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 A B S T R A C T

COCOA (COmpact COmpton cAmera) is a next-generation gamma-ray telescope designed for astrophysical 
observations in the MeV energy range. The detector comprises a scatterer volume employing the LiquidO 
detection technology and an array of scintillating crystals acting as absorber. Surrounding plastic scintillator 
panels serve as a veto system for charged particles. The detector’s compact, scalable design enables flexible 
deployment on microsatellites or high-altitude balloons. Gamma rays at MeV energies have not been well 
explored historically (the so-called ‘‘MeV gap’’) and COCOA has the potential to improve the sensitivity in this 
energy band.
1. Introduction

MeV gamma-ray observations are crucial for addressing many unre-
solved questions in astrophysics. Notable examples include the defini-
tive identification of the origin of cosmic rays through the detection 
of nuclear de-excitation line emissions in the few MeV range [1] and 
the distribution of Al-26 nuclei, observed at 1.8 MeV, which reveals 
the sites of nucleosynthesis within our Galaxy [2]. Additionally, MeV 
gamma rays may be produced alongside gravitational waves from 
neutron star mergers, making their detection an important component 
of multi-messenger astrophysics [3].

The observation of astrophysical gamma rays in this energy range 
has been pioneered by the Compton telescope COMPTEL [4]. Most 
notably, this experiment detected an inner Galactic emission in the 
1–30 MeV energy range, the origin of which has remained unresolved 
since its discovery [5]. If the galactic diffuse emission model of Fermi-
LAT is extrapolated to the MeV energy range, there is an apparent 
excess component to account for the COMPTEL emission, dubbed the
COMPTEL excess. A possible explanation for this excess might be the 
presence of annihilation or decay of dark matter [6]. Despite this, the 
sensitivity of past and current Compton telescopes in this energy band 
is still low, compared to other energy regions [7].

Traditionally, a Compton telescope is composed of one or more 
scatterer layers, made of low-Z material to maximize the probability of 
Compton scattering, and an absorber volume, where gamma rays are 
photo-absorbed and their final energy is measured. Thus, for a two-
site event, the scatter angle 𝜃 can then be derived from the Compton 
equation as: 
cos 𝜃 = 1 − 𝑚

𝐸2
+ 𝑚

𝐸1 + 𝐸2
, (1)

where 𝑚 is the mass of the electron, 𝐸1 is the energy deposited in the 
scatterer and 𝐸2 is the energy deposited in the absorber. The angle 𝜃
identifies an event circle in the sky: when multiple gammas from the 
same source are detected, the overlap of each event circle allows to 
locate the position of the source, as shown in Fig.  1. 

The efficiency of this kind of detector is typically low, less than 
1% for COMPTEL [7], primarily due to its large physical separation 
between the scatterer and the absorber. This configuration results in 
a small solid angle for the absorber as seen from the scatterer. To 
overcome this limitation, most modern concepts adopt more compact 
geometries using three-dimensional position-sensitive detectors, such 
as cryogenic germanium detectors [8], silicon strip detectors [9,10], or 
time projection chambers [11,12]. These designs enhance the probabil-
ity of detecting one or more scatters within an active volume. In the 
case of multiple scatters, Eq. (1) can then be scaled to 𝑛 > 2 interactions:
cos 𝜃 = 1 − 𝑚

∑𝑛
𝑖=2 𝐸𝑖

+ 𝑚
∑𝑛

𝑖=1 𝐸𝑖
. (2)

However, a compact layout introduces new challenges: it makes it 
challenging to measure time-of-flight (TOF) information – an important 
2 
Fig. 1. Back-projected event circles from ten gamma rays of 1 MeV generated above 
the COCOA detector at (0, 0), impinging at different angles. The red dot corresponds to 
the true starting position of the gamma. The blurring is caused by the finite angular 
resolution of the instrument (see Section 3.2).

tool for background suppression in COMPTEL [13] – and place stringent 
requirements on spatial resolution in order to maintain good angular 
resolution. Therefore, beyond increasing interaction probability, mod-
ern designs must also ensure sufficient angular resolution and effective 
background rejection.

Above (10 MeV), pair-production becomes the dominant process 
contributing to the gamma cross-section. Three-dimensional detectors 
can typically reconstruct the energy and the trajectory of the 𝑒+𝑒− pairs. 
This information is then used to determine the position of the gamma 
source in the sky.

The excellent performances and capabilities of these technologies, 
however, come at the expense of significant complications (e.g., cryo-
genics, high segmentation, large number of channels) and cost.

The key feature of the COCOA detector is the adoption of the Liq-
uidO technology [14] for the scatterer, which allows three-dimensional 
positioning of the interactions inside a volume filled with an opaque 
medium [15,16]. Typically, this medium can be an opaque liquid scin-
tillator (OLS), for which multiple formulations are under development, 
each tailored to different operational environments [17]. While for-
mulations based on wax or other temperature-sensitive materials have 
been successfully demonstrated on Earth, their suitability for space con-
ditions remains to be validated. Nevertheless, current knowledge and 
ongoing R&D efforts [18–20] indicate no fundamental showstoppers for 
the development of space-qualified OLS formulations.
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Due to the short scattering length and long attenuation length 
of such materials, scintillation and Cherenkov photons travel only a 
short distance between scatters, resulting in stochastic confinement [21]. 
These photons can then be captured by a grid of wavelength-shifting 
(WLS) optical fibers threading the detector volume, which subsequently 
re-emit them at longer wavelengths. A portion of the re-emitted pho-
tons propagates through the fibers via total internal reflection and is 
finally detected by photosensors placed at one or both ends of the 
fibers. This design achieves virtual voxelization without requiring a 
physical segmentation of the detector volume, as in the case of, e.g., the 
SoLid [22] and SuperFGD detectors [23].

Although the technology was originally developed for antineutrino 
detection [24,25], its potential applications are also being explored 
in other fields, including positron emission tomography (PET) scan-
ners [26]. Interestingly, this application shares several key require-
ments with gamma-ray telescopes — specifically, the ability to recon-
struct Compton interactions, along with percent-level energy resolu-
tion, millimeter-scale spatial resolution, and high detection efficiency 
at the MeV scale.

In particular, LiquidO enables sub-centimeter spatial resolution [27] 
and can achieve an energy resolution of approximately 5%∕

√

MeV [14], 
thanks to the high light yield of the scintillator (typically ∼ 105 pho-
tons/MeV) and the good light collection efficiency of the technology 
(in the order of 10%). This choice significantly increases the effective 
area of the telescope and enables the detection of events with multiple 
interactions inside the scatterer.

Notably, the number of channels scales with the surface area rather 
than with the volume, in contrast with Compton telescopes employ-
ing, e.g., semiconductor detectors. COCOA baseline design requires 
approximately three thousand electronics channels, which is two orders 
of magnitude less than e-ASTROGAM [10], based on silicon strips, 
and 3–5 times less than GRAMS [11], a liquid argon time projection 
chamber.

Most interestingly, recent advancements in reusable rocket tech-
nology allow sending small and medium-scale satellites to low-earth 
orbit (LEO) with a launch cost that is an order of magnitude lower 
than one or two decades ago [28]. The compact dimensions of COCOA 
and its relatively low weight make it an attractive candidate for a 
microsatellite mission.

This document is organized as follows. Section 2 describes the 
experimental apparatus of COCOA, while the expected performances 
and sensitivities are detailed in Section 3. Two possible mission profiles 
are described in Section 4. Finally, Section 5 contains a summary of the 
results and future prospects.

2. Experimental apparatus

The COCOA detector, shown in Fig.  2, is divided into two main 
parts, a scatterer and an absorber. These two elements are surrounded by 
plastic scintillator panels to veto the charged particles background. It 
has a total size of 38 × 32 × 46 cm3 and a total weight of approximately 
50 kg, excluding power supply and data acquisition systems. The 
baseline system specifications are detailed in the following sections and 
summarized in Table  1.

2.1. Scatterer

The scatterer volume, of dimensions 36 × 30 × 38 cm3, is filled with 
41 L of opaque liquid scintillator. In the baseline design of COCOA 
we adopt the NoWaSH cocktail. This consists of a mix of a solvent, 
a fluor and a wax, to ensure the opacity of the medium. A typical 
combination is represented by linear alkylbenzene (LAB) doped with 
0.3% diphenyloxazole (PPO) and mixed with paraffin [15]. The amount 
of wax can be adjusted to achieve the desired scattering length and 
light yield, with typical values ranging from 2% to 20% by weight. This 
mix has already been tested by the LiquidO collaboration [21,29] and 
3 
Fig. 2. CAD drawing of the COCOA detector. It comprises an opaque scintillator 
intersected by a grid of wavelength-shifting fibers, with a crystal calorimeter placed on 
the bottom. It is surrounded by plastic scintillator panels to reject the charged particles 
background.

Table 1
Specifications of the COCOA systems and mission. Angular, 
energy and spatial resolutions are intended as FWHM.
 Parameter Specification  
 Energy band 0.2 – 100 MeV  
 Weight 50 kg  
 Dimensions 38 × 32 × 46 cm3  
 Angular resolution 4.0◦ at 1 MeV  
 Electronics channels 3376  
 Scatterer material Opaque scintillator  
 Absorber material LaBr3(Ce) or CsI(Tl)  
 𝛥𝑥⃗∕𝑥⃗ scatterer (8, 6, 15) mm at 1 MeV 
 𝛥𝑥⃗∕𝑥⃗ absorber (2, 2, 2) mm at 1 MeV  
 𝛥𝐸∕𝐸 scatterer 5%∕

√

𝐸∕MeV  
 𝛥𝐸∕𝐸 absorber 2.5%∕

√

𝐸∕MeV  
 Satellite power 210 W  
 Satellite telemetry 20 GB/day  
 Satellite attitude 30"  
 Mission duration 1+ years (satellite)  

its production in the quantities needed by COCOA is not a challenge. 
A possible alternative is represented by water-based opaque liquid 
scintillators (WbLS), where the opacity is achieved by adding water 
to the mix and a better Cherenkov/scintillation separation can be 
achieved [27].

The light produced by the scintillator is collected by round WLS 
fibers with a diameter of 1 mm, threading through the medium along 
the 𝑧-axis. One end of each fiber is coupled to a silicon photomultiplier 
(SiPM) with an active area of 1.3 × 1.3 mm2, while the other end 
is coated with an aluminum mirror, which offer approximately 75% 
reflectivity [30].

The fibers are arranged into two 30 × 15 matrices, one at +12◦ with 
respect to the 𝑧 − 𝑦 plane, called the V plane, and one at −12◦, called 
the U plane. The pitch in the 𝑥 and 𝑦 directions is 2 cm and 1 cm, 
respectively. Along the 𝑦-axis, the U plane is shifted by 1 mm to avoid 
collisions between fibers. This layout corresponds to a manageable 
number of channels (900), with modest power and data acquisition 
needs. The position of the interaction can be extracted from the position 
of the photosensors collecting the light, as exemplified in Fig.  3 and 
detailed in Section 3.
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Fig. 3. Simulated event display of a gamma particle with an energy of 2.5 MeV scattering three times inside the opaque scintillator. The red dots and red crosses correspond to 
the true and reconstructed scattering positions, respectively. On the U and V projections, the inner color of each fiber represents the number of photoelectrons detected, shown 
on a logarithmic scale, while the edge color corresponds to the three reconstructed clusters. The fibers are inclined at 12◦, so the centroids of the clusters in the U and V planes 
(not shown in the figure) do not directly correspond to the true interaction positions. Instead, the transverse coordinates are estimated using a charge-weighted average of the 
centroids in the two planes. The longitudinal coordinate 𝑧 can then be extracted from the distance between the two centroids in the transverse plane, knowing the inclination of 
the fibers.
Fig. 4. Emission and absorption spectra for the B2 fibers (in blue), compared with the 
LAB+PPO emission spectrum (in purple) and the Hamamatsu MPPC S13360-1375PE 
PDE (in gray, right axis).

The chosen candidate for the WLS fiber is the Kuraray B2 model
[31], whose absorption spectrum closely matches the LAB+PPO emis-
sion spectrum [32] and has, in turn, an emission spectrum compatible 
with the photon detection efficiency (PDE) of the Hamamatsu MPPC 
S13360-1375PE [33], as shown in Fig.  4.

The SiPMs can be amplified, shaped and digitized with the BETA 
application-specific integrated circuit (ASIC) [34]. This chip was ini-
tially developed for the High Energy Cosmic-Radiation Detection
(HERD) facility onboard the Future Chinese Space Station [35]. BETA 
has a power consumption of approximately 1 mW/channel and a 
maximum rate of 10 kHz. Measurements with 3 × 3 mm2 Hamamatsu 
MPPCs showed a time resolution of 400 ps FWHM for signals of 10 
photoelectrons.

2.2. Absorber

The absorber, placed below the scatterer volume at a distance of 
5 mm from its bottom face, consists of a crystal calorimeter with an area 
of 30 × 30 cm2 and a thickness of 2 radiation lengths, which depends 
on the material. Here, a high-density, high-Z scintillator with a good 
light yield is required. The ideal choice is represented by LaBr3(Ce), a 
modern inorganic crystal with excellent energy resolution (better than 
4 
Fig. 5. Emission spectrum of the scintillating crystals LaBr3(Ce) (in green) and CsI(Tl) 
(in yellow) compared with Hamamatsu MPPC S13360-6075PE PDE (in gray, right axis).
Source: Data taken from vendors  [33,40,41].

4% at 662 keV [36]). A cost-effective alternative can be represented 
by thallium-doped cesium iodide, CsI(Tl), which provides an energy 
resolution below 5% at 662 keV [10] and has a solid track-record in 
astroparticle physics [37]. The crystals will be wrapped on five sides 
with ESR Vikuiti film [38], which provides reflectivity above 98% in 
the visible spectrum. This is a non-metallic polymer that has already 
been successfully used in space in the Fermi/LAT calorimeter [39].

A typical solution for the absorber of a Compton telescopes is 
represented by a matrix of crystals with a relatively small cross section 
(a pixelated layout), see, e.g., Ref. [9]. In this design, the spatial 
resolution is determined by the pixel size. Therefore, the resolution on 
the depth of interaction (d.o.i.) is typically limited, since the crystals 
must have at least 2–3 radiation lengths in the thickness dimension 
(so several centimeters). It is possible to improve this value by further 
segmenting the detector along the longitudinal direction and place 
photosensors at different depths. However, this solution introduces 
significant mechanical complications and an increase in the number of 
electronics channels.

In COCOA, instead, the calorimeter consists of a matrix of 6 × 6
monolithic crystals, each one with an area of 50 × 50 mm2 and read out 
on one side by a 8 × 8 array of Hamamatsu S13360-6075PE MPPCs, 
which have a sensitive area of 6×6 mm2. The PDE of these photosensors 



LiquidO collaboration et al. Astroparticle Physics 172 (2025) 103135 
Fig. 6. Charge collected by the SiPM matrix coupled to a monolithic crystal for two 
different interactions, one close to the SiPMs plane (𝑧 = 7.10 mm, left) and one near the 
crystal entrance face (𝑧 = 36.60 mm, right), with the SiPMs plane placed at 𝑧 = 0 mm. 
The red dot corresponds to the simulated interaction point and the color to the number 
of photoelectrons, in logarithmic scale. The difference between the two patterns is 
exploited by a CNN to reconstruct the d.o.i. (here the 𝑧 coordinate).

is well matched both to the emission spectrum of LaBr3(Ce) [40] and 
to the one of CsI(Tl) [41] (see Fig.  5).

The advantage of this design choice is that information on the 
d.o.i. can be extracted from the light spatial distribution: an interac-
tion closer to the sensor will have a narrow distribution, while an 
interaction closer to the entrance face of the crystal will correspond 
to a more uniform distribution among the 64 SiPMs, as exemplified 
in Fig.  6. This method, which is actively being explored both for 
PET scanners [42] and gamma-ray detectors [43], allows to achieve 
millimeter-scale resolution in all three dimensions within the crystal, as 
detailed in Section 3.1. A possible drawback of this design choice is the 
increased pile-up, especially for relatively slow crystals such as CsI(Tl). 
Thus, its viability needs to be confirmed with a detailed simulation of 
the expected interaction rate.

The BETA ASIC is the baseline design choice as electronics front-end 
also for this sub-detector, which will need 2304 electronics channels 
(one per SiPM). A possible alternative is represented by the VATA64 
ASIC, which is adopted by the e-ASTROGAM mission [10] and is 
already space qualified [44].

2.3. Charged particles veto

The scatterer and absorber volumes are enclosed by segmented 
plastic scintillator tiles. The four lateral sides of the detector will be 
covered with 70 tiles of dimensions 460 × 20 × 5 mm3, while the top 
side will have 16 tiles of dimensions 380 × 20 × 5 mm3. The bottom 
side remains open to allow for cabling and detector access. The light 
produced by the plastic is collected by two WLS fibers placed at the 
sides of the tile, each one read out by a SiPM, for a total of 172 
channels. If necessary, an additional layer of tiles can be installed in 
a perpendicular orientation to provide bi-dimensional information on 
the hit position of the charged particle.

This sub-detector, placed in anticoincidence with the scatterer and 
the absorber, can achieve a background rejection better than 10−4 [10]. 
It has been successfully used in space by the Fermi/LAT [39] and 
AGILE [45] missions and is used extensively in particle physics experi-
ments [46,47]. Possible candidates for the plastic scintillator are BC408 
or polystyrene-based mixtures containing Diphenylbenzene (PTP) and 
Bis(5-phenyl-2-oxazolyl)benzene (POPOP).

3. Performances and sensitivity

In order to evaluate the performances and the sensitivity of the 
COCOA experiment, a simulation of the detector was implemented with 
the Geant4 simulation toolkit [48].
5 
At this conceptual stage, the simulation includes only the active 
detector components and does not incorporate passive materials such 
as mechanical support structures, SiPM housings, readout electronics, 
thermal shielding, or micrometeorite protection. This choice was made 
because an accurate mass model and a detailed engineering drawing are 
not available at this stage of development, and the goal of the current 
study is to assess the intrinsic performance of the proposed configu-
ration. We acknowledge that these elements will attenuate incoming 
gamma rays and affect the background rate and sensitivity estimates. 
These effects will be addressed in future work, once a more complete 
instrument model becomes available.

For the treatment of the Compton scattering, the Monash Uni-
versity model [49] was adopted, which is dedicated to low-energy 
(below 20 MeV) simulations and is implemented in the G4LowEPComp
tonModel class. Optical photons were generated both in the scatterer 
and in the absorber using the UNIFIED [50] optical model.

The scintillator is defined as a mix of LAB/PPO at 80% wt and 
paraffin wax at 20% wt. Its light yield is set at 8000 photons/MeV, 
20% lower than the nominal LAB/PPO of 10,000 photons/MeV due to 
the presence of wax. However, the wax percentage can be in principle 
reduced while maintaining opacity, increasing the light yield. The 
absorption length was assumed to be the same as that of a traditional 
LAB/PPO cocktail, using values from Ref. [51]. The Rayleigh scattering 
length of the NoWaSH is set at 5 mm, although it could in principle be 
reduced up to 0.5 mm [29], improving the spatial resolution. The walls 
of the scatterer volume are assumed to be perfect light absorbers.

The material of the absorber is CsI(Tl) with a light yield of 50,000 
photons/MeV. The reflectivity of the ESR Vikuiti film used as wrapping 
is set at 98% and is assumed to be perfectly specular (no Lambertian 
component).

3.1. Spatial resolution

Scatterer
The Monte Carlo simulation of the COCOA scatterer shows that 

the LiquidO technology is able to achieve sub-cm resolution in the 
transverse dimensions (𝑥, 𝑦) and approximately 1.5 cm resolution in the 
longitudinal dimension 𝑧, consistent with the results of the prototype 
of Ref. [27].

Fig.  7 shows the difference between the true and reconstructed 
interaction points for two datasets of 105 scintillation photons each. 
The datasets correspond to energy depositions of 1 MeV and 0.1 MeV, 
respectively, with events generated uniformly throughout the scatterer 
volume. A fiducial cut of 2 cm from each side of the volume has been 
applied. In order to obtain the spatial coordinates of the interaction 
point, the charge-weighted centroid of the fibers positions is calculated 
for both the U and V planes. Then, the reconstructed (𝑥, 𝑦, 𝑧) coordinates 
are defined as the charge-weighted point of closest approach between 
two lines, each passing through one centroid and inclined at ±12◦, 
respectively.

Resolution along 𝑥 is slightly worse than along 𝑦, since the fibers 
have alternate inclinations in that direction, smearing the response. 
Although the resolution along the longitudinal dimension 𝑧 is relatively 
worse, fiber inclination and pitch can be further optimized and more 
advanced reconstruction algorithms (e.g., neural networks) could be 
applied in future studies.

Absorber
In a pixelated crystal calorimeter, the reconstruction of the interac-

tion vertex usually requires a single pixel fired in the detector unit. In 
the case of COCOA, this straightforward algorithm cannot be applied, 
since all the 64 SiPMs reading out the crystal will generate a signal 
when a gamma interacts.

Thus, in order to reconstruct the position of the interaction vertex, 
we implemented a reconstruction algorithm based on convolutional 
neural networks (CNNs), which have been widely adopted for image 
recognition tasks with extraordinary success [52,53].
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Fig. 7. Spatial resolution in the three dimensions for COCOA’s scatterer. The distributions have been obtained by generating point-like interactions corresponding to 0.1 MeV 
(white circles) and 1 MeV (black circles) energy depositions uniformly inside the scatterer volume. Dashed lines correspond to a double Gaussian fits.
Fig. 8. Spatial resolution in the three dimensions for COCOA’s absorber. The distributions have been obtained by generating point-like interactions corresponding to 0.1 MeV 
(white circles) and 1 MeV (black circles) energy depositions uniformly inside the absorber volume. Dashed lines correspond to a double Gaussian fit.
Fig. 9. Model of the neural network used to predict the position of the interaction 
vertex inside the crystal, taking as input a heatmap of the photoelectrons detected by 
each SiPM. The convolutional block is repeated three times and then fed to a dense 
layer, after passing through a flatten and a dropout layer.

The full network is made of three consecutive convolutional blocks 
(Conv2D + BatchNorm + LeakyReLU + MaxPooling2D) followed by 
a Flatten, a Dropout, and a Dense layer, as shown in Fig.  9. The 
network was implemented in PyTorch [54] and trained for 10 epochs 
on 107 1-MeV and 0.1-MeV events. Fig.  8 shows the difference between 
the true interaction point and the one predicted by the network: 
millimeter-scale resolution is achieved in all three directions. This re-
sult is consistent with measurements reported in the literature, mainly 
from experiments focused on PET scanner development [55–57].
6 
3.2. Angular resolution

Compton scattering
The angular resolution 𝜎𝜃 for Compton scattering events can be 

estimated from the spatial and energy resolutions using the following 
equation [58]: 
𝜎2𝜃 = 𝛿𝜃2𝐸 + 𝛿𝜃2𝑟 + 𝛿𝜃2𝐷𝐵 . (3)

The energy resolution directly impacts the precision of the Compton 
scattering angle measurement, thus contributing with a factor 𝛿𝜃𝐸 . The 
magnitude of this effect can be calculated through error propagation 
from Eq. (1). The Mini-LiquidO prototype showed that an optimized 
LiquidO detector would be able to achieve a light yield of up to 500 
photoelectrons/MeV [21], which corresponds to an energy resolution 
of approximately 𝜎𝑠 = 5%∕

√

MeV [14]. LaBr3(Ce) has an energy 
resolution of approximately 3% FWHM at 662 keV [59], while CsI(Tl) 
can reach values below 5% FWHM [10,60] at the same energy. Thus, 
we conservatively set the energy resolution of the absorber at 𝜎𝑎 =
2.5%∕

√

MeV.
Uncertainty in the position measurements affects the axis of the 

Compton cone. It can by estimated as 𝛿𝜃𝑟 ≲ tan(𝛥𝑥∕𝐷), where 𝛥𝑥 is 
the spatial resolution and 𝐷 is the distance between interactions.

There is also an irreducible component which fundamentally limits 
the resolution that can be achieved by a Compton telescope. In the scat-
terer, electrons are bound in an atom with a certain momentum, which 
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Fig. 10. ARM for on-axis 1 MeV gamma rays producing two-site events in the COCOA 
detector, obtained with a Geant4 simulation. The dashed line corresponds to a double 
Gaussian fit with FWHM = 4.0◦.

adds an additional uncertainty 𝛿𝜃𝐷𝐵 to the angular resolution [61]. 
This effect, called Doppler broadening is in general smaller for low-Z 
materials, such as liquid scintillators.

In this context, the performances of a Compton telescope are typ-
ically quantified by the Angular Resolution Measure (ARM). This is 
defined as the difference between the kinematically calculated Comp-
ton scatter angle 𝜃kin, obtained from Eq. (1) and the geometrically 
calculated Compton scatter angle 𝜃geo: 

𝜃geo = arccos
(

𝑔0 ⋅ 𝑔1
|𝑔0||𝑔1|

)

. (4)

Here 𝑔0 is the initial direction of the gamma, which in our case is taken 
from simulation, and 𝑔1 is the scattered one, which is affected by the 
spatial resolution of the detector.

A Geant4 simulation shows that the ARM for on-axis 1 MeV gamma 
rays producing two-site events in the COCOA detector has a resolution 
of approximately 4.0 ◦ FWHM (see Fig.  10), which is approximately 
30% better than the one obtained by COMPTEL [4].

Pair production
The LiquidO technology is able to combine topological information 

with the time structure of different energy depositions for the same 
event (its energy flow) [62], enabling powerful particle identification 
capabilities [63]. It is also worth noting that topological information 
alone, simple light-ball counting, can effectively distinguish between 
electrons (which typically produce a single light ball) and positrons 
(which yield multiple smaller light balls due to annihilation gammas), 
as discussed in Ref. [14]. 

In addition, hybrid solutions, such as the ones based on WbLS 
or slow fluors [64], can further increase the particle discrimination 
power by measuring the Cherenkov/scintillation (C/S) ratio [65]. This 
is because, for positrons, the total amount of scintillation light in the 
detector includes the 2 ⋅ 511 keV energy from the annihilation gammas, 
which produce very little Cherenkov light [66]. At parity of deposited 
energy, then, the amount of Cherenkov light is lower with respect 
to an electron event. While the detector described in Ref. [21] was 
not optimized to separate Cherenkov and scintillation signals, other 
configurations, such as those employing WbLS or slow fluors, can 
achieve C/S ratios of approximately 10% [66]. Furthermore, a light-
ball-dependent C/S ratio enables the identification of the primary vertex 
in complex topologies, providing an additional handle for particle 
identification [66].
7 
Fig. 11. Two-dimensional projections of a pair-production event in the COCOA 
scatterer volume. The red and blue dots correspond to the energy depositions of the 
electron and positron, respectively.

Fig. 12. Angular resolution for on-axis gammas as a function of the energy in the 
COCOA detector for Compton (FWHM of the ARM, black dots) and pair-production 
(angular difference that contains 68% of the events, white dots) events.

Thus, for pair-production interactions, it might be possible to distin-
guish between electrons and positrons, as proposed also in Ref. [67], 
and directly measure their directions from the trail of energy depo-
sitions in the detector, as shown in Fig.  11. The performance of the 
reconstruction algorithm will greatly depend on several parameters, 
such as the relative orientation between gamma ray and fiber planes, 
the collinearity of the 𝑒+𝑒− pair, and the time resolution of the detector. 
As a first approximation, the positions of the energy depositions have 
been smeared according to the spatial resolution obtained in Section 3.1 
and a principal component analysis is performed on the first 5 cm of 
the two trails. Thus, the direction of the gamma ray is estimated as 
the energy-weighted average of the reconstruction directions of the 
electron and of the positron.

For this category of events, the angular resolution is defined as the 
angular difference between true direction and reconstructed one that 
contains 68% of the events.

Fig.  12 shows the angular resolution as a function of the energy for 
on-axis gammas, for both Compton and pair-production interactions. Its 
value approaches approximately 2 ◦ in both categories at high energies.

3.3. Effective area

The effective area of a gamma-ray telescope is the equivalent area 
of a perfect detector that would intercept the same number of gamma 
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rays as the actual telescope [68]. It is defined as: 

𝐴eff = 𝐴sim ⋅
𝑁reco
𝑁sim

, (5)

where 𝐴sim is the area of the surface from which the simulated gammas 
are thrown, 𝑁reco is the number of reconstructed events, and 𝑁sim is the 
number of simulated events. The result does not depend on 𝐴sim, as long 
as its value is large enough to cover the field of view of the detector.

It has been estimated both for Compton scattering and pair-produ
ction events with a dedicated Geant4 [48] simulation.

In the scatterer, the simulation output corresponds to the charge 
collected by the SiPMs coupled to the WLS fibers. For Compton events, 
these charge distributions are clustered using a charge-weighted mean 
shift algorithm [69] (see Fig.  3 for an example). Events are discarded 
if the number of reconstructed clusters in the U and V planes does 
not match. Each cluster in one plane is associated with the cluster in 
the other plane that has the closest total charge. The centroids of the 
matched clusters in the U and V planes are then used to reconstruct 
the interaction vertex, following the same procedure described in Sec-
tion 3.1. This reconstruction approach is preliminary and intended to 
provide a first-order evaluation of the detector’s spatial performance.

In the absorber, the energy deposition is assumed to result from 
photoabsorption and is therefore treated as point-like. The heatmap 
corresponding to the charge collected by the SiPMs is fed to the neural 
network described in Section 3.1, which returns a three-dimensional 
position.

Then, the following selection criteria are applied: (1) there must 
be energy deposited in the scatterer (2) the total reconstructed energy 
deposited in the detector must fall within a 2𝜎 window around the 
photopeak. In the case of Compton scattering, (3) there must be energy 
deposited in the absorber, (4) the number of Compton interactions, 
estimated from the number of reconstructed clusters in the scatterer, is 
limited to a maximum of three, and (4) the distance between scattering 
points must be larger than 5 cm. This procedure provides an approxi-
mate estimate of the effective area; a more precise determination would 
require more advanced reconstruction algorithms, which are beyond 
the scope of this paper.

Fig.  13 shows the effective area for COCOA as a function of the 
gamma energy, obtained by simulating 105 gamma rays uniformly 
distributed between 0.2 and 100 MeV. As expected, for Compton in-
teractions it is mostly constant above 0.5 MeV and starts decreasing at 
(10 MeV), where pair production begins to be dominant. Compared 
with COMPTEL [4], the total effective area is approximately 4 times 
higher at 1 MeV and 1.5 times higher at 10 MeV.

Notably, the capability of the LiquidO technology to reconstruct the 
position of the energy deposition within the opaque scintillator volume 
could allow also the reconstruction of events with 3+ interactions, 
using Compton kinematic discrimination [70,71]. This method com-
pares the scattering angle calculated with the Compton Eq. (1) with the 
angle calculated geometrically, considering the interaction points. In 
this way, photons that do not deposit all of their energy in the detector 
can be effectively rejected.

For pair-production events, the effective area reaches a peak at 
approximately 30 MeV and then decreases, since the fraction of un-
contained gammas starts becoming significant. Thus, the performances 
of COCOA at (100 MeV) could be improved by adding extra layers of 
scintillating crystals, increasing the total number of radiation lengths 
in the absorber.

3.4. Time-of-flight

The COMPTEL detector was able to measure the TOF between the 
interaction in the scatterer and the one in the absorber, which provided 
a strong discriminator against instrumental background [72]. In more 
compact detectors like COCOA, TOF discrimination is more challenging 
due to the reduced distance between interaction points. Thus, in order 
8 
Fig. 13. Effective area of the COCOA telescope for Compton (black dots) and pair-
production (white dots) events as a function of the gamma ray energy. The value used 
for the sensitivity calculation corresponds to the sum of the two components.

Fig. 14. Time difference between the first photoelectron in the absorber and the 
first photoelectron in the scatterer for downward (black triangles) and upward (white 
triangles) gammas with an energy of 5 MeV.

to assess the TOF capabilities of COCOA, we simulated upward- and 
downward-going gammas in two transverse planes, the former below 
the absorber and the latter above the scatterer, impinging the detector 
perpendicularly. The simulation took into account the light response 
of the scatterer, as measured in Ref. [21], and the light response 
of LaBr3(Ce) [36], which is faster than the NaI(Tl) crystals used by 
COMTPEL. The single-p.e. resolution for the SiPMs was set to 150 ps, 
in agreement with existing measurements in the literature [73,74]. Fig. 
14 shows the time difference between the first photoelectron detected 
in the absorber and the first photoelectron detected in the scatterer 
for single-scatter events produced by 5 MeV gamma rays. Applying a 
simple threshold cut of 𝛥𝑡 > 0.25 ns results in a 75% rejection rate 
for upward-going gammas and an 80% efficiency for downward-going 
gammas. Although challenging, a possible improvement in this context 
might be achieved by increasing the detection efficiency of Cherenkov 
photons. This feature require careful experimental validation and will 
be the focus of future work.
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3.5. Field of view

The detector’s 3D capabilities in principle allow for a very wide field 
of view (FOV), as gamma rays are not limited to entering only through 
the top face. However, the detection efficiency for gamma rays close 
to the horizon is low, since the gamma traverses a smaller amount 
of material and, in the case of Compton events, must have a large 
scattering angle in order to hit the absorber. Thus, the COCOA FOV 
is evaluated from the angular dependence of the sensitivity, following 
the prescription of Ref. [10]. The average half width at half maximum 
(HWHM) of the inverse of the sensitivity distribution as a function of 
the polar angle is 41◦. The sky coverage fraction is 32%, corresponding 
to an effective FOV of approximately 4 sr.

3.6. Sensitivity

The sensitivity of a Compton telescope is its most crucial perfor-
mance characteristic. It represents the minimum detectable source flux 
and its determination requires a careful estimation of the backgrounds 
and the detector’s performances.

The following approximation can be used to estimate the gamma-
ray continuum sensitivity 𝑆𝑘(𝐸) for a 𝜎 confidence level 𝑘, assuming a 
background count limited observation [11]: 

𝑆𝑘(𝐸) ≈ 𝑘

√

𝛷𝐵𝛥𝛺
𝐴eff𝑇eff𝛥𝐸

, (6)

where 𝛷𝐵 is the background flux, 𝐴eff  is the effective area, 𝑇eff  is the 
effective observation time and 𝛥𝐸 = 0.5𝐸 is the energy bandwidth 
around energy 𝐸.

The angular resolution element on the sky map 𝛥𝛺 is defined for 
Compton events as [75]: 
𝛥𝛺(𝐸) = 2𝜋

[(

cos 𝜃̄(𝐸) − 1.4 ⋅ 𝜎ang
)

−
(

cos 𝜃̄(𝐸) + 1.4 ⋅ 𝜎ang
)]

, (7)

where 𝜃̄(𝐸) is the average Compton scattering angle at energy 𝐸, 𝜎ang
is the standard deviation corresponding to the angular resolution, and 
the 1.4 factor gives an approximate optimal selection window for a 
background-limited measurement and a Gaussian-distributed signal. In 
the case of pair-production events, 𝛥𝛺 is more straightforwardly given 
by the point-spread function [76].

Regarding 𝛷𝐵 , we adopt two different estimations, depending on 
whether the experiment is conducted on a balloon or a satellite, as 
detailed in Section 4.

For the balloon case, the primary background is typically repre-
sented by the atmospheric photon flux, which has been estimated at the 
operational altitude (35 km) and latitude (65◦ N) using EXPACS [77]. 
In addition, secondary cosmic-ray particles – such as charged leptons, 
hadrons, and alpha particles – can also interact with the detector, 
producing background events. At lower energies, a significant contri-
bution also comes from extragalactic photons and the galactic diffuse 
background, which are not accounted for by EXPACS. Accurately eval-
uating these components would require a detailed mass model and 
reconstruction algorithms, which are not yet available at this stage of 
development. To provide an approximate estimate, these components 
have been inferred as the average difference between the total back-
ground and the atmospheric photon component, as evaluated for the 
COSI balloon flight in Ref. [78]. Given the approximations involved and 
the absence of atmospheric attenuation in the simulation, a systematic 
uncertainty of 50% is assigned to this estimate.

For the satellite case, two prompt components of the gamma-ray 
background are considered: albedo photons, originating from Earth’s 
atmosphere, and extragalactic photons, as estimated in Ref. [79]. A frac-
tion of the albedo photons will be absorbed by the crystal calorimeter, 
which can act as an active veto. A thick veto shield (not currently in-
cluded in the simulation) might be placed below the absorber to further 
suppress the albedo component, as in COSI [80]. Albedo gammas could 
be partially rejected also with TOF measurement (see Section 3.4). 
9 
Fig. 15. Continuum sensitivities at 3𝜎 level of the COCOA experiment for a balloon 
(light blue) and a satellite (dark blue) campaign, compared with existing limits from the 
SPI (106 s) [82], COMPTEL (9 years) [83], and IBIS-ISGRI (105 s) [84] experiments (in 
gray). The filled bands represent the 1𝜎 systematic uncertainty. Sensitivity requirement 
for COSI [80] corresponds to the dashed gray line. The dotted line corresponds to the 
sensitivity for a gamma flux level of 10 mCrab [85].

However, as a conservative approach, the full albedo flux is considered 
as background.

In addition, when operating in LEO, background contributions from 
cosmic-ray activation, particularly in regions containing high-𝑍 materi-
als such as the supporting structure and absorber, can be the dominant 
component. As for the balloon case, a precise quantification would 
require a detailed mass model of the detector. For the purpose of 
obtaining an order-of-magnitude estimate, we adopt the cosmic-ray 
activation background evaluated for e-ASTROGAM in Ref. [79], under 
the assumption of a 0◦ orbit inclination and neglecting the contribution 
from the South Atlantic Anomaly. For a smaller satellite like COCOA, 
the instrumental background is expected to be lower, so a scaling by 
mass1∕3 [81] has been applied. Given the approximations that went 
into this calculation, a systematic uncertainty of 50% is assigned to the 
background estimate.

Both atmospheric and cosmic-ray activation neutrons can also con-
tribute to the background in gamma experiments. A naive calculation 
based on the neutron TOF between the scatterer and absorber demon-
strates that a relaxed time cut of TOF < 10 ns can reject approximately 
95% of slow neutrons (with energies below 1 MeV). Additionally, LAB-
based scintillator mixtures show good fast neutron/gamma separation 
through pulse-shape discrimination [86]. However, the performance of 
such discrimination in a LiquidO detector has not yet been evaluated 
and a detailed quantification of the neutron background-suppressing 
capabilities of COCOA will be addressed in future studies.

The continuum sensitivity at 3𝜎 level for COCOA is shown in Fig. 
15 for two scenarios, a two-week run (𝑇eff = 14 days) with a balloon 
and a two-year run (𝑇eff = 600 days) with a satellite, assuming in this 
case a daily all-sky scan and an instantaneous sky coverage of 32% (see 
Section 3.5). Even with its limited dimensions, COCOA might have the 
potential to improve current limits in the MeV energy band.

In the case of specific gamma lines, the sensitivity can be approxi-
mated as: 

𝑆𝑘(𝐸) ≈ 𝑘

√

𝛷𝐵𝛥𝛺𝛥𝐸
𝐴eff𝑇eff

, (8)

where in this case the energy bandwidth is set as 𝛥𝐸 = 3𝜎𝐸 , with 𝜎𝐸
being the standard deviation corresponding to the energy resolution at 
energy 𝐸. Fig.  16 shows the sensitivity of COCOA for several sources 
of astrophysical interest: positron annihilation (0.511 MeV), Co-56 
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Fig. 16. Gamma line sensitivity of the COCOA experiment for a balloon (light blue) and 
a satellite (dark blue) campaign, compared with the required sensitivity from COSI [80] 
(gray dashed line). The filled bands represent the 1𝜎 systematic uncertainty. The vertical 
dotted lines correspond to energies of isotopes of astrophysical interest. Various notable 
astronomical sources are shown as yellow stars.

(0.847 MeV) from type Ia supernovae, Ti-44 (1.157 MeV) and Al-26 
(1.809 MeV) from core-collapse supernovae, H-2 from neutron capture 
(2.223 MeV) and C-12∗ (4.438 MeV) from cosmic-ray interactions.

4. Mission profile

The payload weight and the experiment size are compatible with 
Ultra Long Duration Balloon (ULDB) flights [87], which can reach an 
altitude of approximately 35 km for a duration of 4–6 weeks. This 
approach is considered relatively low risk, as several Compton tele-
scopes have previously been successfully deployed on scientific balloon 
missions [88,89].

However, the recent dramatic decrease in the launch costs of LEO 
payload [28] makes COCOA an attractive candidate for a satellite 
mission. In particular, the LUR SmallSat platform [90], in the proposed 
LUR-50 configuration, can provide 120 L of available payload volume, 
210 W peak power and 20 GB download per day, largely satisfying 
COCOA’s requirements (see Fig.  17). The satellite could be loaded in 
the fairing of a SpaceX Falcon 9 launcher and placed in an equatorial 
LEO orbit (approximately 550 km altitude and inclination < 5◦).

5. Conclusions

The COCOA experiment has the potential to significantly advance 
astrophysical gamma-ray observation, focusing on the 0.2–100 MeV 
range and addressing the longstanding ‘‘MeV gap’’ in this domain. 
Its design, featuring a LiquidO scatterer and a crystal calorimeter ab-
sorber, achieves spatial, energy, and angular resolutions that are com-
parable with most modern Compton telescopes, all within a compact 
framework.

COCOA’s scalability and reduced channel count make it a versatile 
candidate for deployment as either a balloon payload or a microsatel-
lite. Simulations studies suggest that COCOA could improve COMPTEL 
and SPI gamma continuum sensitivity, depending on the energy and the 
mission type (balloon or satellite). More detailed detector simulations 
and background estimations are required to precisely quantify the 
magnitude of the improvement. Increasing the sensitivity by 1–2 orders 
of magnitude is crucial, since it would allow to clarify the nature of 
the COMPTEL excess [5]. In addition, although this proposal focuses 
on detection sensitivity, COCOA might be able to also characterize the 
gamma polarization, by measuring the azimuthal scattering angle.
10 
Fig. 17. Satellite layout in the LUR-50 configuration proposed for the COCOA detector. 
The module is able to provide up to 210 W of power and has 120 L of available 
payload volume. It includes the StarTracker ADCS system, which provides 30’’ attitude 
determination accuracy. Courtesy of AVS.
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