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Gamma-Ray and AntiMatter Survey (GRAMSYS) is a next-generation balloon/satellite ex-
periment utilizing a Liquid Argon Time Projection Chamber (LArTPC), to simultaneously
target astrophysical observations of cosmic MeV gamma rays and conduct an indirect dark
matter search using antimatter. Although LArTPCs are widely used in particle physics ex-
periments, they have never been operated at balloon altitudes. An engineering balloon flight
with a small-scale LArTPC (¢eGRAMS) was conducted on July 27, 2023, to establish a sys-
tem for safely operating an LArTPC at balloon altitudes and to obtain cosmic-ray data
from the LArTPC. The flight was launched from the Japan Aerospace Exploration Agency’s
(JAXA) Taiki Aerospace Research Field in Hokkaido, Japan. The total flight duration was
3 hours and 12 minutes, including a level flight of 44 minutes at a maximum altitude of
28.9 km. The flight system was landed on the sea and successfully recovered. The LArTPC
was successfully operated throughout the flight, and about 0.5 million events of cosmic-
ray data including muons, protons, and Compton scattering gamma-ray candidates were
collected. This pioneering flight demonstrates the feasibility of operating an LArTPC in
high-altitude environments, paving the way for future GRAMS missions and advancing
our capabilities in MeV gamma-ray astronomy and dark matter research.

Subject Index F00, FO2, F10, F40, H22

1. Introduction

1.1. MeV gamma-ray astronomy

Astrophysical observations at MeV energies have not yet been well-explored, leaving the so-
called MeV gap. However, it is a missing key for understanding the multi-messenger astro-
physical phenomena, the origin of heavy elements, and cosmic-ray acceleration [1]. The domi-
nant reactions for the MeV gamma rays are Compton scattering and photo-absorption below
10 MeV. A Compton camera is commonly used to determine the direction of MeV gamma rays
[2]. Because of the nature of the gamma-ray interactions in this energy range and the recon-
struction techniques required, a sufficiently large detector is needed to contain the gamma rays,
in addition to fine-grained spatial readout and excellent spatial and energy resolution. Thus, the
sensitivity of current gamma-ray missions for the MeV energy range is not as good as that of
detectors for the other energy bands. COMPTEL (The Imaging COMPton TELescope) aboard
the Compton Gamma-Ray Observatory, launched in 1991, succeeded in creating the first all-
sky map and detecting some nuclear gamma-ray lines, but it could only detect about 30 sources
for steady objects in the range of 0.75-30 MeV [3]. The INTEGR AL mission, launched in 2002,
improved the spectra of various nuclear gamma-ray lines and maps, particularly in the lower
energy range, up to 8 MeV [4].

1.2.  Cosmic-ray antiparticles

Various cosmic particles, including antiparticles such as antiprotons, are incident on the Earth
from space. The fluxes of antiprotons have been detected and measured by numerous ex-
periments [5-7]. The majority of the measured antiproton flux is explained by secondary
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Fig. 1. GRAMS LArTPC conceptual design. (Left) Multiple Compton scattering of MeV gamma ray.
(Right) Antideuteron capture into annihilation with argon nucleus producing multiple hadrons [13].

production in which primary cosmic rays such as protons are colliding with interstellar gas:
Pcr + pism — P+ X. However, a potential excess exists in the low-energy region around
1 GeV. While still debated, this excess could be potentially described by the annihilation of
dark matter (DM) with a mass around 50 GeV [8]. Despite the high-statistics antiproton mea-
surements, cosmic-ray antideuterons have never been observed. Currently, the only upper limit
on the antideuteron flux is placed by the BESS Polar-II experiment [9]. When considering the
DM model that describes the potential antiproton excess, the predicted antideuteron flux at
energies below 0.2 GeV/n from DM annihilation is significantly larger (S/N > 100) than the
expected astrophysical secondary flux. This difference arises due to the kinematic limitations
on the secondary production. In contrast, DM annihilation lacks these limitations, allowing
the production of low-energy antideuterons. Consequently, the search for antideuterons has
gained attention as a potential smoking gun for an indirect DM search.

1.3.  The Gamma-Ray and AntiMatter Survey (GRAMS) experiment

Liquid Argon Time Projection Chambers (LArTPCs) have become standard technology in par-
ticle physics experiments, particularly for direct DM detection and neutrino experiments [10—
12]. This is due to liquid argon’s favorable properties: dense (40% denser than water), abun-
dant (gas argon makes up 1% of the atmosphere), and highly sensitive to incoming parti-
cles (producing 40 photons/keV for scintillation and 1 fc/mm for ionization). However, LAr
is cryogenic and the difference between the melting and boiling points is only 3.5°C at 1 atm
pressure. Furthermore, LArTPCs require high-purity liquid argon (<1 ppb impurity) to func-
tion effectively. Therefore, infrastructure to maintain and control LAr is essential for LArTPC
experiments.

The Gamma-Ray and AntiMatter Survey (GRAMS) experiment is a pioneering next-
generation balloon/satellite experiment. It is the first project to utilize an LArTPC for simul-
taneous astrophysical observations of cosmic MeV gamma rays and indirect DM searches us-
ing cosmic antiparticles [13]. Figure 1 illustrates the conceptual design of GRAMS and the
detection principle of an LArTPC. As shown in Fig. 1, the GRAMS detector consists of an
LArTPC surrounded by two layers of Time-of-Flight (ToF) scintillators. For detecting charged
particles, the ToFs can provide velocity information of the incoming particles. Meanwhile,
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vetoing charged particles can provide time windows for detecting gamma rays. When a charged
particle enters the LArTPC, energy is deposited in the form of scintillation light and ioniza-
tion electrons. The wavelength spectrum of the scintillation light peaks at 128 nm and therefore
needs to be converted into visible light for detection by high-sensitivity cryogenic photosen-
sors, such as photomultiplier tubes (PMTs) or silicon photomultipliers (SiPMs). The ioniza-
tion electrons drift toward the anode due to the applied electric field. The X and Y positions
are determined at the anode (with a few mm pitch), whereas the Z positions are determined
from the drift time of the ionization electrons after the scintillation light is measured. It is
important to note that electronegative impurities such as water and oxygen absorb ionization
electrons and therefore high-purity LAr is needed to achieve high sensitivity across the entire
detection area.

As shown in the left side of Fig. 1, when a gamma ray enters the LArTPC, it may undergo
several Compton scatterings before being photo-absorbed or escape the LArTPC, allowing the
detector to function as a Compton camera with a large effective area. The energy and position
of the scattering points in the LArTPC are used in reconstruction algorithms to determine the
direction of the incident gamma ray. Therefore, the LArTPC works as a Compton camera with
a large effective area [14,15].

As shown in the right side of Fig. 1, when a charged antiparticle (7, 4, He) slows down and
stops in LAr through ionization energy loss, it forms an exotic atom with the argon nucleus.
The exotic atom de-excites, releasing X-rays, and at the end of the transition, the antiparticle
annihilates with the nucleus, releasing multiple hadrons, which can also be detected [16]. In
summary, the LArTPC can provide 3D-tracking information with deposited energy along the
trajectory (dE/dx) for charged particles, allowing for efficient particle detection and the detec-
tion of annihilation products (if any). Combined with velocity information from the ToFs, this
enables strong particle identification.

The GRAMS project has three major milestones. Firstly, the operation of an LArTPC as a
Compton camera. R&D for improving the position and energy resolution for an LArTPC to
accurately detect Compton scatterings is required. Secondly, a thorough understanding of the
reaction of antiparticles in LAr is required [17]. Although the antiparticle capture reaction has
been observed and studied with various target nuclei [18], high-statistics measurements of an-
tiparticle capture in LAr have not been conducted yet. Thirdly, the operation of an LArTPC at
balloon altitudes serves as a pivotal milestone for future GRAMS flights. Although LArTPCs
have been widely used for underground experiments, they have never been operated at balloon
altitudes. The only other liquid noble gas TPC operated at balloon altitudes is the Liquid Xenon
Gamma-Ray Imaging Telescope (LXeGRIT) experiment, which used liquid xenon TPC as a
Compton camera to search for MeV gamma rays [19]. To establish the milestone of operating
an LArTPC at balloon altitudes, an engineering balloon flight with a small, compact LArTPC
(eGRAMYS) was conducted on July 27, 2023, where a safe and robust operation of an LArTPC
at balloon-altitude conditions was established.

This paper will give an overview and discuss the results of the engineering flight as a part
of the GRAMS project. Section 2 provides an overview of this engineering flight. The LAr
handling system and the LArTPC used in this flight will be described in Section 3. A timeline
and summary of the flight will be presented in Section 4. The results of the flight including
the data from the LArTPC will be explained in Section 5. A final summary and the upcoming
events for GRAMS will be described in Section 6.
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Fig. 2. “Boomerang” flight trajectory from TARF.
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Fig. 3. A schematic diagram of the B23-06 balloon system.

2. The B23-06 flight campaign
Since 2009, science flights that were selected annually by the Institute of Space and Astronau-
tical Science (ISAS)/Japan Aerospace Exploration Agency (JAXA) scientific balloon program
advisory committee have been conducted at Taiki Aerospace Research Field (TARF) located in
Taiki, Hokkaido, Japan [20]. On September 30, 2022, we submitted a proposal for the GRAMS
engineering flight as a JAXA domestic scientific balloon program (PI: Hirokazu Odaka) [21].
In April of 2023, this engineering flight was officially approved as one of the balloon flights
for 2023 with two piggyback experiments, designated as B23-06. The flight trajectory for bal-
loons launched from TARF is shown in Fig. 2. During the flight season, which spans from
May to September, the seasonal wind pattern is an east wind in the upper stratosphere and
strong west-wind jet streams at lower altitudes. This results in a “boomerang” flight, increas-
ing the flight duration and enabling the collection of the payload and the balloon close to the
land.

The whole flight system consisting of a balloon, parachute, and gondola is shown schemati-
cally in Fig. 3. The scientific equipment (LArTPC), ballast, and bus system are contained in the
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Table 1. Weight of each component for the B23-06 flight.

Components Weight (kg)
Balloon Subtotal 201
Balloon 152
Packing 49
Gondola Subtotal 442
Gondola Frame 75
Ballast 158
GRAMS Cryostat 71
Liquid Argon 15
GRAMS Pressurized Vessel 31
Others (piggybacks, controller, etc.) 92
Total 643

gondola. The ballast is used to control the gondola’s weight, which enables the control of the
balloon’s altitude. The bus system is used for telemetry and command communications with the
ground. The gondola is connected to the parachute and balloon with a nylon rope, which can
be cut using a cutter that is initialized by telemetry command. The balloon has an exhaust valve
that can release the helium gas, to control the balloon’s altitude. In addition, vent tubes are used
to equalize the pressure inside the balloon to the atmospheric pressure. The total weight of the
system was 643 kg. Table 1 shows the weights of the individual components.

The requested flight parameters were maximum altitude of >25 km and level-flight dura-
tion of >0 min. The flight parameters were set to maximize the chances of a successful flight.
The minimum success for B23-06 was defined as maintaining and monitoring the temperature
and pressure of the vessel containing LAr and operating the LArTPC during the ascent. Fur-
thermore, the full success was to operate the LArTPC to obtain cosmic-ray and atmospheric
gamma-ray data during a level flight.

The R&D phase for this flight was approximately 6 months, following its proposal in Novem-
ber 2022. In the initial phase (Dec. 2022-May 2023), which was held mostly at Waseda Uni-
versity, the hardware components were designed and manufactured. Before transporting the
setup to JAXA’s Sagamihara campus, an LArTPC test was completed with the integration of
the readout electronics used for the flight. The next phase (May—June 2023) of preparation was
conducted at JAXA'’s Sagamihara campus where the software was mainly developed. Further-
more, a vacuum thermostatic chamber was used to test if the detector system was operational
under balloon-altitude conditions. Finally, in the final phase (June—July 2023), the gondola
setup was transported to TARF where full setup operational tests and telemetry configuration
tests took place. The Flight Readiness Review (FRR), which determines if the whole system is
ready for launch, was conducted on July 5. From the day of the FRR to the day of launch, the
cryostat was continuously vacuum-pumped to minimize outgassing, and sufficient LAr for the
flight was secured every day. On the day of the flight (July 27, 2023), the final operational test
took place at 12:00 AM. Upon clearance, flight B23-06 was launched at 03:55 AM and landed
on the sea at 07:07 AM, as shown in Figs. 4 and 5, respectively. All times mentioned hereafter
will be in Japan Standard Time (JST). A detailed timeline of the day of the flight and a flight
summary are given in Section 4.
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Fig. 4. B23-06 launch at 03:55 AM.

Fig. 5. Gondola floating after landing on the sea.

3. Payload design and components
As shown in Fig. 6 (top-left), the LAr vessel (shown in green) is placed in the center of the gon-
dola with two ballast boxes (shown in gray) on either side of it. The pressurized vessel (shown in
yellow) containing the electronics is placed in one corner. In the other three corners of the gon-
dola, the bus system (orange) and two piggyback experiments (red and purple) are placed. As
shown in Fig. 6 (bottom), the entire gondola is covered with 25 mm (bottom half) and 75 mm
(top half) heat insulation material (Styrofoam B2), because the atmospheric temperature drops
to at least —70°C at higher altitudes. The Styrofoam on the outer layer of the gondola was
colored with orange and white paint to improve its visibility. As the Styrofoam also acts as a
float after landing on the sea, extra Styrofoam was inserted in the gondola (top-right photo of
Fig. 6).

The gondola was designed to withstand 3 g in the horizontal (2 axes) and vertical directions
for the impact during launch and 7.5 g in the vertical direction for the impact during parachut-
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Fig. 6. (Top-left) Layout of each component in the gondola: The LAr vessel (green), the pressurized vessel
(yellow), the bus communication system (orange), and two piggyback experiments (red and purple).
(Top-right) Photo of the cryostat and pressurized vessel in the gondola. (Bottom) The exterior of the
gondola right before the launch, showing the heat insulator.

ing, with a 50% safety margin. The gondola frame mainly consisted of L-shaped aluminum
(A6065-t5, 500 x 500 x t5 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 steel screws. Stainless steel eye-nuts were used at the sus-
pension points, and extra-strong duralumin (A7075) was installed at the eye-nut fixing points.

3.1. LAr handling system

A schematic diagram of the LAr handling system and a picture of the LAr vessel are shown
in Fig. 7. The LAr is held in a stainless steel vacuum-insulated vessel 80 cm high and 25 cm
in diameter. As electronegative impurities, such as oxygen and water, in LAr absorb ionization
electrons, high purity (less than 1 ppb of impurity) is required in operating an LArTPC. To
ensure high-purity argon was filled, the LAr vessel was vacuum-pumped to at least 10~ Pa be-
fore filling through the manual valve (VF3 in Fig. 7). Then, LAr was filled through a handmade
filter, which consists of a molecular sieve and reduced copper [22]. Sufficient LAr was filled at
08:00 AM on the day before the launch. Then, the pressure and temperature of the cryostat
and the LAr liquid level were continuously monitored until the launch.
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Fig. 7. Schematic diagram of LAr operation system and image of LAr vessel. VG: Valves used in the
ground system. VF: Valves used in the flight system. ELF: Evaporator Liquid Flask.

To maintain argon in its liquid state, it was necessary to keep the inner pressure and tem-
perature above argon’s triple point (0.7 bar and 84 K). As the top flange will be near room
temperature, to reduce the heat inflow as low as possible and prevent LAr from contacting
the top flange and causing a sudden increase in pressure, the LAr vessel was designed to be
thin (2 mm) and tall (800 mm). Thus, this vessel has a heat inflow rate of around 15 W on the
ground (LAr evaporation rate of 0.25 L/hr and LAr level reduction of 7 mm/hr in the vessel)
and can hold enough LAr to operate the detector for more than 24 hours. The vessel pressure
was maintained by evacuating the evaporated argon (approximately 3 L/min) using an abso-
lute pressure valve manufactured by TAVCO (VF1 in Figs. 7 and 8). The operating pressure is
17.5 PSI (1.2 atm), and the maximum flow rate is about 20 L/min. Under normal operation, the
pressure can be controlled through the absolute pressure valve alone. The pressure inside the
detector was measured by an absolute pressure gauge, and the temperature inside the vessel was
measured by a platinum resistance thermometer. If the pressure rises sharply due to the impact
of launch etc., a differential pressure valve (SL-39, Venn Corporation) with a maximum flow
rate of 600 L/min is used to exhaust the gas (VF2) where the working differential pressure is
+1.5 bar. In case of abnormal evaporation of Ar beyond the evacuation capacity of the differ-
ential pressure valve, a rupture disk (RD) with a rupture pressure of +2.0 bar, manufactured
by V-TEX Corporation, is used to exhaust the evaporated argon. The piping to all pressure
valves ensured that the valve outlets would be above the sea surface after landing. In case of
the gondola overturning, a water-repellent cotton ball was attached to the valve outlets.

LAr was evacuated in the air during descent for safe recovery on the sea. Stainless steel piping
was extended to the bottom of the LAr vessel and the evacuation pipe extended to the gondola
frame. In this way, the difference between the inner pressure of the vessel and the atmosphere
allows the LA to be evacuated from the vessel through the siphon mechanism. The evacuation
of LAr is started and stopped by a solenoid valve (J263G210LT, Nihon Asco, Ltd.) shown
as VF5 in Figs. 7 and 8, which can be driven at low temperature at the pipe outlet. When
the evacuation is complete, the internal pressure becomes equal to the external atmospheric
pressure.
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Fig. 9. Detector system in the LAr vessel and components of the LArTPC. ESR+TPB: Enhanced spec-
ular reflector films coated with tetraphenyl butadiene.

3.2.  Detector system

The LArTPC consists of four side plates and an anode made with printed circuit boards
(PCBs), with a stainless steel meshed grid (for the cathode and anode grid), and its active vol-
ume is 10 x 10 x 10 cm?®. From the bottom to the top, the cathode is positioned at Z = 0 cm,
the grid at Z = 10 cm, the anode at Z = 10.5 cm, and the side plate is located on the side of
the active volume. The electric field is formed in the vertical direction with electrodes in the
side plate, which have a 1 cm separation and 100 M2 resistor in between. A 250 M resistor
is placed between the grid and anode (GND). During operation, a voltage of —2.5 kV was
applied to the cathode, resulting in a drift electric field of 200 V/cm from the cathode to the
grid and an induction field of 1 kV/cm between the grid and anode. The anode was a pad (not
a wire), to act as a countermeasure to vibrations and impacts during flight. The anode pad is
divided into three segments (channels), as shown in Fig. 9, with the outermost, intermediate,
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Fig. 10. Simulated detector output of a cosmic-ray (left) and gamma-ray (right) event. Each color rep-
resents the signal on each channel on the anode: (black) outermost channel, (blue) innermost channel,
and (red) intermediate channel.

and innermost channels having a dimension of 9 x 9 cm?, 6.6 x 6.6 cm?, and 4.2 x 4.2 cm?,
respectively.

The ionization electron signal is amplified and read out by a low-noise charge-integration am-
plifier (designed based on Ref. [23]) for each of the segmented electrodes. The gain and time con-
stant of the charge-integrating amplifier are 2 V/pC and 500 us (R =1 G, C = 0.5 pF), respec-
tively. The LAr scintillation light is wavelength-shifted to visible light (420 nm) by tetraphenyl
butadiene—deposited enhanced specular reflector films on the side walls of the TPC. The scintil-
lation light is detected by a PMT (Hamamatsu Photonics K.K. R6041-506) operated at +650 V
and located under the TPC cathode. The PMT signals were used as the start time of the charge
signals from the anode as well as the trigger for the data acquisition. Baffle plates connected
to the PMT and charge amplifier box are installed to ensure the TPC stays in place during any
impacts or vibrations. Also, it acts as a stopper for LAr, which is expected to move in the vessel
during launch.

The simulated events of a cosmic ray penetrating through the TPC and a gamma-ray Comp-
ton scattering in the middle of the TPC are shown in Fig. 10. To simulate the output of the
charge preamplifiers connected to each anode channel, a step simulation was conducted where
a particle was generated and the energy deposited in each step along the track was converted
to the output of the charge preamplifier. The outermost channel is labeled chl, and the in-
nermost channel as ch3. Since there is a grid below the anode, the time at which the signals
on each channel start to rise represents the z position of the electron. The y-axis in the plots
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Fig. 11. Inner structure and layout of the pressurized vessel.

represents the integrated energy (MeV), which was obtained by converting the output of the
charge preamplifier from volts to MeV using a conversion factor derived from the expected
output of a minimum ionizing particle (MIP) passing through the TPC. For a 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 chl and ch2 and one signal on
ch3. For the gamma-ray event, the Compton scattered event would show a point-like event, in
which the signal is only present in the channel above the Compton scattering position.

3.3.  Power supply and data acquisition systems
One of the technical challenges for this flight was developing the electronics under the con-
straints of a limited power supply, weight requirement, and balloon environments. As a coun-
termeasure to the decreasing temperature and pressure at balloon altitudes, all the electronics
were placed in a vessel with high airtightness as shown in Fig. 6 (top-right). To prevent conden-
sation inside the vessel, nitrogen gas was filled before the flight. The pressurized vessel used was
the 20 L vessel of the PCN-F series manufactured by MONOVATE Co. with some customiza-
tion in the top flange and the inner structure. The components inside of the vessel are shown
in Fig. 11.

The power supply system consisted of primary lithium batteries (3B0076, Electrochem) and
a custom-made power supply board (PSB, Shimafuji Electric Inc.). Lithium primary cells were
used because of their large capacity and ability to be operated at low temperatures. Eight
lithium primary cells were connected in series to provide 32 V (each cell has a voltage of 3.9V,
3.0 A at room temperature). The total capacity of the battery was 30 Ah x 3.9V x 8 = 936 Wh.
The total usage of the battery after all the tests and the flight was 130 Wh (14%). The PSB was
designed to distribute the power from the battery to each module via DC-DC converters. Also,
the PSB was designed to receive discrete commands (explained in the next section) through
JAXA’s communication system to turn on/off each module. To protect the battery, which has
to be used within a current of 3.0 A for safe operations, a current limiter was installed in the
PSB.

As shown in Fig. 12, the data acquisition system consisted of a Raspberry Pi 4 Model B
(RP), two units of Analog Discovery 2 (AD2, Digilent), and two high-voltage (HV) modules
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—— USB Connection —— High Voltage Control
—— Power lines —— High Voltage lines
— Signal lines —— Trigger line

Cryostat Pressurized Vessel

Fig. 12. Schematic view of the data acquisition system.

(C14051-15 for the cathode and C13890-55 for the PMT, both made by Hamamatsu Photonics
K.K.). The AD2 modules are connected to the RP via a USB 2.0 interface and digitized the
PMT signal and LArTPC signals at a sampling rate of 50 MHz and a maximum trigger rate of
60 Hz. The HV modules are controlled by two channels of digital-to-analog converters of AD2.

The LAr environment was monitored with an absolute pressure gauge and three resistance
temperature detectors (RTDs). The pressure gauge output was digitized by an analog-to-
digital converter (ADC) onboarded on the PSB, and the resistance of the RTD sensors was
digitized by a resistance digital converter (MAX31865, Analog Devices Co.). Both the ADC
and the resistance digital converter were connected to the Raspberry Pi via its General Purpose
Input/Output (GPIO) pins using Serial Peripheral Interface (SPI) communication for data
readout.

3.4. Telemetry and command system

In a balloon experiment, the detector system needs to be controlled and monitored remotely.
As the LArTPC requires a cryogenic operation, the temperature and pressure need to be mon-
itored frequently and communication with the balloon was essential for a safe operation. The
main methods of communication were through commands and telemetry. There were two types
of commands available for this flight: discrete commands and serial commands. The former are
hardware commands used to switch on/off each device, whereas the latter are software com-
mands used to send the setting information of the data acquisition and the HV operation.
The telemetry data were continuously sent from the balloon to the ground at a rate of around
1 Hz. The communication system between the balloon and the ground system was provided
by JAXA. The RP and PSB were connected to JAXA’s communication equipment on the bal-
loon as shown in Fig. 13. During the flight, various parameters such as the LAr vessel pressure
were monitored through the telemetry. Also, the LArTPC waveform was checked through an
on-demand telemetry, triggered by a given serial command.
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. Balloon

System

Cryostat Balloon

Fig. 13. Schematic diagram of JAXA’s communication system connected to the GRAMS system.
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Fig. 14. Flight trajectory of B23-06 (left) and altitude (right) for this flight.

4. Flight summary: July 27, 2023

At 08:37 AM on July 26, LAr was filled into the LAr vessel with a sufficient amount for the
flight on the following day. Until 12:00 AM, the LArTPC was operated to obtain cosmic muon
events at the ground for calibration measures. At 02:28 AM on the day of the flight, the final
operation check was completed and at 03:55 AM, the balloon was launched. Figure 14 shows
the flight trajectory in the left panel and the flight altitude in the right plot with the detector
operations for this mission. The GPS data were provided by JAXA/ISAS Balloon Group. As
illustrated in the left panel of Fig. 14, the balloon followed a boomerang trajectory due to the
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Fig. 15. Changes in LAr vessel pressure (red), atmospheric pressure (black), and LAr temperature (blue)
during flight.

directions of the jet stream winds at low altitudes being in the easterly direction and the winds
at higher altitudes being in the westerly direction. This boomerang flight enables a longer flight
duration and recovery of the gondola closer to the land on the sea. The right plot of Fig. 14
shows that the balloon was released at 03:55 AM on July 27, 2023; after an ascent of 2 hours
and 4 minutes, the balloon reached a maximum altitude of 28.9 km and moved to a level flight
at 05:59 AM for 44 minutes. At 06:43 AM, the gondola was released from the balloon and the
gondola landed on the sea at 07:07 AM.

At06:33 AM, before the gondola detachment, the solenoid valve (VF5) was opened to initiate
the release of LAr before the release of the gondola from the balloon. The completion of the
LAr release was confirmed at 07:00 AM during a soft descent facilitated by the parachute. Upon
confirming the completion of the LAr release, a completion code was sent to the recovery team
on the boat through iridium satellite communication. Subsequently, all power, including the
CPU, was immediately turned off.

The environmental data, including pressure and temperature, along with PMT waveforms,
were continuously recorded from the prelaunch phase until all power supplies were shut down.
The trigger level for the PMT signal was set to approximately 5 MeV of energy deposition inside
the LArTPC active volume, which corresponded to a few centimeters of charged particle track.
To prevent HV discharge within the LAr vessel, the HV to the cathode of the TPC was turned
on 5 minutes after launch and turned off before the release of LAr. The trigger level was lowered
for the first 20 minutes of the 40-minute level flight (500 keV for 10 minutes and 100 keV for
another 10 minutes) to obtain gamma-ray events with low energy deposits.

The payload safely landed on the sea at 07:07 AM and was recovered within a few minutes.
Following recovery, no damage to the gondola, LAr container, TPC, or the pressurized vessel
and its contents was observed.

Figure 15 displays the time variation of the pressure inside the LAr vessel (red line) and the
temperature of the vessel bottom (blue line) alongside the atmospheric pressure (black line).
The atmospheric pressure is represented as a value converted from altitude using the U.S. Stan-
dard Atmospheric Model [24]. Throughout the flight, the pressure within the LAr vessel was
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consistently maintained within the expected range of 1.1-1.2 atm (due to the absolute pressure
valve VF1). The thermometer, positioned below the liquid surface, monitored the LAr tem-
perature, confirming that the argon remained in the liquid phase from the time of launch to
the initiation of LAr evacuation. Hence, the internal pressure remained below the operating
pressure of the differential pressure safety valve and rupture disk throughout the entire period
from filling to recovery.

Next, our focus shifts to the LAr evacuation process: immediately after opening the solenoid
valve (VF5), the vessel’s pressure decreased, confirming the initiation of evacuation. How-
ever, within a few seconds, the liquid outlet closed, causing a subsequent pressure increase.
As anticipated, the sudden decrease in atmospheric pressure below the triple point led to the
rapid solidification of LAr near the evacuation piping outlet. Additionally, the LAr within
the evacuation tube vaporized, contributing to an elevated pressure inside the container com-
pared to the pre-draining state. Due to the repetitive opening and closing of the solenoid
valve (VF5) until the completion of liquid evacuation, the internal pressure experienced cor-
responding fluctuations. Following the separation of the payload from the balloon, the alti-
tude decreased, resulting in an increase in atmospheric pressure to approximately the triple
point. This change facilitated the smooth progression of the evacuation process. In this specific
flight, LAr evacuation occurred after the altitude decreased. For future flights, enhancing the
evacuation method such as by considering the installation of a heater in the evacuation line is
recommended.

5. LArTPC data analysis

As mentioned in Section 4, the LArTPC signals were successfully obtained throughout the
flight. A total of around 0.5 million events were triggered by the PMT and detected by the
LArTPC. The left and right plots in Fig. 16 illustrate a cosmic-ray penetration candidate and a
gamma-ray Compton scattered candidate obtained during the level flight. The black, red, and
blue lines represent the signal on each of the three anode channels. The green line corresponds
to the common noise component (subtracted from each signal channel). For the cosmic-ray
candidate, the signal on chl rises at 20 us and 60 us. Therefore, by considering the drift time of
electrons, this could be understood as a cosmic ray entering the TPC from the side 2 cm below
the anode and exiting the TPC from another side 6 cm below the anode. For the gamma-ray
candidate, the signal on ch3 rises at 20 us with no signals on the other channels. Therefore, this
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could be understood as a gamma-ray Compton scattering that occurred 2 cm below the anode,
under the inner pad on the anode.

The trigger rate was constrained by CPU performance, saturating at around 60 Hz. There-
fore, the event rate R at a given altitude was determined by fitting the distribution of the time
difference (A¢) between each event to an exponential function:

f(t) = A x exp(—R x At), (1)

where 4 is a scale factor and R is the event rate. The left plot of Fig. 17 shows the distribution
of the time difference at altitudes of 5 km (blue dots) and 20 km (black dots), and the cor-
responding fitting results (red lines). The right plot of Fig. 17 represents the rates calculated
by exponential fitting shown in black. A Geant4-based simulation with input conditions from
EXPACS [25] providing angular and energy probability information of each particle at given
altitudes was conducted as a comparison to the data. From the Geant4 simulation, the rate of
events that deposited more than 5 MeV in the LArTPC was calculated and shown in red. As
shown in Fig. 17, for both the obtained data and the simulation, the event rate increases with
the ascent of the balloon up to about 20 km, where the production of secondary particles from
primary cosmic rays reaches its peak, known as the shower maximum, before decreasing with
further altitude.

As mentioned in Section 3.1, LAr requires high purity for detecting charge signals on an
LArTPC, and the purity needs to be maintained during the flight. In Fig. 18 the left and right
plots show events obtained at level flight and the ground, respectively. As shown in Fig. 18, as
the particle leaves only a signal on ch3 shown in blue, this event is a penetration event where
a particle (most likely an MIP) passes vertically through the TPC. The dotted lines represent
signal functions fitted with corresponding levels of LAr impurities when the integrated energy
of the signal is kept as a constant parameter. It can be seen that the purity was maintained in
the flight as the purity was sub-ppb level before and during the flight.

6. Summary and future prospects
The GRAMS experiment is a next-generation balloon/satellite experiment aiming to detect

cosmic MeV gamma rays and cosmic antiparticles with an LArTPC. An engineering balloon
flight with a small-scale LArTPC was launched from JAXA TARF in the summer of 2023
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Fig. 18. Waveforms of LArTPC signal from flight data (left) and ground data just before the launch
(right). The colored dotted lines are predicted signals with different LAr purity.

to establish a safe LAr handling system for balloon environments. The LAr was monitored
and controlled safely during the 3-hour and 12-minute long flight. Also, cosmic ray data were
obtained from the LArTPC along with gamma-ray data from the level flight. The analyses of
the LArTPC data show that the LAr purity was maintained at sub-ppb level during the flight
and from the rate calculation, the shower maximum was consistently found for both the data
and simulation, resulting in a fully successful flight.

Regarding future plans for GRAMS, an antiproton beam test at the J-PARC K1.8BR beam-
line is planned for winter 2024 to quantitatively understand the antiparticle capture reaction
in LAr. Furthermore, a flight approved by the NASA/APRA program is planned between fall
2025 and spring 2026 in Arizona, USA. Finally, further development areas will be explored for
long-duration balloon flight in Antarctica using the full-size LArTPC detector.
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