PROCEEDINGS

OF SCIENCE

Integration and Calibration of the GAPS Antarctic
Balloon Payload

Riccardo Munini®”* and Field Rogers” for the GAPS collaboration
¢INFN, Sezione di Trieste, I-34149 Trieste, Italy

bIFPU, 1-34014 Trieste, Italy

¢SSL UC Berkeley

E-mail: riccardo.munini@ts.infn.it

With its inaugural Antarctic long-duration balloon mission in December 2024, the General An-
tiparticle Spectrometer (GAPS) will become the first experiment optimized to detect cosmic-ray
antinuclei below 0.25 GeV/n. Detection of a single antideuteron in this energy range would be a
smoking-gun signature of new physics, such as dark matter. The GAPS program will also provide
a precision antiproton spectrum in a previously unprobed low-energy range, as well as leading
sensitivity to antihelium-3. This new parameter space is accessible thanks to a novel particle iden-
tification method based on exotic atom formation, de-excitation, and annihilation. The method
provides a unique signature for the negatively-charged antinuclei, facilitating excellent rejection
of the positive-nucleus background, and does not require a magnet, enabling a large sensitive area
for rare events. The GAPS instrument is designed to provide excellent discrimination power for
rare events within the power and mass constraints of a long-duration balloon. The time-of-flight,
composed of 160 scintillator paddles, provides the system trigger as well as the GAPS energy
scale. The 2.5 m> tracker volume is instrumented with 10-cm-diameter silicon sensors, which
serve as the target, X-ray spectrometer, and particle tracker. Together, a large-area radiator and an
integrated oscillating heat pipe system cool the payload without a bulky cryostat. This contribution
reports the integration and calibration of the GAPS science payload, including the performance of
the sensitive detector subsystems, the cooling system, the power distribution, and data acquisition
and onboard event processing.
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Figure 1: The expected sensitivity of the GAPS Experiment to cosmic-ray antideuterons is compared
to the predicted flux from a sample DM model (red) and predicted background from known astrophysics
astrophysical backgrounds (blue, green) as well as limits by the BESS Experiment. Meanwhile, the expected
GAPS sensitivity to antiprotons (orange) will result in a precision spectrum extending to lower energies than
past measurements.

1. The GAPS science

The General Antiparticle Spectrometer (GAPS) [1-6] is the first experiment optimized to
measure low-energy cosmic-ray antideuterons. As illustrated in Figure 1, low-energy cosmic-ray
antideuterons constitute a dark matter (DM) probe that is uniquely free of astrophysical background.
While antideuterons are expected from a range of DM models, production via known astrophysical
processes is kinematically suppressed, so detection of low-energy antideuterons would indicate new
physics [7].
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Figure 2: The GAPS experiment integrated at SSL. The 10-layer tracker is the core of the apparatus. The
TOF appears partially integrated with the plastic scintillators forming the top Cube and the Umbrella. The
radiatior of the passive cooling system is shown on the right.

The GAPS detector is designed for the kinetic energies below 0.25 GeV/n, where the signal-
to-background is maximized for antideuterons from DM. GAPS will operate from an Antarctic
long-duration balloon, which provides flights of about 35 days at 37 km altitude, and a latitude that
minimizes geomagnetic effects. The first flight is expected for 2024. A novel exotic-atom-based
detection technique provides identification power for antideuterons and a large sensitive area for
rare events within the constraints of a balloon payload. Antinuclei are identified using a velocity
measurement in combination with exotic atom signatures. GAPS is expected to produce a high-
statistics measurement of the antiproton flux in the kinetic energy range of 0.08-0.25 GeV/n. It
will also perform rare event searches resulting in leading sensitivity to low-energy antideuteron
and antihelium-3 cosmic-ray fluxes. Figure 1 shows the expected antideuteron sensitivity assuming
three flights of 30 days each.

2. The GAPS experiment

Figure 2 illustrates the integration of the GAPS science payload. The instrument consists of a
TOF, which provides the velocity measurement and the trigger. It surrounds the tracker which serves
as target and X-ray spectrometer. The TOF, composed of 160 x 0.63 x (108 — 180) cm? scintillator
paddles, provides timing resolution < 400 ps using silicon-photomultiplier (SiPM) sensors and
custom readout electronics. This subsystem consists of an inner Cube which encloses the tracker
volume and an Umbrella panel positioned 90 cm above the Cube. In addition a Cortina surrounds
the vertical sides of the Cube with a spacing of 30 cm. Figure 3 shows a close view of the Umbrella
and top Cube Time of Flight integrated at Space Sciences Laboratory (SSL) in Berkeley as well as
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Figure 3: The time of flight system composed by bars of plastic scintillators read out by SiPm.

a single plastic bar with the SiPm attached at its end. The 10-layer tracker is composed of 1440
8-strip, 10-cm diamter, 2.5 mm thick lithium drifted silicon (Si(Li)) sensors [8] instrumentng a
2.5m> volume. Seven planes are read out with custom application specific integrated circuits [9].
The other 3 planes provide additional target mass and thermal balance. . Each plane is composed
by 6 x 6 modules, with one module consisting of four Si(Li) wafer each. Figure 3 shows the top
layer of the tracker with a close view of one module with the four Si(Li) cylinders. The tracker is
cooled in flight to -40°C using an oscillating heat-pipe (OHP) system [10] coupled to a radiator.
In flight, the radiator points away from the sun, while during ground calibrations, it is coupled to
a metal plate cooled by circulating -80°C methanol. The tracker is designed to provide <4 keV
resolution for 20 - 100 keV X-rays as well as a dynamic range up to 100 MeV. This contribution
discusses the integration of the GAPS tracker, TOF, thermal, power, and flight software subsystems.
It additionally reports on the calibration of the detector subsystems and of the instrument as a whole.

3. The GAPS integration timeline

* Spring-Summer 2022: GAPS integration started at Bates Massachusetts Institute of Technol-
ogy (MIT) laboratories with the mechanical structure assembling. Also the tracker integration
started at MIT with a total of five planes integrated during this period.

» September 2022-February 2023: The instrument was moved to the SSL, University of Cal-
ifornia at Berkeley, where the remaining tracker planes were integrated. The tracker was
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Figure 4: The top layer of the GAPS tracker. Each layer is composed by 6x6 modules made of 4 Si(Li)
cylinder divided in 8 strips (see zoomed pictures on the top right). The tubes attached to each module
compose the cooling system and ensure a nominal operating temperature between -40 and -45 degrees.

calibrated using cosmic muons, radioactive sources, and the self-calibration modes of the
ASIC.

Late 2022: the cooling system was fully integrated and tested. The thermal performance
on the ground was monitored using thermocouples positioned throughout the tracker. The
nominal performance was reached with the tracker modules all at approximately -30°C.

April-May 2023: the top Cube and part of the Umbrella ToF are integrated and tested. The
TOF timing response, energy scale, and velocity calculation are calibrated using cosmic
muons. The tracker was also tested with muon acquisition using the ToF trigger. The system
interfaces and integrated performance are also calibrated using cosmic muons.

June 2023: GAPS was shipped to the National Technical System (NTS) facility in Los
Angeles for thermal vacuum test (TVAC). The TVAC validated the comprehensive thermal
model for the instrument. Both the overall instrument temperatures from the coldest to the
hottest temperatures expected, as well as instrument subsystems, operated consistent with
this model. The GAPS instrument had full functionality, and muons were recorded on all
detector modules except of one, which can be repaired.

July 2023: the instrument was moved to Columbia Nevis Laboratory.

Future integration time-line

e Fall 2023: the instrument will be reassembled at Columbia laboratories in Nevis, New York.

* Winter 2023 - Spring 2024: extensive muon data taking for tracker calibration and TOF

system operation will be performed. Tracker Si(Li) will be calibrated with X-ray sources.



GAPS instrument integration Riccardo Munini

[ [ ; N
Spring-summer 2022 Fall 2022 : Fall-Winter 2022-23 Feb-Mar 2023
Pl Integration started at [~ Moved to SSL. Cooling system The 10-layer tracker composed
Bates (MIT). fully integrated and tested. : of 1440 Si(Li) detectors and
\ 3 y tested with muons.

July 2023 June 2l:!23 Late May 2023
GAPS moved to Columbia TVAC validate thermal model for GAPS shipped to NTS for thermal
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Figure 5: Timeline for the integration of the GAPS instrument to date.
* June 2024: the instrument will be moved to NASA facilities in Palestine, Texas for integration
with the ballooncraft and compatibility and hang test.

 Fall 2024: the detector will be shipped to the McMurdo station where GAPS will be tested
before the launch.

* December 2024: launch for the first 30 duration balloon flight.
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