
Liquid Argon TPCs in space: 

The Gamma-Ray and AntiMatter Survey 

(GRAMS) Project

Ibrahim Safa (Columbia University), Naomi Tsuji (Kanagawa University) 

for the GRAMS Collaboration

Gamma2024 @Milano, Sep 2-6, 2024



GRAMS = Gamma-Ray and AntiMatter Survey
One of the NASA Physics of Cosmos Missions


First experiment to target both astrophysical observations with MeV 
gamma rays and indirect dark matter searches with antimatter


First balloon/satellite mission with a low-cost, large-scale LArTPC 
(Liquid Argon Time Projection Chamber) detector


A prototype flight is scheduled in 2025/2026 under NASA APRA22

What is GRAMS?
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GRAMS detector design
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Large-scale, low-energy threshold LArTPC has been well-studied and widely- 
used in underground dark matter and neutrino experiments
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Why LArTPC?

SiPMs
LArTPC

Preamp

Frame

x
Y

Z

LArTPC Semiconductor/Scintillator
ρ (g/cm3) 1.4 2.3/5.3 (Ge/Si)
Toperation ~80K ~240K/~80K

Cost $ $$$
Signals scintillation light + ionization electrons electrons, holes

X, Y positions Wires/pads on anode plane (X-Y) double-sided strips
Z position From drift time from layer #
# of layers Single layer multi-layers

# of electronics # ###
Dead volume Almost no dead volume detector frame, preamps
Neutron bkg Identified with pulse shape no rejection capability

LArTPC is cost-effective and almost no dead volume

Easily expandable to a larger scale with high detection efficiency
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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
5



MeV gamma-ray all sky Takahashi et al., 2013
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FIG. 4 511 keV line map derived from 5 years of INTE-
GRAL/SPI data (from Weidenspointner et al., 2008a).

based on approximately one year of SPI data (Fig. 3).
The two maps are compatible with each other (within
their uncertainties), suggesting that the positronium
fraction does not vary over the sky. The images illustrate
the remarkable predominance of the spheroidal compo-
nent. In contrast to OSSE data, which suggested a rela-
tively strong disk component, the Galactic disk seemed to
be completely absent in the first year SPI images. Model
fitting indicated only a marginal signal from the Galac-
tic disk, corresponding to a bulge-to-disk flux ratio > 1
(Knödlseder et al., 2005). This strong predominance of
the Galactic bulge, unseen in any other wavelength, stim-
ulated ”unconventional” models involving dark matter
(Sec. IV.C). However, Prantzos (2006) pointed out that
the data could not exclude the presence of disk emission
of a larger latitudinal extent (resulting from positrons
propagating far away from their sources), which could be
rather luminous and still undetectable by SPI, because
of its low surface brightness.

After accumulating 5 years of INTEGRAL/SPI data
the 511 keV line emission all-sky image revealed also
fainter emission extending along the Galactic plane
(Fig. 4). With a much improved exposure with respect
to the first year (in particular along the Galactic plane),
511 keV emission from the Galactic disk is now clearly
detected (Weidenspointner et al., 2008a). However, the
detailed quantitative characterization of components of
511 keV emission requires parameterizing these in the
form of (necessarily idealized) spatial emission models
fitted to the data. No unique description emerges at
present, since both the spheroid and the disk may have
faint extensions contributing substantially to their total
γ-ray emissivities. It turns out that the bulge emission
is best described by combining a narrow and a broad
Gaussian, with widths (FWHM, projected onto the sky)
of 3o and 11o, respectively. Another, more extended com-
ponent is needed to fit the data, a rather thick disk of
vertical extent 7o (FWHM projected on the sky). The
model implies a total e+ annihilation rate of 2 1043 e+

s−1 and a spheroid/disk ratio of 1.4 (Table I). It should
be noted, however, that alternative models, involving ex-
tended components of low surface brightness (thus far
undetected by SPI) are also possible. One such alterna-

TABLE I Two model fits of the Galactic 511 keV emission
(from Weidenspointner et al., 2008b): fluxes, photon emissiv-
ities and e+ annihilation rates (computed for a positronium
fraction of fps=0.967, see Sec. II.B.4). Notice that ”thin”
and ”thick” disks have not the same meaning as in Sec. III.

F511 L511 Ṅe+

(10−4 cm−2 s−1) (1042 s−1) (1042 s−1 )

Bulge + thick disk

Narrow bulge 2.7+0.9
−0.4 2.3+0.8

−0.7 4.1+1.5
−1.2

Broad bulge 4.8+0.7
−0.4 4.1+0.6

−0.4 7.4+1.0
−0.8

Thick disk 9.4+1.8
−1.4 4.5+0.8

−0.7 8.1+1.5
−1.4

Total 17.1 10.9 19.6
Bulge/Disk 0.8 1.4 1.4

Halo + thin disk

Halo 21.4+1.1
−1.2 17.4+0.9

−1.1 31.3+2.2
−2.6

Disk 7.3+2.6
−1.9 2.9+0.6

−0.6 5.2+1.1
−1.1

Total 28.7 20.3 36.5
Halo/Disk 2.9 6 6

tive (Weidenspointner et al., 2008b) involves a centrally
condensed but very extended halo and a thinner disk
(projected vertical extent of 4o), with a spheroid/disk
ratio of 6 (Table I).

With more SPI data, it was possible to proceed to
more detailed constraints on the morphology of the disk
emission. The flux in the disk component remains con-
centrated to longitudes |l| < 50◦; no significant 511 keV
line emission has been detected from beyond this interval
so far. The accumulated SPI data yield a flux from nega-
tive longitudes of the Galactic disk that is twice as large
as the flux from an equivalent region at positive longi-
tudes. The significance of this asymmetry is still rather
low, about ∼ 4σ. Indications for such an asymmetry
were already noticed in the OSSE data (M. Leising, pri-
vate communication). It should be noted, however, that
a different analysis of the same SPI data finds no evi-
dence for a disk asymmetry (Bouchet et al., 2008, 2010),
although it cannot exclude it, either. Clearly, clarifying
the asymmetric or symmetric nature of the disk profile
should be a major aim of the 511 keV studies in the years
to come4.

4. Spectroscopy with INTEGRAL/SPI

Before INTEGRAL, the spectral shape of the positron
annihilation emission was only poorly constrained by ob-
servations. All high-resolution observations suggested a
modest line broadening of FWHM∼ 2 keV (Harris et al.,
1998; Leventhal et al., 1993; Mahoney et al., 1994;
Smith et al., 1993). The excellent spectral resolution of

4 INTEGRAL will continue operations until 2012, at least.
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MeV gamma-ray all sky
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1-10 MeV all sky

Sources

(Tsuji+ 2021; 2023)

Extragalactic emission 

(Watanabe 2000; Weidenspointner 2000)

Galactic diffuse emission

(Ackermann+ 2012; Orlando 2018)

COMPTEL all-sky map

(Strong et al. 1999)Swift-BAT 105-month


 (1632 sources in 14 to 195 keV)  

4FGL-DR2

(5788 sources in 50 MeV to 1 TeV)

Catalog 

cross-match



MeV gamma-ray sensitivity
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GRAMS (1 LDB flight, Teff = 35 days)
GRAMS (Satellite with detector upgrades, Teff = 1 year)

MeV-gap

Takahashi et al., 2013

LDB Balloon flight: an order of magnitude improved

Satellite mission: comparable to future missions
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1-10 MeV all sky
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Background-free DM search
 PRIMARY FLUX = DM ANNIHILATION/DECAY 

~ x400

BKG: Ibarra et al., 2013
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Balloon experiments from the Antarctic are optimized for low-energy 
antideuteron measurements considering geomagnetic cut-off 

Low-energy antideuteron measurements

BESS upper limit



GRAMS antimatter detection concept
Measure atomic X-rays and annihilation products 

LArTPC (almost no dead volume) provides 

- Excellent 3D particle tracking capability

- High particle detection efficiency
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- The antiparticle slows down & stops, 
forming an excited exotic atom

- A time of flight (TOF) system tags  
candidate events and records velocity

- De-excitation X-rays provide signature

- Annihilation products provide additional  
 background suppression
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GRAMS

GRAMS Sensitivity in DM Parameter Space
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AMS-02 Antiproton Excess 
Cui et al., 2016

Aramaki et al., 2020GRAMS
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Extensively explore DM parameter space and validate Fermi/AMS-02 results

Fermi Dwarf Galaxy Observations 
Ackermann et al., 2015 
Ando et al., 2020

Fermi Galactic Center Exces 
Daylan et al., 2016 
Abazajian et al., 2016 
Calore et al., 2015

~ x400

BKG: Ibarra et al., 2013
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BESS upper limit

Cost-effective/fast recovery/more frequent flights 
with LArTPC can further enhance the sensitivity

GRAMS Sensitivity in DM Parameter Space
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Successful Engineering flight 
- Launched in July 2023 @JAXA TARF

- First LArTPC operation in flight

- TPC: 10 x 10 x 10 cm3


- 3 charge channels, 1 PMT

- Obtained ~400k stable events

Engineering Flight and Beam Test in Japan

Antiproton beam test @J-PARC in Dec 2024 

- Validate LArTPC performance as an antimatter detector


- Measure annihilation products (and atomic X-rays)

- May include some antideuterons

PMT

Preamps



Prototype flight (pGRAMS)
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Charge Preamp

SiPM preamp

Prototype flight scheduled in 2025/2026

- Demonstrate LArTPC performance in flight


- Particle tracking for charged particles

- Gamma-ray detection 

- MinGRAMS: 30 x 30 x 20 cm3 segmented into 9 cells 
- Tile/pads (~3mm pitch) for x/y directions

- 180 charge preamps in total

- 16 SiPMs (6 mm x 6mm each) per cell


- Currently testing MicroGRAMS @Northeastern

- TPC size: 10 x 10 x 10 cm3 (TPB inside TPC) 

- Demonstrate the particle tracking capability and event 

reconstruction techniques with gamma-ray sources 
Followed by science flights with MiniGRAMS 


- One of the largest Compton cameras

- Cooling/circulation system onboard

Funded by NASA APRA2022

MicroGRAMS 
@Northeastern



GRAMS Collaboration

USA 
- Barnard College

- Columbia University

- Howard University

- NASA GSFC

- Northeastern University

International collaboration with different backgrounds/expertise 
Gamma-rays, X-rays, Cosmic-rays, Neutrinos, Direct/Indirect DM searches
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International 
- Hiroshima University

- Tokyo University of Science

- Kanagawa University

- Nagoya University

- National Defense Medical College

- Osaka University

- Universität Würzburg

- RIKEN

- Rikkyo University

- University of Tokyo

- JAXA 

- Yokohama National University

- Waseda University

2024 May Collaboration Meeting

- Oak Ridge National Lab

- UCB/SSL

- UT Arlington

- Washington University

- Yale



Summary
- GRAMS aims for both gamma-ray observations in the poorly-explored MeV range, as well 

as indirect dark matter searches with antimatter. The project will begin with a balloon 
experiment as a step forward to a satellite mission.


- With a cost-effective, large-scale LArTPC detector, the sensitivity to MeV gamma rays can be 
an order (two orders) of magnitude improved with a single balloon flight (Satellite) 
compared with the previous missions.


- GRAMS low-energy antideuteron measurements can be essentially background-free dark 
matter searches while investigating and validating the possible dark matter signatures 
indicated in Fermi GCE (Galactic Center Excess) and AMS-02 antiproton excess.


- We are currently testing MicroGRAMS for the particle tracking capability and gamma-ray 
event reconstruction techniques and preparing for the antiproton beam test (late 2024), 


- We will have a prototype flight with MiniGRAMS in 2025/2026, funded by the NASA APRA 
(2022) program.
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Backup
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- arXiv:2209.07426: Report of the Topical Group on Particle Dark Matter for Snowmass 2021

- arXiv:2203.06859: Puzzling Excesses in Dark Matter Searches and How to Resolve Them:

- arXiv:2203.06894: The landscape of cosmic-ray and high-energy photon probes of particle dark matter

Fermi gamma-ray excess̴ AMS-02 antiproton excess

Puzzling excesses in indirect DM searches

Fermi Dwarf Galaxy Observations 
Ackermann et al., 2015 
Ando et al., 2020

AMS-02 Antiproton Excess 
Cui et al., 2016
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Fermi Galactic Center Exces 
Daylan et al., 2016 
Abazajian et al., 2016 
Calore et al., 2015

Daylan+, 2016
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How do we validate these results?

Snowmass2021 CF White Paper

Detection of antideuteron/antihelium-like events in AMS02


