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g-ray observations by balloon-borne emulsion telescope with a high 
angular resolution, polarization sensitivity and large-aperture-area



>3000 sources (3FGL)

Image credit: NASA/DOE/Fermi LAT Collaboration

Fermi's Five-year View of the Gamma-ray Sky (>1GeV)



(Eg>1GeV)

SNR W44
Abdo et al., Science, 2010

Color : 2-10GeV gamma-ray (Fermi LAT)

Contour : IR(Spitzer)

Crab
A. J. Dean, et al., Science, 2008

INTEGRAL
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M. Ackermann et al. Science, 2013

Energy spectrum

Morphology
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Polarization

Crab nebula flare
Buehler et al., ApJ, 2012

Transient
GRB
Yonetoku et al., ApJ, 2011

T.Daylan et al., arXiv:1402.6703v1

Dark matter
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Powerful tracking device
>High spatial resolution : <1micron
>Small radiation length : 0.002Xo

Gamma-ray

e+e-

Emulsion

Emulsion

Plastic
base

0.3mm
(0.002Xo)

Cross sectional view of an emulsion film

Nuclear emulsion

High angular resolution for gamma-ray 
Sensitive to gamma-ray polarization

10micron

Microscopic view

Gamma-ray e+/-

e-/+

Intrinsic position accuracy ~60nm



GRAINE

Fermi LAT GRAINE

Angular resolution @100MeV 6.0deg (105mrad) 1.0deg (17mrad)

@1GeV 0.90deg (16mrad) 0.1deg (1.7mrad)

Energy range 20MeV - 300GeV 10MeV - 100GeV

Polarization sensitivity --- Yes

Effective area @ 100MeV 0.25m2 2.1m2 *

@ 1GeV 0.88m2 2.8m2 *

Dead time (readout time) Dead time free

Timestamper
Multi- stage shifter

Attitude monitor
Star camera

e+e-

g

Calorimeter
Emulsion + metal plate

Converter
Emulsion + Copper foil

Gamma-Ray Astro-Imager with Nuclear Emulsion

* 10m2*etrans*econv*edet

x1/6

x8

x3

x1/9



Angular resolution

1film

2films

3films

Total
Front

Back

LEPS/SPring-8 (Dec. 2004)

UVSOR(Mar. 2008)

Fermi-LAT (2008- )
(P7SOURCE_V6)

GRAINE (MC)
emulsion film(70,180,70)

GRAINE2011(June 2011)
(Zenith : 0-47deg)

100MeV 1GeV 10GeV 100GeV

1mrad

1arcmin

New SUBARU(Nov. 2013)

SPring-8

GRAINE 2011

UVSOR

New SUBARU



K. Ozaki, S. Takahashi et al., NIMA (2016)

LEPS/SPring-8 (Dec. 2004)
Eg, Max.=2.4GeV

Significant and consistent result was obtained.

<P>=66%, modulation factor=0.21+0.11
-0.09
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Polarization sensitivity



Energy range
Atmospheric g-ray @Mt. Norikura(July, Sep. 2007, July 2013), et al.

35MeV electron LINAC
@Tokai-mura(Aug. 2012)

Momentum measurement accuracy w/MCS Energy measurement accuracy

NewSUBARU
(Nov. 2013)

Data: 70.8MeV(+30%
-19%)

MC:   70.4MeV(+26%
-17%)

35.2+6.5-7.4 [MeV/c]
Absolute:1.8% (34.6MeV/c@incidence)
Relative:20% (15films)
Ą14%@Eg=70MeV (even case)
Ą20%@Eg=35MeV (uneven case)



~sea level

12hours

2stages

RMS 1.5s

Efficiency 98%

Reliability 97%

S.Takahashi et al.,

NIMA(2010)

Timestamper
Multi-stage shifter
June 2007ς

Flatness study

RMS<1.8mrad(0.10deg)

J-PARC
nbeam line
m-pit (Nov. 2014)



GRAINE 2011 JAXA scientific ballooning
TaikiAerospace Research Field
(Hokkaido, Japan)

First balloon-borne emulsion g-ray 
telescope experiment

First balloon-borne experiment
Feasibility test

June 8th, 2011
4.3 hour flight duration
(1.6 hours @34.7km)

12.5cm 10cm aperture



GRAINE 2011 Flight data analysis

1deg@100MeV

S. Takahashi et al., PTEP 043H01 (2015); H. Rokujoet al., NIM A 701, 127 (2013)

Angular resolution

Feasibility demonstration



5/12 6:33 

Image©JAXA

Flight duration: 14hour22min 
(11hour32min(x7)

@36.0-37.4km)
almost covered

Vela w/in 45deg zenith
image©JAXA

Launched, 6:33 12th May 2015

S. Takahashi et al., PTEP 073F01 (2016); K. Ozaki et al., JINST 10 P12018 (2015)

GRAINE 2015

3780cm2 aperture (x30)
~millisecond timing resolution (1/10)

Design, various improvements & preparations
Establishment of a scheme & flow of the experiment in Australia
Demonstration of overall performance





After film development, surface treatment, thickness tuning, scanning parameter tuning

All area (37.6cmX24.5cm/film)
|qproj|<53deg (| tanqproj|<1.35)

GRAINE 2015, Flight data analysis

HTS update

Scanning progress

Completed for all films
(432films, 41m2(film area basis))

-Converter100 films x 4units
-Timestamper8 films x 4units

Emulsion track read-out

Emulsion read-out system
Hyper Track Selector @ Nagoya U

First practical scanning



GRAINE 2015, Flight data analysis, Converter



GRAINE 2015, Flight data analysis, Converter

Reconstructed tracks with 8 films



GRAINE 2015, Flight data analysis, Converter



GRAINE 2015, Flight data analysis, Converter



Achieved improvements
-Emulsion film S/N ratio X~20, data size ~1/20
-Track finding inefficiency in a single film ~1/10
-Reduction load for g-ray event detection ~1/200

g-ray event detection can be performed for a large area.

Completed for 75% (2830cm2/3780cm2(aperture basis))
(~30m2/40m2(film area basis))

GRAINE 2015, Flight data analysis, Converter

g-ray event detection



g-ray energy distribution

Energy reconstruction with MCS
GRAINE 2015, Flight data analysis, Converter

e-pair kinematics
Data-MC comparison

preliminary

(1
3

x9
cm

2
)

(Ǉ)̡left=81.4+22.1
-14.3 MeV/c

(Ǉ)̡right=68.0+18.4
-12.0MeV/c

Eɹ=149+28.7
-18.6MeV

i̒ncident=30.6o



Phase-resolved analysis for pulsars is capable.

Altitude & Track rate

s=4.9mm w/ 500mm/sec operation

ĄTime resolution 9.8msec

Hadron event on spike structure

GRAINE 2015, Flight data analysis, Timestamper

10cm

e.g. 89msec period of Vela pulsar

Simultaneity of hadron event tracks

15 min.
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GRAINE 2015, Flight data analysis, Converter+Timestamper

Measurement of atm. g-ray flux



g-ray imaging performance
w/ hadron induced g-ray events

GRAINE 2015, Flight data analysis, Converter+Timestamper

Eg>130MeV, tanqg, zenith<0.5 Preliminary

sproj = 0.5deg (8mrad)

Angular resolution 0.7deg

High g-ray imaging performance was being obtained.
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(direction, timing, energy, polarization, efficiency)



GRAINE 2015, Flight data analysis, Converter+Timestamper+Attitude

East-west effect (Preliminary)

g-ray plotting on celestial coordinates is ongoing.
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2018
Alice Springs
>~1m2 aperture, >~36hours flight duration
<~10g/cm2 altitude
Commissioning flight

-Scientific model establishment
(size, weight)

-Flight duration
-Performance demonstration
-Scientific obs. starting

2021-
Alice Springs
10m2 aperture, >~36hours flight duration
<~10g/cm2 altitude
Scientific flight

Vela pulsar
Polarization observation (<50%)

Galactic Center
Obs. with ~arcminresolution

Pioneering polarization 
observation for high 
energy g-rays

Resolving GeV g-ray 
excess at galactic center

Studying cosmic ray 
sources

GRAINE Scientific observation roadmap

SNR W44 (<200MeV, >200MeV)
Precise spectrum measurement
High resolution imaging



T. Saito, PhD thesis (2010)

J.Takata and H.-K.Chang, ApJ, 670:677-692, 2007

Polarization characteristic 
of the curvature radiation 
in the outer gap

Crab pulsar

Pulsars, AGNs, Flares, GRBs

Model prediction
Pioneering polarization observation 
for high energy g-rays
Approaching emission mechanism



Vela pulsar, polarization sensitivity

10m2 aperture
5g/cm2 atmospheric depth
Signal: Vela pulsar (3FGL)
BG: Atmospheric gamma-rays
Kinzer et al. (1974), 4.5GV, 11.5 GV
Staibet al. (1973), 4.5GV, 12 GV

Alice Springs
Apr. 15th, 19:39(ACST) culmination, 21.6deg zenith
16:24ς22:54 (6.5h/cross) w/in 45deg zenith, 14:58ς24:20(9.4h/cross) w/in 60deg zenith
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Optimizing pol. sens.eval
Enlarging FoV(60deg zenith)

Optimizing energy band (>200MeV)

Enlarging unit size (50x50cm2(3.2cm thick))

(>100MeV, 10x12.5cm2 (3.5cmthick),
45deg zenith, precise measurements)

# of crosses of a source in a field of view of the telescope
with diurnal rotation (roughly corresponding to flight days)



M
in

im
u

m
 D

e
te

c
ta

b
le

 P
o

la
ri
za

tio
n(

3s
)

Flux (>100MeV) Fs [cm-2s-1]
12FGL, 2Monitored Source List Light Curves

4.5GV
12GV
12GV, Grain by Grain

x10
7days
flight

effeffeffs

BGeffs

TARF

FF
MDP

e

ep

2

3 W+
=

Polarization sensitivity

Aperture area : 10m2

Modulation factor : R=0.1
BG : Staibet al. (1973), 4.5GV, 12GV

0.5

5x10-6

Optimizing kinematical cutҦMFҧ
Precise measuringҦ

Scattering suppressedҦMFҧ
Recoil momentum correlationҦMFҧ

0.1



M. Ackermann et al., Science 339, 807 (2013)

60MeV-2GeV

<200MeV, precise spectrum measurements 
with suppressed systematic errors
>200MeV, investigating spatial structure

200MeV

Sys. error

SNRs

W44
Abdoet al., Science, 2010
Color : 2-10GeV gamma-ray(Fermi LAT)
Contour : IR(Spitzer)

(deconvolved)

p0 emission: Direct evidence of 
proton acceleration

Spatial structure:
Emission mechanism



Smearing IR(Spitzer) distribution with 0.08deg(1.4mrad)
Considering atmospheric gamma-ray(>1GeV) as BG

W44
Abdoet al., Science, 2010
Color : 2-10GeV gamma-ray (Fermi LAT)
Contour : IR(Spitzer)

GRAINE(Simulation)
10m2, 100hours (41.7m2day),5g/cm2

>1GeV, Incl. atmg-rays

<200MeV
Precise spectral measuring
with suppressed systematic errors

W44

>200MeV
Investigating spatial structure
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GRAINE(Simulation)
(10m2, 7crossX10, 5g/cm2, 
Incl. atmg-rays)
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Sys. errors

deconvolved



W44 detection sensitivity BG

s

N

N
n =s

10m2 aperture
5g/cm2 atmospheric depth

Signal: W44
3FGL5.48x10-7cm-2s-1(>100MeV)
BG: Atmospheric gamma-rays
Thompson, (1974), 4.5GV (5-10g/cm2)
Kinzer et al. (1974), 4.5GV, 11.5 GV
Staibet al. (1973), 4.5GV, 12 GV
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# of crosses of a source in a field of view of the telescope
with diurnal rotation (roughly corresponding to flight days)

Alice Springs
Apr. 15th, 6:04(ACST) culmination, 25.1deg zenith
3:27ς8:42 (5.25h/cross) w/in 45deg zenith, 2:19 ς9:49(7.5h/cross) w/in 60deg zenith

Baseline

Enlarging FoV(60deg zenith)

Optimizing energy band (>200MeV)

Enlarging unit size (50x50cm2(3.2cm thick))

45deg zenith, precise measurements)
(>100MeV, 10x12.5cm2 (3.5cmthick),

Reviewing BG



GeV g-ray excess at galactic center region

T.Daylan et al., arXiv:1402.6703v1

Galactic Center

1.0-3.16GeV

Total flux

Residual

0 -2.52.5

GeV g-ray observations at galactic center region 
with ~arcminresolution
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Dark matter scenario Millisecond pulsar scenario
Luminosity function: Hooper et al. (2016)
dNsource/dVӒr-2.4

0.1deg@68%

dNg/dVӒr-2.4

Energy spectrum: Daylanet al. (2016)
0.1deg@68%

Simulation of GeV g-ray excess at galactic center region 
w/ high angular resolution

10m2, 420hours, >1GeV



Galactic center region, detection sensitivity

10m2 aperture
5g/cm2 atmospheric depth
>1GeV
Signal: 3FGL J1745.3-2903c & 3FGL J1745.6-2859c (0.1deg distance)
3FGL J1745.3-2903c, 3.87x10-8cm-2s-1

3FGL J1745.6-2859c, 2.18x10-8cm-2s-1

BG: Atmospheric gamma-rays
bCALET-2 (Taiki, 35km, 2009)

BG
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Nsignal=132, NBG=78@ 6 crosses
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# of crosses of a source in a field of view of the telescope
with diurnal rotation (roughly corresponding to flight days)

Alice Springs
Apr. 15th, 4:53(ACST) culmination, 5.3deg zenith
1:31ς8:16 (6.75h/cross) w/in 45deg zenith

Baseline

Enlarging unit size (50x50cm2(3.2cm thick))

precise measurements)
(10x12.5cm2 (3.5cmthick),



Test of fundamental symmetries
beyond the Planck scale

Yonetoku et al., ApJ, 2011

‚ ὕρπ

K.Tomaet al.,PRL 109, 241104 (2012)

IKAROS-GAP(70keV-300keV)

Scale of CPT violation (rotation angle of pol. vector)

Ὠ—ḗ‚ὴὨὸȾὓ

Constraint from GRB pol. obs. by GAP

By polarization observation for high energy g-
rays(e.g. > 100 MeV) from distant AGNs and 
GRBsby emulsion g-ray telescope, much strict
(five order of magnitude better) validationof 
CPT symmetry can be performed.



Improvements and preparations
for scientific balloon-borne experiments



Emulsion film production
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Nagoya U

Automatic emulsion gel pouring

Quite uniform and mass-producible emulsion film production 
can be performed.


