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The Gamma-Ray Astro-Imager with Nuclear Emulsion (GRAINE) project is aimed at the
precise observation of astronomical gamma-ray sources in the energy range of 10 MeV—
100 GeV using a balloon-borne telescope utilizing a nuclear emulsion, which can help real-
ize precise imaging with high angular resolution (1.0° at 100 MeV), polarization sensitivity,
and large aperture area (10m?). In 2018, the third balloon experiment was carried out as
a demonstration of the detection of the brightest known astronomical gamma-ray source,
the Vela pulsar, with an aperture area of 0.38 m”. In these data, some gamma rays were pro-
duced by the 7° — 2y decay, which was caused by the hadronic interactions of cosmic rays
in the detector. These could be used to calibrate the reconstructed angle, energy, and so on.
In this study, we establish a method of searching for hadronic interactions and concomitant
gamma rays with high statistics and purity. Our analysis indicates that the performance of
our detector for gamma rays is as expected in wide incidence angle and energy ranges. We
plan to commence scientific observations using the proposed system with the verified high
angular resolution and largest aperture area in 2022 or later.

Subject Index F10, H22

1. Introduction

The observation of cosmic gamma rays is crucial for understanding high-energy astrophysical
phenomena. The knowledge obtained in the past through such observations has been useful
in various fields. The Large Area Telescope on the Fermi Gamma-ray Space Telescope (Fermi-
LAT) launched in 2008 was used to survey the sub-GeV/GeV gamma-ray sky [1]. Significant
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results such as the discovery of the acceleration of the cosmic ray proton were reported
[2]. Furthermore, a combined analysis using gravitational waves and high-energy neutrinos
recently led to new insights [3,4], making the observation of cosmic gamma rays even more
significant. However, the observations made using the Fermi-LAT are limited by its angular
resolution. The observations of the Galactic Center or plane region, which contains many
gamma-ray sources and diffuse emissions, may suffer from particularly large systematic errors.
Thus, observations with higher angular resolution are required to implement the next step of
gamma-ray astronomy.

The Gamma-Ray Astro-Imager with Nuclear Emulsion (GRAINE) project pertains to the
precise observation of cosmic gamma rays in the 10 MeV-100 GeV region using a balloon-
borne telescope with a nuclear emulsion chamber [5]. A nuclear emulsion is a 3D tracking
detector with submicron spatial resolution. It can precisely determine the arrival directions of
gamma rays by measuring the electron and positron tracks produced in pair production (y (Z
ore”)— ete” (Z ore~) where Z is a nucleus) immediately below the conversion point. The an-
gular resolutions obtained using the nuclear emulsion film for gamma rays are 1.0° at 100 MeV
and 0.1° at 1 GeV, which are approximately an order of magnitude higher than those obtained
using the Fermi-LAT. The nuclear emulsion film is highly sensitive to gamma-ray polarization
too because it can measure the azimuthal angle of the plane in which the electron and positron
tracks lie; it is not affected much by multiple Coulomb scattering. Furthermore, the nuclear
emulsion film can expand the aperture area without affecting the resolution, and the GRAINE
project plans to observe with an aperture area of 10 m? repeatedly. Such an observation with
a high angular resolution and a large aperture area is expected to help address the problem of
unexpected GeV gamma-ray excess in the Galactic Center region [6], aid in obtaining the first
result for polarization observation of a pulsar in a high-energy region, and facilitate the study
of transient events with short time durations (<100s).

So far, in the GRAINE project, the detector has been developed and balloon experiments
have been conducted repeatedly. The angular resolution and polarization sensitivity of the
nuclear emulsion film was demonstrated through beam experiments [7,8]. The feasibility of
the observations made using the emulsion gamma-ray telescope was verified through obser-
vations made at the ground and mountain levels [7]. We also conducted three balloon exper-
iments. The first balloon experiment (GRAINE2011) was conducted in Japan using a small-
scale telescope with an aperture area of 0.013m? for verifying the concept [9,10]. The second
one (GRAINE2015) was performed in Australia using a middle-scale telescope with an aper-
ture area of 0.38 m? for the demonstration of flight performance [11-13]. The latest one is
GRAINE2018, performed in Australia, in which the brightest known gamma-ray source, the
Vela pulsar, was clearly detected and the emulsion gamma-ray telescope with the highest angu-
lar resolution in this energy region was established [14].

The nuclear emulsion records the tracks for all the charged particles; cosmic rays (such as
protons and helium nuclei) enter the detector during the observation. Some cause hadronic in-
teractions and produce 7° particles in the detector, and each 7° immediately decays into two
gamma rays. These gamma rays can be used to calibrate the arrival direction, energy, polar-
ization, efficiency, and so on in the flight data. This analysis of the hadronic interaction has
more statistics in contrast with that of a limited number of gamma rays from a celestial source;
furthermore, hadronic interactions and the flux of cosmic rays are well known. Therefore, the
performance of the detector, including the systematic error, can be evaluated in wide incidence
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Fig. 1. Cross-sectional view of the emulsion chamber used in GRAINE2018.

angle and energy ranges using the flight data. We attempted this analysis for full-scale data for
the first time in GRAINE2018. In this study, we illustrate the method of analysis used to search
for hadronic interaction events and match the concomitant gamma rays and the performance
of the direction and energy measurements. Furthermore, we demonstrate a new high-precision
measurement system that is under development, which may help improve the angular resolu-
tion, and show the expected performance.

2. GRAINE2018 experiment

2.1  Experimental apparatus

An emulsion gamma-ray telescope consists of an emulsion chamber and a star camera for the
attitude monitor. Figure 1 presents a cross-sectional view of the emulsion chamber. Gamma
rays enter the emulsion chamber and get converted into electrons and positrons in the con-
verter. For GRAINE2018, the converter consisted of 100 emulsion films, each composed of a
180-pm-thick plastic film and 75-um-thick emulsion layers (measuring 25 x 38 cm?) applied
on both sides. The total amount of substance (7.37 g/cm?) corresponds to 51% of the radiation
length, 33% of the gamma-ray interaction length, and 6.6% of the nuclear interaction length.
The time stamper recorded the arrival time of each track using a multistage shifter [15]. For
GRAINE2018, three shifting stages were used and each time resolution is 40 min, 150s, and
< 1s. The star camera recorded the attitude of the telescope during the observation. Therefore,
each event could be mapped in terms of celestial coordinates by combining the direction, time,
and attitude information. In GRAINE2018, four emulsion chambers were deployed inside the
pressure vessel gondola; the detailed specification of the gondola is described in Ref. [16], and
the total aperture area was 0.38 m?.

2.2 Flight and track data acquisition
GRAINE2018 was conducted on April 26, 2018, in Alice Springs, Australia in collaboration
with the JAXA scientific ballooning team. The duration of the flight was approximately 17 h
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Fig. 2. Analysis flow of searching for hadronic interaction events.

and its altitude was more than 35 km (3—5 g/cm? of the residual atmosphere). After the emulsion
films were recovered, they were developed at Sydney University and returned to Japan. We
completed the readout of the tracks recorded in the films using the automatic scanning system
at Nagoya University [17]. The raw data in the converter part had 1.2 x 10° tracks/cm?, and
the total scanned area was 25cm x 38cm x 100 films x 4 converters = 38 m?.

3. Analysis of flight data for performance evaluation

3.1 Search for hadronic interaction events

We searched for hadronic interaction events in the converter. Figure 2 shows an analysis flow
of this. 1: Seven arbitrary and consecutive films were used in the converter. The fourth film
from upstream was defined as the search film. Tracks connecting with the first film, the most
upstream film, or not connecting with more than two films in three downstream films were
rejected in the search film to select tracks produced in the converter. 2: The single remaining
track, termed the reference track, and the other remaining tracks were extrapolated in the up-
stream direction (Z: 0-660 um), and the extrapolated positions of the reference track at which
the distance between the extrapolated positions of the reference track and each remaining track
became minimum on the same X-Y plane were calculated. The extrapolated position accuracy
18 0.2-10 um depending on the extrapolated distance and the angle of the track. Two-track ver-
tices of the reference track and each remaining track were defined as the extrapolated positions
of the reference track when the distance of closest approach on the same X-Y plane was less
than 30 um. 3: When multiple two-track vertices were placed within 25 um in the Z-direction
and the reference track and the related tracks entered simultaneously within a time window of
40 min, they were defined as secondary tracks of one hadronic interaction event. The average
of the two-track vertices was defined as the interaction point. The events were identified from
all the remaining tracks as the reference track and all the films as the search film.

The distance between the interaction point and each extrapolated point of the secondary
track on the same X-Y plane was defined as the degree of convergence, and it was referred to
as the convergent distance. Figure 3(a) shows the average of the convergent distances for each
event in one converter. The chance convergence background was estimated by extrapolating the
remaining tracks in the downstream direction and searching for events using the same method.
Figure 3(b) shows the number of secondary tracks when the average of the convergent distance
is less than 10 «m. When the number of secondary tracks is more than three, the selected events
are made to have high purity by adding the time information and requiring high convergence.
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Fig. 4. Example of a hadronic interaction event detected in the converter. Each color represents a film at
which the tracks are recorded.

Figure 4 shows one event, and 1.35 x 10° events were detected by searching through 100 films
x 4 converters.

3.2 Matching hadronic interactions and gamma rays

Figure 5 shows an example of a pair production event detected in the converter. The gamma-ray
direction and energy were reconstructed using the angles of the electron and positron tracks
and their momenta determined using the differences in angles caused by multiple Coulomb
scattering. Details of the analysis method are described in Ref. [13]. The track timestamp was
processed, and 1.66 x 10° gamma-ray events were selected during the observation of the Vela
pulsar; the pulsar was fully covered within 45° from the zenith for more than 6 h in a gamma-ray
energy range of 100-700 MeV and an incident-angle (tan 6, ) range of 0.0-1.0 (the direction of
tan6, = 0 is nearly equal to the direction of the zenith). The same time information within
a time window of 40 min was provided for these events as for the hadronic interaction events;
only partial timestamp information was used in this analysis, and the time resolution obtained
in GRAINE2018 was 0.84 s [14]. These gamma-ray events are used in the following analysis.
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Fig. 5. An example of a pair production event detected in the converter. Each color represents a film at
which the tracks were recorded.
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Fig. 6. Distribution of the angle difference between the expected and reconstructed gamma-ray direc-
tions.

Concomitant gamma rays with hadronic interactions were searched for in the data set. 7°
decays into two gamma rays immediately next to the interaction points. Therefore, the direction
of the gamma ray via 7° is obtained by connecting the hadronic interaction point, which is
almost the same as the 7° decay point, and the conversion point to the electron pair with the
same time information. Figure 6 shows the distribution of angle difference, A9, between the
expected and reconstructed gamma-ray directions. The background distribution was predicted
by matching using the same method after shifting only the hadronic interaction points by 1 cm.
This matching and shifting was done five times in various directions on the X—Y plane. The
results of the matching were normalized using the number of events lying in the interval 3°
< A6 <7°. The detected gamma rays were clearly concentrated around the origin, which was
the expected direction, and the total number of entries of the signal component was 8.9 x 103
events.

Figure 7 presents the distribution of the number of gamma rays matching each hadronic
interaction after applying the A@ cut depending on the incidence angle of the gamma rays.
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Certain events had more than two concomitant gamma rays and most of them were pro-
duced through different 7° decays. However, both gamma rays produced through one 7° de-
cay were detected in certain events. Figure 8(a) shows the invariant mass distribution for the
1.3 x 10° events of matching the two gamma rays as shown in Fig. 7. This is calculated by
M = \/2E1E2(1 — cos¢) where M is the invariant mass of 7°, E; and E, are the energies of
the gamma rays, and ¢ is the opening angle between two gamma rays. The chance coincidence
background distribution was estimated by shuffling the energy of all the evaluated gamma rays,
considering the detector response for the incidence angle, and calculating the invariant mass
distribution 1000 times. Thereafter, the distribution was normalized by the number of entries
in the region of energy > 270 MeV; the error bars in the distribution represent the statistical
errors in the normalization. Figure 8(b) presents the background-subtracted invariant mass
distribution with a Gaussian fitted curve. The mean value of the Gaussian distribution was
133.1 + 8.2 MeV and was consistent with the invariant mass of 7° (135.0 MeV). Furthermore,
the standard deviation of the distribution was 36.0 £ 6.6 MeV and the energy resolution of the
gamma rays was estimated as +/2 x (36.0 £ 6.6)/135.0 ~ 37.7 + 6.9% when the contribution
from the opening angle determination is neglected. The expected energy resolution based on

a simulation using the current energy reconstruction method is 30%-40%; thus, the evaluated
value is consistent with it. A detailed analysis of the angular resolution of the gamma rays is
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given in the following section and §¢/¢ is about 5%, where §¢ is the accuracy of determining the
opening angle. This analysis indicates that the selected concomitant gamma rays were certainly
produced through 7° decay, and the gamma rays detected in the flight data had the expected
energy resolution.

3.3 Uncertainty of expected direction

The angular resolution of the reconstructed gamma rays was evaluated as a radius that contains
68% of the signal component of the angle difference distribution shown in Fig. 6. However, this
value included the uncertainty of the expected direction, which was to be subtracted for eval-
uating the performance of the observations. The uncertainty of the direction determined by
connecting two distant points in the converter was estimated by evaluating the difference be-
tween the angles subtended by high-energy tracks, with negligible scattering, and the direction
made by connecting two passing points. Figure 9(a) shows the distance dependence of the un-
certainty. The alignment between the films was corrected using all the recorded tracks, and the
accuracy depended on the distance between the corrected films. Figure 9(b) presents the dis-
tribution of distances between the film that detects the hadronic interaction and the film that
detects the concomitant gamma rays. Thus, the overall uncertainty of the expected direction
was estimated as the weighted average of the uncertainty shown in Fig. 9(a) and the distance
between the two points shown in Fig. 9(b). Figure 9(a) indicates that the variation in the ac-
curacy within a short distance was large. Therefore, the events in which the distance between
the hadronic interaction point and the gamma-ray conversion point is more than 10 films were
used for the evaluation of the angular resolution.

4. Performance of angular measurement

4.1 Result of evaluation

Figure 10 presents the incidence angle (6, ) dependence of the evaluated angular resolution for
gamma rays in three energy regions (100-300, 300-500, and 500-700 MeV). The angular res-
olution was defined as the radius that contains 68% of the signal component in Fig. 6 after
subtracting the uncertainty of the expected direction calculated for each incidence angle and
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energy region. Error bars for the vertical axis represent the statistical error; those for the hor-
izontal axis represent the incidence angle range of the evaluated gamma rays. As a standard,
20 films were used to reconstruct the momenta. Therefore, the gamma rays detected in the 19
films downstream were not used to reduce the energy migration here. The expected angular
resolution was estimated through a Monte Carlo simulation using the response of the latest
emulsion readout system and Geant 4.10.01 [18].

4.2 Discussion and development for improving the performance

The expected angular resolution shown in Fig. 10 is mostly attributed to the scattering effect
(gamma rays with higher energy have a smaller effect) and the accuracy of the angular measure-
ment for the electron pair tracks obtained using the latest high-speed emulsion readout system;
insufficient position measurement accuracy in the direction of the depth causes the angular
resolution for large incidence angles to deteriorate. Thus, the evaluated values were consistent
with the expected ones, which were dependent on the incidence angle and energy. This result
indicates that the gamma rays in the flight data demonstrated the expected performance in wide
incidence angle and energy ranges during the observation.

Although the angular resolution of the gamma rays in the flight data was as expected, they
were limited by the measurement accuracy of the latest high-speed emulsion readout system.
The system was optimized for high-speed scanning, but it was not accurate enough to ensure
the optimum performance of the emulsion film. Furthermore, the limited resolution could not
clearly separate certain extremely close (<10 um) electron pair tracks immediately below the
conversion point. This made the angular resolution of the gamma rays worse.

A high-speed scanning system was necessary to measure the enormous number of tracks
recorded in the film. However, only the gamma-ray events detected by the high-speed scanning
system could be reanalyzed using a microscope, which has better measurement accuracy. A
high-precision manual measurement was performed for certain beam experiments and so on,
and this demonstrated the measurement of gamma rays with high angular resolution and polar-
ization sensitivity [7,8]. Thus, we developed an automatic high-precision measurement system
combining the high-speed measurement system for the observations with a large aperture area.
Figure 11 presents a microscopic view of the pair production event in the flight film and the
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captured at intervals of 5 um depth are overlaid. (b) 3D position of silver grains obtained using the new
automatic high-precision measurement system.
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3D position of the silver grains obtained using the high-precision measurement system. Fig-
ure 12 presents the results of the evaluation of the accuracy in determining the position of each
silver grain that comprises the tracks. Figure 12(a) shows the probability distribution of the ac-
curacy estimated by comparing the deviation of each silver grain from the fitted straight line for
a high-energy track in the flight film with the deviation evaluated by the simulation. The high-
energy track penetrates the converter from top to bottom with smaller differences in angles
caused by multiple Coulomb scattering than the angular resolution of the high-speed scanning
system, and the selection requirement cut 99.9% of 10 GeV proton tracks. Figure 12(b) presents
the distribution of the most probable accuracy obtained from 189 tracks. The mean values
indicate the accuracy in the direction of the plane, §, , = 0.067 £ 0.001 xm, and that in direc-
tion of the depth, §. = 0.231 + 0.007 um. This value was approximately an order of magnitude
smaller than that attained by the high-speed scanning systems (8, , >~ 0.4 um, §. >~ 2.0 um). Fig-
ure 13 presents the expected angular resolution for gamma rays obtained using the Monte Carlo
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Fig. 13. Expected angular resolution obtained using the new high-precision measurement system. The
open shapes represent the resolution simulated with the accuracy of the high-speed scanning system,
and the closed shapes represent that of the high-precision measurement system. The circles, triangles,
and squares represent the 100-300, 300-500, and 500-700 MeV energy regions of the gamma rays, re-
spectively.

simulation with the above-mentioned accuracy; the value was approximately 1.5-3 times better
than that obtained using the high-speed scanning system. Furthermore, recorded tracks could
be detected in the form of a series of silver grains through the high-precision measurement,
in contrast to detecting them as straight lines through high-speed scanning. Thus, the angular
resolution can be further improved compared to that shown in Fig. 13 with the realization of
measurements with lower scattering, and we expect to be able to measure the polarization of
high-energy gamma rays.

5. Summary and prospects

We have described the GRAINE project, which is a precise cosmic gamma-ray observation
project in the 10 MeV-100 GeV energy region using a nuclear emulsion chamber. The third
balloon experiment, GRAINE2018, was conducted for the demonstration of the overall per-
formance through detection of the Vela pulsar with an aperture area of 0.38 m?, and succeeded
in the detection with the highest angular resolution in this energy region [14].

The detailed performance of GRAINE2018 was evaluated using the flight data. Hadronic
interactions were selected with high purity in the converter part to use the time and conver-
gence information of the secondary tracks. Gamma rays produced by 7° decay were selected
by comparing the detected direction of the gamma rays with the expected direction, which
is calculated by connecting the hadronic interaction points and the conversion points of the
gamma rays. The reliability of the selection was tested by calculating the distribution of the in-
variant masses of gamma-ray pairs, which was consistent with the invariant mass of 7, and the
resolution was consistent with the simulated energy resolution of the gamma rays. Thereafter,
the angular resolution was evaluated using the selected gamma rays with careful estimation of
the uncertainty of the expected direction, which was consistent with the simulated values in
wide incidence angle and energy ranges. Thus we have established an evaluation method using
the gamma rays produced from hadronic interactions in the balloon-borne experiment with
high credibility and confirmed that the gamma rays detected in GRAINE2018 performed as
expected. Furthermore, we have developed an automatic high-precision measurement system
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and demonstrated that it has an accuracy that is approximately an order of magnitude higher
than that of the high-speed scanning system. If applied to gamma-ray events, this system will
produce an angular resolution that is more than 1.5-3 times better than the value evaluated
through the analysis of the hadronic interactions. In addition, the first observation with polar-
ization sensitivity will be performed in this energy region.

We plan to commence scientific observations in 2022 or later, and the next balloon experiment
with an aperture area of 2.5 m? will be conducted twice in 2022 by JAXA in Australia. The aims
are to realize the largest aperture area in this energy region, to capture a high-resolution image
in the GeV region for the Vela pulsar, to begin the first polarization measurement in the pair
production mode, and to observe the Galactic Center region.
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