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a b s t r a c t

As the g-ray energy increases, a reconstructed image becomes noisy and blurred due to the penetration
of the g-ray through the coded mask. Therefore, the thickness of the coded mask was increased for high
energy regions, resulting in severely decreased the performance of the detection efficiency due to self-
collimation by the mask. In order to overcome the limitation, a modified uniformly redundant array g-
ray imaging system using dual anti-mask method was developed, and its performance was compared
and evaluated in high-energy radiation region. In the dual anti-mask method, the two shadow images,
including the subtraction of background events, can simultaneously contribute to the reconstructed
image. Moreover, the reconstructed images using each shadow image were integrated using a hybrid
update maximum likelihood expectation maximization (h-MLEM). Using the quantitative evaluation
method, the performance of the dual anti-mask method was compared with the previously developed
collimation methods. As the shadow image which was subtracted the background events leads to a
higher-quality reconstructed image, the reconstructed image of the dual anti-mask method showed high
performance among the three collimation methods. Finally, the quantitative evaluation method proves
that the performance of the dual anti-mask method was better than that of the previously reconstruction
methods.
© 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

A coded aperture imaging, which provides a high efficiency high
resolution in the reconstructed image of the g-ray, is used to
monitor the nuclear materials emitting g-rays [1e5]. Among the
various types of coded apertures, the squared-shaped modified
uniformly redundant array (MURA), which is suitable with com-
mon photo devices, has been utilized for the nuclear medicine,
astrophysics, industrial applications, decontamination and
decommissioning (D&D) [6e10]. The concept of the MURA coded
mask was proposed by Gottesman and Fenimore and showed the
performance of high sensitivity and high signal to noise ratio (SNR)
[6]. To improve the detection efficiency and the field of view (FOV),
Smith et al. (2011) built a hybrid portable gamma camera using
MURA codedmask [11]. Moreover, the performance of the Compton
nmental Science, 145, Anam-

by Elsevier Korea LLC. This is an
images was improved due to the angular uncertainty was dimin-
ished by mask. In 2017, the portable panoramic g-ray imaging
systems using MURA coded mask were developed, and the recon-
structed images which was extended FOV demonstrated the ac-
curate localization of the radioactive sources [12]. Because of the
penetration of the radiation through the mask as increasing radi-
ation energies, the performance of the reconstructed image which
was blurred decreased. Hence a thick collimator is required for high
energy g-ray imaging however the detection efficiency of the
reconstructed g-ray imaging was decreased due to self-collimation
by the mask. Therefore, to improve the image performance of
mechanical collimation method, it is crucial to reduce the back-
ground events such as scattered radiation or penetration of radia-
tion in the mask. To improve the performance of the radiation
detection in rapidly changing background events, Kim et al. (2016)
proposed rotating modulation collimator (RMC) with Cs2LiYCl6:Ce
(CLYC) scintillation detector for dual-particles (neutron and g-ray)
detection and imaging [13]. The characterization and performance
of CLYC detector for reconstructed images of dual-particles were
evaluated by using MCNP6 codes [14]. The MURA coded mask is
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Fig. 2. Components of the imaging system: (a) CsI scintillator, (b) front-end circuit, (c)
FPGA (SPARTAN3E), and (d) DAQ board (cDAQ-9178).
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anti-symmetric upon 90� rotation; therefore, it was used for the
subtraction of background noise, which is known as the “anti-mask
method.” The anti-mask subtraction method was used as X-ray and
g-ray imaging since it has advantage of the improved performance
of the reconstructed image [15].

As the shadow of the mask pixels using the background sub-
traction methods provides the results of a high-performance, the
reconstructed image using the anti-mask method has been
demonstrated to have better performance than that using the
conventional only-maskmethod [15e17]. In the anti-maskmethod,
the two different shadow images can be generated for source
reconstruction. The first shadow image can be obtained by sub-
tracting the recorded shadow image of the anti-mask from the
recorded shadow image of the only-mask. Subsequently, the sec-
ond shadow image can be obtained in reverse order. Even though
the second shadow image was useful information, it was not used
for the reconstruction image. Generally, only the first shadow im-
age is used for source reconstruction. However, the performance of
the reconstructed image will be improved if the two different
shadow images using the background subtraction method can be
utilized to reconstruct the image.

In this study, a compact MURA coded mask imaging system
using dual-anti mask method was developed, and its performance
was compared and evaluated for high energy radiation sources. In
the dual anti-mask method, the information of not only the first
shadow image but also the second shadow image was simulta-
neously used to reconstruct the radiation images of all g-ray en-
ergies. Subsequently, to integrate data from the two different
shadow images, the hybrid update maximum likelihood expecta-
tion maximization (h-MLEM) method was applied. The perfor-
mance of the dual-anti mask method is described and compared
with previously developed conventional collimation methods. The
results of this study demonstrated that the background noise of the
dual-anti mask was significantly lower and its performance was
higher than the conventional method.
2. Material and methods

As shown in Figs. 1 and 2, a compact MURA codedmask imaging
system, Cesium iodide (CsI) scintillator coupled to a position-
sensitive photomultiplier tube (PSPMT) [18,19], read-out circuit,
field-programmable gate array (FPGA, SPARTAN 3 E), and data-
acquisition (DAQ) board (NI 9178). The MURA coded mask that
comprised of tungsten was 73 mm � 73 mm � 5 mm in size, while
each pixel was 2 mm � 2 mm � 5 mm. The CsI scintillator detector
consisted of 20� 20 pixels with a size 2 mm � 2 mm � 5 mm each.

Fig. 3 shows a schematic diagram of a compact g-ray imaging
system and eachmodality of collimation methods. The signals from
the detector were amplified in the front-end circuit, and the
amplitude information was collected using the DAQ board. The
Fig. 1. (a) A compact g-ray imaging system and (b) MURA coded aperture with a basic
11 � 11 and enlarge to double.
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light non-uniformity of the multi-anode PSPMT’s was corrected
using a front-end circuit [20]. The extracted timing information
from the front-end circuit was transmitted to the FPGA. The output
of the FPGA triggered the DAQ board to send useful events to a
computer. The distance between the center of the MURA coded
mask and the radiation source was set to 30 cm, and the center of
the CSI scintillator detector was positioned 3 cm apart from the
center of the MURA coded mask. The activities of all point sources
(511 keV (22Na), 662 keV (137Cs), 1173 keV and 1332 keV (60Co)) for
the experiment were 10 mCi. The measurement time was 1 h. The
energy resolution of the pixelated CsI scintillator detector repre-
sented approximately 12% for 662 keV [21]. To obtain the recon-
structed images using useful photoelectric events, appropriate
energy windows around a photoelectric peak were applied. Table 1
shows the appropriate energy windows which was determined
based on the measured energy resolution of a CsI scintillator de-
tector at various energies.

As shown in Fig. 3, three separate collimation methods can be
defined:

1. Only-mask method (case 1): the incident radiation passes
through a MURA coded mask and forms shadow of mask on the
detector. Consequently, all effective events form only-mask
shadow image which is utilized for the image reconstruction.

2. Anti-mask method (case 2): after the only-mask is rotated by
90�, all holes of the original MURA coded mask pattern are
replaced by opaque elements. The mask that becomes anti-
symmetric by 90� rotation is known as the “anti-mask.” The
anti-maskmethod utilizes only the first shadow image using the
background subtraction method for the image reconstruction.

3. Dual-anti mask method (case 3): the incident radiation passes
through a mask and is measured first, and then the mask is
rotated by 90� (anti-mask) and the incident radiation is
measured again. Subsequently, the types of two different
shadow images with the subtraction of background events can
be acquired in the detector plane. The first shadow image can be
obtained by subtracting shadow image of anti-mask from
shadow image of only-mask, and the second shadow image can



Fig. 3. Schematic diagram of the dual-anti mask imaging system with MURA coded aperture.

Table 1
Appropriate energy windows for photoelectric events at various radiation energies.

Energy (KeV) Energy window for the photoelectric event (%)

511 476e546 keV (13.6%)
662 622e702 keV (12%)
1173 1120e1226 keV (9.0%)
1332 1275e1389 keV (8.5%)
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be obtained in reverse order. Dual-anti maskmethod utilizes the
information from both first shadow image and second shadow
image simultaneously for the image reconstruction. We com-
bined the datasets from the first shadow image and second
shadow image using the h-MLEM [22].

The h-MLEM method was defined as shown in Eq. (1),

lnþ1
j ¼ lnj ,
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after the (nþ 1)th and nth iteration, the estimated values of a source

pixel j are the lnþ1
j and lnj , respectively The superscripts F and S

represent the first shadow image and second shadow image,
respectively. CF

ij and CS
ij were elements of the system matrix for the

dual-anti mask, which consisted of the attenuation in MURA coded
mask. YF

i and YS
i were the two shadow images of the dual-anti mask

after the subtraction of background events. The system matrix was
calculated based on patterns of the MURA coded mask [11]. As the
number of iterations increased, the reconstructed image using h-
MLEM became sharper and noisier. Therefore, the resolution and
noise (variance) were considered together to evaluate the recon-
structed images. To quantitatively evaluate the reconstructed im-
ages, the resolution-variance curve (RV) and SNR were used.

For the coded aperture imaging system, the angular resolution
which was represented by the full width half maximum (FWHM) of
the point source image is defined simply by the distance (d) from
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the detector to the coded aperture and the width (c) of a MURA
coded mask element [23].

Dqcodedaperture ¼2tan�1ðc =2dÞ: (2)

The angular resolution was approximately 3.8� considering the
focal length (3 cm) and mask pixel size. The results of the angular
resolution were equivalent to the resolution limit which was be-
tween 3�e8� in the previous research. In order to obtain the rela-
tive standard deviation (RSTD), the raw data of each modality was
divided into five subsets; the RSTDs were calculated based on the
maximum pixel value in each subset. The SNR that represents the
average value of the source pixel compared with the root mean
square (RMS) of the background pixels in the reconstructed images
at 20th iteration for each modality was calculated as [5,6].

Signal�noise� ratioðSNRÞ¼
m0signalffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

ðbi�b0Þ2
n

r ; (3)

where, m0signal represents the average of the values in the source

pixels, bi represents the value of each pixel with the exclusion of the
source pixels, and b0 represents the average of bi.
3. Results

Figurs 4-7 show the reconstructed images of each modality for
various incident radiation energies. The pixel size of all recon-
structed images was 2.2� 2.2 cm2. As the incident radiation energy
increases, the performance of the blurred reconstructed images
decreased because the penetration of the radiation through the
MURA codedmask. Hence, the only-mask image of the point source
is much more degraded than those of the background subtraction
methods. However, using the shadow image that includes the
subtraction of background events leads to a higher-performance
reconstructed image. Especially, as the dual anti-mask method
utilized two shadow images with reduced background noise, the
performance of the dual-anti mask imaging was higher than that of



Fig. 4. Reconstructed image obtained using the MLEM and the h-MLEM method at 511 keV (20th iteration): (a) Only-mask, (b) anti-mask, and (c) dual-anti mask.

Fig. 5. Reconstructed image obtained using the MLEM and the h-MLEM method at 662 keV (20th iteration): (a) Only-mask, (b) anti-mask, and (c) dual-anti mask.

Fig. 6. Reconstructed image obtained using MLEM and the h-MLEM method at 1173 keV (20th iteration): (a) Only-mask, (b) anti-mask, and (c) dual-anti mask.

Fig. 7. Reconstructed image obtained using MLEM and the h-MLEM method at 1332 keV (20th iteration): (a) Only-mask, (b) anti-mask, and (c) dual-anti mask.
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the conventional imaging. Further, by applying the h-MLEM
method, all effective events of the dual-anti mask method could
contribute to the reconstructed images. Hence, the reconstructed
image obtained by the dual-anti mask method showed the high
2374
performance such as the least noise and the fewest artifacts among
the three collimation methods.

Fig. 8 shows a quantitative evaluation of the reconstructed im-
ages using an RV curve. In RV curve, the data points are the values



Fig. 8. Resolution-variance curve for a point source reconstructed by the h-MLEM method: (a) 511 keV, (b) 662 keV, (c) 1173 keV, and (d) 1332 keV.
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for each iteration; the data points on the far-right sides are the
values for the first iteration, and those of the far-left sides are the
values for the final iteration. As the iteration number increases, the
FWHM improves while the performance of RSTD decreases. Here,
smaller values of RSTD and FWHM indicate better images hence a
curve close to the origin indicates better performance. The RV
curves of the dual-anti mask were closest to the origin in all radi-
ation energies, because both shadow images contribute effectively
to the reconstructed image. Hence, the RV curves prove that the
performance of the dual-anti mask method is better than that of
the conventional method.

Table 2 shows the performance comparison for each modality in
Table 2
Performance Comparison of each modality.

Energy (keV) Collimation method Effective counts

511 Only-mask 8412
Anti-mask 2694
Dual-anti mask 5534

662 Only-mask 7826
Anti-mask 2107
Dual-anti mask 5172

1173 Only-mask 5583
Anti-mask 1791
Dual-anti mask 3382

1332 Only-mask 4558
Anti-mask 1516
Dual-anti mask 2388

2375
reconstructed images. In all energies, the effective counts of only-
mask method were higher than that obtained using the back-
ground subtraction methods. However, since the background was
reduced in the shadow image of the subtraction methods, back-
ground subtraction methods presented higher performance than
only-mask method. A 2.6 GHz CPU and MATLAB 2017b program
were used for the image processing. The SNR of the reconstructed
image based on each modality was calculated for various radiation
energies and the iteration number was set to 20th iteration. At this
iteration, the reconstructed images showed high resolution and
without a significant noise peak. The SNR of dual-anti mask was
highest among those of all collimation method. In summary, the
Computation time (sec) SNR (20th iteration)

7.7 5.2
13.4 15.4
30.1 22.0
5.9 4.2
10.6 13.4
23.2 15.4
4.8 3.9
9.8 8.2
19.9 12.0
4.5 3.7
9.4 7.7
18.4 9.1
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performance of the dual-anti mask method is superior to those of
othermethods due to the significant subtraction of the background.

4. Conclusions

The dual-anti mask method that integrates two different
shadow images was developed, and its performance was evaluated
and compared with that of the previously reconstruction methods.
The reconstruction method of the h-MLEMwas used to reconstruct
each modality image. As two different shadow images can
contribute effective information to the reconstructed images
simultaneously, the results of the dual-anti mask method offer
lower background noise in the reconstructed images. The RV curves
and signal-to-noise ratios prove that the performance of the dual-
anti mask method was better than that of the previously recon-
struction methods. The results of this study demonstrated the
availability of using dual-anti mask imaging as a means of moni-
toring the position and distribution of high energy nuclear
materials.
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