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a b s t r a c t

We developed a compact gamma camera based on a modified uniformly redundant array coded aperture
to investigate the position of a UO2 pellet emitting characteristic X-rays (98.4 keV) and g-rays
(185.7 keV). Experiments using an only-mask method and an antimask subtractive method were con-
ducted, and the maximum-likelihood expectation maximization algorithm was used for image recon-
struction. The images obtained via the antimask subtractive method were compared with those obtained
using the only-mask method with regard to the signal-to-noise ratio. The reconstructed images of the
antimask subtractive method were superior. The reconstructed images of the characteristic X-rays and
the g-rays were combined with the obtained image using the optical camera. The combined images
showed the precise position of the UO2 pellet. According to the self-absorption ratios of the nuclear
material and the minimum number of effective events for image reconstruction, we estimated the
minimum detection time depending on the amount of nuclear material.
© 2018 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

Many kinds of g-ray imaging systems combined with a visible-
light camera have been used in homeland security and radioac-
tive waste management applications for monitoring nuclear ma-
terials [1,2]. Themost common imaging technique uses a pinhole or
multihole collimator composed of a material with a high atomic
number and high density [3,4]. These imaging systems provide
excellent images at low energies (say, <200 keV) because the ra-
diation attenuation caused by the collimator is inversely related to
the radiation energy. However, as the radiation energy increases,
the images become blurred and noisy owing to the penetration of
the radiation through the collimator. Therefore, a thicker collimator
is required, but this reduces the detection efficiency of the imaging
system. To overcome this shortcoming, we must construct a colli-
mator with a high efficiency, good image resolution, and minimal
noise at various radiation energies.

Since Mertz and Young proposed the concept of a coded aper-
ture to acquire radiation images in 1961 [5], many researchers have

developed equipment that includes various types of coded aper-
tures to maintain a high angular resolution and high signal-to-
noise ratio (SNR). Several coded-aperture patterns are currently
available, including the uniformly redundant array (URA) [6], the
hexagonal URA [7], and the modified URA (MURA) [8]. The per-
formance of the coded-aperture imaging system is better than that
of the conventional pinhole collimator imaging system in envi-
ronments with high background noise [6e9]. The URA exhibited a
high SNR, but the horizontal and vertical lengths of URA are not
equal; thus, it must be tightly coupled with a square-shaped photo
device [6]. In addition, the structure of the URA mask is not anti-
symmetric on any mask rotation to use the antimask subtractive
method. Hexagonal URA and MURA are antisymmetric on 60� and
90� rotation, respectively [7,8]. Hence, the antimask subtractive
method can be applied for X-ray and g-ray imaging to increase the
SNR of the reconstructed image [10,11]. The sensitivity and SNR of
the MURA are equal to that of the URA [8]. In addition, the square-
shaped MURA array, which is commensurate with common photo
devices, was demonstrated to be particularly popular [12]. Hence,
the MURAwas adopted for mechanical collimation in our detection
system.
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The purpose of this study was to develop a compact gamma
camera with a MURA coded-aperture detection system and eval-
uate its performance in monitoring nuclear material such as a UO2
pellet. To reduce the background noise by applying the antimask
subtractive method, the reconstructed images were obtained using
a mask that was antisymmetric for 90� rotation. The maximum-
likelihood expectation maximization (MLEM) algorithm was used
to obtain a sharper and more precise reconstructed image [13].
Finally, we estimated the minimum required detection time and
count rate for various masses of nuclear material.

2. Material and methods

Themajor energy peaks of the Ka characteristic X-rays and g-rays
emitted from the 235U are shown in Table 1. The highest yield of the
characteristic X-rays and the g-ray were at 98.4 and 185.7 keV,
respectively [14,15]. Hence, radiation interaction events around the
98.4 and 185.7 keV peaks in the measured energy spectra were
selected as effective data for the detection of the UO2 pellet.

Fig. 1 shows the nuclear survey imaging system consisting of a
MURA collimator, a CsI (Na) scintillator coupled to a position-
sensitive photomultiplier tube (H8500), a front-end circuit, a
field-programmable gate array (FPGA, SPARTAN 3E), and a data
acquisition (DAQ) board (NI 9178). To determine the location of the
g-ray interaction in the CsI (Na) scintillator, four positioning signals
were measured in the front-end circuit using a resistive charge
divider. The FPGA and the DAQ board collected the timing and
amplitude information, respectively. The FPGA triggered the DAQ
board to select the effective photoelectric events and send them to
a computer.

The plane of the UO2 pellet was placed 50 cm from the detector.
The CsI (Na) in the detectormodule was 20� 20 voxels, where each

voxel was 2� 2� 5mm3. The energy resolution of the pixelated CsI
(Na) detector was approximately 12% at 662 keV. The open area of
theMURA coded aperture throughwhich radiation passed for g-ray
imaging was approximately 50% [8]. The MURA mask was made of
tungsten and had dimensions of 73� 73� 5mm3, where each pixel
was 2 � 2 � 5 mm3. The mask-to-detector distance was 3 cm.

To reduce the background noise, we performed the experiments
using the antimask. In the antimask subtractivemethod, all holes in
the original only-mask pattern are replaced by opaque elements, as
shown in Fig. 2, thus reducing the background noise of the sub-
tracted shadow image [(only-mask) � (antimask)]. This leads to a
higher quality reconstructed source image. To quantitatively eval-
uate the quality of the reconstructed images, the SNR was
calculated as follows [8,9]:

SNR ¼ sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðxi � xÞ2
.
n

r ; (1)

where s represents the average value of the source pixels, including
the maximum pixel; xi and x represent the values of the pixels,
excluding the source pixels, and the average of xi, respectively; and
n represents the number of pixels xi. As explained previously, the
effect of the antimask subtractive method on the quality of the
reconstructed image was evaluated and is compared with that of
the only-mask method in Section 3.

In the correlation reconstruction algorithm [8,9], the back-
ground noise is enhanced by the difference between the binary
coded-aperture matrix and the real condition with a statistical
fluctuation. However, the MLEM algorithm assuming a Poisson
distribution can accurately model the experimental conditions. To
determine the precise position and distribution of the radiation
source, the MLEM algorithm was used for image reconstruction.
The expectation maximization algorithm for radiation measure-
ment applicationwas derived by Lange and Carson [13]. The source
distribution is estimated as follows [16]:

lnþ1
j ¼ lnjP

itij

X

i

tijYiP
ktikl

n
k
; (2)

where n is the iteration number; lnþ1
j and lnj are the estimated

values of a source pixel j after the (nþ1)th and nth iterations,

Table 1
List of characteristic X-rays and g-rays emitted from 235U.

Radiation Energy (keV) Relative intensity (%)

Ka characteristic X-rays 94.7 50e53
98.4 100
111.3 ~20

g-rays 143.7 10.96
185.7 57.2
205.3 5.01

Fig. 1. Schematic representation of the nuclear survey imaging system.
DAQ, data acquisition; FPGA, field-programmable gate array; MURA, modified uniformly redundant array; PSPMT, position-sensitive photomultiplier tube.
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respectively; and tij is an element in the system matrix for the
MURA coded aperture that consists of tungsten and air. In the
only-mask method, Yi is the shadow image of the MURA mask. In
the antimask subtractive method, Yi is the shadow image
including the subtraction of background events, providing a high-
quality reconstructed source image. As the iterations increased,
the resolution of the reconstructed image improved, but the noise
increased; hence, the 10th iteration was chosen, in which the
reconstructed image showed a high resolution without a signifi-
cant noise peak.

Table 2 presents the specifications of the optical camera. The
pixel size of each optical and coded-aperture image was approxi-
mately 0.0625 and 3.3 cm, respectively, for nuclear material at a
distance of 50 cm. The source was located at the center of the two
images. To construct the combined images, we adjusted the scale of
the optical and g-ray images according to the pixel size of each
image and overlaid the images using MATLAB.

Fig. 3A shows the setup of the compact gamma camera with
the MURA coded aperture used for the experiment. The UO2
pellet had a diameter of 1 cm and a height of 1.5 cm, as shown in
Fig. 3B. The total mass of the UO2 pellet was 14.5 g, and the 235U

was enriched to 4.1%. The calculated activity of the 235U was
1.14 mCi.

The radiation from the UO2 pellet can be shielded by the pellet
material. Several-millimeter UO2 pellet can significantly absorb
radiation from the center of the pellet, whereas the radiation
emitted from the surface of the pellet can reach the gamma camera.
Therefore, the self-absorption of g-rays by their nuclear material
source must be considered. Assuming that the nuclear material was
spherical, the ratios of emitted radiation from the mass can be
calculated using the following equations [17]:

R ¼
�
mass� 3
r� 4p

�1=3

(3)

Emitted ratio ¼

Z R

0
S0e

�mðR�rÞ � 4pr2dr
Z R

0
4pr2dr

¼
e�R

h
2
m3 þ e�mR

m �
�
R2 þ 2R

m þ 2
m2

�i

R3

3

; (4)

where r and m represent the density and attenuation coefficient of
235U at 185 keV, respectively, and S0 represents the activity per unit
volume. It was also assumed that the absolute counting efficiency
was inversely proportional to the square of the distance between
the source and gamma camera and that the source activity was
proportional to the mass of the source.

Fig. 2. Geometry of the MURA coded aperture used in the experiment. (A) Only-mask. (B) Antimask.
MURA, modified uniformly redundant array.

Table 2
Specifications of the optical camera.

Sensor vendor Sony
Sensor IMX240 BSI
Sensor type CMOS
Sensor size 1/2.6 in
Pixels 16 megapixels

Fig. 3. (A) Nuclear survey imaging system. (B) UO2 pellet.
DAQ, data acquisition; FPGA, field-programmable gate array; MURA, modified uniformly redundant array.
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On the basis of the calculated self-absorption ratio and the
minimum time needed to acquire effective events for image
reconstruction, we estimated theminimummeasurement time and
count rate for various masses of 235U. The results are discussed in
Section 3.

3. Results

The energy spectrum measured by a single pixel of the CsI(Na)
detector array is shown in Fig. 4. The characteristic X-ray peak at
98.4 keV and the g-ray peak at 185.7 keV of 235U were measured
simultaneously. According to the peak information in each pixel of
the detector, the characteristic X-ray and g-ray energies were easily
distinguished for image reconstruction.

The reconstructed images obtained using the MLEM algorithm
for the characteristic X-rays (98.4 keV) and the 185.7 keV g-rays
emitted by 235U are shown in Figs. 5 and 6, respectively. To obtain
the reconstructed images using effective photoelectric events, en-
ergy windows of ±16% at 98.4 keV and ±11% at 185.7 keV were

applied to each photoelectric peak. The size of reconstructed image
pixel was 3.3 � 3.3 cm2. The intrinsic imaging efficiencydi.e., the
ratio of the number of effective events used for image reconstruc-
tion to the total number of g-rays incident on the surface of the
detector [18]dfor the compact MURA gamma camera was 15.7 % at
185.7 keV.

The reconstructed images of Figs. 5A and 6A were obtained
from measurements made without the antimask for 1 hour, those
of Figs. 5B and 6B were obtained from measurements made
without the antimask for 2 hour, and those of Figs. 5C and 6C were
obtained from measurements made with the only-mask and
antimask for 1 hour. All images reconstructed using the antimask
subtractive method had less background noise than those recon-
structed using only-maskmeasurements. Hence, the quality of the
reconstructed images obtained using the antimask subtractive
method was higher than that of the reconstructed images ob-
tained using the only-mask method (Table 3). At lower radiation
energies, the photoelectric effect is dominant, and the detector
absorbs most of the radiation. Thus, our gamma camerawas better

Fig. 4. Energy spectrum of the UO2 pellet.

Fig. 5. Reconstructed images obtained using the MLEM algorithm (10 iterations) for 98.4-keV characteristic X-rays. (A) Only-mask method (measurement time ¼ 1 h). (B) Only-
mask method (measurement time ¼ 2 h). (C) Antimask subtraction method (measurement time ¼ 2 h).
MLEM, maximum-likelihood expectation maximization.
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at detecting the characteristic X-rays (98.4 keV) than the g-rays
(185.7 keV).

To verify the accuracy of the location of the UO2 pellet and its
radiation distribution, the reconstructed images of the character-
istic X-rays and the g-rays were combined with the image from the
optical camera, as shown in Fig. 7. The combined images show the
precise location of the UO2 pellet and the radiation distribution.

A critical mass is the smallest amount of fissile material needed
for a sustained nuclear chain reaction [19]. In general, the critical
mass of spherical 235U without a neutron reflector is approximately
50 kg. However, the critical mass of a nuclear material that includes
neutron reflectors is smaller than that of the bare nuclear material
[20]. The critical mass of spherical 235Uwith a neutron reflector was
approximately 15 kg. It is important to estimate the minimum
measurement time and count rate according to this critical mass.

The time needed for the 4.10% UO2 pellet to generate a reliable
reconstructed image at the measurement distance of 50 cm was
1 hour. According to the measurement result and the calculation,
including the relative distance between the source and gamma
camera, the source activity, and the self-absorption in the spherical
source, we estimated the minimum times and count rates. The
conditions required to detect the various masses of 100 % 235U,
assumed to be 10 m from the detector, are shown in Figs. 8 and 9.

Table 4 presents the minimum time and count rates required for
our detection system to generate reconstructed images for the
indicated critical mass of the nuclear material. As shown in the
results, the estimated minimum times decreased with the
increasing mass of the nuclear material.

4. Conclusions

We developed a gamma camera based on an only-mask and
antimask mechanical system to investigate the location of a UO2
pellet and its radiation distribution and then compared the
reconstructed images obtained using these two methods with re-
gard to the SNR. The MLEM method was used to reconstruct the
only-mask and antimask images. The SNRs of the reconstructed

Fig. 6. Reconstructed images obtained using the MLEM algorithm (10 iterations) for 185.7-keV g-rays. (A) Only-mask method (measurement time ¼ 1 h). (B) Only-mask method
(measurement time ¼ 2 h). (C) Antimask subtraction method (measurement time ¼ 2 h).
MLEM, maximum-likelihood expectation maximization.

Table 3
Performance comparison between the only-mask imager and the antimask imager.

Energy (keV) Measurement method
(measurement time)

SNR

Characteristic X-ray (98.4 keV) Only-mask (1 h) 13.03
Only-mask (2 h) 15.18
Mask and Anti-mask (2 h) 16.13

g-ray (185.7 keV) Only-mask (1 h) 7.81
Only-mask (2 h) 8.64
Mask and Anti-mask (2 h) 8.82

SNR, signal-to-noise ratio.

Fig. 7. Reconstructed images obtained using the antimask subtraction method and the MLEM algorithm method (10th iteration) combined with the optical camera images. (A)
Characteristic X-rays (98.4 keV). (B) g-rays (185.7 keV).
MLEM, maximum-likelihood expectation maximization.

Fig. 8. Estimated minimum time needed for our system to detect 235U at a 10-m
distance.
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images were calculated for the characteristic X-rays and g-rays
from the UO2 pellet. The images acquired using the antimask
subtraction method were generally better than those acquired us-
ing the only-mask method. The estimated minimally required
detection time and count rates showed the feasibility of using the
MURA coded-aperture imaging system tomonitor various radiation
levels of 235U.
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