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ABsTrRACT: The Compton camera reconstructs gamma-ray sources by measuring the energy and
interaction positions of scattered photons in the scatterer and absorber layers, based on the Compton
scattering formula. In recent years, this technique has attracted attention in medical imaging and
nuclear security. A Compton camera has been developed using LYSO scintillators with integrated
depth-of-interaction (DOI) correction. LYSO crystals offer high light output, and SiPM readouts
enable precise DOI localization. The system comprises scatterer and absorber layers made of LYSO
arrays, with SiPMs decoding both interaction positions and energies. Tests using gamma-ray sources
demonstrated an energy resolution of around 14% @511 keV and good timing performance. Results
show that DOI correction significantly improves spatial resolution and image quality, reducing the
full width at half maximum (FWHM) by 5-10 mm and indicating strong potential for applications
in medical imaging and nuclear security.
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1 Introduction

Compton cameras are advanced gamma-ray imaging devices that utilize the principles of Compton
scattering to reconstruct the origin of incident photons [1, 2]. By detecting both the scattered photon
and the recoil electron resulting from the initial interaction, these cameras can determine the direction
and energy of the incoming gamma rays, enabling the visualization of gamma-ray sources. This
capability is particularly valuable in fields such as nuclear medicine, astrophysics, and homeland
security, where non-invasive and precise imaging is crucial [3-7].

In recent years, the development of Compton camera technology has accelerated, driven by the
demand for higher sensitivity, improved spatial resolution, and enhanced energy resolution [8, 9].
These advancements have the potential to transform gamma-ray imaging, offering more accurate
detection and localization of radioactive sources. For instance, in medical imaging, Compton cameras
can facilitate the simultaneous assessment of multiple radioisotopes, overcoming limitations, e.g.
limited efficiency for high energy photons,associated with traditional imaging modalities like Single
Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET) [10-13].

Among the various types of Compton cameras, those employing Cadmium Zinc Telluride
(CZT) detectors are renowned for their exceptional energy resolution and the advantage of room-
temperature operation [14—17]. However, CZT-based systems often suffer from smaller detector
sizes, leading to lower detection efficiency and limiting their applicability in scenarios requiring
large-area coverage [13, 14, 18, 19].

Alternatively, scintillator-based Compton cameras present several advantages, including high
detection efficiency, robust energy resolution, and the flexibility to operate across a broad energy
spectrum [20-22]. These features make them particularly suitable for applications demanding high



sensitivity and low background noise. Nevertheless, challenges persist, such as limited spatial
resolution, susceptibility to pile-up effects, and the necessity for complex reconstruction algorithms.
Moreover, the use of scintillator materials can introduce noise and uncertainty into the measurements.
Despite the issues, many efforts have been made in the field for applying Compton Camera technique
in proton therapy, heavy ion therapy and nuclear medicine [23-25].

A significant issue arises when utilizing larger scintillator detectors (with size of several mm),
the lack of precise interaction localization can lead to considerable positional uncertainty. In PET
applications, this issue has been addressed by pioneering work in 2011, the NIRS group of T. Yamaya
published a study on their ‘X-tal cube’, which employed SiPM readout on all 6 surfaces for DOI
correction [26].

In this study, we focus on the development of a scintillator-based Compton camera integrated
with Depth of Interaction (DOI) correction technology. By accurately determining the interaction
depth within the detector, DOI correction aims to mitigate spatial resolution degradation caused by
parallax errors, especially in thick scintillator crystals. We have designed and constructed a prototype
system incorporating DOI capabilities and conducted comprehensive performance evaluations under
various experimental conditions. Through these enhancements, we aim to expand the applicability of
Compton cameras in medical imaging, contributing to advancements in diagnostic and therapeutic
procedures that ultimately benefit both clinical practice and research.

2 Materials and methods

2.1 Hardware of the Compton camera system
2.1.1 Scintillator arrays

The Compton camera uses two segmented scintillator layers: a scatter layer and an absorber layer,
each built from a 48 x 48 array of cerium-doped lutetium yttrium oxyorthosilicate (LYSO:Ce) crystals.
In the scatter layer, each crystal pixel measures 0.8 x 0.8 x 10 mm?; in the absorber layer each pixel
is 0.8 x 0.8 x 18 mm?>. LYSO:Ce was chosen for its high density (~ 7.15 g-cm™3), high light yield
(~ 2.5 x 10* photons/MeV) and fast decay (~ 40 ns). All crystal surfaces were polished to optical grade
to minimize interfacial scatter and maximize light extraction, thereby improving output uniformity
and energy resolution. The crystals were procured from Shanghai Epic Crystal.

Adjacent pixels are optically isolated by 0.2 mm thick barium sulfate (BaSQO,) layers, which
serve as white reflectors to suppress optical crosstalk. A 0.4 mm thick BaSO4 reflector surrounds the
outer perimeter of each array. An aluminum foil (0.1 mm thickness) is laminated onto all external
faces of each array for mechanical protection. Including the inter-pixel gaps and encapsulation, each
scintillator block spans ~ 50.1 x 50.1 mm? in cross section, with a depth of 10 mm for the scatter
layer and 18 mm for the absorber layer, as shown in figure 1.

2.1.2 Photosensor readout and coupling

Each scintillator array is read out on both ends by silicon photomultiplier (SiPM) assemblies. For
depth-of-interaction (DOI) correction, the ratio of signal counts detected by the SiPMs at the two
ends varies with the interaction depth of gamma-rays in the crystal. A pre-calibrated relationship
between this signal ratio and actual DOI is measured during measurements to determine interaction
depth, i.e. DOI. The photosensors are ONSEMI J-Series MicroFJ-60035 devices (TOFTEK, Wuxi,



China), with an active area of 6.07 x 6.07 mm? (total package 6.13 X 6.13 mm?). These SiPMs have
a microcell size of 35 pm, a typical dark count rate of approximately 150 kHz at an overvoltage of
5V, and are operated at a bias voltage of 29.5 V (corresponding to 5 V over the breakdown voltage).
Eighty-eight modules (one per end of each array) are constructed by assembling 8 x 8 SiPMs in a grid
with 0.2 mm gaps. The assembled 8 x 8 SiPM array covers roughly 49.0 x 49.0 mm? of area, closely
matching the scintillator face. The 64 anode channels from each SiPM array are read out through an
encoded resistive network that compresses them to four corner outputs. This multiplexing reduces
the channel count (64:4) while preserving position encoding via an Anger-like logic.

A 50 x 50 x 1 mm? optical light guide made of transparent polyethylene terephthalate (PET) is
placed between each scintillator array and its SiPM assembly. The light guide spreads the scintillation
photons over the SiPM array, ensuring that light from each crystal is shared among multiple SiPM
pixels. To ensure optimal optical coupling and to avoid air gaps or surface imperfections at the
interface, the PET light guide is coupled to the scintillator surface using flexible optical interface pads
(EJ-560, Eljen Technology). Gamma-ray interactions in the LYSO produce scintillation light which is
transmitted through the PET guide and then detected by the SiPMs on both ends of the block.
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Figure 1. (a) 48 x 48 scattering layer array, (b) schematic diagram of scintillator array structure, (c) PET light
guide, (d) 8 x 8 SiPM array.

2.1.3 System architecture

The overall structure of the scintillator-based camera is illustrated in figure 2. The position and energy
signals from the four compressed output channels are amplified via operational amplifier circuits
and then transmitted to an interface board through dedicated coaxial cables. This interface board
provides two critical external connections: (1) an Ethernet port linked to the DAQ PC for data transfer,
and (2) power supply ports connected to external DC adapters. Subsequently, analog waveforms
are digitized by a 12-bit, 125-MS/s Analog-to-Digital Converter (ADC) integrated within the data
acquisition (DAQ) card (TOFTEK, Wuxi, China). Energy information is extracted by integrating the
digitized waveform, with resolution governed by the ADC’s 12-bit dynamic range. Time resolution is
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Figure 2. Schematic diagram of the LYSO(Ce) scintillator Compton imaging system.
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algorithmically derived via sub-sample interpolation of the ADC waveform, achieving sub-nanosecond
precision. This enables the extraction of position, timing, and energy information for each detected
event from the ADC-digitized data.

The double-sided readout architecture introduces some passive material — such as PCBs, optical
light guides, and mechanical supports — between the scatter and absorber layers. To minimize
gamma-ray attenuation and scattering effects, these elements were carefully selected for low-density
and low-Z properties, and distributed uniformly. Bulky electronic components such as amplifiers
and ADCs were placed outside the photon-sensitive region on dedicated acquisition boards. Signal
routing from the SiPM arrays is handled through compact edge connectors and flat flexible cables,
avoiding additional bulk in the active volume.

The distance between the scatter and absorber layers of the camera is adjustable within the
range of 1 to 5cm, allowing flexible configuration based on experimental requirements. In the
present experiment, the distance between the scatter and absorber layers was fixed at 2.1 cm, with a
center-to-center distance of 4.3 cm to ensure efficiency and imaging quality. To suppress background
signals in some experimental situations, a BGO-based anti-coincidence veto system is integrated into
the camera. The BGO scintillators are rectangular blocks with dimensions of 12.85 cm (length) X
12.6 cm (width) x 1 cm (thickness), mounted around the periphery of the scintillator block. Each BGO
unit is optically coupled to a silicon photomultiplier (SiPM) array via a 1 mm thick PET light guide
(TOFTEK, Wuxi, China). The BGO veto signals are processed online in the front-end electronics. The
analog outputs from the SiPMs are routed to a summing amplifier board, which generates a combined
signal that is used to trigger a veto flag in the data acquisition system. The anti-coincidence time
window is user-configurable based on experimental situations. In the present study, unless otherwise
stated, the veto function was not enabled during the measurements.

2.2 Position decoding and flood map evaluation

Accurate localization within the scintillator array is essential for optimizing the imaging performance
of the Compton camera. To address decoding distortions commonly observed near the edges of the



detector array, a rectangular decoding method based on the intersection of pixel intensity peaks was
adopted in this study to enhance the position reconstruction accuracy.

The decoding procedure consisted of the following steps:Firstly, using Na-22 with an activity of
11.2x 10*Bq, 61,636,58 events were accumulated, generating the original floodhistogram representing
the entire detector array. In this histogram, local maxima in the event count distribution were identified,
corresponding to the 48 x 48 pixels of the scintillator array. Each local peak was associated with
a specific physical pixel location within the array. Next, the array was partitioned into rectangular
regions based on the locations of these peak intensities. During routine data acquisition, when a new
event was detected, the corresponding positional signals derived from the capacitive multiplexing
readout circuitry were decoded to obtain the (X, Y) coordinates of the event.

2.3 Energy resolution

Energy resolution is a critical parameter for accurately reconstructing scattering angles and improving
the image quality in Compton imaging systems. In this study, the energy spectrum response
of the detector system was tested and analyzed using standard gamma-ray sources to extract the
energy resolution at characteristic energy peaks. Three gamma sources were employed: a Na-22
source(7.326 x 10* Bq), a Cs-137 source (4.662 X 10* Bq), and a Co-57 source (9.731 X 10* Bq),
covering the energy range from 122 keV to 1275 keV. As shown in figure 3, each source was placed
between the scatter and absorber layers. The LYSO(Ce) scintillator arrays, using dual-ended readout,
simultaneously captured energy signals from both layers. Each data acquisition session was configured
with a uniform time windowof 20000 ps was applied to all coincidence events.and lasted for 8 hours
to ensure adequate statistics for spectral analysis. The average count rate during calibration was
69.5 keps. Over a period of 8 consecutive hours of continuous collection, approximately 2 billion
events were recorded. The energy distribution of each major peak was fitted with a Gaussian function
to extract the full width at half maximum (FWHM).

Radioactive source

——— "
Scattering r r |
layer module

i
e -

Absorptiof;
layer module

Figure 3. Experimental setup for energy resolution measurement.

2.4 Time resolution

The performance of a Compton imaging system heavily relies on its timing resolution, which determines
the ability to distinguish between coincident events and directly affects noise suppression and image



quality. In this study, the timing performance of the LYSO(Ce) detector was evaluated using a
coincidence time resolution (CTR) measurement based on a Na-22 source as shown in figure 4. Na-22
decays via positron emission and produces two 511 keV annihilation gamma photons emitted nearly
simultaneously in opposite directions. This makes it ideal for precise time-difference measurements.
The time differences between detector pairs were recorded via the data acquisition system.
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Figure 4. Schematic diagram of time resolution experiment measurement.

2.5 Imaging performance evaluation

The imaging performance of the LYSO(Ce) Compton system was evaluated using a series of F-18
source experiments. These tests were designed to assess event discrimination and image reconstruction
under realistic conditions. As shown in figure 5, the experimental setup includes a PTFE imaging
mold featuring two cylindrical holes (0.5 cm and 0.25 cm diameter, 3 cm apart) filled with F-18
radiopharmaceutical liquid sources to simulate spatially distributed point sources. Both single-source
(1.184 x 10°Bq) and dual-source (1.184 x 10° Bq and 1.036 x 10° Bq) configurations were tested
to analyze system performance under varying activity conditions.

3 Results and discussion

3.1 Position decoding and flood map evaluation

The implementation of the 8 x 8 SiPM array design not only significantly reduced the number of
required readout channels, but also simplified the overall system architecture and improved data
transmission efficiency. Using the aforementioned encoding method, the outputs from the 8 x 8 SiPM
array were successfully compressed and decoded. Figure 6 presents the position decoding maps
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Figure 5. Photograph of the experimental setup for data acquisition using the Compton imaging system and an
F-18 radiopharmaceutical source.
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Figure 6. Position decoding diagram of the scattering layer and absorption layer: (a) Position decoding of the
scattering layer; (b) Position decoding of the absorption layer.

for both the scatter and absorber layers. By applying the rectangular decoding method, the crystal
positions in both layers could be accurately identified. Notably, the decoding performance at the
peripheral regions of the array was markedly improved, with enhanced clarity and precision in crystal
recognition. This improvement ensures reliable spatial localization across the entire scintillator camera
system, thereby supporting high-resolution Compton imaging performance, as shown in figure 6. The
raw data is obtained from the detector imaging, and the original count map is a 512 x 512 pixel 2D
image representing the detector response area of the entire Compton scattering layer, or the pixel
distribution of the reconstructed image. Therefore, the number 512 refers to the “canvas” size of
the data matrix. Even though the crystal array consists of 2304 crystal units, the entire array is
mapped to a 512 X 512 coordinate space to ensure display and localization accuracy. The image



resolution is 512 x 512 pixels, where each element countmap(y, x) represents the number of counts
recorded in a specific physical region (pixel) at row y and column x. This matrix is ultimately
displayed as a grayscale or pseudocolor image using imagesc(countmap), allowing for the observation
of the spatial distribution of signal intensity. The bright regions correspond to areas of high count
rates received by the detector, typically consistent with the crystal units where the incident particles
are concentrated and penetrate. The dim regions represent areas of lower count rates, which may
correspond to gaps between crystals or edge regions. These areas may also exhibit reduced signal
intensity due to shielding or angular misalignment.

3.2 Energy resolution

Gamma-ray spectra were recorded from standard sources (3*Na,”’Co, and'3’Cs) using dual-end
readout for each pixel. The full-energy photopeak of each spectrum was analyzed, and the full width
at half maximum (FWHM) was determined. The energy resolution, defined as FWHM divided by
peak energy, was calculated accordingly. Results showed a clear energy dependence: higher-energy
photopeaks (e.g., 662keV from!3’Cs) exhibited narrower FWHM values, corresponding to better
energy resolution compared to lower-energy peaks such as the 122keV line from>’Co. At 511keV,
the average energy resolution is 17.91% for the absorber layer and 14.38% for the scatterer layer.
Figures 7 display pixel-by-pixel energy resolution maps for the scatter and absorber layers, respectively.
The color bar represents the Energy Resolution (%). The darker the color, the smaller the energy
resolution. The x-axis corresponds to crystal pixel numbers 1-48, while the y-axis represents crystal
pixel numbers 1-48. Figure 8 presents the energy spectra of two central positions and two corner
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Figure 7. Hotspot map of relative energy resolution of individual pixel crystals in the scattering layer/ the
absorption layer.
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Figure 8. Representative gamma energy spectrum for (a)scatter layer and (b)absorption layer.

positions in both the absorber layer and the scatterer layer. These maps reveal spatial variation in
performance across the arrays, with central pixels generally achieving better energy resolution due to
more uniform light collection. This is primarily due to optical light transport: scintillation photons
generated deeper in the absorber must travel a longer path to the photodetector and undergo greater
attenuation and scattering before detection, which degrades the energy resolution. In quantitative
terms, the absorber stage’s energy resolution was observed to be a few percentage points worse than
that of the scatter stage. Additionally, crystals at the detector edges showed worse energy resolution
than central crystals, likely due to decoding artifacts and non-uniform light collection at the periphery.

3.3 Time resolution

Coincidence timing performance was characterized by measuring the distribution of time differences
between valid coincident events in the scatter and absorber layers. Figure 9(a) shows the histogram of
these time differences. The distribution approximates a Gaussian profile and was fitted accordingly, as
shown in figure 9(b). The fitted function yielded a full width at half maximum (FWHM) of 3130.80 ps
with a standard error of +23 ps. The narrow width and high consistency of this distribution reflect
the stable temporal response of the system, supporting its suitability for coincidence-based Compton
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Figure 9. (a) Time difference distribution between scatter and absorber layer of the Compton camera;
(b) experimental data points together with Gaussian fit curve.



imaging. Even the time resolution is not optimal, this performance is primarily attributed to two factors
in our experimental setup: transit time spread introduced by the relatively larger scintillator crystals in
the dual-end readout configuration (where light propagation time varies with interaction depth), and the
use of front-end electronics and data acquisition systems not optimized for ultra-fast timing applications.

3.4 Imaging performance

To evaluate imaging performance,a '3F point source and a dual-source configurationwere reconstructed
using both a simple backprojection (SBP) algorithm and a three-dimensional maximum-likelihood
expectation-maximization (MLEM) algorithm. Figures 10 and 11 compare reconstructed images
with and without depth-of-interaction (DOI) correction.
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Figure 10. Point source image reconstructions. Left: image reconstruction of a single '®F point source via a
simple back projection (SBP) algorithm. Middle: reconstruction of the same source via an iterative MLEM
algorithm. Right: x-projections for both image recon- structions. The top row shows the data without, the
bottom one with DOI corection.

For the single-source configuration, SBP reconstruction without DOI correction resulted in a
spatialFWHM of 32.3 + 1.54 mm, which was reduced to 26.8 + 1.08 mm upon applying the DOI
correction. The MLEM algorithm further improved spatial resolution: FWHM values were reduced
from 18.62 + 0.31 mm (without DOI) to 13.20 + 0.16 mm (with DOI).

In the dual-source scenario(3 cm apart), SBP reconstruction without DOI correction produced
partially merged peaks with an overall FWHM of 33.63 + 1.72 mm. After applying DOI correction,
the two sources became more clearly distinguishable, and the FWHM was reduced to 25.0 + 1.63 mm.
MLEM reconstructions showed better separation, with FWHMs of 18.3 + 0.36 mm (without DOI)
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and 12.0 + 0.19 mm (with DOI). These findings underscore the critical role of DOI information in
enhancing spatial resolution and source discrimination in Compton imaging.
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Figure 11. Dual source image reconstruction. Left: image reconstruction of a single '®F point source via a
simple back projection (SBP) algorithm. Middle: reconstruction of the same source via an iterative MLEM
algorithm. Right: x-projections for both image reconstructions. The top row shows the data without, the bottom
one with DOI correction.

Despite these advancements, this study still has some limitations. The testing conditions in
this work were relatively limited, and more comprehensive performance tests can be conducted in
subsequent studies. As the work focused primarily on medical imaging applications, angular resolution
and efficiency were not specifically evaluated under the current experimental framework. Additionally,
the energy resolution of the scintillators can be further improved through crystal optimization methods
such as special end-face treatment.

4 Conclusion

In this work, we developed a compact Compton camera based on a two-layer scintillation detector
system and performed comprehensive experimental evaluations to evaluate its performance. The
imaging capabilities, energy resolution, and spatial resolution were systematically tested using various
gamma-ray sources. The results demonstrate that the system can effectively reconstruct gamma-ray
images and identify source distributions, validating its feasibility for future applications in medical
imaging, radiation monitoring, and environmental radioactivity assessment. This study provides a
foundation for the continued optimization and deployment of compact Compton imaging systems
in practical scenarios.
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