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a b s t r a c t

In the present study, a large-area hybrid gamma imaging system was designed by adopting coded
aperture imaging on the basis of a large-area Compton camera to achieve high imaging performance
throughout a broad energy range (100e2000 keV). The system consisting of a tungsten coded aperture
mask and monolithic NaI(Tl) scintillation detectors was designed through a series of Geant4 Monte Carlo
radiation transport simulations, in consideration of both imaging sensitivity and imaging resolution.
Then, the performance of the system was predicted by Geant4 Monte Carlo simulations for point sources
under various conditions. Our simulation results show that the system provides very high imaging
sensitivity (i.e., low values for minimum detectable activity, MDA), thus allowing for imaging of low-
activity sources at distances impossible with coded aperture imaging or Compton imaging alone. In
addition, the imaging resolution of the system was found to be high (i.e., around 6�) over the broad
energy range of 59.5e1330 keV.
© 2020 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 techniques have been developed for
different applications. Some applications such as industrial survey
and environmental remediation can benefit fromvery high imaging
sensitivity with moderately high imaging resolution over a broad
energy range [1]. The large-area Compton camera (LACC) [2] was
developed under such sensitivity and resolution demands by
employing large-area scintillation detectors, in contrast to the
majority of other Compton cameras using small detectors for hand-
held portability [3e9]. The LACC has the advantage of 3-D imaging
capability for near-field imaging, as well as very high imaging
sensitivity owing to its large detectors [2]. However, like other
Compton cameras, the LACC suffers from performance degradation
at low energies, which is an inherent limitation of the imaging
method utilizing Compton kinematics [10]. For example, the LACC
shows only a few percent of imaging sensitivity for 140 keV (99mTc)
compared to that of 662 keV (137Cs), and such limitation makes it
ong-Gu, Seoul, 04763, South
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impractical to image low energy gamma ray sources such as 241Am
(59.5 keV) and 57Co (122 keV) with the LACC.

Such energy dependency is commonly observed in most radi-
ation imaging systems relying on mechanical or electronic colli-
mation. Multi-modality imaging, also known as hybrid imaging,
was proposed to solve the problem of energy dependency by
combining mechanical and electronic collimation [10], and its ef-
ficacy has been proved by several studies [11,12].

In the present study, a large-area hybrid gamma imaging system
(LAHGIS) is designed by adopting coded aperture imaging on the
basis of the LACC to achieve not only high imaging performance
(imaging resolution and sensitivity) throughout a broad energy
range (100e2000 keV) but also mobility of system. A modified
uniformly redundant array (MURA) [13] collimator is used for
coded aperture imaging because it has been well established by
researches in many fields [14,15] and the combination of MURA
with Compton imaging also has been proved to be beneficial [11].
The LAHGIS is designed through a series of Geant4 Monte Carlo
simulations in consideration of both imaging sensitivity and im-
aging resolution. Then, the performance of the designed system is
predicted again by Geant4 Monte Carlo simulations for some point
sources under different conditions of source activity, photon
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energy, and source position.
2. System design

The LAHGIS consists of two position-sensitive scintillation de-
tectors and a coded aperture mask, as shown in Fig. 1. Each of the
detectors, inheriting its design from the LACC [2], is composed of a
27 � 27 cm2 monolithic NaI(Tl) scintillator crystal coupled with an
array of 36 photo-multiplier tubes [16]. The thickness of the crystal
is 2 cm and 3 cm for the frond and the back detector, respectively.
Two detectors are placed as close as possible, which makes the
distance between the detector faces to be 25 cm. The detectors offer
an energy resolution of 7.9% for a 662-keV gamma-ray and a spatial
resolution of 5 mm. The detailed design of the LACC detectors can
be found elsewhere [16].

The collimator mask was designed based mostly on the
knowledge of coded aperture imaging that has been established in
the literature [17,18] and in consideration of the characteristics of
the front detector of the LACC, which is close to the collimator
mask. The mask was formed by arranging tungsten elements in a
pattern of a 2� 2mosaic of 19� 19MURA. The size of themaskwas
chosen as 27 � 27 cm2, which matches the front surface of the
scintillator crystal of the front detector and also corresponds to the
maximum size that enables the mask to rotate within the boundary
of the detector casing for potential application of background
suppression by the mask-antimask technique [19]. The separation
distance between the mask and the front detector was set to 6 cm
so that the coded aperture imaging can offer a field of view (FOV) of
130�, as wide as that of the LACC.

The thickness of the mask, on the other hand, was determined
with further consideration of its impact on the performance of the
imaging system. For example, a thicker mask may improve the
image contrast of coded aperture imaging at higher energy, but it
may also increase artifacts for off-axis source positions on the
coded aperture imaging [17] and decrease Compton imaging
sensitivity by blocking gamma rays. Hence, the thickness of the
mask was selected based on a series of simulation studies, as
described in section 4 below.
Fig. 1. Large-area hybrid gamma imaging system design consisting of two position-
sensitive NaI(Tl) scintillation detectors and MURA coded aperture mask.
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The Geant4 Monte Carlo simulation toolkit [20] (version 10.04)
was used for both determination of mask thickness and perfor-
mance prediction. The detectors and the mask, composing the
LAHGIS, were modeled in Geant4. The thickness of the mask was
set to be adjustable. A background radiation model [21] con-
structed based on the energy spectra measured with the detectors
was employed. In Geant4 simulations, detection process was
simplified; the interaction position (x, y) and deposited energy
information of the photon interactions in the detectors was
recorded event by event, rather than considering detailed
behavior of scintillation and signal generation in the PMTs.
Instead, to simulate the uncertainties that occur when estimating
interaction position and energy from multiple PMT signals in the
actual detectors, random error was generated according to the
position and energy resolution of the detectors, and added to the
recorded data. Then, the data were used to reconstruct emission
images with an in-house MATLAB program.
3. Image reconstruction

In the present study, images were reconstructed using three
imaging methods: coded aperture imaging, Compton imaging, and
hybrid imaging, for each of which, the maximum-likelihood
expectation-maximization (ML-EM) algorithm [22] was used,
given by

lnþ1
j ¼ lnj

P
icijYi

�P
kcikl

n
k

Sj

where lnj is the image intensity of image pixel j at the nth iter-
ation, Yi is the count of detector pixel i, the system matrix, which
indicates the probability that a photon emitted from image pixel j
will be detected at detector pixel i, and Sj is the sensitivity image,
defined as the detection probability of a photon from image pixel
j.

For calculation of the Sj for Compton imaging, we adopted the
method proposed by Mu~noz et al. [23] that utilized Monte Carlo
integration to calculate the sensitivity image of a Compton camera.
It calculated the Sj by integrating the probabilities of events
generated by sampling points from the image space and the de-
tectors. The Sj and cij for the coded aperture imaging were also
calculated in the same manner. In these calculations, a simplified
geometry comprising the mask and the scintillator crystals was
considered, and the probabilities of the sampled events were
calculated according to the imaging principles as described below,
whereas solid angle and attenuation from the mask and the crystal
were considered in common among the three modes.

1) Coded Aperture Imaging
Events wherein the photon was fully absorbed in the front de-
tector were used. The cij was calculated for every image pixel
and interaction position bin in the detector, considering the
probability of photoelectric absorption after the photon reached
the sampled point. The Sj was calculated by summing the cij
values over the positions in the detector.

2) Compton Imaging
The coincidence events, for which the photon had interaction in
both detectors, were used. The cij was calculated only for
measured events, i.e. list-mode ML-EM, instead of considering
every possible event. The Sj was calculated considering the
probability of Compton scattering in the front detector followed
by photoelectric absorption in the back detector, and the dif-
ferential cross-section for a given angle calculated with the
Klein-Nishina formula.
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3) Hybrid Imaging
Both events of coded aperture imaging and Compton imaging
were used. The ML-EM reconstruction of the hybrid imaging,
described in the work of Lee and Wehe [24], was used to
combine the data from the two aforementioned imaging
methods.

In the present study, the number of iterations for ML-EMwas set
to 20, which was selected empirically by investigating the variation
of imaging resolution for the three imaging methods as a function
of iteration number.

4. Mask thickness determination

In the case of the coded aperture system, the mask thickness is
normally determined so as to serve enough opaqueness at the
gamma-ray energy desired for its application. On the other hand, in
the hybrid imaging system, a very thick mask is disadvantageous to
Compton imaging, lowering its imaging sensitivity. Hence, the
thickness of the mask should be determined based on a balance of
system performances. Two metrics were chosen to determine the
optimal thickness of the mask: minimum detectable activity (MDA)
and imaging resolution. MDA and imaging resolution were sur-
veyed for cases with different mask thicknesses (2, 4, 6, 8, 10 mm)
and gamma-ray energies (100, 200, 400, 600, 800,1000,1200,1600,
2000 keV) in order to investigate the relation between mask
thickness and system performance.

4.1. MDA

MDA was considered as an indicator of imaging sensitivity to
determine the optimal mask thickness for detection of low-level
radioactivity. Note that the MDA is an index that can be
compared between different imaging methods, whereas detection
efficiency is inappropriate for comparison. This is because the
Fig. 2. MDAs of three imaging methods for different gamma-ray energies and mask th

Fig. 3. Imaging resolution of three imaging methods for different gamma-ray energies and m
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detection efficiency is a measure of occurrence probability of
effective eventwhose criterion is different according to the imaging
method; the higher detection efficiency does not guarantee the
higher imaging sensitivity. This can be also interpreted that the
amount of information contained per effective event varies de-
pends on the imaging method.

In the present study, receiver operation characteristic analysis
was used to calculate the MDA of the imaging methods of the
hybrid system, as motivated by the research of Tornga [25]. This
method is applicable to all of the imaging methods of the hybrid
system, considering that it is empirical and does not proceed ac-
cording to the characteristics of any specific imaging method [26].
In this method, the MDA was determined as an activity that makes
a false alarm rate (Pf) and a detection rate (Pd) meet a given margin.
The Pf and Pd were calculated as the ratio that passes the signal-to-
noise ratio (SNR) threshold among multiple images of background
radiation and the source, respectively. The threshold was set to
make the Pf meet the margin, and Pd was calculated for several
source activity conditions.

MDA was calculated for a 1-min measurement of a point source
at 3 m from the imaging system. The gamma yield of the sourcewas
assumed to be 1. The background radiation and gamma-ray source
were simulated using Geant4, and 250 images were acquired for
each activity conditionwithin the range of 0e20 mCi. Then, theMDA
was deduced according to the margins of Pf ¼ 0.1 and Pd ¼ 0.9.

The MDAs of the three imaging methods of the LAHGIS with
different mask thicknesses are shown in Fig. 2. The MDA of
Compton imaging was considered only for the energies of 400 keV
or higher, since it was barely possible to acquire the Compton image
at low energies (100 and 200 keV). The MDA of coded aperture
imaging increased with the increase of the energy. The thicker
mask showed the lower MDA for the coded aperture imaging
throughout the energy, as expected. The MDA of the Compton
imaging was mainly dependent on the energy, whereas it showed
little dependence on the mask thickness.
icknesses: (a) coded aperture imaging, (b) Compton imaging, (c) hybrid imaging.

ask thicknesses: (a) coded aperture imaging, (b) Compton imaging, (c) hybrid imaging.



Fig. 4. ML-EM image of 137Cs point source with different activities. Coded aperture imaging (a)e(d), Compton imaging (e)e(h), and hybrid imaging (i)e(l). Images for 0 mCi (a, e, i),
4 mCi (b, f, j), 10 mCi (c, g, k), and 20 mCi (d, h, l).
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Hybrid imaging showed the lowest MDA among the three im-
aging methods for the entire energy range considered in the pre-
sent study. The effect of mask thickness was found at low energies
(100e400 keV); the 2-mm mask showed relatively higher MDAs
than the other thickness conditions, providing insufficient attenu-
ation at the energies where the coded aperture imaging has
dominant effect on hybrid imaging. For the masks thicker than
2 mm, there was no significant correlation between MDA and mask
thickness.
4.2. Imaging resolution

The imaging resolution was evaluated as the full-width half-
maximum (FWHM, degrees) of the reconstructed image. In the
simulation to acquire the images, again, a 1-min measurement of a
point source at 3 m from the imaging system was assumed. The
activity of the source was assumed to be 100 mCi.

The imaging resolutions evaluated for the three imaging
methods are plotted in Fig. 3. For coded aperture imaging, the
imaging resolution was greatly dependent on both the energy and
the mask thickness. The imaging resolution at 100 keV was 4.2�,
which was similar to the geometrically expected resolution (3.8�).
The resolution of coded aperture imaging deteriorated with the
increase of energy, and such effect was prominent for the thinner
masks. For Compton imaging, the resolution was almost unaffected
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by the mask thickness. Finally, for hybrid imaging, the impact of
mask thickness was found at intermediate energies (400e800 keV),
where the resolutionwas significantly lower (i.e., higher in FWHM)
for the 2 and 4 mm masks, whereas the masks with other thick-
nesses showed similar resolutions (around 6.4�).
4.3. Mask thickness determination

Mask thickness finally was determined from the results of the
hybrid imaging. The MDA and imaging resolution of the hybrid
imaging improved with the increase of mask thickness, then
became constant when the mask thickness was greater than 4 and
6 mm, respectively. On the other hand, a thicker mask not only
increases systemweight and manufacturing cost but also increases
artifacts in images for off-axis source locations such as uneven
sensitivity by blocking photons that should pass through the open
position of mask with the edge of neighboring mask element.
Hence, in the present study, the mask thickness was determined to
be 6 mm.
5. Imaging performance prediction

The localization performance of the designed system was
assessed using Monte Carlo simulation for various conditions with
different activities, energies, and positions. For each condition, the



Fig. 5. ML-EM image of point source with different isotopes: 241Am (a, e, i), 133Ba (b, f, j), 137Cs (c, g, k), and 60Co (d, h, l), using coded aperture imaging (aed), Compton imaging
(eeh), and hybrid imaging (iel).

H.S. Lee, J.H. Kim, J. Lee et al. Nuclear Engineering and Technology 53 (2021) 1259e1265
images were acquired for 1-min measurement of the source at 3 m
distance from the LAHGIS.

5.1. On-axis point source of varying activity

Fig. 4 shows the images of a137Cs point source of different ac-
tivities (0, 4, 10, and 20 mCi) reconstructed using coded aperture
imaging, Compton imaging, and hybrid imaging. Each of the
reconstructed images was normalized to its maximum intensity:
yellow for 1 and blue for 0; the same hereinafter. The coded aper-
ture image for 0 mCi (i.e., imaging only background radiations,
Fig. 4(a)) showed fluctuation, whichmakes it difficult to distinguish
the signal of a source with low activity, as shown in Fig. 4(b).
Compton imaging showed a high source-to-background-event ra-
tio, meaning that it effectively distinguished the source gamma-
rays from the background radiations. However, the limited count-
ing statistics resulted in high-frequency noise, as shown in Fig. 4(f).
The source was distinguished at 10 mCi, as shown in Fig. 4(g).

Hybrid imaging showed less blurring and high-frequency noise.
The source was distinguishable even for 4 mCi (Fig. 4(j)), which
capability is a clear advantage for detection of low-level
radioactivity.

5.2. On-axis point source of varying energy

Fig. 5 shows images of the sources with different energies:
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241Am (59.5 keV), 133Ba (356 keV), 137Cs (662 keV), and 60Co
(1170 keV and 1330 keV). For the 133Ba source emitting multiple
energies of gamma rays, only the energy with the highest emission
yield (i.e., 356 keV) was considered for image reconstruction. For
the 60Co source, both 1170 keV and 1330 keV gamma rays were
considered. The activity of the source was assumed to be 100 mCi.

For coded aperture imaging, the four sources were all localized,
but the background noise and blurring increased with the increase
of the energy. The degradation of image quality originated from the
mask attenuation decrease at higher energies: 100, 93, 68, and 46%
attenuation at 59.5, 356, 662, and 1330 keV, respectively.

For Compton imaging, the 241Am source was not imaged. Note
that the 241Am source was difficult to image using the designed
system, due to the low penetration power of the low-energy pho-
tons in the front detector; the mean free path of 59.5 keV gamma-
rays from 241Am is only 0.04 cm in NaI(Tl). The 241Am source is also
difficult to image even using a Compton camera based on cadmium
zinc telluride (CZT), considering that the high-Zmaterial CZT shows
a significant Doppler energy broadening effect in Compton scat-
tering for low-energy photons, and that it has only a 1.7% proba-
bility of Compton scattering for 59.5 keV photons. The only feasible
approach at present for imaging of 241Am by Compton imaging
seems to be to use position-sensitive silicon or germanium semi-
conductor detectors. Fig. 5(f) shows that the 133Ba source was
imaged using Compton imaging, but the image showed blurring



Fig. 6. Hybrid images of 137Cs point source at different positions. The source was
placed at a 3 m distance with an angle from axis of 20� (a), 40� (b), 60� (c), and 80� (d).
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when compared with the Compton images of 137Cs (Fig. 5(g)) and
60Co (Fig. 5(h)).

With hybrid imaging, the images of all 4 sources were clearly
acquired. Although some blurring was incurred compared with the
Compton image, hybrid imaging showed moderately high imaging
resolutions of 4.4, 5.9, 6.9, and 7.7� for 241Am (59.5 keV), 133Ba
(356 keV), 137Cs (662 keV), and 60Co (1170 keV and 1330 keV),
respectively.

Two studies [24,27] suggested the use of different imaging
methods for different energies in consideration of image quality
and computational cost. It seems, however, very advantageous to
use hybrid imaging at all energies, given that it provides consistent
performance over awide energy range, and that it is less vulnerable
to high-frequency noises observed on Compton images. The issue of
computational cost, moreover, also has become less critical, due
especially to the recent computational-power improvements.
5.3. Point source at different position

Fig. 6 shows hybrid images of the 137Cs point source at 3 m
distance with different angles from axis of 20�, 40�, 60�, and 80�,
respectively. Although the blurring increased as the angle from the
axis increased, it was able to locate the sources at 20�, 40�, and 60�,
which are within the FOV, which was expected to be approximately
±65� based on the configurations of the mask and the detectors.
However, the source at 80�, which is out of the FOV, did not appear
on the image.
6. Conclusion

In the present study, a LAHGIS was designed to provide very
high imaging sensitivity with moderately high imaging resolution
over a broad energy range. Monte Carlo radiation transport simu-
lations were conducted to understand how system geometry af-
fects system performance. The performance of the LAHGIS was
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estimated for simulated sources at different activities, energies, and
positions. Our results showed that hybrid imaging allows us to
image low-activity sources that cannot be imaged by either coded
aperture imaging or Compton imaging alone. The imaging resolu-
tion of the LAHGIS was estimated to be around 6� on the broad
energy range of 59.5e1330 keV, using the ML-EM algorithm. Future
work will include improving the calculation speed of the system
responses for EM reconstruction, investigating 3-D imaging capa-
bility for near-field imaging, and combining the radiation image
with contextual information such as visual images and range-
mapping data.
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