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Gamma-ray Telescopes
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Image credit:
NASA/DOE/Fermi LAT Collaboration

>5000 sources (FL8Y)

All-sky map by Fermi Gamma-ray Space Telescope 
using nine years of data collected from 2008 to 2017
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residual

G.C. GeV Excess (dark matter ?)

Nearby Galactic Center

Crowded by many 
gamma-ray sources & 
diffused background

color: 2-10GeV
γ-ray (Fermi LAT)

SNR W44

contour IR(Spitzer)

Abdo et al., Science, 2010

better resolution is needed 

Image credit:
NASA/DOE/Fermi LAT Collaboration

Vela                                                                           Crab
X-ray images by Chandra

Unresolved issues in 
cosmic -ray bservation
（GeV/sub-GeV band）

Image credits: 
Pavlov, G. G. et al. ApJ. 591, 1157          NASA/CXC/ASU/J. Hester et al.
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Image credit:
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for -ray polarization, no positive report so far

Vela                                                                           Crab
X-ray images by Chandra

IXPE
Xie, F. et al. Nature 612, 658, 
(adapted in Nature 612, 641)

INTEGRAL
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before  and  after
development process

Emulsion Film
Gamma-ray

e+e-

Emulsion

Emulsion

Plastic
base

0.3mm
(0.002Xo)

Cross sectional view of an emulsion film

Nuclear Emulsion
10m

microscope view

Gamma-ray 

Intrinsic position accuracy of ~50nm

e+/-

e-/+
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Balloon-borne emulsion gamma-ray telescope

Fermi LAT GRAINE

Angular resolution @ 100MeV 6.0 1.0

Angular resolution @ 1GeV 0.90 0.1

Polarization sensitivity － Yes

Effective area @ 100MeV 0.25m2 2.1m2 *

Effective area @ 1GeV 0.88m2 2.8m2 * * 10m2 trans conv det

× 6

× 8

× 3

× 9

10m2, ~2t

world’s highest resolution

world’s first in GeV band

world’s largest aperture

Gamma-Ray Astro-Imager with Nuclear EmulsionGRAINE:

repeat
long duration flight

Attitude monitor
(Star Camera) Converter

(Emulsion Film Stack)

Time stamper
(Multi-stage shifter)
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Converter
(emulsion film stack)

Time stamper
(emulsion)

Gondola rotation become 
1 deg/sec in bad case.
For pointing in mrad accuracy, 
Sub second time resolution required.

New Technique for GRAINE
Multi-stage Shifter
（Time Stamper）

time

time

1st-stage

2nd-stage

time

3rd-stage

dx
dx

dx

Consisting of emulsion film.
Low momentum threshold ~10MeV/c
High reliability & efficiency
Enlargeable
Simple, compact, light weight, high vol. free
Low power consumption, dead time free

Emulsion Film Stack
Converter

S. Takahashi et al.
NIM A620(2010) pp.192-195
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２００４- Development on ground
S.Takahashi et al. NIMA 620, 192 (2010)
K.Ozaki et al. NIMA 833, 165 (2016)

２０１１/Jun: 1st Balloon exp.
• Confirmation of feasibility
H.Rokujo et al. NIMA 701, 127 (2013).
S.Takahashi et al. PTEP 2015 043H01

２０１５/May: 2nd Balloon exp.
• Establishment of experimental flow
• Demonstration of the detector performance

K.Ozaki et al., JINST 10, P12018 (2015)
S.Takahashi et al. PTEP 2016, 073F01
H. Rokujo et al. PTEP 2018, 063H01
S.Takahashi et al. Adv.Space Res. 62 2945-2953

２０１８/Apr: 3rd Balloon exp.
• Celestial source detection

H. Rokujo et al. JINST 14, P09009 (2019)
Y. Nakamura et al. PTEP 2021, 123H02
S.Takahashi et al. PTEP (2021) submitted

２０２３/Mar,Apr:
• Commissioning scientific observation 
• Approved 2.5m2×2 flights (=5m2)

→ 10m2 aperture and longer duration flight
(in future)

GRAINE roadmap

Demonstration phase w/ 0.38m2

GRAINE 2018
・2018/Apr/26

・ Alice Springs, Australia

・ Aperture 0.38m2

・14.7hr@35-38km

GRAINE 2021→2023
・2023/Mar,Apr/

・ Alice Springs, Australia

・ Aperture 5m2→ 2.5m2

・24hr to observe Vela and Galactic Center

GRAINE 2015
・2015/May/12

・Alice Springs, Australia

・ Aperture 0.38m2

・11.5hr@36-37km

GRAINE 2011
・2011/Jun/8

・Hokkaido, Japan

・Aperture 0.013m2

・1.6hr@35km
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H. Rokujo et al. 
PTEP, 2018, 063H01

12  e+ e- Event Selection

Small area of the real data from GRAINE2015



Vela pulsar imaging @GRAINE2018 13

All Tracks

(e-pair) events

SC2
SC1

SC3
Vela in FOV
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Development of Large Aperture Telescope
for Scientific Observation

realization of 10m2 aperture telescope
・ Mass-production emulsion gel and film and development process

(converter film 1000m2 and shifter film 100m2)

・ Improvement of Hyper Track Selector
・ New Pressure Vessel and Gondola
・ New Multi Stage Shifter
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Ag＋ Br-,I-

Gelatin
+Hot water

Mix

AgNO3 aq NaBr, NaI aq

Emulsion film production facility @Nagoya Univ.

Particle physics, muon radiography, gamma-ray telescope etc.

Next balloon-borne experiment
total emulsion film surface area ~600m2

Oct 2021, Converter rehearsal @Mt. Norikura
May 2022, Started mass-production

Gel prodution

“30 times machine” is installed
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Large Scale Development Facility

@ Gifu University



精密ステージ

Development of Large Aperture Telescope
for Scientific Observation

realization of 10m2 aperture telescope
・ Mass-production emulsion gel and film and development process

(converter film 1000m2 and shifter film 100m2)

・ Improvement of Hyper Track Selector
・ New Pressure Vessel and Gondola
・ New Multi Stage Shifter
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HTS-2 @ Nagoya U. 



Development of Large Aperture Telescope
for Scientific Observation

realization of 10m2 aperture telescope
・ Mass-production emulsion gel and film and development process

(converter film 1000m2 and shifter film 100m2)

・ Improvement of Hyper Track Selector
・ New Pressure Vessel and Gondola
・ New Multi Stage Shifter

19



Development of Large Aperture Telescope
for Scientific Observation

realization of 10m2 aperture telescope
・ Mass-production emulsion gel and film and development process

(converter film 1000m2 and shifter film 100m2)

・ Improvement of Hyper Track Selector
・ New Pressure Vessel and Gondora
・ New Multi Stage Shifter

GRAINE2018 telescope roller scroll multi-stage shifter
1st flight model

1/3 weight per
aperture area

film pack
motion

honeycomb base
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2 units
⇒ 2.5 m2

8 units
⇒ 10.0 m2

4 units
⇒ 5.0 m2

Scalable telescope assembling identical units

×2 flights → 1 flight
in GRAINE2023

1.25 m2

telescope unit

×2 flights 
in GRAINE2026?
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GRAINE2023 is now on going

22

2022 Dec: export Gondola and parts
JAPAN by Sea Container

2023 Jan: export Emulsion films 
by Air Cargo

Mid Feb: Installation & Construction
Alice ↓ Compatibility Test
Springs Mid Mar: Rehearsal

↓ Waiting for Good Wind
Early Apr: Launch

April:

Recovery @ Alice Springs
or
Recovery @ Long Reach

May: Large Scale
Development Process
@ Gifu Univ.

June: Large Scale Scanning
@ Nagoya Univ.

Alice 
Springs

Long Reach



Emulsion films via Air cargo & Cooling track

Hangars in
Balloon Launching Station 
at Alice Springs, Australia

23Gondora and main parts 
in Sea Container and transshipped to Railroad
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Film Installation (Shifter & Converter)

Thermal Insulation
Crush Pad (paper honeycomb)
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Pressure Vessel & Outside Components

Attitude Monitor (Star Camera)
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GRAINE Payload is Almost Ready for Launch

Hanging & Radio Test 
with Launching Crane



Field of view transition in 24 hours
>100MeV Flux (2FGL)
1 Vela 1.0   PSR
2 Geminga 0.389 PSR
3 Crab       0.254 PSR
4 3C454.3    0.219 BZQ
5 J1709-4429 0.144 PSR
7 PKS1510-08 0.091 BZQ
9 W44 0.073 SNR
10 GC         0.066 spp

@Alice Springs: 133 50′ E 23 40′ S

24hours

Elevation AngleVela rise 5:19 LST

Vela set 11:51 LST
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emulsion

emulsion

TAC
base

0.002Xo
300μm



e- e+

Cross-sectional view of Emulsion Film

Microscope image

1micron


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Polarization Measurement
(Beam Test @ LEPS of Spring-8)



Polarization Measurement
(Beam Test @ LEPS of Spring-8)

emulsion

emulsion

TAC
base

0.002Xo
300μm



e- e+

Cross-sectional view of Emulsion Film

Microscope image

1micron



Azimuthal Angle 

K. Ozaki et al. NIM A833 (2016) 165-168 

Consistent with expected

Azimuthal Angle

SPring-8 
Linearly Polarized Beam
(selected 1372 event)

)))2(2cos(11(0)( pppN  
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・ GRAINE project
- Precise observation by balloon-borne emulsion gamma-ray telescope
- High angular resolution, Polarization sensitive, Large effective area

・ 2018 Balloon experiment in Australia
- Confirmed overall performance by imaging Vela pulsar
- 6.3 times better PSF radius, 39 times better solid angle than Fermi-LAT

・ 2023 Balloon experiment in Australia
- Start scientific observation by 2.5m2 (6.5 times of GRAINE2018) 
- higher statistics of Vela pulsar and detection of Galactic Center

・ Full scale scientific flight with 10m2 aperture telescope
- Looking for longer duration flight @middle latitude
- SNR, Galactic center/plane, un-ID sources, Polarimetry, Burst events

Summary & Prospects
31
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Crab
（M1:SN1054）

0.1 

radio

Infra
-red

visible

X raysame scale

Moon
(diameter 0.5°)

 ray
>1GeV
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Detection principle

Ze+

e+ (positron)

e- (electron)

 - ray

e

e

photon total cross sections as a function of energy
(from PDG2022)

Nuclear

microscope view

 - ray e

e

e+e- pair creation

Compton scat.

Fermi-LAT
GRAINE

COSI
SMILE

10mm

 - ray
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Angular Resolution
68% containment radius
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Energy Resolution

26% error for 32 MeV/c electron 27% error for 0 mass peak
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BG Flux(atm.γ)Measurement
(b) all tracks
(c) eliminate  

penetrating tracks

(d) starting 
from middle

(e) e-pair candidates
with partner track

(g) connect to 
time stamper

γ→e+e- Event Selection 

tra
ck

s 
or

 e
ve

nt
s/

un
it 

ar
ea

(1
3x

9c
m

2 )

|tanθ|<1.0

H. Rokujo et al. 
PTEP, 2018, 063H01

← bottom top →

(g)

×1/2000

37



38



39



40



SC2
SC1

SC3

SC1SC2SC3 41



Vela pulsar imaging
@GRAINE2018
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Spectral energy distributionradial profile ( 2 distribution)
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Other observation @GRAINE2018

44
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Missions @ sub-GeV/GeV band
Fermi-LAT GRAINE ASTROGAM AMEGO HARPO

Converter 
& Tracker

W (0.03/0.18Xo)

& SSD Emulsion Double-sided 
SSD

Double-sided 
SSD Gas TPC

Energy 
Range

20 MeV –
300 GeV

10 MeV –
100 GeV

10 MeV –
3 GeV (pair)

10 MeV –
5 GeV(pair)

MeV –
GeV

Angular Reso.
@100MeV 6.0° 1.0° 1.5°

(requirement) 2°
0.4°

Angular Reso.
@1GeV 0.9° 0.1° 0.2°

(requirement) 1° out of study

Polarization under study Yes ? ? Yes
Apparture
Size

1.96m2 (eff.
0.25m2@100MeV)

10m2 (eff. 
2.1m2 @100MeV)

0.9m2 0.9m2 ? (eff. 0.03m2

w/ 10kg Ar)

Launch 2008 2023 Not Yet Approved 
(2037～)

Not Yet Approved 
(2028～) No plan

Flight by NASA JAXA balloon ESA? NASA? No plan
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■：Star spectrum（M-type:3200K）

◆：Daytime sky BG（Dietz et al., 2002）

Optical filter
cut-on below 610nm

Attitude monitor (Day Time Star Camera)

・ Camera Lens
Nikon  AF Nikkor 85mm F1.4D

diameter：77mm
focal length：85mm

・ CMOS Camera
TRI028-MC (near-IR camera)
2/3 inch (11mmφ)
pixels：1936×1464, 2x2 binning

・ CPU board
ADVANTECH PCM-3365EW
- CPU：Intel Atom E3845

・ SSD (1TB)
Transcend SSD370S (MLC NAND)

・ Optical Filter
Schneider Optics B+W091 
(690nm)
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2.5m2 telecope×2 were ready to export 49
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