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a b s t r a c t

Environmental radiation monitoring is required to protect from the effects of radiation in industrial fields
such as nuclear power plant (NPP) monitoring, and various gamma camera systems are being developed.
The purpose of this study is to optimize parameters of a diverging collimator composed of pure tungsten
for compactness and lightness through Monte Carlo simulation. We conducted the performance evalu-
ation based on spatial resolution and signal-to-noise ratio for point source and obtained gamma images
and profiles. As a result, optimization was determined at a collimator height of 60.0 mm, a hole size of
1.5 mm, and a septal thickness of 1.0 mm. Also, the full-width-at-half-maximum was 3.5 mm and the
signal-to-noise ratio was 53.5. This study proposes a compact 45� diverging collimator structure that can
quickly and accurately identify the location of the source for radiation monitoring.
© 2022 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

According to a database on Nuclear Power Plants (NPPs) by the
International Atomic Energy Agency (IAEA), as of May 2022, there
are 200 NPPs that have been permanently shut downworldwide, of
which 21 had been decommissioned by 2021 [1]. Also, more than
half of the NPPs in operation have been operating for more than 30
years, so the decommission industry is drawing attention as they
age. Radiation monitoring is essential for preventing radiation
exposure and contamination from radioisotopes and for systematic
management of radioactive waste generated during the decon-
tamination and decommissioning processes [2,3].

It is also reported that radioactive gases and liquids are released
to the outside during normal operation, and it is important to verify
compliance with permitted emission limits and other regulatory
requirements for each element [4]. The beta/gamma emitters to be
considered are 137Cs, 134Cs, 144Ce, 106Ru, and 125Sb, and efforts are
ealth Science, Kangwon Na-
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underway to minimize the effects of radioactivity on the environ-
ment. In particular, the U.S. Nuclear Regulatory Commission (NRC)
has regularly conducted environmental radiation monitoring to
analyze samples, at which time 137Cs are evaluated as a major
contributing factor [5].

Environmental radiation monitoring is a system that detects
gamma rays and images them in real time. Gamma cameras
equipped with collimators have been used to identify the location
of sources [6,7]. Collimators play an important role in detecting and
locating source points in the monitoring of industrial fields as well
as medical fields. In addition, with the recent compactness of
equipment and the development of unmanned equipment such as
drones and robots, innovative methods are being sought to prevent
exposure to workers and to control equipment remotely. Likewise,
gamma cameras must be compact [8,9].

A pinhole collimator, which has been used to secure a wide area,
is produced through a casting typemanufacturingmethod. But, since
gamma rays are selectively collected through one hole to form an
image, there is a disadvantage of low sensitivity. This limits rapid
source identification and operating time, as well as causing a drastic
decrease in sensitivity in the edge area at a solid angle [10,11].
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Fig. 2. Geometry in geant4 application for tomographic emission (GATE) using point
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Recently, the Direct Metal Laser Sintering (DMLS) 3D printing
method that melts metal powder has been introduced, making it
possible to manufacture physically complex structures that have
limitations in casting type. The diverging collimator had been
proposed as an alternative to solve the problem of performance
degradation in the edge area within the pinhole collimator’s field-
of-view (FOV) and ensure excellent spatial resolution at the same
time and is drawing attention [12,13].

In this study, the parameters of the diverging collimator that can
be mounted within a compact gamma camera were optimized
using the Monte Carlo simulation tool Geant4 Application for
Emission Tomography (GATE) v9.0. Gamma images and the Point
Spread Function (PSF) for 137Cs were obtained using a collimator,
and sensitivity, spatial resolution, and Signal-to-Noise Ratio (SNR)
were independently calculated.
sources.
2. Methods and materials

The performance parameters of the diverging collimator are
collimator height, hole size, and septal thickness, and the higher is
the collimator height, the lower is the absorption rate of gamma
rays reaching the detector. Therefore, the sensitivity decreases; this
tends to be the same when the size of each hole decreases and the
septal thickness increases. Theoretically, Rdivg (collimator resolu-
tion) and r (efficiency) can be calculated using the following for-
mulas and the elements in Fig. 1 [14].
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Where b is the distance from a point source to the surface of the
collimator, l is the collimator height, and leff is the effective height of
the collimator, which is derived by leff ¼ l e 2/m through the mass
attenuation coefficient (mm), density, and linear attenuation coef-
ficient (m) of the collimator’s material. The variable d is the hole size
on the bottom, t is the septal thickness, and q is the source angle.
The variable f is the focal length, and in this study, the diverging
collimator fixed the FOV to 45�. Various studies have reported that
these factors have mainly affected performance, and a comparative
analysis with theoretical calculations has been conducted [12,15].

In general, pinhole and diverging collimator types have been
used to detect a wide FOV with a small size. The materials of the
Fig. 1. Parameters for diverging collimator resolution Rdivg and efficiency r for formula
(X) to (Y).

4680
proposed collimator to counter gamma rays of high energy are
tungsten, lead, gold, and depleted uranium, with high atomic
number, density, and superior photon-stopping power [16,17]. In
this study, a diverging collimator of pure tungsten (Atomic number:
74, Atomic weight: 183.8 u, and density: 19.3 g/cm3) was selected as
applicable to metal 3D printing technology that has recently been
in the spotlight and can compensate for the shortcomings of
pinhole collimators.

The detection system used a gadolinium aluminum gallium
garnet, Gd3Al2Ga3O12 (GAGG). GAGG has a density of 6.6 g/cm3, is
non-hygroscopic, and emits about 57,000 photons per MeV, which
is excellent in performance. Also, it has a relatively short decay time
of 90 ns or less. The overall dimension is 25.4� 25.4� 3.5mm3, and
pixels of 0.5� 0.5� 3.5 mm3were arranged and divided by 42� 42
to obtain a high-resolution image that could locate the source [18].

The radioactive source was set to 137Cs (g: 662.0 keV) and was
located 500.0mm from the detector surface. The overall structure is
shown in Fig. 2. At this time, the energy windowwas set to ± 10% to
increase the accuracy of the result value for performance
evaluation.

Indicators for evaluation of the collimator were sensitivity,
spatial resolution, and SNR. Sensitivity was calculated as the
number of gamma rays absorbed by the scintillator at the rear of
the collimator, and then normalization was carried out to compare
the relative ratio. In the case of spatial resolution, PSF and Gaussian
distribution of the profile absorbed by each pixel were analyzed,
and the full-width-at-half-maximum (FWHM) and SNR were
calculated using the elements shown in the formula and Fig. 3.
Fig. 3. Parameters of the signal-to-noise measurements in gamma images using point
source.



Fig. 4. Plots of normalized collimator resolution and efficiency as parameters of
collimator.
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Fig. 5. Trade-off plots and tables as a functions of hole size with various septal thick
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Where s is the standard deviation, Nsource is the height of the
signal at the profile peak, and Nbkg is the height of the background
noise. In the optimization procedure using these performance in-
dicators, the collimator height that has the greatest effect on the
weight and size of the gamma camera was first shortened. Also,
quickly identify the source, optimization was carried out by
adjusting the hole size and the septal thickness to increase the
sensitivity, as well as acquire excellent spatial resolution by
reducing artifacts.
3. Results

When the point source was located at the center in FOV (q¼ 0�),
the collimator resolution according to the collimator height became
better as the height increased, as shown in Fig. 4. At a collimator
height of 50.0 mm, the collimator resolution and efficiency were
about 5.6% and 9.5% better than at a height of 40.0 mm, respec-
tively. Also, the collimator resolution and efficiency were about
5.6% and 5.1% superior, respectively, compared with 50.0 mm at a
collimator height of 60.0 mm. It showed a performance improve-
ment of 4% or less at 60.0 mm or higher.

The larger is the hole size of the diverging collimator and the
thinner is the septal thickness, the higher is the sensitivity of the
penetration gamma rays reaching the scintillator, and the worse
was the spatial resolution [14]. After initially setting the FWHM to
be finally calculated as 3.0mm, optimizationwas carried out, and as
ness at (a) 50.0 mm (b) 60.0 mm (c) 70.0 mm (d) 80.0 mm of collimator height.



Fig. 6. Gamma image and profile acquired using optimized diverging collimator and
point source.
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shown in Fig. 5, the hole size was fixed to 1.0, 1.5, and 2.0 mm.
Meanwhile, the septal thickness was changed to 0.6 mm and
1.0 mm to evaluate the performance variation according to colli-
mator heights of 50.0, 60.0, 70.0, and 80.0 mm.

As a result, in (a) 50.0 mm, the artifacts in the gamma images
appeared due to overall penetration. The average FWHM of about
5.0 mm was shown, despite the exclusion of combinations (hole
size 1.5 mm and septal thickness 1.0 mm, and hole size 2.0 mm and
septal thickness 0.6 mm) in which the source position could not be
detected. In SNR, all combinations show values lower than 25.0,
indicating that there are many signals of background noise
compared to the peak in the gamma images, which is not suitable
for detecting the correct source position.

At (b) 60.0 mm, artifacts were found in all hole sizes due to
penetration at a septal thickness of 0.6 mm, and the SNR was
relatively low. The source could be detected at a septal thickness of
1.0 mm, but the sensitivity was very low at a hole size of 1.0 mm.
However, at the hole size of 1.5 mm, the artifacts were slightly
identified from the surrounding pixels, but the SNR was at an
acceptable level. In the case of the hole size of 2.0 mm, the SNR was
less than 50.0, and the sensitivity of the peak was low.

In (c) 70.0 mm, the tendency of reduction in sensitivity ac-
cording to hole size was very similar compared to when the height
was (b) 60.0 mm, and the FWHMwas less than about 2% difference
in all combinations. Last, at (d) 80.0 mm, similar sensitivity
reduction tendencies and performance differences less than about
4% in all combinations were confirmed. The SNR at the peak was
excellent because the value of the background noise was quite low.

The SNR for confirming a meaningful gamma image capable of
accurately detecting the position of the point source is estimated to
be 50 ± 2. We determined a collimator height of 60.0 mm, a hole
size of 1.5 mm, and a septal thickness of 1.0 mm as optimum pa-
rameters for the diverging tungsten-collimator to respond to 137Cs.
An FWHM of 3.5 mm and an SNR of 53.5 were obtained, and the
gamma image and profile are shown in Fig. 6. These parameters
reduced the height by about 10.0e20.0 mm compared to other
combination parameters with similar performance, which directly
affected the weight and manufacturing cost.
4. Discussion

The purpose of this study is to determine the optimization pa-
rameters of the diverging collimator, one of the components of
gamma cameras used for environmental radiation monitoring in
several industrial fields. The target radioisotope is 137Cs, emitting
662.0 keV of mono gamma energy with a relatively long half-life of
30.2 years, requiring continuous monitoring. For design and fabri-
cation, a Monte Carlo simulation tool was used as the basic step for
manufacturing a compact diverging tungsten-collimator, and per-
formance evaluation was conducted. The parameters were
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determined to be 60.0 mm in collimator height, 1.5 mm in hole size,
and 1.0 mm in septal thickness. At this condition, the FWHM was
3.5mm, showing excellent spatial resolution, and the SNRwas 53.5,
which was sufficient to detect the location of the point source.

Although there are parameters with better spatial resolution,
feasibility conditions for weight and cost in the manufacturing
process were considered. In addition, due to its low sensitivity, it is
judged that it will take a lot of time to acquire a gamma image to
identify the location of the source. By lowering the collimator
height, theweight can be reduced by up to 75.6% compared to other
parameters with similar FWHM, and up to 30.5% lighter than pa-
rameters with similar SNR. Since physically complex structures can
be elaboratelymanufactured by applying the advanced DMLSmetal
3D printing technology, the experiment will be conducted after
manufacturing the gamma imaging system.

5. Conclusion

We proposed a compact diverging collimator’s optimization
structure that can be used for environmental radiation monitoring
in the NPP industry. With this, the location of the source can be
quickly identified in real time with excellent spatial resolution and
SNR while preventing exposure to workers. The diverging colli-
mator is used to detect a wide range of contaminated area at 45�, to
improve sensitivity compared to the conventional type of pinhole
collimator, and to have the advantages of compactness and
lightness.
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