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Cosmic Gamma ray(sub-GeV,GeV)

12 years, E>1 GeV

observationby [l after subtracting ‘ B polarization
Fermi-LAT known sources L

unidentified sources? dark matter?

-> approach these problems with how sub-GeV/GeV band?
higher angular/spatial resolution detector
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Detector: Nuclear emulsion film

cross sectional view
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Scanning system: analog to digital
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Detector: Nuclear emulsion film
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Pertormance for gamma-rays
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dN/dE [1/cm? srs GeV]

Galactic Center GeV Excess
Radial profile (latitude dependency of the Excess flux)
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Galactic Center GeV Excess
?* Radial profile (latitude dependency of the Excess flux)
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GRAINE project

Cosmic gamma-ray observation
w/ balloon-borne emulsion gamma-ray telescope

Balloon-borne

10m? telescope

(largest aperture area
but not heavy ~2000kg)

/

emulsion gamma-ray telescope

‘* Y Detect r-ray
Measure angle&energy

-
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Timestamp
track by track
multi-stage
emulsion shifter

Altitude Monitor

(star camera)
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GRAINE project

Prototype Phase Observation for the Vela pulsar

2004- Technology development in the 2018 experiment
2011 1st Balloon experiment gamma-ray count map
(0.01m2 @Japan w, iaxa) gbg. ey | ‘%‘;
B="I ount map Fermi-LAT PSF(>100MeV) 1 ©
Demonstration phase £ 3:2deg @68% 2
_ o[ P 098
2015 2nd Balloon experiment |35 o 8
a .0 €
(0.38m2@Australia w/ sxa) 3

-44
~N

©2018 3rd Balloon experiment
(0.38m2@Australia w/ iaxa)

Scientific phase e

. GRAINE PSF(>80MeV) | consistent with a
©2023 4th Balloon experiment 0.42deg G68% intilke ouren

(2.5m2@Australia w/ ax») ©136 134 132 130 128 126 124 122
Right ascension[deg.]

takahashi et al., 2024 ApJ 960 47
Imaging with the
highest resolution in sub-GeV

20277 5th Balloon experiment



Vela pulsar
Minimum Detectable

Gal. Center (0.1°)
Significance

Preliminary predictions :
for GRAINE2023 observations
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Launching on Apr.
30th, 6:32am

Celestial regions observed
by the Emulsion Telescope (FoV +45°)

Vela pulsar
pm-21pm

overlayed circles
with a 45-deg. radius every 30m|n

Balloon was
successfully
released by the
JAXA team

Center of view
(=zenith direction)

' Our gondola

photo by JAXA
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1500/1800 films have been scanned (80%)
~ 2x10°tracks/cmz | >107 y-ray events have been detected




Detected “e-pair” event topologies

unit 10
start_pl 25

gid 6915973
0_zenith 29.6°
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E_gamma
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View from y-ray direction
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>
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/23 MeV/c

unit 10
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E_gamma
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Angular difference
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Performance of the angular measurement
@ Internal calibration source

detection method: Y.Nakamura, et al. PTEP 2021

Primary
cosmic ray
Converter
n’>2y

Hadronic
p interaction
'
1
1
:
1
1
- AB

[}

1! reconstructed

1, angle

multiplicity >10(tan6,<1.0)

y—>et+e

electron pair

(searched with 156 films)
production

incident angle (tanBy): 0.0-1.0

energy range: 100-400MeV

6.8x10° events
(searched with 140 films)




Performance of the angular measurement

@ Internal calibration source after subtracting random BG
and smoothing

angle difference distribution

— 4 o
Primary o =]
. 5 -
cosmic ray T 3 =,
- 15 2
Converter 2 =
n%->2y 2 E
Hadronic @
' interaction 1 1 “:
: s
" 0 <
: =B
E » 0.5 O:E
: ! reconstructed -2 0
1, angle
; 3
y—>e'+e electron pair
production 4 : : : : : : : 05
-4 -3 -2 - 0 1 2 3 4
AOx [deg.]
angular resolution:
, o 0.64+0.12deg.(Eave. “~250MeV)
Uncertainty of the expected direction: ~0.3deg.

(expected value: 0.65deg.)
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Performance of the angular measurement

@ External calibration source

Cosmic rays

Extrapolated positions 17 cm ,
g i (protons, etc.)

at the height of

the launching plate ey~ Uy f R ——— e
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‘\ N Detected gamma-rays con necting

our gondola and
the balloon

38 cm

Emulsion Telescope
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Performance of the angular measurement

@ External calibration source

IC rays .
Extrapolated positions 17 cm Cosml ) ray after subtracting random BG
at the height of < (protons, etc.) and smoothing

the launching plate  _.....
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Atmospheric gamma-ray observation®
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- 1960,70s balloon experiments

Valdez et al.(1970)@Texas, 4.5 GV, 1967

Staib et al.(1973)@Mildura, 4.5 GV, 1967
Dahlbacka et al.(1973) @Mildula, 4.5 GV, 1970
Kinzer et al.(1974)@Texas, 4.5 GV, 1969

Staib et al.(1973)@Panama, 12 GV, 1966
Kinzer et al.(1974) @ Argentine, 12 GV, 1971

SUs=>
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#.Q
L 4

r

Cv

0.1

] Energy [GeV]
We understand our main background and the detector response



21

Summary

Prototype Phase GRAINE project : Cosmic r-ray observation w/
2004- Technology development the high angular resolution

2011 1st Balloon experiment & the polarization sensitivity

(0.01m? @Japan w/ JAXA) ] ]
We conducted 4th balloon experiment in 2023

Demonstration phase Starting of the scientific observation
2015 2nd Balloon experiment - Observation of the G.C. region

(0.38m2@Australia . o) /1€ highest resolution
- Trying to measure the polarization of the pulsar
2018 3rd Balloon experiment  ppaivsis in GRAINE2023 is ongoing now
(0.38m2@Australia « ») -Basic performances are well consistent
with the expected values
-Observed atmospheric 7 -ray is consistent
2023 4th Balloon experiment Wwith the previous experiments
(2.5m2@Australia w 1) -Analysis for the astronomical sources is ongoing

|Scientific phase|

_ In the future, we want to conduct repeatedly
20277 5th Balloon experiment balloon experiments

with larger aperture area / longer flight duration
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*10m2 apperture area

Fermi-LAT GRAINE
angular resolution@100MeV 6.0° 1.0°
angular resolution@1GeV 0.80° 0.1°
polarization - O
effective area@100MeV 0.25m?2 2.1m2*
effective area@1GeV 0.88m?2 2.8mz2*




Sensitivity to tra nsient sources
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Differential Sensitivity
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tomographic images Processing

I PC
- objective tomographic images
lens t £ -
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0. Emulsion layer

Shift the tomographic images
and sum up the hit pixels
Searching for straight lines




Differential Flux [cm™? s1sr'! MeV™! (g/cm?)"]
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Atmospheric gamma-ray flux
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GRAINE2023

Valdez et al.(1970)@Texas, 4.5 GV, 1967

Staib et al.(1973)@Mildura, 4.5 GV, 1967
Dahlbacka et al.(1973)@Mildula, 4.5 GV, 1970
Kinzer et al.(1974)@Texas, 4.5 GV, 1969

Staib et al.(1973)@Panama, 12 GV, 1966
Kinzer et al.(1974)@Argentine, 12 GV, 1971
bCALET-2 @Taiki, 8 GV, 2009

BETS @Sanriku, 9 GV, 1999

MSC @Sanriku, 9 GV, 2004

ECC @Sanriku etc., 1968-2001
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Effect of the polarization measurement
Expected for the FSRQ blazer(3C279)
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16 18 20 30-200MeV 4 26
10 10 10 ( vl 10
frequency(xenergy)[Hz] H. Zhangand M. Bottcher 2013

completely new information |




Flux[photon /cmA2 /s]
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unknown y excess in the G.C.
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- I n
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0.1 diffuse -
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0.05— atmospheric
— BG
— - -ra
0 o e - | (Observable)
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lower contamination of the BG uncertainty

<+40.1°




Time stamper
emulsion shifter

position
N/

time

Time resolution < 100ms

S.Takahashi, S.Aoki, H.Rokujo et al.,
NIM A, 620 (2010) 192-195

Main detector
(emulsion)

Time stamper

(emulsion)
converter
X
Slhist
’/ﬁ l—li %
| time
e
\ ] ) - - ,_I_I_/_L‘_I_u_‘f
3 Pt time
\ / ))/ §3rd
. I AVAVAYAVAYAY/
v time
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TimeStamper

e oI, PaCkl / PTFE

ﬁ:m

_____ Dem
& > - \ Emulsion film 360 um
126cm \\ [
Heat seal
2 SheetS " Fixelon®
K SUS304 50 um
\ Laminated sheet 109 um
- PTFE
Tension
Roller

5 layer Q/Plate

Driving direction

@@@ — - Pack @®@
OG OOK




Star camera in GRAINE2023

Image obtained in GRAINE2023 Star catalogue
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Towards Scientific Observation

Larger aperture area & repeated balloon flights

anitized emulsion telescope (aperture: 1.25 m2)

to facilitate further large-area deployments.

<< by arranging the units in the gondola

Roller-driven timestamp mechanism
M.Oda et al., PTEP. 2022 113H03

GRAINE2023

\_Starts scientific observation with the newly developed models,

"2.5m2~730 kg

6.6 times larger than the previous one




Angular Resolution[deg.]

Evaluation of the angular resolution
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Evaluation of the energy measurement
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Measurement of gamma-ray polarization

in the pair production mode

—Detect a slight bias in the azimuthal angle distribution
of the accumulated events

E gamma-ray
direction

A <

Azimuth angle
w=0° (1)=900

Measuring the azimuthal direction is extremely challenging
due to multiple Coulomb scattering in detector 14



Polarization observation
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elevation angle

——3(C454.3 e Crab ——— Geminga —a—\/ela
—— PKS1510-08 PSR —a—  (5.C. —— W44
n o0 11709-4429 G.C.

< PKS1510-08
= 75 Vela
5
5 60
© 3C454.3 Geminga
45 @ | ,
1 f
30
15
0 - — - . —_— S—

21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00

T (LsT)

flight on Apr.(@Australia)
starting the level flight



27 hour flight duration in total (6:32 — 9:25 the next day)
24.3 hour level flight at 36km (8:30 — 8:47 the next day)
Telescope system termination (8:00 the next day)

Google Earth A
N

image Landsat / Copernicus I 1600 km |

Latitude, longitude, altitude and time taken by JAXA

Data SIO, NOAA, U.S. Navy, NGA, GEBCO




Recovery | =
on May. 1st .
3:30pm

took a helicopter
to search for the payload.

We collected everything
by truck the day after
this.

Three days later, the film
was shipped to Japan via
refrigerated transport.




in
S5mm*5mm

| All tracks




in

Remove penetrating
tracks




in
S5mm*5mm

N
‘ Remove penetrating

After veto

-




in
S5mm*5mm

Remove penetrating

After veto

‘ Al




Minimum Detectable Polarization (3o)
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&%ﬁ\ﬁ’\’ \,é\q Q")Q‘\ S «’b"v\’%\’
1
0.5
Optimizing kinematical cut->MF
Precise measuring—>
Scattering suppressed—->MF
Aperture area : 10m? 4 N ] Recoil momentum correlation>MFT
Modulation factor : R=0.1 { -, \ : — .
- BG:Staibetal. (1973),4.5GV, 12GV || s"h‘ :
7days i
' x10 '
flight - X9 4s6v
—_— 12GV
- - = = . =12GV, Grain by Grain ||| :
0.1 LT 1 [ T [ TT1 i i i 1 ‘
10° 5x10° 10° Flux (>100MeV) F, [cm2s1]

12FGL, 2Monitored Source List Light Curves
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~F ® GRAINE(Simulation)
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(\L'Ll = --+-- Best-fit broken power law
Fermi-LAT
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Smearing IR(Spitzer) distribution with 0.08deg(1.4mrad)
Considering atmospheric gamma-ray(>1GeV) as BG
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10m2, 420hours, >1GeV

=)
3 from Dark matter from ms pulsars
.01' dN,/dVe«r24 Luminosity function: Hooper et al. (2016)

Energy spectrum: Daylan et al. (2016) dNgource/ dVr-2:4
0.1deg@68% 0.1deg@68%

Expected results by GRAINE
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Fermi-LAT (A.A. Abdo et al.)

10deg > Astrophysical J., Vol.696, pp.1082-1093, (2009)

Number of events / 0.1 deg”

Radial profile (0253 %0
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