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2Cosmic Gamma ray(sub-GeV,GeV) 
12 years, E>1 GeV

observation by 
Fermi-LAT

after subtracting 
known sources

unidentified sources? dark matter?

GC GeV excess

Vela PWN 
IXPE 2-8keV

how sub-GeV/GeV band?

polarization

-> approach these problems with  
higher angular/spatial resolution detector
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~200nm AgBr crystals
(semi conductors)

10μmMicroscopic view

Detector: Nuclear emulsion film
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Scanning system: analog to digital
3-D position of silver grains
Eγ:581MeV (Ee+e-: 35MeV, 546MeV)

γ→e+/e-

plastic
base film

emulsion

emulsion

350μm
0.005Xo

75μm
0.002Xo

cross sectional view
of the emulsion film

Detector: Nuclear emulsion film
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Detector: Nuclear emulsion film
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Performance for gamma-rays 
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Utilizing for cosmic gamma-ray observation

Nuclear emulsion film 

σ(ω) = σ0(1 + PRcos(2(ω − ω0)) 

SPring-8/LEPS
Eγmax=2.4GeV

Azimuthal angle (ω) [deg.]
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Modulation factor R=0.21+0.11-0.09

angular resolution polarization sensitivity 
(result of a 2.4 GeV beam experiment)

high angular resolution, polarization sensitivity

Fermi-LAT(current)
(P8R3_SOURCE_V3 front + back)

AMEGO-X(future)
(pair)

Energy[MeV]
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emulsion film
Recoil nucleus uncertainty1GeV

0.1deg
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Modulation factor R=0.21±0.11-0.09



Galactic Center GeV Excess 

DM scenario? (NFW,γ=1.26？)

1

Radial profile (latitude dependency of the Excess flux) 

(Calore et al. 2015)
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difficult to discuss 
<1 deg. (diffuse BG)



Galactic Center GeV Excess 

DM scenario? (NFW,γ=1.26？)

1

Radial profile (latitude dependency of the Excess flux) 

(Calore et al. 2015)

8

difficult to discuss 
<1 deg. (diffuse BG)

Add the data point at 0.1deg.(emulsion film)

?

?



GRAINE project 
Cosmic gamma-ray observation 

w/ balloon-borne emulsion gamma-ray telescope 
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8-9m

GRAINE10m2科学観測を実現する 
エマルションガンマ線望遠鏡の概念図
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-3 m

1連 4Unit 5m2 
２連10m2   6点吊

2021年気球実験にむけて1連5m2  
気球B500B@高度>35km → PI重量<1200kg

ガンマ線検出器の搭載デザイン

コンバータ
多段シフタ

与圧容器ゴンドラ

ガンマ線検出器をUnit化 
1Unit 1.25 m2 
8Unit10 m2

8~9m~3m

Balloon-borne 
10m2 telescope 
(largest aperture area 
 but not heavy ~2000kg) Converter 

Detect γ-ray 
Measure angle&energy

γ

TimeStamper 
Timestamp  
track by track
multi-stage 

emulsion shifter

Al
tit
ud
e 
M
on
ito
r 

(s
ta
r c
am
er
a)

100  
films

emulsion gamma-ray telescope



GRAINE project
Prototype Phase
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Demonstration phase

Scientific phase

2015 2nd Balloon experiment 
         (0.38m2@Australia w/ JAXA) 

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

2023 4th Balloon experiment 
         (2.5m2@Australia w/ JAXA)

2004- Technology development 
2011 1st Balloon experiment 
         (0.01m2 @Japan w/ JAXA)

takahashi et al., 2024 ApJ 960 47 2027? 5th Balloon experiment

Observation for the Vela pulsar 
in the 2018 experiment

gamma-ray count map

Imaging with the  
highest resolution in sub-GeV
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Preliminary predictions 
for GRAINE 2023 observations

Telescope Area x 1-day Flight [m•flight]

More statistics needed!!GRAINE 2023
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Preliminary predictions  
for GRAINE2023 observations

Assuming a
 dark matte

r scenario  

(NFW, γ=1.
26)Calore et

 al. 2015

(known astronomical 
 sources)

if 1 week flight: 
MDP(3σ)=15%
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GRAINE2023 
@Australia

Con
vert
er(9

0film
s×2
0)

1 2 3 4
5

6 7 8 9
10 11

20
・・・・・・

~3m

time-stamper(new model) 
(light weight、improving time resolution 1->0.1sec.)

altitude monitor

pressure vessel gondola

12



ゴンドラ
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photo by JAXA

Balloon was 
successfully 
released by the 
JAXA team

Our gondola

Launching on Apr.  
30th, 6:32am

Celestial regions observed 
by the Emulsion Telescope (FoV ±45°)24hのExposureMap

Vela pulsar
15pm–21pm

overlayed  circles 
with a 45-deg. radius every 30min.

Galactic Center
0am–6am

Center of view
(≒zenith direction)

G.C. Vela

Geminga

Crab

successfully observed full coverage of the Vela pulsar and G.C.

GRAINE2023



14Data taking w/  
the high-speed  
emulsion scanning  

system

flight film in  
GRAINE2023 
25×50cm2

Automatic scanning 
system(5000cm2/h) 
@Nagoya University

Gamma-ray Event Selection
GRAINE2018  

8 film 5 mm四方を表示

38 cm

25
 cm

7x106 事象を選出

1

100

10000

5m
m
 x
 5
m
m
  

あ
た
り
の
飛
跡
数 After 

veto
Pair  

topology

All(Raw)
Remove  
penetrating 
tracks

Raw data scanned by HTS: 
 3x104 tracks

→搭載フィルム全体積 
(100枚x4ユニット)で処理

　　　検出事象数: 2x104

Gamma-ray Event Selection
GRAINE2018  

8 film 5 mm四方を表示

38 cm

25
 cm

7x106 事象を選出

1
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10000
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93
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Pair  
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Remove  
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Raw data scanned by HTS: 
 3x104 tracks

→搭載フィルム全体積 
(100枚x4ユニット)で処理

　　　検出事象数: 2x104

Raw data 
~ 2×105 tracks/cm2

1500/1800 films have been scanned (80%) 
>107 γ-ray events have been detected

scanning & γ-ray detection is ongoing!

image 
processing PCs

large objec
tive lens (~1

0cm) 

&72 CMOS
 imaging ce

nsor



Detected “e-pair” event topologies
unit 10
start_pl 25
gid 6915973
θ_zenith 29.6°
θ_open 5.17°
E_gamma

54±19 MeV

unit 10
start_pl 25
gid 8237284
θ_zenith 30.5°
θ_open 1.36°
E_gamma

587±204 MeV
a

31 MeV/c

23 MeV/c

View from γ-ray direction

a
116 MeV/c

471 MeV/c

View from γ-ray direction

vertex
vertex

1.
92

6 
m

m

0.387 mm

15

1mm



Converter

Hadronic 
interaction

electron pair
production

Primary
cosmic ray

reconstructed
angle

Δθ

π0→2γ

γ→e++e-
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detection method: Y.Nakamura, et al. PTEP 2021

incident angle (tanθγ): 0.0-1.0
energy range: 100-400MeV

6.8×106 events
(searched with 140 films)

multiplicity >10(tanθγ<1.0)
1.3×104 events

(searched with 156 films)

Performance of the angular measurement
① Internal calibration source
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Δθ
Y
[d
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.]

ΔθX [deg.]

entries[0.04deg. ×
0.04deg.]

angle difference distribution

angular resolution: 
0.64±0.12deg.(Eave. ~250MeV)

(expected value: 0.65deg.)

after subtracting random BG
and smoothing

Uncertainty of the expected direction: ~0.3deg.

Converter

Hadronic 
interaction

electron pair
production

Primary
cosmic ray

reconstructed
angle

Δθ

π0→2γ

γ→e++e-

① Internal calibration source

preliminary



② External calibration source
Performance of the angular measurement

crane truck

36
cm

17 cm

9cm
depth

connecting
our gondola and
the balloon

metal plate
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4.
5m



4.
5m

② External calibration source
Performance of the angular measurement
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0.1 1
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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

GRAINE2011

GRAINE2015

GRAINE2018

GRAINE2023

1960,70s balloon experiments
calculation by 
HKKM model

preliminary

Atmospheric gamma-ray observation 
at the balloon attitude(~36km) 

We understand our main background and the detector response

20



Summary
Prototype Phase
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Demonstration phase

Scientific phase

2015 2nd Balloon experiment 
         (0.38m2@Australia w/ JAXA) 

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

2023 4th Balloon experiment 
         (2.5m2@Australia w/ JAXA)

2004- Technology development 
2011 1st Balloon experiment 
         (0.01m2 @Japan w/ JAXA)

2027? 5th Balloon experiment

GRAINE project : Cosmic γ-ray observation w/ 
the high angular resolution 
 & the polarization sensitivity 

We conducted 4th balloon experiment in 2023 
Starting of the scientific observation 
 - Observation of the G.C. region  
    w/ the highest resolution 
 - Trying to measure the polarization of the pulsar 
Analysis in GRAINE2023 is ongoing now 
-Basic performances are well consistent  
 with the expected values 
-Observed atmospheric γ-ray is consistent 
 with the previous experiments 
-Analysis for the astronomical sources is ongoing 

In the future, we want to conduct repeatedly  
balloon experiments 
with larger aperture area / longer flight duration
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 X

Fermi-LAT GRAINE

angular resolution＠100MeV 6.0° 1.0°
angular resolution＠1GeV 0.80° 0.1°

polarization - ○
effective area＠100MeV 0.25m2   2.1m2 *
effective area＠1GeV 0.88m2   2.8m2 *

*10m2 apperture area
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 X

(roughly) GRAINE 1-2 flight = LAT 1year 
for the GC (plane)
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Shift the tomographic images
and sum up the hit pixels
Searching for straight lines

Plastic base film

Emulsion layer

tomographic imagesZ

XorY

objective
lens

Imaging
camera

Processing
PC

tomographic images



Atmospheric gamma-ray flux
27

GRAINE2023

smoothly connect to the results 
in the higher energy band



Effect of the polarization measurement
Expected  for the FSRQ blazer(3C279)

completely new information !
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H. Zhangand M. Bottcher 2013

large
difference!

almost
same
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[J

y 
H

z]

gamma-ray band
(30-200MeV)

frequency(∝energy)[Hz]



diffuse
γ-ray
BG
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＜±1° ＜±0.1°

Point
sources

atmospheric
γ-ray

(observable)

lower contamination of the BG uncertainty

unknown γ excess in the G.C.

observation result after subtracting

unknown excess

excess γ
(dark matter

scenario
NFW

γ=1.26)

Calore et al. 2015



time

time

1st

2nd

time

3rd

dx
dx

dx

converter

Main detector
(emulsion)

Time stamper
(emulsion)

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

Time stamper
emulsion shifter

position
↓

time

Time resolution < 100ms 
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Converterγ

TimeStamper
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films

Star camera in GRAINE2023
32

Image obtained in GRAINE2023 Star catalogue
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Data

MC

45°30°15°

An
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Gamma ray angle[tanθ]

100-300MeV

500-700

300-500

Evaluation of the angular resolution



Evaluation of the energy measurement

135MeV Invariant Mass[MeV]

Mean: 133.1±8.2
(exp. 135MeV)

Sigma: 36.0±6.6->

EneRes:37.7±6.9%
(exp. 30~40%)

BG
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Polarization observation
z Tomographic

image

x

y

1μm

Gamma-ray

Microscopic view

Difference ω due 
to scattering

γ

ω

σ(ω) = σ0(1 + Rcos(2(ω − ω0)) 



2022 年に計画されているオーストラリアで

の国外気球実験では，Vela パルサーをさらに高

統計で観測することを目標とし，さらに銀河中

心などこの帯域での Vela 以外のガンマ線発生

源の観測を目指す。 
図３に 100MeV 以上の帯域でのおもな高輝

度ガンマ線天体のアリススプリングスにおけ

る観測での仰角の時間変化を示す。仰角が 45q
以上となる時間に天体が望遠鏡の視野内を横

切ることになる。銀河中心が視野内を横切る時

間帯は，他の高輝度天体も視野の中央付近に対

応する高い仰角まで上昇し，観測に適した時間

帯となる。 
 
４． 科学観測の開始に向けた大面積望遠鏡の開発 
科学観測の本格的開始にあたっては，Fermi-LAT の 10 倍の有効面積に匹敵する開口面積 10m2の

エマルション望遠鏡の実現を目指すが，そのような面積に拡大してもペイロード重量を 2 トン以内

に収めることのできる軽量化大面積化ユニットを開発している。 
2018 年気球実験での望遠鏡（開口面積約 0.38m2）は，コンバーター本体の重量が約 32kg であっ

たのに対して，多段シフターが約 75kg の重量を占めており，このままスケールアップして大面積

化すると，多段シフターの重量で面積が制限されてしまう。大面積化のためには，多段シフターを

大幅に軽量化することが不可欠である。これ

までの多段シフターは 10～20mm の厚さの

ジュラルミンのベース板上に厚さ 1mm の金

属板ステージを動かす機構を載せる構造に

なっていた。これに対して，大面積化にあた

っては，厚いベース板や金属板ステージを廃

してフィルムを遮光パックしたシートのみ

を両側のローラーで引っ張って動かす構造

を採用し大幅な軽量化を図る。1.25m2の多段

シフターフライトモデルを製作し精度・再現

性の評価を行っている。（図４）[4] 
宇宙由来のガンマ線の損失と宇宙線２次反応により発生するバックグラウンドを抑制するため，

2015 年の気球実験では風船型与圧容器を開発し導入した。直径約 1.6 m の円形リングの上下に半球

のシェルを固定して球形の与圧容器を実現した。望遠鏡の大面積化にあたっては，放球の際のクレ

ーンによる吊り下げ時の機械的干渉を避けるために，与圧容器の幅を増やすことなく検出器面積を

10 m2に拡大するために，円形の代わりにレーストラック形のリングを使用して，円筒の両端に半

球をつけた形状の長繭型与圧容器をデザインした。（図５）[4] 2018 年の気球実験では，このデザ

図４：新型ローラー式多段シフターフライトモデル 

図３：高輝度ガンマ線天体の仰角の時間変化 

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

ele
va
tio
n

G.C.
G.C.
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Expected results by GRAINE

from Dark matter from ms pulsars
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