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Abstract
Gamma-ray imaging plays a crucial role in source-term monitoring and con-
sequence management of nuclear power plants. These applications typically
involve mapping of spatial radiation distributions consisting of various isotopes.
This requires the imaging equipment to achieve not only an 4𝜋 field-of-view
(FoV), but also an isotropic response within the FoV across a wide energy range.
To resolve these issues, we designed and implemented a spherical detector sys-
tem with complete readout electronics to function as a Compton camera with
an isotropic FoV and active coded aperture imaging capabilities. This camera
system adopts Cerium-doped Gd3Al2Ga3O12 (Ce:GAGG) scintillator detectors
and a multichannel electronics system utilizing application specific integrated
circuit (ASIC). Besides Compton imaging, a modified hybrid gamma-ray imag-
ing approach is developed to combine Compton and active coded aperture imag-
ing capabilities, which was not fully explored in previous research. Through sys-
tematic evaluations of Compton, coded aperture and hybrid imaging, we have
verified that the modified hybrid imaging method can provide enhanced im-
age quality and sensitivity, along with an extended energy range. By applying
the modified hybrid imaging technique, the developed camera system achieves
fine imaging performance in single- and double-point source imaging scenarios,
which makes it a promising candidate for future application in free-moving 3-D
radiation imaging to realize the mapping of complex distributions and coverage
of large areas.
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Gamma-ray imaging plays a crucial role in source-term monitoring and con-
sequence management of nuclear power plants. These applications typically
involve mapping spatial radiation distributions consisting of various isotopes,
which requires imaging equipment to achieve not only a 4𝜋 field-of-view (FoV)
but also an isotropic response within the FoV across a wide energy range. To
address these requirements, we designed and implemented a spherical detector
system with complete readout electronics to function as a Compton camera with
an isotropic FoV and active coded aperture imaging capabilities. This camera
system adopts Cerium-doped Gd3Al2Ga3O12 (Ce:GAGG) scintillator detectors
and a multichannel electronics system utilizing application-specific integrated
circuit (ASIC) technology. In addition to Compton imaging, we developed
a modified hybrid gamma-ray imaging approach that combines Compton and
active coded aperture imaging capabilities—a combination not fully explored in
previous research. Through systematic evaluations of Compton, coded aperture,
and hybrid imaging, we verified that the modified hybrid imaging method can
provide enhanced image quality and sensitivity along with an extended energy
range. By applying this modified hybrid imaging technique, the developed cam-
era system achieves fine imaging performance in both single- and double-point
source scenarios, making it a promising candidate for future application in free-
moving 3-D radiation imaging to realize the mapping of complex distributions
and coverage of large areas.

Keywords: 4𝜋 FoV, Spherical detector configuration, Compton camera, Active
coded aperture imaging, Hybrid gamma-ray imaging
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INTRODUCTION
Gamma-ray imaging has been applied in various industries such as nuclear
safety and security [?], nuclear medicine [?], and astrophysics [?]. Two com-
monly adopted imaging methods are coded aperture imaging [?, ?] and Comp-
ton imaging [?]. Coded aperture imaging utilizes photon attenuation through
patterned coded masks, making it excel at low energies (<500 keV) [?]. How-
ever, its effectiveness diminishes at higher energies due to increased penetration
of gamma-ray photons. Conversely, Compton imaging is advantageous at higher
energies (500 keV–a few MeV) due to the relatively larger cross-section of the
Compton scattering process [?]. Previous studies have also indicated good per-
formance of Compton imaging within the energy range of 140–500 keV [?, ?],
making it suitable for scenarios like source-term monitoring [?, ?], decommission-
ing [?, ?], contamination remediation, and consequence management of nuclear
power plants (NPPs) [?, ?], where typical radioactive nuclides emit gamma-rays
with energies ranging from several hundred keV to several MeV [?].

Nevertheless, these scenarios often require precise localization of radioactive
sources within vast areas and mapping of potentially intricate spatial distribu-
tions of radioactivity. These distributions may originate either from complex
spatial arrangements of radioactive substances or from complex shielding struc-
tures [?]. The integration of contextual sensors and scene data fusion approaches
provides a viable solution, leading to the development of gamma-ray imaging
systems capable of mapping 3D radiation distributions in real time while moving
through the scene [?, ?, ?].

The utilization of free-moving measurement approaches and the mapping of
complex source distributions both imply that gamma-rays may enter the imager
from various angles. Thus, conventional imaging systems with planar configura-
tions encounter significant limitations in imaging performance for these scenarios
[?]. Additionally, evidence indicates the presence of radioactive isotopes with
characteristic gamma-ray energies below the effective range of Compton imag-
ing (>250 keV) in scenarios such as source-term monitoring during maintenance
and consequence management in NPPs [?]. Therefore, apart from attaining an
isotropic 4𝜋 field of view for complex radiation distribution mapping and free-
moving measurement, achieving fine imaging performance across a broad energy
range is crucial for future development of gamma cameras in these applications.

To enhance gamma-ray imaging performance in free-moving measurements or
mapping of complex distributions, Hellfeld et al. developed an active coded mask
imaging system based on a spherical detector configuration [?, ?]. Although the
detector configuration was optimized to achieve an isotropic 4𝜋 FoV, the result-
ing configuration was not unique. The system also adopted CdZnTe detectors,
which may not be the most cost-effective choice compared with novel heavy
scintillator materials such as Ce-doped Gd3Al2Ga3O12 (Ce:GAGG). Moreover,
the Compton imaging capability of this system was not exploited, leaving the
issue of effective imaging across a wide energy range unaddressed. Kitayama et
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al. also developed a coded aperture imager with 4𝜋 FoV based on a cost-effective
3-D configuration utilizing Ce:GAGG detectors and lead cubes [?]. However, the
uniformity of the system response across the FoV has not been examined, and
the applicable energy range of the imager remains undetermined.

To address these issues, Liang et al. conducted a simulation study on the coded
aperture and Compton imaging performance of a more uniformly distributed
spherical detector configuration with Ce:GAGG sensors [?]. Unlike conventional
dual-layer configurations with distinct scatter and absorber layers, the spherical
configuration enables Compton imaging through coincidence detection of detec-
tor units. Additionally, active coded aperture imaging can be performed in such
a configuration through the collimation pattern formed by gamma-ray attenua-
tion of the detector units. The isotropic dual-mode imaging capability of this
design was verified through Monte Carlo simulations, enabling gamma-ray imag-
ing across a broad energy range. However, this design still faces challenges due
to the limited angular resolution of Compton imaging, which can affect image
quality when employed in free-moving 3D distribution mapping.

For gamma-ray imagers with dual-mode imaging capabilities like the aforemen-
tioned spherical configuration, a great portion of gamma-ray photons are cap-
tured via direct photoelectric absorption apart from Compton scattering in the
energy range of approximately 300 keV to 1 MeV. Alongside multiple-interaction
Compton events, the utilization of these single photon interaction events can pro-
vide additional information for image reconstruction to achieve hybrid gamma
imaging [?]. This method can improve both the angular resolution and sensi-
tivity of the gamma-ray imager while enabling imaging at energies below ~250
keV. Previous studies have demonstrated the effectiveness of such hybrid imag-
ing methods on Compton imagers equipped with passive [?] or active coded
masks [?, ?, ?], suggesting that it can achieve better angular resolution than
both single-mode imaging methods. Xu applied this method to a gamma camera
with a multi-layer planar configuration that possesses 4𝜋 FoV for both Compton
and active coded aperture imaging [?]. The 4𝜋 hybrid imaging capability was
validated through Monte Carlo simulation [?]. While this method can effectively
enhance the imaging performance of Compton imagers with multi-layer config-
uration while preserving the 4𝜋 FoV, it has not yet been tested on a detector
configuration with isotropic 4𝜋 FoV. Furthermore, this method has some issues
related to convergence in iterative image reconstruction, which will be discussed
in Sec. II B. The imperative remains to develop a dedicated and theoretically
sound hybrid imaging technique for dual-mode gamma cameras with isotropic
4𝜋 FoV.

In this paper, we present the development of a Compton camera based on a
spherical detector configuration similar to that proposed by Liang et al. [?], and
the exploitation of hybrid imaging capabilities with the developed camera. A
spherical detector array comprised of Ce:GAGG detector units and a custom
multichannel signal processing system are developed, with slight refinements
to the structure of the previously reported configuration to enhance Compton
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imaging performance. Compton and active coded aperture imaging tests are per-
formed on this camera to evaluate its dual-mode imaging performance. Finally,
a modified hybrid gamma-ray imaging method that aligns more closely with
the dual-mode hybrid imaging model is developed based on previous research
and applied to the developed Compton camera. This method proves effective in
enhancing the imaging performance of the camera with improved image quality.
Using this hybrid imaging method, high-resolution and high-sensitivity gamma-
ray imaging with isotropic 4𝜋 FoV across a wide energy range is achieved on
the developed Compton camera.

II. MATERIALS AND METHODS
Imaging System Design

The imaging system reported in this paper consists of a detector system based
on spherical configuration, a multichannel frontend electronics system based on
application-specific integrated circuit (ASIC), and a backend electronics system
that employs field programmable gate array (FPGA). A schematic illustration
of the system composition is given in Fig. 1 [Figure 1: see original paper].

Fig. 1. (Color online) Composition of the Compton imaging system.

The detector system consists of 80 detector units arranged in a configuration
similar to the design proposed by Liang et al. [?]. The positioning of each
detector unit is derived using the same strategy as Liang et al., with minor
adjustments in the orientation of each unit for convenience in the design of the
mechanical supporting structure. Since the geometry of the system and the
spatial resolution of the detector unit can significantly influence the angular
uncertainty of Compton measurements [?], the configuration of the detector
array is slightly adjusted to ensure good intrinsic Compton imaging performance.
This process involves fine-tuning of key structural parameters, including sphere
radius 𝑟𝑑 and crystal size 𝑙𝑐, based on their impact on the imaging performance
of the Compton camera as well as engineering constraints for future expansion
to free-moving 3-D imaging.

A constrained camera weight is demanded for applications requiring handheld
measurements [?] or drone-mounting operations [?], thereby limiting the total
weight of the crystals. However, overly limited crystal mass leads to reduced
detection efficiency due to small crystal size. Following designs of Compton cam-
eras in previous studies [?], a weight limit of 1 kg for the crystals is established,
which corresponds to a crystal size of 𝑙𝑐 = 12 mm. On the other hand, the
sphere radius influences both angular resolution and detection efficiency of the
Compton camera. While angular resolution is directly determined by the sphere
radius 𝑟𝑑 and is not subject to further optimization once 𝑟𝑑 is fixed, detection
efficiency can be enhanced by adding additional detector units to fill intervals
in the setup after determining 𝑟𝑑. Since this study focuses on development of a
first-generation prototype, imaging resolution is selected as the principal metric
for refinement of structural parameters.
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An upper limit of 𝐴𝑅𝑀𝑈𝐿 = 20∘ is adopted for the angular resolution measure
(ARM) based on prior studies [?, ?, ?]. Additionally, a larger sphere radius
necessitates a heavier supporting structure and casing, thereby impacting the
weight of the camera. Thus, an upper limit of 𝑟𝑑 ≤ 15 cm is applied in reference
to existing studies [?, ?]. With selection criteria and engineering constraints
established, Monte Carlo simulations of the detector system are performed using
the Geant4 toolkit [?] to evaluate angular resolution and detection efficiency
for Compton imaging across various sphere radius values, ranging from 7 cm
(determined by geometric constraints) to 15 cm with a step size of 1 cm. The
results are displayed in Fig. 2 [Figure 2: see original paper]. Considering that
detection efficiency decreases with increasing radius, the minimum radius that
satisfies 𝐴𝑅𝑀 + 𝜎𝐴𝑅𝑀 ≤ 𝐴𝑅𝑀𝑈𝐿 is selected as the final value, with 𝜎𝐴𝑅𝑀
representing the standard deviation of ARM values. Such selection criteria give
the result of 𝑟𝑑 = 10 cm, which specifies the refined structure values along with
the previously determined crystal size of 𝑙𝑐 = 12 mm. This specific configuration
is expected to achieve an angular resolution of ∼ 14∘ when measuring the 662
keV gamma-ray emitted from a 137Cs point source.

Based on the refined configuration, the detector system is fabricated. Each
detector unit comprises a 12 × 12 × 12 mm3 Ce:GAGG crystal coupled to a 6
mm silicon photomultiplier (SiPM, ONSEMI MicroFJ-60035-TSV) mounted on
a circuit board and an aluminum shell securing the crystal to the SiPM circuit
board. The average energy resolution of the detector units is (7.96 ± 0.27)%
at 662 keV, with the best single-channel resolution of 7.29% and worst value
of 8.94%, as depicted in Fig. 3 [Figure 3: see original paper]. Additionally, a
plastic mechanical frame is designed and implemented to precisely position and
orient each of the 80 detector units according to the refined configuration. The
detector units are divided into 10 groups, and the SiPM high voltage (HV) input
and signal output wiring of the 8 adjacent units in each group are connected to
a designated signal transferring unit. These connections are then consolidated
into a single cable that connects to the electronics system, effectively preventing
potential wiring congestion that could arise from numerous input and output
channels. The developed spherical detector system is depicted in Fig. 4(a)
[Figure 4: see original paper].

To handle signals from the 80 detector units, a multichannel signal processing
frontend electronics system is developed. The system is composed of three 32-
channel ASICs, with 80 channels for signal processing along with 16 redundant
channels for backup. Each channel independently processes and digitizes the
input signal to acquire both the amplitude and generation time of the signal.
Subsequently, the data is relayed to the backend electronics system based on
FPGA. At the backend electronics, a global timestamp is added to the data to
identify coincident events. The processed data is packaged for transmission to
the on-board computer to check for temporal coincidence and perform Compton
event reconstruction as well as image reconstruction. The developed electronics
system is depicted in Fig. 4(b) [Figure 4: see original paper].
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Imaging Methods

The primary imaging modality of the developed gamma camera is Compton
imaging. Additionally, the feasibility of applying active coded aperture imaging
on the adopted spherical configuration has been proved by Hellfeld et al. [?]
and Liang et al. [?]. Therefore, the capability to perform active coded aper-
ture imaging is also validated for the developed Compton camera. Moreover, a
modified hybrid gamma imaging method is devised to further enhance imaging
performance. Based on methods from previous research, this method effectively
combines Compton and active coded aperture imaging modalities to achieve
high-quality imaging across a wide energy range (59.5 keV–1.3 MeV).

Compton Imaging. Compton imaging has diverse applications in fields such
as astrophysics, medical imaging, radiation protection, and nuclear security.
It utilizes the Compton scattering process to capture direction information
of gamma-ray photons, enabling image reconstruction through back-projection.
When an incident photon of energy 𝐸0 undergoes Compton scattering in a de-
tector unit, it creates a Compton event by depositing energy 𝐸1 in that unit,
with the remaining energy fully collected by one or more other detector units.
With these energy depositions recorded by the detector units, the scatter an-
gle 𝜃 of the incident photon can be determined using the well-known Compton
scattering formula:

cos(𝜃) = 1 + 𝐸0 − 𝐸1
𝐸0𝐸1

𝑚𝑒𝑐2

where 𝑚𝑒𝑐2 is the rest mass energy of an electron. The scattering angle indicates
the angle between the directions of the incident and scattered photons. While
the direction of the scattered photon can be determined from the relative dis-
placement of detector units that recorded the first and second interactions, the
direction of the incident photon cannot be pinpointed with the obtained infor-
mation alone. Instead, possible directions of the incident photon are described
by a conical surface, referred to as the Compton cone. After accumulating a
sufficient number of Compton events, the corresponding Compton cones are
back-projected onto the 4𝜋 spherical image space surrounding the camera. The
intersection point of these cones denotes the position of the radioactive source.

Since the difference in occurrence times between interactions of a Compton event
amounts to approximately 120–670 picoseconds in the adopted configuration, di-
rectly establishing the order of these interactions via the time-of-flight method
requires specifically designed camera systems, as exemplified by TOF-PET sys-
tems that utilize GAGG or GFAG scintillators and customized electronics with
timing resolutions of 300–400 ps [?]. However, such direct determination can-
not be achieved with the developed camera system, as the slow output chan-
nel of the SiPM is utilized to achieve better energy resolution, which reduces
the slope of the rising edge in the signal. Thus, the order of interaction is
determined using methods proposed by Boggs et al. [?], with distinct methods
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for determining two-interaction and multiple-interaction sequences. Verification
tests with Monte Carlo simulations indicate that such methods can achieve a
correct-sequence rate of 67.5% for two-interaction events and 54.3% for multiple-
interaction events, which account for only ~3% of total events.

With the ordering of interactions determined, Compton events can be used
for image reconstruction. For the reported camera, the list mode-maximum
likelihood expectation maximization (LM ML-EM) algorithm [?] is adopted:

𝜆(𝑙+1)
𝑗 = 𝜆(𝑙)

𝑗
∑𝑁

𝑖=1 𝑡𝐶
𝑖𝑗(Δ𝜃𝑖)−1

∑𝑀
𝑘=1 𝑠𝐶

𝑘 𝜆(𝑙)
𝑘

with 𝜆(𝑙)
𝑗 denoting the estimated intensity of source pixel 𝑗 on the 4𝜋 spherical

image space after iteration 𝑙, 𝑗 = {1, 2, ..., 𝑀}, 𝑠𝐶
𝑗 being the sensitivity matrix

element representing the probability that a photon emitted from source pixel 𝑗 is
detected anywhere in the camera in the form of Compton events, Δ𝜃𝑖 being the
angular measurement uncertainty of Compton event 𝑖, 𝑖 = {1, 2, ..., 𝑁}, and 𝑡𝐶

𝑖𝑗
being the system matrix element describing the probability of producing event
𝑖 (assuming the first interaction is recorded by detector unit 𝑝) given a photon
emitted from source pixel 𝑗. The system matrix element is derived with [?]:

𝑡𝐶
𝑖𝑗 =

𝜀𝐶
𝑖𝑗

‖𝑑𝑝𝑗‖2 ⋅𝐾(𝛽|𝐸0)⋅ 1
√2𝜋(𝜎2

𝐸𝑅 + 𝜎2
𝐷𝐵 + 𝜎2

𝑆𝑅)
⋅exp (− (𝜃 − 𝛽)2

2(𝜎2
𝐸𝑅 + 𝜎2

𝐷𝐵 + 𝜎2
𝑆𝑅))

where 𝜀𝐶
𝑖𝑗 is the probability of a photon emitted from source pixel 𝑗 being de-

tected by detector unit 𝑝 via Compton scattering, ‖𝑑𝑝𝑗‖ is the distance between
source pixel 𝑗 and detector unit 𝑝, 𝛽 is the corresponding scatter angle for a
photon emitted from source pixel 𝑗 to generate event 𝑖, 𝐾(𝛽|𝐸0) is the Klein-
Nishina formula describing the Compton scattering cross-section [?], while 𝜎𝐸𝑅,
𝜎𝐷𝐵, and 𝜎𝑆𝑅 are angular measurement uncertainties caused by detector en-
ergy resolution, Doppler broadening of Ce:GAGG, and detector spatial resolu-
tion, respectively. These angular uncertainties are determined using the method
reported in Wu et al. [?].

Coded Aperture Imaging. The coded aperture imaging technique relies on
mutual attenuation of photons among detector units to form effective patterned
projections essential for image formation. These projections, determined by the
system response of the configuration, are crucial for the image reconstruction
process. To accurately determine the system response, Monte Carlo simulations
of the developed camera are conducted using the Geant4 toolkit. A total of 5762
directional points on the 4𝜋 image space are selected following the same strat-
egy reported by Liang et al. [?] to ensure fine precision in the derived system
response. The strategy is achieved by adding points uniformly to the icosahe-
dron structure through two distinct operations: a“bisector point addition”step
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that adds bisector points of arcs formed by projecting triangle edges onto the
spherical surface, and a “trisector point addition”that adds trisector points of
these arcs. The required point set for simulation is generated by performing
three consecutive bisector point addition steps followed by one trisector point
addition step. This results in a precision of 2.64° for the simulated system re-
sponse matrix, defined by the angular distance between neighboring directional
points in the set. To facilitate future extension to 3-D imaging applications
requiring near-field image reconstruction, simulations are performed using near-
field point sources as opposed to commonly used far-field sources. Near-field
point sources with various energies are placed at each selected point at speci-
fied distances to record the count of each detector unit in the simulation. A
depiction of the obtained system response is portrayed in Fig. 5 [Figure 5: see
original paper]. It should be noted that the detection efficiency in Fig. 5 is
derived by first summing the total number of full-energy absorption events over
the 80 detector units, then dividing the obtained total number of full-energy
events by the total number of incident photons.

With the full system response generated, coded aperture image reconstruction
can be performed. The ML-EM algorithm is also employed for coded aperture
imaging:

𝜆(𝑙+1)
𝑗 = 𝜆(𝑙)

𝑗
∑𝑃

𝑝=1 𝜀𝐴
𝑝𝑗𝐶𝑝

𝐴

∑𝑀
𝑘=1 𝑠𝐴

𝑘 𝜆(𝑙)
𝑘

where 𝑃 denotes the total number of detector units, 𝑠𝐴
𝑗 = ∑𝑃

𝑝=1 𝜀𝐴
𝑝𝑗 is the

absorption sensitivity matrix element denoting the probability that a photon
emitted from source pixel 𝑗 is detected anywhere in the camera in the form of
single-interaction events, 𝜀𝐴

𝑝𝑗 is the system response matrix element derived from
simulation, and 𝐶𝑝

𝐴 is the single-interaction full-energy event count of detector
unit 𝑝. In practice, full-energy events are selected by performing Gaussian fits
on the full-energy peaks in spectra collected by each detector unit to obtain its
center 𝜇𝑝 and standard deviation 𝜎𝑝, and setting the energy window for event
selection to [𝜇𝑝 − 3𝜎𝑝, 𝜇𝑝 + 3𝜎𝑝] for each detector unit. This energy cut also
serves as the background subtraction method for the camera.

Hybrid Imaging. To further enhance imaging performance and extract addi-
tional physical information by effectively combining Compton and coded aper-
ture data, a hybrid gamma imaging method is developed. Lee et al. initially
introduced an approach for imaging reconstruction of hybrid imaging data based
on the ML-EM algorithm [?]:

𝜆(𝑙+1)
𝑗 = 𝜆(𝑙)

𝑗
𝑠𝐶

𝑗 ∑𝑁
𝑖=1 𝑡𝐶

𝑖𝑗(Δ𝜃𝑖)−1 + 𝑠𝐴
𝑗 ∑𝑃

𝑝=1 𝜀𝐴
𝑝𝑗𝐶𝑝

𝐴

∑𝑀
𝑘=1(𝑠𝐶

𝑘 + 𝑠𝐴
𝑘 )𝜆(𝑙)

𝑘
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This approach has been successfully applied to a dual-mode camera with a coded
mask. However, its applicability to cameras that utilize active masks is limited
due to the coded aperture image requiring more iterations to converge compared
to the Compton image in such camera setups [?, ?]. Thus, synchronized iteration
between the two modalities may not be appropriate. Apart from convergence
rate issues, the algorithm described in Eq. 5 essentially combines two images
corrected based on Compton and coded aperture data, with weighting factors
determined by detection efficiency of the corresponding modality:

𝜆(𝑙+1)
𝑗 = 𝜆(𝑙)

𝑗
𝑠𝐶

𝑗 ∑𝑁
𝑖=1 𝑡𝐶

𝑖𝑗(Δ𝜃𝑖)−1 + 𝑠𝐴
𝑗 ∑𝑃

𝑝=1 𝜀𝐴
𝑝𝑗𝐶𝑝

𝐴

∑𝑀
𝑘=1(𝑠𝐶

𝑘 + 𝑠𝐴
𝑘 )𝜆(𝑙)

𝑘

In dual-mode cameras utilizing active masks, the detection efficiency of single-
interaction events typically surpasses Compton efficiency significantly. This
causes the image derived using Eq. 5 to closely resemble the image reconstructed
solely with coded aperture data, failing to effectively combine data from both
modalities.

To address these issues, Xu introduced a hybrid imaging method for cameras
equipped solely with active masks [?]. Instead of simultaneously incorporating
data from both modalities in each iteration for image correction, this method
involves correcting the image with coded aperture data multiple times within
each iteration step. These additional iterations for image correction (referred to
as “sub-iterations”) aim to align the convergence rates of the two modalities.
Apart from sub-iterations, the algorithm substitutes the weighting factors of
corrected images with an adjustable parameter. The iterative process can be
expressed as Algorithm 1.

The parameter 𝑙 represents total iterations for reconstruction, 𝑛1 denotes the
number of sub-iterations conducted in each iteration step, and 𝑤 denotes the
adjustable weighting factor. Additionally, the initial value 𝜆(0) can be set as ei-
ther the image reconstructed using simple back-projection algorithm or uniform
across the image space. Although the feasibility of the aforementioned algorithm
for dual-mode imaging systems with active masks has been verified via Monte
Carlo simulations [?], a substantial drawback is identified in the coded aper-
ture sub-iterations. Despite taking the weighted average of Compton and coded
aperture images to compensate for discrepancies between modalities, the coded
aperture sub-iterations adopt the same iteration formula as the single-modality
case. This formula is derived from the single-modality measurement model for
coded aperture imaging and focuses solely on optimizing the logarithmic likeli-
hood of coded aperture measurements rather than the combined log-likelihood
of both coded aperture and Compton measurements. The oversight of addi-
tional information brought by the Compton dataset during sub-iterations leads
to divergence from the intended search direction derived from the dual-modality
measurement model. This deviation accumulates with each sub-iteration and
results in failure to optimize the dual-modality log-likelihood, which serves as
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the objective function for optimization. It may even lead to decreasing values of
the objective function during sub-iterations. Consequently, the existing hybrid
imaging method can perform poorly in some circumstances, exhibiting inferior
results in terms of image quality compared to coded aperture imaging on the
developed camera, as can be seen from results in Sec. III.

To address issues with the existing hybrid imaging method regarding image qual-
ity, a modified algorithm is developed based on the existing framework. Aimed
at achieving better applicability across a wide energy range (300 keV–1 MeV)
and for various camera configurations, we focus on improving compatibility of
the coded aperture sub-iterations with the dual-modality measurement model.
The imaging model can be expressed with the combined probability of acquir-
ing two independent measurement sets both subject to Poisson statistics. These
measurements involve the full-energy event counts 𝑋 in each detector unit and
list-mode Compton events 𝐴 with corresponding counts 𝑧, from a given source
distribution 𝜆:

𝑃𝐻𝑦𝑏𝑟𝑖𝑑(𝑋, 𝐴, 𝑧|𝜆) = 𝑃𝐶𝑜𝑑𝑒𝑑(𝑋|𝜆) ⋅ 𝑃𝐶𝑜𝑚𝑝𝑡𝑜𝑛(𝐴, 𝑧|𝜆)

=
𝑃

∏
𝑝=1

𝑀
∏
𝑗=1

(𝑡𝐴
𝑝𝑗𝜆𝑗)𝑋𝑝𝑗

𝑋𝑝𝑗!
𝑒−𝑡𝑝𝑗

𝐴𝜆𝑗 ⋅
𝑁

∏
𝑖=1

𝑀
∏
𝑗=1

(𝑡𝐶
𝑖𝑗𝜆𝑗)𝑧𝑖𝑗

𝑧𝑖𝑗!
𝑒−𝑡𝑖𝑗

𝐶𝜆𝑗 ⋅ (𝑇 ∑𝑀
𝑘=1 𝑠𝐶

𝑘 𝜆𝑘)𝑁

𝑁! 𝑒−𝑇 ∑𝑘=1
𝑀𝑠𝐶

𝑘 𝜆𝑘

where 𝑋𝑝𝑗 denotes the number of photons emitted from source pixel 𝑗 that con-
tribute to counts in detector unit 𝑝 [?], 𝑧𝑖𝑗 denotes the contribution of photons
emitted from source pixel 𝑗 to event 𝑖, 𝑇 is the measurement time, and 𝑝(𝐴𝑖)
is a likelihood term derived when applying Bayes’rule and is irrelevant to the
iteration formula [?]. From this model, the log-likelihood can be derived:

𝐿(𝑋, 𝐴, 𝑧|𝜆) = ln(𝑃𝐻𝑦𝑏𝑟𝑖𝑑(𝑋, 𝐴, 𝑧|𝜆))

=
𝑃

∑
𝑝=1

𝑀
∑
𝑗=1

𝑋𝑝𝑗 ln(𝑡𝐴
𝑝𝑗𝜆𝑗) +

𝑁
∑
𝑖=1

𝑀
∑
𝑗=1

𝑧𝑖𝑗 ln(𝑡𝐶
𝑖𝑗𝜆𝑗) −

𝑀
∑
𝑗=1

(𝑠𝐴
𝑗 + 𝑠𝐶

𝑗 )𝜆𝑗

Note that terms remaining constant during iterations are discarded. Then the
E-step of the ML-EM algorithm is applied by replacing variables 𝑋 and 𝑧 with
their expected values under the reconstructed source distribution at current
iteration 𝑙:

𝑄(𝜆|𝜆(𝑙)) = 𝐸(𝐿(𝑋, 𝐴, 𝑧|𝜆)|𝜆(𝑙))
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=
𝑃

∑
𝑝=1

𝑀
∑
𝑗=1

𝐸(𝑋𝑝𝑗|𝜆(𝑙)) ln(𝑡𝐴
𝑝𝑗𝜆𝑗) +

𝑁
∑
𝑖=1

𝑀
∑
𝑗=1

𝐸(𝑧𝑖𝑗|𝜆(𝑙)) ln(𝑡𝐶
𝑖𝑗𝜆𝑗) −

𝑀
∑
𝑗=1

(𝑠𝐴
𝑗 + 𝑠𝐶

𝑗 )𝜆𝑗

The iteration formula can then be derived by setting the gradient of the objec-
tive function 𝑄(𝜆|𝜆(𝑙)) to 0, which leads to Eq. 5. Based on this hybrid imaging
model, the iteration formula of sub-iterations in Algorithm 1 can be modified
accordingly. Given that only the coded aperture estimation of the source dis-
tribution is updated during sub-iterations while Compton estimates remain un-
changed, the expected values of 𝑧𝑖𝑗 utilized at the E-step should correspond to
the estimated source distribution before applying sub-iterations, 𝜆(𝑙)

𝑗 . With this
modification, the objective function for sub-iterations can be expressed as:

𝑄(𝜆|𝜆(𝑙), 𝜆𝐴,(𝑟−1)) =
𝑃

∑
𝑝=1

𝑀
∑
𝑗=1

𝐸(𝑋𝑝𝑗|𝜆𝐴,(𝑟−1)) ln(𝑡𝐴
𝑝𝑗𝜆𝑗)+

𝑁
∑
𝑖=1

𝑀
∑
𝑗=1

𝐸(𝑧𝑖𝑗|𝜆(𝑙)) ln(𝑡𝐶
𝑖𝑗𝜆𝑗)−

𝑀
∑
𝑗=1

(𝑠𝐴
𝑗 +𝑠𝐶

𝑗 )𝜆𝑗

The modified iteration formula can then be derived by setting the gradient of
Eq. 10 to 0:

𝜆𝐴,(𝑟)
𝑗 = 𝜆𝐴,(𝑟−1)

𝑗
∑𝑃

𝑝=1 𝜀𝐴
𝑝𝑗𝐶𝑝

𝐴 + ∑𝑁
𝑖=1 𝑡𝐶

𝑖𝑗(Δ𝜃𝑖)−1

∑𝑀
𝑘=1 𝜀𝐴

𝑘𝑗𝜆
𝐴,(𝑟−1)
𝑘 + ∑𝑀

𝑘=1 𝑡𝐶
𝑖𝑘(Δ𝜃𝑖)−1𝜆(𝑙)

𝑘

Finally, the modified hybrid image reconstruction algorithm is given by sub-
stituting the formula of sub-iterations in Algorithm 1 with Eq. 11. It should
be noted that the modified algorithm may not perform well in initial stages of
the reconstruction process (i.e., the first few iterations) since the Compton esti-
mation of the source distribution may undergo rapid changes. This may cause
coded aperture estimates to be corrected to inaccurate values when applying Eq.
11. Thus, the original formula in Algorithm 1 is retained in the first iteration.

III. RESULTS
The dual-mode and hybrid imaging performance of the developed Compton
camera is evaluated using various radioactive isotopes with gamma-ray ener-
gies ranging from 60 keV to 1.274 MeV. A list of radioactive sources used for
performance evaluation is provided in Table 1 . For brevity, results from the
511 keV line of the 22Na isotope are excluded to avoid redundancy with the
662 keV gamma-ray data. Data is collected under two distinctive scenarios:
one involving measurements with a single point-like radioactive source and the
other combining data from two measurements of the same point-like radioactive
source placed at different locations with a predetermined opening angle. The
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single point source data serves to validate the core functionality of the devel-
oped camera to perform Compton, active coded aperture, and hybrid imaging,
as well as to assess the sensitivity of different imaging methods. The double
point source data is adopted for systematic evaluation of imaging resolution
of the two single-modality imaging methods and for comparing image quality
between the proposed modified hybrid imaging technique and existing methods.

TABLE 1. List of gamma-ray energies and activities of the radioactive iso-
topes used in measurement, the distance between isotopes and camera, and
corresponding imaging methods.

Radioactive nuclide 241Am 133Ba 137Cs
Gamma-ray energy (keV) 59.5 356 662
Activities (µCi) 478.5 7.8 765.9
Distance (m) 2 1 3
Imaging methods Coded aper-

ture/Hybrid
Coded aper-
ture/Compton/Hybrid

Coded aper-
ture/Compton/Hybrid

A. Verification of Basic Imaging Functionality

Verification of basic functionality for the developed camera is conducted with
single point sources listed in Table 1 to ensure that Compton, active coded aper-
ture, and hybrid imaging can be properly performed. Measurements are carried
out for all isotopes with the developed camera to perform image reconstruction
with different imaging methods. Simulations benchmarked against these mea-
surements are performed for corresponding isotopes with identical distances to
verify the theoretical validity of the modified hybrid imaging method. The re-
sulting reconstructed images for all measured data and part of the simulated
data are depicted in Fig. 6 [Figure 6: see original paper], with detailed infor-
mation of measured data provided in Table 2 . All Compton data undergo 30
iterations for reconstruction, while iterations (or total sub-iterations) required
for coded aperture data vary across different isotopes as indicated in figure cap-
tions. The stopping criteria for the image reconstruction process is defined as
completion of the preset number of iterations.

For 241Am data, hybrid and modified hybrid imaging results are effectively
equivalent to coded aperture imaging due to negligible Compton events collected
as a result of low interaction cross-section at such energies. An illustration of
imaging errors for different methods during the iteration process is depicted in
Fig. 7 [Figure 7: see original paper], plotted according to measured 137Cs data.
Imaging error is measured in normalized root mean squared error (NRMSE) [?]
between reconstructed images 𝜆𝑟 and reference source distributions 𝜆𝑇 :

𝑁𝑅𝑀𝑆𝐸(𝜆𝑟|𝜆𝑇 ) =
√√√
⎷

1
𝑀

𝑀
∑
𝑗=1

(𝜆𝑟 − 𝜆𝑇 )2
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To roughly estimate imaging resolution, 2-dimensional Gaussian fits are per-
formed on hotspots of images to determine their full width at half maximum
(FWHM) values (𝜎𝐹𝑊𝐻𝑀), defined by the quadratic mean of standard devia-
tions from the 2-D Gaussian fit:

𝜎𝐹𝑊𝐻𝑀 = √𝜎2𝑚𝑎𝑥 + 𝜎2
𝑚𝑖𝑛

where 𝜎𝑚𝑎𝑥 and 𝜎𝑚𝑖𝑛 are the maximum and minimum standard deviations of
the 2-D Gaussian functions. The fitted FWHM values are listed in Table 3 ,
with more systematic determination of imaging resolution given in Sec. III C.

These results suggest that the modified imaging method can achieve better an-
gular resolutions than Compton imaging and existing hybrid imaging methods.
Although the modified imaging method exhibits a slightly larger FWHM value
(by less than 5%) than coded aperture imaging in simulations, with decreas-
ing difference at higher energies, it still outperforms coded aperture imaging
in measured data. A mismatch between measured and simulated images and
FWHM values can also be found in Fig. 6 and Table 3. To investigate the cause
of mismatches between simulated and measured results, a comparison between
single-channel spectra from both datasets is displayed in Fig. 8 [Figure 8: see
original paper].

Although spectra in Fig. 8 reveal no evident discrepancies from detector calibra-
tion and energy window mismatch, a slightly elevated scattering component is
observed in the measured spectrum. This suggests that discrepancies most likely
originate from environmental factors such as scattering and shielding, which are
not accounted for in simulations. Another contributing factor is discrepancies
between simulated and actual detector response or physical model, including
unmodeled components such as internal cabling or mismatch in material den-
sity for Ce:GAGG crystals and supporting structures. Therefore, the modified
hybrid imaging method demonstrates superior estimated imaging resolution in
practical applications compared to coded aperture imaging, although discrep-
ancies revealed by simulated results indicate potential for further improvement
in its theoretical model. This indicates that the proposed method has great po-
tential for enhancing imaging performance of the camera, which will be further
analyzed in Sec. III D.

TABLE 2. Detailed information of measured data. The estimated back-
ground only includes single-interaction natural background events within the
full-energy range instead of scattering contribution or multiple-interaction back-
ground events.
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Radioactive
isotope

Measurement
time (s)

Source
distance
(m)

Full-
energy
events

Compton
events

Estimated
back-
ground
counts

Total
collected
events

241Am 300 2 754 0 52 806
133Ba 600 1 1200 150 89 1439
137Cs 900 3 1465 312 156 1933

TABLE 3. Reconstructed FWHM values for different imaging methods.

Radioactive
isotope

Coded aperture
imaging

Compton
imaging

Hybrid
imaging

Modified hybrid
imaging

241Am
(simulated)

2.107 ± 0.002 - 2.107 ±
0.002

2.107 ± 0.002

241Am
(measured)

3.492 ± 0.003 - 3.492 ±
0.003

3.492 ± 0.003

133Ba
(simulated)

3.850 ± 0.002 6.936 ±
0.006

3.994 ±
0.002

3.942 ± 0.002

133Ba
(measured)

5.549 ± 0.007 10.11 ±
0.01

5.698 ±
0.007

5.476 ± 0.006

137Cs
(simulated)

4.478 ± 0.005 7.185 ±
0.006

5.387 ±
0.005

4.674 ± 0.003

137Cs
(measured)

7.18 ± 0.02 7.00 ±
0.01

8.07 ±
0.01

6.77 ± 0.01

22Na
(simulated)

4.240 ± 0.006 - 5.522 ±
0.006

4.249 ± 0.003

22Na
(measured)

7.03 ± 0.06 - 6.78 ±
0.01

4.93 ± 0.01

B. Evaluation of Imaging Sensitivity

Sensitivity evaluation of the developed camera in Compton and coded aper-
ture imaging is conducted by placing the 241Am and 137Cs sources specified in
Table 1 approximately 7.5 meters away from the camera, with source angular
position at (0°, 0°), to acquire coded aperture and Compton data, respectively.
Sensitivity is measured as the minimum time required to localize single point
sources, consistent with previous research [?]. However, criteria for successful
localization vary significantly across applications. For instance, contamination
detection scenarios often employ low decision thresholds for source intensity to
avoid omissions of potential radiation hotspots [?], while nuclear security ap-
plications demand higher thresholds to suppress false positives [?]. Due to the
absence of a standard for establishing localization criteria, a specific set is chosen
for this study. The selected criteria require the peak image value in the hotspot
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area near the source, 𝐻𝑝𝑒𝑎𝑘, and fluctuation of background image values outside
the hotspot area, 𝜎𝑏𝑘𝑔, to satisfy 𝐻𝑝𝑒𝑎𝑘 ≥ 3𝜎𝑏𝑘𝑔, while the peak image value of
artifacts in the background region, 𝐻𝑎𝑟𝑡𝑖𝑓𝑎𝑐𝑡, should satisfy 𝐻𝑎𝑟𝑡𝑖𝑓𝑎𝑐𝑡 ≤ 0.5𝐻𝑝𝑒𝑎𝑘
for successful localization.

The camera can localize the 241Am source through coded aperture imaging
within 5 seconds of data collection, obtaining 754 full-energy events. However,
decreased sensitivity is observed for the 137Cs source compared to low energies,
requiring 25 seconds to localize using 1465 collected full-energy events. Fig. 9
[Figure 9: see original paper] depicts variation in localization error for coded
aperture imaging of 137Cs under different acquisition times, with localization
error defined as angular distance between image centroid and actual source
direction. Compton imaging displays slightly better sensitivity at such energies,
capable of localizing the 137Cs source within 15 seconds. The resulting count
rate for full-energy Compton events is 3.47 cps (52 events collected within 15
seconds), corresponding to a detection efficiency of 91.32 cps/(µSv/h) under
a dose rate of 0.039 µSv/h established by the setup. To compare sensitivity
of hybrid imaging with single-modality methods, the same measurement with
the 137Cs source is performed using hybrid and modified hybrid imaging. Both
hybrid imaging methods can localize 137Cs within 10 seconds, indicating that
hybrid imaging can effectively improve camera sensitivity. These results are
summarized in Table 4 .

TABLE 4. Time required to localize single point sources of different isotopes
using the developed camera with different imaging methods. The source is
placed 7.5 m from the camera.

Radioactive
isotope

Coded aperture
imaging

Compton
imaging

Hybrid
imaging

Modified hybrid
imaging

241Am 5 s - 5 s 5 s
137Cs 25 s 15 s 10 s 10 s

The enhanced sensitivity of the hybrid imaging method can be attributed to its
excellent capability of extracting physical information. Although coded aperture
and Compton imaging data collected within very short periods both contain
numerous artifacts, these artifacts typically do not coincide spatially between
modalities. In addition, the hotspot can be reconstructed at the source position
in both images despite high-intensity artifacts. Through weighted summation
employed in hybrid image reconstruction, intensity of source pixels in the vicinity
of the radioactive source is amplified while artifacts are suppressed.

C. Evaluation of Intrinsic Angular Resolution

To systematically evaluate angular resolution of Compton and active coded aper-
ture imaging with the developed camera, the Rayleigh criterion [?] is employed.
This evaluation uses combined data collected from two measurements with the
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same point source placed at different positions, performed for multiple isotopes.
Although this pseudo-double source measurement method differs from actual
double source measurements, the sources utilized have relatively low activities
under the experimental setup, leading to low photon intensities in the sensitive
volume of the camera relative to the coincidence time window chosen for Comp-
ton event selection (set to 50 ns). Thus, effects such as accidental coincidences,
overlapping contributions, and count-rate dependence can be neglected.

Coded aperture imaging results are illustrated in Fig. 10 Figure 10: see original
paper and 10(b) for 241Am and 137Cs sources. These results reveal that while
two 241Am sources can be distinguished at an opening angle of 5°, differentiation
between two 137Cs sources is only achievable when the opening angle reaches
10°. These findings indicate that angular resolution of the developed camera
in coded aperture imaging can reach 5° at a few tens of keV but degrades at
higher energies. Compton imaging results for 137Cs and 22Na sources shown in
Fig. 10(c) and 10(d) suggest an angular resolution slightly better than 15° at
energies of 662 keV and 1274 keV.

To more systematically analyze imaging resolutions, center-cross profiles of dou-
ble source images are fitted with double Gaussian functions as performed in
previous studies [?]. Fitting results are displayed in Fig. 11 [Figure 11: see
original paper]. Imaging resolution is derived from the average FWHM value
of the two Gaussian peaks, also given in Fig. 11. These results suggest that
the developed camera can achieve an angular resolution of (12.52 ± 0.13)∘ with
Compton imaging when measuring 662 keV gamma rays, and (4.38±0.01)∘ with
active coded aperture imaging when measuring 60 keV gamma rays.

D. Evaluation of Hybrid Imaging Performance

To evaluate effectiveness of the modified hybrid imaging method, imaging data
obtained with two identical point sources are reconstructed using both hybrid
and single-modality imaging methods. Corresponding double-source simulations
are also performed with measured isotopes at the same measurement distances
for theoretical verification of comparison in imaging performance between dif-
ferent methods. The hybrid imaging method previously proposed by Xu [?] is
also utilized for comparison. For each dataset, iterations required for image re-
construction are consistent across different imaging methods for both simulated
and measured data, with iterations for coded aperture imaging matching total
sub-iterations for hybrid imaging. To compare results from different imaging
methods, a reference source distribution is generated by applying 2-D blurring
to the true source distribution to simulate data acquired with high-resolution
cameras such as conventional coded aperture cameras [?], using a Gaussian filter
with standard deviation of 2°. Subsequently, image quality is evaluated with
NRMSE between reconstructed images and reference source distributions given
by Eq. 12.

Imaging results are depicted in Fig. 12 [Figure 12: see original paper], with
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corresponding NRMSE values detailed in Table 5 . Through comparison, it
is evident that the hybrid imaging method outperforms both single-modality
imaging methods and previously proposed hybrid imaging techniques in terms
of image quality for both simulated and measured data. Such advantage enables
extraction of additional physical information regarding spatial distribution of ra-
dioactive sources, thereby leading to enhanced gamma-ray imaging capabilities.

TABLE 5. Comparison of NRMSE for double point source data with all mea-
sured isotopes between different imaging methods.

Radioactive
isotope

Coded aperture
imaging

Compton
imaging

Hybrid
imaging

Modified hybrid
imaging

133Ba
(simulated)

0.184 0.521 0.156 0.142

133Ba
(measured)

0.267 0.612 0.234 0.215

137Cs
(simulated)

0.198 0.445 0.167 0.153

137Cs
(measured)

0.289 0.523 0.256 0.238

22Na
(simulated)

0.176 - 0.148 0.131

22Na
(measured)

0.254 - 0.221 0.203

IV. CONCLUSION
In situations such as source-term monitoring and consequence management in
NPPs, gamma-ray imaging devices typically require an isotropic 4𝜋 FoV for free-
moving measurement of complex source distributions and compatibility across a
wide energy range. In this article, we present the development and performance
evaluation of a Compton camera based on spherical detector array and the ap-
plication of hybrid gamma-ray imaging to the developed camera. The camera
consists of 80 GAGG detector units, with configuration optimized for Comp-
ton imaging, along with a multichannel electronics system based on ASIC. To
achieve effective imaging across a wide energy range, the active coded aperture
imaging capabilities of the developed camera are also tested.

Imaging evaluation reveals good performance for both modalities, achieving
angular resolutions of (12.52 ± 0.13)∘ for Compton imaging at 662 keV and
up to (4.38 ± 0.01)∘ for coded aperture imaging at 60 keV. The camera can
localize a 765.9 µCi 137Cs source placed 7.5 meters away (corresponding to a
dose rate of 0.039 µSv/h) within 15 seconds through Compton imaging. For
coded aperture imaging, localization of the 137Cs source requires 25 seconds,
whereas localization of a 478.5 µCi 241Am source at the same distance can be
accomplished in 5 seconds.
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Additionally, a modified hybrid imaging method that combines Compton and
coded aperture data is devised based on existing methods and applied to the
camera to further enhance imaging performance. Through measurements involv-
ing various radioactive isotopes, it has been verified that the modified hybrid
imaging method exhibits improved imaging sensitivity compared with Compton
and coded aperture imaging, as well as better image quality than both single-
modality imaging and previously proposed hybrid imaging methods. With the
modified hybrid imaging method applied, the developed camera can achieve
high sensitivity and fine resolution for gamma-ray imaging across a wide energy
range (59.5 keV–1.3 MeV) with isotropic 4𝜋 FoV.

The excellent imaging performance achieved using the developed Compton cam-
era in conjunction with the modified hybrid imaging method makes it promising
for application to free-moving 3-D mapping of radioactive sources across broad
energy ranges. This process involves integrating the camera with a simultaneous
localization and mapping (SLAM) system to obtain 3-D scene data, then employ-
ing scene data fusion through 3-D image reconstruction based on acquired data.
Such method enables quick coverage of vast areas. Currently, preliminary tests
have been conducted on a prototype system by combining the Compton imag-
ing capability of the developed camera with a SLAM system, yielding promising
results. Further testing and enhancements of the system are in progress, with
subsequent progress and results to be detailed in upcoming reports.
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