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The Advanced Particle-astrophysics Telescope (APT) is a mission concept of a next-generation
space-based gamma-ray and cosmic-ray observatory. We present the simulation of the instrument
performance of the Antarctic Demonstrator for APT (ADAPT), a proposed long-duration balloon
instrument based on a small portion of the full APT detector. We construct a semianalytical
model of the MeV-GeV background for ADAPT based on observations from previous high-
altitude balloon experiments and simulations of the upper atmosphere. We find that the ADAPT
background is dominated by the gamma-ray albedo of the earth’s atmosphere. In the presence
of this background, we simulate a detector design based on a 45 cm X 45 cm detector composed
of 8 thin layers of Csl:Na scintillators. We develop and optimize reconstruction algorithms for
gamma-rays from a few hundreds of keV up to a few GeV energies. We present results of a
complete off-line analysis to derive the best reconstruction methods. At photon energies from
30 MeV to a few GeV, ADAPT could provide degree-level to sub-degree-level observations of
galactic and extragalactic gamma-rays with an effective area of above 0.05 m?. In the MeV regime,
our simulation shows that ADAPT can achieve a degree-level localization accuracy for gamma-ray
bursts down to about 1 MeV/cm? in the presence of the gamma-ray and cosmic-ray background.
ADAPT would be able to detect a few GRBs during the planned Antarctic balloon flight.
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1. Antarctic Demonstrator for the Advanced Particle-astrophysics Telescope

The Advanced Particle-astrophysics Telescope (APT) is a mission concept of a gamma-ray
and cosmic-ray observatory in an orbit around the second sun-Earth Lagrange point (L2). With
a multiple-layer tracker and an imaging calorimeter, APT is designed to observe gamma-rays at
energies from hundreds of keV up to a few TeV. Aiming at maximizing effective area and field
of view for MeV-TeV gamma-ray and cosmic-ray measurements, the current APT detector design
is based on 3-meter scintillating fibers read out by Silicon photomultipliers (SiPMs). The APT
detector includes a multiple-layer tracker composed of scintillating fibers and an imaging calorimeter
composed of thin layers of sodium-doped CsI (CsI:Na) scintillators and wavelength-shifting (WLS)
fibers. Crossed planes of WLS fibers are attached on top and bottom of the Csl:Na crystals to
measure and localize energy deposition.

The Antarctic Demonstrator for APT
(ADAPT) is a high-altitude balloon experiment
scheduled to fly during the 2025-2026 sum-
mer window in the Antarctic. The ADAPT
detector uses only ~ 1% of the total amount
of sensitive materials used in the full APT de-
tector. The ADAPT experiment is aimed to
demonstrate the potential of the APT instrument
and test our gamma-ray and cosmic-ray recon-
struction algorithms. The mission will provide

real-time alerts and localization of gamma-ray

bursts (GRBs) and other gamma-ray transients _
Figure 1: Geometry of the ADAPT payload and sen-

sitive detector for the Geant4 [1] simulation. The
ADAPT sensitive detector consists of 4 fully instru-
tector of ADAPT consists of 4 fully instru- mented ICC layers and 4 additional Csl-calorimeter
mented tracker/imaging-Csl-calorimeter (ICC) layers on bottom.

layers and 4 additional Csl-calorimeter layers

on bottom to increase the radiation length of the instrument. Each Csl-calorimeter layer includes

that occur during the long-duration Antarctic
flight. As shown in Fig. 1, the sensitive de-

3 x 3 tiles of 15cm X 15¢m X Smm Csl:Na crystals. The design will achieve a ~ 1/2 meter square
aperture for gamma-ray and cosmic-ray observations. We simulate gamma-ray and cosmic-ray
events for the ADAPT detector using Geant4 [1]. Detailed descriptions of the APT and ADAPT
science goals and instrument design can be found in [2—4]. The project status of APT and ADAPT
missions is described in [4].

As a high-altitude balloon mission, ADAPT will experience a strong background of gamma-ray
and cosmic-ray radiation produced near the Earth. The background is dominated by atmospheric
gamma-ray radiation and terrestrial cosmic-ray emission. In this paper, we describe a semi-
analytical model of the gamma-ray and cosmic-ray background for ADAPT based on observations
from previous high-altitude balloon experiments and simulations of the upper atmosphere. We
present the ADAPT performance of the GRB localization in the presence of the background. In
this paper, we also revise the optical-signal digitizer model for the ADAPT simulation based on a
separate Geant4 simulation of optical processes in a single ICC layer of ADAPT. We update the
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ADAPT angular resolution for the pair-event reconstruction accordingly.

2. Modeling the Gamma-Ray and High-Energy Particle Background for ADAPT

In this study, we construct a semi-analytical gamma-ray and high-energy particle background
model assuming a similar background high-energy particle intensity as measured by the Sub-MeV
gamma-ray Imaging Loaded-on-balloon Experiment I (SMILE-I) [5].

The number of gamma-rays that go through a detector (V) is a function of the detector’s
position (x) and the gamma-ray energy (E). We have N = N + N,, counts where N and N,
are numbers of the diffuse cosmic and atmospheric gamma-rays, respectively. Here, we define
N1 = w * N1 normal and Ny = 17 - N2 normal, Where N normal and N normal are numbers of the diffuse
cosmic and atmospheric gamma-rays from zenith (i.e., 8 = 0), respectively. Thus, the gamma-ray
spectrum, in terms of dN/dE, can be written as

dN _ dNZ,normal [ ( 1 (1)

— = — -1
dE aE - |“\Bo )H]’

where By = 8(6 = 0). Here, we note that the spectrum of normal-incident (i.e., § = 0) atmospheric
gamma-rays dN; normal/dE and the scattered component ratio S can be obtained from previous

observations and models. In this work, we adopted these results from [5].
In Eq. 1, w and n are related to incident gamma-ray vectors to the detector in the atmosphere.
At a given gamma-ray energy, the differentials of the two gamma-ray components Ny and N, can

be written as
dn, N

= 2

T ; (2)
and dnN.- N
2 2

e _ 1= 3
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where « is the secondary gamma-ray production per unit distance and / is the mean free path of
gamma-rays at the position x. We assume the atmosphere consists of a finite number of layers with
isotropically distributed air molecules in each layer, in which case @ and / are constants within each
layer. Hence, the differential equations (Eq. 2 and Eq. 3) in the i-th layer from the top of the
atmosphere are given by

dNy ; Ny
kd [ kd 4

dN, ; Ny ;
L L > 5
i a; I; s )

where «; and [; are « and [ in the i-th layer, respectively. For hy << Rg (where hy is the altitude of
the detector and Rg is the radius of Earth), Eq. 4 and Eq. 5 have solutions

X
Ni,;=Nii—1exp (—l—) (6)
X
Na; = ail; — (il; = Ny i—1) exp (_l_) . @)
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The solutions can be rewritten as

1
Nii=Nioexp|—x 7 (®)
PR
i-2 J 1
No; = a;l; - Z (ai—jli—j —ai—j_1li—j_1) exp (—X Z li—k)]
J=0 k=0
: : ©)
i—1 i—1 1
—ayliexp|—x Z — |+ Naypexp|—x
=0 li—j j=0 li—J
Here, we note that N; o is the total number
of cosmic gamma-rays and Ny o = 0. To simplify
the calculation, we assume the atmospheric gamma-
ray production rate « is proportional to the num- Lot
ber density of air molecules. In that case, we have g
a constant atmospheric gamma-ray production rate 53
per unit mean free path, assuming a fixed scattering
cross section per molecule, i.e. @;l; = A = constant.
Moreover, we define an effective mean free path o]
-1 (I] ZIS 5‘0 7‘5 160 155 1%0 1%5
i—1 1 6 (degree)
L= . (10) . . N
— Li—j Figure 2: Zenith-angle distribution of the back-
! ground gamma-rays N(6) at energies from 100
Hence, we have keV to 1 GeV from our model. N(0) is the
gamma-ray flux at zenith angle 6 = 0.
X
Ny = Noexp (-7 ), (11)
L
and
by
No~ Al -exp (_Z)]' (12)
We then obtain ®)
h—hy d(6
w=exp|——— - —= 13
p ( 7 7 ) 13)
for @ < m — arcsin (Rg/(Rg + ho)),
w=0 (14)
for 0 > m — arcsin (Rg/(Rg + hy)), and
1 —exp (—@)
n= (15)

1 —exp (—%)

where £ is the effective thickness of the atmosphere beyond which the cosmic gamma-ray attenuation
and the atmospheric gamma-ray production in the atmosphere can be negligible, and d(6) is the
distance along detector’s line of sight at a zenith angle 6 within the effective atmosphere.
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Figure 3: The ADAPT sky of gamma-rays, protons, electrons, and neutrons at energies from 100 keV to 1
GeV during a Ss exposure. The sky maps are azimuthal projected centered at the zenith. The bright ring
shown in the gamma-ray sky at zenith angle 6 ~ 0° shows the gamma-ray Earth’s limb.

Based on the cosmic and atmospheric gamma-ray spectra and the scattered component ratio
from [5], we determine the value of L and calculate the gamma-ray background rate from any
direction using Eq.1, Eq.13, Eq.14, and Eq.15. We note that, for ADAPT, the zenith angle 6
is the same as the inclination angle from the detector’s X-Y plane. Fig. 2 shows the zenith-angle
distribution of the background gamma-rays from our model. As we can see, the gamma-ray radiation
peaks at 6 ~ 90° from the so-called “Earth’s limb". The background is dominated by the gamma-ray
albedo from the atmosphere, where the flux at 6 > 90 is an order of magnitude larger than the zenith
flux.

For high-energy particles, we consider protons, electrons, and neutrons in our background
model. To simplify the calculation, we adopt the QinetiQ Atmospheric Radiation Model (QARM)
[6] spectra of these components as calculated in [5], and assume a linear change over cosine zenith
angle from the upward direction to the downward direction. Fig. 3 shows simulated sky maps of
gamma-rays, protons, electrons, and neutrons for a 5s exposure for ADAPT. As we can see, the
background for ADAPT is majorly contributed by atmospheric gamma-rays. Our current model is

for an atmospheric depth of 7 g - cm™2.
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3. Simulation of the Instrument Performance for ADAPT in the Presence of the
Background

To obtain a realistic profile of optical signals captured by the WLS fibers in the ICC layers, we
simulate the emission, propagation, and collection of optical photons in the Csl:Na crystals and the
WLS fibers in a single layer of the ICC detector using Geant4. We revise the signal digitizer in our
simulation of the full ADAPT detector based on the results from this optical simulation.

The APT instrument will function both as
a pair telescope for 30 MeV to 1 TeV gamma-

45
rays and as a Compton telescope with excellent i - 40
sensitivity down to ~ 0.3 MeV. In the Compton & 10' : 35
regime, each reconstructed Compton event is a g §§ P30
measure of the polar Compton angle, for which ¢ éi F25 2
the azimuthal angle of the scatter is unknown. § %i -20§
Thus, each reconstructed Compton event, in- ;f i 15=
cluding MeV gamma-rays from atmosphericra- 5 i 10
diation, results in a ring-shaped uncertainty re- ey i °
gion on the sky. For a gamma-ray transient such ot 100 0

fluence (MeV/cm?)

as a GRB, we localize the event by finding the
centroid of the brightest region resulting from
the pile-up of Compton rings in the sky map.
Such a Compton map is heavily contaminated

Figure 4: Error in reconstructed direction of a Band-
spectrum GRB versus fluence for multiple inclination
angles. The red solid and dashed line shows the es-

by the telluric gamma-ray and cosmic-ray radi- ;1 2ieq fluence of GRB170817A/GW170817 in the

ation. To obtain the GRB-localization perfor- ApT energy range. Histogram shows the count rate

mance for ADAPT in the presence of the back-  of GRBs from the first Fermi-GBM catalog [7] in the
ground, we simulate a large number of GRBs energy range from 10 keV to 1 MeV.

with spectral energy distribution described by

the Band function [8] for typical short GRBs with @ = —0.5, Epeax = 490 keV [9], B = -2.5,
and 799 = 0.3 s. We evaluate the localization error for a range of fluence values and for multiple
inclination angles from the detector’s X-Y plane (i.e., the zenith angle for ADAPT).

For each fluence value and inclination angle, we calculate the offset of the reconstructed position
from the true source direction. The 68% containment of the offset angle is plotted as a function of
fluence, as shown in Figure 4, where the estimated fluence of GRB170817A (an electromagnetic
counterpart of the gravitational-wave event GW 170817 [10]) in the APT energy range is shown as
the red dashed line and the shaded region shows the count rate of GRBs from the first Fermi-GBM
catalog [7] in the energy range from 10 keV to 1 MeV. As we can see, for zenith angle 6 < 75°,
ADAPT has degree-level accuracy of localizing bright GRBs with fluence > 1 MeV/cm™~2 in the
presence of the gamma-ray and cosmic-ray background.

Based on our revised profile of optical signals captured by the WLS fibers, we update the
ADAPT performance including the gamma-ray acceptance, effective area, angular resolution, and
energy resolution, as shown in Fig. 5 and Fig. 6, where performances of the Fermi Space Telescope
[11] and the proposed All-sky Medium Energy Gamma-ray Observatory (AMEGO) [12] are also
shown for a comparison. We find that the updated ADAPT performance is generally consistent
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with our prior result in [3] derived using an ideal light collection model based on the total internal
reflection. We can see that even with only ~ 1% of the total material of the full APT detector,
ADAPT is still able to achieve an acceptable performance to observe gamma-ray sources in the
MeV-GeV regime.
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Figure 5: Acceptance/geometry factor (left) and normal-incident effective area (right) versus energy. The
lower-energy solid black curves denote ADAPT Compton reconstruction and the higher denote ADAPT pair
reconstruction. Dashed red and dash-dotted green curves are for Fermi PSR2_SOURCE_V6 events and
AMEGO, respectively. Dashed blue and cyan curves show the Fermi-GBM effective area for the BGO and
Nal detectors, respectively.
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Figure 6: Angular resolution (left) and energy resolution (right) as shown by the 68% containment versus
energy. Solid black curves are for ADAPT with normal-incident events. Dashed red and dash-dotted green
curves are for Fermi PSR2_SOURCE_V6 events and AMEGO normal-incident events, respectively.

4. Summary and Discussion

In this paper, we present a model of the gamma-ray and cosmic-ray background for ADAPT. At
photon energies from 30 MeV to a few GeV, ADAPT could provide degree-level to sub-degree-level
observations of gamma-rays from both galactic/extragalactic gamma-ray sources and atmospheric
gamma-ray radiation with an effective area of above 0.05 m?. In the MeV regime, our simulation
shows that ADAPT can achieve a degree-level localization accuracy for gamma-ray bursts down to
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about 1 MeV/cm? in the presence of the MeV gamma-ray and cosmic-ray background. Given the
distribution of the GRB fluence from Fermi-GBM observations as shown in Fig. 4, ADAPT would
be able to detect a few GRBs during the planned Antarctic balloon flight.

Recently, we introduce SiPM-based edge detectors for ADAPT to improve the collection rate
of scintillating lights from Csl:Na crystals. In this paper, however, we focus on a complete off-line
analysis to derive the best reconstruction methods using WLS fiber signals in the presence of the
background. To make the simulated ADAPT performance comparable to previous APT and ADAPT
analyses [3], the results presented in this paper are based on the same event-reconstruction and GRB
localization algorithms as used in [3]. Our preliminary modeling of the front-end electronics as well
as the simulation of the light propagation in the ICC unit and light collection using the edge detectors
are presented in [13]. The GRB-localization performance of ADAPT using the edge-detectors and
based on the preliminary front-end computational models is described in [14].
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