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MeV gamma-ray astronomy 
✓Nuclear astrophysics

✓Particle acceleration—particularly focusing  

on the thermal-to-nonthermal transition

Indirect dark matter search 
background-free search via hadronic channels  
using antideuteron/antihelium

Deploying a huge liquid argon detector into the sky

1. ultra-long duration balloon flights around late 2020s–early 2030s

2. a satellite-based deep all-sky survey mission in 2030s–2040s
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Sensitivity gap at the MeV band

MeV-gap

Open up a new window into the poorly-explored MeV sky region

Takahashi et al., 2013
Compton scattering process dominates in MeV range


Good energy & spatial resolution required


MeV gamma-ray continuum/line spectrum

- Physics processes/nucleosynthesis

- Multi-messenger astronomy: EM counterparts of GWs and high-energy neutrinos 

- Indirect dark matter searches/PBH searches
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MeV-gap

Transition of 
physics processes

Nuclear lines

MeV Gamma-Ray Observations
3

GRAMS 
aims at ~10-12 cgs

Supernova Neutron star mergers

r-process site candidates

MeV gamma rays give us unique probes of cosmic 
nuclear reactions.

However, nuclear lines are very faint.

For high sensitivity, we need a large effective area 
to obtain high photon statistics, and to obtain precise background estimate.

 for 1 MeV10−12 erg s−1 cm−2 ∼ 10−6 photons s−1 cm−2



Quick summary of MeV science
There is enormous discovery space in the unexplored MeV/sub-GeV bands. 
• Nucleosynthesis in supernovae and neutron star mergers

• Nuclear reactions in black hole accretion flows

• Cosmic ray interactions in interstellar medium

• Energy peak of synchrotron radiation from the most efficient cosmic accelerators

• Transition from thermal to non-thermal distribution of particles 

(triggers or initiation of particle acceleration)

• Low energy limit of cosmic rays

• Probes of cosmic neutrino generation sites 

• Dark matter particles and primordial black holes



• We measure events as the sum of the signal and background. 
    


• The signal is obtained by 
    


• The error of the signal: 
     
        Recall  for MeV faint sources


• This error gives our sensitivity: 

     

where : effective area, : observation time, : background rate per effective area


• To have a better sensitivity, maximize the area, and minimize the background level. 

C = S + BTrue

S = C − BEstimate

ΔS = ΔC ⊕ ΔBEstimate
ΔS ≃ ΔBTrue ⊕ ΔBEstimate S ≪ BTrue

ΔS
S

=
bAT

flux ⋅ AT
∴ flux = ( S

ΔS ) b
AT

A T b

Quick note on sensitivity

(simplified argument, depending on the background estimation)



Dark matter search with antideuteron

 PRIMARY FLUX = DM ANNIHILATION/DECAY 

Why Antideutetrons?
8

Background-free DM Search at low-energy region

~ 400x

BKG: Ibarra et al., 2013
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GAPS first science flight from Antarctic in 2022/2023 
GRAMS: next generation mission

DM annihilation/decay

Cosmic ray interaction

For low-energy antideuterons, the secondary flux is expected to be very low.

→ detection would give a strong evidence of dark matter = background-free search

GAPS experiment in Antarctica (2024–) → GRAMS (next generation)

Primary: dark matter annihilation

p(CR) + H(ISM) → p + H + p + n + p̄ + n̄

Secondary: cosmic ray interaction

d̄

?
DM

DM
q,W,H... d̄

DM annihilation hadronization coalescence

p̄

n̄



Liquid argon time projection chamberPossible TPC design for a unit of GRAMS

MeV gamma ray antideuteron
γ

Compton telescope 3D tracker
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Novel approach to realize 
an extremely large effective area 

~2000 cm2

1. Adoption of liquid detector

- high density and large volume

2. Use in particle physics experiments

- neutrino physics

- direct dark matter search

- this technology will be deployed to  
space missions (balloon/satellite)



Interactions in liquid argon
1.3 MeV ~ nuclear line 70 MeV ~ pion bump

LArTPC efficiently detects 1.3 MeV gamma rays via 
multiple Compton scattering interactions.

30
 c

m

30
 c

m

LArTPC accurately measures 70 MeV gamma rays via 
pair production with small effects of multiple scattering.

A thick volume of liquid argon is promising for a high efficiency gamma-ray detector of 1–100 MeV.



Event reconstruction technique

canonical event escape with 
multiple scattering

scattering

absorption

scattering
scattering

scattering

escape

source source

Astroparticle Physics 144 (2023) 102765

3

H. Yoneda et al.

Fig. 1. Scattering order candidates of a 3-hit event and their corresponding map
functions ⌧(�).

2. to determine the scattering order of the detected hits:

(DI )ordered = (D⌧(1),D⌧(2),… ,D⌧(n))ordered , (3)

where (DI )ordered is a re-ordered list of (DI ) by determining or
assuming the scattering order. Here we define the function ⌧(�)
which maps the scattering order to the data label (I), i.e., ith
interaction corresponds toD⌧(i). Fig. 1 shows the scattering order
candidates and their corresponding map functions ⌧(�) for a 3-hit
event.

3. to estimate the incoming gamma-ray energy.
4. to estimate the incoming gamma-ray direction.

Related to the second task, the MSD method [26,27,29,40,42] deter-
mines the scattering order by calculating the scattering angles redun-
dantly from kinematics and geometrical information. For example, [27]
defines the following quantity:

�2
c = 1

N * 2

N*1
…

i=2

(cos #kini * cos #geoi )2
�

� cos #kini
�2 +

�

� cos #geoi
�2 (N g 3) , (4)

where #geoi and #kini are ith scattering angles calculated by kinematics
and geometrically, respectively; � cos #i is the measurement uncer-
tainty, and N is the number of hits. This quantity is interpreted as a
modified chi-squared value. For all N! scattering order candidates, �2

c
are calculated, and the best scattering order is determined as one that
yields the smallest �2

c .
Related to the energy reconstruction, the so-called three-Compton

method is usually used to estimate escape gamma-ray energy [28,30].
If the energy loss at the first and second sites ("1, "2) and the scattering
angle at the second interaction (#2) are known, then the incident
gamma-ray energy ( ÇE0) can be calculated as

ÇE0 = "1 +
"2
2 +

v

"22
4 +

"2mec2

1 * cos #2
, (5)

where me is the electron rest mass and c is the speed of light. For
example, [42] calculates the incident gamma-ray energy for escape
events using the three-Compton method and defines figure-of-merits for
both fully-absorbed and escape events when the gamma-ray generation
position is known.

In this work, aiming at MeV gamma-ray telescopes in astronomy,
we formulate a probabilistic model of Compton scattering in a detector
instead of the MSD methods mentioned above. The most plausible
event type and scattering order can be determined as those that yield
the maximum probability. While the basic concept is similar to the
deterministic methods (e.g., [40]), we derive a probabilistic model that
describes both fully-absorbed and escape events in a unified framework.
Then, our approach can also identify and reconstruct escape events
which have been usually rejected. In our probabilistic model, the
physical processes of gamma rays and the measurement processes of
the detector are explicitly considered.

The main advantage of this approach is that the probabilistic model
derives the figure-of-merit for the event reconstruction deductively. The
relative ratio between the figure-of-merits for the fully-absorbed and
escape events can be determined based on the physics-based modeling.
It is expected that this approach makes the event type determination
more accurate compared to heuristic approaches in the MSD methods.
We will examine this point in Section 6.5. Additionally, when more
information is obtained, the proposed algorithm can be naturally ex-
tensible by including probability functions corresponding to the new
information (see Section 7.2).

3. Probabilistic model of an event type and scattering order

In this section, we formulate a probabilistic model of a sequence of
Compton scattering and photoabsorption in a detector, given an event
type and scattering order. Here we assume that an incoming gamma ray
is Compton-scattered in the detector n* 1 times and photo-absorbed at
last, or is scattered n times and escapes from the detector, i.e., a n-hit
event. In addition, we assume that all interactions are measured and
a list of the measurement values (DI ) = (D1,D2,… ,Dn) are obtained.
Note that in reality, there is a case that some interactions are not de-
tected due to interactions in passive materials, the detection threshold,
and multiple scattering within the same spatial resolution element of
the detector. Although the probability of such events strongly depends
on the actual detector configuration, we ignore these possibilities, and
as a result, our algorithm treats those events as fully-absorbed or escape
events. Especially, the effect of passive materials on the algorithm
performance is important for realistic situations, and thus we will
discuss it later in the discussion section (see Section 7.3.1).

As shown in Fig. 2, the gamma ray changes its energy and its
direction of travel every time it interacts with the detector. Then, the
gamma ray after the ith interaction in the detector can be described
with the quantities Çqi defined as

Çqi =
�
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where Çri represents the ith interaction position; ÇEi and Çpi represent the
energy and momentum vector, respectively, of the gamma ray after the
ith interaction (see Fig. 2); Ç✓i and Ç�i describe the direction of travel of
the gamma ray. We refer to the quantity Çqi as gamma-ray state in this
work. To distinguish explicitly the parameters in the gamma-ray state
and those measured by experiments, we put hats on the former ones.
Note that Çq0 represents the initial gamma-ray state, and the polarization
state of incoming and scattered gamma-rays is neglected in this study.

Need to determine the interaction order：N!

GRAMS employs a new Compton camera concept 
made of only a single Compton-thick scatter 
with no dead volume inside the detector.


→ GRAMS detects multiple scattering events with 
high efficiency.


→ We have developed new Compton reconstruction 
algorithms to treat multiple scattering with escaping.


1. Physics-based probabilistic model 
- Yoneda et al. 2023 
- giving a benchmark model


2. Multi-task neural network

- Takashima et al. 2022 
- outperforming after simulation learning



Timeline: achievements and plan
2020 

First concept paper 
Aramaki et al. 2020

2023 July 
Engineering flight 
Hokkaido, Japan 

First operation of LArTPC 
at stratosphere 

2025 February 
J-PARC/T98 (Japan) 

Antiproton beam 
experiment with LArTPC

2026 
Prototype flight 

Arizona, USA 
Demonstration of 
mission concept

2030+ 
Proposed satellite mission 

Multi-year deep all-sky survey 
with detector upgrades

Late 2020s 
Proposed science flights 

(Ultra-)Long duration balloon 
Location: TBD 

(Sweden, New Zealand, Antarctica)
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②

B23-06 Review 
JPS 2023 Autumn

Objectives:
1. Safely handle LAr at balloon altitudes
2. Operate & acquire data from LArTPC

(Has never been done before) 

Full Flight System

①

Gondola GRAMS LAr Vessel Detector System

This Talk

LArTPC

PMT

Charge
preamp 

Previous Talk

page 1/13

The world’s first balloon flight of a LArTPC 
✓ a minimal configuration of a LArTPC for an engineering test

✓ to establish safe and stable operations of LArTPC on a flying balloon 

✓ launched from JAXA balloon facility on 2023 July 27

10 cm

eGRAMS: Engineering flight in Japan

Gondola: 1.2 m

gondola

LArTPC

2023 July

Nakajima et al. 2024

Hokkaido, Japan



eGRAMS: Engineering flight in Japan 2023 July

PTEP 2024 , 123F01 R. Nakajima et al. 

Fig. 16. Example of cosmic-ray (left) and gamma-ray (right) candidates obtained from the !ight. (Black) 
outermost channel, (blue) innermost channel, (red) intermediate channel, (green) common noise. 
consistently maintained within the expected range of 1.1–1.2 atm (due to the absolute pr essur e 
valve VF1). The thermometer, positioned below the liquid surface, monitored the LAr tem- 
pera ture, con"rming tha t the argon remained in the liquid phase from the time of launch to 
the initiation of LAr evacuation. Hence, the internal pr essur e r emained below the operating 
pr essur e of the differ ential pr essur e safety valve and rupture disk throughout the entire period 
from "lling to recovery. 

Next, our focus shifts to the LAr evacua tion process: immedia tely after opening the solenoid 
valve (VF5), the vessel’s pr essur e decr eased, con"rming the initiation of evacuation. How- 
e v er, within a fe w seconds, the liquid outlet closed, causing a subsequent pr essur e incr ease. 
As anticipated, the sudden decrease in atmospheric pr essur e below the triple point led to the 
rapid solidi"cation of LAr near the evacuation piping outlet. Additionally, the LAr within 
the evacuation tube vaporized, contributing to an elevated pr essur e inside the container com- 
pared to the pre-draining state. Due to the repetiti v e opening and closing of the solenoid 
valve (VF5) until the completion of liquid evacuation, the internal pr essur e experienced cor- 
responding !uctuations. Following the separation of the payload from the balloon, the alti- 
tude decr eased, r esulting in an increase in atmospheric pr essur e to a pproximatel y the triple 
point. This change facilitated the smooth progression of the evacuation process. In this speci"c 
!ight, LAr evacuation occurred after the altitude decreased. For future !ights, enhancing the 
evacuation method such as by considering the installation of a heater in the evacuation line is 
recommended. 
5. LArTPC data analysis 
As mentioned in Section 4 , the LArTPC signals were successfully obtained throughout the 
!ight. A total of around 0.5 million e v ents wer e trigger ed by the PMT and detected by the 
LArTPC. The left and right plots in Fig. 16 illustrate a cosmic-r ay penetr ation candidate and a 
gamma-ray Compton scattered candidate obtained during the le v el !ight. The b lack, red, and 
blue lines r epr esent the signal on each of the three anode channels. The green line corresponds 
to the common noise component (subtracted from each signal channel). For the cosmic-ray 
candidate, the signal on ch1 rises at 20 µs and 60 µs. Ther efor e, by considering the drift time of 
electrons, this could be understood as a cosmic ray entering the TPC from the side 2 cm below 
the anode and exiting the TPC from another side 6 cm below the anode. For the gamma-ray 
candidate, the signal on ch3 rises at 20 µs with no signals on the other channels. Ther efor e, this 
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level flight at 29 km for 40 min

✓ successful operations and in-flight measurement 
of cosmic rays and gamma rays 
in stratospheric radiation environments


✓ safe recovery of the instrument and data

Nakajima et al. 2024

PTEP 2024 , 123F01 R. Nakajima et al. 

Fig. 13. Schematic diagram of JAXA’s communication system connected to the GRAMS system. 

Fig. 14. Flight trajectory of B23-06 (left) and altitude (right) for this !ight. 
4. Flight summary: July 27, 2023 
At 08:37 AM on July 26, LAr was "lled into the LAr vessel with a suf"cient amount for the 
!ight on the f ollowing da y. Until 12:00 AM, the LArTPC was operated to obtain cosmic muon 
e v ents at the ground for calibration measures. At 02:28 AM on the day of the !ight, the "nal 
operation check was completed and at 03:55 AM, the balloon was launched. Figure 14 shows 
the !ight trajectory in the left panel and the !ight altitude in the right plot with the detector 
operations for this mission. The GPS data were provided by JAXA/ISAS Balloon Group. As 
illustrated in the left panel of Fig. 14 , the balloon followed a boomerang trajectory due to the 
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Fig. 14. Flight trajectory of B23-06 (left) and altitude (right) for this !ight. 
4. Flight summary: July 27, 2023 
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!ight on the f ollowing da y. Until 12:00 AM, the LArTPC was operated to obtain cosmic muon 
e v ents at the ground for calibration measures. At 02:28 AM on the day of the !ight, the "nal 
operation check was completed and at 03:55 AM, the balloon was launched. Figure 14 shows 
the !ight trajectory in the left panel and the !ight altitude in the right plot with the detector 
operations for this mission. The GPS data were provided by JAXA/ISAS Balloon Group. As 
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Fig. 17. (Left) Time distribution between each e v ent at 5 km altitude (blue dots), 20 km altitude (black 
dots), and the !tting r esults (r ed lines). (Right) Event rates at gi v en altitudes are calculated from !t 
distribution (black), or the Geant4 + EXPACS simulation result (red). 
could be understood as a gamma-ray Compton sca ttering tha t occurred 2 cm below the anode, 
under the inner pad on the anode. 

The trigger rate was constrained by CPU performance, sa tura ting a t around 60 Hz. There- 
fore, the e v ent ra te R a t a gi v en altitude was determined by !tting the distribution of the time 
difference ( !t) between each e v ent to an exponential function: 

f(t) = A × exp(−R × !t) , (1) 
where A is a scale factor and R is the e v ent rate. The left plot of Fig. 17 shows the distribution 
of the time difference at altitudes of 5 km (blue dots) and 20 km (black dots), and the cor- 
r esponding !tting r esults (r ed lines). The right plot of Fig. 17 r epr esents the ra tes calcula ted 
by exponential !tting shown in black. A Geant4-based simulation with input conditions from 
EXPACS [ 25 ] providing angular and energy probability information of each particle at gi v en 
altitudes was conducted as a comparison to the data. From the Geant4 simulation, the rate of 
e v ents that deposited more than 5 MeV in the LArTPC was calculated and shown in red. As 
shown in Fig. 17 , for both the obtained data and the simulation, the e v ent rate increases with 
the ascent of the balloon up to about 20 km, where the production of secondary particles from 
primary cosmic rays reaches its peak, known as the shower maximum, before decreasing with 
further altitude. 

As mentioned in Section 3.1 , LAr r equir es high purity for detecting charge signals on an 
LArTPC, and the purity needs to be maintained during the "ight. In Fig. 18 the left and right 
plots show e v ents obtained at le v el "ight and the ground, respecti v ely. As shown in Fig. 18 , as 
the particle leaves only a signal on ch3 shown in blue, this event is a penetration event where 
a particle (most likely an MIP) passes vertically through the TPC. The dotted lines r epr esent 
signal functions !tted with corresponding le v els of LAr impurities when the integrated energy 
of the signal is kept as a constant parameter. It can be seen that the purity was maintained in 
the "ight as the purity was sub-ppb le v el before and during the "ight. 
6. Summary and future prospects 
The GRAMS experiment is a next-generation balloon/satellite experiment aiming to detect 
cosmic MeV gamma rays and cosmic antiparticles with an LArTPC. An engineering balloon 
"ight with a small-scale LArTPC was launched from JAXA TARF in the summer of 2023 
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Waveforms of a cosmic ray 
penetrating the LArTPC Event rates



Anti-proton beam test at J-PARC
Purpose: performance evaluation of anti-particle identification by LArTPC

Method: we measured anti-protons at J-PARC K1.8BR beam line

2025 February

LArTPC main vessel

beam

LAr tanks

J-PARC Hadron Hall

LTARS ASIC readout

SiPMs

30 cm

LArTPC 
• 30 cm × 30 cm × 30 cm

• 5 mm electrode pitch

• LTARS ASIC readout

• SiPM light readout


Beam 
• antiproton

• proton

• deuteron

• K-



Anti-proton beam test at J-PARC

π± π±

π±

p̄
beam

Annihilation event tracks of an incident antiproton of 0.7 GeV/c

π±

π±

π±

π0 → 2γ π0 → 2γ
p̄

We demonstrated the high capability of particle tracking 
and particle identification of LArTPC.

2025 February



Imaging experiment: NanoGRAMS

Anode pixels

SiPM readout

10 cm

5 cm
Circuit board


(ASIC readout)

E-
fie

ld

Transparent 
cathode


(ITO)

Liquid argon

cos θ = 1 − mec2 ( 1
E′￼

−
1
E )

γ θ
E E′￼

vent line

main 
vessel

LAr tank

vacuum pump

purifier

power/signal 
feedthroughs

Evaluate gamma-ray imaging capability with a small LArTPC 
with high-energy resolution pixel ASIC and high-gain SiPM arrays

• Energy resolution 
5 keV (1σ) ~200 e- ENC


• Spatial resolution 
3 mm 

→ feedback for a large-size detector



Imaging experiment: NanoGRAMS

Active 
volume

10 cm

5.12 cm

e-

e-

Scintillation 
light

Arrayed SiPM board

FEC

5.12 cm

2.4 cm

Electron readout 
• VATA-SGD ASIC

• 64 channels/chip

• ENC: 180 e- at 6 pF

Anode pad 
• 16 × 16 pixels

• 51.2 × 51.2 mm2

• pixel pitch: 3.2 mm

SiPM array 
• Four 4×4 arrays covers 

5×5 cm2


• Hamamatsu 
S13361-6075AE-04 × 4



FECごとにスケールを変えたスペクトル(sim比較なし)
9
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Imaging experiment: NanoGRAMS 2025 December

LAr

GAr
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Spectrum of 22Na (0.511/1.274 MeV)
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3-hit events for Compton reconstruction successfully obtained.

• Clearly see Compton spectrum with 
the Compton edges of 0.511/1.274 MeV.


• ASIC operations, energy gain calibration, 
and data acquisition system are not yet 
optimized.



The next important step is a prototype flight 
of a scientific LArTPC called MiniGRAMS.

✓ NASA/APRA funded in 2023

✓ demonstration of the mission concept

✓ planned for launch in 2026 in Arizona

MiniGRAMS—a prototype LArTPC

✓ TPC size: 30 × 30 × 20 cm3

✓ Scalable design 
✓ Tile/pads for x-/y-directions ~3 mm pitch

✓ 180 cryogenic charge preamps 

operated in 87K liquid argon

✓ 32 SiPMs at the bottom

pGRAMS: Prototype flight Scheduled for launch in 2026

30 cm



Concluding remarks
• GRAMS aims to deploy a large liquid-argon time projection chamber (LArTPC)  

in sub-orbital and space missions to explore MeV gamma-ray astronomy  
and perform background-free dark-matter searches.


• The LArTPC offers an unprecedented effective area for both gamma rays and antiparticles.


• The first engineering balloon flight in Japan (2023) was successfully completed.


• In February 2025, we demonstrated excellent antiparticle tracking and identification  
by using the J-PARC antiproton beam.


• Prototype developments are ongoing in the U.S. and Japan.


• As the next step toward future science missions, a prototype flight supported  
by the NASA/APRA program is planned for launch in Arizona in 2026.


GRAMS is establishing itself as a leading mission for MeV gamma-ray  
and dark-matter exploration.



• We measure events as the sum of the signal and background. 
    


• The signal is obtained by 
    


• The error of the signal: 
     
        Recall  for MeV faint sources


• This error gives our sensitivity: 

      

where : effective area, : observation time, : background rate per effective area


• To have a better sensitivity, maximize the area, and minimize the background level. 

C = S + BTrue

S = C − BEstimate

ΔS = ΔC ⊕ ΔBEstimate
ΔS ≃ ΔBTrue ⊕ ΔBEstimate S ≪ BTrue

ΔS
S

=
bAT

flux ⋅ AT
∴ flux = ( S

ΔS ) b
AT

A T b

Quick note on sensitivity


