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a b s t r a c t s

Compton cameras using large scintillators have been developed for high imaging sensitivity. These
scintillator-based Compton cameras, however, mainly due to relatively low energy resolution, suffer from
undesired background-radiation signals, especially when radioactive materials’ activity is very low or
their location is far from the Compton camera. To alleviate this problem for a large-size Compton camera,
in the present study, a hybrid-type shielding system was designed that combines an active shield with a
veto detector and a passive shield that surrounds the active shield. Then, the performance of the hybrid
shielding system was predicted, by Monte Carlo radiation transport simulation using Geant4, in terms of
minimum detectable activity (MDA), signal-to-noise ratio (SNR), and image resolution. Our simulation
results show that, for the most cases, the hybrid shielding system significantly improves the performance
of the large-size Compton camera. For the cases investigated in the present study, the use of the shielding
system decreased the MDA by about 1.4, 1.6, and 1.3 times, increased the SNR by 1.2e1.9, 1.1e1.7, and 1.3
e2.1 times, and improved the image resolution (i.e., reduced the FWHM) by 7e8, 1e6, and 3e5% for
137Cs, 60Co, and 131I point source located at 1e5 m from the imaging system, respectively.
© 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

Compton imaging, which uses Compton kinematics-based
electronic collimation to select effective events for imaging [1], is
considered to be a very promising technology for imaging of the
location or distribution of radioactive materials emitting gammas.
Recently, Compton cameras that use large scintillators, such as the
Large-area Compton Camera (LACC) [2] and the Dual Particle
Imager (DPI) [3], have been developed to maximize imaging
sensitivity. Especially, the LACC shows high performance for both
imaging sensitivity and imaging resolution, due to the use of a
large-area monolithic scintillator and an advanced position-
estimation algorithm (i.e., MLPE, maximum-likelihood position
estimation).

If the activity of the radioactive material is very low or the
location of the radioactive material is very distant, however,
Compton cameras using scintillators cannot image the location of
the radioactive material, due mainly to the relatively low energy
resolution of scintillator-based detectors. In such cases, the
by Elsevier Korea LLC. This is an
performance of the Compton camera can be improved by properly
shielding it from background radiation.

In the present study, a shielding system was designed for a
large-size Compton camera, the LACC, by Monte Carlo radiation
transport simulations with Geant4 (version 10.04.p02) [4]. The
shielding systemwas designed as a hybrid system, which combines
an active shield with a veto detector and a passive shield that
surrounds the active shield. A simple model for the simulation of
background radiation was also developed and tested. Then, the
performance of the hybrid shielding systemwas evaluated in terms
of changes in minimum detectable activity (MDA), signal-to-noise
ratio (SNR), and image resolution.
2. Development of background radiation equivalent source
(BRES) model

2.1. Selection of dominant gamma energies and measurement of
photopeaks

For a gamma imaging device on the ground or in a regular room
of a concrete building, the main component of the background
radiation is terrestrial gammas. In order to simulate terrestrial
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Fig. 1. 3-cm-thick NaI(Tl) monolithic scintillation detector.

Fig. 3. Geant4 model of 3-cm-thick NaI(Tl) monolithic scintillation detector.
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gammas, in principle, the concentration and composition of
radioactive nuclides should be measured for the surrounding ma-
terials (e.g., ground, wall), which process is complicated and very
time-consuming. In the present study, therefore, we developed a
simple model, called ‘background radiation equivalent source
(BRES),’ which can provide the energy spectrum of the background
radiation at a given location without measuring the concentration
and composition of radioactive nuclides.

Note that most terrestrial gammas come from 238U series, 232Th
series, and 40K [5]. In the present study, we assumed that the
background gammas can be expressed as a linear combination of
these three sets of nuclides in the surrounding materials. We also
assumed that the 238U and 232Th series are in secular equilibrium
[6].

In order to determine the number of disintegrations of these
three nuclide sets in the surrounding materials for a given level of
background radiation, some major gammas were first selected for
these three nuclide sets. For this, the most dominant (i.e., with
highest emission yield) 609.31 and 1460.83 keV gammas were
Fig. 2. Measured energy spectrum for background radiation.
selected for the 238U series and 40K, respectively [6]. For the 232Th
series, however, the second dominant 2614.53-keV gamma was
selected because the most dominant 236.63-keV gamma peak is
Fig. 4. 3-cm-thick NaI(Tl) monolithic scintillation detector and concrete wall as
modeled in Geant4.



Fig. 5. Simulated energy spectra for 238U series (a), 232Th series (b), and 40K (c).
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difficult to distinguish from the backscattered peak on the Compton
continuum of higher-energy gammas.

Next, the background radiation was measured for 5 min using a
3-cm-thick NaI(Tl) monolithic scintillation detector (Fig. 1) [7],
which is a component detector of the LACC, in a regular room of a
concrete building where the entire experiment was performed.
Then, the peak areas for the selected major gamma peaks were
calculated in the measured energy spectrum.

Note that the 3-cm-thick NaI(Tl) monolithic scintillation de-
tector is composed of a planar monolithic NaI(Tl) scintillator and a
closely packed array of 36 square-type photomultiplier tubes
(PMTs). The dimension of the NaI(Tl) scintillator is
27 cm (W) � 27 cm (H) � 3 cm (T). This detector in the LACC is
called an absorber detector. The LACC is composed of this absorber
detector and a scatter detector that is identical to the absorber
detector except that the thickness of the NaI(Tl) scintillator is 2 cm,
not 3 cm.

Fig. 2 shows the measured energy spectrum in which the pho-
topeaks of the selected gammas are all well identified. The peak
areas for the selected major gamma peaks were 2,450, 1,118, and
11,488 counts for 609 ± 50 keV (238U series), 2614 ± 104 keV (232Th
series), and 1460 ± 77 keV (40K), respectively.

2.2. Determination of photopeak efficiencies for major gammas

The photopeak efficiencies of the 3-cm-thick NaI(Tl) monolithic
scintillation detector for the major gammas were determined by
Fig. 6. Simulated and measured energy spectra of background radiation for 3-cm-thick
NaI(Tl) detector (¼ absorber detector).
Monte Carlo radiation transport simulations with Geant4. First,
simulations were performed separately to simulate the energy
spectrum of the detector induced by each set of nuclides (238U
series, 232Th series, and 40K) distributed in the wall of the concrete
room. The Geant4 model of the detector is shown in Fig. 3. The
G4_CONCRETE (density ¼ 2.3 g/cm3) [8] in Geant4 was used as the
material for the concrete wall, and the thickness of the wall was
assumed to be 30 cm. The detector was assumed to be located in
the center of the room (3 m � 3 m � 3 m), as shown in Fig. 4.
G4EmLivermorePhysics was used for transporting photons and
electrons. The energy deposited in the NaI(Tl) scintillator was
calculated by simply summing deposited energy of every step in-
side the scintillation crystal volume which is recorded by GetTo-
talEnergyDeposit function of Geant4 library. For applying the
experimental response of the detector accurately in the simula-
tions, the energy resolution of the detector was reflected based on
the empirical formula, which was determined by a separate
Fig. 7. Configuration of hybrid shielding system around LACC.

Table 1
Estimated MDA, SNR, and image resolution for 10-mCi 137Cs point source.

Index Distance Without hybrid shield With hybrid shield

MDA 1 m 0.156 ± 0.007 mCi 0.109 ± 0.006 mCi
2 m 0.595 ± 0.029 mCi 0.412 ± 0.021 mCi
5 m 3.68 ± 0.16 mCi 2.58 ± 0.14 mCi

SNR 1 m 11.7 ± 0.3 14.1 ± 1.5
2 m 7.31 ± 0.33 11.3 ± 1.1
5 m 2.49 ± 0.24 4.79 ± 0.42

Image resolution (FWHM) 1 m 12.7� ± 0.3� 11.8� ± 0.2�

2 m 13.2� ± 0.6� 12.2� ± 0.4�

5 m 16.1� ± 1.6� 14.9� ± 0.8�



Fig. 8. Simulated Compton images of 137Cs point source for LACC without hybrid shielding system (upper) and with hybrid shielding system (lower). The images represent different
distances (1, 2, and 5 m) and different source activities (0.1, 1.0, and 10 mCi).

J.H. Kim et al. / Nuclear Engineering and Technology 52 (2020) 2361e23692364



Table 2
Estimated MDA, SNR and image resolution for 10-mCi 60Co point source.

Index Distance Without hybrid shield With hybrid shield

MDA 1 m 0.097 ± 0.004 mCi 0.061 ± 0.003 mCi
2 m 0.366 ± 0.014 mCi 0.227 ± 0.013 mCi
5 m 2.25 ± 0.08 mCi 1.39 ± 0.07 mCi

SNR 1 m 25.0 ± 1.1 28.7 ± 0.9
2 m 14.4 ± 0.8 21.4 ± 1.1
5 m 4.01 ± 0.39 7.00 ± 0.53

Image resolution (FWHM) 1 m 9.58� ± 0.4� 9.44� ± 0.3�

2 m 10.2� ± 0.5� 9.77� ± 0.4�

5 m 13.5� ± 0.8� 12.8� ± 0.7�
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measurement using check sources [7]. The radioactive nuclides
were assumed to be uniformly distributed in the concrete wall, and
109 disintegrations were simulated for each of the nuclide sets; that
is, the gamma-rays were emitted homogeneously and isotropically
in all concrete volume following simulated energy spectra. Fig. 5
shows the simulated energy spectra for the 238U series, 232Th se-
ries, and 40K. By applying the same energy window as in the ex-
periments, the photopeak efficiencies for the 609.31, 2614.53, and
1460.83 keV gammas were determined to be 2.25 � 10�6,
5.67 � 10�6, and 1.91 � 10�6 s�1Bq�1, respectively.

2.3. Construction of BRES model

For each of the selected major gammas, the number of disinte-
grations in the concrete wall that would produce the same size of
photopeak in the energy spectrum of the five-minutemeasurement
was calculated by dividing the photopeak counts (from the mea-
surement) by the photopeak efficiency (from the simulation). The
numbers of disintegrations were calculated as 1.09 � 109,
1.97 � 109, and 6.01 � 109 for the 238U series, 232Th series, and 40K,
respectively. The BRES model was finally defined as the sum of the
three nuclide sets distributed in the concrete wall with the afore-
mentioned numbers of disintegrations. That is, in subsequent
Monte Carlo simulations, the background radiation field was
simulated as the radiation field produced from the 238U series,
232Th series, and 40K radioisotopes, which are homogeneously
distributed in the concrete wall (see Fig. 4) with the aforemen-
tioned numbers of disintegrations, i.e., 1.09 � 109, 1.97 � 109, and
6.01 � 109, respectively.

Fig. 6 compares the simulated energy spectrum generated from
the developed BRES model and the measured energy spectrum,
which shows that the generated energy spectrum is very close to
the measured one, not only for the selected major gamma peaks of
609.31 keV, 2614.53 keV, and 1460.83 keV, but also for the nearly
entire energy range, even below 250 keV. There is a large difference
below 30 keV, which was due to the fact that the electronic noises
were not modeled in the present study. Note that the energy less
than 30 keV is not very important in Compton imaging, which does
not show good performance for low-energy gammas. The entire
process was repeated for the 2-cm-thick NaI(Tl) monolithic scin-
tillation detector (i.e., scatter detector), and similar results were
obtained.

3. Design and performance prediction of hybrid shielding
system

3.1. Configuration of hybrid shielding system

Using the developed background model, a hybrid shielding
system was developed for the LACC [2]. The configuration of the
hybrid shielding system for the LACC is shown in Fig. 7. The hybrid
shielding system surrounds all faces of the 3-cm-thick NaI(Tl)
monolithic scintillation detector (i.e., the absorber detector) of the
LACC, except for the surface facing the 2-cm-thick NaI(Tl) mono-
lithic scintillation detector (i.e., the scatter detector). The main
feature of the hybrid shielding system is the use of both passive
shielding and active shielding. The passive shield, which is the
outer layer of the hybrid shielding system, physically blocks the
background radiation, mainly terrestrial gammas, from entering
the LACC, while the active shield, which is the inner layer of the
hybrid shielding system, acts as a veto detector wired to the
component detectors of the LACC with an anticoincidence logic.

The purpose of the passive shield is to physically block radiation
that comes from the side and back of the LACC. Note that when we
image 137Cs (662 keV) and 60Co (1173 keV and 1332 keV), which are
of major interest for Compton imaging in the nuclear industry and
the nuclear decommissioning, the 1.46-MeV gammas from 40K are
the main obstacle, due to their energy and intensity. In the present
study, the passive shield was designed to a 6-cm thickness of iron in
order to reduce the intensity of the 1.46-MeV gammas by ~90%.

The active shield (¼ plastic scintillation detector) discriminates
the background gammas serving as a veto detector. That is, it is
expected that the active shield filters out the events in which an
incoming background gamma is scattered in the plastic scintillation
detector, and then has an additional interaction in one or more of
the component detectors. The active shield also filters out ‘false’
effective events inwhich the incident photons from the front side of
the LACC (i.e., from the radioactive material/source of interest) are
scattered in the scatter detector and then also scattered in the
absorber detector, and in which case too, the sum energy of the
scatter and absorber detector happens to fall within the range of
the sum energy window of the LACC for a given radiation source.
These false effective events are treated as effective events in regular
Compton cameras without an active shield. The active shield is
composed of a 15-cm-thick plastic scintillator and four 3-inch cy-
lindrical PMTs coupled to the scintillator.

The outer dimension of the hybrid shielding system is
92 cm (W) � 92 cm (H) � 48 cm (T) with a hollow well of
50 cm (W)� 50 cm (H)� 27 cm (T) that fits the absorber detector of
the LACC. The weight of the LACC and the hybrid shielding system
are 75 kg and 1283 kg, respectively.
3.2. MDA, SNR, and image resolution

The performances of the hybrid shielding system were evalu-
ated in terms of the change in minimum detectable activity (MDA),
signal-to-noise ratio (SNR), and image resolution. Each term was
estimated as follows:

(a) MDA, which is the minimum source activity that can be
imaged using the LACC, was calculated using the equation
[5]:



Fig. 9. Simulated Compton images of 60Co point source for LACC without hybrid shielding system (upper) and with hybrid shielding system (lower). The images represent different
distances (1, 2, and 5 m) and different source activities (0.1, 1.0, and 10 mCi).
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MDA¼ ND

εTY
(1)

where ND is theminimumnumber of counts needed for detection, ε
is the absolute detection efficiency of the LACC, T is the measure-
ment time, and Y is the emission yield of the major gamma. The ND
was calculated as follows:

LC ¼Ncf þ 1:645
ffiffiffiffiffiffiffi
Ncf

q
(2)

ND ¼ LC þ 1:645
ffiffiffiffiffiffiffi
ND

p
(3)

where LC is the critical level, and Ncf is the background cone fluc-
tuation. The Ncf was calculated using the standard deviation of the
index value for the background gammas in the Compton image.

(b) SNR was calculated as follows [9]:

SNR¼ mT ;max �mB

smB

(4)

where mT ;max is the maximum index value for the source in the
Compton image,mB is the average index value of the background,
and smB is the standard deviation of the index value of the back-
ground in the Compton image.

(c) Image resolution was evaluated in terms of the full width at
half maximum (FWHM) averaged for the horizontal and
vertical directions.

The performance of the hybrid shielding system was evaluated
for 27 different cases by Geant4 Monte Carlo simulations. The
simulations were performed for a point source of three nuclides:
137Cs and 60Co, which are of major interest in the nuclear industry
and 131I, which represents radioactive material emitting low-
energy gammas. For each nuclide, a total of 9 simulations were
performed, i.e., by changing the activity of the source and the dis-
tance of the source from the camera. The considered activities and
distances were 0.1 mCi, 1.0 mCi, and 10.0 mCi and 1 m, 2 m, and 5 m,
respectively. The imaging timewas assumed to be 3min in all cases.
The energy windows of 662 ± 60, 1250 ± 150, and 364 ± 40 keV
were applied to select the gammas of interest for 137Cs, 60Co, and
131I, respectively.

3.3. Results of performance prediction

Table 1 shows the values of MDA, SNR, and image resolution
(FWHM) as estimated from the simulations of the 10.0-mCi 137Cs
source. The MDA values of the LACC for the 137Cs point-source were
0.156 mCi, 0.595 mCi, and 3.68 mCi for the 1, 2, and 5 m source
Table 3
Estimated MDA, SNR and image resolution for 10-mCi 131I point source.

Index Distance

MDA 1 m
2 m
5 m

SNR 1 m
2 m
5 m

Image resolution (FWHM) 1 m
2 m
5 m
distances, respectively. The use of the hybrid shielding system
reduced the MDA by ~1.4 times for all of the source distances; that
is, the MDA values were reduced to 0.109 mCi, 0.412 mCi, and
2.58 mCi.

The table also shows that the use of the hybrid shielding system
improves the SNR by 1.2e1.9 times, with the improvement
increasing with the source distance. Note that if the source activity
is very large or the source is very close to the imaging system, the
effect of the background gammas will be very limited, and there-
fore, the use of the hybrid shielding system will not be very effec-
tive; on the other hand, if the source activity is very low or the
source is very far from the imaging system, the effect of the back-
ground gammas will be large and the image could be dominated by
background gammas, in which case, the use of the hybrid shielding
system will be effective.

The use of the hybrid shielding system also improved image
resolution (i.e., reducing FWHM) by 7e8% for all of the source
distances, which is to say, from 12.7�, 13.2�, and 16.1� FWHM to
11.8�, 12.2�, and 14.9� FWHM for 1, 2, and 5 m, respectively.

Fig. 8 presents the Compton images simulated for the 137Cs point
source with and without applying the hybrid shielding system for
the same three source distances (1, 2, and 5 m) and three source
activities (0.1, 1.0, and 10.0 mCi). The results generally show that the
use of the hybrid shielding system significantly improves image
quality, except for the images of very high statistics. Especially, for
the 0.1-mCi point source at 1 m, the LACC without the hybrid
shielding systemwas not able to provide the location of the source,
whereas the LACC with the hybrid shielding system was able to
determine the real location of the same source. This result roughly
agrees with the calculated MDAs for the LACC without the hybrid
shielding system (¼ 0.156 mCi) and with the hybrid shielding sys-
tem (¼ 0.109 mCi) for the 1 m source distance in Table 1.

Table 2 and Fig. 9 show the results for the 60Co point source. The
use of the hybrid shielding system reduced the MDA by ~1.6 times
for all of the distances and also improved the SNR by 1.1e1.7 times,
following the same trend of increasing improvement with source
distance. The use of the hybrid shielding system improved the SNR,
but the improvement was smaller compared with that in the 137Cs
case, due seemingly to the facts that higher-energy gammas with
higher yields (i.e., 1170 keV gamma 100% and 1330 keV gamma
100%) are emitted from 60Co and that the effect of the background
gammas on the LACC is therefore smaller for a given source activity
and source distance. The use of the hybrid shielding system
improved the image resolution by 1e6% considering all of the
source distances.

Table 3 and Fig. 10 show the results for the 131I point source. The
use of the hybrid shielding system reduced the MDA by ~1.3 times
for all of the source distances. The use of the hybrid shielding
system significantly improved the SNR, specifically by 1.3e2.1
times, following the same trend of increasing improvement with
source distance. This significant SNR improvement seems due to
Without hybrid shield With hybrid shield

0.163 ± 0.009 mCi 0.125 ± 0.006 mCi
0.626 ± 0.031 mCi 0.481 ± 0.028 mCi
3.93 ± 0.21 mCi 3.02 ± 0.18 mCi

9.16 ± 0.44 12.1 ± 0.7
5.59 ± 0.28 7.49 ± 0.37
1.54 ± 0.18 3.18 ± 0.29

19.7� ± 0.8� 18.7� ± 0.6�

20.0� ± 0.7� 19.3� ± 0.6�

22.1� ± 0.9� 21.1� ± 0.8�



Fig. 10. Simulated Compton images of 131I point source for LACC without hybrid shielding system (upper) and with hybrid shielding system (lower). The images represent different
distances (1, 2, and 5 m) and different source activities (0.1, 1.0, and 10 mCi).
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the facts that the lower-energy gammas with lower yields (i.e., 81%
yield for 364 keV gamma) are emitted from 131I and, therefore, that
the effect of the background gammas on the LACC is relatively
larger when compared to 137Cs and 60Co for a given source activity
and source distance. The use of the hybrid shielding system
improved the image resolution by 3e5% considering all of the
source distances.

4. Conclusion

In the present study, a hybrid-type shielding system was
designed for a large-size Compton camera, which combines an
active shield with a veto detector and a passive shield that sur-
rounds the active shield. Then, the performance of the hybrid
shielding systemwas estimated by Monte Carlo radiation transport
simulation using Geant4. For this, first, a background-source model
for terrestrial background gammas was developed based on a
measured energy spectrum. Then, using the developed
background-source model, the performance of the hybrid shielding
system for the LACC was predicted byMonte Carlo simulations. The
results generally showed that, for the most cases, the use of the
hybrid shielding system significantly improves the imaging per-
formance of the LACC. For the cases investigated in the present
study, the use of the shielding system decreased theMDA by 1.4,1.6,
and 1.3 times, increased the SNR by 1.2e1.9, 1.1e1.7, and 1.3e2.1
times, and improved the image resolution (i.e., reduced the FWHM)
by 7e8, 1e6, and 3e5% for the 137Cs, 60Co, and 131I point sources,
respectively, that were located 1e5 m from the imaging system.
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