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1. Motivation



The high-energy universe today

~106 objects

X-ray

eROSITA

MeV GeV

CGRO-COMPTEL Fermi-LAT

~30 objects ~7000 objects

X-rays and GeV gamma rays have undergone transformative advances.

But between them, the MeV sky still looks very different.



The MeV universe is special

MeV probe Physical information

Electron emission electron distribution, temperature, magnetic field

Ion-induced nuclear emission ion distribution, temperature, composition

Pion-decay emission relativistic-ion spectrum, acceleration & propagation

Radioactive nuclei nucleosynthesis, ejecta distribution & dynamics

Positron annihilation positron origin, transport & annihilation environment

Dark-matter searches: primordial black-hole evaporation, particle dark matter

The MeV band provides unique diagnostics of energetic particles, nuclear processes, 
and nucleosynthesis.



The MeV sky remains largely unexplored
Continuum sensitivity of X-/γ-raysAll sky MeV image obtained with CGRO/COMPTEL

Our view of the MeV sky still largely dates back 
to the COMPTEL era.

“MeV gap”

MeV sensitivity has been limited by low detection efficiency  
for Compton events and high instrumental background in orbit.

The MeV gap also represents a large discovery space.

Adapted from De Angelis et al. (2017)



Why is MeV observation so difficult?

Low detection efficiency: Detecting gamma rays through Compton scattering requires large, 
complex detectors.


High instrumental background: Cosmic rays and geomagnetically trapped particles produce 
abundant secondary radiation and induce radioactivation. Atmospheric radiation also contributes.

X-ray (keV) MeV GeV

Physical interaction photoelectric effect Compton scattering pair creation

Effective area large small small

Background level low extremely high low

Imaging method excellent: 1 arcseceond 
with reflecting optics

poor: ~degrees 
with Compton telescope

good: ~10 arcminutes 
with pair telescope



• 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

A simple argument for sensitivity

(simplified argument, depending on the background estimation)



2. Compton telescopes



How can we visualize MeV gamma rays?

• There is no practical optics for MeV gamma rays...


• What is imaging?


• Imaging is the mapping of incident photon directions onto distinguishable structures in the 
instrument's data space.


• e.g., in a visible light camera, the lens maps the incident direction onto a point on the imaging 
sensor.

opticsobject focal plane



Compton camera (or Compton telescope)

• The scattering angle can be calculated by 
the conservation of energy and momentum.

Compton circles in the sky

scatterer

absorber

Compton
scattering

photoelectric
absorption

gamma ray

The source is identified as the intersection 
of independent Compton circles.

cos ϕ = 1 −
mec2

E2
+

mec2

E1 + E2
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Let's see how it works
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Let's see how it works
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Let's see how it works
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Let's see how it works
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Let's see how it works
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Multiple Compton scattering
Multiple interactions provide additional 
kinematic constraints. 

• Two-hit events: Full energy absorption 
is generally required to reconstruct the 
Compton scattering angle.


• Three or more hits: Multiple Compton 
scatterings can enable reconstruction 
even when the photon escapes the 
detector.


Escape events can increase the 
detection efficiency of Compton 
telescopes.

2-hit, full-absorption 
events

3-hits escape 
events

scattering

absorption

scattering

scattering

scattering

escape

source source

cos ϕ = 1 −
mec2

E2
+

mec2

E1 + E2

Eγ = E1 + E2 Eγ = E1 + E2 + E′￼3

cos ϕ = 1 −
mec2

E2 + E′￼3
+

mec2

E1 + E2 + E′￼3

E′￼3 = −
E2

2
+

E2
2

4
+

E2 mec2

1 − cos ϕ2



Angular resolution measure (ARM)
• ARM quantifies the angular accuracy of a reconstructed 

Compton cone.





: Compton scattering angle reconstructed from 
measured energies


: Geometrical angle between the known incident 
direction and the measured scattered-photon direction


• Angular resolution is commonly characterized by the FWHM of 
the ARM distribution.


• Main contributions:


• Energy resolution → error of 


• Position resolution → error of 


• Doppler broadening due to bound electrons

ARM = ϕkin − ϕgeo

ϕkin

ϕgeo

ϕkin

ϕgeo

scatterer

absorber

gamma ray

cos ϕkin = 1 −
mec2

E2
+

mec2

E1 + E2

ϕ

Compton 
circle

(E1, ⃗x1)

(E2, ⃗x2)

⃗Ω0

cos ϕgeo = ⃗Ω0 ⋅
⃗x2 − ⃗x1

| ⃗x2 − ⃗x1 |



Doppler broadening
Bound electrons are not at rest. 

• The Compton scattering formula assumes an electron initially at rest.


• Bound electrons have a finite momentum distribution.


• Their initial momenta introduce uncertainty in the reconstructed scattering angle.


Doppler broadening imposes an intrinsic limit on the angular resolution of Compton cameras. 

• Doppler broadening depends on photon energy and electron-shell structure.


• Its impact on angular resolution becomes particularly significant at low energies, especially below 1 MeV.


• It cannot be eliminated by improving energy or position resolution alone.



Real Compton camera

resolutions in the CdTe-DSDs. The angular resolution improves
with the distance between the two detectors because the angular
uncertainty of the scattered photon direction gets smaller. Thus,
the depth sensing analysis of the CdTe-DSD is particularly
important for the top layer and promising approach to higher
imaging performance. However, the experimental results show
slight improvement probably because the depth accuracy is not
sufficient and other contributions such as energy uncertainty and
the Doppler broadening effects hide them.

Finally, we demonstrate simultaneous multi-energy-source
imaging using the Compton camera. We measured three different
point sources, 133Ba, 22Na, and 137Cs at the same time, and
separately reconstructed Compton images by selecting the line
energies. Fig. 7 shows the gamma-ray images superposed on a
1801 field-of-view fisheye picture of the laboratory. To make the
image, a list-mode expectation-maximizing maximum-likelihood
method [17,8] is applied, and only a few hundred events are
sufficient to reconstruct the point-like sources. This is advantage
of the high resolution and recovers relatively low detection
efficiency of 1:7! 10"4 at 662 keV. Basic performance tests of

this camera aimed at practical applications have been conducted
by Takeda et al. [18].
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Fig. 5. Back projection image of a point source of 137Cs (662 keV) located at a
distance of 315 mm. The image is presented in ten levels of grey linear scale with
contours, showing a spatial resolution of 20 mm (FWHM).
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Fig. 6. FWHMs of the ARM distributions for different event groups as functions of
the distance between the Si detector of the first interaction and the CdTe detector
of the second interaction. The top CdTe layer and the bottom CdTe layer
correspond to values of 4 mm and 16 mm, respectively. The filled circles and
filled squares show the events of 662 keV and of 356 keV, respectively. The open
circles are extracted from the events of 662 keV without the depth sensing
analysis. The thick solid line represents estimated contributions of position
uncertainties of detectors without depth resolution. The dotted line is similar
estimation if the detector has depth resolution of 250 mm.

Fig. 7. Energy-selected gamma-ray images extracted from the simultaneous
measurements of three radioactive isotopes labeled in this figure. The distance
to the sources from the camera is 1"1.3 m. The image is reconstructed by the
LM-EM-ML method and translated to a combined fisheye picture with 1801 field
of view.
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Fig. 4. ARM distribution of 137Cs 662 keV events. FWHM of the fitted Voigt
function (solid line) is 3.570.11.
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resolutions in the CdTe-DSDs. The angular resolution improves
with the distance between the two detectors because the angular
uncertainty of the scattered photon direction gets smaller. Thus,
the depth sensing analysis of the CdTe-DSD is particularly
important for the top layer and promising approach to higher
imaging performance. However, the experimental results show
slight improvement probably because the depth accuracy is not
sufficient and other contributions such as energy uncertainty and
the Doppler broadening effects hide them.

Finally, we demonstrate simultaneous multi-energy-source
imaging using the Compton camera. We measured three different
point sources, 133Ba, 22Na, and 137Cs at the same time, and
separately reconstructed Compton images by selecting the line
energies. Fig. 7 shows the gamma-ray images superposed on a
1801 field-of-view fisheye picture of the laboratory. To make the
image, a list-mode expectation-maximizing maximum-likelihood
method [17,8] is applied, and only a few hundred events are
sufficient to reconstruct the point-like sources. This is advantage
of the high resolution and recovers relatively low detection
efficiency of 1:7! 10"4 at 662 keV. Basic performance tests of

this camera aimed at practical applications have been conducted
by Takeda et al. [18].
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Fig. 5. Back projection image of a point source of 137Cs (662 keV) located at a
distance of 315 mm. The image is presented in ten levels of grey linear scale with
contours, showing a spatial resolution of 20 mm (FWHM).
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Fig. 6. FWHMs of the ARM distributions for different event groups as functions of
the distance between the Si detector of the first interaction and the CdTe detector
of the second interaction. The top CdTe layer and the bottom CdTe layer
correspond to values of 4 mm and 16 mm, respectively. The filled circles and
filled squares show the events of 662 keV and of 356 keV, respectively. The open
circles are extracted from the events of 662 keV without the depth sensing
analysis. The thick solid line represents estimated contributions of position
uncertainties of detectors without depth resolution. The dotted line is similar
estimation if the detector has depth resolution of 250 mm.

Fig. 7. Energy-selected gamma-ray images extracted from the simultaneous
measurements of three radioactive isotopes labeled in this figure. The distance
to the sources from the camera is 1"1.3 m. The image is reconstructed by the
LM-EM-ML method and translated to a combined fisheye picture with 1801 field
of view.
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Fig. 4. ARM distribution of 137Cs 662 keV events. FWHM of the fitted Voigt
function (solid line) is 3.570.11.
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resolutions in the CdTe-DSDs. The angular resolution improves
with the distance between the two detectors because the angular
uncertainty of the scattered photon direction gets smaller. Thus,
the depth sensing analysis of the CdTe-DSD is particularly
important for the top layer and promising approach to higher
imaging performance. However, the experimental results show
slight improvement probably because the depth accuracy is not
sufficient and other contributions such as energy uncertainty and
the Doppler broadening effects hide them.

Finally, we demonstrate simultaneous multi-energy-source
imaging using the Compton camera. We measured three different
point sources, 133Ba, 22Na, and 137Cs at the same time, and
separately reconstructed Compton images by selecting the line
energies. Fig. 7 shows the gamma-ray images superposed on a
1801 field-of-view fisheye picture of the laboratory. To make the
image, a list-mode expectation-maximizing maximum-likelihood
method [17,8] is applied, and only a few hundred events are
sufficient to reconstruct the point-like sources. This is advantage
of the high resolution and recovers relatively low detection
efficiency of 1:7! 10"4 at 662 keV. Basic performance tests of

this camera aimed at practical applications have been conducted
by Takeda et al. [18].
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Fig. 5. Back projection image of a point source of 137Cs (662 keV) located at a
distance of 315 mm. The image is presented in ten levels of grey linear scale with
contours, showing a spatial resolution of 20 mm (FWHM).
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Fig. 6. FWHMs of the ARM distributions for different event groups as functions of
the distance between the Si detector of the first interaction and the CdTe detector
of the second interaction. The top CdTe layer and the bottom CdTe layer
correspond to values of 4 mm and 16 mm, respectively. The filled circles and
filled squares show the events of 662 keV and of 356 keV, respectively. The open
circles are extracted from the events of 662 keV without the depth sensing
analysis. The thick solid line represents estimated contributions of position
uncertainties of detectors without depth resolution. The dotted line is similar
estimation if the detector has depth resolution of 250 mm.

Fig. 7. Energy-selected gamma-ray images extracted from the simultaneous
measurements of three radioactive isotopes labeled in this figure. The distance
to the sources from the camera is 1"1.3 m. The image is reconstructed by the
LM-EM-ML method and translated to a combined fisheye picture with 1801 field
of view.
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Fig. 4. ARM distribution of 137Cs 662 keV events. FWHM of the fitted Voigt
function (solid line) is 3.570.11.
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imaging such as medical applications. The camera consists of a
compact multiple-layer stack of Si and CdTe double-sided strip
detectors (DSDs) which have common geometrical configurations.
This modular design allows us to optimize the scale (e.g. the
number of the stacks) of the camera for future practical applica-
tions. In the present paper, we describe the detector design and
analysis methods to obtain the high angular resolution with the
ultra-compact instruments, and then show achieved perfor-
mances. The detector concept is adopted as the key technology
for the Hard X-ray Imager (HXI) and the Soft Gamma-ray Detector
on board the ASTRO-H X-ray observatory, which is scheduled for
launch in 2014 [10].

2. Detector design

The new Compton camera consists of a 500-mm!thick Si-DSD
(collaboration with Hamamatsu Photonics) and four layers of
750-mm!thick CdTe-DSDs (collaboration with ACRORAD), as
shown in Fig. 1. The CdTe detector holds aluminum (Al) electro-
des on the anode (high-voltage side) and platinum (Pt) electrodes
on the cathode. As we adopt a modular design to assemble the
detector system, the camera is designed as a stack of ‘‘standar-
dized’’ detector trays with detector-to-detector pitches of 4 mm.
Fig. 2 shows the tray on which each detector is integrated with
front-end readout electronics including eight signal processing
ASICs (VATA 460). Each detector has the same active area of
32"32 mm2 and the same electrode configuration that is seg-
mented into 128 strips on each side with strip pitches of 250 mm.
The readout ASIC simultaneously processes signals from 32 strips
and digitizes the heights of the shaped pulses. The HXI onboard
ASTRO-H adopts similar module, but it has different detector
numbers (four Si-DSDs and one CdTe-DSD) and different readout
ASICs (VATA 461).

In the experimental evaluation of the camera, these detectors
were operated about !15 1C. A bias of 250 V was applied to
the Si-DSD for full depletion; a bias of 250 V was applied to the

CdTe-DSDs, balancing between increasing charge collection effi-
ciency and suppressing leakage currents. The typical energy
resolution of the Si-DSD was 2.3 keV (full width at half-maximum
or FWHM) at 59.5 keV. The CdTe-DSD achieved energy resolutions
of 3.8 keV (FWHM) at 81.0 keV and DE=E¼ 3% (FWHM) at
511 keV. Since VATA 460 is low-gain or high-dynamic-range type,
its spectral performance is modest comparing to an energy
resolution of 1.7 keV at 59.5 keV obtained by an equivalent
CdTe-DSD with high-gain type VATA 461. Detailed description
of CdTe-DSDs are given by Watanabe et al. and Ishikawa et al.
[11,12].

3. Data reconstruction

As shown in Fig. 1, a typical Compton event consists of a
scattering in Si and an absorption in CdTe. By using the energies
of the recoil electron (E1) and of the scattered photon (E2), the
scattering angle yK and the energy E of the incident photon are
given by the Compton kinematics:

cos yK ¼ 1!
mec2

E2
þ

mec2

E1þE2
, E¼ E1þE2, ð1Þ

where me is the electron mass and c is the speed of light. When
the scattering angle yG is geometrically calculated by the posi-
tions of the two interactions and the given incident direction, the
difference between the scattering angles calculated in two ways,
Dy¼ yK!yG, provides the angular resolution measure (ARM) of
the Compton camera. Obviously, uncertainties of the measured
energies and positions affects the performance of Compton
imaging. In this section, we describe analysis methods to fulfill
simultaneously high angular resolution and sufficient efficiency.

3.1. Energy calibration

Accurate gain calibration are essential to make the best use of
the high-resolution semiconductor detectors. Though we usually
apply gamma-ray radioactive sources to energy calibration, it is
not realistic to use photoelectric peaks at high energies for this
purpose. Above 150 keV, photoelectric absorption hardly occurs
in Si; furthermore, absorption events would be infrequent even in
CdTe when the trigger logic requires event coincidence in both
the Si and CdTe detectors.

We propose a calibration method using Si–CdTe two-hit
events, which are major events of the Compton camera. The
following is brief description of the calibration procedure. First, a
temporary gain correction function from the pulse height value to
the energy is determined by using photoelectric peaks below
Esup ¼ 136 keV (57Co) for every readout channel. Above Esup, the
functions are linearly extrapolated. At this step, we have obtained
gain functions which are valid below Esup. Second, by using the
two-hit events that satisfy E1þE2 ¼ Eline within a certain error and
E1oEsup, we fit gain functions of the CdTe detectors represented
as third-order polynomials, regarding a true value of E2 as
Eline!E1. Here, we have applied gamma-ray lines of 356 keV
(133Ba), 511 keV (22Na), and 662 keV (137Cs). Final gain correction
functions of the CdTe detectors are obtained in the second step.
Third, we fit gain functions of the Si detector above Esup, regarding
a true value of E1 as Eline!E2, where the calibrated values of E2 at
the second step are used. Consequently, we have obtained well-
calibrated gain functions of all the detectors in the entire
energy range.

Fig. 3 shows correlations between E1 (Si) and E2 (CdTe) using
the temporary gain functions at the first step and those at the
final step for the 137Cs data. After the calibration, the two-hit
events are distributed along the line E1þE2 ¼ Eline (662 keV). This

Fig. 1. Schematic drawing of the Si/CdTe Compton camera.

Fig. 2. Photograph of the CdTe-DSD tray.
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Odaka et al. (2012)

Experimental demonstration with a Si/CdTe Compton camera

• 1 Si layer (scatterer) + 4 CdTe layers (absorber)

• Angular resolution: ARM FWHM of 3.5° at 662 keV

• Compton imaging demonstrated with measured gamma-ray events

CdTe double-sided strip detector

ARM distribution at 662 keV (137Cs) Point-source imaging by back projection Energy-resolved Compton imaging

3.5°

137Cs



Mathematical formalism: Compton data space
• Back to the definition of imaging.


Imaging is the mapping of incident photon directions onto 
distinguishable structures in the instrument's data space.


• A Compton camera maps the incident photon direction onto a 
structure in its data space—Compton data space (CDS).





: incident direction 
: scattering angle determined by kinematics 

: scattered photon direction


• CDS captures the essential geometry of Compton events in 
just three dimensions.


A Compton event → A point in CDS 

A point source  in the sky → A surface-like structure in CDS

(α, δ) → (ϕ, χ, ψ)

(α, δ)
ϕ
(χ, ψ)

scatterer

absorber

gamma ray

cos ϕ = 1 −
mec2

E2
+

mec2

E1 + E2

ϕ

Compton 
circle

(E1, ⃗x1)

(E2, ⃗x2)

(α, δ)

(χ, ψ)



3. Data analysis



Event reconstruction
From detector signals to Compton events 

• A gamma-ray photon may produce multiple 
interactions in the detector.


• The measured hits provide deposited energies 
and interaction positions.


• The interaction sequence must be reconstructed 
to determine the Compton scattering geometry.


• Compton kinematics and event topology are used 
to identify valid events and reject background.


Event reconstruction transforms detector hits into 
physical events for astronomical analysis.

Need to determine the interaction order：N! Astroparticle Physics 144 (2023) 102765

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

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

(𝝎𝜀 )ordered = (𝝎𝜔(1),𝝎𝜔(2),… ,𝝎𝜔(𝜗))ordered , (3)

where (𝝎𝜀 )ordered is a re-ordered list of (𝝎𝜀 ) by determining or
assuming the scattering order. Here we define the function 𝜔(⋛)
which maps the scattering order to the data label (𝜀), i.e., 𝜛th
interaction corresponds to𝝎𝜔(𝜛). Fig. 1 shows the scattering order
candidates and their corresponding map functions 𝜔(⋛) 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:

𝜚2
𝜍 = 1

𝜑 ω 2

𝜑ω1
⌋

𝜛=2

(cos 𝛻kin𝜛 ω cos 𝛻geo𝜛 )2
⌈

𝜕 cos 𝛻kin𝜛
⌉2 +

⌈

𝜕 cos 𝛻geo𝜛
⌉2 (𝜑 ∱ 3) , (4)

where 𝛻geo𝜛 and 𝛻kin𝜛 are 𝜛th scattering angles calculated by kinematics
and geometrically, respectively; 𝜕 cos 𝛻𝜛 is the measurement uncer-
tainty, and 𝜑 is the number of hits. This quantity is interpreted as a
modified chi-squared value. For all 𝜑! scattering order candidates, 𝜚2

𝜍
are calculated, and the best scattering order is determined as one that
yields the smallest 𝜚2

𝜍 .
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 (ℵ1, ℵ2) and the scattering
angle at the second interaction (𝛻2) are known, then the incident
gamma-ray energy ( ℶℷ0) can be calculated as

ℶℷ0 = ℵ1 +
ℵ2
2 +

{

ℵ22
4 +

ℵ2ℸ⊳𝜍2

1 ω cos 𝛻2
, (5)

where ℸ⊳ is the electron rest mass and 𝜍 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 𝜗ω 1 times and photo-absorbed at
last, or is scattered 𝜗 times and escapes from the detector, i.e., a 𝜗-hit
event. In addition, we assume that all interactions are measured and
a list of the measurement values (𝝎𝜀 ) = (𝝎1,𝝎2,… ,𝝎𝜗) 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 𝜛th interaction in the detector can be described
with the quantities ℶ𝜺𝜛 defined as

ℶ𝜺𝜛 =
⌈

ℶ𝝑𝜛, ℶℷ𝜛, ℶ⊲𝜛, ℶ0𝜛
⌉

,

ℶ𝝑𝜛 =
}

⦃

⦃

⦄

1𝜛
2𝜛
3𝜛

⟨

⟩

⟩

⟪

,

ℶ𝝕𝜛 =
ℶℷ𝜛
𝜍

}

⦃

⦃

⦄

sin ℶ⊲𝜛 cos ℶ0𝜛
sin ℶ⊲𝜛 sin ℶ0𝜛

cos ℶ⊲𝜛

⟨

⟩

⟩

⟪

,

(6)

where ℶ𝝑𝜛 represents the 𝜛th interaction position; ℶℷ𝜛 and ℶ𝝕𝜛 represent the
energy and momentum vector, respectively, of the gamma ray after the
𝜛th interaction (see Fig. 2); ℶ⊲𝜛 and ℶ0𝜛 describe the direction of travel of
the gamma ray. We refer to the quantity ℶ𝜺𝜛 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 ℶ𝜺0 represents the initial gamma-ray state, and the polarization
state of incoming and scattered gamma-rays is neglected in this study.

Yoneda, HO et al. (2023)
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Fig. 2. A schematic of a multiple Compton scattering event in a detector. The red arrows represent the path of the gamma ray. Note that the initial gamma-ray position and
energy are unknown, and ⌋𝜔𝝎0⌋  ω in astronomical situations. In the current algorithm, some approximations are introduced for use in astronomy (see Section 4.2).

In astronomical observations, 𝜔𝜺0 is described by just three parame-
ters:

𝜔𝜺0 =
⌈ 𝜔𝜀0, 𝜔𝜗0, 𝜔𝜛0

⌉

, (7)

since incoming gamma rays originate from distant sources. In as-
tronomical cases, the incoming gamma-ray direction and energy are
usually unknown, and rather an important goal is the reconstruction
of the scattering order. In this section, we formulate the probabilis-
tic model assuming the initial gamma-ray state, and in Section 4.2
we explain the approximations implemented in the current algorithm
considering that the initial gamma-ray state is unknown in reality.

The gamma-ray state 𝜔𝜺𝜚 (𝜚 ∱ 1) can be determined when we assume
the initial gamma ray state 𝜔𝜺0 and the position of each interaction
(𝜔𝝎𝜚(∱1)). Except for 𝜚 = 𝜍, 𝜔𝜗𝜚 and 𝜔𝜛𝜚 are determined because the
momentum of a scattered gamma ray is parallel to 𝜔𝝎𝜚+1 ε 𝜔𝝎𝜚:
𝜔𝝑𝜚
⌋ 𝜔𝝑𝜚⌋

=
𝜔𝝎𝜚+1 ε 𝜔𝝎𝜚
⌋𝜔𝝎𝜚+1 ε 𝜔𝝎𝜚⌋

. (8)

The gamma-ray energy 𝜔𝜀𝜚 is determined by the kinematics of Compton
scattering:

𝜔𝜀𝜚 =
𝜔𝜀𝜚ε1

1 +
𝜔𝜀𝜚ε1
𝜑𝛻𝜕2

⌈

1 ε cos 𝜔ℵscat𝜚
⌉

, (9)

where 𝜔ℵscat𝜚 is the 𝜚th scattering angle which is calculated as

cos 𝜔ℵscat𝜚 =
𝜔𝝑𝜚ε1 ⋛ 𝜔𝝑𝜚
⌋ 𝜔𝝑𝜚ε1⌋⌋ 𝜔𝝑𝜚⌋

. (10)

Note that Eq. (9) does not take account of the uncertainty of 𝜔𝜀𝜚 due to
the finite momentum fluctuation of the target electrons in the detector
material, which is also known as the Doppler broadening effect [45].
We will discuss a possible treatment to include this effect in Section 7.

To describe the probabilistic model, we show the graphical repre-
sentation of a Compton scattering event in Fig. 3. The change of the
state 𝜔𝜺𝜚 is a probabilistic process determined by the physics of Compton
scattering. Then, the parameters of the state are related to the measured
values (𝝕ℶ ) through measurement processes. For example, 𝜔𝜀𝜚ε1 ε 𝜔𝜀𝜚 is
measured as the deposited energy at 𝜚th interaction.

As a general expression, given a fully-absorbed event, its initial state
𝜔𝜺0 and the scattering order map ℷ(⋛), the conditional probability to

Fig. 3. A graphical representation of Compton scattering in a detector and measure-
ment in a Compton telescope. The red arrows correspond to probabilistic processes
that take place only in escape events while the blue arrow corresponds to that for
fully-absorbed events. Note again that 𝜔𝜺0 is unknown and ⌋𝜔𝝎0⌋  ω in astronomical
situations. The approximations implemented for astronomy are explained in Section 4.2.

Yoneda, HO et al. (2023)

Physics-based probabilistic model Neural network
S. Takashima, H. Odaka, H. Yoneda et al. Nuclear Inst. and Methods in Physics Research, A 1038 (2022) 166897

Note that the subscripts 𝜔 of energy deposits and positions no longer
indicate the time order. This sorting works as a preliminary step by
a simple physical consideration of Compton scattering before a full
simulation-based machine learning. Since it is sufficient to reconstruct
both fully-absorbed and escape events, our model identifies hits from
the first to the third. Furthermore, the number of hit order candidates
(permutations) is 𝜀 (𝜗, 3) = 𝜗!ω(𝜗 ε 3)!. We construct a fully connected
multi-task neural network to predict the scattering order and the escape
flag simultaneously.

To describe the network, we introduce a hit order classification
variable 𝜛𝜚,𝜍 of 𝜚th event to indicate one of the 𝜀 (𝜗, 3) patterns, where
𝜍 is a class label index running from 1 to 𝜀 (𝜗, 3). When the class label
is 𝜑 among the 𝜀 (𝜗, 3) patterns, this variable is expressed by

𝜛𝜚,𝜍 =

⌋
1 (𝜍 = 𝜑)
0 (𝜍 ∱ 𝜑).

(7)

Then, we define a binary variable 𝛻𝜚 as an escape flag of 𝜚th event:

𝛻𝜚 =

⌋
0 (fully-absorbed)
1 (escape).

(8)

The output of the multi-task model is a pair of two probabilities. The
first one, 𝜕ℵ𝜚,𝜍, denotes a probability that the hit order label of the 𝜚th
event is 𝜍. The second, 𝜕ℶ𝜚, is a probability that an event is an escape
event. The loss function of the model must be constructed to predict
both the hit orders and the escape flags. Therefore, the loss function
ℷCB is the sum of cross-entropy and binary cross-entropy:

ℷCB ({𝜛} , {𝛻} , { 𝜕ℵ} , { 𝜕ℶ}) = ε
1

ℸ

ℸ⌈
𝜚ϑevent

⌉
𝛻𝜚 ln 𝜕ℶ𝜚 + (1 ε 𝛻𝜚) ln

{
1 ε 𝜕ℶ𝜚

}

+

𝜀 (𝜗, 3)⌈
𝜍=1

𝜛𝜚,𝜍 ln 𝜕ℵ𝜚,𝜍
⦃
, (9)

where ℸ is a batch size in one update of the model parameters.
In summary, the model converts an input hit array {(⊳𝜔, ⊲𝜔, ℵ𝜔, ℶ𝜔)}
into an output, (𝜛𝜚,𝜍, 𝛻𝜚), composed of the two probabilities for the hit
order label and the escape flag. We finally choose a candidate whose
probabilities of the hit order and the escape flag are the highest.

Fig. 2 shows the architecture of the network. The network includes
three fully connected layers, and each of them includes a batch nor-
malization layer for suppressing overfitting [25]. An activation function
on the hit order prediction applies a softmax function, which is widely
used in multiclass classification. On the other hand, a sigmoid function
is used to produce a probability on the escape flag.

In summary, to reconstruct an 𝜗-hit event all the energy deposits
{⊳𝜔}𝜔=1,…,𝜗 and coordinate components of positions {(⊲𝜔, ℵ𝜔, ℶ𝜔)}𝜔=1,…,𝜗
are input into the neural network model. The dimension of the input
data for every event is 4𝜗. The model predicts two labels: a hit order
and an escape flag. It should be stressed that difference between our
method and previous work that utilizes a neural network [22] is not
only the existence of escape flags but also the dimensions of input data.
The dimension of input data gets explosively large as 𝜗 increases, since
the previous model takes as inputs many kinds of information about
the physics of gamma-ray interaction for each sequence permutation.
Therefore, that model needs even larger computer memory (if 𝜗 = 6,
the dimension of the inputs becomes 20184). On the other hand, the
dimension of input data in our model increases linearly. The dimension
of input data is 32 even if 𝜗 = 8, which demonstrates that our model
can be implemented with smaller computer resources.

3. Numerical experiments

In this section, we conducted numerical experiments using Monte
Carlo simulation to evaluate the performance of the developed neural
network model. The model is implemented with Google Tensorflow
2.3 [26] with CPU, Intel Core i9-9960X and graphics processing units
(GPU), NVIDIA TITAN RTX.

Fig. 2. The network model of the event reconstruction. Three fully connected layers
(FCs) are stacked with activation functions and batch normalization layers. The number
of each node of fully connected layers is written in a parenthesis after FC.

3.1. Simulation configuration

For the network verification and validation, we use a simulation
model based on the GRAMS project. GRAMS utilizes a liquid argon
time projection chamber (LArTPC) [27] as a Compton telescope. This
detector is suitable to test the model since multiple Compton scatterings
efficiently occur in that large-volume detector. We simulated MeV
gamma-ray events using ComptonSoft [28], which is a framework that
has been developed mainly for simulation and data analysis of Compton
telescopes, and performed Monte Carlo simulation of gamma rays based
on the Geant4 toolkit [29–31] through ComptonSoft. We set a cuboid
of 140 cm ϖ 140 cm ϖ 20 cm filled with liquid argon, which is the same
configuration of the main active volume of the GRAMS detector [11].

In the simulations in this work, the detector was assumed to be a
two-dimensional pixel detector, and each pixel has depth sensitivity.
The energy resolution 0⊳ (standard deviation) was set to

02⊳ =

⦄
0.5

⟨
⊳keV

⟩2

+ (5 keV)
2 (10)

where ⊳keV is an energy deposit in units of keV. The energy threshold
of the detector was set to be 25 keV. The pixel size was 2mm, which
determined the spatial resolution for the ⊲ℵ directions, and the detected
ℶ-position was smeared by a Gaussian function whose standard devia-
tion is 1mm. When energy is deposited at two adjacent pixels, their
signals were merged into one with an energy of the sum of these two.

3.2. Angular resolution measure

The angular resolution measure (ARM) is often used for perfor-
mance evaluation of a Compton telescope. If the hit order and the initial
gamma-ray energy of an event are determined, the first kinematic
scattering angle 1K is calculated using Eq. (4). If the source direction
is known, the first scattering angle 1G is also given by the position

3
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Forward modeling and instrument response




• : Source intensity in sky bin 


• : Instrument response mapping sky bin  to CDS bin 


• : Expected background counts in CDS bin 


• : Expected total counts in CDS bin 

μi = ∑
j

Rij fj + bi

fj j

Rij j i

bi i

μi i

Sky model Expected 
counts in CDS

Instrument response

The instrument response can be assumed to be linear.



Statistical inference and image reconstruction
Astronomical information is extracted by fitting models to 
the observed event distribution in CDS. 

• The observed counts  follow Poisson statistics: 
    


• Likelihood: 



• Source analysis: Estimate source parameters by 
maximizing the likelihood.


• Image reconstruction: Treat the sky intensities  as free 
parameters.


• Background: Included in the expected counts .


Compton imaging is a statistical inverse problem.

ni
ni ∼ Poisson(μi)

log ℒ = ∑
i

[ni log μi − μi − log(ni!)]

fj

μi
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Fig. 8. Reconstructed images for source D in Fig. 4d where 4,337,897 photons were absorbed. (a) MLE reconstruction, (b) MAP reconstruction (668 pixels are positive),
(c) image reconstruction with the back projection, and (d) true distributed gamma-ray source shown comparison. (e) line-profiles of images in (a) and (c) compared with the
true source profile. Each image was normalized to have 1 as its maximum.

Table 3
Computational time and iteration numbers of the four simulated sources in Fig. 4: the accelerated EM algorithm for the MLE and the
modified EM algorithm for the MAP.

Source MLE MAP

Time (s) Iterations Time (s) Iterations

A 3:2! 102 770 27 1642
B 2:6! 102 586 40 2103
C 1:2! 102 274 32 1554
D 2:5! 103 3121 1:7! 103 13,152

S. Ikeda et al. / Nuclear Instruments and Methods in Physics Research A 760 (2014) 46–56 55

Maximum Likelihood Maximum a Posteriori

Back projection Input model

e.g., Richardson–Lucy / Maximum-Likelihood Expectation–Maximization (RL/MLEM)

Ikeda, HO et al. (2014)



Background modeling
• Instrumental background is a major challenge in MeV gamma-ray astronomy.


• Background models require multiple physical components and validation against observational data.

H. Odaka et al. Nuclear Inst. and Methods in Physics Research, A 891 (2018) 92–105

Fig. 12. Same as Fig. 11 but for the non-SAA orbits.

Fig. 13. Comparison of the in-orbit measurement in the non-SAA orbits, the simulation of the in-orbit background, and the ground measurement. Note that the
simulation does not include on-ground measurement. The simulation of the albedo gamma rays is also plotted to show which lines are dominated by the bismuth
fluorescence.

radiations by the contaminated isotopes should generate the bismuth
fluorescence.

Still, the simulations have significant differences from the data at
a few line energies. Lines in the simulations at 106 keV and 145 keV
are obviously too weak compared to the measured spectra both in the
SAA and non-SAA orbits. These two lines are certainly produced in the
simulation (see the logarithmic scale plots in Figs. 11 and 12), but their
intensities are too low by a factor of 4. The simulations identify the

lines to 129𝜔
Te (105.5 keV) and 125𝜔

Te (144.8 keV), both of which are
due to isomeric transitions. Both those isomers have relatively long half-
lives comparable to a month, which is longer than the measurement
time windows, and their lines do not show time variability between
the measurements. This means that they are produced by the primary
interactions, not via short-lived isotopes. Thus, the cascade model in the
inelastic interactions of the primary protons fails to produce a sufficient
amount of the isomers.

103

background due to the changes in Rcutoff. This asymmetry was
clearly observed in NuSTAR data (B. W. Grefenstette
et al. 2022).

3.1. Activation from the SAA

Despite the SAA passage cut, a residual tail can still be
observed in the Compton event rate after each SAA passage, as
shown in the left panel of Figure 14. This delayed background
is due to the satellite and detector material undergoing nuclear
excitation due to collision with the trapped protons, and

subsequently photons are produced by the deexcitation of the
activated material.
Using a similar approach made with Fermi Gamma-Ray

Burst Monitor data (B. Biltzinger et al. 2020), this tail
is well utted with a sum of two exponential decays
plus a constant term. On a minute timescale, the delayed
background after each SAA passage appears to be mainly
driven by the beta decay of 27Mg and 28Al. Their
corresponding lines at 843.76 and 1014.52 keV for 27Mg
and 1778.987 keV for 28Al are indeed the most affected
when we apply a cool-down period of a few minutes after an
SAA passage.
On the other hand, looking at the Compton event rate for

this background component on a daily timescale (see the right
panel in Figure 14), we observe a strong buildup during the
urst days of orbit, followed by a linear increase over time. This
linear trend after a few days is mainly driven by the time
proule of the AP9 integrated trapped proton 3ux, as shown in
red in the right panel of Figure 14. Note that this time proule
exhibits annual variations, with the 3ux returning to near the
initial value after a full year.
Similarly to the Compton event rate after one SAA passage,

the daily rate is utted with a sum of two exponentials of the
form

A e1 , 2t T
ln 2
1 2( ) ( )( )
/

Figure 10. Spectra of the reconstructed Compton events after 3 months of orbit for each background component.

Table 1
Table of the Strongest Activation Lines in the Total Background Spectrum and

Their Parent Processes

E Measured E Nominal Parent Process
(keV) (keV)
198.1 198.39 71mGe(IT)71Ge
398 397.94 69As(EC)69Ge
510.8 511 e+ + e−→γ + γ
843.8 843.76 27Mg(β−)27Al
871.8 872.14 69Ge(EC)69Ga
1013.9 1014.52 27Mg(β−)27Al
1106.9 1107.01 69Ge(EC)69Ga
1367.1 1368.6 24Na(β−)24Mg
2754 2754 24Na(β−)24Mg
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COSI background simulation (Gallego et al. 2026) Hitomi-HXI background: measurement vs simulation  (Odaka et al. 2018)

Hitomi: low-Earth orbit 575 km 
inclination: 31°



Monte Carlo simulations
• Detailed simulations are essential for modeling detector responses and instrumental backgrounds.


• Geant4 provides a framework for simulating particle interactions and detector geometries.

Hitomi Hard X-ray Imager (HXI) Hitomi Soft Gamma-ray Detector (SGD)



4. Hardware framework



COMPTEL: The Pioneer of MeV telescopes
The first Compton telescope to survey the MeV gamma-ray sky.

• COMPTEL (1991–2000)


• 0.8–30 MeV


• Two-layer configuration: 
liquid scintillator (D1) and NaI scintillator (D2)


• Time-of-flight (TOF) measurement to 
distinguish downward-going gamma rays 
from upward-going background



Stacked semiconductor Compton telescopes

Soft Gamma-ray Detector 
• Narrow-FOV concept

• Stacked Si pixel detectors

• Surrounding CdTe pixel 

detectors

• 50–600 keV

Better energy and position resolutions → Semiconductor detectors

Si scatter

CdTe absorber

γ

Compton scattering

photoabsorption

Tajima et al. (2018)

07 08

02
Introduction of the subsystem instruments on board ASTRO-H, and how each instrument will contribute to 
unraveling the hot, violent universe. ASTRO-H carries the most leading edge X-ray instruments and the 
satellite technology that will implement their successful operation.

The 4 telescopes and 2 soft gamma-ray detectors face the same direction, and are capable of observing simultaneously.
The 4 types of detectors (6 systems) detect X-ray photons from space one at a time.  

2.1 Instrument Positions on Spacecraft
There are 2 types of telescopes, and 4 types of detectors with various features on board ASTRO-H.

ASTRO-H is capable of observing a wide energy range of 0.3 - 600 keV by uniting the multiple observing instruments above. The 
detector sensitivity achieves 10 to 100 times that of Suzaku as shown in Figure 2.2. 

2.2 Two Telescopes and Four Detectors

ASTRO-H Instruments

X-ray Telescope

Soft X-ray Telescope (SXT-S) 

Soft X-ray Telescope (SXT-I)

Hard X-ray Telescope (HXT) x2

X-ray Detectors

Soft X-ray Imager (SXI)

Soft X-ray Spectrometer (SXS)

Soft Gamma-ray Detector (SGD) x2

Hard X-ray Imager (HXI) x2

Extensible Optical Bench (EOB)

Height

Mass

Power

Expected Life

2.7 t

3500 W

3 years

Approximately 14 m
(during observation)

Energy (unit: kilo electron Volts)

Soft X-ray Telescope (SXT-S)

Soft X-ray Telescope (SXT-I) X-ray telescope that 
corresponds to the lens of the 
optical telescope. Unlike the 
optical case, the X-ray 
telescope is structured with 
over 200 aluminum shells that 
reflect X-rays concentrically 
aligned. The diameter is 45 
cm, focal length 5.6 m.

Hard X-ray Telescope (HXT) x2

Same structure as soft X-ray 
telescope, has the ability to 
image hard X-rays up to 80 
keV using Japanese nano 
technology. 45 cm diameter, 
12 m focal length.

Soft X-ray Spectrometer (SXS) Soft X-ray Imager (SXI )

Uses US-led technology 
called microcalorimetry. 
Includes multiple stages of 
coolers to lower the 
temperature of the sensor to 
near absolute zero (-273.15 
degrees C). By measuring the 
slight increase in temperature 
from incoming X-ray photons, 
it is capable of measuring the 
X-ray energy in never before 
achieved high resolution. The 
most highly anticipated 
device on ASTRO-H by 
scientists.

X-ray camera that 
achieves wide field of view 
of 38 arcmin by arranging 
4 large X-ray CCDs 
together. Simultaneously 
implements X-ray imaging 
and spectrometry of 
sources in soft X-ray band. 
Located inside the satellite 
at the focal plane of SXT-I.

Hard X-ray Imager (HXT) x2 Soft Gamma-ray Detector (SGD) x2

Camera that observes 
sources in hard X-ray with 
energy 5 keV and higher 
using silicon and Cadmium 
Telluride semiconductors. 
Located at the focus of the 
HXT with 12m focal length, 
which is realized by the 
extensible optical bench 
(EOB) that gets deployed in 
orbit.

High sensitivity gamma-ray 
detector layered with 
semiconductor detectors 
and using Compton 
camera theory. Cannot 
image sources since it 
does not use a telescope, 
but anticipated to reveal 
high energy phenomena by 
detecting soft gamma-rays 
with higher energy than 
X-ray.

Optics

DetectorsSoft X-ray Hard X-ray

~ 8 m

Figure 2.1: ASTRO-H at launch (bottom) and in orbit 
(top). In bottom image, section of launch vehicle is 
omitted to display the positioning of satellite. Figure 2.2: Energy range of the 4 detectors on ASTRO-H

*See section 3.7.2 for acronym definitions

NASA

Deployed after launch to achieve 
12 m focal length necessary for 
Hard X-ray Imager

Soft Gamma-ray Detector (SGD)

Hard X-ray Imager (HXI)

Soft X-ray Imager (SXI)

Soft X-ray Spectrometer (SXS)

Hitomi X-ray observatory 
(ASTRO-H, 2016)

Low-Z

High-Z



COSI: the next major step

COSI – John Tomsick 2

COSI
Gamma-ray
Space Explorer

2

COSI overview
 COSI is a NASA Small Explorer (SMEX) satellite with a 

planned launch in 2027
 Critical Design Review completed Dec 4-6, 2024

 Detects 0.2-5 MeV gamma rays

 Unique combination of capabilities
 Uses germanium detectors cooled to cryogenic temperatures 

to provide excellent energy resolution
 Instantaneous field of view is >25% -sky and covers the 

whole sky every day

 Designed for studies of nuclear and annihilation 
emission lines across our Galaxy, while enabling 
TDAMM science
 E.g., transient detection and variable source monitoring

Upcoming SMEX mission 
operating in the energy range 

between NuSTAR and Fermi/ LAT

COSI will make a major leap in MeV line sensitivity 
with a compact Compton telescope based on  
a densely packed array of 3D Ge detectors.

Energy range 0.2–5 MeV

Spectral 
resolution <1.2% at 511 keV

Field of view >25% of the sky

Survey 
coverage full sky every day

Angular 
resolution <4.1° at 511 keV

Launch 2027 August

(planned)

Mission > 2 yr

Tomsick et al. (2023)



5. Future directions in MeV 
telescope design



Beyond COSI: what leap is worth going to space for?

Much higher sensitivity 
→ Discover much fainter sources and weak nuclear lines


Much larger collecting area 
→ Resolve the underlying physics through spectroscopy, polarization, and timing


Much better angular resolution 
→ Locate where the emission originates


Much broader energy coverage 
→ Connect different particle populations and emission processes



Stacked semiconductor Compton telescopes

newASTROGAM 
• Stacked double-sided 

silicon strip detector

• CsI calorimeter

• Coded mask for X-rays

• 15 keV – 3 GeV

A natural extension of the established Compton-telescope architecture.

→ Wide-field, broadband Compton + pair telescopes

AMEGO-X 
• Stacked Si active pixel sensors

• CsI calorimeter

• 100 keV – 1 GeV

Si scatter

Hi-Z absorber

γ

Compton scattering

photoabsorption

Compton 
telescope Pair telescope

Si scatterer Si tracker

Hi-Z absorber Hi-Z calorimeter

Caputo et al. (2022)

Berge et al. (2025)
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newASTROGAM 
• Stacked double-sided 

silicon strip detector

• CsI calorimeter

• Coded mask for X-rays

• 15 keV – 3 GeV

AMEGO-X 
• Stacked Si active pixel sensors

• CsI calorimeter

• 100 keV – 1 GeV

Compton 
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→ Wide-field, broadband Compton + pair telescopes
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Electron-tracking Compton telescopes
Tracking the recoil electron provides additional 
information on the incident gamma-ray direction. 

• Conventional Compton cameras reconstruct a 
Compton circle.


• Measuring the recoil-electron direction reduces the 
directional ambiguity from a circle to an arc.


• Gas detectors are well suited for electron tracking due 
to their long recoil-electron tracks, as demonstrated by 
SMILE and further pursued by MeGaT.


• Fine-pitch semiconductor detectors can also enable 
electron tracking, offering a more compact alternative.


Electron tracking can improve imaging sensitivity by 
reducing the allowed region on the sky.

History of SMILE project
4

SMILE-3 (← ongoing):
- Scientific observations!
- All-sky survey

SMILE-I:  
- First flight with an ETCC (2006, Sanriku, Japan, 4 hr)
- Detection of Cosmic MeV background 

& Atmospheric gamma-ray [Takada+2011, ApJ]

SMILE-II: 
- Successfully developed a large-sized ETCC (303 cm3)

SMILE-2+:
- Second flight (2018, Alice Springs, Australia, 26 hr)
- First detection of an astronomical source [Takada+2022, ApJ]
- Precise background measurement at balloon altitude [Ikeda+2023, PRD]

ETCC-satellite

2000

2010

2020

2030
Apr. 7th, 2018 @ Alice Springs
(Launched at 6:24 AM) ETCC© A. Takada

SMILE-2+

SMILE Collaboration

Today

SMILE2+

photon

electron
Compton scattering

Takada et al. (2022)

Gas detector

Scintillator absorber



Toward high angular resolution

INTEGRAL/IBIS 18-40 keV image of Galactic Center, 
with 12 arcmin angular resolution. (Kuulkers et al. 2007)


13°

The angular resolution of Compton telescopes 
is physically limited by Doppler broadening at 
the ~1° level.

→ Adding coded-aperture imaging can 
overcome this limit.

SGI

GECCO

Nakazawa et al. 2026

Orlando et al. 2022deployable coded mask → ~1′ angular resolution



Scaling up with liquid argonPossible TPC design for a unit of GRAMS

MeV gamma ray antideuteron
γ

Compton telescope 3D tracker

E-
fie

ld

SiPM π− π+

π+

π−

π0 →2γ

d̄

anode 2D readout

cathode

TOF scintillator

140 cm

25 cm
X-raye-

LAr TPC

X-ray

X-ray

e-

e-
e-

e-

e-

π−

1.5 m

~30 cm

 (1 MeV)10−12 erg s−1 cm−2 ∼ 10−6 photons s−1 cm−2

Sensitivity

We need a much larger collecting area.

Liquid-argon time-projection chambers offer a 
scalable route to very large effective area.


Large, single-volume 3D detectorThis technology will be deployed to space missions.

DUNE neutrino detector 
70,000 tons of liquid argon



Liquid-argon gamma-ray telescope concepts

gondola

World’s first LArTPC flight (2023, Japan)

GRAMS GammaTPC Shutt et al. 2025Aramaki et al. 2020

30 cm

Compton images of 22Na (1.275 MeV) 
with a prototype Compton camera (2026)

MiniGRAMS detector (2026)

GammaTPC explores the ultimate scalability 
of this approach, with ~10 m² active area, 

~4 metric tons of liquid argon.

5

Figure 2. Schematic drawing of a large-scale implementation of the GammaTPC instrument concept, with the tracker a
double-layered set of LAr TPC cells (right inset, and here shown as rectangular but in reality with hexagonal footprint), 10m2

in area and 4 metric tons in mass contained in a thin-walled carbon fiber shell, backed by a CsI calorimeter. The tracker overall
geometry is a section of a sphere, which provides 2ω FOV (left inset), while the orbit, spacecraft orientation and profile of the
tracker maximize the uniformity of the sky coverage.

otherwise dominant up-going albedo gammas. CsI could
be operated at the cryogenic temperature of the tracker
for improved light yield (see, e.g., Mikhailik et al. 2015;
Ding et al. 2020; Clark et al. 2018). A sampling LAr
calorimeter (such as that in ATLAS (Wilkens & on be-
half ofthe ATLAS LArg Collaboration)) is also possible
and has the obvious advantage of using LAr, but has
the disadvantage of energy loss in the interspersed W
(or Pb) sheets.
In the next section of this paper, we describe in detail

the technology needed to achieve the ambitious goals of
this new instrument technology. We also look in some
detail how the challenges of staging this in space will be
overcome, and include a preliminary discussion of costs.
The subsequent section presents a first study of the sen-
sitivity of GammaTPC in the Compton regime, and also
introduces new techniques for Compton Telescope anal-
ysis. A study of the sensitivity in the pair regime awaits
a future publication.

2. GammaTPC TRACKER TECHNOLOGY

2.1. Charge and Light Signals in LAr

Production of signals in liquid nobles is complex, with
energy deposited by charged particle creating both scin-

tillation light and pairs of free electrons and ions2. The
sum of scintillation and charge is proportional to energy
deposited, as recombination results in the same excimer
states that generate scintillation light, thus recombina-
tion e!ectively trades charge for light on an electron-per-
photon basis. The partitioning between charge and light
depends on the particle type, the applied electric field,
and, especially for non-relativistic particles, the recoil
energy, and often results in roughly comparable quanta
of photons and electrons. Fluctuation in the strength of
recombination greatly exceed what would be expected
on the basis of binomial statistics, so measurement of
either signal alone gives poor energy resolution (Conti
et al. 2003). Instead, we estimate the initial number
of electrons q and photons p from their measured values
and from these estimate the energy E = W (q+p) where
W is the combined W value (Shutt et al. 2007). This
is una!ected by recombination fluctuations when both
q and p are well measured.
These e!ects have been studied in detail in LXe(see

e.g. Doke et al. 2002; Conti et al. 2003; Dahl 2009;
Szydagis et al. 2011; Akerib et al. 2019) in part because
of its importance in dark matter and neutrinoless dou-
ble beta decay experiments, and the energy resolution in

2 Unless otherwise referenced, most LAr properties used in this
paper are from the LAr properties database maintained by BNL
at https://lar.bnl.gov/properties/

3 m



Formation flying opens new observatory architectures

Formation flying enables long-baseline gamma-ray optics 
for high angular resolution and high sensitivity.

FF-LAGRAN Concept
100 m

Pointing mode: 30 arcsec

Mochizuki et al. 2023

All-sky mode: a few degrees

Detector spacecraft　

Optics spacecraft
Coded mask / Laue lens

Deep gamma-ray observations from a Sun–Earth L2 halo orbit

LArTPC



The MeV design space remains wide open

There is no single obvious path forward.

Detector/telescope technologies 

• Stacked-semiconductor Compton telescopes


• Electron-tracking Compton telescopes


• High-Z photoabsorption detectors


• Coded aperture imaging


• Gamma-ray Laue lenses

Data analysis 

• Event reconstruction


• Background modeling


• Statistical inference

Platform / Scale 

• Balloons


• Cubesats / CubeSat constellations


• Small satellites


• Large observatories

Where to observe 

• Equatorial low-Earth orbit


• Sun-Earth L1 / L2


• Lunar orbit / surface



Concluding remarks 
• MeV gamma-ray astronomy remains a largely unexplored frontier, 

offering unique insights into energetic processes in the universe.


• Sophisticated event reconstruction and data analysis are essential  

for exploiting the full potential of Compton telescopes.


• New technologies are paving the way for next-generation MeV 

observatories.


The MeV window is ready to be opened wider.


