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MeV gamma-ray astronomy 
✓Particle acceleration, thermal-to-nonthermal transition

✓Nucleosynthesis

Indirect dark matter search 
background-free search using antideuteron/antihelium

Brining a huge liquid argon detector into the sky

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

2. a satellite-based all-sky deep survey mission in 2030s–2040s
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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
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DM annihilation hadronization coalescence

p̄
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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

1001010.1
E  [MeV]

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 gives 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.



Black hole accretion flow in MeV

• cosmic-ray accelerator?

• high-energy neutrino source?

→ MeV gamma is a key probe.

relativistic jet

accretion flow 
(RIAF)

black hole

nuclear 
spallation heavy


elements

(CNO)

light

elements


p, n ion: 1-100 MeV

e-: 0.3 MeV

π0 → 2γ

nuclear lines

p-n free-free

 + non-thermal？

observe. Whether  or not it can explain the observed trends quantitatively 
(particularly near 1 MeV) is currently being investigated. The importance 
of this result is that observations with COMPTEL can be used to map out 
the spatial structure of emission near 1 MeV and to more precisely pin down 
the 1 MeV flux level. It may be that accurate spectral measurements near 1 
MeV will require more detailed knowledge of the spatial distribution of the 
emission, information which only COMPTEL can easily provide. 

D I S C U S S I O N  

Given the spectra presented in Figure 1, it is difficult to draw any firm 
conclusions about the nature of the spectrum near 1 MeV. As noted above, 
the COMPTEL data alone seems to further corraborate the conclusion that 
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FIGURE 1. Contemporaneous spectra of Cyg X-1 as derived from COMPTEL, 
BATSE-EBOP and OSSE. Some OSSE upper limits have been removed for the sake of 
clarity. Error bars are 1~. Upper limits are 2r Errors on COMPTEL data include esti- 
mates of systematic uncertainties due to spatial modeling of the COMPTEL images. 
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COMPTEL 

Cygnus X-1

基盤研究（Ａ）（一般）６  
【１ 研究目的、研究方法など（つづき）】 

行い、MeVガンマ線ミッションのサイエンスを検討する。観測ターゲットとして、MeVガ
ンマ線で明るいことがわかっている恒星質量ブラックホールCyg X-1の低光度状態と電波銀
河Cen Aの超巨大ブラックホールを検討する。本研究の副産物として、電子由来の放射も予
測可能であり、sub-MeV帯域での逆コンプトン散乱のカットオフや電子・陽電子対消滅線 
(0.511 keV) の強度、X線・ガンマ線での偏光特性を調べることができる。これらは運用中
のIXPE衛星のX線偏光データや2027年打ち上げ予定のCOSI衛星のMeVガンマ線データで検
証可能である。 
■1.5 本研究の準備状況 
 本研究提案はGRAMSプロジェクトの開発計画と科学計画に沿ってなされたものであり、
事前準備は十分に整っていると言える。課題1の液体アルゴンTPCの動作試験で必要な液体
アルゴンテストスタンド (150Lクライオスタットおよび真空排気系・液体純化フィルター) 
の構築は完了しており、研究代表者が所属する大阪大学の実験室で稼働中である。実証機
NanoGRAMSの基本コンポーネントの製作と仮組上げは完了しており、基礎動作試験におい
て液体アルゴンとガンマ線の反応によるシンチレーション光と電離電子信号が確認できてい
る。課題2のブラックホール降着流の精密シミュレーションを構成する一般相対論的電磁流
体シミュレーション・輻射輸送シミュレーションには、分担者の川島らが開発し、Event 
Horizon Telescopeの解析でも用いられたコードを転用することができる。 

■1.6 本研究の国際性 
 本研究が推進するGRAMS実験は日米国際共同研究である。研究代表者の小高は発案者の
一人であり、deputy spokespersonおよび日本側代表を務めている。Spokespersonの
Karagiorgi准教授 (コロンビア大学) は液体アルゴンTPCによるニュートリノ実験の専門家で
あり、小高がX線・ガンマ線天文学を専門とし、半導体コンプトン望遠鏡の開発やデータ解
析を熟知していることから、日米の研究者がお互いに専門性を補い合い新しいコンセプトの
実験に取り組むという理想的な国際協力関係を構築できている。日本側の貢献は米国側から
高く評価されており、特に2023年7月にJAXA国内気球実験として実施した世界初の液体ア
ルゴン放射線検出器の気球搭載試験 (実験代表: 小高) の成功は、米国アラスカでのプロトタ
イプ気球フライトの採択につながった。この気球フライトは2025‒2026年を予定しており、
NASA/APRAプログラムから3年間で8.25億円 (150円/USD換算) の助成を受けている。今後
も高いアクティビティを維持し、日本チームのプレゼンスを強化することが重要である。 

         
図4: (左) RIAFにおける核反応とガンマ線放射の概念図。 (右) Kafexhiu et al. (2019) によるRIAF
からのMeVガンマ線放射スペクトル。数MeVから原子核起源の放射が卓越し、GRAMSによる測
定が期待できる。 
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Fig. 2. Radial chemical evolution (left) and the disk �-ray luminosity (right). The results are calculated for the ADAF model for parameters
m = 10, ↵ = 0.1, ṁ = 10�3, � = 0.5, and the initial solar composition. Left panel: evolution of elements. The light elements and the initial nuclei
with mass fraction Xi > 10�3 are explicitly shown. Right panel: disk di↵erential luminosities (in units of photons/cm2 s MeV) of nuclear �-rays
consisting of resolved �-ray lines and the continuum composed of superposition of broad nuclear lines, neutron capture radiation, and nuclear
bremsstrahlung emission). The curves denoted as (1), (2), and (3) show the disk di↵erential ⇡0-decay �-ray luminosities: curve (1) corresponds
to the nominal Maxwellian distribution of particles, curve (2) corresponds to a Maxwellian distribution with a sharp cuto↵ at Ek = 4kTi, whereas
curve (3) corresponds to the Maxwellian distribution that has a power-law tail with an index p = 2.0 for Ek > 4 kTi. The luminosity of the
thermal electron bremsstrahlung (red dashed line) is also shown. The advection factor for this model is f = 0.86 and the accretion luminosity
is Lacc = 1.4 ⇥ 1036 erg s�1. The integrated luminosity that the electrons radiate away through bremsstrahlung is Le = 1.9 ⇥ 1035 erg s�1, the
luminosity in the nuclear lines and continuum is LN = 3.3 ⇥ 1031 erg s�1, and the luminosity of radiation from decays of the secondary ⇡0-mesons
is L⇡ = 9.3 ⇥ 1033 erg s�1.
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Fig. 3. Same as Fig. 2 but for the SLE disk model for the parameters m = 10, ↵ = 0.1, ṁ = 10�3, � = 0.5. The accretion luminosity for this model
is Lacc = 1.4 ⇥ 1036 erg s�1. The integrated luminosity that electrons radiate away through bremsstrahlung is Le = 9.4 ⇥ 1035 erg s�1, the luminosity
due to nuclear interactions is LN = 5.6 ⇥ 1030 erg s�1, and the luminosity of the ⇡0-decay �-rays is negligible.

values1 with ↵ = 0.3 and ṁ = 1.53 ⇥ 10�2. The results in Fig. 4
are calculated for a solar initial composition, whereas Fig. 5 cor-
responds to the heavier (H-He-C-O) initial composition.

3. �-ray emission of the accretion disk

3.1. �-ray luminosities

The di↵erential �-ray production rates (“photon luminosity” in
units of photons/(MeV s)) calculated for the ADAF and SLE
1 The ADAF solution is valid for accretion rates 0.17 ⇥ ↵2 (see, e.g.,
Abramowicz et al. 1995, 2000). For higher accretion rates the accretion
regime switches to the relatively cold and thin solution of the Shakura
& Sunyaev (1973) disk.

accretion disk models are shown in Figs. 2–5. The key model
parameters used in calculations are described in Sect. 2.3.

The �-ray luminosity of the accretion disk scales as L /
⇢2 ⇥ R

3 / m ṁ
2 ↵�2, where ⇢ is the plasma density. We

note, however, that this scaling is valid for accretion param-
eters far from their critical values. We let Lacc = Ṁ c

2 =
ṁ ⇥ LEdd be the accretion luminosity, where LEdd is the so-
called Eddington luminosity. Let us denote with LN the �-
ray luminosity linked to the nuclear reactions (including the
prompt de-excitation lines and continuum) and with L⇡ the �-
ray luminosity from the ⇡0-meson decay. For an ADAF accre-
tion plasma with a solar initial composition the calculations
give (i) far from the critical regime (i.e., ṁ ⌧ 0.17↵2 and
↵ = 0.3),

A174, page 4 of 8

Kafexhiu et al. (2019)



Liquid argon time projection chamber

MeV gamma ray antideuteron
γ
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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)

Novel approach to realize 
an extremely large effective area 

~2000 cm2



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 =
�

Çri, ÇEi, Ç✓i, Ç�i
�

,

Çri =
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r

r
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a

s

s

q

,

(6)

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



2020 2025 2030 2035 2040 2045

Concept studies
• engineering balloon flight eGRAMS (JAXA, 2023)

• anti-particle identification beam test (J-PARC, 2024-2025)

• NanoGRAMS gamma-ray imaging test

Science proof
Mini-GRAMS 
• prototype flight pGRAMS (Arizona, 2025-2026) ← NASA/APRA funded!

• science flight (NASA, JAXA)

GRAMS-I (balloon)
Full-scale mission 
• multiple long-duration flights (NASA)

• Antarctica, New Zealand, Arctic

GRAMS-II production GRAMS-II (satellite)R&D
NASA MIDEX-class 
• All-sky gamma-ray survey

• Long-term antiparticle survey

Prepration

Balloon

Satellite

Timeline
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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 set of a LArTPC for an engineering test

✓ launched from JAXA balloon facility on 2023 July 27

✓ level flight at 29 km for 40 min

✓ successful operations and in-flight measurement 

of radiation environments

10 cm

eGRAMS: Engineering flight in Japan

Gondola: 1.2 m

gondola

LArTPC



Particle-ID demonstration J-PARC/T98
top flange

LArTPC for anti-particle 
beam test at J-PARC

LTARS ASIC readout

SiPMs

30 cm

To evaluate the capability of anti-particle identification 
using anti-proton at J-PARC K1.8BR beam line.



Preliminary results from J-PARC/T98
T98 Phase-2: February 2025 
antiproton: 0.7 GeV/c

simulation

Successfully obtained TPC event data



Anode pad 
• 16 × 16 pixels

• 51.2 × 51.2 mm2

• pixel pitch: 3.2 mm

• flexible board

Electron readout 
• VATA-SGD ASIC

• 64 channels/chip

• ENC: 180 e- at 6 pF 

(RMS)

• heater

SiPMs

• Four 4×4 arrays covers 5×5 cm2 
Hamamatsu S13361-6075AE-04 × 4

Concept studies with NanoGRAMS prototype
NanoGRAMS for gamma-ray 

imaging test

vent line

main 
vessel

LAr tank

vacuum pump

purifier

power/signal 
feedthroughs

＠阪大

LAr test stand



Charge Preamp

SiPM, preamp

The next important step is a prototype of flight 
of a scientific LArTPC called MiniGRAMS 
with a size of 30 × 30 × 20 cm3.

✓ NASA/APRA funded

✓ planned for launch in 2026 in Arizona


MicroGRAMS—a prototype LArTPC

✓ TPC size: 10 × 10 × 10 cm3

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

✓ 60 cryogenic charge preamps 

operated in 87K liquid argon

✓ 16 SiPMs at the bottom, 6 mm x 6 mm each

Whet’s next: pGRAMS



Concluding remarks
• GRAMS will bring a huge LArTPC into sub-orbital and space-based missions for exploring 

both MeV gamma-ray astronomy and background-free indirect dark matter search with 
antiparticles.


• An unprecedentedly large effective area for gamma rays and antiparticles will be realized with a 
LArTPC.


• The first engineering balloon-borne experiment in Japan, 2023 was successful.


• Several types of detector prototyping are ongoing in US and Japan.


• We demonstrated anti-proton identification using J-PARC beam (very preliminary, 2025 Feb).


• The next step will be a prototype flight of MiniGRAMS in Arizona in 2026.


