
GALE — The Instrument

Instrument parameters (baseline): 
Shield opening: 40 cm x 40 cm 
CZT area: 20 cm x 20 cm 
Mask size: 40 cm x 40 cm
Mask element pitch: 3 mm
Mask thickness: 10 mm
Mask-CZT distance: 100 cm
Fully-coded FoV: 11
Instrument FoV (defined by Shield): 11° 11° , or 0.04 sr
Energy resolution: 1-2% FWHM at 1 MeV
Angular resolution: 10 arcmin
Point source sensitivity ( ):  at 511 keV. 
Uses active and passive shields. 
Mass: 500 kg
Electrical power: 150 W
Overall dimensions: 

∘

×

5σ < 10−4 ph cm−2 s−1

150 × 50 × 50 cm3
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The nature of the 511-keV line emission from positron annihilation in the inner 
Galaxy has remained a long-standing mystery in astrophysics. A key aspect of the 
problem is determining if the positrons are produced by unresolved faint point 
sources, or diffusely, possibly of an exotic nature. This problem cannot be fully 
resolved by any currently operating (INTEGRAL) or planned (COSI) gamma-ray 
missions, since neither of them combines the requisite angular resolution and 
point source sensitivity needed. Therefore, to address this problem, we are 
proposing the GALE mission to the NASA Pioneer program. GALE will be a high-
sensitivity, coded-aperture mask (CAM) telescope, flown on an ultra-long duration 
balloon flight, and it will observe the 511-keV emission from the Galactic bulge at 
an angular resolution of ~10 arcminutes. These observations will likely lead to 
profound insights regarding the sources of positrons in the Galactic bulge, and the 
nature of the positron injection, propagation, and annihilation. 

Peering into the heart of the central molecular zone (CMZ), we can start to get a sense of the rich 
astrophysical environment that GALE will begin to probe in gamma rays (50 keV – 1 MeV), as we will observe 
the inner 11 degrees of the Galaxy at an angular resolution of ~10 arcminutes (~ 30X improvement over 
current best measurements). The inset to the right shows a comparison of GALE’s PSF/FoV to COSI’s PSF, 
highlighting the fact that GALE will be highly complementary to the COSI mission.

GALE is a combined CAM/Compton telescope that 
uses a cadmium zinc telluride (CZT) gamma-ray 
imaging calorimeter (ImCal) as its position-
sensitive detector (PSD). It is sensitive to gamma 
rays between 50 keV – 1 MeV. To achieve the 
required pointing accuracy, GALE will be mounted 
to the Wallops Arc-Second Pointer (WASP).

The observed positron annihilation rate in 
the Galactic bulge is (1-2) ×10!"	𝑒#	𝑠$%, with 
a positronium fraction of ~1, and a bulge to 
disk luminosity ratio of ~1. Overall, the 
current observations imply that there is 
likely a concentrated source of positrons 
towards the central regions of the Galaxy 
which can’t be accounted for with known 
mechanisms. 
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A. Moiseev GALE: Balloon-borne mission to study the 511 keV line

0.2 – 1 MeV. It is impossible to achieve better than 1¶-1.5¶angular resolution with
such a telescope.

Figure 2: Left: CAM principle of operation; CAM an-
gular resolution is constrained by the Mask element size
a and Mask-Focal Plane detector separation L; Right:

CZT Imaging calorimeter as a standalone Compton tele-
scope and as a PSD in a CAM telescope.

Imaging with high angular resolu-
tion can be achieved at 511 keV
through indirect techniques; specif-
ically, with coded aperture masks
(CAM) [35]. An advanced form of
pinhole imaging, in this approach
the single pinhole is replaced by
a shadow mask with many pin-
holes (typically 50% open area) that
is placed in front of a position-
sensitive detector (PSD) to spa-
tially modulate the incident flux
and encode the scene as spatial
count-rate variations across the de-
tector. Using the measured shadow
pattern and the known mask pat-
tern, deconvolution techniques can be used to reconstruct the source region with an angular
resolution given by ”◊ = a/f , where a is the size of the base mask feature and f is the spacing
between the mask and the detector. There are two distinct definitions of the imaging Field of
View (FoV): the fully-coded FoV is defined as comprising all directions for which the detected
flux is completely modulated by the mask, and the partially-coded FoV when only a fraction
of the flux is coded. CAM imaging (Fig. 2, left) is well known and has been successfully used
in several space and balloon-born missions ([1, 36–38] and references therein). CAM imagers
are also available commercially for near-field, terrestrial “-ray imaging, e.g., H3D, H420 and
PHDs, GeGI1. Use of the technique is straightforward with photo-absorbed photons and
can even be used with photons that Compton scatter, but this requires event reconstruction
to determine which of the multiple interaction sites occurred first. There are several data
analysis approaches for such systems that are widely discussed in the literature [36, 39].
At the heart of a successful CAM imager is a PSD that can over-resolve the finest mask
element size (a), typically by a factor of 2-3 [36]. With this constraint, the angular resolution
is limited only by the focal length. In addition, the detector spatial response must be uniform
(or at least well calibrated and understood), and spatially varying backgrounds at the detector
must be similarly controlled and understood. The latter can generally be achieved using
mask anti-mask (MAM) techniques, where the open and closed pixels of the coded-aperture
are interchanged between equal-time measurements [40]. This is readily achieved using mask
patterns that are anti-symmetric on a simple rotation, such as modified uniformly redundant
arrays (MURA) [36]. For GALE, the previously ARPA-developed CZT Imaging Calorimeter
(ImCal – see section 3.2.1.) serves as the focal-plane PSD for CAM imaging. However,
it is also a standalone Compton telescope, determining the point of the 1st interaction of
Compton-scattered photons, and provides important support to the coded-aperture imaging

1https://h3dgamma.com/
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Fig. 2 INTEGRAL/SPI spectrum of the entire Galaxy, decomposed
into a narrow and a broad line, in addition to the ortho-Ps continuum
and the Galactic diffuse continuum (Siegert et al. 2019a)

et al. 1978). In the warm ionised medium fPs is ∼ 88% and
in the warm neutral medium ∼ 100%, resulting in a total
Ps fraction across the Galaxy of 92–97%. In fact, some of
the broadening of the Galactic 511 keV line may also be
due to velocity broadening from Galactic rotation (Siegert
et al. 2019a). Furthermore, the line is not the only witness of
annihilating e+s: the ortho-Ps component (Ore and Powell
1949) is also clearly visible in the combined spectra across
the Galaxy, rising almost linearly with a sharp cut off at
511 keV, and containing a ≈ 4 times larger annihilation flux,
depending on fPs (Fig. 2).

All these assumptions make perfect sense, if the premise
of ‘annihilation in the ISM’ is correct. However, the den-
sity of target particles also has a considerable impact on the
line shape and Ps fraction, once the densities of the gas is
much higher than that of the ISM: Murphy et al. (2005) cal-
culate the Ps fraction as a function of temperature and gas
density in the context of solar flares, finding that ∼ 1 keV
broad 511 keV lines can be explained in gas with densities
! 109 cm−3 and temperatures " 2 × 104 K. Also the broad-
to narrow-line ratio is found to be below 2 for temperatures
above ∼ 8000 K. Finally, the Ps fraction, albeit on the lower
side, can also be met in conditions typical to solar flares.

1.3 A puzzling picture

The ‘Positron Puzzle’ may be summarised in three basic
questions:

1. What do we see?
2. Where do the positrons come from?
3. Why does it look like that?

The answer to the first question, albeit somewhat ambiguous
considering the limitations of current instrumentation in the

MeV γ -ray band, is outlined in Sects. 1.1 and 1.2. Measure-
ments in the MeV regime suffer from a scarcity of photons
from astrophysical sources, carrying a million times more
energy in one quantum than optical photons, for example,
large instrumental background (Diehl et al. 2018; Siegert
et al. 2019b), and apertures which align more with parti-
cle detectors in space rather than telescopes (Siegert et al.
2022d). Images are therefore often either ‘reconstructed’,
i.e. it is attempted to unfold the non-invertible imaging re-
sponse matrices of MeV instruments, or models are directly
fitted to the raw data. In performing these imaging tech-
niques, however, comparisons to other wavelengths, that
could be more directly measured, can result in false conclu-
sions. But in addition to the imaging capabilities, also the
spectroscopic information of the 511 keV line will help to
decipher ‘how’ the e+s are annihilating. In the paragraphs
in Sect. 1.4, I outline possible tracers of e+-annihilation,
based on first, the visual comparison of all-sky surveys
from Fig. 1, and second, a thorough likelihood compari-
son.

The second question is the historically initial question af-
ter Leventhal et al. (1978) unambiguously identified the γ -
ray line from the Galactic centre as due to e+-annihilation.
“Undoubtedly, the positrons giving rise to the observed fea-
ture come from a variety of processes”, said Leventhal et al.
(1978) about this first and strongest γ -ray line detected. In-
deed, where the e+s come from, i.e. in which astrophysical
sources they originate, is related to how e+s can be produced
in terms of particle physics processes. I will summarise pos-
sible e+ sources and production mechanisms in Sect. 2, to-
gether with measurements of how much which source pop-
ulation might contribute to the Galactic e+ budget.

But the budget alone is not enough to gain complete in-
sight into the ‘Positron Puzzle’ because the sources of e+s
may in fact not be the sinks of e+ annihilation. This is re-
lated to the third question of why the emission looks so dif-
ferent than the putative sources, and also different to the
supposedly preferred annihilation regions of dense gas in
the Milky Way. Positrons are typically produced at mildly-
or highly-relativistic energies (see Sect. 2). This means, un-
less they experience favouring annihilation conditions, such
as high gas or e− densities and low temperatures, they are
cosmic rays, and propagate through the ISM. In Sect. 3,
I will summarise the current knowledge of propagation of
e+s in the ISM, which links to the distortion of the poten-
tial source distributions towards the measured 511 keV im-
age. The injection of e−s and e+s into the ISM will trans-
port the particles on timescales of 0.1–10 Myr to distances
(path lengths) of 0.1–10 kpc away from their initial sources
(e.g., Jean et al. 2009; Panther 2018). Consequently, to first
order, the 511 keV image could be a smeared-out version
of the initial source distribution due to the propagation ef-
fects, which may be similar to the gas distribution of the
Galaxy.

Observed Annihilation Spectrum

• The latest measurements are from Skinner+14 and Siegert+16. They measure the following: 
 Bulge flux:  
 Disk flux:   
 GC flux:  
 Bulge to disk luminosity ratio:   

• The observed positron annihilation rate in the Milky Way (assuming emission from center, bulge, and 
disk) is .  In the bulge alone it is . 

• These observation imply that there is likely a concentrated source of positrons towards the 
central regions of the Galaxy which can’t be accounted for with standard expected mechanisms. 
The source of the bulge emission has remained a mystery since the initial discovery of the signal!

FB = (8.9 − 10.1) × 10−4 ph cm−2 s−1

FD = (13.1 − 20.1) × 10−4 ph cm−2 s−1

FB = (0.6 − 1.2) × 10−4 ph cm−2 s−1

LB /LD = 1.0 ± 0.1

∼ 5 × 1043 e+ s−1 (1 − 2) × 1043 e+ s−1

Some of the Many Possible Positron Sources!

probabilistic process), and is singular (hence cannot be inverted). The high instrumental
background needs careful modelling, and Poissonian statistics must be properly included,
hence the maximum-likelihood method is used (see [17, 18] for details on COMPTEL data
analysis). The reliability of such γ-ray imaging has been consolidated in many studies (see,
e.g. [19]). The 26Al γ-ray image and the structures it showed was found to be in broad
agreement with earlier expectations of 26Al being produced throughout the Galaxy mostly
from massive stars and their CCSNe since young stars are typically located on the plane of the
Galaxy, and these young stars are preferentially massive.

In 2002, the continuing INTEGRAL mission of the European Space Agency (ESA)
started, with its high-resolution γ-ray spectrometer SPI, deepening the astronomical harvests
of 26Al emission (figure 3). Note that the COMPTEL scintillation detectors had an instru-
mental resolution of ∼200 keV, compared to ∼3 keV for the SPI Ge detectors. This led to
deeper, Galaxy-wide investigations of 26Al [20], as recently reviewed [21]. Furthermore,
INTEGRAL allowed to spatially resolve specific and well-constrained massive star groups
(OB associations), and therefore to test our understanding of massive star groups and how
they shape the star-forming interstellar medium (see [22] for a review of astrophysical issues
and lessons). Important herein are the Cygnus, the Orion [23] and the Scorpius–Centaurus
[24] stellar groups. Altogether, astronomical 26Al observations have led to both the tracing of
the path of nucleosynthesis ejecta after they leave their sources and eventually end up in next
generation stars, and the investigation of the cosmic production sites, i.e. stars and super-
novae. For the latter objective, it is essential to have the best-possible knowledge of the
physics of the stellar sites and of the nuclear reactions involving 26Al, as discussed here.

1.2. Live 26Al in terrestrial archives

Ice cores, deep-sea sediments, and deep-sea FeMn crust material are favourable locations to
search for live radionuclides on Earth produced by nearby (in time and space) stellar
nucleosynthetic events. These materials have very low growth rates, of the order of mm to cm
per thousands to millions of years, and therefore they can provide time-resolved information
over time scales of million years. However, because the number of radioactive atoms to be

Figure 2. The 26Al sky as imaged with data from the COMPTEL telescope on NASAʼs
Compton Gamma-Ray Observatory [14]. Reproduced with permission from [12].
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Massive Stars & ccSN 
e.g. as traced by Al produced 
from stellar winds and ccSN.

26
CMZ 

Full diameter of ~  (400 pc), 
comparable to SPI resolution.

2.8∘

Some of the Many Possible Positron Sources!

X-ray binaries 
e.g. the population 
from IBIS/ISGRI

Dark Matter 
i.e., MeV-scale, primordial BHs, 
secondary from GeV-scale, etc.

Sgr A* 
e.g. pair production in accretion disk, 
corona, or jets, previous activity with 

enhanced accretion rates, etc.

Solar flares and Others 
Solar flares, Pulsars, CR secondaries, 

Type 1a SN, classic novae. 

Current Observations

The emission spectrum contains 
information about how the 
positrons annihilate, as well as the 
medium in which the annihilation 
occurs. There is prominent 511-keV 
line emission, consisting of both a 
narrow line and a broad line, as well 
as the ortho-positronium continuum 
at lower energies, resulting from the 
three-photon decay of positronium 
– an intermediate bound state 
between an electron and positron. 

Most of our knowledge about positron annihilation in the Galaxy comes from 
INTEGRAL/SPI observations, which has an angular resolution of ~2.6 degrees. The 
morphology can be described with four components, shown below. There is a central 
point source coincident with Sgr A*, two bulge components, and a component 
coincident with the Galactic disk. However, the true morphology of the emission from 
the inner Galaxy remains unknown, due to the limited angular resolution of the 
current observations. 

• With a CAM, the incident flux forms a shadow pattern on the PSD. 
• Using the measured shadow pattern and the known mask pattern, deconvolution 

techniques can be used to reconstruct the source region with an angular resolution 
given by 𝛿𝜃 = 𝑎/𝐿. 

• The CZT ImCal serves as the PSD for the CAM. It also serves as a standalone 
Compton telescope.
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0.2 – 1 MeV. It is impossible to achieve better than 1¶-1.5¶angular resolution with
such a telescope.

Figure 2: Left: CAM principle of operation; CAM an-
gular resolution is constrained by the Mask element size
a and Mask-Focal Plane detector separation L; Right:

CZT Imaging calorimeter as a standalone Compton tele-
scope and as a PSD in a CAM telescope.

Imaging with high angular resolu-
tion can be achieved at 511 keV
through indirect techniques; specif-
ically, with coded aperture masks
(CAM) [35]. An advanced form of
pinhole imaging, in this approach
the single pinhole is replaced by
a shadow mask with many pin-
holes (typically 50% open area) that
is placed in front of a position-
sensitive detector (PSD) to spa-
tially modulate the incident flux
and encode the scene as spatial
count-rate variations across the de-
tector. Using the measured shadow
pattern and the known mask pat-
tern, deconvolution techniques can be used to reconstruct the source region with an angular
resolution given by ”◊ = a/f , where a is the size of the base mask feature and f is the spacing
between the mask and the detector. There are two distinct definitions of the imaging Field of
View (FoV): the fully-coded FoV is defined as comprising all directions for which the detected
flux is completely modulated by the mask, and the partially-coded FoV when only a fraction
of the flux is coded. CAM imaging (Fig. 2, left) is well known and has been successfully used
in several space and balloon-born missions ([1, 36–38] and references therein). CAM imagers
are also available commercially for near-field, terrestrial “-ray imaging, e.g., H3D, H420 and
PHDs, GeGI1. Use of the technique is straightforward with photo-absorbed photons and
can even be used with photons that Compton scatter, but this requires event reconstruction
to determine which of the multiple interaction sites occurred first. There are several data
analysis approaches for such systems that are widely discussed in the literature [36, 39].
At the heart of a successful CAM imager is a PSD that can over-resolve the finest mask
element size (a), typically by a factor of 2-3 [36]. With this constraint, the angular resolution
is limited only by the focal length. In addition, the detector spatial response must be uniform
(or at least well calibrated and understood), and spatially varying backgrounds at the detector
must be similarly controlled and understood. The latter can generally be achieved using
mask anti-mask (MAM) techniques, where the open and closed pixels of the coded-aperture
are interchanged between equal-time measurements [40]. This is readily achieved using mask
patterns that are anti-symmetric on a simple rotation, such as modified uniformly redundant
arrays (MURA) [36]. For GALE, the previously ARPA-developed CZT Imaging Calorimeter
(ImCal – see section 3.2.1.) serves as the focal-plane PSD for CAM imaging. However,
it is also a standalone Compton telescope, determining the point of the 1st interaction of
Compton-scattered photons, and provides important support to the coded-aperture imaging

1https://h3dgamma.com/
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GALE — Imaging Technique Basics

• With a CAM the incident flux forms a shadow pattern on the PSD.  
• Using the measured shadow pattern and the known mask pattern, deconvolution techniques can be used to reconstruct the source 

region with an angular resolution given by .  
• For a PSD that can resolve better than the smallest element size, the spatial resolution is ultimately limited by the focal length.  
• The CZT ImCal serves as both a standalone Compton telescope and a PSD in a CAM telescope.  
• As a standalone Compton telescope, it allows creation of the 511 keV emission map over the entire GALE FoV, albeit with 

relatively coarse angular resolution. 
• In Compton-mode, the ImCal also serves as a scatter-based gamma-ray polarimeter.

δθ = a /L

δθ = a/L
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Image credit: NASA, ESA, SSC, CXC, and STScI  

Siegert+19

References: Skinner, G., et al., PoS, INTEGRAL WS (2014): 1-10; Siegert, T. et al., 
A&A 586 (2016): A84; Siegert, T., et al., A&A 627 (2019): A126.

GALE PSF/FoV 
vs. COSI PSF

Summary of the main astrophysical sources that are expected to produce positrons.
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