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GAPS (General AntiParticle Spectrometer) is a balloon-borne large-acceptance experiment de-
signed to detect low-energy (< 0.25 GeV/n) cosmic-ray antinuclei during three ~35-day Antarctic
flights, the first of these planned for the 2024-2025 austral summer. The GAPS experiment,
currently in preparation for the first flight, consists of a tracker equipped with large-area lithium-
drifted silicon detectors and surrounded by a large-acceptance time-of-flight system made of
plastic scintillators. This design has been optimized to perform a novel antiparticle identification
technique based on an antinucleus capture and the subsequent exotic atom formation and decay,
allowing more active target material and a larger geometrical acceptance since no magnet is re-
quired. Although detecting the cosmic-ray antinuclei as an indirect dark-matter signature is the
primary goal of GAPS, many low-energy cosmic-ray nuclei will also be recorded. Nuclei do not
form exotic atoms in the GAPS detectors, and their detection is based on the measurements of the
ionization energy depositions, evaluation of the kinetic energy, and the stopping depth relative to
the measured velocity. An algorithm was developed to fit the slow-down of particles and antipar-
ticles tracked inside GAPS. The quantities fitted by this algorithm, together with the measured
velocity and energy deposition information, allow the identification of protons, deuterons, and
helium nuclei and the measurement of their spectra in a low-energy range (< 0.25 GeV/n). The
results of this analysis, based on detailed Monte Carlo simulation studies, will be presented in this
contribution.
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1. The GAPS experiment

GAPS (General AntiParticle Spectrometer) is a balloon-borne experiment designed to measure
low-energy (< 0.25 GeV/n) cosmic-ray antinuclei, especially antiproton (p) and antideuteron (d),
during a series of three long-duration flights at an altitude of ~37 km (~7 g cm~? of overhead
atmosphere) in Antarctica.

The GAPS experiment includes a multiple-layer tracker equipped with large-area lithium-drifted
silicon (Si(Li)) detectors, surrounded by a Time-of-Flight (TOF) system of thin plastic scintilla-
tors (see Figurel). This design has been optimized to perform a novel antiparticle-identification
technique based on antinucleus capture and the subsequent exotic atom formation and decay [1]
through a series of atomic transitions emitting characteristic X-rays. Finally, the annihilation of the
antinucleus with the atomic nucleus produces a nuclear star of several secondary particles, mainly
pions and protons, originated from a common vertex. The instrumental design allows a larger
geometrical acceptance since no magnet is required. The geometrical acceptance of the order of
~10 m? sr in the energy range [0.05; 0.25] GeV/n will enable GAPS to collect large statistics to
improve the sensitivities of antiprotons and lightest antinuclei. For more technical and scientific
details on the GAPS experiment see [2-7]

The GAPS experiment is scheduled for its first long balloon campaign confirmed for the 2024-2025
Austral summer from the McMurdo station in Antarctica. The polar location is ideal for studies of
low-energy cosmic rays because of the very low geomagnetic cut-off.

2. Light-nuclei with GAPS

Although the GAPS experiment is specifically designed for the detection of cosmic-ray antin-
uclei, the measurement of low-energy cosmic-ray nuclei is possible and well-motivated for several
reasons.

* The study of nucleus events with non-interacting single tracks allows to calibrate the instru-
ment and to gain insight into the systematic uncertainties.

* A high statistics test of the identification capabilities with protons and deuterons is preparatory
to the p/d analysis. Additionally, the p/d identifications will benefit from the information of
the annihilation (number of secondaries, X-rays, etc...), which will result in a higher rejection
power.

* Nuclei measurements will improve the understanding of the propagation of cosmic-ray light
nuclei, especially in the Heliosphere which heavily affects the propagation at low energies.
Thanks to the foreseen three flights, the nuclei fluxes will be measured during different
conditions of solar activity, allowing to test and calibrate cosmic ray solar modulation models.

* Moreover, models for secondary production in the atmosphere will be tested with a precision
of a few percents.
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Figure 1: Simulated deuteron with a kinetic energy of 90 MeV/n displayed on the XZ view. The event
was selected with the minimum bias trigger requiring one energy deposit in the umbrella ToF and one
energy deposit in the upper cube ToF. The black line represents the Monte Carlo trajectory while the red line
represented the reconstructed trajectory based on the hit associated with the track.

3. Light-nuclei identification

The identification performance of light nuclei were studied with simulated samples of protons,
deuterons, and helium nuclei. These data were generated by a GEANT4-based simulation software
developed to reproduce accurately the GAPS apparatus and the radiation-matter interactions inside
it. A custom algorithm [8], developed to reconstruct the topology of the annihilation stars generated
by the antinuclei stopping inside the GAPS experiment, was used in this case to reconstruct the
primary tracks of non-interacting nucleus. In contrast to antinuclei, the stopping nuclei inside the
GAPS instrument do not form exotic atoms in the target material.

A minimum bias trigger was required to select non-interacting nuclei. The trigger requires
a coincidence between one hit in the Umbrella or Cortina ToF and one hit in the Cube ToF. This
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Figure 2: The dE/dx deposited in the cube ToF for simulated helium nuclei and protons. The red dotted line
represents a selection cut that provides a proton contamination less than 1% over the whole velocity range.

trigger, in flight, would result in rates greater than 50 kHz. For this reason, the minimum bias trigger
will be prescaled with a trigger specifically designed for annihilating events which will result in a
rate of less than 100 Hz.

In addition, only events crossing the Umbrella and top Cube downward were selected to reduce
the component of secondary produced in the atmosphere, which is more relevant for very inclined
events. A dedicated analysis of spectra measured at different angles will be performed. Figure 1
shows an example of a simulated deuteron with a kinetic energy of 90 MeV/n stopping in the
tracker. The solid black line represents the simulated trajectory and the colored rectangular boxes
represent the digitized energy deposits (the color code for the energy is represented by the bottom
palette). The red line represents the reconstructed trajectory obtained with the hits associated with
the primary tracks which are the red dots. With a sample of events that survived these pre-selections,
the proton, deuteron, and helium separation was performed.

3.1 Helium nuclei selection

Helium nuclei selection is performed by means of the specific energy release which, according
to the Bethe-Block formula, for particles with electric charge Z = 2 is four times higher than Z = 1
particles. Figure 2 shows the dE/dX measured in the ToF Cube as a function of the reconstructed 8.
The dotted red line represents the helium nuclei selection which results in a proton contamination
of less than 1%. This cut allows to select helium nuclei with a negligible proton contamination over
the whole velocity range.

3.2 Deuteron selection

The isotopic separation between proton and deuteron requires additional selections since both
are Z = 1. Relativistic hydrogen isotopes release the same dE/dX values as a function of 5. The
selection of protons and deuterons is performed by exploiting their different kinetic energies and
consequently the different ranges inside the tracker.

In order to estimate the kinetic energy and other quantities, a fit of the slow-down profile of
the particles is performed. The fit is done using the energy deposits of the primary track. At least
three hit are necessary in order to perform the fit, thus only events with at least one hit in the tracker
are considered. The kinetic energy, the mass of the particle, and the range expressed in cm?/g are

113 is defined as the ratio between the particle velocity v and the speed of light ¢, S=v/c
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Figure 3: Range evaluated from the slow down fit as a function of the reconstructed £.

obtained. Combining cuts on these variables, the deuteron selection is performed. As an example,
Figure 3 shows the estimated range as a function of S for simulated proton (left panel) and deuteron
(right panel). It can be noticed that for the same S, deuterons are more penetrating and traverse more
material. The red line represents the deuteron selection cut. Combining several of these selections
is possible to obtain a clean deuteron sample.

Finally, the most relevant quantities for the deuteron identification turned out to be the dE/dX
release in the Umbrella, the estimated mass of the particle, the estimated kinetic energy and the
estimated range. In order to obtain the best performances, all these quantities were used as input of
a Recurrent Neural Network (RNN) known as Long-Short Term Memory (LSTM) [9] trained on
the samples of simulated protons and deuterons.

4. Performance

The performance was studied in terms of acceptance and rejection power. The top panel of
Figure 4 shows the deuteron acceptance for the minimum bias trigger configuration (green points)
as a function of the simulated kinetic energy per nucleon at the top of the instrument (TOI). The
acceptance is almost constant above 30 MeV/n and decreases below this value due to events that
stop in the Umbrella ToF. In the same figure, the red points represent the deuteron acceptance after
the selection cuts. It has to be noticed that selecting only events crossing the Umbrella and the top
Cube decrease the acceptance by more than a factor of 2 since this requirements reduce significantly
the angular aperture of the instrument. The blue point represents the contaminating protons.

The rejection power, defined as ratio of the deuteron over proton acceptance, is represented in
the lower panel of Figure 4. The light blue, orange and green arrows in the picture are benchmark
values corresponding to a 1%, 3% and 6% of residual proton contamination in the deuteron sample
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Figure 4: Top panel: Deuteron acceptance after the minimum bias trigger (green points) and after the
selection cuts and neural network analysis (red points) as a function of the simulated TOI kinetic energy
(see text for TOA conversion). The acceptance corresponding to the contaminating protons is represented
by the blue dots. Bottom panel: Ratio of the deuteron over proton acceptances (gray points) and proton
contamination value according to the cosmic-ray proton and deuteron fluxes near Earth.

considering typical value of cosmic-ray fluxes near Earth. With this preliminary analysis, it is
observed that GAPS allows to measure deuterons with a low proton contamination from ~30
to ~100 MeV/n. These energy intervals correspond to ~80 and ~130 MeV/n when expressed
in terms of top of the atmospher (TOA) energy values. The conversion was done running the
PLANETOCOSMIC? simulation tool and accounting for the atmospheric attenuation for cosmic
ray detected at ~ 37 km.

Figure 5 shows the accepetance and rejection power for helium nuclei. In this case the residual
proton contamination is well below 1% over the whole kinetic energy range. It has been estimated
that according to the S resolution, for helium nuclei (and protons) a measurements of the fluxes up
to 1 GeV/n (considering bins of 3 times the resolution in g) is feasable.

5. Conclusions and perspectives

This preliminary work demonstrates the capabilities of light nuclei detection and identification
with GAPS, an instrument specifically designed for antinucleus detection. With the estimated
acceptance and the expected trigger configuration, the fluxes will be measured with a statistical
precision of about a percent for deuterons and on the order of per mill for helium nuclei and
protons. These measurements will allow to improve the understanding of the cosmic ray light
nuclei propagation, especially in the Heliosphere which heavily affects cosmic rays at these energies.

2http://cosray.unibe.ch/~laurent/planetocosmics/
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Figure 5: Top panel: Helium nuclei acceptance after the minimum bias trigger (green points) and after the
selection cuts and neural network analysis (red points) as a function of the simulated TOI kinetic energy.
The acceptance corresponding to the contaminating protons is represented by the blue dots. Bottom panel:
Ratio of the helium over proton acceptances (gray points) and proton contamination value according to the
proton and deuteron flux near Earth.

Furthermore, models for secondary production in the atmosphere will be tested. The next steps of
this work will be:

* Improving the proton rejection power to reach negligible contamination for deuterons at least
up to 200 MeV/n.

» Estimate secondary protons, deuterons, and helium nuclei produced in the residual atmo-
sphere. This will help to validate and improve models for secondary production allowing to
separate and study the Galactic component.
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