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a b s t r a c t

We report the development of a gamma-ray imaging device, named Large-Area Hybrid Gamma Imager
(LAHGI), featuring high imaging sensitivity and good imaging resolution over a broad energy range. A
hybrid collimation method, which combines mechanical and electronic collimation, is employed for a
stable imaging performance based on large-area scintillation detectors for high imaging sensitivity. The
system comprises two monolithic position-sensitive NaI(Tl) scintillation detectors with a crystal area of
27 � 27 cm2 and a tungsten coded aperture mask with a modified uniformly redundant array (MURA)
pattern. The performance of the system was evaluated under several source conditions. The system
showed good imaging resolution (i.e., 6.0e8.9� FWHM) for the entire energy range of 59.5e1330 keV
considered in the present study. It also showed very high imaging sensitivity, successfully imaging a
253 mCi 137Cs source located 15 m away in 1 min; this performance is notable considering that the dose
rate at the front surface of the system, due to the existence of the 137Cs source, was only 0.003 mSv/h,
which corresponds to ~3% of the background level.
© 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, providing position information of radia-
tion sources, has taken on an important role in the nuclear industry.
Especially for applications such as environmental remediation and
homeland security, gamma imaging devices with high sensitivity
and reasonable imaging resolution over a broad energy range are
required [1].

Recently, a high-sensitivity Compton imaging system, called the
Large-Area Compton Camera (LACC) [2], was developed to meet the
demand for high imaging sensitivity and good imaging resolution.
By employing large-area monolithic scintillation detectors, the
LACC delivered higher imaging sensitivity than could other
Compton cameras that focused mostly on hand-held portability
[3e9], and it also featured 3-D imaging capability for near-fields [2].
However, the LACC was of practical utility only for energies higher
than a few hundred keV, due to the principal limitations of its
electronic collimation based on Compton kinematics, which is
incurred by large energy measurement uncertainty and a low
probability of effective event occurrence at lower energies.
by Elsevier Korea LLC. This is an
One of the approaches to solve the problem of the energy de-
pendency of gamma imaging is using both mechanical and elec-
tronic collimation [10,11]. The hybrid imaging, which combines the
data from two different imaging methods implemented in a single
system, was proposed by Lee [12], and its advantage over conven-
tional imaging methods was demonstrated in several studies
[13e17]. However, the imaging sensitivity was still limited in hand-
held hybrid imaging systems [14,15], and the high sensitivity sys-
tem [16] requires a vehicle to move, which discourages flexible
application on indoor and outdoor.

In the present study, a gamma imaging device with high im-
aging sensitivity and reasonable imaging resolution (<10�) over a
broad energy range (50 keV e a few MeV), named Large-Area
Hybrid Gamma Imager (LAHGI), was developed for use in envi-
ronmental remediation and homeland security using two large-
area monolithic position-sensitive NaI(Tl) scintillation detectors
and a tungsten collimator mask. The LAHGI achieved high imaging
sensitivity based on the large-area detectors at the cost of size and
weight, but mounted on a trolly, the system is still mobile and
applicable both indoors and outdoors. The LAHGI was tested for
several source conditions, and its performance was evaluated.
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Fig. 2. Schematic of signal flow of developed LAHGI.
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2. Materials and methods

The LAHGI developed in the present study consists of a modified
uniformly redundant array (MURA) coded aperture mask [18] and
two large-area monolithic position-sensitive scintillator detectors
[19], as shown in Fig. 1. The detectors’ design was derived from the
LACC [2]. Each of the detectors is composed of a monolithic NaI(Tl)
scintillator crystal (27 � 27 cm2; Scintitech, Shirley, MA, USA),
optically coupled with a 6 � 6 compact array of square photo-
multiplier tubes (PMTs; XP3290; Photonis, M�erignac, France). The
gamma interactions are read out by a multiplexer-based in-house
readout system, as shown in Fig. 2. The signals from the 36 PMTs for
each detector are processed by shaping amplifiers, sample-and-
holders, and a multiplexer, and are then digitized by a 14-bit
analog-to-digital converter (ADC) on a field programmable gate
array (FPGA)-based data acquisition system. Single events in the
front detector for coded aperture imaging, and coincidence events
in both detectors for Compton imaging, are recorded according to
the dedicated trigger logics. The event energies and locations are
estimated from 36 PMT signals, with an energy resolution of 7.9%
full width at half maximum (FWHM) for a 662 keV gamma ray of
137Cs and a spatial resolution of ~5 mm with the maximum likeli-
hood position estimation (MLPE) technique [20], which estimates
interaction position by comparing detector signals to pre-measured
calibration data. The thickness of the scintillator crystal of the front
and back detector is 2 and 3 cm, respectively, as optimized for
maximum sensitivity of Compton imaging. The front faces of the
two detectors are separated by 25 cm.

The coded aperture mask is made of tungsten blocks
(0.73 � 0.73 � 0.6 cm3) assembled on a polymethyl methacrylate
frame, following a 2 � 2 mosaic of rank 19 MURA pattern. The
optimal thickness of the tungsten mask was derived to provide
enough opaqueness at a few hundred keV gamma rays in consid-
eration of a trade-off between the image contrast of coded aperture
imaging and the sensitivity of Compton imaging. The assembled
mask is fixed parallel to the front surface of the detector with
screws and spacers. The mask-to-detector distance is set to 6 cm, as
designed for coded aperture imaging to provide a field of view
(FOV) of ~130�, equal to that of Compton imaging. Additional details
on the design of the LAHGI can be found elsewhere [21]. The LAHGI,
including the detectors, themask, and the signal processing system,
is mounted on a trolley for mobility. The LAHGI weighs about 82 kg,
excluding the laptop computer and the trolley.
Fig. 1. Developed LAHGI mounted on trolley. The mask is fixed to the front detector.
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Effective events were selected from the measured data accord-
ing to energy: full energy events on the front detector for coded
aperture imaging, and coincidence events that sum of measured
energies from two detectors corresponds to the source energy for
Compton imaging. A set of list-mode data composed of the co-
ordinates of interaction position and energy is processed with a
maximum-likelihood estimation-maximization (ML-EM) image
reconstruction algorithm [22] for hybrid imaging [13], given by
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where the symbols are defined as: lnj is the intensity of image pixel j
on the nth iteration; Yi is the number of events recorded at ith pixel
of the detector; cij is the probability that a gamma ray leaving image
pixel j is detected at detector pixel i (i.e. the systemmatrix); Sj is the
detection probability of a photon from image pixel j (i.e. the
sensitivity image); and superscript M and C corresponds to MURA
coded aperture imaging and Compton imaging, respectively.

The method of sensitivity image calculation for Compton im-
aging is based on Mu~noz et al.’s [23], in which the sensitivity image
for a given gamma energy is computed by randomly sampling a
source position from an image pixel and an interaction position
from the volume of each detector and by integrating the probability
of the sampled dataset (i.e., Monte Carlo integration). Similar
approach is applied to calculating system matrix of the coded
aperture, except that the interaction position is sampled from the
pixel of the front detector and the probability is calculated pixel by
pixel. The sensitivity image of coded aperture imaging is sum of its
system matrix. The probability of each dataset is calculated
considering a solid angle, attenuation from the mask and the
crystal, and the interaction probability in the detector (i.e., photo-
electric absorption for coded aperture imaging and Compton scat-
tering and subsequent absorption for Compton imaging). The
system matrix for Compton imaging data is calculated only for the
measured event (i.e., list-mode ML-EM) to reduce computational
load, otherwise, it would require tremendous resources to calculate
the system matrix for all possible events.
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In the present study, the hybrid imaging was applied to all
gamma rays, i.e., regardless of their energies. While some literature
[11] suggests using hybrid imaging within a certain energy range
beneficial for hybrid collimation, the findings from our recent
simulation study [21], in which hybrid imaging provided higher
sensitivity (i.e. a lower value for minimum detectable activity) for a
very wide energy range, encouraged us to use the hybrid imaging
method for the entire energy range considered in the present study.

The image space was set as a 300 � 300 pixel square plane at a
given source distance for each measurement condition. The size of
the image space was 6 m � 6 m in all case except for different
source distance conditions (chapter 3.3), of which the size of image
space is specified separately. The iteration number in the ML-EM
reconstruction was empirically selected as 30, considering the
variation of imaging resolution as a function of iteration number.
The data acquisition and image processing were conducted using a
MATLAB-based in-house program running on a personal computer
(Intel Core i7-6700 CPU at 3.40 GHz).

3. Results and discussion

The performance of the developed system (LAHGI) was evalu-
ated under several source conditions entailing different energies,
positions, and activities. The imaging time was 1 min in all cases
considered in the present study. The imaging resolution was eval-
uated as an angle that corresponds to FWHM of the reconstructed
image. The FWHM was measured in Cartesian coordinate and then
converted into angle trigonometrically considering the source
position.

3.1. Single point source with different energies

Four different isotopes were chosen to investigate the energy
dependency of the system performance: 241Am, 133Ba, 137Cs, and
60Co, with activities of 11.0, 31.7, 18.7, and 7.7 mCi, respectively. Each
sourcewas placed 3m from the front surface of the imaging system.
Energy window for each isotope is 45e75 keV, 320e390 keV,
600e720 keV, and 1110e1400 keV for 241Am, 133Ba, 137Cs, and 60Co,
respectively. For 133Ba, only 356 keV was considered. For 60Co, both
1170 and 1330 keV gamma rays were considered. As shown in
Fig. 3(aed), the developed system with hybrid imaging provided a
Fig. 3. Reconstructed images of different isotopes: (a, e) 241Am, (b, f) 133Ba, (c,
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clear image of the source for all of the sources, with a positional
error of less than 3 pixels (¼ 9 cm). When Compton imaging was
used alone, on the other hand, low-energy gamma-ray sources,
specifically 241Am and 133Ba, were not imaged, due to the low
probability of Compton scattering and large energy measurement
uncertainty. The number of coincidence events recorded from 1-
min imaging was 0 and 70 for 241Am and 133Ba, respectively, both
of which are insufficient for Compton imaging (Fig. 3(e and f)). For
the 59.5 keV gamma rays of 241Am, a Compton camera based on
low-Z semiconductor detectors needs to be used, but it is imprac-
tical for a high-sensitivity system. In hybrid imaging, mechanical
collimation is employed for the imaging of low-energy gamma rays.
The imaging resolution of the LAHGI in the present study was
evaluated as 8.9, 6.0, 8.0, and 8.5� FWHM for 241Am, 133Ba, 137Cs, and
60Co, respectively. The imaging resolution, when coded aperture
was used separately, was 8.9, 6.1, 9.8, and 13.3� FWHM for 241Am,
133Ba, 137Cs, and 60Co, respectively. The high imaging resolutions
were observed in higher energies, due to the gamma rays pene-
trating the mask. When the Compton events were combined,
however, the imaging resolution improved. The very sharp Comp-
ton images of 137Cs and 60Co were due to multiple iterations of ML-
EM reconstruction on an insufficient number of overlapped
Compton cones. Such low counting statistics were partly caused by
themask’s blocking of up to 50% of the source gamma rays, but such
an effect is overcome when the information from the mechanical
collimation is combined. Detection efficiency was defined as the
ratio of net count of effective event to the total number of gamma
rays incident on the surface of the first detector, i.e. intrinsic effi-
ciency. Net count was used in the present study because the
number of events originated from background radiation is
considerable when the source activity is very low as current con-
dition, and it may result in overestimation of efficiency. The
detection efficiency of coded aperture events was 1.19 � 10�1,
8.79 � 10�2, 8.96 � 10�2, and 6.04 � 10�2 for 241Am, 133Ba, 137Cs,
and 60Co, respectively. The detection efficiency of Compton events
was 4.63 � 10�3, 2.80 � 10�3, and 3.60 � 10�3 for 133Ba, 137Cs, and
60Co, respectively. The detection efficiency of the LAHGI was
compared with that of compact hybrid gamma camera [15]. In the
literature, detection efficiency of the compact hybrid gamma
camerawas available only for 356, 662, and 1275 keV. The detection
efficiencies of 356 and 662 keV were compared correspondingly,
g) 137Cs, and (d, h) 60Co; (aed) hybrid image and (eeh) Compton image.
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and detection efficiency of 60Co was compared to that of 1275 keV.
This approximation may be inaccurate; however, it could still offer
a rough estimation. The detection efficiency of coded aperture
imaging and Compton imaging of the LAHGI was 20e500 times and
20e110 times higher than that of previously developed system,
respectively. Note that the compared detection efficiency is
intrinsic efficiency, and when it comes to absolute efficiency, where
solid angle taken by the detector is considered, the high efficiency
of the LAHGI would be more prominent.
3.2. Single point source at off-axis position

A137Cs source was placed at off-axis positions with the off-axis
angles of 20, 40, 60, and 80� (see Fig. 4) from the z-axis of the
system, whilemaintaining the 3m source-to-detector distance. The
activity of the source was 18.7 mCi. The reconstructed images are
shown in Fig. 4. The position of the sourcewas clearly shown on the
image for the 20, 40, and 60� positions (Fig. 4(aec)). The actual
source position was (1.03, 0, 2.82 m), (1.93, 0, 2.30 m), and (2.60, 0,
1.50 m) for 20, 40, and 60� positions, respectively, whereas the
position of the pixel with the maximum intensity was (1.07,
0.05 m), (1.85, 0.02 m), and (2.68, 0.02 m) at corresponding z dis-
tance of the imaging space. The positional error in the xy direction
was 5.8 cm, 8.2 cm, and 8.2 cm, respectively, which was less than 3
pixels of the image for the three cases, while some degradation of
the imaging resolution was found at larger off-axis angles: 8.6�

FWHM at the 20� position to 9.6� FWHM at the 60� position. Note
that the imaging resolution was 8.0� at the 0� position (see
Fig. 3(c)). One of the possible reasons for such an effect is that the
image reconstruction was conducted on a Cartesian coordinate
system, and that the back-projections of the events on the image
plane weremore oblique at greater off-axis positions. Also, the hole
of the mask was partly blocked by the physical thickness of the
mask at greater off-axis positions, which phenomenon is known as
the vignette effect. For the source at the 80� position, outside of the
FOV (±65�, theoretically estimated in a previous study) [21], the
position of the source did not appear on the reconstructed image, as
expected.
Fig. 4. Hybrid images of 137Cs source at off-axis positions: (a) 20� , (b) 40� , (c) 60� , a
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3.3. Single point source at different distances

The imaging sensitivity of the developed hybrid imager was
evaluated by imaging a137Cs source at different distances. For this,
the 137Cs sourcewith an activity of 253 mCi was located 5,10,15, and
20m from the front surface of the LAHGI. The reconstructed images
are shown in Fig. 5. On them, there was an apparent increase of
noise with increasing source distance, resulting in a degradation of
signal-to-noise ratio: from 22.9 for the source at 5 m, to 12.7 for the
source at 15 m. Still, the positions were clearly visible for the 5, 10,
and 15 m sources (Fig. 5(aec)). For the source at 15 m, the dose rate
from the source at the detector face was estimated to be 0.003 mSv/
h, which corresponded to only ~3% of the background level (~0.1
mSv/h). When the source was placed at 20 m, making for a 0.0017
mSv/h dose rate at the detector, the source could not be distin-
guished in the image for 1-min imaging (Fig. 5(d)). By extending the
measurement time to 5 min, however, we were able to image the
source at the 20 m distance.
3.4. Two point sources with different separations

Imaging resolution is often evaluated as a point spread function
(PSF), specifically by measuring the FWHM of an image for a point
source. However, imaging resolution is sometimes overestimated
as a result of excessive iteration in ML-EM; indeed, a sharper image
frommany iterations does not guarantee better imaging resolution,
and sometimes results in more noise on the image. In the present
study, imaging resolution evaluated for a single point source (see
Fig. 3) was checked based on the following definition of resolution:
the capability of resolving two closely positioned point sources. To
that end, two 137Cs sources with similar activities (i.e., 81.7 and
82.6 mCi) were placed on a plane 3 m from the detector face. The
separation between the sources was 15.7, 31.4, 47.2, and 63 cm,
equivalent to separation angles of 3, 6, 9, and 12�, respectively. The
reconstructed hybrid image of each case and its profile is shown in
Fig. 6. The two sources were not distinguished clearly on the image
of 6� separation (Fig. 6(b)) but were almost distinguished on the
image of 9� separation (Fig. 6(c)). These results agreedwell with the
nd (d) 80� . The experimental settings of the respective cases are shown in (e).



Fig. 5. Hybrid images of 137Cs source at different distances: (a) 5 m, (b) 10 m, (c) 15 m, and (d) 20 m. The experimental settings of the respective cases are shown in (e).

Fig. 6. Reconstructed images and profiles of two point sources with different separations: (a) 3� , (b) 6� , (c) 9� , and (d) 12� .

Fig. 7. Hybrid images of four sources measured at same time: (a) 241Am, (b) 133Ba, (c)
137Cs, and (d) 60Co.
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imaging resolution of 8.0� FWHM evaluated for the 137Cs point
source in Fig. 3.

3.5. Multiple point sources

Four point sources with different gamma-ray energies were
placed on a plane 3 m from the image system, 50 cm off-axis (in the
x or y direction from the center): 241Am on the left (�0.5, 0, 3 m),
133Ba on the top (0, 0.5, 3 m), 137Cs on the bottom (0,�0.5, 3 m), and
60Co on the right (0.5, 0, 3 m). The events from these sources were
recorded simultaneously for 1 min, and then the images were
reconstructed separately for each source by applying different en-
ergy windows according to the source energies. Fig. 7 shows the
images of the four sources measured together but reconstructed
separately. The four sources with energies ranging from 59.5 to
1330 keV were clearly imaged. In the image of 241Am (Fig. 7(a)),
some artifacts were found, mostly at the position of the 133Ba
source. Those seemingly had been caused by the ~30 keV X-rays
and 81 keV gamma rays from the 133Ba source, which came into the
energy window for 241Am (45e75 keV). Such artifacts can be
reduced by narrowing the energywindowor by introducing further
analysis including nuclide information from gamma spectroscopy.

4. Conclusion

In the present study, a high-sensitivity gamma imaging device
utilizing a hybrid imaging method named LAHGI was developed by
2644



H.S. Lee, J.H. Kim, J. Lee et al. Nuclear Engineering and Technology 53 (2021) 2640e2645
adapting mechanical collimation to the LACC. The performance of
the system was evaluated with several source conditions. The
system showed good energy resolution (i.e., 6.0e8.9� FWHM) for
the entire energy range of 59.5e1330 keV considered. The system
also showed very high imaging sensitivity: it successfully imaged a
253 mCi 137Cs source located 15 m from the imaging systemwith 1-
min imaging, which is considered notable considering that the dose
rate at the front surface of the imaging system due to the existence
of the 137Cs source was only 0.003 mSv/h, which corresponds to ~3%
of background level. Future work will entail utilization of contex-
tual sensors such as a range scanner and visual camera for
improved imaging performance and provision of intuitive
information.
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