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Development of the Hemispherical Rotational
Modulation Collimator Imaging System

Hyun Suk Kim , Minho Na , Jong G. Ok, Geehyun Kim , and Sung-Joon Ye

Abstract— A rotational modulation collimator (RMC) imager
consists of two collimator masks rotating ahead of a non-position-
sensitive detector. It requires fewer detectors than other radiation
imagers, which offers the possibility of reducing the instrument
complexity and cost. A hemispherical RMC (H-RMC) is capable
of imaging radiation with a significantly better field of view (FOV)
than conventional RMCs with cylindrical geometry. In this study,
a novel hemispherical collimator design was developed in order
to extend the FOV to nearly 2π . We designed the hemispherical
mask considering several parameters, demonstrated the mea-
sured performance of the instrument, and showed the two-
dimensional (2-D) reconstructed images of radiation distribution.
The H-RMC imager described herein featured a symmetric
design that leads to degenerate reconstruction of two possible
source locations for a single true source location. Nevertheless,
it has been possible to establish that the maximum likelihood
expectation maximization (MLEM) approach with regulariza-
tion technique significantly reduced the artifact of misestimated
source positions and improved the values of signal-to-noise ratio
(SNR) and the structural similarity (SSIM) index compared to
the conventional MLEM method.

Index Terms— Field of view (FOV), hemispherical rotational
modulation collimator (H-RMC), maximum likelihood expecta-
tion maximization (MLEM), radiation detection and monitoring.

I. INTRODUCTION

IN CASES of radiation emergencies and accidents,
the localization of radioactive materials is an important

issue. Among various localization techniques, such as coded
aperture, Compton imaging, and pinhole imaging, a rotational
modulation collimator (RMC)-based imager is considered as
a promising method with its less complexity in the system
configuration [1]–[4]. However, it suffers from lower detection
efficiency due to two concentric masks [4]–[7].

A typical RMC consists of two concentric collimator masks
of equal slat and slit (slat/slit) configuration. One mask is
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located immediately adjacent to the detector, while the other
mask is located at some distance apart. As the two masks rotate
together, incident particles from the radioactive source within
the field of view (FOV) are periodically blocked or allowed to
pass. The number of particles detected at each rotational con-
dition comprises a modulation pattern, and it can be converted
to a two-dimensional (2-D) image of radioactivity distribution
using an appropriate reconstruction algorithm. Thus, even
employing only one non-position-sensitive radiation detector,
the RMC can be used for radiation detection and radioactivity
monitoring [4]–[7].

In the development of simple and cost-effective radiation
visualization system, it is practically important to be
able to tell the existence of radioactive sources with a
wide FOV. However, since the basic structure of the RMC
is the cylindrical geometry, it has a limited FOV for a
finite geometry which is determined by the aspect ratio of
cylinder. In order to overcome this limitation, we proposed
a new hemispherical collimator that can extend the FOV to
nearly 2π . In our previous study, we suggested five different
hemispherical RMC (H-RMC) mask designs and investigated
the feasibility of developing the H-RMC system using Monte
Carlo simulations. We studied fundamental characteristics
of modulation patterns for each mask design depending on
the source location [8]. A prototype H-RMC system was,
then, fabricated implementing one of the mask designs that
delivered relatively promising results from additional Monte
Carlo simulations reported in this paper [9].

Key developments for this research include the design of
the collimator mask, fabrication of the prototype, and devel-
opment of the reconstruction methodology. We determined the
design parameter of the mask using Monte Carlo N-Particle
version 6.1 (MCNP6.1) code and fabricated a prototype [10].
For testing the prototype imager, experiments were conducted
with a single gamma-ray source as well as double and complex
source distributions. The reconstructed images of the source
distributions were evaluated with signal-to-noise ratio (SNR)
and structural similarity (SSIM) index [11], [12].

II. MATERIALS AND METHODS

A. Design of the H-RMC Mask: Monte Carlo Simulation

The FOV of an RMC system can be geometrically
determined by the mask design and its configurations as
illustrated in Fig. 1. A conventional RMC system can exhibit
limited FOV attributed by the ratio between the mask-to-mask
distance and their size, and the intrinsic issue of the RMC
system can be alleviated by altering mask geometry as one of

0018-9499 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-7068-0844
https://orcid.org/0000-0002-0722-4782
https://orcid.org/0000-0003-4302-2659
https://orcid.org/0000-0001-8714-6317


KIM et al.: DEVELOPMENT OF THE H-RMC IMAGING SYSTEM 2115

Fig. 1. Schematic of RMC systems. (a) Conventional RMC. (b) H-RMC.
The blue square illustrates a radiation detector.

the examples shown in this study as a hemispherical configura-
tion. Design parameters of RMC system often attribute to the
overall performance of the RMC, and the morphology of the
modulation pattern can be the one which mainly constructs
the source image and is mostly affected by the distance
between two masks and by the slat/slit configuration. Because
an RMC imager localizes sources by the difference in pattern
morphology, the maximum and minimum points on the pat-
terns should be clearly distinguishable. In this regard, Monte
Carlo simulations were performed to investigate a favorable
mask design by adjusting a few design parameters for H-RMC.

To evaluate the influence of the slat/slit intervals and outer-
to-inner mask distance on the modulation patterns, the mod-
ulation patterns for typical source locations at different mask
configurations were acquired by MCNP6.1 simulations. With
the external collimator fixed at a radius of 9.5 cm, we changed
both slat/slit intervals from 4◦ to 7◦ and 10◦ while maintaining
the inner mask radius as 2.5 cm, and then, selected one that
appeared to be optimal. Furthermore, we changed the inner
mask radius from 2.5 to 5 and 7.5 cm at each slat/slit case to
investigate its influence on the modulation pattern.

The simulation was performed assuming 0.5-cm-thick
lead (Pb) collimator masks surround a 1 × 1 × 1 cm3 CdZnTe
(CZT) detector as shown in Fig. 1(b). In order to focus
on investigating behavioral characteristics of the resulting
modulation patterns depending on the aforementioned design
parameters, we assumed a low-energy point source emitting
356 keV gamma rays, which can be mostly blocked by the
0.5-cm-thick Pb collimators, in our simulations. To calculate
the gamma response of the CZT, the pulse-height tally (F8)
in MCNP6.1 was used to distinguish full-energy absorption
events of the gamma rays in the CZT detector for 1.0 × 107

histories at each rotational condition with an interval of 1◦.

B. Design of the H-RMC Mask: Performance Evaluation

In order to evaluate the expected imaging performances
depending on the collimator mask design of H-RMC, we used
the following three factors: 1) modulation efficiency of the
simulated patterns, 2) nominal angular resolution defined by
the mask geometry, and 3) sensitivity of pattern morphology.
In the RMC technique, the number of ripples and their
specific shapes in the modulation patterns depends on the
position of the radiation source. Since we estimate the source
position based on the difference between the shape of the
measured modulation patterns, each pattern should be easily
distinguishable from noises and ones that can be obtained from
other positions. In this regard, one would desire modulation

patterns which exhibit large differences between the maximum
and minimum points, making the characteristic feature of the
pattern more distinctive. A quantitative parameter, modulation
efficiency, is the relative difference between maximum and
minimum counts in the modulation pattern with respect to
the maximum count and can be represented as [4], [13]

Modulation Efficiency = 1 − min(yn)/ max(yn). (1)

Here, yn refers to the number of counts obtained at each
rotational angle in the modulation pattern.

Another key factor is the nominal angular resolution of
the imager. Conventionally, the nominal angular resolution of
the RMC system has been mathematically defined by taking
the inverse function of the tangent to the ratio of the slit
width to the separation distance between the masks [4], [13].
Here, the angular resolutions were calculated by adding the
thickness of the mask to the radius. We investigated the angular
resolution determined by the mask design while changing both
the slit width and the separation distance to determine a proper
mask design for the H-RMC system.

An additional factor to evaluate the performance of the
collimator design is the sensitivity of pattern morphology
when an additional radiation source is added in the adjacent
position. To evaluate the sensitivity of pattern morphology
for each mask design, we assumed double point sources
that are half angle of the nominal angular resolution (R/2)
apart from each other [i.e., (100 cm, 30◦, 0◦) and (100 cm,
30◦ + R/2, 0◦)]. For quantitative evaluation of morphology
change, we calculated root-mean-square deviation (RMSD)
between patterns obtained by a single point source and double
point sources. The RMSD was calculated at each rotation
condition with an interval of 1◦, and then, was averaged over
all 360 values.

C. Fabrication of the H-RMC Prototype System

The H-RMC system mainly consists of collimator masks,
a driver tube with bearings, timing pulley/belt, and servo
motor. The collimator mask is the most important part of RMC
technique, and the performance of the imager depends on its
design. Based on MCNP6.1 simulation results, we fabricated
the hemispherical collimator masks with a favorable slat/slit
configuration and size in terms of modulation efficiency,
angular resolution, and sensitivity of pattern morphology.
We set the interval of both slats and slits as 7◦ and the inner
radius of inner/outer mask as 2.5 and 9.5 cm, respectively.
In fact, it would be better if it was fabricated using a high-
atomic-number material for effective gamma-ray shielding.
However, because of mechanical challenges in the machining
process, we fabricated the prototype with a stainless steel-
based 303 alloy using the wire cutting process, and the
thickness of masks was decided to be 0.5 cm.

Considering the size of the detector at the core,
a UCP312 bearing unit (MISUIMI, USA) with an internal
diameter of 60 mm was chosen. The driver tube was
designed with an external diameter of 60 mm and an internal
diameter of 48 mm, and the tube was designed to allow
easy attachments and detachments of the collimator mask.
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Fig. 2. H-RMC system. (a) Measurement experimental setup. (b) Front view
of the H-RMC system.

TABLE I

LIST OF GAMMA-RAY SOURCES USED IN THE EXPERIMENT

Therefore, various designs of masks can be easily applied to
the H-RMC system, and any type of radiation detectors can be
used for RMC as long as their diameter is less than 48 mm.

For rotating masks, we selected the HF-KP053 servo
motor (Mitsubishi, Japan) that allows precise angle
control and provides sufficient torque. It has a control
resolution of 262144 pulse/revolution and a maximum torque
of 0.48 N·m. In addition, timing pulley and belt were mounted
onto the driver tube and servo motor, which was used to
transmit the power from a servo motor to rotate the H-RMC.
A timing pulley was designed to provide the conversion factor
of 6 to 1 from the motor pulley to the driver tube pulley.
Therefore, the motor pulley has to rotate 6◦ in order to rotate
the H-RMC by 1◦. Detailed information on the fabrication of
H-RMC and its mechanical performance was reported in our
previous work [9].

D. Measurement and Imaging Reconstruction

For testing the imager performance, measurements were
conducted with 133Ba and 137Cs gamma-ray sources as shown
in Fig. 2. The experiment with two different types of source
was also performed to assess the effect of the source geometry
on the imager (see Table I). In the experiment, gamma-
ray sources were positioned on a mounting unit that can be
mechanically controlled by an Arduino Mega 2560 board to
change the source location with sub-millimeter accuracy in
each direction as shown in Fig. 2(a) [9].

To generate modulation patterns from acquired gamma-ray
spectra at each angle, we calculated the peak area of each

characteristic peak specific to various radionuclides shown in
the spectra. Our H-RMC system detected the radiation for a
given amount of time, and then, the mask was rotated to the
specified angle for the next measurement. This process was
repeated until the mask was fully rotated by 360◦. The mod-
ulation patterns obtained were converted into 2-D radiation
images with the reconstruction algorithm. Because the RMC
technique is an indirect imaging method using modulation
patterns, it is necessary to select an algorithm suitable for the
low-count and high-noise problems.

Previous studies showed that a large amount of unneces-
sary artifacts can be generated in the reconstructed image
by the simple back projection method [14], [15]. Therefore,
we employed a maximum likelihood expectation maximiza-
tion (MLEM) algorithm-based image reconstruction approach
which is an iterative method that alternates between expecta-
tion and maximization [7]. Furthermore, in the previous study,
an improved MLEM-based image reconstruction algorithm has
been reported, and it used a regularization method [16]. This
algorithm could reduce the unnecessary artifacts by assigning
an adaptive weight to each pixel. Here, we used both methods
to reconstruct measured modulation patterns and compared the
results. These approaches required a system matrix, which
was a predetermined instrumental response for a represen-
tation of source distribution. Such system matrix was built
using MCNP6.1 in the spherical coordinate system; the radial
distance of the source from the detector (r) was set to 50 cm,
varying polar angle (θ) and azimuth angle (ϕ) coordinates
with 10◦ intervals for sources emitting 356 and 662 keV
gamma rays, respectively. For both approaches, the iteration
was performed 1000 times to assure that all calculations were
reasonably converged.

In addition, for quantitative evaluation of the reconstructed
image, we calculated the SNR and SSIM index that can
be evaluated from the similarity between two images. The
SSIM index lies between 0 and 1, and higher values mean
more similarity to the reference image, indicating better image
quality. We set a noise-free image as a reference image.
A reference image of a single point source has the value of
0 except for only one pixel that has the value of 1 at the
source location [7]. If there exist multiple numbers of the same
radionuclides with different activities, the pixel value of the
strongest source position on the reference image was set to 1
and the values of the weaker source positions were set relative
to the radioactivity value of the strong source.

III. RESULTS

A. Design of the H-RMC Mask

A series of Monte Carlo simulations was performed while
varying the slat/slit interval widths and inner mask radius as
described above. We evaluated the property of the modulation
pattern for each design condition by calculating the modulation
efficiency at typical source positions such as (100 cm, 30◦, 0◦)
and (100 cm, 60◦, 0◦). The results of the quantitative eval-
uation are given in Table II. As the system had a larger
slat/slit interval or a larger inner mask radius, relative dif-
ferences between the maxima and minima counts became
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TABLE II

MODULATION EFFICIENCY VALUES FOR VARIOUS MASK DESIGNS AT
TYPICAL SOURCE POINTS: P1 (100 cm, 30◦ , 0◦) AND

P2 (100 cm, 60◦, 0◦)

TABLE III

NOMINAL ANGULAR RESOLUTION CALCULATED FOR EACH

DESIGN CONDITION

TABLE IV

SENSITIVITY OF PATTERN MORPHOLOGY EVALUATED BY RMSD
BETWEEN TYPICAL POINT (S) AND ITS ADJACENT POINT: S1 (100 cm,

30◦, 0◦) AND S2 (100 cm, 60◦ , 0◦)

more significant. This made the features of the modulation
pattern much more distinguishable judged by the appearance
of pattern (see Table II). In addition, modulation efficiencies
showed a similar trend in the other source positions. In general,
the modulation efficiency increased substantially as increasing
the slat/slit interval and inner mask radius.

Another key factor to consider in the collimator mask design
is the angular resolution which is expected to change depend-
ing on the slat/slit interval and the inner mask radius. Nominal
values of the angular resolution that can be mathematically cal-
culated from the mask design are given in Table III. Since the
RMC system estimates the source position based on likelihood
of modulation patterns, distinguishable differences between
them will lead to accurate estimation of source location in
reconstructed images. Therefore, it can be regarded as a good
design if a resulting modulation pattern can be substantially
altered by adding an additional source at an adjacent position.
Simulation results for slat/slit interval of 7◦ in Table IV
show generally higher RMSD values, which indicates that
the pattern arising from two adjacent source positions can be
regarded as distinguishable and discriminated accurately.

Based on the results, we speculated that a 2.5-cm-radius
inner mask with a slat/slit interval of 7◦ would be a good
compromise between the modulation efficiency, the angular
resolution, and the sensitivity of pattern morphology. In addi-
tion, the open-to-total area (OTA) ratio, which was defined as
the ratio of the open area to the total area of the collimator
mask, was approximately constant for all of the designs. It can
indirectly represent the overall intrinsic detection efficiency of
the RMC system. The OTA ratio of the final design was 0.47.

Fig. 3. Block diagram of radiation detection and rotation control system
configuration of the H-RMC system.

B. Spectroscopic and Mechanical Performance of the
H-RMC System

The performance of the RMC-based imager is mainly
determined by characteristics of the radiation detector, design
of the collimator mask, and accuracy of RMC rotation control
system. In our H-RMC system, we used a co-planar grid
(CPG)-type CZT detector manufactured by Kromek (Kromek
Group plc, U.K.) with a crystal size of 1 × 1 × 1 cm3. It can
be operated at the room temperature without a special cooling
system, and its schematic configuration is shown in Fig. 3.
The CPG-type CZT detector stands on as an integrated form
including a customized preamplifier inside the detector body.
The signal from the preamplifier was amplified and shaped
using an Ortec 572A amplifier (Ametek Ortec, USA) with
a setting of 0.5 μs shaping time and the gain value of 50.
The output signal from the amplifier was connected to an
Ortec EASY-8K multichannel analyzer (Ametek Ortec, USA).
An Ortec 556 high voltage power supply (Ametek Ortec,
USA) was used to bias the CZT detector and was set to
−1000 V. In addition, a Maestro software (Ametek ortec,
USA) was used for the gamma-ray spectrum acquisition. With
this configuration, the energy resolution measured with our
detector was 4.4% and 3.7% at 356 and 662 keV, respectively.
The intrinsic peak efficiency of the detector was determined
to be 66.8%, and 22.8% for 356 keV gammas from 133Ba and
662 keV from 137Cs, respectively.

Based on the results from the design study, we fabricated a
hemispherical mask with the slat/slit interval of 7◦, of which
the separation between the inner mask and the outer mask
was 6.5 cm. Both outer and inner masks consisted of 13 slats
and 12 slits. Each slit and slat was in the form of a spherical
wedge shape, which was a portion of a sphere bounded by two
semi-disk planes and a spherical lune, and the angle of the
wedges was 7◦. Since the first and the last wedges at the
bottom of the hemispherical mask had a wedge angle of 9.5◦,
our H-RMC system had an FOV of approximately 160◦ in the
cross-sectional plane. In addition, the nominal angular reso-
lution of the imager was calculated to be approximately 10◦,
from the slat/slit width and outer-to-inner mask distance. The
collimator masks were designed to be able to rotate at a rate
of 1◦ per second using a servo motor for effective operation
at high-level radiation environment, and the rotation system
of H-RMC can be operated with less than 0.1◦ error using a
proportional–integral–derivative controller.



2118 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 66, NO. 9, SEPTEMBER 2019

Fig. 4. (Color online) Modulation patterns for the full-energy absorption
peak area of 356 keV gamma ray. A 393.7 kBq single 133Ba source was at
(25 cm, 30◦, 180◦).

C. Measurement Experiment: Single Source Detection
and Imaging

The developed system can obtain the energy information
of the incident radiation and estimate the source position by
constructing the modulation pattern from the corresponding
peak area. Fig. 4 shows the modulation patterns obtained by
MCNP6.1 and by measurements for 356 keV gammas from
a 133Ba source of 393.7 kBq. In this figure, the dashed line
represents the MCNP6.1 results, and the solid lines represent
the measured results. Error bars indicate 95% confidence
intervals on the results. With a dwell time set to 60 minutes and
a rotation interval of 10◦, gamma-ray spectra were obtained,
and the full-energy photopeak at 356 keV was calculated.
Therefore, to construct a modulation pattern, the required time
was 37 hours. Two measured modulation patterns showed
the similar trend over the full rotation angles. The maxi-
mum and minimum points on the normalized patterns shown
in Fig. 4 were approximately in agreement between measured
and simulated results. Since our system matrix for MLEM
methods was based on MCNP6.1 simulation, this agreement
rendered the reconstructed images.

Fig. 5 shows the reconstructed images of the measured
modulation patterns using the original MLEM algorithm and
the MLEM algorithm with regularization method. The painted
pixels marked estimated source positions obtained by the
reconstruction algorithm, and the circles indicated the actual
source points where the radionuclide was located on the source
positioning system. As shown in Fig. 5, both algorithms
estimated two symmetric points as the true source position
due to the bilateral symmetry of the mask pattern, and further
estimated values of maximum likelihood estimation (MLE)
appeared the same for the two points.

Using the bilaterally symmetric slat/slit configuration,
modulation patterns obtained from two symmetrically located
sources to the rotation axis appeared the same, [i.e., (25 cm,
30◦, 0◦) and (25 cm, 30◦, 180◦)]. Therefore, one cannot
be distinguished from the other in the reconstructed image.
As shown in the reconstructed images, the MLEM with
regularization shows less noises that were misrecognized

Fig. 5. Reconstructed images of measured modulation patterns in Fig. 4.
(a) Measurement1 (original MLEM). (b) Measurement2 (original MLEM).
(c) Measurement1 (MLEM with regularization). (d) Measurement2 (MLEM
with regularization).

TABLE V

SNR AND SSIM INDEX RESULTS CALCULATED FOR EACH CASE SHOWN

IN FIG. 5

as true than the original MLEM method. As shown
in Fig. 5(c) and (d), the reconstructed images using the
regularization technique still had the intrinsic artifact due to
bilaterally symmetric slat/slit configuration, but neither other
noise nor artifact were observed, which led to the increase in
the values of SNR and SSIM for 356 keV gammas (Table V).

D. Measurement Experiment: Double Source Detection
and Imaging

For further evaluation, we first investigated a double source
configuration comprising two kinds of radionuclides, to test
whether they could be visualized in the reconstructed images.
Fig. 6 shows the modulation pattern when the R-type 133Ba
source and D-type 137Cs source were simultaneously used,
and error bars indicate 95% confidence intervals of each
result. The dwell time was set to 60 minutes with a rotation
interval of 10◦, which required 37 hours to fully construct
the modulation patterns. The 133Ba source was located at
(25 cm, 30◦, 180◦); the measured modulation pattern showed
the similar trend with the MCNP6.1 simulation result [see
Fig. 6(a)]. However, when 137Cs was located at (25 cm,
40◦, 60◦), there was a large difference between the measured
and simulation results [see Fig. 6(b)]. Although there was
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Fig. 6. (Color online) Comparison of modulation patterns obtained by
measurement and MCNP6.1. Case1: 393.7 kBq 133Ba position at (25 cm, 30◦,
180◦) and 962.4 kBq 137Cs (25 cm, 40◦, 60◦). (a) Full-energy absorption peak
area of 356 keV gamma ray. (b) Full-energy absorption peak area of 662 keV.

TABLE VI

SNR AND SSIM INDEX RESULTS CALCULATED FOR EACH CASE SHOWN

IN FIGS. 7 AND 9

such a morphological difference in the modulation patterns
constructed for the 662 keV peak, the corresponding rotation
angles of the maximum and minimum points in both patterns
coincided well with each other. Reconstructed images obtained
with each measured modulation pattern (Fig. 6) are shown
in Fig. 7, where original-MLEM-based images showed more
artifacts than the result of the single source case. Although
the MLEM with regularization still had an intrinsic artifact
(i.e., symmetric points), other noisy artifacts were significantly
reduced. Therefore, the image reconstruction performance of
the MLEM using regularization was evaluated to be superior
to the original, as summarized in Table VI.

Fig. 7. Reconstructed images of measured modulation patterns in Fig. 6.
Distribution of 356 keV gamma-ray source: (a) original MLEM and
(b) MLEM with regularization. Distribution of 662 keV gamma-ray source:
(c) original MLEM and (d) MLEM with regularization.

Fig. 8. (Color online) Modulation patterns for the full-energy absorption peak
area of 356 keV gamma ray. Case2: 3312.2 kBq 133Ba position at (25 cm,
40◦, 30◦) and 393.7 kBq 133Ba at (15 cm, 30◦, 180◦).

In the second case, the imager was tested with the two
same radionuclides located at different positions. Two 133Ba
sources of 3312.2 and 393.7 kBq were located at (25 cm, 40◦,
30◦) and (15 cm, 30◦, 180◦), and the dwell time was set to
40 minutes. Therefore, to construct a modulation pattern, the
required measurement time was ∼25 hours. Considering the
actual source activity and radial distance (r) of each source, the
gamma-ray intensity arriving at the detector from one source
is calculated to be 3.53 times stronger than that from the other.
This means that the number of particles emitted from (25 cm,
40◦, 30◦) and reaching the H-RMC system is 3.53 times
more than the number of particles emitted from (15 cm, 30◦,
180◦) and reaching it. As shown in Fig. 8, the maximum and
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Fig. 9. Reconstructed images of measured modulation patterns in Fig. 8.
(a) Original MLEM. (b) MLEM with regularization.

Fig. 10. (Color online) Modulation patterns of 3312.2 kBq 133Ba at (25 cm,
40◦, 30◦), 393.7 kBq 133Ba at (15 cm, 20◦, 180◦), and 962.4 kBq 137Cs
at (20 cm, 30◦, 180◦) by calculating the full-energy absorption peak area of
(a) 356 and (b) 662 keV gamma rays.

minimum points on the measured modulation pattern almost
match with the MCNP6.1 results. Fig. 9 also reflects the
difference in the intensity between the two sources. Thus,
the relative source intensity could be confirmed by the MLE
value estimated from the reconstruction algorithm. The ratio
of the estimated MLE values for the two sources at different
locations was 4.19 in the MLEM with regularization. Even
though it may have some discrepancy, the relative intensity

Fig. 11. Reconstructed images of measured modulation patterns in Fig. 10.
Distribution of 356 keV gamma-ray sources estimated by: (a) original MLEM
and (b) MLEM with regularization. Distribution of 662 keV gamma-ray source
estimated by: (c) original MLEM and (d) MLEM with regularization.

ratio of each radioactive material could be roughly estimated
in multiple source conditions by comparing the MLE values.

E. Measurement Experiment: Complex Gamma-Ray
Environment

By adding a 137Cs source of 962.4 kBq to the dual source
configuration consisting of two 133Ba sources, we tested our
H-RMC system in a more complex radiation environment. The
dwell time was set to 40 minutes and the rotation interval
of mask was 10◦, and thus, total detection time was ∼25
hours. Fig. 10 shows the modulation pattern obtained when
two 133Ba sources of different activities located at a different
radial distance (r) and a 137Cs source were mixed. The
error bars in the modulation patterns indicate 95% confidence
intervals from counting statistics. The measured modulation
pattern constructed for the 356 keV full-energy photopeak
exhibited a similar trend to the MCNP6.1 result; maximum
and minimum points on the measured patterns approximately
matched with simulated patterns as shown in Fig. 10(a).
However, the one obtained through the full-energy absorption
peak area of 662 keV gammas showed larger deviations from
the MCNP6.1 results. Using the MLEM algorithm, the actual
source position was estimated correctly as a point having
the largest MLE value. Furthermore, the MLEM algorithm
with regularization technique was able to obtain a clear
2-D radiation distribution with little artifact. Imaging perfor-
mance of each gamma source was evaluated and summarized
in Table VII. In addition, the ratio of the MLE values between
the two source points in Fig. 11(b) was estimated to be 2.98,
which was similar to the intensity ratio of 3.53 from the
actual source. Therefore, using the developed system, we could
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TABLE VII

SNR AND SSIM INDEX RESULTS CALCULATED FOR EACH CASE SHOWN
IN FIG. 11

Fig. 12. (Color online) Morphological change of the patterns simulated by
MCNP6.1 code. Strong_only indicates that a point source is located at (25 cm,
40◦, 30◦), and w/ weak_2.45 and 9.80 times indicate another weak source
added at (25 cm, 30◦, 180◦).

accurately estimate the position of the sources even in a
complex gamma-ray environment where multiple sources were
present at the same time. However, as expected, we observed
the inherent ambiguity issue of the source position estimation
in Fig. 11. When bilaterally symmetric masks were used,
modulation patterns for the two symmetrically located sources
turned out identical, and thus the MLEM algorithm estimated
the two symmetrical points as the true source positions.

F. Imaging Dynamic Range

Since the RMC system indirectly estimates the source
position based on modulation patterns, the dynamic range is
closely related to the pattern morphology. If the magnitude of
noise is greater than the effects of a weak source on the pattern,
the weak source will not be distinguishable. Fig. 12 shows
the simulated modulation patterns in which two 133Ba sources
of different intensities are existing, compared with the
“one strong source only (Strong_only)” case. In this figure,
the dashed line represents the pattern constructed by a single
strong source, and solid lines represent the patterns with
another 133Ba source of different intensities added. Red
circles shown in Fig. 12 represent the rotation angles, where
the modulation patterns show the most distinctive 10◦ shifting
of maxima points from the single strong source case. Therein,
the intensity of gamma rays from one 133Ba source was
2.45 times stronger than that from the other. On the contrary,
when the relative intensity ratio was 9.80, it was difficult to
clearly distinguish the simulated pattern for two source cases
from the one for the single source case.

In this regard, the MLEM with regularization approach
can be speculated to impose slight distortions on patterns
inevitably, in the process of noise suppression, even in the
case that the alteration of the pattern is attributed to the true
source activity instead of the background noise. We performed
experiments to investigate the dynamic range of current imag-
ing system using two radionuclide sources as shown in Fig. 12.
The relative intensity between the two sources was controlled
by adjusting the radial distance of the weaker source while
fixing the location of the stronger source. It was confirmed
that current system could distinguish two sources and estimate
source positions correctly when the relative ratio of intensity
from the two 133Ba sources was less than 3.53. However,
when the ratio was more than 3.53, the modulation pattern
is primarily dominated by the stronger source, and very little
alteration can be made on the modulation pattern by the
weaker source. In this case, it is hard to identify the weak
source unless a stronger source is found first and removed.

IV. DISCUSSION

One practical challenge in the current study was the long
detection time in the case of a weak source to construct the
modulation patterns. If the dwell time was short, the recorded
number of counts in detector would be insufficient to be
distinguished from the statistical fluctuation of counted events,
resulting in discrepancies in the modulation patterns from
MCNP6.1. However, if the dwell time is increased, measured
patterns tend to converge to the modulation pattern obtained
by MCNP6.1. Notably, the average value of the fractional stan-
dard deviation of counts at each rotation condition becomes
smaller as increasing the dwell time [17]. In the case of
having sufficient recorded counts as shown in Figs. 8 and
10(a), the fractional standard deviation values were 0.82% and
0.80%, respectively, and the measured patterns were shown to
be similar to ones obtained by MCNP6.1.

Despite a sufficient number of counts and histories, dif-
ferences in patterns between measured and simulated results
may arise from unidentified systematic errors related to source
positioning, collimator rotation, environmental noises, and
other source of radiation that could not be considered in
MCNP6.1. These factors can also cause discrepancies between
measured and simulated patterns by visual inspection, as well
as even between series of measured patterns for the same
configuration as shown in Fig. 4.

In the case of the modulation patterns constructed for
662 keV, there existed a large discrepancy between the mea-
sured patterns and the simulated patterns as shown in Figs. 6(b)
and 10(b). Here, the fractional standard deviations were 2.01%
and 1.89%, respectively. In fact, the modulation efficiency of
the 662 keV pattern is ∼1.3 times lower that of 356 keV
patterns due to the difference in the shielding performance
of collimator masks. When modulation efficiency is smaller,
it requires more counts to obtain a clear pattern, because the
maxima and the minima points in the modulation patterns
could be similar numbers in recorded counts. Therefore, if the
radiation source has a higher activity or if we measure the
source with a longer dwell time, we can expect smaller
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fractional standard deviation of counts in 662 keV modulation
patterns, and the difference in pattern morphology between
measure and simulated patterns could also be reduced.

Another challenge in this study is the ambiguity issue of
not being able to tell the exact source location between two
symmetrically located points, one of which becomes an intrin-
sic artifact in the reconstructed image. This ambiguity can be
explained by the periodicity of patterns and the fundamen-
tal characteristic of modulation patterns in RMC [6]. Using
bilaterally symmetric slat/slit configuration in the mask, the
period of modulation patterns was 180◦. In addition, rotational
shift of the source location while keeping the source-to-axis
distance the same (i.e., change in azimuthal angle component)
will cause a parallel translation of the modulation pattern in
angular domain according to the azimuthal component change
of the source. Therefore, two symmetric sources located with
respect to the rotational axis such as (50 cm, 30◦, 0◦) and
(50 cm, 30◦, 180◦) will show exactly the same pattern with
each other.

However, the artifact can be simply resolved by adding an
additional RMC imager at another location. By having two
RMC imagers, one can identify which side is the real position
of the source and, moreover, can roughly estimate the distance
to the source from trigonometry [18]. It can also be resolved
by making a second measurement at a different position [19].
Recently, we also have studied an asymmetric slat/slit con-
figuration and refined the mask design for the conventional
cylindrical RMC to solve the ambiguity problem. This study
demonstrated that an asymmetrically configures mask design,
which rotated the alignment direction of the half of the slits in
the mask by 90◦, showed an improved performance based on
modulation efficiencies of the patterns, detection efficiencies
of the RMC system, and spatial resolutions in reconstructed
images [13]. Introducing an asymmetric mask design can
overcome the challenge given by the present symmetric mask
design without compromising the imaging capability. That is,
when the masks are made asymmetric, the ambiguity can
be resolved with a single measurement. Detailed results on
developing a new asymmetric H-RMC system will be reported
in our future publication.

V. CONCLUSION

This study aimed to develop a novel H-RMC that could
extend the FOV to nearly 2π for the localization of radioactive
materials using a non-position-sensitive radiation detector.
In this article, it was demonstrated that radioactivity distri-
butions in complex environments involving a few gamma
sources at different locations could be visualized, although the
bilaterally symmetric mask design resulted in the ambiguity
of two possible reconstructed source positions estimated for
a single true position. The MLEM algorithm with regulariza-
tion technique was validated experimentally by reconstructing
images with improved imaging performances compared to
the original MLEM. Moreover, since any type of radiation
detectors can be combined with the current system as long
as their diameter is less than 48 mm, it could be easily
modified to a different modality such as a dual-particle imager,

implementing pulse shape discrimination capability, and could
be used for various applications [7], [20]. Future improve-
ments may include implementation of the asymmetric mask
configuration or enhancement of the imaging performance by
employing multiple imagers for quicker and more accurate
imaging.
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