
altitude higher than 30 km is ideal (BESS-Polar II max altitude: 38km). Therefore, these
factors make high altitudes at the South Pole an ideal location for long-duration balloon
experiments aimed at indirect dark matter searches with low-energy cosmic antiparticles.
In addition, the South Pole is particularly advantageous due to its prolonged periods of
stable atmospheric conditions, allowing for extended balloon flights.
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Figure 2.12: Calculated flux (cm™2s7!) of proton (left) and helium (right) for different
latitudes and altitudes.
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2.5 GRAMS Milestones

The target for the GRAMS experiment is to conduct a science balloon flight in Antarc-
tica in the late 2020s and a satellite mission in the 2030s. Towards achieving this goal,
three major milestones need to be accomplished.

e Understanding Antiparticle Capture in LAr
Although the exotic atom technique has been experimented with using an antiproton
beam by the GAPS project, the exotic atom technique has never been observed in liquid
argon. Therefore, for GRAMS it is essential to understand the reaction of antiparticles in
LAr not only to confirm the validity of the exotic atom technique but also to feedback and
improve simulation packages for antiparticle capture such as the ones found in Geant4.

e Operating a LArTPC as a Compton Camera
As GRAMS sets one of its goals as MeV gamma-ray observation, it is crucial to de-
velop a LArTPC that is functional as a Compton camera, able to reconstruct gamma-ray
Compton scattered events. To achieve this, the LArTPC and readout electronics must
have high spatial resolution and energy resolution. Furthermore, the event reconstruction
algorithms need to be developed.

o Establishing LAr Handling System for Balloon Flights
Although LArTPCs have been widely used for experiments on the ground, it has never
been operated at balloon altitudes. Therefore, establishing a system that can handle LAr
at balloon altitudes safely, with high reliability is also very important.

2.5.1 GRAMS40 Detector @ Waseda University

At Waseda University, as a first step to verifying the particle-antiparticle identification
technique, a 30 x 30 x 30 em® LArTPC (GRAMS40) was developed and operated [25]. As
an operational check for this LArTPC, a cosmic muon test was conducted as described
below.

The GRAMS40 LArTPC has a volume of 30 x 30 x 30 cm? which makes a liquid argon
fiducial mass of 40 kg. The GRAMS40 detector is shown in Figure 2.13 and the anode
pad design is shown in Figure 2.14. The GRAMS40 LArTPC consists of a cathode, grid,
and anode. There are horizontal electrode pads on all 4 side plates (walls) which are
connected at the corners of the TPC. Furthermore, a 100 M{2 resistor is placed between
each electrode and thus induces a uniform electric field between the cathode and anode.
On the inner side of the TPC walls, a reflective sheet (ESR) with TetraPhenyl Butadiene
(TPB) deposited is placed to shift the scintillation light wavelength from 128 nm to 420 nm
to be detected by a PMT. As shown in Figure 2.14, 5 mm anode pads are connected in a
zig-zag fashion to create X and Y channel readouts. Therefore, the spatial resolution is
1 cm and the total readout channels are 60.

As primary cosmic rays collide with the Earth’s atmosphere, showers of secondary
particles are produced in which muons are included. Muons can have both charges ™ or
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Figure 2.13: GRAMS40 LArTPC. for GRAMS40.

Figure 2.14: Anode Pad Configuration

p~ and approximately one muon hits one em? of the Earth’s surface per minute. When a
muon enters a LArTPC, it can either penetrate the TPC, decay, or get captured by the
argon nucleus. Both pu* and g~ can decay into a neutrino and a Michel electron but only
(1~ can get captured as shown in the equations below:

e Muon Decay

w" = ve + 7, + Michel et (2.11)
1 — U+ v, + Michel e~ (2.12)

e Muon Capture
o +p—=n+u, (2.13)

The decay and capture events can be distinguished by whether or not a muon emits
a Michel electron after stopping. Reconstructing and observing the track of this Michel
electron is synonymous with observing the track of emitted hadrons after an antiparticle
nuclear capture event in the LArTPC, and is, therefore, an important step towards ver-
ifying this principle. In operating the GRAMS40 LArTPC, the charge signals were read
out with an ADC onboarded readout board and triggered by the scintillation light signals
detected by the PMT. A capture event and decay event obtained is shown in Figure 2.15,
where the top event corresponds to a capture event and the bottom event corresponds to
a decay event.

2.5.2 Purpose of this Study

The primary aim of this study is targeted towards the GRAMS milestone of establish-
ing a LAr handling system for balloon flights. To achieve this milestone, an engineering
balloon flight was conducted with a compact prototype LArTPC in collaboration with
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Figure 2.15: Muon capture and decay events in GRAMS40.

the Japan Aerospace Exploration Agency (JAXA). This engineering flight campaign was
accepted as one of JAXA’s balloon flights for the 2023 fiscal year and was labeled B23-06.
The flight was successfully conducted on 27th July 2023. This thesis will delve into the
details of the flight campaign, the LAr system used in the flight, and the results from the
flight data as well as the LArTPC data. For this engineering flight, my main contribution
was designing and constructing the LArTPC as well as the data analysis of the LArTPC
data obtained during the flight. In Section 3 an overview of this engineering flight cam-
paign will be described. The detector system as well as the LAr handling system will be
explained in Section 4. Lastly, the results from the analysis of the prototype LArTPC
will be given in Section 5.
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3 B23-06 Flight Campaign

As stated above, it is essential to conduct a compact experiment to provide a ba-
sic proof-of-concept before a full-scale GRAMS experiment using a large LArTPC and a
prototype pGRAMS experiment using a medium-sized liquid LArTPC (to be launched
in Arizona in fall 2025 to spring 2026). As an initial step to tackle this milestone, an
engineering flight was conducted to gain experience in conducting a balloon experiment
as well as gain insight into the methods to operate LAr at balloon altitudes. This sec-
tion will describe the balloon base held by JAXA which was used for the B23-06 flight.
Furthermore, the success criteria for this flight and the flight conditions proposed will be
explained. In addition, the challenges of operating a LArTPC at balloon altitudes will be
discussed and the R&D timeline for this flight will be introduced.

3.1 JAXA/ISAS Domestic Flight Campaigns

Since 2008, the Japanese balloon base has been relocated from the Sanriku Balloon
Center (SBC) to the Taiki Aerospace Research Field (TARF) located in Taiki, Hokkaido
[26]. In 2008, two balloon flights were conducted to verify the performance of the newly
built balloon operation system at TARF. Upon the successes of the two flights, balloon
experiments which were selected annually by the JAXA /ISAS Scientific Balloon Program
Advisory Committee have been conducted since 2009. The engineering flight for the
GAPS experiment (pGAPS) was conducted at TARF in 2012 [13]. The application for
the GRAMS engineering flight was made during the Scientific Balloon Symposium which
took place on November 2022. In April of 2023, the GRAMS engineering flight was
officially approved as one of the balloon flights for 2023, labeled B23-06.

A bird’s-eye view of TARF is shown in Figure 3.1 and the area of TARF is shown in
red. The hangar of sizes W30 m, H35 m, and L.83 m is used to fill the balloons with helium,
and a balloon with a total lift of 2500 kg is possible to be filled. After the balloon has
been filled, the launcher that holds the gondola moves out to the handling area for launch
as shown in Figure 3.2. The balloon operation building has radio telemetry systems used
to communicate with the bus system on the gondola to control the balloon during the
flight.

The flight season spans from May to September when the seasonal wind pattern is
east wind in the upper stratosphere and strong west-wind jet streams as shown in Figure
3.3 [27]. However, due to recent climate changes, optimal wind conditions have become
rarer. In recent years, the flight season has been getting shorter (July to September). As
a countermeasure, piggyback experiments have been utilized which onboard the gondola
used for the main experiment. For B23-06, there were two piggyback experiments: Mor-
phing Experiment for DUrable Smart Antenna (MEDUSA) [28] and an experiment for
High Precision Verification of General Relativity by Laser Frequency Comparison [29].

Regarding the flight path, as the balloon gets launched from TARF, it flies towards
the sea (east direction) as it ascends. As the altitude increases, the wind direction changes
and the balloon flies back towards TARF (west direction). The release of the gondola is
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Figure 3.1: A bird’s-eye view of TARF, Figure 3.2: Sliding launcher holding the
area shown in red. gondola for B23-06.

done above the sea and therefore the gondola and balloon are collected out at sea with a
boat as shown in Figure 3.4 [26]. By releasing helium or ballast (weight), altitude control
is possible and a "boomerang” style flight is conducted. A boomerang flight enables a
longer duration flight and collection out at sea relatively close to the land (~30 km).
The feasibility of a flight is determined from the results of the flight simulation con-
ducted by the JAXA balloon group. The data used for the flight simulation are data from
the Japan Meteorological Agency and the National Center of Environmental Prediction
(NCEP). Upon conducting the simulation, the payload weight, maximum altitude, and
the duration of the level flight are considered. The maximum altitude and duration of
level flight is requested and proposed from the user side as mentioned in the next section.
Therefore, to increase the chances of flight, the minimization of payload weight and re-
quest for low maximum altitude and no level flight is ideal. The users are given a notice
a week in advance of a possible flight. The simulation is continuously conducted until the
day of flight. In parallel, the user side has to finish the final preparation before the flight.
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3.2 Success Criteria

As the motivation for this engineering flight was to establish a LAr handling system
for balloon flights, the main objective was to maintain and control LAr by monitoring the
pressure and temperature of LAr during the flight and designing a reliable system that
can safely handle any emergencies (sudden changes in LAr environment) during the flight.
Therefore, to accomplish this objective, high altitudes, and long level flight duration were
not required.

For balloon flights held by JAXA, the success criteria are split into two stages: mini-
mum success and full success. From the user side, the maximum altitude and level flight
duration are requested for both minimum and full success. In conducting balloon flights
with JAXA, the flight will be conducted if the wind conditions meet the requirements for
the minimum success, and if the user is lucky enough that wind conditions can enable a
flight to meet the full success criteria, the balloon will be operated as so. Therefore, the
lighter the minimum success criteria, the higher the chances of flight.

For this engineering flight, the maximum altitude and level flight duration proposed
for the success criteria are shown in Table 3.1. As shown in Table 3.1, a relatively low
maximum altitude and no level flight was requested for the minimum success to increase
the chances of flight. In addition, the minimum success was defined as maintaining and
controlling LAr until the balloon reached 25 km during ascent. During the ascent, the
LArTPC will be operated and data from the environmental sensors will be obtained to
gain an understanding of the surrounding environment and how LAr operates under such
conditions. On top of the minimum success, full success was defined as obtaining both
gamma-ray and cosmic-ray data during a 10-minute flight at an altitude of 28 km.

Maximum Altitude Level Flight Duration
Minimum Success > 25 km > 0 min
Full Success > 28 km > 10 min

Table 3.1: Success Criteria Proposal.

3.3 Challenges to Operate a LArTPC at Balloon Altitudes

Although LArTPCs have been widely used in various experiments, it has never been
operated above ground, let alone in a balloon experiment. From 1997 to 2000, several
balloon campaigns were held for the Liquid Xenon Gamma-Ray Imaging Telescope (LX-
eGRIT) experiment [30]. Since then, no other experiment has operated a liquid noble gas
TPCs at balloon altitudes.

There were various challenges unique to balloon experiments for operating a LArTPC.
The main challenges are listed below:

o Impact and vibrations:
The detector system contained in the cryostat is prone to vibrations and impacts
from launching the balloon and opening the parachute. Furthermore, as the gondola
is suspended from the balloon, the payload is prone to rotation.
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Weight limitation:

The maximum weight of the payload depends on the balloon size and the amount
of helium. In general, the lighter the balloon, the greater the chance of flight. Also,
higher altitudes can be reached with smaller balloons with a smaller weight.

Power limitations:

Power is supplied by batteries or solar cells. Primary batteries were used for this
engineering flight. A cooling system that can reduce the overall heat inflow requires
a lot of power, hence no cooling system was used.

Changes in environment:

The atmospheric pressure changes from 1 atm to several Pa and the temperature
changes from room temperature to -60°C as shown in Figure 3.5 [31]. Since the
triple point pressure of Ar is 0.068 MPa, it will solidify if the pressure drops to the
surrounding pressure. Furthermore, high-voltage discharges are more likely to occur
at lower pressures.

Remote control of detectors:

Voltage control of photodetectors and TPC electric field, and DAQ settings have
to be controlled from the ground. Temperature and pressure have to be monitored
remotely as well.

Safe recovery:

The payload has to be recovered for environmental considerations and data collec-
tion. In the case of LAr, risk assessments for accessing the payload during recovery
should be considered; for example, the cryostat may explode due to continuous
evaporation of residual LAr increasing the internal pressure.
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Figure 3.5: Pressure and temperature against altitude.
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Other than the challenges listed above, there were various steps that needed to be
overcome for a successful flight. The countermeasures to such problems and challenges
will be discussed in Section 4.

3.4 Balloon System Overview

A schematic diagram showing the main components of the B23-06 balloon system
provided by JAXA is shown in Figure 3.6. A polyethylene film-based balloon is connected
to the parachute and gondola with a strong fiber rope. The balloon has an exhaust valve
that can release helium to control the lift strength. Additionally, vent tubes are connected
to the balloon to equalize the balloon pressure to the surrounding pressure. A cutter which
can be activated remotely is used to detach the gondola from the balloon. The balloon
size depends on the weight of the payload. For this engineering flight, the balloon used
had a maximum capacity of 30000 m?, 42 m in diameter. For reaching higher altitudes,
larger balloons are used. A GPS tracker is installed in the balloon and the gondola to
provide location during recovery at sea.

Exhaust Valve

Balloon
42m
Vent Tube Vent Tube
—
Cutter
Parachut
arachute ~60m
Flashing Light —
r
Gondola 1.5m
L

Figure 3.6: A schematic diagram of JAXA’s balloon system.

For balloon experiments held by JAXA, the user side has to prepare the gondola which
houses the scientific equipment and other components required for conducting a balloon
experiment. For this flight, the cryostat containing the LArTPC detector was placed in
the gondola with the other electronics. The weight of each component in the B23-06 flight
system is shown in Table 3.2. Here, the weight of LAr used for the flight (around 15 kg)
is not included.
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Component Weight [kg]
Balloon Balloon 152
System Packing 49
Gondola Gondola Frame 75
System Ballast 158
GRAMS Cryostat 71
System Pressurized Vessel 31
Others 2 Piggyback experiments 107

Table 3.2: Weight of components in B23-06 flight system.

3.5 B23-06 Timeline

In this section, the schedule between the flight proposal and the launch will be briefly
described. The details of the R&D and the results of various tests will be described in
Section 4. The timeline of the flight will be described in Section 5.

3.5.1 Preparation Phase

This engineering flight was proposed to the JAXA /ISAS Scientific Balloon Program
Advisory Committee through the Scientific Balloon Symposium which was conducted on
November 7th, 2022. This engineering flight was officially accepted on April 20th, 2023.
Therefore, from the date of the proposal to the launch, there were only 6 months of
preparation and R&D.

Nov Dec Jan Feb Mar Apr May Jun Jul
Waseda University / Tokyo University ‘ JAXA Sagamihara | JAXA TARF
————
Flight Season I
o * o W
Flight Safety  Flight L 8 th
. aunc
Proposal Review Accepted ®) 5

Figure 3.7: Timeline of the B23-06 flight campaign.

The timeline for this flight campaign is shown in Figure 3.7. The initial phase of
the R&D which lasted until mid-May was conducted at Waseda University and Tokyo
University. In this phase, mainly the hardware such as the gondola frame, cryostat, and
the LArTPC was developed at Waseda Univ. and the electronics with the software were
developed at Tokyo Univ. The main objective of the initial phase was to complete the
detector setup within the cryostat and conduct an integration test between the cryostat &
detector system developed at Waseda Univ. with the readout and housekeeping electronics
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developed at Tokyo Univ. Although the whole system was not finalized, a successful LAr
test was completed.

From mid-May to mid-June, the flight setup was transported to JAXA’s Sagamihara
Campus. In this phase of preparation, the setup was finalized for the flight and an op-
eration test with the vacuum thermostatic chamber was conducted. The photo of the
vacuum thermostatic chamber used at JAXA Sagamihara Campus is shown in Figure
3.8. The vacuum thermostatic chamber was able to control the pressure and tempera-
ture enabling an environmental test for the flight setup. Additionally, the telemetry and
command system was provided and integrated with the flight setup.

Figure 3.8: Vacuum chamber at JAXA Sagamihara Campus.

After clearing the vacuum thermostatic chamber test, the flight setup was transported
to JAXA TARF on June 19th, 2023. The final steps at TARF were communication tests,
final checkups, and establishing a standby state in which a flight was possible on any day.
Communication tests were conducted to search for any noise sources within the gondola
that may affect the telemetry and command communication lines. In addition, three
final tests were conducted before the flight. These tests were conducted under conditions
similar to those of actual operations. The first test was a "Flight Readiness Review”
(FRR), which was conducted as a final debugging process to determine if there were no
problems and the balloon was ready for launch. If there are no problems in this test, the
balloon will be ready to be released when the wind conditions allow for a flight. This test
was conducted on July 5th and confirmed that there were no problems, but the actual
release was scheduled for July 27th due to unfavorable weather conditions. Therefore,
there was a standby period of about three weeks in which the flight system had to be
constantly prepared for a flight in a few days. In this period, LAr ELF tanks were supplied
periodically as sufficient LAr for flight had to be secured each day. Also, the cryostat was
continuously vacuum-pumped until the previous day of launch to reduce outgas. A photo
of the standby state of the gondola and the LAr ELF tank connected to the cryostat is
shown in Figure 3.9. The second and third test was conducted on the previous day and

36



3 B23-06 FLIGHT CAMPAIGN

the day of launch, respectively as shown in Figure 3.10.

Figure 3.9: Standby state when waiting for favorable wind conditions.

3.5.2 Flight Timeline

The timeline for the flight is shown in Figure 3.10. The second and third final tests
(named Final Test 1 and 2 in Figure 3.10) were operation tests that used the same
operation user manual as the flight. The checklist includes starting the DAQ, applying
the high voltage to the LArTPC and opening the LAr evacuation valve through the
telemetry and command, and so on. On the day before the flight at 8:00 am, LAr was
filled into the cryostat. Then, the gondola was transported to the sliding launcher for
the second operation test. Upon clearance, JAXA’s balloon group went into the final
preparation for the flight. Since the flight was planned for around 4:00 am on the next
day, the LAr was monitored until the final operation test which was conducted at 2:00
am. As no problems were found during the final operation test, the sliding launcher that
held the gondola moved out from the hangar to the launch area and helium was filled into
the balloon.

8:00 ~ |11:00 |~ |0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00
@ = (O] @ O
LAr LAr Monitor He Launch Level Flight | Landing
Filling Filling (3:55) (5:59~6:43) | (7:07)
0] @)
Final Final
Test 1 Test 2

Figure 3.10: Flight timeline between LAr filling and Landing of the gondola at sea.
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Regarding the flight, the balloon was launched at 3:55 am, released the gondola at
6:43 am, and landed at sea at 7:07 am resulting in a 3-hour and 12-minute flight. The
maximum altitude reached was 28.9 km and 44 minutes of level flight (5:59 am to 6:43 am)
was achieved. The plot showing the change in altitude over time is represented in Figure
3.11. As the wind direction changed at around 18 km, the flight trajectory represented
in Figure 3.12 shows a boomerang flight trajectory. The gondola landed 30 km from the
land and was successfully collected. Finally, the gondola was transported back to TARF
for the collection of scientific equipment and flight data.
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Figure 3.11: Altitude plot for flight B23-06.
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Figure 3.12: Flight trajectory for flight B23-06.
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4 Payload

In this section, the details of the components in the payload will be addressed and
the counter-measurements for the challenges mentioned in Section 3.3 will be described.
The payload consisted of the cryostat containing the LArTPC, a pressurized vessel for the
electronics, JAXA’s bus system for communication, two ballast boxes, and two piggyback
experiments. As shown in Figure 4.1, the cryostat was placed in the middle of the gondola,
and the two ballast boxes were placed on the sides of the cryostat. This was to ensure
that the heaviest components were placed near the center of the gondola.

GRAMS
Pressurized | W:Z{[E¥:
Vessel

Ballast

Figure 4.1: Bird’s eye view layout of
each component in the gondola. Figure 4.2: 3D CAD diagram of gondola.

The gondola was required to withstand 2G in horizontal (2 axes) and vertical directions
for the impact during release and 5G in the vertical direction for the impact during
parachuting. The gondola frame consisted of L-shaped steel (A6065-t5, 50 x 50 X t5 mm)
and H-shaped steel (A6065-t5, 50 x 50 x t4 x t3 mm). The overall size is a cube of
1.2 x 1.2 x 1.2 m. The frames are fastened to each other with stainless screws. Stainless
steel eye nuts were used at the suspension points, and extra-strong duralumin (A7075)
was installed at the eye nut fixing points.

The gondola was wrapped with Styrofoam on all sides for three major reasons: heat
insulation, buoyancy, and visibility. As the atmospheric temperature drops to around
-60°C, drastic temperature changes in the gondola need to be reduced. In terms of buoy-
ancy, as the collection of the gondola will be out at sea, the Styrofoam was used as a
float. To prevent the gondola from tipping upside down after landing at sea, Styrofoam
was installed in the top half of the gondola as shown in Figure 4.3. Lastly, the Styrofoam
was painted in white and orange to improve visibility as shown in Figure 4.4.
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Figure 4.3: Photo of the cryostat and Figure 4.4: Gondola with painted Styro-
pressurized vessel in the gondola. foam on all sides.

4.1 Cryostat

To maintain argon as a liquid, it was required to keep the inner pressure of the cryostat
at around 1 atm and a temperature of -186°C despite the changes in the surrounding
environment. Therefore in designing the cryostat, the heat inflow had to be minimized
and vibrations during launch and mid-flight had to be accounted for.

The designed cryostat is an open-bath type vacuum-insulated container with a top
flange, made with stainless steel shown in Figure 4.5. The blueprint of the cryostat and
the top flange is given in the Appendix as Figure A.1 and Figure A.2, respectively. The
cryostat was 800 mm in height and 250 mm in width resulting in a maximum capacity of
22 L. The top flange had two ICF70 ports, where each port was used for LAr handling
mentioned in the next section and another port was used for the LArTPC signals and
high voltages. Also, the top flange had three VCR ports. Each VCR port was used for
GAr release, LAr filling, and LAr evacuation.

To minimize the heat inflow, the cryostat had a 17 mm thick vacuum-insulated outer
layer with super-insulation sheets installed on the inner layer side. To calculate the heat
inflow of this cryostat, the liquid level was monitored during an LAr run as shown in
4.6. In this LAr run, the top flange was closed and the LArTPC was installed in the
cryostat. The liquid level plot was fitted with a 1st-order polynomial function to obtain
the gradient. The fit shows that the liquid level decreased by 0.75 cm/hour (0.0002 cm/s).
This equates to a gas argon production of &~ 180 L/hour (3 L/min). In order to calculate
the heat inflow, the following equations were used:

M = 7r*hp = 7 x 10* x 0.0002 x 1.39 = 0.02787 g/s (4.1)
Q=M x L=0.02787 x 161 ~ 14 W

Here, M represents the mass loss per second, h represents the liquid level drop rate
in cm/s, @ is the heat inflow in watts, and L is the latent heat of evaporation for liquid
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Figure 4.5: Photo of the cryostat and 3D CAD showing the cross-section.
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Figure 4.6: Liquid level drop rate against time for LAr.

As 2G of force is expected during launch and the gondola is prone to vibrations during
the flight, LAr is expected to move inside the cryostat. Therefore, to minimize the risk
of LAr touching the top flange and causing a sudden increase in internal pressure, the
cryostat was designed to be thin and tall. Furthermore, a pin attachment is placed
between the inner and outer walls to prevent the vacuum-insulated layer from breaking.
The cryostat was designed to withstand a pressure of 7 atm. A pressure test up to an
internal pressure of 4 atm was conducted using GAr. Figure 4.7 shows the result of the
pressure test for the cryostat. A differential pressure of 3 atm (absolute pressure = 4 atm)
was maintained for more than 10 minutes during the pressure test.
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Figure 4.7: Internal pressure during pressure test.

4.2 LAr Handling System

In handling LAr for the flight, there were three main steps: filling, maintaining, and
evacuation. Before setting the payload to the sliding launcher, high-purity LAr had to be
filled to the cryostat. After launch, the LAr had to be controlled and maintained during
the whole flight. Upon parachuting, the LAr had to be evacuated as any residual LAr
during recovery of the payload, increases the risk for the recovery crew members. The
setup that connects the LAr ELF tank to the cryostat is shown in Figure 4.8. The LAr
ELF tank is connected to the LAr ELF tank with a LAr filter in between. This setup is
the same as the photo shown in Figure 3.9 where the components surrounded in the blue
dashed line can be detached from the cryostat and therefore left on the ground. Whereas,
the components in the red dashed lines are in the gondola and used for flight.
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Figure 4.8: Schematic diagram showing the LAr ELF tank connected to the cryostat.
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4.2.1 Filling LAr

In filling liquid argon, electronegative impurities need to be filtered out. Hence, a LAr
filter with reduced copper R3-11G (to remove oxygen) and molecular sieve 4A (to remove
water) was used [32]. Also, during the standby phase, the cryostat was vacuum pumped
through the manual valve VF3, to reduce outgassing as much as possible. Furthermore,
as shown in the flight timeline represented by Figure 3.10, there were 20 hours from filling
LAr into the cryostat to the launch. Therefore, sufficient LAr needed to be filled for the
liquid level to be above the LArTPC before and during the flight. From Figure 4.6, it can
be seen that the liquid level drop rate was 0.75 ¢cm/hr which meant that 20 hours would
equate to a 15 cm decrease in liquid level. In addition, for a few hours of flight, a few cm
of LAr was expected to evaporate. Upon filling, a liquid meter was used to monitor how
much LAr was filled in the cryostat. LAr was filled until there was 22 cm of LAr above
the LArTPC. This meant that there was about 7 cm of LAr above the LArTPC during
launch and sufficient for the whole flight.

4.2.2 LAr control and monitoring

To maintain argon as a liquid, it was required to keep the inner pressure of the cryo-
stat at around 1 atm and a temperature of -186°C despite the changes in the surrounding
environment. Since no refrigerator was used for this flight, LAr was continuously being
evaporated from the heat inflow and GAr was produced. Therefore, an absolute pressure
valve which opens at 1.2 atm with a maximum flow rate of 20 L/min (VF1 in Figures),
manufactured by TAVCO (product number:2391243.2.9) was used to keep the inner pres-
sure constant. As mentioned in the previous section, at normal operating conditions, the
GAr flow rate is 3 L/min and therefore the absolute pressure valve is sufficient for main-
taining the inner pressure. However, for safety measures when there is a sudden increase
in LAr evaporation, a differential pressure valve that opens at 1.5 atm with a maximum
flow rate of 600 L/min (VF2 in Figures), manufactured by Venn Corporation (product
number: SL-39) was used. In addition, for emergency purposes, a rupture disk which
breaks at 2.0 atm (RD in Figures), manufactured by V TEX Corp. was installed.

An absolute pressure gauge manufactured by Nagano Keiki (product number: KP15)
was used to monitor the cryostat pressure. In this system, the absolute pressure valve
was at the end of a flex hose connected to one of the VCR ports. The differential pressure
valve, the rupture disk, and the pressure gauge were connected to one of the ICF70 ports.
The bird’s eye view of the top flange showing the different valves are shown in Figure 4.9.
In monitoring the temperature of LAr during the flight, three RTD temperature sensors
were installed in the cryostat. The positions of the three sensors were: 25 cm above the
LArTPC, just above the LArTPC, and at the bottom of the cryostat as shown in Figure
4.10.
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Figure 4.9: (left) Bird’s eye view of the top flange with the different valves. (right)
Solenoid valve used for LAr evacuation.

4.2.3 LAr evacuation

During the descent of the balloon, the LAr had to be evacuated from the cryostat
for safety measures. The evacuation of LAr was done using a stainless steel pipe that
extended from the VCR port inside the cryostat to the bottom of the cryostat as shown
in Figure 4.10. On the outside, the VCR port had a flex hose connected with a solenoid
valve connected to its end as shown on the right side of Figure 4.9. The solenoid valve
represented as VF5 in the above Figures, manufactured by Nihon ASCO Ltd. (product
number: J263G210LT) opens with a 24 V DC input. When the gondola is at balloon
altitudes, the surrounding pressure is almost a vacuum and the inner pressure of the
cryostat is 1.2 atm. Therefore, by the difference of pressure, as the solenoid valve opens,
the LAr should be evacuated. However, as shown in Figure 2.3, below 0.7 atm, the liquid
phase does not exist. Subsequently, the LAr is expected to solidify at the exit of the
solenoid valve and become a liquid when the altitude drops and the surrounding pressure
becomes larger than 0.7 atm. When the evacuation is complete, the internal pressure
would become equal to the external atmospheric pressure.

4.3 Detector System

The detector system for flight B23-06 consisted of a 3ch output, 10 cm x 10 cm x
10 cm LArTPC for charge readout, and a Photomultiplier tube (PMT) for light readout.
A charge-sensitive preamplifier (made by the GRAMS group at Northeastern University)
was connected to the anode of the LArTPC for amplifying the charge signals. The full
setup is shown in Figure 4.10. The amp box contains the preamplifiers for the charge
readout from the anode. The PMT is fixed between two cross-shaped baffle plates which
are installed for vibration measures. The DAQ for the LArTPC signals and the PMT
signals are described in detail in Section 4.4.

Four stainless steel rods connected a circular plate with eight M8 holes to the top
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Figure 4.10: Final detector setup inside the cryostat.

flange which had four M8 bolt holes at r=130 mm as shown in Figure A.2. The other
four holes on the circular plate were used for the PEEK rods which extend down to the
baffle plate holding the PMT.

4.3.1 Charge Readout

The LArTPC used for this flight was a downgraded version of the GRAMS40 LArTPC
in terms of size and readout channels. As the main objective of this flight was to establish
a LAr handling system for balloon altitudes, the LArTPC was designed to be as simple
as possible. However, the design concept is the same as the GRAMS40 LArTPC where
there are components for inducing a uniform electric field (Cathode, Side Plates & Grid)
and an anode for reading ionized electron signals as shown in Figure 4.11.

The anode, anode grid reinforcement, side plates, and cathode grid reinforcement parts
were made of 1.6 mm thick FR4 material. The electrodes on the anode and side plates
were 0.035 pm thick. The TPC reinforcement parts were made of glass epoxy and used
to connect the side plates to the grid reinforcement parts. The four holes on the anode
and other components are used to pass the PEEK rod through.

o Electric Field Shaping

For ionized electrons to drift vertically toward the anode, a uniform electric field is
required. For this LArTPC, a high voltage was applied to the cathode, and by dividing
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Figure 4.11: Components in the LArTPC.

the voltage vertically throughout the TPC using resistors, a uniform electric field was
created. The front and back layers of the side plates used are shown in Figure 4.12 and
Figure 4.13, respectively. Each side plate is 98.4 mm in thickness and 100 mm in height.
Horizontal electrodes of height 8 mm are vertically aligned and are soldered at the corners
of the electrodes on the other side plates. The top and bottom electrodes are electrically
connected to the grids through a wire and 100 MS2 resistors are placed in between each

electrode on one side plate. Since there are ten 100 M(2 resistors, the total resistance on
the side plate is 1 GS).

Figure 4.12: Side plate front side. Figure 4.13: Side plate back side.

The stainless steel mesh used for the cathode and the anode grid is shown in Figure
4.14 and the reinforcement part for the grid is shown in Figure 4.15. The grid is a 0.1 mm
thick, 5 mm pitch, 0.1 mm width stainless steel mesh. The grid had a diameter of 160 mm
and the grid area was 100 mm x 100 mm. To support this thin grid, the reinforcement
part was used. The diameter of the reinforcement part is 164 mm, 4 mm wider than the
grid. This prevents the stainless steel grids, which have a voltage potential due to the
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high voltage applied, from touching the cryostat wall in case of violent vibrations.

A 250 MX? resistor is placed between the anode grid and the anode. For this flight,
-2500 V was applied to the cathode. Therefore, the electric field between the cathode and
anode grid was 200 V/cm and 500 V/cm between the anode grid and the anode.

‘ ——:—*ﬁl,__u ,‘H‘.‘_
T
=, g’ﬂ-;:: :
Figure 4.14: Stainless steel meshed grid. Figure 4.15: Grid reinforcement part.

« Signal Readout

The electrodes on the anode are used to detect the ionized electrons. Both sides of the
3ch anode are shown in Figure 4.16 and Figure 4.17. The anode pad consists of a 42 mm
square pad (ch3) which is surrounded by two layers of square-shaped pads of 66 mm and
90 mm. From electric field simulations using FEMTET, the electric field was distorted in
a wave-like structure near the walls of the side plate. Therefore, the outermost channel
was designed to be 90 mm in width/height instead of 100 mm. A solid ground surrounds
the outermost channel (chl) to reduce noise. Each pad is connected to a wire on the front
side of the anode, which connects to a LEMO receptacle.

Figure 4.16: Back side of Anode. Figure 4.17: Front side of Anode.
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Each of the 3 channels on the anode is connected to a charge preamplifier located in
the amp box. Each charge preamplifier operates with an input voltage of + 5 V. Figure
4.18 shows three charge preamplifiers wired aerially in the amp box. The feedback resistor
was 1 G and the feedback capacitor was 0.5 pF, therefore, the gain was 2 V/pC with a
decay constant of 500 us.

Figure 4.18: 3 charge preamplifiers in the amp box.

For simplicity, consider a LArTPC with a single channel anode and 100% pure LAr.
When a charged particle enters the TPC, ionized electrons are produced and drift towards
the anode as shown in Figure 4.19. A current is induced at the anode due to the drift
of ionized electrons as shown in Figure 4.20. The value of the current is the total charge
divided by the total drift time of the electrons (o to ¢;).

Anode
ey ey .y Anode Grid
hOI.e
\e\ hy
E\e\e\ Charged
Particle
— - = = m— == = Cathode

Figure 4.19: Charged Particle penetrating a 1ch LArTPC.

The signal output shown in Figure 4.21 is the convolution between the current and

the charge preamplifier response function. The signal output function between ty and ¢,
is shown in the equation below:

Vi (1) = T (1) # h () = — 2 s Gain x ¢ 7o = @X G X Tamp (4 =228 (4 )
tl — t() tl - tO
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Figure 4.20: Charge signal. Figure 4.21: Output signal.

Here, I (t) is the induced current at the anode, h (t) is the charge preamplifier response
function, @ is the total charge of the ionized electrons, ¢y, and ¢; are the start and end of
the drift time, Gain is the charge preamplifier gain and 7,,,, is the decay constant of the
charge preamplifier. After ¢;, the signal decays over time with the decay constant of the
charge preamplifier.
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Figure 4.22: Simulated signal output for the 3ch LArTPC. (left) Cosmic ray penetration.
(right) gamma ray Compton scattering.

The simulated events for the 3ch LArTPC are shown in Figure 4.22. For the cosmic
ray, the trajectory of the track is shown in the top two plots. For this simulated event, the
cosmic ray penetrates through the TPC, hence there will be two signals on ch1 and ch2 and
one signal on ch3. The time at which the signals on each channel start to rise represents
the z position of the electron. For the gamma-ray event, the Compton scattered event
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is a point-like event where the signal is only present in the channel where the Compton
scattering occurred below the channel pad.

4.3.2 Light Readout

For detecting the scintillation light, a PMT manufactured by Hamamatsu Photonics
was used (R6041-506) shown in Figure 4.23. The PMT was operated at 700 V with a
gain of 2 x 10°. The spectral response range is between 160 nm and 650 nm. Since the
LAr scintillation light spectrum peaks at 420 nm, the wavelength had to be shifted to be
detected by this PMT. Thus, TetraPhenyl Butadiene (TPB) was deposited on the PMT
window. Furthermore, Enhanced Specular Reflector Films (ESR) with TPB deposited on
the surface were placed on the side plates of the LArTPC as shown in Figure 4.24. The
output of the PMT was used as a trigger in the DAQ system.

Figure 4.23: PMT fixed between the baf- Figure 4.24: Photo of the LArTPC from
fle plates. below.

4.4 Pressurized Vessel

One of the technical challenges for this flight was developing the electronics required
for controlling LAr and operating the LArTPC under the limited power supply, weight
constraints, and under balloon altitude environments. As a countermeasure to the de-
crease in temperature and pressure shown in Figure 3.5, a vessel with high air-tightness
was used to contain all the electronics required for the flight.

The pressurized vessel used was the 20 L vessel of the PCN-F series manufactured
by MONOVATE Co. with some customization in the top flange and the inner structure.
The components inside of the vessel are shown in Figure 4.25. The pressurized vessel was
530 mm in height and 260 mm in width. The top flange had an R3/8 hole, four NW40
ports, and tapped holes on the inner side to fix the pillars of the structure holding the
electronics. The usage of each port on the top flange is summarized in Table 4.1 The
blueprint of the pressurized vessel is shown in Figure A.3.
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Raspberry
Pi4B

Lithium
Battery

Figure 4.25: Pressurized vessel containing electronics.

Feedthrough Role
NWA40 1 4ch BNC 1 PMT & LArTPC Signal
4ch BNC 2 Charge Preamp Power
LAN PC Connection
NW40 2 D-sub Main Power Supply
48-pin Slow Control
NW40 3 48-pin Telemetry and Command
NW40 4  Custom Blank Flange High Voltage

Table 4.1: Role of each port on the top flange of the pressurized vessel.

The components included are (from the top), the high voltage modules for the PMT
and LArTPC cathode, two USB oscilloscopes for reading the PMT and LArTPC wave-
forms, Raspberry Pi model 4B as the PC, a power divider board to distribute the power
from the battery placed at the bottom.

As mentioned in Section 3.5.2, a vacuum thermostatic chamber was used to place
the payload under balloon conditions and test if the electronics were operable. In this
test, a prototype Styrofoam wall was placed on each side of the gondola. The cryostat,
pressurized vessel, and JAXA’s bus system for telemetry and command communication
were installed. Figure 4.26 shows the gondola installed into the vacuum thermostatic
chamber.

For this test, the temperature was changed from room temperature to -50°C and the
pressure was reduced to 10 hPa. There were six temperature monitors of which three
temperature sensors were evenly placed vertically inside the pressurized vessel. The other

51



4 PAYLOAD

Figure 4.26: Gondola placed inside the vacuum thermostatic chamber.

three temperature sensors were placed on the top flange of the pressurized vessel, on the
base of the pressurized vessel, and the gondola frame. The results are shown in Figure
4.27. Tt is shown that even when the temperature was set at -50°C, the temperature inside
the pressurized vessel stayed over 0°C. Upon conducting this test, nitrogen gas was filled
into the pressurized vessel to avoid condensation. In preparation for the flight, silica gel
was placed into the pressurized vessel to further reduce water vapor concentration, and
nitrogen gas was refilled.

~ — ——— Inside PV Top
© 30— —— Inside PV Middle
o : ———— Inside PV Bottom
e 20 - ———— Outside PV Top Flange
3 — Outside PV Base
© C ——— Gondola Frame
8 10 } Temperature Setting
£ =
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Figure 4.27: Temperature change during the vacuum test.
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4.4.1 Power Supply System

One of the main challenges of a balloon experiment is the limitation in power. There-
fore, designing a power system with high durability (operational at balloon conditions)
and flexibility was key to the success of flight B23-06. The power supply system consisted
of a primary lithium battery, a custom-made power divider board, and a switch. The
schematic diagram of the power supply system is shown in Figure 4.28. In this system,
the output of the battery is connected to the d-sub feedthrough. By doing this, the bat-
tery can be turned on or off with a switch, and for tests not requiring the battery power,
an external power supply can be connected to the d-sub feedthrough. The power is fed
to the power divider board which distributes the required power to all the components.

EEl

Figure 4.28: Schematic diagram of power supply system.

In selecting the battery, it was favorable to use batteries that can operate at low
temperatures. The lithium primary battery used for this flight was manufactured by
Electrochem Co. (product number: 3B0076). The operating temperature was from -55°C
to +85°C. The nominal capacity was 30 Ah with a voltage of 3.9 V and a maximum
current of 3.0 A. To provide sufficient power for the electronics, eight cells were connected
in series. Therefore, the total capacity of the battery was 30 Ah x 3.9 V x 8 =936 Wh.
To ensure that the current doesn’t exceed 3.0 A, a current limiter is placed on the power
divider board. The operation voltage and current for the electric components used for
the flight are shown in Table 4.2. For a 3-hour flight with the solenoid valve opened for
1 hour, the total power consumption is 108.18 W h which is 11.5% of the total capacity.
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Component Voltage Current

Solenoid Valve 24V 0.5A

Charge Preamp +5V 0.5A

Pressure Gauge 12V 20mA

LArTPC Cathode High Voltage Module 12V 260mA
PMT High Voltage Module 5V 100mA

Raspberry Pi Model 4B 5V 3A
JAXA bus system 5V 40mA

Table 4.2: Operating voltage and current of each component.

The power divider board was custom-made by Shimafuji Electric Inc. and was designed
to receive the discrete commands and power up the corresponding components with the
given input discrete commands. The discrete commands were sent through the 37-pin
D-sub cable and all the power lines were XA connectors for durability. DC-DC converters
were used to convert the input voltage from the battery to the voltages shown in Table
4.2 for each component. Figure 4.29 shows a photo of the power divider board. For more
details on the power divider board refer to [33].

Figure 4.29: Photo of the power divider board.

4.4.2 Electronics for Detector System

In monitoring and controlling the detector system, a slow control system was required
to monitor the LAr environment, and a DAQ system was required to obtain LArTPC and
PMT data.

The slow control system for the cryostat was simple as most of the LAr control was
done with components that do not require any power (e.g. absolute pressure valve). The

o4



4 PAYLOAD

LAr environment was monitored with an absolute pressure gauge and three RTD tem-
perature sensors. The resistance of the RTD sensors was digitized by a digital converter
manufactured by Analog Devices Co. (product number: MAX31865) which was con-
nected to the GPIO pins on the Raspberry Pi for readout. The pressure gauge value was
digitized by an ADC onboarded on the power divider board which was also connected to
the GPIO pins.

A schematic diagram of the DAQ system is shown in Figure 4.30. Three signal lines
from the charge preamplifiers and the PMT signal (shown in the black lines) are digitized
by two 2ch USB oscilloscopes. The USB oscilloscope used was the Analog Discovery 2
(AD2) made by Diligent Inc. The AD2 modules were connected to the Raspberry Pi via
a USB connection (shown in light blue lines). The PMT signal was used as the trigger for
the DAQ. The AD2 module connected to the PMT signal created the trigger for the other
AD2 module and therefore a 4ch DAQ readout was possible. The high-voltage modules
are powered by the power board and the high-voltage output is controlled by the AD2
modules as they can also function as a programmable power supply. The high voltage
modules for the PMT and LArTPC cathode were compact modules manufactured by
Hamamatsu Photonics (product numbers: C10940-53 and C14051-15, respectively).

—— USB Connection —— High Voltage Control
—— Power lines —— High Voltage lines
— Signal lines

PMT

Cryostat Pressurized Vessel

Figure 4.30: Schematic diagram of the DAQ system.

The specifications of the AD2 module are shown in Table 4.3. As the LArTPC was
operated at 200V /cm, the ionized electron near the cathode takes approximately 100 ps
to reach the anode. Since the buffer size is 8192 samples, the sampling rate was set at
50 MHz for the sample time window to be 160 us long. The cathode and PMT high
voltage modules had a range of -10 kV~0 V and 0 V~1.2 kV, respectively, and could
be controlled with an external voltage between 0 to 5 V. Since the cathode high voltage
was -2.5 kV and the PMT high voltage was 700 V, the AD2 output to the high voltage
modules was 1.25 V and 3 V, respectively. For details of the software in the DAQ system,
refer to [33].
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Function Specification Value
Channels 2
Sampling Rate 50 MHz (Max 100 MHz)
Voltage Range +5V
Oscilloscope Resolution 14-bit
Buffer Size 8192 samples/channel
Pre Trigger Time -10 ps
Max DAQ Rate 60 Hz
Channels 2

Power Supply Voltage Range +5V

Table 4.3: Specifications of the Analog Discovery 2 module.

As the pressure decreases at balloon altitudes, the breakdown voltage of the surround-
ing atmosphere decreases, increasing the risk of discharge from high-voltage modules.
Therefore, a custom-made high-voltage feedthrough was designed. The design consisted
of an NW40 blank flange with two 3 mm holes, two 2.3 mm thick Kapton cables, and
stycast 2850ftj epoxy. As shown in Figure 4.31, stycast was applied around the Kapton
cables to prevent any leakage from the NW40 flange. The same technique was applied
for the ICF70 flange for the high-voltage on the top flange of the cryostat.

Figure 4.31: High-voltage feedthrough for NW40 port.

4.5 Telemetry and Command System

In a balloon experiment, the ground system and the experimental system are far apart,
so the control and monitoring of various equipment must be done remotely. As LAr is
cryogenic and requires frequent monitoring, communication with the balloon is especially
important in terms of safety control. Furthermore, to operate the LArTPC at balloon
altitudes, the detector system must be operated remotely.

For balloon experiments with JAXA, the communication system is provided by JAXA’s
balloon group. The three methods of communication are discrete commands, serial com-
mands, and telemetry. Commands were used exclusively for transmission from the ground
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system to the balloon system to send commands to the balloon, while telemetry was used
exclusively for transmission from the balloon to the ground to monitor the balloon’s status.
Serial commands and telemetry are serial communications that can send and receive mul-
tiple bits of information, while discrete commands can only send ON/OFF. A schematic
diagram of the communication system for this flight is shown in Figure 4.32.

—— USB Connection

—— Power lines

— Signal lines — — Telemetry

—— High Voltage Control — — Serial Command
— High Voltage lines = = Discrete Command

e — = = = = = = =

Cryostat

Balloon

Figure 4.32: Communication system using JAXA’s balloon bus system for this flight.

These communications are done using JAXA’s balloon bus system which consists of
a PIIF (PI Interface) device and SDCC2 (Serial Discrete Command) device as shown in
Figure 4.33. The PIIF is a serial communication interface that is electrically isolated from
the balloon bus, and the SDCC2 is a device that decodes discrete commands. The PIIF
and SDCC2 were powered by the battery through the power board. The PIIF device was
connected to the GPIO pins on the Raspberry Pi to send telemetry data. The SDCC2
was connected to the power divider board for turning ON/OFF different modules using
the discrete command and was also connected to the GPIO pins of the Raspberry Pi to
receive serial commands.

There were two main groups of telemetry data: continuous and on-demand. The con-
tinuous telemetry data consisted of the slow control data required for monitoring LAr. The
continuous telemetry data was updated at 1~3 Hz. Whereas, the on-demand telemetry
was updated when a serial command for obtaining such data was sent. The on-demand
telemetry was waveform data from the LArTPC and PMT. Therefore, the continuous
telemetry was monitored at all times and the on-demand telemetry was obtained when-
ever the LArTPC status/setting was changed or to check waveform data. For details
regarding the structure of the command and telemetry codes, refer to [33].
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Figure 4.33: PIIF and SDCC2 device used for communication.
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5 Flight Results

In this section, the results of the analysis of the slow control data, LArTPC, and PMT
data will be described. In Section 5.1, a summary of the flight operations and the data
obtained will be described. In Section 5.3, the waveforms of the 3ch LArTPC will be
analyzed and the purity of LAr during the flight will be evaluated. In Section 5.4, the
event rate will be calculated with a Geant4 simulation and compared to the flight data.
Finally, in Section 5.5, the PMT data will be analyzed.

5.1 Flight Data Summary

This section will give an overview of the data that was collected on this flight. The
data acquisition started during the final test before the launch, shown in Figure 3.10 in
Section 3.5.2. At this stage, all the electronics were turned on except the LArTPC high
voltage and charge preamplifiers. Therefore, all the slow control modules were monitored
through the continuous telemetry and the PMT signal was able to be checked with the
on-demand telemetry.

The operation during the flight and the event count with respect to time are shown
in Figure 5.1. As shown, the LArTPC high voltage was turned on 5 minutes after launch
and turned off before parachuting. This is because the LAr was expected to move around
in the cryostat during launch and parachuting, and if the high voltage was turned on, the
risk of discharge from the cathode increased. During the level flight, the trigger level was
lowered using a serial command to collect gamma-ray events which deposit less energy
in LAr. During LAr evacuation, the PMT trigger level was expected to decrease due
to LAr being more sensitive than GAr. Therefore, the decrease in trigger rate which
was monitored with the telemetry was an indicator of the completion of LAr evacuation.
Hence, the PMT high voltage was turned on until the completion of the LAr evacuation.
Shown in the red line is the event count over time and it is seen from the constant gradient
that the DAQ rate is saturated from around 10 km altitude. In the DAQ system, 100
events were recorded per file and a total of 4716 files were completed during the flight.
The file number and the operation state are shown in Table 5.1.

File Number TPC High Voltage Trigger Level Flight Status

0~27 off -10mV Ascend
28~157 off -200mV Ascend
158~3099 on -200mV Ascend
3100~3458 on -20mV Level Flight
3459~3632 on -5mV Level Flight
3633~4070 on -200mV Level Flight
4071~4716 off -200mV Descend

Table 5.1: Summary of the data taken and operation state during flight.
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Figure 5.1: Operations during the flight.

5.2 LAr Handling Results

As mentioned above, the slow control modules were monitored throughout the flight
and the data was stored in the SD card of the Raspberry Pi for offline analysis. The key
measurements were the pressure of the cryostat and the temperature of LAr. Figure 5.2
shows the cryostat pressure, atmospheric pressure, and LAr temperature variations over
time during the flight.
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Figure 5.2: Variations in LAr vessel pressure (red) atmospheric pressure (black), and LAr
temperature (blue) during flight.

It can be seen that despite the changes in atmospheric pressure (shown in black), the
cryostat pressure (shown in red) was maintained within 1.1~1.2 atm which was within the

60



5 FLIGHT RESULTS

absolute pressure valve range. Therefore, the differential pressure valve and the rupture
disk were not opened during the flight. The slight increase in pressure can be explained
by the characteristic nature of the absolute pressure valve in which the opening pressure
increases when the outer pressure decreases. The LAr temperature (shown in blue) was
the measurement of the RTD sensor at the bottom of the cryostat. It can be seen that
the LAr temperature was also kept constant with a slight increase corresponding to the
increase in cryostat pressure.

The LAr evacuation was induced by opening the solenoid valve with a discrete com-
mand. The LAr evacuation started just before the release of the gondola. As shown in
Figure 5.2, the cryostat pressure increases after the starting of the LAr evacuation. This
was due to the LAr solidifying at the solenoid valve due to the atmospheric pressure be-
ing lower than 0.7 atm in which the liquid phase of argon does not exist. Therefore, the
evaporated LAr goes back into the cryostat and increases the pressure. In the operation
of LAr evacuation, the discrete command to open and close the solenoid valve was repeat-
edly sent which caused the fluctuation of the pressure. Eventually, the cryostat pressure
became equal to the atmospheric pressure which suggests that the LAr evacuation was
complete. Also, the decrease in trigger rate was confirmed at the same time.

5.3 LArTPC Data Analysis

As mentioned above, the LArTPC high voltage was turned on 5 minutes into the flight
and turned off just before parachuting. During the flight, the LArTPC was operated at
stable conditions and there were no major problems with the DAQ. In this section, the
analysis of the 3ch LArTPC waveforms will be described in detail.

5.3.1 Waveform Fit using Ground Data

To gain an understanding of the LArTPC waveform, the analysis of the LArTPC
data taken between the final test 1 and final test 2 shown in Figure 3.10 was conducted.
This dataset is beneficial as the LAr environment was extremely stable and the events
are mostly muons. A raw signal of an event (with the pedestal adjusted to 0V) obtained
at the ground is shown in Figure 5.3. It can be seen that the first and last signal is
chl (shown in black) and there are two signals on ch2 (shown in red) and one signal on
ch3 (shown in blue). Therefore this event could be understood as a penetration event
similar to the simulated event shown in Figure 4.22. However, the signal clarity could be
improved as there is a common noise component. As shown in Figure 5.4, when there is
no signal on any of the channels, the noise on each signal is very similar. Therefore, by
subtracting the common noise component, the signal clarity would improve and by fitting
the waveform, a simple track reconstruction would be possible.

Since the common noise component was present on all 3 channels, the noise component
could not be subtracted easily when there were signals on all channels. Therefore, the
difference between the two channels was considered. Precisely, ch2 was subtracted from
chl, ch3 was subtracted from ch2, and chl was subtracted from ch3. Therefore, in this
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Figure 5.3: Single event obtained at Figure 5.4: Event with no signal ob-
ground. tained at ground.

case, the common noise component will be removed from each channel and whenever there
is a signal on any of the channels, the signal will have a certain start and end time with a
positive gradient. Furthermore, for multiple hit events, the end of the first hit should be
the start of the next hit, and so on. A single-track event can be divided into 14 different

hit patterns as shown in Table 5.2 (except for events that are perfectly horizontal to the
LArTPC).

First Signal Channel Last Signal Channel Number of Signals Hit Pattern

1 - 1 1
1 2 2 12
1 1 3 121
1 3 3 123
1 2 4 1232
1 1 ) 12321
2 - 1 2
2 1 2 21
2 3 2 23
2 2 3 232
2 1 3 2321
3 1 3
3 2 2 32
3 1 3 321

Table 5.2: Single track event hit patterns.

After the fit is completed for each subtracted signal, the fit functions are summed into
a single fit function. In addition, by comparing the summed fit function to the sum of
all three channels, the difference should be the common noise component multiplied by 3
(due to the summation of 3 channels). Figure 5.5 shows the subtracted signals being fit
and the difference between the summed fit function and the sum of three channels (shown
in pink). As shown in Figure 5.3, the signals on each channel are very distinct and have
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a certain start and end time with a positive gradient (the subtracted channel would have
a negative gradient component at the same time). The result of subtracting the common
noise component (shown in green) from each channel is shown in Figure 5.6. The event
used is the same as shown in Figure 5.3 but re-binned by 50. As shown, the signal is
much clearer, and due to the fit, the total signal voltage (height of the pink line in Figure
5.5) and the total signal time (time of the max height of the pink line in Figure 5.5)of the
track can be calculated. Furthermore, searching for events with particular hit patterns is
possible.
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Figure 5.5: Fitting the subtracted chan- Figure 5.6: Each channel with common
nels and the summed fit function. noise component removed.

5.3.2 Fit Result Comparison Between Ground and Flight Data

The fit method described in the previous section is valid for the flight data as there
were no major changes in the detector operation between the ground and flight. In this
section, the fit results are compared between the data taken on the ground and data taken
during level flight. For the event selection process, the following cuts were made:

1. At least one hit in any of the channels
2. Fit range is larger than 30 us

3. Chi?/NDF value of fit is less than 20

4. Total signal time is longer than 10 us

The fit results are shown in Figure 5.7. The histograms are normalized to the total
event number. For the bottom two plots, dV/dt represents the total signal voltage divided
by the total signal time for each event. The level flight data is shown in red and the ground
data is shown in black. As shown on the top left plot, for the flight data, there is a higher
ratio of events with a larger total signal voltage compared to the ground data. The bottom
left plot also implies that there is a higher ratio of events which deposits more energy per
unit time (length) for the flight data. This is as expected as the higher the altitude, there
are more primary cosmic rays such as protons which have a larger dE/dx than muons.
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Additionally, from the top right plot, it can be seen that the ground data has a higher
ratio of events with longer signal time. This suggests that at the ground, events are more
likely to pass from the anode to the cathode. Hence, the muons penetrating the LArTPC
at the ground are coming from above. Whereas, more events penetrate the LArTPC from
the side for the flight data. It can be seen from the bottom right plot, that for the flight
data, the events which have a short signal time have a large dV/dt. Again, this implies
that these events are not low-energy events occurring near the anode but particle tracks

that penetrate sideways.
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Figure 5.7: Fit result comparison between ground (black) and level flight (red) data. (Top
left) Total signal voltage ratio. (Top right) Total signal time ratio. (Bottom left) dV /dt
ratio (Top left) Total signal time against dV/dt.

As shown in Figure 5.7, there are more energetic events at higher altitudes. An
example is shown in Figure 5.8. On the other hand, low energy events were also obtained
during the start of the level flight when the trigger level decreased. Figure 5.9 shows a
gamma-ray Compton scattering candidate in which the signal is only on ch3 which is the
innermost pad. Since the rise time of the signal is ~20 us, this event occurred ~2 cm

below the anode.
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Figure 5.8: Energetic event obtained Figure 5.9: Gamma ray Compton scat-
during flight. tering candidate.

5.3.3 LAr Purity

As mentioned in Section 2.2.1, electronegative impurities absorb the ionized electrons.
Therefore, filling high-purity argon and maintaining the purity is essential for a LArTPC.
In this section, the LAr purity before and after the flight will be evaluated.

As mentioned in Section 4.3.1, for LAr that is 100% pure, the charge signal should
stay constant over time. However, when LAr has impurities, the charge signal and the

corresponding output signal from the charge preamplifiers would be as shown in Figure
5.10.
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Figure 5.10: Charge signal for LAr with Figure 5.11: Output signal for LAr with
impurities. impurities.

As shown in Figure 5.10 the current (charge signal) exponentially decays over time
with the electron lifetime as the time constant. Therefore, the output signal from the
charge preamplifiers will be a convolution between the current function and the charge
preamplifier response function as shown below:

Vour (£) = T (1) % b (1) = Q52 s Gain x ¢ s (5.1)
_ @ X Gain X Tamp X Tpur (e—i;i? - 6‘5J2‘2> (5.2)
(t1 — to)
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Here, 74, is the electron lifetime. For fitting this function, an output signal shown
in Figure 5.11 is ideal. Therefore, for the 3ch LArTPC, the ideal hit pattern for purity
evaluation would be 3, where a cosmic ray penetrates the LArTPC from the anode (above
ch3) to the cathode (under ch3), leaving only a signal in ch3.

By using the fit method described in the previous section, events with hit pattern
3 were found for the ground data and level flight data. Single events from the ground
and flight data are shown in Figure 5.12 and Figure 5.13, respectively. The dashed lines
represent the signal with the same total signal voltage but with different LAr purity. The
function above was used with the gain of the charge preamplifier as a free parameter
and the start and end of the signal fixed. Additionally, the time constant of the charge
preamplifier was set at 500 ps. It can be seen that for both ground and flight data, the
liquid argon purity is sub-ppb level and therefore the purity was maintained during the
flight. As shown in Figure 2.5, LAr purity of sub-ppb level corresponds to an electron
lifetime of ~300 ps. Since the LArTPC is 10 cm in height, the maximum drift time is
~100 ps which implies that the purity was sufficient to read out the ionized electrons.
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Figure 5.12: Hit pattern 3 event from Figure 5.13: Hit pattern 3 event from
ground data. flight data.

5.4 Event Rate Calculation

The analysis of event rates during the flight is crucial to understanding the performance
of LArTPC under different fluxes of cosmic rays. In this section, the results of the Geant4
simulations will be presented, which were conducted to estimate the event rates at different
altitudes. Following this, the simulated results and the actual data collected during the
flight will be compared.

5.4.1 Rate Calculation using Geant4 Simulation

The rate calculation was conducted with Geant4 simulation with initialization inputs
from EXPACS. Firstly, the flux, angular, and energy distribution of various particles
at different altitudes were calculated using EXPACS. Secondly, The angular and energy
distribution was used for the initialization of Geant4. Thirdly, the energy deposition
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distribution was outputted from Geant4 for each particle, for each altitude. Finally, the
rate at each altitude was calculated using the energy deposition distribution and flux of
each particle.

« EXPACS Simulation

Within the EXPACS simulation, the flux, energy distribution for energies between 0 to
10 GeV in 10 MeV bins, and angular distribution for every 10 MeV were calculated for
each particle, for each altitude. Furthermore, the latitude and longitude were set before
the simulation. For this simulation, the latitude and longitude were set for Taikicho, hence
35.75°N and 139.70°E, respectively. The simulated particles are protons, helium, mu,
mu_, e, e”, and gamma-ray. The simulated altitudes range from 0 to 27.5 km with 2.5 km
increments. As an example for mu™ at ground (0 km), the flux is 0.007422610 /cm?/s
and the angular distribution between 5 GeV and 5.01 GeV energy range and energy
distribution is shown in Figure 5.14 and Figure 5.15. The angular distribution is in the

form of cos(f) where 6 is the zenith angle.
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Figure 5.14: Angular distribution of mu* Figure 5.15: Energy distribution of mu*
at the ground for energies between 5 GeV at ground between 0 and 10 GeV.
and 5.01 GeV.

e Geant4 Simulation

The initialization parameters for the Geant4 Simulation are particle ID, particle energy,
particle direction, and number of events. The setup of the cryostat and LArTPC is shown
in Figure 5.16. The LAr in the cryostat was set to have a height of 160 mm from the
base, covering the LArTPC. Above the LAr, the space was filled with GAr.

For each iteration, the type of particle and altitude was chosen. Then, 400000 particles
were generated from a sphere of radius 800 mm which covers the entire cryostat. The
particle energy and particle direction were initialized based on the distributions as shown
in Figure 5.15 and Figure 5.14. Finally, the total energy deposition in the LArTPC
for each event was recorded. As an example, Figure 5.17 shows the energy deposition
distribution for mu™ at the ground.

« Rate Calculation
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Figure 5.16: Geant4 setup with LAr and GAr Figure 5.17: Energy deposition in
filled into the cryostat containing the LArTPC. LArTPC for mut at ground.

From the Geant4 output, the energy deposition distribution is obtained. Since the flux of
each particle at a given altitude can be calculated from EXPACS, the y-axis of the energy
deposition distribution can be converted into the rate. The calculation for the conversion
is stated below:

Rate (/s) = Flux (/cmZ/s) X ratio x OrthodromeArea (ch) (5.3)

In this equation, the flux is the calculated value from EXPACS, the ratio is the number
of events depositing a given energy divided by the total number of events generated in
Geant4 and the orthodrome area is mr? where r is the radius of the sphere which particles
are generated from. Therefore, by taking the energy deposition distribution, the flux
and orthodrome area is multiplied to each bin content and divided by the total number of
events. Figure 5.18 and Figure 5.30 show the rate of each particle at the ground to 27.5 km
altitude, respectively. Here, the y-axis is normalized to (/s/MeV). It can be seen that on
the ground, most of the particles entering the LArTPC are muons. On the other hand,
as the altitude increases, the rate of muons is suppressed and the rate of primary cosmic
rays such as protons increases. Additionally, the rate of events that deposit more energy
in the LArTPC is higher at higher altitudes compared to the ground. Furthermore, the
high-energy deposition events are induced by electrons and protons rather than muons

which are mostly MIPs.
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Figure 5.24: Rate at different altitudes (0.0 km to 12.5 km).
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Figure 5.31: Rate at different altitudes (15.0 km to 27.5 km).

By integrating the rate over the total energy deposit, a threshold distribution is made.
The threshold rate distribution describes the total rate at a given threshold. The threshold
rate distribution for the ground to 27.5 km is shown in Figure 5.32 and Figure 5.44,
respectively. From the threshold rate, it can be seen that the maximum rate is the
value of the first bin which is the total rate of events that deposit more than 1 MeV
in the LArTPC. Furthermore, when comparing the maximum rate between ground and
27.5 km, the maximum rate is 2 orders of magnitude larger at 27.5 km. Additionally, the
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rate gradually increases from 0.0 km to 20.0 km but decreases at higher altitudes.
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Figure 5.38: Threshold rate at different altitudes (0.0 km to 12.5 km).
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Figure 5.45: Threshold rate at different altitudes (15.0 km to 27.5 km).

5.4.2 Rate Calculation with Flight Data

For this flight, the AD2 modules used in the DAQ system had a maximum trigger
rate of 60 Hz. Therefore, the trigger rate was saturated during the flight and cosmic
rays that entered the TPC during dead time were not able to be recorded. Therefore, to
calculate the true rate, the distribution of event time intervals was used. In other words,
the interval between two corresponding events was filled in a histogram. By modeling the
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rate of cosmic rays entering the LArTPC as a Poisson parameter, the event time interval
distribution should be able to be fitted by an exponential function with the fit parameter
being the true rate given by:

y = Ae—RateXAt (54)

Therefore, to calculate the true rate at a given altitude, the time interval distribution
of 1000 events at a certain altitude was made at 2.5 km increments. Figure 5.46 shows
the event time distribution at 5 km altitude fitted with an exponential function. The
x-axis represents the time between each event, At in equation 5.4. Additionally, Figure
5.47 shows the true rate at each altitude from the exponential fit compared to a 5 MeV
threshold rate from the Geant4 simulation results. The rate calculated from the event time
interval distribution is shown in black and the threshold rate from the Geant4 simulation
is shown in red. As shown in Figure 5.47, the rate increases with altitude, reaches a
shower maximum at ~20 km which is observed for both the data and Geant4 simulation
results, and decreases after the shower maximum with increasing altitude. The difference
between the data and simulation results stems from the PMT having a TPB layer which
implies that events which does not enter the TPC but leave a track above the PMT are
included in the data. Whereas, the Geant4 simulation only considers the energy deposited
in the LArTPC.
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ference between the trigger time of succes-
sive events.

In addition to the comparison between the calculated rate and Geant4 simulations,
the top left plot which is the total signal voltage distribution in Figure 5.7, could be
compared to the rate plot from the Geant4 simulation. Firstly, the units of the x-axis
have to be converted from mV to MeV. In order to do this, the bottom left plot showing
the dV/dt distribution for ground in Figure 5.7 is used. This is because, for the ground
data, most of the events are muons. Therefore by fitting the dV/dt distribution with
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Figure 5.48: dV/dt distribution at ground Figure 5.49: (Black) Rate at level flight

fitted with a landau distribution. converted from total signal voltage distri-
bution. (Red) Summed rate of particles at
27.5 km from Geant4 simulation.

a landau distribution, the MPV value of dV/dt can be obtained. Since the dE/dx of a
muon (2.1 MeV/cm @ MIP) is known from the Bethe-Bloch equation, the conversion is
possible as follows:

wo_dv,

dt dz
Here, v is the drift speed of electrons in LAr, shown in Figure 2.7. At 200 V/cm,
the drift speed is approximately 0.12 cm/s. The dV/dt distribution fit with a landau
distribution is shown in Figure 5.48. The MPV value is calculated as 0.680540.001.
Therefore, 1 mV = 2.1 x 09%35 = 0.37 MeV. Secondly, the y-axis has to be converted.
This can be done by multiplying each bin by the flux at 27.5 km which is 130 Hz from

the calculated rate.

(5.5)

The converted plot from the total signal voltage distribution to a rate plot with MeV as
x-axis units is shown as the black line in Figure 5.49. The red line represents the summed
rate of particles at 27.5 km altitude which is the same as the black line in Figure 5.30.
The difference between the data and simulation arises from the data applying cuts to the
event selection. The difference is largest at low energies and higher energies. Regarding
the low energy region, the trigger level for the level flight data used is set at -200 mV, and
therefore low energy events were less likely to be triggered. At higher energy regions, the
events are more violent and could contain electromagnetic showers which are not a single
track, hence being rejected by the goodness of fit. However, the data and simulation are
in agreement within an order of magnitude from 10 MeV and above.

5.5 PMT Data Analysis

For this engineering flight, the PMT signal was used for the trigger in the DAQ system.
However, by analyzing the PMT data, the correlation between the LArTPC signal and
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the PMT signal can be understood. Furthermore, the Geant4 + EXPACS simulation
can be compared to the PMT data. This section will describe the signal processing and
analysis of the PMT data.

A typical PMT signal for a cosmic ray penetration event is shown in Figure 5.50.
As mentioned in Section 2.2.1, a fast (7 ns) component is followed by a slow (1.6 us)
component. As a characteristic of the PMT used for this flight, the signal contains an
undershoot component (red line in Figure 5.50. Therefore, the PMT signal is corrected as
shown in blue. By integrating the PMT signal, the total light yield for each event can be
obtained. Figure 5.51 shows the distribution of the total light yield of all events in black,
and the total light yield of cosmic ray penetration events with the hit pattern 12321 in
red. Both the distributions show a landau distribution as expected from cosmic rays.

LA B e s w s s e s s R

o
—_
(&)

0
> ' ' S10° L
% Corrected Signal Lﬁ &
S Raw Signal S
g 0.1 aw Signal ] S0
® Undershoot Component -g
5 g
72 i 1 Z
0.05 10
OE&’“ s - : ! g 408! k|
0 5 10 15 20 0 5 10 15 20 25

Time (us) Total Light Yield (V)

Figure 5.50: A typical PMT event for a Figure 5.51: Total light yield of PMT sig-
cosmic ray penetration event. nal. (Black) all events, (red) cosmic ray
penetration events with hit pattern 12321.

Next, the correlation between the total light yield from the PMT signal and the total
signal voltage from the LArTPC signals is investigated. The main purpose of this is to be
able to find a correlation between light and charge signals to convert the light yield into
energy deposited (as the conversion from charge to energy deposited has already been
established). Therefore, for cosmic ray penetration events with the hit pattern 12321, the
total light yield and the total signal voltage are calculated and plotted as shown in Figure
5.52. To visualize the correlation, the data along the X-axis (light) is projected, while
taking the average of the corresponding Y-values (charge) as shown in Figure 5.53. The
range of the total light yield was set from 0 to 5 V as there were limited statistics above
a light yield of 5 V. Then, a linear fit was conducted showing a correlation of 29.14 mV
of signal voltage per volt of light yield. Ideally, the fit should pass through the origin as
there should not be an event when there is a charge signal but no light signal as impurities
affect the ionized electrons more drastically. However, this could be explained due to the
data being limited to the cosmic ray penetration events with a hit pattern of 12321 and
a possible low light detection efficiency.

Finally, by using the correlation factor, the light yield can be converted to the energy
deposited by first converting the light to charge followed by the charge to the energy de-
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Figure 5.52: Plot showing the correlation Figure 5.53: Projection of the Total light
between light and charge signals yield to the total signal voltage.

posited. Therefore, the total light yield distribution shown in Figure 5.51 can be compared
to the rate plot from the Geant4 simulation shown in the red line in Figure 5.49. Firstly,
the x-axis is converted from total light yield to total signal voltage by multiplying each
bin by the light-to-charge conversion factor (29.14). Then, the same steps are repeated
as described in Section 5.4.2.
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Figure 5.54: (Blue) Rate at level flight converted from total light yield distribution.
(Black) Rate at level flight converted from total signal voltage distribution. (Red)
Summed rate of particles at 27.5 km from Geant4 simulation.

The result is shown in Figure 5.54, and the total light yield distribution converted
to a rate plot is shown in blue, drawn upon Figure 5.49. It can be seen that the rate
plot from the PMT data agrees better with the Geant4 simulation than the single-track
candidate. This is expected as the PMT data includes events in which the LArTPC
signals could not be fitted (electromagnetic showers). However, the Geant4 simulation
only considers events that deposited energy within the LArTPC volume. Whereas, the
PMT data includes events with only light signals and no LArTPC signals (due to a
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possible low light collection efficiency, cosmic rays penetrating the cryostat between the
PMT and the cathode). Therefore, improving the Geant4 simulation to include these
effects would produce more accurate results.
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6 Discussion

Through this engineering flight, a stable LAr handling system for a 22 L cryostat
with a small-scale LArTPC was established. As the main goal was to safely handle LAr
at balloon altitudes, the LAr handling system was designed to be robust with minimal
operations required during the flight. Furthermore, the LArTPC was designed to be as
simple as possible to prevent it from being a bottleneck during the R&D duration. Our
findings reveal that for a short-duration flight (a few hours), the LAr could be continu-
ously evaporated and the pressure could be maintained with a single absolute pressure
valve. Furthermore, the LAr purity was maintained with no circulation system required.
However, areas of R&D for future balloon flights were also identified and are summarized
below.

e LAr Evacuation Procedure

For this engineering flight, the LAr handling system consisted of an absolute pressure
gauge with two safety valves: differential pressure valve & rupture disk. In this system, the
cryostat pressure was maintained without electronics with no operations needed. The only
operation required during the flight was opening the solenoid valve to evacuate the LAr
during descent. As expected, due to the low atmospheric pressure, the LAr froze at the
solenoid valve outlet causing the evacuation pipe to be stuck until the atmospheric pressure
increased to the triple point pressure. For future flights, even if the LAr evacuation is not
necessary before recovery, to minimize the risk, a system able to evacuate LAr at higher
altitudes may be required, especially for future flights in which more LAr is needed for a
larger LArTPC.

e LAr Purity

In addition, operating the LArTPC and obtaining cosmic ray data was another objective of
this engineering flight. In evaluating the LAr purity through the LArTPC data, a relative
comparison to theoretical signals with different LAr purity was conducted. However, a
more quantitative approach would be to fit the LArTPC waveform with the final output
function to obtain the electron lifetime purity. The difficulty in this approach was the
uncertainty in the gain and time constant of the charge preamplifier under cryogenic
conditions. Therefore, for future flights, a thorough calibration process for electronics
is required for a more accurate analysis. Furthermore, although the LAr purity was
maintained and subsequent for a 3-hour flight with a 10cm LArTPC, a study on the time
degradation of LAr purity is required as for the full GRAMS flight at the South Pole, the
LAr purity has to be maintained for around 30 days.

« Event Rate (Pile Up)

Next, the event rate was calculated from the trigger rate interval and simulated from an
EXPACS + Geant4 simulation. The results showed that for a 10 cm x 10 cm x 10 cm
LArTPC, the shower maximum is approximately 200 Hz. Therefore, when considering a
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LArTPC of similar size to the GRAMS40 detector, the rate will increase by an order of
magnitude. Considering the drift time of electrons, a pile-up of events is expected. In
this case, various aspects need to be taken into consideration. For example, to counteract
the high rate, the electric field could be increased to drift the electrons faster and reduce
the DAQ time window. If so, a high-voltage supply system (>10kV) that can be operated
safely at balloon altitudes must be developed. Towards future flights, building the elec-
tronics for a larger LArTPC (a few hundred channels on the anode) with a higher rate,
under newly defined power and weight limitations are the next topics for R&D.
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7 Summary and Prospects

The GRAMS experiment is a next-generation balloon experiment utilizing a LArTPC
with the goal to simultaneously observing MeV gamma-rays and cosmic antiparticles. In
preparation for the long-duration balloon flight in Antarctica, various areas of R&D need
to be conducted. One of the main R&D topics is being able to handle LAr safely and
stably at balloon altitudes. To establish this milestone, an engineering balloon flight using
a small-scale 3ch LArTPC was conducted with JAXA’s balloon group on 27th July 2023.

The main objective of this flight was to establish a LAr handling system to monitor and
control LAr throughout the flight. For the full objective, a maximum altitude of 28 km
and a level flight of 10 minutes were requested. Also, the LArTPC was to be operated
during the flight to obtain cosmic ray data. Furthermore, as it was the first balloon flight
for the GRAMS experiment, it was essential to gain a thorough understanding of how
balloon experiments are conducted and the implications it may have for preparing and
utilizing LArTPCs for balloon experiments. The flight was successfully conducted and a
maximum altitude of 28.9 km was reached where a 44-minute level flight was completed.
The temperature and pressure of LAr were monitored during the flight and the pressure
was controlled with an absolute pressure valve. The LAr evacuation was completed during
the descent and a safe recovery of the payload was conducted.

The LArTPC was operated during the flight and cosmic ray data was obtained. In
analyzing the LArTPC data, the signals on the three channels were fit to obtain energy
deposition, signal time information, and track patterns. The LAr purity was evaluated
and the results show that the LAr purity was sub-ppb level before and during the flight.
In addition, the true event rate was calculated from the trigger rate and compared to an
EXPACS + Geant4 simulation. In both the data and simulation results, the rate function
shows a shower maximum at around 20 km altitude. In summary, the flight was successful
as the full objective was achieved.

Regarding the future R&D timeline for GRAMS, an antiproton beam test is planned
for Winter 2024 at J-PARC K1.8BR beamline. The main purpose of this test is to clarify
the antiparticle capture process in LAr which is one of the major milestones for GRAMS.
Therefore, the plan is to move the LAr test stand at Waseda to the K1.8BR beamline. For
the GRAMS40 LArTPC, the anode will be upgraded to have double the position resolution
(I cm to 0.5 cm pitch) and the readout electronics will also be upgraded to readout
120ch from the anode. Additionally, a balloon flight was approved by the NASA/APRA
program (pGRAMS) which will take place from Fall 2025 to Spring 2026 in Arizona,
USA. The goal of this balloon flight is to observe gamma-ray Compton scattering events
with the LArTPC. The LArTPC for this flight is planned to be comparable in size to
the GRAMS40 LArTPC which suggests that the particle tracking of various cosmic rays
would be possible. Furthermore, to reach an antideuteron sensitivity around 107°, a long-
duration balloon flight at high latitudes (>60°) and high altitudes (>35 km) is required.
The experience and insights gained from this engineering flight and pGRAMS will be
leveraged in future balloon flights reaching the scientific goals for GRAMS.
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A Vessel Designs

The blueprint of the Cryostat and the top flange is shown in Figure A.1 and A.2.
Figure A.3 is the blueprint for the pressurized vessel.
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B LARTPC EVENT ZOO

B LArTPC Event Zoo

This section of the appendix displays various events obtained throughout the flight
and their explanations.

e Cosmic Ray Penetration Events

The two events below show cosmic ray penetration events leaving two signals on chl and
ch2 and one signal on ch3. Figure B.1 shows the chl signal rising at around 15 ps and
the second signal on chl ends at around 75 ps. Since the electron drift time is around
1 mm/pus, it can be understood that the cosmic ray entered the TPC from the side around
1.5 ¢m below the anode and left the TPC 7.5 cm below the anode. On the other hand,
Figure B.2 shows a more vertical cosmic ray penetration due to an earlier rise of the first
signal and a later end of the second signal on chl.
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Figure B.1: Cosmic ray penetration exam- Figure B.2: Cosmic ray penetration exam-
ple (more horizontal). ple (more vertical).

o Stopped Events

The two events below show a cosmic ray stopped in the LArTPC. For a cosmic ray
penetrating through the LArTPC, it will either leave the LArTPC from the side or through
the cathode. In the former case, the last signal will be on chl which is the outermost
anode pad. In the latter case, the LArTPC signal should end at the full electron drift
time (110~120 us). Therefore, Figure B.3 shows a cosmic ray stopping around 7 cm below
the ch3 (innermost) anode pad and Figure B.4 shows a cosmic ray stopping around 9 cm
below the ch2 anode pad.
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e In flight Decay Candidates

The two events below show only a signal in ch3 with the signal rise time >20 us. Since
the signal rise time is >20 us, ionized electrons are only produced from 2 ¢m below the
anode. Therefore these events could be explained by a neutral particle (not producing
ionized electrons) decaying into charged particles in the LArTPC, from 2 c¢cm below the
anode. It could also be explained by a pair production from a gamma-ray. Furthermore,
the ch3 signal ends before the full drift time which suggests that the decay products are
stopped within the LArTPC.
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