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Mega electron volt (MeV) gamma-ray observations are promising diagnostic tools for observing the
Universe. However, the sensitivity of MeV gamma-ray telescopes is limited by peculiar backgrounds,
restricting the applicability of MeV gamma-ray observations. Thus, background identification is crucial in
the design of next-generation telescopes. Here, we assessed the background contributions of the electron-
tracking Compton camera (ETCC) onboard SMILE-2+ in balloon experiments. This assessment was
performed using Monte Carlo simulations. The results revealed that a background below 400 keV existed
due to the atmospheric gamma-ray background, cosmic-ray/secondary-particle background, and accidental
background. Moreover, an unresolved background component that was not related to direct Compton-
scattering events in the ETCC was confirmed above 400 keV. Overall, this study demonstrated that the
Compton-kinematics test is a powerful tool for removing backgrounds and principally improves the signal-
to-noise ratio at 400 keV by an order of magnitude.
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I. INTRODUCTION

Mega electron volt (MeV) gamma-ray observations have
been used to investigate various unresolved issues in modern
astrophysics, such as the particle acceleration processes of
relativistic jet and outflow sources [1], the origin and
propagation of low-energy cosmic rays associated with
star formation [2], and the nucleosynthesis and chemical
enrichment of our Galaxy [3]. In particular, the morphology
of a bright gamma-ray e"e™ annihilation line cannot be
easily explained using conventional astrophysical sources,
such as type la supernovae, massive stars, microquasars,
and x-ray binaries, and has thus remained an issue in sub-
MeV observations [4,5]. Recently, Advanced LIGO and
Virgo established the foundation of gravitational wave
astronomy [6]. In addition, IceCube [7] has detected
astrophysical neutrinos. The astrophysical sources of gravi-
tational waves and high-energy neutrinos are expected to
emit high-energy gamma rays [8,9]. Therefore, coincidence
observations of gamma-ray signals in time and space are
desired to obtain complete and complementary information
for new astronomy concepts in the multimessenger epoch.

The Compton telescope COMPTEL onboard the Compton
gamma-ray observatory has been the most successful
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experiment in the field of MeV gamma-ray observations
[10]. The novel tools employed for background reduction in
COMPTEL can measure the time-of-flight (TOF) and the
pulse shape discriminator (PSD). The TOF information aids
in distinguishing forward-scattered and backward-scattered
events, and the PSD enables the rejection of neutron scatter-
ing events in organic scintillators [I11]. Although the
COMPTEL telescope is an ingenious device, it has only
moderate sensitivity due to unexpectedly high background
contamination and thus requires the application of strict data
cuts such as the so-called Earth horizon cut. In practice, the
achieved sensitivity requires an observation period that is 4.5
times longer than the predicted duration. Arguably, the next
generation of Compton telescopes should include other
comparable background-rejection features, such as consis-
tency checks for the Compton kinematics measuring either
the direction of the Compton recoil electron [12,13] or
multiple Compton interactions [14].

Therefore, we proposed the sub-MeV/MeV gamma-ray
imaging loaded-on-balloon experiment (SMILE) [13,15])
using an electron-tracking Compton camera (ETCC),
which can record all information regarding Compton
kinematics, including the direction of the Compton elec-
tron. The ETCC enables gamma-ray imaging based on
geometrical optics [16,17]. A second balloon experiment,
hereafter referred to as SMILE-2+, was conducted to

© 2023 American Physical Society
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observe the Crab Nebula in 2018. We successfully
obtained a significance of 4.0¢ in the energy range of
0.15-2.1 MeV [18] and acquired data for approximately
one day at high altitudes, which were utilized for back-
ground validation.

The ETCC includes a scattering and absorption medium
similar to the medium used in the conventional Compton
camera. We expect that the gamma ray initially loses the
partial energy in the scattering medium via Compton
scattering interactions, followed by complete absorption
in the absorption medium, hereafter referred to as the ideal
Compton event. However, several undesired events can
occur, such as the double Compton scattering event, the
back-scattering event in which the gamma ray was initially
scattered on the absorption medium, and the accidental
event in which two photons interacted in each medium. The
ETCC provides a powerful tool to discriminate ideal
Compton events from undesired events: a consistency
check of the Compton kinematics based on the direction
information of the recoil electron. We can calculate the
differential angle « between the scattering gamma ray g1
and the recoil electron e with two approaches. The first is a
geometrical calculation, which is formulated as

COS Uye, = & - €. (1)

The second is a Compton kinematics calculation, which is
formulated as follows:

m.cr\ | K
R e ’ )
COS akm < Ey > Ke + 2meC2 ( )

where m. denotes the electron mass, E, represents the
energy of the scattered gamma ray, and K, represents the
kinetic energy of the recoil electron. The difference value
A cos a(= €OS Qge, — COS jyy) is crucial for identifying
ideal Compton events which yield A cos a = 0. In practical
scenarios, because the measurement of such parameters
involves uncertainties associated with the resolution, the
A cos a distribution of the Compton event is broadened.
Figure 1 shows the calibration data of A cosa obtained
using various gamma-ray sources. Here, the black and blue
points represent the unselected electron energy data and the
selected data of 5 keV < K, < 50 keV, respectively. In the
ETCC onboard SMILE-2-+, poor determination accuracy
for the recoil direction of the low energy electron leads to
the broadening of the A cosa distribution [19]. However,
the shape of the Acosa distribution provides sufficient
information to ensure the detection of the Compton
scattering event.

In this study, we reanalyzed the SMILE-24 data and
elucidated the background contribution using Monte Carlo

1 .
e and g are unit vectors.
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FIG. 1. Calibration data of Acosa obtained using '3’Cs

(top-left panel), ®Co (top-right panel), '**Ba (bottom-left panel),
and ?’Na (bottom-right panel). Ideal Compton events accumulate
in the peak around zero. The black points show unselected
recoil electron events. The blue points represent selected events
with 5 keV < K, < 50 keV.

simulations. Furthermore, we confirmed that the additional
parameter A cosa can aid in identifying ideal Compton
events. The remainder of this paper is divided into four
sections. In Sec. II, the SMILE-2+ balloon flight experiment
is introduced, and the background dataset used to evaluate
the simulation results is established. In Sec. III, the SMILE
instrument and the mass model used in the Monte Carlo
simulations are briefly described. Furthermore, the radiation
environment at the balloon altitude and the general charac-
teristics of the background component are specified. In
Sec. IV, the experimental data and background simulation
results are compared, and the background contribution to
SMILE-2+ is discussed. Finally, the Compton kinematics
test results are validated in Sec. V.

II. SMILE-2+ BALLOON FLIGHT
AND DATASET

The flight trajectory of the SMILE-2-+ balloon is shown
in Fig. 2. The balloon was successfully launched from the
Australian balloon launch station, Alice Springs, on
April 7, 2018, at 06:24 Australian Central Standard
Time (ACST). The balloon attained a floating altitude of
39.6 km after an ascent time of 2 h, and the operation was
terminated at 10:53 ACST on April 8, 2018. The total
duration of the high-altitude observation was approxi-
mately 26 h.

The atmospheric depth and the vertical cutoff rigidity
varied slightly as the balloon floated at high altitudes.
Figure 3 shows the time variations of the zenith angle of the
bright sources, the atmospheric depth, the vertical cutoff
rigidity calculated by PARMA [20], and the measured count
rate in the energy range of 150-2100 keV. The decrease in
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FIG. 2. Flight trajectory of the SMILE-2+ balloon launched
from Alice Springs at 06:24 ACST on April 7, 2018, until the end
of the operation at 10:53 ACST on April 8, 2018. The orange line
shows the selected data, which were used as steady background
observations. The contour lines show the cutoff rigidity calcu-
lated via PARMA.

altitude (increase in atmospheric depth) from 12:00 to
08:00 ACST can be attributed to sunset. Fluctuations in the
atmospheric depth and the cutoff rigidity can lead to
alterations in the number of atmospheric gamma rays,
cosmic rays, and secondary particles induced by inter-
actions between cosmic rays and atmospheric materials. In
reality, the measurement rate which was adopted by the
gamma-ray selection [18] except for the Compton kin-
ematics test in the field of view (FOV), corresponding to a
zenith angle below 60°, includes the atmospheric gamma
rays and the background gamma rays induced by the
cosmic rays and the secondary particles. This parameter
was correlated to the air mass and cutoff rigidity. Therefore,
the dataset obtained from 09:00 to 12:00 on April 7, 2018,
was defined as the steady background data and analyzed in
the background validation. This duration included no bright
sources such as the Crab Nebula or the Galactic Center in
the FOV. The time-averaged altitude, atmospheric depth,
vertical cutoff rigidity, and count rate of the steady back-
ground data were 39.5 4 0.06 km, 2.98 & 0.06 g/cm?,
8.69 £ 0.05 GV, and 0.65 + 0.01 count/sec, respectively.

III. BACKGROUND SIMULATIONS

Background simulations were performed using
Monte Carlo simulations based on Geant4 version 10.4 [21].
The simulation tool was optimized for SMILE-2+. The
detector response of the ETCC, such as the effective area
and the point spread function, reproduced the experimental
data [18]. We implemented a deep-learning method to
improve the reconstruction accuracy of the recoil direction
of the electron and the scattering position [19]. The point
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FIG. 3. The first panel shows the zenith angle of the bright
sources. The second panel shows the time variation in the
atmospheric depth. The third and fourth panels show the time
variation of the altitude and vertical cutoff rigidity calculated via
PARMA, respectively. The last panel presents the measured count
rate with the gamma-ray selection in the FOV. The orange-shaded
region indicates the dataset selected as the steady background
observation.

spread function was improved by 32% compared with the
conventional method [18]. In addition, we adopted the
ANNRI-Gd model to simulate the gamma-ray energy
spectra of the thermal neutrons captured on '3’Gd and
135Gd [22,23]. In this section, we describe the mass model
used in the simulations and the environmental radiation
related to the simulated particles. Finally, the types of
background events triggering the ETCC detector are
categorized for convenience.

A. Instrument and mass model

The SMILE-2+ instrument, including the detector per-
formance, is described in Ref. [18]. Briefly, the ETCC
detector onboard SMILE-2+ includes a time projection
chamber (TPC) functioning as a Compton-scattering target
and pixel scintillator arrays (PSAs) acting as gamma-ray
absorbers. The TPC is filled with an argon-based gas
(95%Ar + 3%CF, + 2%iso-C4H;y). A micropattern gas
detector, u-PIC [24] with 768 x 768 strips, is mounted
on top of the TPC. The detection volume of the TPC is
30 x 30 x 30 cm?. The TPC is surrounded by 108 PSAs.
Each PSA is made of Gd,SiOs:Ce (GSO) scintillators of
8 x 8 pixels with a pixel size of 6 x 6 mm?. The thick-
nesses of the bottom and side PSAs are 26 mm and 13 mm,
respectively.

We developed a detailed mass model corresponding to
the SMILE-2+ instrument to obtain a reliable detector
response in the Monte Carlo simulations. Figure 4 shows a
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FIG. 4. SMILE-2+ mass model.

schematic of the constructed SMILE-2+ mass model. An
aluminum outer vessel was located on an aluminum
gondola. To remove charged cosmic rays, a veto system
consisting of a 5 mm-thick plastic scintillator was used and
placed on top of the TPC. The interior vessel, which was
composed of stainless steel and aluminum, was used to
cover the gas TPC and GSO scintillators. The GSO
scintillators were supported by aluminum and Teflon
frames. Two lithium batteries were installed under the
inner vessel. A ballast of iron sand was placed at the bottom
of the gondola (not included in Fig. 4) to maintain the
floating altitude. Table I summarizes the primary materials
and masses in the instrument. The total mass of the
constructed model was 729.2 kg, which differed from
the measured mass by 9.1%.

B. Radiation environment

Since, the atmosphere is optically thick to gamma rays,
the detectors must be positioned at the top of the Earth’s
atmosphere by the balloon or into space. The instrument is
exposed to variable radiation in such a high-altitude

TABLE 1. Instrument materials in the mass model.
Component Material Mass (kg)
Outer vessel Al 65.24
Aluminum gondola Al, Mg, and Si 53.33
Inner vessel Cr, Ni, and Al 90.84
Aluminum supporters Al 10.77
Aluminum frame Al and Mg 59.20
Lithium batteries Li;oNigMn3;Co3; 0y 79.20
Ballast Fe 325.98
Plastic scintillator CoH, 2.14
Gas TPC Ar, CF,, and iso-C4Hy 0.10
GSO scintillators Gd,SiO5 and Ce 28.94

environment. The main constituents of radiation include
cosmic rays, secondary particles from the Earth’s atmos-
phere, atmospheric gamma rays, internal radiation from
the primordial radioactivity of the detector materials, and
radioactive decay due to activation from hadron interac-
tions. Furthermore, the radiation environment is concisely
described below, followed by the background categorization.

1. Cosmic rays and secondary particles

Protons and helium nuclei are the most abundant
components of cosmic rays, followed by electrons.
Although such primary cosmic rays come from the exterior
of the solar system, the solar wind magnetic field, com-
monly referred to as solar modulation, decelerates the
incoming low-energy charged particles. In addition, the
Earth’s magnetic field prevents lower-energy charged
cosmic-ray particles from reaching the balloon altitude.
Therefore, the intensity of the primary cosmic rays depends
on solar activity and the cutoff rigidity. Moreover, the
primary cosmic rays can produce secondary elementary
particles, such as protons, neutrons, electrons, positrons,
and photons, through atmospheric interactions. Because the
intensity of the secondary particles is affected by the
intensity of the primary particles and the atmospheric
density, the computation time is inevitably large.

Therefore, the intensity and the incident angular distri-
bution of the cosmic rays and secondary particles were
estimated using PARMA4.0 software [20]. While there are
simulation tools based on the Monte Carlo method like
CORSIKA [25], cosMos [26], and FLUKA [27], the PHITS-
based analytical radiation model in the atmosphere
(PARMA) was constructed using numerous analytical func-
tions whose parameters were fitted to reproduce the results
of the extensive air shower simulations performed with
pHITS [28]. Therefore, PARMA can instantaneously provide
terrestrial cosmic-ray fluxes at various locations, altitudes,
and solar activities. The direction-dependent cutoff rigidity
in the SMILE-2+ environment, shown in Fig. 5, was
obtained using the COR tool [29] and is roughly asymmetric
with respect to the azimuth angle. The vertical cutoff
rigidity of 8.7 GV was consistent with that calculated
using PARMA. The azimuth and zenith dependence of the
cutoff rigidity are considered in PARMA by assuming that
the Earth’s magnetic field is a simple dipole. The calculated
flux of protons, the secondary particles of the neutrons,
electrons, and positrons in the SMILE-2+ background
observation, is shown in Fig. 6. The primary cosmic-ray
protons lead to a peak at approximately 10 GeV in the
proton spectrum.

2. Atmospheric gamma rays

Atmospheric gamma rays are produced in the Earth’s
atmosphere by cosmic rays. Low-energy continuum radi-
ation below 10 MeV has been studied by Ling [30] and
Schoenfelder [31]. High-energy radiation above 30 MeV
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FIG. 5. Direction-dependent cutoff rigidity in the SMILE-2+
environment. West is toward the left, and South is toward the
bottom of the image.
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FIG. 6. Particle fluxes calculated using PARMA with a cutoff
rigidity of 8.69 GV, an atmospheric depth of 2.98 g/cm?, and the
Wolf number of 16.5. The red, cyan, green, and purple lines
indicate protons, neutrons, electrons, and positrons, respectively.

has been investigated by Stecker [32] and Thompson [33].
Theoretically, the photon spectrum beyond 50 MeV is
predominantly produced by the decay of neutral pions
induced in the nuclear collisions of cosmic rays. Below
50 MeV, the dominant process is the bremsstrahlung
radiation of the relativistic electrons produced by charged
pions and pair production [34]. The intensity model of the
atmospheric gamma rays was developed by Ling [30],
Costa [35], Morris [36], and Sazanov [37]. Ling’s model
has been used in several balloon experiments and is
compatible with experimental data [31,38,39]. Thus, we
employed Ling’s model to estimate the atmospheric
gamma-ray flux. However, notably, the upward gamma-
ray flux of Ling’s model differs from the measurements
owing to Ling’s assumption of an isotropic gamma-ray
source function in the atmosphere [31]. Furthermore, the
energy range of the model is below 10 MeV. Therefore we
used both Ling’s model and the PARMA model. The PARMA
model is derived from air shower simulations, while Ling’s
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107 = *

10° 10*
Energy (keV)
FIG. 7. Intensity of atmospheric gamma rays calculated by the

Ling model. The purple, green, cyan, and red lines correspond to
the intensity of the zenith angle at 180° 120°, 60° and 0°,
respectively.

model was developed according to a semiempirical method
based on measured gamma-ray fluxes. This difference
between the models leads to uncertainty in the detected
spectrum and is discussed in Sec. I'V.

We extracted the atmospheric gamma-ray component
from Ling’s model. Although the intensity of the atmos-
pheric gamma rays depends on the cutoff rigidity and solar
modulation, Ling’s model is independent of these values.
Considering this discrepancy between our environment and
Ling’s environment, we estimated the correction factor
based on Sazanov’s model, obtaining a correction factor of
0.89. The calculated atmospheric intensity in the SMILE-
2+ environment is shown in Fig. 7.

3. Internal radiation

It is well-known that many materials contain natural
radioactive isotopes such as 23U and 2*Th (U/Th). In
particular, if materials near or in the detector contain
considerable radioactive isotopes, the alpha, beta, and
gamma rays in the decay series emitted by these isotopes
can create the PSA triggers. We used a high-purity
germanium detector and identified that certain amounts
of U and Th radioactive isotopes contaminated the GSO
crystal in the PSA detector. The radioactivities of the U
upper series and '"Lu corresponding to 3.4 + 0.4 Bq/kg
and 89 + 5 mBq/kg, respectively, were detected. Because
the U middle series, U lower series, and Th were not
observed significantly, the 90% confidence level upper
limits were obtained as 15 mBq/kg, 8.0 Bq/kg, and
3.7 mBq/kg, respectively.

To investigate the characteristics of the energy spectrum
in scenarios with such radioactive contamination, we
acquired the data on the ground using the self-triggering
mode of a PSA detector with lead shielding. The obtained
spectrum is shown in Fig. 8. The bump component at
approximately 1 MeV was caused by the alpha emission
from the decay chain of U/Th in the GSO crystal [40,41].

123013-5



TOMONORI IKEDA et al.

PHYS. REV. D 108, 123013 (2023)

LI L B L L B R L |
—— Internal
> 10 Atmospheric E
El —— CR/Secondary-particle
)
(0]
£ 1
(2]
€
>
8
107"
PR PR PR P |
500 1000 1500 2000
Energy (keV)
FIG. 8. Spectra of the PSA scintillator. The red line shows the

internal radiation obtained in the ground experiment. The cyan
and green lines denote the contributions from the atmospheric
gamma rays and cosmic rays, respectively, including secondary
particles and induced gamma rays.

Moreover, we detected a 1.4 MeV line of *°K radioactivity.
The glass of the photomultiplier tubes (Hamamatsu
Photonics, flat-panel H8500) was suspected as the potas-
sium source. The total *°K radioactivity of the photo-
multiplier tubes was determined 10.4 + 0.1 Bq.

We simulated the expected spectra of the PSA scintillator
from atmospheric gamma rays and cosmic rays/secondary
particles using the self-triggering mode of the PSA detector
(Fig. 8). In the cosmic ray/secondary particle simulation,
the obtained spectrum contains different events, including
direct interactions between cosmic rays/secondary particles
and the PSA detector and gamma-ray events induced by
interactions between the cosmic rays/secondary particles
and the instrument. We found that internal radiation was the
dominant source triggering the PSAs at the balloon altitude.

Cosmic rays/secondary particles activate the instrument
material. Primarily, we suffer from the activation of the
GSO scintillators, because beta and gamma rays, which are
emitted in the decay process, are easily observed. Activation

Particle

of the GSO scintillator was also reported by Kokubun et al.
[42], and beam irradiation experiments identified various
radioactive isotopes. To estimate the contribution of the
activation background at the balloon altitude, we conducted
GEANT4 simulations. The estimated count rate of the PSA
scintillator was 1 order of magnitude less than the rate of the
internal radiation in the ground experiment. Therefore, the
contribution of the activation of the GSO scintillator was
considered negligible.

C. Background event types

The radiation discussed in Sec. III B produced coincident
interactions in the TPC and PSAs that passed the electronic
criteria for valid gamma-ray events. The identified back-
grounds were classified into the following types:

(i) Atmospheric gamma-ray background: Atmospheric
gamma rays were observed in several interaction
cases [Fig. 9(1)]. The direct-Compton event, corre-
sponding to the ideal Compton event, indicates that a
full absorption event occurred in the PSAs after
direct-Compton scattering in the TPC. The double-
Compton event represents the case in which the
Compton gamma rays deposit a part of the energy in
the PSAs. When the atmospheric gamma rays scatter
off the instrumental material before entering the TPC,
the events are called scattering events. In addition, the
atmospheric gamma rays can interact with the GSO
scintillator before scattering off the TPC. Conse-
quently, the scattering gamma rays are absorbed or
scattered in the TPC. Otherwise, the primary photon
can generate characteristic x-rays of gadolinium that
are absorbed in the TPC. Such events do not cause
Compton scattering in the TPC and are thus catego-
rized as non-Compton events.

(i) Cosmic-ray/secondary particle background: As the

charged cosmic rays and secondary particles can
deposit energy in the TPC and PSAs, they directly
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(i) Event types of the atmospheric gamma-ray background. Four interaction cases corresponding to direct Compton events,

double Compton events, scattering events, and non-Compton events are described. (ii) Event types of the cosmic-ray/secondary particle
background. Typical interaction processes such as hadronic showers, the direct incidence of charged particles, and thermal neutron
capture are described. (iii) Event types of the accidental background. The PSA and TPC are triggered by internal radioactivity and
atmospheric gamma rays or cosmic rays/secondary particles, respectively.
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satisfy the electronic criteria of the ETCC. In
addition, high-energy protons and neutrons produce
multiple photons via complicated nuclear reactions
such as nucleus spallation and shower initiation. The
bremsstrahlung photons are emitted by relativistic
electrons and positrons, which results in the simul-
taneous absorption in the TPC and PSA. In the GSO
scintillator, gadolinium has a large capture cross-
section for thermal neutrons owing to the contribu-
tions of the isotopes '*Gd and '5’Gd. The Gd(n, y)
reaction between the thermal neutron and gadolin-
ium produces four gamma rays on average [43], and
thus, the ETCC can possibly trigger. A schematic of
the interaction process is shown in Fig. 9(ii).

(iii) Accidental background: The coincidence window of
the PSA and TPC is 9.5 ps. The isolated trigger
events in the PSAs and TPC that occur within the
coincidence window produce an ETCC trigger
signal even though the events are not physically
correlated. Thus, we consider only the case in which
the PSA is triggered by internal radiation, which is
the dominant trigger event in the PSA. In contrast,
atmospheric gamma rays and cosmic rays/secondary
particles are evaluated based on the TPC trigger. The
schematic is presented in Fig. 9(iii).

IV. RESULTS

We selected the gamma-ray events from the obtained
simulation data. The selection criteria were the same
as those reported in Ref. [18]. However, the Compton-
scattering kinematics were not adopted to assess the
A cos a distribution.

The simulated spectra of the atmospheric gamma rays in
the FOV are shown in Fig. 10. Below 400 keV, the spectrum
is primarily composed of scattering and non-Compton
events, whereas above 400 keV, the spectrum is dominated
by non-Compton events. Direct-Compton events were
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FIG. 10. Energy spectra results of the atmospheric gamma-ray
simulations. The red, cyan, green, and purple solid lines indicate
the direct-Compton, double-Compton, scattering, and non-
Compton events, respectively. The black solid line indicates
the total spectrum.
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FIG. 11. The top (bottom) panel shows the A cos a distribution
in the range of 150-400 keV (400-2100 keV). The red, cyan,
green, and purple solid lines indicate the direct-Compton, double-
Compton, scattering, and non-Compton events, respectively. The
total distribution is shown by the black line. The calibration data
of 33Ba (¥’Cs) are described in the top (bottom) panel for
comparison.

considerably reduced above 400 keV, which reflects the
effective area.

The A cosa distribution is described in Fig. 11. The
distributions of the direct-Compton events and scattering
events exhibited peaks near Acosa =0, indicating
“Compton-like” events. Because the consideration of the
high-energy recoil electron improved the accuracy of the
geometrical calculation of cos @y, a sharp distribution
was observed in the range of 400-2100 keV. Conversely,
the double-Compton and non-Compton events exhibited
broadened distributions, suggesting that the use of A cosa
enabled the identification of Compton-like events.

102 F— T
10 F el e Trigger
1b ' -y - Fidugig

107"

counts/sec/MeV

— Proton Neutron
— Electron —Positron
— Total

1072

-3
10 3

10
Energy (keV)

FIG. 12. Simulated energy spectra of the cosmic-ray/secondary-
particle background. The black dotted, dashed, dot-dashed, and
solid lines denote the triggered spectrum and the spectra after the
event selection based on the fiducial, dE/dx, and zenith < 60°,
respectively. The red, cyan, green, and purple spectra denote the
proton, neutron, electron, and positron backgrounds, respectively.
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FIG. 13. Simulated energy spectra of the accidental back-

ground. The red and cyan lines indicate the contribution from
the atmospheric gamma and cosmic rays, respectively, triggering
the TPC. The black line represents the total spectrum.

The spectra of the cosmic-ray/secondary-particle back-
ground are shown in Fig. 12, and the spectra are described
for each selection criterion. The event selection of
“Fiducial” and “dE/dx” plays a role in eliminating the
charged particles passing through the TPC, thus ensuring
that these selections can identify the electron track com-
pletely contained in the TPC. We successfully reduced
96.7% of the direct cosmic rays/secondary particles. The
neutrons, electrons, and positrons equally contributed to the
remaining spectrum, whereas the neutron background
dominated beyond 700 keV. In particular, 35.3% and
31.1% of the neutron background were produced by the
thermal neutron capture of gadolinium and the nuclear
interaction cascades in the GSO scintillators, respectively.
In the proton background, hadronic showers had the largest
contribution to the interaction process, i.e., 49.1%.
Bremsstrahlung was the dominant process in the electron

10 —— ————

% 1— \\

= N N

3 —

3 ﬁ b ‘

17} =—

= — Accidental SR

s, =

g10" 3 Cosmic ray ::L‘jﬁ
— Atmospheric \\S=W
—— Experiment T
— Total BG

1072 : —

3
Energy (keV)

and positron backgrounds, corresponding to proportions of
69.8% and 59.7%, respectively.

Figure 13 shows the accidental background spectrum.
We described the contribution of the interactions between
the atmospheric gamma rays and cosmic rays, including the
secondary particles and induced gamma rays in the TPC. The
accidental events caused by the atmospheric gamma rays
dominated the background spectrum. The spectrum character-
istics observed at approximately 1 MeV were caused by the
internal background of the alpha particles in the GSO crystals.

Finally, we compared the simulated background spectrum
and the experimental spectrum of the steady background
data. Figure 14 shows the total background spectrum and the
A cos a distribution obtained using the experimental data.
Herein, we estimated the systematic uncertainty of the
atmospheric gamma rays using the PARMA model, which
included high-energy gamma rays above 10 MeV. Below
400 keV, the simulation results were consistent with the
experimental results within the systematic uncertainty.
However, slight discrepancies of 17% were observed above
400 keV. The A cos a distribution in the 150-400 keV range
was consistent with the experimental results. In addition, we
confirmed that one-fourth of the distribution was contrib-
uted by Compton-like events, including direct-Compton
events and scattering events involving the atmospheric
gamma rays, which affected the distribution around
A cos a = 0. Meanwhile, the A cos a distributions obtained
in the experiments performed in the range of 400-2100 keV
did not exhibit any peaks, implying that the primary
contributions were non-Compton events involving the
atmospheric gamma rays, cosmic-rays/secondary particles,
and accidental backgrounds. Furthermore, this result implies
that the unexplained componentin —1 < Acosa < —0.3 is
unlikely to be a Compton-like event.

—— Accidental Cosmic ray
—e— Experiment —— Atmospheric
—— Total BG
0.6 T T
150-400 keV

counts/sec/Acoso

0.4 bot®

counts/sec/Acoso

FIG. 14. The left and right figures show the energy spectra and A cosa distributions of the background simulations and the
experimental data. The points with error bars denote the experimental spectrum of SMILE-2+-. The red, cyan, green, and black spectra
show the simulation results of the accidental, cosmic-ray, atmospheric gamma-ray, and total background, respectively.
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Herein, we compare the results of the present study with
those of a previous study [18]. The previously simulated
energy spectrum did not reproduce the bump structure at
approximately 1 MeV. In contrast, we could replicate the
spectrum when considering the accidental background. In
the previous simulated spectra, although Ling’s model
considered the atmospheric and cosmic diffuse gamma
rays, in this study, however, we did not consider cosmic
diffuse gamma rays. Even if we considered cosmic diffuse
gamma rays, the total spectrum was within the systematic
uncertainty of the atmospheric gamma rays evaluated in
this study. Additionally, in the previous study [18], the
unexplained component was effectively removed with the
event selection of —0.5 < Acosa < 0.5.

V. DISCUSSION

We discuss the remaining background candidates,
which comprise 17% of the total background in the range
of 400-2100 keV. We found that cosmic diffuse gamma
rays contributed 8% of the experimental spectrum when
Ling’s model was applied. However, the remainder of the
background does not potentially contain cosmic diffuse
gamma rays because the corresponding A cos a distribution
exhibits a peak at approximately zero.

Herein, we focus on the accidental background, which
was evaluated based on the simulation and experimental
data (the Appendix). The calculated count rate in the range
of 400-2100 keV was higher than the simulated rate, and
the differential rate was 21 + 4% of the total experimental
data. Accordingly, the remainder of the background can be
fully explained. Moreover, the A cos a distribution toward
negative values could be reproduced. Thus, the remaining
background was expected to be related to noncorrelated
events between the TPC and PSAs.

Finally, we discuss the validity of the alpha kinematics
test, assuming direct-Compton events with atmospheric
gamma rays as the signals. In contrast, other events, such as
non-Compton events of atmospheric gamma rays, cosmic-
ray background, and accidental background, were treated
as noise. Because the determination accuracy of the
electron-recoil direction in the SMILE-2+- detector is poor,
the Acosa distribution of the direct-Compton events is
broadened as shown in Fig. 11. However, the alpha
kinematics test principally demonstrates the strong dis-
crimination of the signal and the noise. Assuming that the
energy resolutions of the PSA and TPC are the same as that
of SMILE-2+ and that the true electron-recoil direction is
obtained, the A cosa distribution can be calculated, as
displayed in Fig. 15. The appropriate selection of A cosa
can lead to effective extraction of the signal. The signal-to-
noise ratio (SNR) in the FOV with and without the selection
of Acosa (A cosal < 0.05) is shown in Fig. 16. The SNR
reached 100% at 400 keV and was improved by an order
of magnitude compared to that without the selection.
Nonetheless, the high background contamination still

 Total BG 150-400 keV

[ Direct-Compton

—_

counts/sec/Acosa.

400-2100 keV

3

g o6l

g

3 0.4f

2

=

3 0.2 IJ—‘"L

2 ~05 0 0.5 1
Acosa
FIG. 15. Acosa distributions obtained in the background

simulation assuming the true electron-recoil direction is calcu-
lated and the same energy resolution as SMILE-2+-. The red-
filled histogram indicates the direct-Compton events involving
the atmospheric gamma rays. The black line shows the total
background of the atmospheric gamma rays, cosmic rays, and
accidental events.
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FIG. 16. Signal-to-noise ratio in the FOV. The black and red
lines show the calculation results without and with a selection
based on A cosa.

deteriorated the SNR in the high-energy region.
Background reduction from other perspectives, such as
selecting detector materials to reduce thermal neutron
capture and low-radioactive materials to reduce the acci-
dental background, is needed. In addition, employing an
anticounter to remove the cosmic-ray/secondary particle
background associated with charged particles and imple-
menting gamma-ray shields on the bottom of the detector to
suppress non-Compton events associated with atmospheric
gamma rays are effective techniques.

VI. CONCLUSION

In this study, Monte Carlo simulations were conducted
based on GEANT4, and the background components in the
ETCC on board SMILE-2+ were estimated. Although the
atmospheric gamma-ray background, the cosmic-ray/
secondary particle background, and the accidental back-
ground reproduced the experimental spectrum below
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400 keV, we detected the unexplained background of 17%
of the total background above 400 keV, suggesting the
occurrence of unlikely Compton-like events based on the
A cos a distribution. In addition, the Compton-kinematics
test considerably improved the SNR by 1 order of magni-
tude. The ETCC detector, which can inherently discrimi-
nate Compton-like events, is expected to extend the scope
of MeV gamma-ray astronomy.
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APPENDIX: CALCULATION OF THE
ACCIDENTAL BACKGROUND

The ETCC trigger is formed by requiring a coincidence
of the signals from the PSAs and TPC. A gate called a
coincidence window is opened after the PSA trigger, and
this window should be sufficiently long to compensate for
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FIG. 17. Distribution of the maximum hit time in the TPC. The

peaks observed at approximately 1 ps and 8 ps indicate the
bottom and top of the TPC, respectively. The random window is
defined as the duration between 9.0 ps and 9.7 ps.
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FIG. 18. Spectra of the accidental background. The red line

denotes the simulation results. The black points and error bars
indicate the experimental results obtained using the random
window.
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FIG. 19. Acosa distribution of the accidental background
above 400 kev. The red line denotes the simulation results.
The black points and error bars indicate the experimental data
obtained with the random window.

the maximum drift length. In SMILE-24, we set a
coincidence window of 9.5 ps considering the operated
drift velocity of 3.9 cm/ps. Figure 17 shows the distribu-
tion of the acquired events with respect to the maximum
value of the hit timing in TPC. Peaks appeared at
approximately 1 ps and 8 ps, corresponding to the mini-
mum drift length at the bottom of the TPC and the
maximum drift length at the top of the TPC, respectively.
The hit timing corresponding to the minimum drift length is
related to the trigger timing of the PSAs. Hence, actual
Compton-scattering events occur in this time window. The
accidental events also trigger the ETCC and are distributed
within the coincidence window. The events of the hit timing
above 9.0 ps are not physically correlated between the TPC
and PSA. Thus, this window is defined as the random
window in which only accidental events occur. The
accidental background could be calculated using the
experimental data subtracted from the random window.
The spectrum of the accidental background was calcu-
lated using the steady background data within the random
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window and is shown in Fig. 18. The spectrum was then
compared with the simulation results. The count rate above
400 keV was 322 4+ 23 counts/s, which was considerably
different from the simulation value of 190 + 1 counts/s
(only statistical error). The count rates in the experiment
and simulation below 400 keV were 167 4+ 17 counts/s
and 111 £ 1 counts/s, respectively.

The A cosa distribution of the accidental background
above 400 keV obtained in the simulation is shown in
Fig. 19. The simulation result is consistent with the
experimental data for the positive values. In contrast, the
negative part is inefficient compared with the experiment.
This finding implies the existence of unexpected events,
which are unlikely to be relevant to Compton-like events.
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