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The General Antiparticle Spectrometer (GAPS) experiment aims to elucidate the nature of dark
matter by detecting low-energy antinuclei using a long-duration scientific balloon over Antarctica.
The GAPS detector consists of a tracker made of lithium-drifted Silicon detectors, surrounded by
two layers of Time-of-Flight (TOF) plastic scintillators. To achieve an energy resolution of 4 keV
FWHM in the 20–100 keV range, the Silicon detectors are cooled to −40◦C using Multi-loop
Capillary Heat Pipes (MCHPs), specifically developed for GAPS. The MCHPs transport heat
from the detectors to a radiator attached to the payload’s sidewall. On the ground, the radiator
is directly cooled by the Ground Cooling System (GCS) to enable detector testing. The GCS
consists of a chiller, a cold plate, and insulating foam. GAPS has completed successful instrument
commissioning during this past Antarctic launch season. During this period, we conducted cooling
tests to investigate the detector performance using the GCS. Unfortunately, GAPS was not able to
launch in the past season due to weather. GAPS remains assembled at the LDB site and stands
ready for its first scientific ballon flight in the austral summer of 2025-2026. In this talk, we will
present the results of the ground tests conducted during the 2024/25 season, with a particular focus
on the performance of the cooling system.
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1. Introduction

The General Antiparticle Spectrometer (GAPS) is a balloon-borne experiment designed to
probe the nature of dark matter through the indirect detection of low-energy cosmic antinuclei, in
particular antiprotons, antideuterons, and antihelium[1–3]. Among these, antideuterons serve as
a particularly promising signal due to their extremely low expected astrophysical background at
kinetic energies around 100 MeV/nucleon[4–6].

Unlike traditional cosmic-ray observation experiments that employ magnetic spectrometers to
measure particle rigidity and charge, GAPS utilizes a unique detection approach based on exotic
atom formation. When an antiparticle comes to rest in the detector material, it forms an exotic atom
by replacing an electron. This atom de-excites by emitting a series of characteristic X-rays and then
undergoes nuclear annihilation, producing a distinct set of secondary hadrons. This dual signature
offers strong particle identification capability[7].

The GAPS detector consists of two main subsystems: a central tracker made of lithium-drifted
silicon [Si(Li)] detectors and a surrounding Time-of-Flight (TOF) system composed of plastic
scintillators[8–10]. The Si(Li) detectors act as both the stopping medium for antiparticles and as
sensors for detecting X-rays and charged particles. To achieve the required energy resolution of
4 keV (FWHM) in the 20–100 keV range, Si(Li) detectors must be maintained at approximately
−40◦C. Accordingly, a dedicated thermal control system was developed to ensure stable operation
in the stratosphere. The TOF system provides hit timing and position, as well as deposited energy.
In addition, its signals are used for triggering. The entire payload is designed for launch aboard a
NASA Long Duration Balloon (LDB) from Antarctica, where persistent circumpolar winds during
the austral summer enable stratospheric flights of approximately 30 days under near-continuous
solar illumination.

After completing comprehensive integration and validation campaigns in Japan and the United
States, the Antarctic ground test served as the final full-system readiness check prior to launch. The
first flight was scheduled for the 2024/2025 austral summer, but unfavorable winds and the early
disappearance of the polar vortex prevented a launch attempt. This paper focuses on one of the key
subsystems, thermal management of the Si(Li) detectors, and presents the results of ground testing
conducted during the 2024/25 season.

2. Detector cooling system

2.1 Heat load to the Si(Li) detectors

During balloon flights, the Si(Li) detectors are subjected to two primary sources of heat:
internal dissipation from the detectors and their associated electronics, and external environmental
input. The internal heat primarily arises from the preamplifier circuit boards attached to each
detector module, which contains four Si(Li) detectors wafers. The full tracker consists of a 6×6
array of modules, each stacked in 7 vertical layers and three layers of passive detectors providing
target material. Although each board consumes only a small amount of power, the total internal
heat load accumulates to approximately 90 W. In addition, the detectors are exposed to external
thermal input from the surrounding environment. This contribution is highly variable, depending
on atmospheric conditions, such as surface albedo. The external heat load is estimated to range from
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80 to 180 W. As a result, the thermal control system must accommodate a total and dynamically
varying heat load of 170–270 W to ensure stable operation of the detectors throughout the flight. In
contrast, the heat load under ground-based conditions is expected to be higher than during balloon
flight, due to differences in ambient temperature and atmospheric pressure.

2.2 Flight model design of cooling system

As with any balloon experiment, minimizing both power consumption and payload weight is
mission critical. The cooling system must operate with minimal electrical power and be lightweight
to meet flight constraints. To fulfill these requirements, the system employs multi-loop capillary heat
pipes (MCHPs). This device passively transports heat without relying on consumable refrigerants
such as liquid nitrogen, or on electrically powered cooling mechanisms, including mechanical pumps
and cryocoolers. Instead, this approach relies on the principles of thermosiphons and oscillating
heat pipes, offering an efficient and low-power thermal control.

The GAPS MCHP consists of 36 capillary loops connected in series, corresponding to the 36
module towers of the Si(Li) tracker. Each loop is embedded in an aluminum support structure that
thermally interfaces with the Si(Li) detector modules. To enhance thermal coupling between the
detector modules and the embedded heat pipes, thermal couplers are inserted between the Si(Li)-
mounted aluminum plates and the heat pipe surface. The thermal conductance at this interface
was empirically measured and incorporated into the thermal design. The working fluid used in the
MCHP is R23, selected for its suitable thermophysical properties.

Figure 1 illustrates the thermal transport principle of the MCHP system and the overall heat
flow path within the GAPS payload[11]. In the tracker region (heating section), heat is absorbed by
the two-phase working fluid contained with the MCHP. This fluid transports heat via both latent and
sensible heat. The vaporized fluid flows through the upper adiabatic section toward the radiator,
where it condenses and releases heat to the environment (cooling section). The condensed liquid
returns through the lower adiabatic section to the tracker region of the next loop, thereby completing
the passive heat transfer cycle. To ensure stable and reliable operation, the MCHP system includes
a dedicated fluid reservoir. The reservoir temperature is controlled by a feedback-regulated heater,
which determines the saturation pressure of the working fluid and stabilizes the operating point, as
illustrated in Fig. 1(b). The reservoir also acts as a buffer, automatically adjusting the fluid volume
within the main loop in response to changes in heat load.

To monitor the thermal behavior of the cooling system in real time, Resistance Temperature
Detectors (RTDs) are mounted along the surface of the MCHPs[12]. These sensors provide
continuous measurements of the temperature distribution along the thermal path from the Si(Li)
detector modules to the radiator. Figure 2 presents representative temperature profiles recorded by
the RTDs before and after the cooling of the Si(Li) detectors during ground-based testing. This
real-time monitoring is essential for verifying uniform heat transport performance and identifying
any localized thermal anomalies during both ground-based testing and flight operations.

3. Ground cooling system

A comprehensive functional check of the entire GAPS payload is essential before flight. This
includes verifying that the detectors can reach and maintain their target operating temperature and
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Figure 1: Left: Schematic diagram of the MCHP operating principle in the GAPS system. Under two-phase
conditions, the working fluid maintains a constant temperature, which is equal to the reservoir temperature.
This diagram is obtained from Ref.[12] Right: Photograph of the GAPS payload overlaid with the routing of
the heat pipe loops from the Si(Li) tracker to the radiator, which measures 4 m in width and 2.3 m in height.

Figure 2: Representative temperature distributions measured by onboard RTDs along three MCHP loops:
(a) before and (b) after the Si(Li) detector cooling. Data were obtained during thermal validation tests on the
ground at Nevis Laboratories, Columbia University.

that the thermal system can effectively transport heat from the detectors to the radiator. Unlike at
high altitudes, radiative cooling is ineffective on the ground due to the higher density of atmosphere
and the limited view factor to cold space, making it difficult to sufficiently cool the radiator
through radiation alone. Furthermore, performing such tests on the ground presents practical
limitations. Large vacuum thermal chambers are not available in Antarctica, and modifying the
gondola configuration for test purposes is undesirable.

To overcome these constraints, a dedicated Ground Cooling System (GCS) was developed[13].
The GCS consists of three main components, as shown in Fig.3: a commercial chiller, a cold plate,
and thermal insulation. The chiller circulates a coolant fluid through the cold plate, which is attached
and thermally coupled to the external surface of the radiator. The cold plate maintains the radiator
at a target temperature well below the ambient temperature. This setup simulates the thermal
boundary conditions that would otherwise be provided by radiative cooling in the stratosphere. To
minimize heat load, the radiator and surrounding structures are enclosed in Styrofoam.
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Figure 3: Photograph of the Ground Cooling System (GCS) setup. The system includes a commercial
chiller, a cold plate attached to the radiator surface, and Styrofoam insulation to reduce environmental heat
load.

4. Ground test in Antarctica

During the Antarctic summer season of 2024/25, the GAPS team conducted full-scale inte-
gration and test operations on the ground at the Long Duration Balloon (LDB) site near McMurdo
Station. The entire thermal system was continuously operated for nine days to confirm readiness
for flight.

Figure 4 presents the temperature history of the heat pipe loop that is expected to have the largest
heat load. Figure 4(a) shows the temperatures recorded at four vertical positions along the tracker: 0
cm (purple), 50 cm (blue), 70 cm (green), and 90 cm (red) height from the bottom of tracker region.
Figure 4(b) displays the temperatures at the top (magenta) and bottom (cyan) of the radiator. The
reservoir temperature (black line) and the ambient air temperature (gray line) are also plotted in both
panels. While the temperatures of the radiator vary depending on external thermal conditions, the
tracker region maintains a nearly constant temperature, demonstrating effective thermal isolation
and control. As expected, the temperature in the tracker region was higher (around −30◦C) than
the target operational value (near −40◦C), due to enhanced convective heat transfer and a relatively
high radiator temperature (approximately −50◦C) during the ground operation. We expect that
the radiator temperature can reach below −65◦C during the flight, allowing the tracker region to
approach the target temperature of −40◦C. Notably, we achieved approximately −40◦C in the
tracker during the integration test at Nevis Laboratories, Columbia University, when the radiator
temperature was lower.

Figure 5 shows the temperature distribution along the heat pipe. The horizontal axis represents
the RTD index from the radiator outlet toward the tracker. The red line corresponds to a "hot case,"
characterized by higher ambient temperatures and environmental heat load. The blue line represents
a "cold case", under lower ambient temperatures and heat load. Figure 5(a) corresponds to the loop
expected to receive the highest heat load, whereas Figure 5(b) shows the one expected to receive the
lowest. Figure 5(a) and Figure 4 show data from the same loop. Although temperature gradients
appear near the radiator, the tracker region maintains a nearly uniform and stable temperature in
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Figure 4: Time history of temperatures during the nine-day operation test. (a) Temperatures measured
at four vertical locations along the tracker structure, 0 cm (purple), 50 cm (blue), 70 cm (green), and 90
cm (red) from the bottom. (b) Temperatures measured at the top (magenta) and bottom (cyan) of the
radiator. Black and gray lines indicate the reservoir and ambient air temperatures, respectively. As expected,
tracker temperatures remained around −30◦C, above the target of −40◦C, due to limited radiator cooling
( −50◦C) during the ground operation. In ground tests at Nevis Lab, −40◦C was achieved with lower radiator
temperature. Radiator temperatures below −65◦C are expected during the flight to enable the tracker region
to reach its target temperature.

both cases. Both the stability and uniformity of the temperature are essential for reliable Si(Li)
detector operation.

5. Conclusion

The GAPS experiment employs a novel thermal management system using multi-loop capillary
heat pipes (MCHPs) to passively cool the array of Si(Li) detectors in the stratospheric environ-
ment. This system is designed to maintain detector temperatures near −40◦C with minimal power
consumption and structural mass, which are critical constraints for long-duration balloon missions.

To perform the final readiness check, a 2024/25 ground testing campaign was conducted at
the Antarctic LDB site during the 2024/25 austral summer. The dedicated GCS was developed
to perform the cooling test without modifying the gondola configuration or relying on large-scale
vacuum facilities.

Throughout the nine-day test, the MCHP system demonstrated robust thermal control. As
expected, the tracker temperature was above the target temperature during the ground operation,
due to limited radiator cooling and enhanced convective heat transfer under test conditions. At
high altitude, where the radiator is expected to reach below −65◦C and convective heat transfer
is significantly reduced, the tracker region is expected to reach its operational target temperature.
In addition, real-time RTD monitoring confirmed uniform heat transport and effective thermal
regulation along the entire heat path from the detector modules to the radiator.

Prior to deployment to Antarctica, all integration, and subsystem-level validation were com-
pleted in the United States and Japan. The Antarctic ground operation served as the final end-to-end
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Figure 5: Temperature distribution along the heat pipe loop measured by RTDs. (a) The loop expected to
have the highest heat input. (b) The loop expected to have the lowest heat input. Red lines correspond to a
"hot case" with relatively high ambient temperature and large environmental heat input; blue lines represent
a "cold case" under lower ambient temperature conditions. While temperature differences are observed near
the radiator, the tracker region maintains nearly constant temperature in both cases, demonstrating stable and
uniform thermal control.

operational test to confirm flight readiness before flight. The successful operation of the GCS and
the thermal subsystem on the Antarctic ground confirmed readiness for flight. Unfortunately, GAPS
was not able to launch in the past season due to weather. GAPS remains assembled at the LDB site
and stands ready for its first scientific ballon flight in the austral summer of 2025-2026.
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