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a b s t r a c t

When gamma-camera sensor modules, which are key components of radiation imagers, are derived from
the coupling between scintillators and photosensors, the light collection efficiency is an important factor
in determining the effectiveness with which the instrument can identify nuclides via their derived
gamma-ray spectra. If the pixel area of the scintillator is larger than the pixel area of the photosensor,
light loss and cross-talk between pixels of the photosensor can result in information loss, thereby
degrading the precision of the energy estimate and the accuracy of the position-of-interaction deter-
mination derived from each active pixel in a coded-aperture based gamma camera. Here we present two
methods to overcome the information loss associated with the loss of photons created by scintillation
pixels that are coupled to an associated silicon photomultiplier pixel. Specifically, we detail the use of
either: (1) light guides, or (2) scintillation pixel areas that match the area of the SiPM pixel. Compared
with scintillator/SiPM couplings that have slightly mismatched intercept areas, the experimental results
show that both methods substantially improve both the energy and spatial resolution by increasing light
collection efficiency, but in terms of the image sensitivity and image quality, only slight improvements
are accrued.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gamma-ray imaging instruments have been developed in
conjunctionwith advances in radiation application technology for a
myriad of medical, security, and nuclear power applications. For
instance, in order to increase the safety of radiation workers,
gamma-ray cameras have been used to actively identify and
localize radioactive materials in contaminated areas and utilized
passively to monitor residual contamination in various locations
since the Fukushima nuclear power plant accident [1]. Aside from
accident scenarios, the instrument is also used to characterize
radioactively contaminated areas to improve the safety of workers
in the process of decontamination and decommissioning of nuclear
power plants. The gamma camera's use is now expanding its uti-
lization by allowing users to visualize the distribution of radioactive
materials in a real working environment [2,3]. In addition, its
application space is expanding, including into a wide range of
regional monitoring activities in which the imager is coupled to
by Elsevier Korea LLC. This is an
drones and unmanned ground vehicles (UGV) for radionuclide
detection in areas with limited or no worker access [4,5].

Furthermore, the International Network of Nuclear Reaction
Data Centers (NRDC) report shows that current quantities of highly
enriched uranium and plutonium can produce 20 ktons of nuclear
weapons at low technology levels, increasing the need to contin-
ually improve global homeland security as the use and threat of
special nuclear material (SNM)-equipped weaponry increases [6,7].
For purposes of monitoring nuclear activities, such as the move-
ment of undeclared nuclear material, our previous studies have
developed a coded-aperture based gamma-ray camera, called:
Energetic Particle Sensor for the Identification and Localization of
Originating Nuclide (EPSILON-G) [8e10]. The hardware configura-
tion used a detector module that couples a cerium doped Gd2Al2-
Ga3O12 (GAGG(Ce)) scintillator array which is composed of 144
pixels, each with dimensions: 4 � 4 � 20 mm3, amounting to an
overall effective area of 50.2 � 50.2 mm2. The pixelated scintillator
array is coupled to a 12� 12 silicon photomultiplier (SiPM) array in
a one-to-one fashion, but the precise manner in which the light
from the scintillator is coupled to the photosensor readout impacts
the instrument performance, as explicated in this paper. For the
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coded-aperture mask, a centered-mosaic modified uniformly
redundant array (MURA) pattern was used, and 20 mm thick
99.95% pure tungsten pieces were used to construct the mask by
mounting them on a 3D printed mask structure. For the recon-
struction of gamma-ray images, the maximum likelihood estima-
tion maximization (MLEM) technique was used and the
homography technique was implemented that allows one to su-
perimpose optical and gamma-ray images. The developed EPSILON-
G is capable of simultaneously measuring the two-dimensional
position of the emitting source or sources, their energy spectrum
fromwhich nuclide identification can be elicited, and the dose rate
(see Table 1) [9e11].

Previous studies have shown that if the pixel pitch of the SiPM
array is the same as that of the scintillator array, then effective light
collection can be elicited. However, if the effective area of the
photosensor pixel is less than that of the scintillator array, owing to
the additional volume that must be allocated to surface reflection
layers, such as the barium sulfate (BaSO4), as shown in Fig. 1, then
light loss can occur. Any light loss and cross-talk, as reflected in the
blue lines in Fig. 1 will affect the spatial resolution, resulting in
early-direction inaccuracies of gamma rays. Although we have
presented both software and hardware methods to partially over-
come this positional-information loss, the energy resolution is not
improved by methods that preferentially ignore those events that
suffer frommulti-pixel events [11]. This paper aims to improve both
the energy and spatial resolution by addressing the fundamental
problem of photonic information loss by increasing the light
collection efficiency of the detectors via improved scintillator-to-
pixel coupling. The light collection efficiency is the ratio between
the number of photons generated within the scintillator and the
number of photon that are transduced by the SiPM, a ratio that is
affected by detector read-out methods as well as optomechanical
factors such as crystal surface finish, reflector type, and coupling
strategy. In order to isolate light-collection-efficiency effects to only
the scintillator-to-SiPM coupling, identical electronics, SiPM arrays,
and scintillator arrays are used for the comparisons in this paper.

One method of increasing the light collection efficiency is to use
a partitioned light guide that serves to channel the photons from
the larger-area scintillator pixels to the smaller-area photosensor
elements. A second method is to sacrifice some of the detection
efficiency by making the scintillator pixels smaller in area while
increasing the dead layer about each pixel such that the area of the
active photon-producing volume matches that of the SiPM pixels.
Fig. 1. Structural diagram of the detector module showing the combination of the scintillat
blue reflect mechanisms for light collection and optical cross-talk when a size mismatch ex
color in this figure legend, the reader is referred to the Web version of this article.)
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One can also envision coating the output face of the scintillator
with a highly reflective material (e.g. BaSO4) so that the open area
of that face matches the active area of the photosensor pixel. In
effect, the scintillator itself acts as an additional light-guide to
channel the reflected photons back to the optical output port of the
pixel. Since this is similar to the light-guide approach, we focus on
either integrating an external light-guide or integrating area-
matching pixels. In order to quantify the effects of these two
methods, comparative analyses were conducted based on: (1) the
spatial resolutions, (2) the energy spectra, and (3) the image
quality, as quantified via the peak signal-to-noise ratio (PSNR), the
normalized mean square error (NMSE), and the structural
simplicity (SSIM). The definition of all metrics for the image quality
evaluation is described in our previous works [8e11].

2. Materials and methods

In order to increase the light collection efficiency of EPSILON-G,
we first, added a light guidewith different thicknesses based on the
detector module described in Ref. [9], and second, coupled 144
SiPM pixels with the same size as the scintillator pixel effective area
and assembled on a customized printed circuit board (PCB) sub-
strate. A GAGG(Ce) scintillator (Epic-crystal Co. Ltd, China) used in
the experiments has a light yield of 44,000 photons/MeV, which is
better than NaI(Tl) (38,000 photons/MeV). In addition, gadolinium
has an effective atomic number of 54.4 and can be considered as a
high efficiency, high energy resolution scintillator with a relatively
high density of 6.63 g/cm3. In addition, the GAGG(Ce) scintillator
has no hygroscopicity, no intrinsic radioactivity, and a pale-yellow
color as shown in Fig. 2 [9,14]. Fig. 2 shows the GAGG(Ce) scintil-
lator subdivided into 144 pixels of dimensions 4� 4� 20mm3. The
reason for determining the pixel size of the scintillator is that if the
scintillator array is made equal to the size of the existing SiPM pixel,
which has 3� 3mm2 active area, then the thickness of the reflector
may become thick enough that it can impact the energy resolution
of the energy spectrum [15]. For this reason, the scintillator had an
area of 4 � 4 mm2 to optimize energy resolution while maximizing
the effective response volume.

2.1. Light guide structure

When determining the optimal geometry and material
composition of a light guide that corrects for any scintillator/
or array and the SiPM array. The light collection photon rays in red and the lost rays in
ists the scintillator pixels and the SiPM pixels. (For interpretation of the references to



Fig. 2. 12 � 12 pixelated GAGG(Ce) scintillator array which has 4 � 4 � 20 mm3 active
area, 4.2 mm pixel pitch used in the experiments.
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photosensor area mismatches, the simulation study results in
Ref. [16] suggested that the most effective light collection would
occur when the light guide has a 1.1 mm thickness and the
refractive index is 1.5. However, in order to determine if there is an
impact due to the light-guide thickness, we used both 1 mm and
2 mm thick light guides composed of quartz fabricated by Epic-
crystal Co. Ltd., as shown in Fig. 3. The interfacial contact at the
scintillator pixel area had an area of 4 � 4 mm2 and the interfacial
contact at the SiPM pixel was 3 � 3 mm2 in trapezoidal 12 � 12
array form. The inter pixel reflector of the light guide used was
0.2 mm thick of BaSO4, the same thickness and material as that
bounding the GAGG(Ce) scintillator.

Fig. 4 shows pictures of (a) a light guide placed on top of a SiPM
array, (b) a GAGG(Ce) scintillator array and (c) the two coupled
together upon the PCB SiPM board. The light guide was coupled
using optical grease (TSK-5353, MOMENTIVE, Japan) that possesses
a refractive index of 1.453, a transparency of 85% transparency, and
near-unity light collection efficiency at a wavelength of 315 nm.
2.2. Spatially-matched SiPM array

The second way to increase the light collection efficiency is to
match the size of the scintillator pixel area with the SiPM pixel
effective area. As shown in Fig. 5(a), the referenced SiPM array
consists of C-type pixels in which the pixel size is 3 � 3 mm2 and
the pixel pitch for a 12 � 12 array is 4.2 mm, the extra 1.2 mm or
area occupied by dead space. This SiPM array has the largest
number of pixels currently available, but the rather large pixel-to-
pixel gap can result in substantial light loss if a 4 � 4 mm2 scin-
tillator array is utilized. The single pixel used in Fig. 5(b) is a
MicroFJ-40035 (J-type) and has an active area of 4 � 4 mm2.

A customized PCBwas designed and fabricated to tile with 144 J-
type sensors in the form of a 12 � 12 array while making a
Fig. 3. Structural diagram of a 1 mm thick quartz li
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structural match with a scintillator array having a pixel contact area
of 4 mm� 4 mm and a pixel pitch of 4.2 mm . Both the C-series and
J-series have low dark count rates and high photo detection effi-
ciency (PDE). The C-series SiPM has high gain, low operating
voltage, excellent temperature stability, high output uniformity,
and good single photon sensitivity from UV to visible wavelengths.
The J-series has a similar operating voltage to C-series, but it has
higher sensitivity and high fill factor at blue wavelengths than that
of C-type SiPM. Table 2 summarizes the electrical properties of a C-
type 3 � 3 mm2 SiPM array and a J-type 4 � 4 mm2 SiPM array.

2.3. MLEM image reconstruction method

Image reconstruction was performed using a MLEM algorithm
based on the log-maximization of the Poisson-like probability
function. The equation for MLEM is defined as follows:

lnewj ¼ loldjP
iAij

X

i

Aij
yiP

kAiklk þ b
; (1)

where l is the value of the maximum likelihood estimation (MLE),
Aij is the system matrix (i is the mask position, j is the source po-
sition), y is the input data, and b is the background [17]. The image
is updated during iteration using the multiplication factor evalu-
ated as the ratio of the original acquired image and the newly
estimated version. To use the MLEM method, a system matrix with
information about the probability of transmission from various
source locations to the detector plane via the coded-aperture im-
aging system is required. The system matrix used in this study has
been generated under the condition of 11 � 11 detector pixels and
33 � 33 pixels on the source plane when the distance between the
detector and the source is 1 m.

2.4. Image evaluation criteria

As the light-collection is varied, we show the impact upon the
image quality, as characterized via the peak signal-to-noise ratio
(PSNR), the image's normalizedmean-square error (NMSE), and the
structural similarity (SSIM) metric, all of which are mathematically
defined in Refs. [10,11]. In short, the PSNR measures the ratio be-
tween the maximum value of the original source distribution and
the error of the reconstruction. The NMSEmeasures the error of the
reconstructed image from the original source distribution. As the
difference between the original image and the reconstructed image
increasingly diminishes, the normalized mean square error
(NMSE), approaches 0. In general, the PSNR is used to estimate the
imperceptibility quality and NMSE is used to estimate the robust-
ness. In addition, the SSIM is used as an index to evaluate structural
similarity between the original source image and the reconstructed
image. Therefore, PSNR, NMSE, FWHM, and SSIM are factors used in
evaluating radiological images, quantifying the image quality
ght guide to increase light collection efficiency.



Fig. 4. (a) Light guide on top of SiPM array (ArrayC-30035-144P), (b)light guide on top of GAGG(Ce) scintillator array, and (c) detector assembly composed of GAGG(Ce) array
coupled to light guide on top of SiPM array.

Fig. 5. (a) Example of SiPM and pixel structure of ArrayC-30035-144P with 4.2 mm pixel pitch, 3 mm pixel size, and 1.2 mm pixel gap. (b) Example of SiPM and pixel structure of
SiPMArrayJ-40035 with 4.2 mm pixel pitch, 4 mm pixel size, and 0.2 mm pixel gap.

Table 1
Performance comparison for Epsilon-G with other representative gamma imagers.

Epsilon-G (Jeju Nat. U./Amphionic) Polaris-H [12] (H3D, Inc.) iPIX™ [13] (Mirion Technologies, Inc.)

Imager Type Coded-aperture Compton Camera Coded-aperture
Field of View 45� 4p (360�) 41.4e48.8�

Angular Resolution 6e7� 20e30� 2.5e5�

Sensitivity [cpm/nSv/hr] Cs-137: 17.827
Am-241: 110.267
Co-60: 7.07

Cs-137: 0.1
Am-241: 2.3
Co-60: 0.01

Cs-137: 0.5
Am-241: 2.7
Co-60: No Data

Energy Resolution @ 662 keV 7.9% 1% 2.5%
SNM Detection & Imaging O X O
Dose Rate Measurement O (BKG ~ 100 mGy/h) X O (BKG ~ 1 Gy/h)
Detectable Energy Range 30e3000 keV 250e3000 keV 30e1200 keV
Image Sensitivity for Cs-137 (0.6 mSv/hr) <1 s. <15 s. <100 s.
Weight 4.3 kg 4 kg 2.5 kg
Size 104 � 144 � 197 mm3 210 � 190 � 130 mm3 190 � 110 � 110 mm3

Table 2
Summarize the electrical properties of the SiPM array C-type with 3 � 3 mm2 and
the SiPM array J-type with 4 � 4 mm2.

Series C-type J-type

Key feature 64% Fill factor
Lowest noise

75% Fill factor
Best timing performance

Cells 4774 4774
Sensors & Microcell Size 3 mm, 35 mm 4 mm, 35 mm
PDE @420 nm 31% 38%
Vbr 24.5 V 24.5 V
Gain 3 � 106 3 � 106

After-pulsing 2% 0.75%
Crosstalk 7% 8%
Dark Count Rate 30 kHz/mm2 50 kHz/mm2

S. Hyeon, M. Hammig and M. Jeong Nuclear Engineering and Technology 54 (2022) 1760e1768
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degradation and noise generation in reconstructed images at the
time of image reconstruction.

3. Results and discussion

3.1. Pixel-resolution of the radiation interactions

2D-flood maps were obtained by placing a137Cs gamma ray
source in the center of the filed-of-view (FOV) at a distance of 30 cm
from the detector face from which one can discern the effects of
applying various light guides. As enumerated in Fig. 6, the coupling
between the GAGG(Ce) array and the SiPM array was altered as
follows: (a) no light guide between the 4� 4mm2 scintillator pixels
and the 3 � 3 mm2 144 pixels SiPM array, (b) a 1 mm thick light



Fig. 6. 2D-flood histogram derived from GAGG(Ce) scintillator array coupled with (a)
3 � 3 mm2 SiPM array, (b) 1 mm thick light guide coupled to SiPM array in (a), (c)
2 mm thick light guide to couple to SiPM array in (a), and (d) 4 � 4 mm2 SiPM array.
The 137Cs gamma ray source is located 30 cm away from the face of the detector.

Fig. 7. 137Cs gamma ray source 1D-sum profile across row axis of 2D flood map of Fig. 6
for GAGG(Ce) scintillator array coupled with (a) a 3 � 3 mm2 SiPM array, (b) a 1 mm
thick light guide, (c) a 2 mm thick light guide, and (d) a 4 � 4 mm2 SiPM array. The
graph is normalized to the maximum intensity, always produced by the central pixel.

Fig. 8. Comparison 137Cs gamma ray spectrum obtained from GAGG(Ce) scintillator
array coupled with 3 � 3 mm2 pixel SiPM array, 1 mm thick light guide, 2 mm thick
light guide, and 4 � 4 mm2 pixel SiPM array.
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guide integrated between the arrays in (a), (c) a 2 mm thick light
guide utilized to couple the light emitters to the light collections,
and (d) no light guide used between scintillator and SiPM pixels
withmatched areas (4� 4mm2). As shown in Fig. 6, the 1mm thick
light guide does result in less smearing of the pixel position esti-
mate (Fig. 6(b) compared with Fig. 6(a)) but the 2 mm thick light
guide exhibits no clear visual improvement (Fig. 6(c) compared to
Fig. 6(a)). Fig. 6(d) shows that the matching between area of the
scintillator pixel and photosensor results in the most precise pixel-
position estimation, but in order to do a quantitative evaluation, the
spatial resolution in terms of full width at half maximum (FWHM)
was performed via a 1D-sum profile from 2D-flood maps.

With the coded-aperture mask removed, Fig. 7 shows the 1D-
sum profile across the central row axis of Fig. 6 2D floodmap for the
GAGG(Ce) scintillator array coupled with (a) the 3 � 3 mm2 SiPM
array, (b) the 1 mm thick light guide, (c) the 2 mm thick light guide,
and (d) the 4 � 4 mm2 SiPM array. The FWHM of the peak at each
center is 607.19 mm, 563.09 mm, 582.74 mm, and 460.16 mm,
respectively, showing the best values occur when the SiPM 4 � 4
mm2 array is applied. The spatial resolution, as measured via the
FWHM in the 1D profile shows a substantial improvement of 24%
when the areal coupling between the scintillator and the photo-
sensor is matched. The relatively weak improvement that accrues
when the 2 mm thick light guide is implemented indicates that the
spatial resolution improvement is governed more by the preven-
tion of information loss associated with uncounted photons rather
than degradation due to optical cross-talk between pixels, since
Figs. 6(c) and 7(c) reflect a light guide structure that minimizes
optical cross-talk. The 1mm thick light guide that governs Figs. 6(b)
and 7(b) response also minimizes cross-talk, but compared with
the 2 mm thick light guide, it also provides a lower overall
boundary surface area against which light loss can accrue during
photon transport and surface-reflection down the light guide. The
results thus indicate that the pixel-position estimate depends most
strongly on maximizing the collection of scintillation photons
1764
rather than concerns associated with sharing photons between
pixels.
3.2. Spectrum analysis

Fig. 8 shows a comparison of pulse height distributions for each
of the four cases enumerated above. As the light loss is reduced,
first with light guides and second with a photosensor array with a
structure for which the effective areas are matched, the peak po-
sition of the 662 keV photopeak of 137Cs increases and the fractional
energy resolution commensurately decreases. Most dramatically,
the transition from the poorly match 3 � 3 mm2 C-Series SiPM
array to the more sensitive and better area-matched 4 � 4 mm2 J-
Series array increases the photopeak position by 1.95 times. This
improvement is due to the combined effects of the higher PDE of



Fig. 9. Reconstructed image for a point source of 137Cs at the distance of 0.5 m, ac-
quired by GAGG(Ce) scintillator array coupled with (a) 3 � 3 mm2 pixel SiPM array, (b)
1 mm thick light guide, (c) 2 mm thick light guide, and (d) 4 � 4 mm2 pixel SiPM array.
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the J-Series SiPM as well as the better areal match to the scintillator.
Specifically, the PDE at the wavelength of maximum emission of
GAGG(Ce) (520 nm) is 33% for the 4 � 4 mm2 J-series and 26% for
the 3 � 3 mm2 C-series, both operated at an overvoltage of 6 V
[18,19].

This improved light collection and conversion efficiency is re-
flected in the energy resolution at 662 keV. For the existing
3 � 3 mm2 SiPM array, the energy resolution showing in Fig. 8 was
7.84%, which improved to 7.61% and 7.69% if the scintillator and
SiPM were coupled via either 1 mm thick or 2 mm thick light
guides, respectively. Interestingly, the photopeak position is not
substantially altered when differing thicknesses of light guide are
used, but the slightly sharper peak derived from the 1 mm thick
quartz transporter reflects lower light loss during the transport to
the sensing pixel. When the 4 � 4 mm2 SiPM array is utilized, the
energy resolution improves substantially to 6.49%.

Table 3 compares the peak-to-valley ratio (PVR), peak-to-
Compton ratio (PCR), energy resolution, and central peak channel
given in each energy spectrum of Fig. 8. PVR, PCR, energy resolu-
tion, and central peak channels showed better results when light
collection was increased, and PCR, PVR, energy resolution, and
central peak channels showed the best results when matching the
effective area of scintillator pixels and optical sensors.

3.3. Image quality comparison

Fig. 9 shows a collection of 137Cs source (1 m distant, centered in
FOV) images reconstructed with MLEM using a tungsten-based
centered-mosaic MURA mask. For the four light collection cases,
the values of PSNR, NMSE and SSIM are summarized in Table 3. If
the value of PSNR is greater than or equal to 30, it is judged to be a
good picture quality, and as SSIM approaches 1, it is judged to have
been reconstructed close to the original [10,20,21]. Although visu-
ally, the images resolve into nearly equivalent point sources and
based on the structural similarity metric, the images are very
similar, in all cases, improved the light collection and conversion
efficiency leads to improved PSNR and decreased NMSE, particu-
larly when using the 4� 4 mm2 pixel SiPM array. For single sources
such as those imaged in Fig. 9, the improvement does notmaterially
impact one's ability to localize a source. However, for multiple and
distributed sources at the imaging plane, systems with the
improved PSNR could allow one to spatially image with slightly
more precision. We tested this possibility with the multiple 137Cs
sources in Fig. 10. Specifically, Fig. 10 shows reconstructed images
and 1-D intensity profiles of each case at 1 m distance when 137Cs
sources of 304.91 kBq and 301.76 kBq are separated by 6.8�. In all
cases, the relative strength of the adjacent sources can change from
condition to condition as the imaging algorithm focuses imper-
fectly upon the two separated sources. That is, if there is unequal
intensity sharing between neighboring pixels on the image plane,
then one of the pixels can have a higher intensity as shown.
However, the main point is that there is no clear angular resolution
advantage to imaging with higher light collection efficiency. The
main impact therefore of improved photonic information capture is
in the improved spectral resolution rather than improved imaging
resolution, which is important for source identification, particularly
Table 3
Comparison of central peak channel values, PVR, PCR, and energy resolution based on en

3 � 3 mm2 pixel SiPM array 1 mm thick

PVR 10.183 10.858
PCR 4.791 5.048
Energy resolution @ 662 keV 7.84 7.61
Central peak channel 1142 1378
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in mixed fields.
The maximum field-of-view was also tested by evaluating the

reconstructed images using MLEM for various angles. The 137Cs
gamma ray source was found to be reconstructed without posi-
tional distortion when placed at the edge of the FOV with angles
of þ22.5� and - 22.5�. Note that the elongation in the image for
gamma-ray source located at the edge of the FOV is due to the count
sharing between neighboring pixels on the coarsely sampled image
plane. Fig. 11 shows reconstructed images when the existing
modules (3 � 3 mm2 pixel SiPM array), 1 mm and 2 mm thick light
guides, and 4 � 4 mm2 pixel SiPM array are applied in order of (a),
(b), (c), and (d), respectively. In all cases, the source position over
the 45� FOV is localized but the imaging performance across the
FOV is not substantially affected by the light collection efficiency, in
consonance with the central-focused images of Figs. 9 and 10.

3.4. Image sensitivity

In this study, the definition of image sensitivity followed [22].
The sensitivity is defined as the shortest time required to localize a
gamma-ray source of a given activity. If less than or equal to two
mislocalizations are observed in each test and 10 trials for each
source, the gamma-ray imager can be determined to comply with
the requirements [23]. That is, if the probability is 0.8 or higher, the
reconstructed image can be judged to represent the exact location
of the gamma-ray source. The image sensitivity tests were con-
ducted based on two dose rates, with the first reference dose rate
set to 0.1 mSv/hr at 54.5 cm using a137Cs source of activity 379.62
kBq. Table 4 shows the true image reconstruction probability
ergy spectra obtained in each experiment case.

light guide 2 mm thick light guide 4 � 4 mm2 pixel SiPM array

10.245 11.286
5.045 5.59
7.69 6.49
1378 2222



Fig. 10. Reconstructed images when a 304.91 kBq 137Cs and a 301.76 kBq 137Cs are separated at an angle of 6.8� at the distance of 1 m, acquired by GAGG(Ce) scintillator array
coupled with (a) 3 � 3 mm2 pixel SiPM array, (b) 1 mm thick light guide, (c) 2 mm thick light guide, and (d) 4 � 4 mm2 pixel SiPM array.

Fig. 11. Reconstructed image for a point source of 137Cs at the distance of 1 m with angle of ± 22.5� , acquired by GAGG(Ce) scintillator array coupled with (a) 3 � 3 mm2 pixel SiPM
array, (b) 1 mm thick light guide, (c) 2 mm thick light guide, and (d) 4 � 4 mm2 pixel SiPM array.

Table 4
Comparison of metrics for image quality evaluation.

3 � 3 mm2 pixel array 1 mm thick light guide 2 mm thick light guide 4 � 4 mm2 pixel array

PSNR 54.74127 60.52107 63.39253 66.9306
NMSE 3.3E-05 1.21E-05 9.04E-07 8.07E-07
SSIM 0.997 0.999 0.999 0.999

S. Hyeon, M. Hammig and M. Jeong Nuclear Engineering and Technology 54 (2022) 1760e1768
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Table 5
True image reconstruction probability according to acquisition time for the reference dose rate (0.1 mSv/hr) when using 3� 3mm2 pixel SiPM array, 3� 3mm2 pixel SiPM array
with 1- and 2 mm thick light guides, and 4 � 4 mm2 pixel SiPM arrays.

Acquisition Time 3 � 3 mm2 pixel array 1 mm thick light guide 2 mm thick light guide 4 � 4 mm2 pixel array

3 s 0.88 0.92 0.92 0.90
4 s 0.95 0.98 0.97 0.95
5 s 0.98 0.92 0.99 0.98

Table 6
Sensitivity comparison for several gamma cameras (0.6 mSv/hr).

Device Detector configuration Sensitivity

H100(H3D) [12] Pixelated CdZnTe 15 s
iPIX™(Mirion) [13] Pixelated CdTe 100 s
CARTOGAM(CEA) [24e26] CsI(Tl)þCCD 400 s
GAMPIX(Canberra) [27] Pixelated CdTe 250 s
Ref [28] Pixelated CdTe >1 h
Ref [29] Pixelated CdTe >20 min
Ref [21] Pixelated CsI(Na)þSiPM Array 10 s
EPSILON-G Pixelated GAGG(Ce) þ SiPM Array <1 s

S. Hyeon, M. Hammig and M. Jeong Nuclear Engineering and Technology 54 (2022) 1760e1768
according to acquisition time for the reference dose rate (0.1 mSv/
hr) when using the 3� 3mm2 pixel SiPM array, the 3� 3mm2 pixel
SiPM array with 1 mm and 2 mm thick light guides, and the
4 � 4 mm2 pixel SIPM array. In all four cases, conservative evalu-
ations resulted in an image sensitivity of 3 s.

The second dose rate test was an image sensitivity test with a
reference dose rate of 0.6 mSv/hr (the activity of the 137Cs source
was 742.96 kBq and the source-to-detector distance was 31.12 cm)
for comparisonwith other existing gamma cameras, and the results
are shown in Table 5. As a result, we found that the image sensi-
tivity among the equipment EPSILON-G shows the best over many
other developing gamma-ray cameras (see Table 6).
4. Conclusion

In this study, we conducted experiments to improve light
collection efficiency on already developed EPSILON-G. In order to
improve the light collection efficiency frommismatches scintillator
(4 � 4 mm2) and photosensor pixels (3 � 3 mm2), 1 mm and 2 mm
thick light guides were implemented. The former exhibited an
energy resolution improvement of 0.23%, and when a 2 mm thick
light guide was implemented, the energy resolution improved by
0.15%. In the 1D-sum profile, the resolutionwith which we estimate
the pixel interaction position improved by 44.1 mm (FWHM)- as
derived from center pixel-when the 1 mm thick light guide was
used, and the improvement diminished to 24.47 mm (FWHM) for
the 2 mm thick light guide. Both resolution and positional perfor-
mance improvements could be connected to the superior light
collection efficiency derived from the 1 mm thick light guide.

If the light guide is avoided and the 4� 4mm2 scintillator pixels
are instead coupled to matching 4 � 4 mm2 SiPM pixels that also
possess slightly higher PDE, then even higher resolution improve-
ments were observed. Specifically, the energy resolution improves
by 1.35% (to 6.49%) and the FWHM pixel-position resolution for the
center pixel in 1D-sum profile was 607.19 mm in the 3 � 3 mm2

detector module and 460.16 mm when the 4 � 4 mm2 pixel SiPM
array was applied.

In terms of PSNR, NMSE, SSIM, FOV, angular resolution, and
image sensitivity, the results did not differ significantly when using
mismatched modules and applying the various methods to
improve the light collection efficiency, but the image quality in-
dicators showed slight improvements. Since the FWHM resolution
for pixels has been improved by applying the method to improve
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light collection efficiency, further research using more pixels such
as a 24� 24 scintillator array (2 � 2 � 20 mm2, 576 pixels) coupled
to a 4 � 4 mm2 pixel SiPM array is expected to improve the spatial
resolution at the imaging plane, which can more readily identify
line and volume sources in the environment.
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