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Background: This work aims to develop a new imaging system based on a pulse shape dis-
crimination-capable Cs,LiYCls:Ce (CLYC) scintillation detector combined with the rotational
modulation collimator (RMC) technique for dual-particle imaging.

Materials and Methods: In this study, a CLYC-based RMC system was designed based on
Monte Carlo simulations, and a prototype was fabricated. Therein, a rotation control system
was developed to rotate the RMC unit precisely, and a graphical user interface-based software
was also developed to operate the data acquisition with RMC rotation. The RMC system was
developed to allow combining various types of collimator masks and detectors interchangeably,
making the imaging system more versatile for various applications and conditions.

Results and Discussion: Operational performance of the fabricated system was studied by
checking the accuracy and precision of the collimator rotation and obtaining modulation pat-
terns from a gamma-ray source repeatedly.

Conclusion: The prototype RMC system showed reliability in its mechanical properties and re-
producibility in the acquisition of modulation patterns, and it will be further investigated for its
dual-particle imaging capability with various complex radioactive source conditions.

Keywords: Radiation Imaging, Rotational Modulation Collimator (RMC), Dual-Particle Im-
ager, CLYC Scintillation Detector, Radioactivity Monitoring

Introduction

In the fields of homeland security and nuclear safety, much effort has been expend-
ed on the radiation imaging technique. Most of imagers use spatially or temporally en-
coded information of incident particles to estimate the location of radioactivity (1, 2]. A
coded-aperture imager is a typical example of radiation imager based on mechanical
collimation using a mask consisting of opaque and transparent pixels systematically
arranged [1]. Analyzing the shadow pattern cast by the coded-aperture on a position-
sensitive detector estimates the original image of the radioactivity distribution. Another
common type of gamma-ray imager is the Compton camera, and it is based on Comp-
ton scattering events of incoming radiation [2]. The scattering of primary particles oc-
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curs in the first detection plane recording the position and
energy of the recoil electron, and it continues to proceed to-
ward the second detection plane where it is often absorbed,
recording the position and energy of the scattered gamma.
However, both techniques require position-sensitive radia-
tion detectors which either exist as an array of several detec-
tors or made as a pixelated or a double-strip type device, of
which the complexity and the cost of the system fabrication
are often significant.

The rotational modulation collimator (RMC)-based imag-
ing technique is one of the indirect imaging methods, con-
verting non-image data such as modulation patterns to radi-
ation images using a source-distribution-mapping algo-
rithm. In terms of the simplicity and cost of the system, the
RMC technique could be an attractive candidate. This tech-
nique, which is based on temporal modulation of incident
radiation signals, does not require position-sensitive radia-
tion detectors and thus, excludes the necessity of complex
electronics and requires less fabrication cost [3-7]. This im-
ager estimates the radioactive source distribution from the
pattern morphology determined by the system configuration
of the RMC imager and by the individual source location. As
the RMC rotates, the intensity of the incoming flux of parti-
cles to the detector changes over time, depending on the
open area created by collimator masks, and the detector out-
puts are processed to generate modulation patterns that can
be used to reconstruct images of radioactivity distribution.

The RMC technique has been around since the 1960s in
the astronomy field, and it has expanded into the field of
medical imaging and homeland security [3-5]. However,
previous RMC studies are limited to only single-particle im-
aging system based on the gamma-ray measurement. As an
attempt to develop a gamma-ray/neutron dual-particle im-
ager for compensating the drawbacks of the single-particle
imager, we employed RMC coupled to a pulse shape dis-
crimination (PSD)-capable CLYC (Cs.LiYCle:Ce) detector [6,
7]. In our system, the CLYC detector consists of a 2x 2 inch
cylindrical CLYC crystal (95% enriched °Li), coupled to a
R6233-100 photomultiplier tube (Hamamatsu Photonics, Ja-
pan) and signal processing electronics for charge compari-
son method (Fig. 1) [8].

The RMC imager developed in the current work bases on
the CLYC-6 (95% enriched °Li) detector which is particularly
sensitive to slow neutrons in addition to the gamma-ray spec-
troscopy capability with a reasonable energy resolution, and
the dual-particle imaging performance of the developed sys-
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Fig. 1. lllustration of pulse shape discrimination technique (charge
comparison method): comparison of detector pulses integrated
over two different intervals as prompt and delayed signal. PMT, pho-
tomultiplier tube.

tem is anticipated to be mostly aimed at gamma-ray and slow
neutron imaging. However, one of the important design con-
siderations in the current prototype development is the in-
terchangeability of the collimator masks and the main detec-
tor, which can improve the versatility of the RMC prototype
system. In this regard, the RMC system can be easily trans-
formed into a gamma-ray/fast neutron dual-particle imaging
system by adopting an organic scintillator or CLYC-7 (99%
enriched “Li) detector as the main detector of the imager
combined with the PSD technique [9]. In the current work,
we investigated design parameters for the RMC system and
fabricated a prototype system for the dual-particle imaging.
The developed system was examined for its mechanical
properties such as rotation accuracy and was also tested with
a gamma-ray source to confirm pattern obtainability and re-
producibility.

Materials and Methods

1. Design of the RMC Structure and Mask

A schematic of the RMC system prototype is shown in Fig.
2A. The RMC system consists of an aluminum support tube,
a driver tube with two ball bearings, two collimator masks, a
timing pulley/belt assembly, a stepper motor and a CLYC
detector. On the driver tube, there are four pins installed re-
spectively at the front and rear ends. One can attach and re-
place collimator masks with the help of these pins, which
make the collimator masks interchangeable for the RMC sys-
tem. A stepper motor was mounted on the top of the driver
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Fig. 2. (A) The design of Cs;LiYCls:Ce (CLYC)-based rotational modulation collimator (RMC) structure and (B) a colimator mask (unit: mm).
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Fig. 3. Shielding efficiencies versus mask thickness and materials: (A) gammas and (B) thermal neutrons. BPE, borated polyethylene.

tube to rotate the collimator masks, and timing pulleys and
belt were used to transmit the power from the stepper motor.
The timing pulleys were designed to have the conversion
factor of 4.5 to 1, from the motor pulley to the driver tube
pulley. That is, when the motor pulley rotates 4.5°, the driver
tube rotates by 1° along with the two collimator masks. In ad-
dition, a block mount was designed to adjust the height of
the detector, so that the central axis of the detector crystal
could be aligned to the center of the both collimator masks.
Collimator masks are the most important part of the RMC
system as they essentially determine entire characteristics of
the modulation pattern as well as the field-of-view (FOV) of
the imager and the detection time required for imaging. First,
for better quality and efficient imaging, it is desirable that the
opacity of the collimator masks to incident radiations is high
as possible. In order to determine a proper material candi-
date and thickness of the collimator masks for the dual-par-
ticle imager, Monte Carlo simulations were performed to
calculate the shielding performance of the collimator using
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the Monte Carlo N-Particle Version 6.1 (MCNP6.1) code [10].
In the simulation, the detector was exposed to a point source
of gamma rays and 0.025 eV thermal neutrons that was lo-
cated 25 cm away from the center of the cylindrical detector
face. The gamma-ray response of the detector was calculated
using the pulse height (F8) tally, and the neutron response in
CLYC was counted by the cell flux tally with reaction multi-
pliers (F4/FM) in MCNP6.1. The simulation was conducted
for 1 x 10° source particle histories, and calculated results are
shown in Fig. 3. Based on the shielding efficiencies, we de-
signed a laminated structure of the collimator mask which is
a combination of 1 cm-thick lead (Pb) and 0.2 cm-thick bo-
rated polyethylene (BPE). In the MCNP6.1 simulation, the
shielding efficiency of a 1 cm-thick Pb mask was 95.20% for
356 keV gamma rays, and the shielding efficiency for thermal
neutron was 100% when 0.2 cm-thick BPE was used.

As for the design of the collimator mask pattern, a common
one is the bilaterally symmetric slits engraved on a circular-
shape mask. However, the design poses an intrinsic artifact

https://doi.org/10.14407/jrpr.2021.00262
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problem in the image reconstruction stage due to the 180°
periodicity of the modulation pattern, inherent in the bilater-
al symmetry of slits [6]. The ambiguity in the source location
estimation because of this artifact can be removed by em-
ploying an asymmetric slit pattern [11]. In the previous study,
we investigated various designs of collimator mask patterns
with bilateral asymmetry and optimized the asymmetric
mask design, by adjusting slit/slat width and pitch. Based on
our previous study and further MCNP6.1 simulations, we
fabricated the collimator mask as shown in Fig. 2B [11].

2. Fabrication of the RMC Structure and Mask

Each component of the RMC structure was designed con-
sidering the accuracy of mechanical control, durability, and
convenient operation. Components comprising the RMC
system are shown in Fig. 4. Each part was manufactured in-
dividually and then assembled altogether. For the collimator
mask, we designed the mask made of a laminated structure
for the dual-particle collimating purpose as mentioned in
the previous section. We used a 99.96% ultra-pure lead plate
(Semyoung Metal, Gimpo, Korea) and a high-quality BPE
plate (Dynex, Incheon, Korea) as base materials. The BPE
plate has a higher hydrogen content (>115 g/L) than water
does, and the boron content of the plate is over 56 g/L. The
slits of mask were cut with a lathe and a two-dimensional
(2D) computer numerical control machine tool.

JRPR

The driver/support tube was made of Aluminum Alloy
3003 (AA3003) because of its high strength and good resis-
tance to atmospheric corrosion. Considering the driver tube
size, we chose a 68-24-Z7/C3 ball bearing (NJL Japan, Japan)
which has 120 mm internal diameter and 150 mm external
diameter for the rotation of the driver tube, and the bearings
were fixed using a NR-145 snap ring (NTN, USA). The bear-
ing housings were installed in the support tube to prevent
the dislocation of the bearings.

We implemented a 22-tooth timing pulley (8 mm in inter-
nal diameter and 33.87 mm in external diameter) and a
99-tooth timing pulley (120 mm in internal diameter and in
156.41 mm in external diameter) to transfer the work load
from the motor to the driver tube rotation, and the conver-
sion factor from the motor pulley to the driver tube pulley is
4.5 to 1. Considering the distance between the center of the
driver tube and the stepper motor (i.e., 134.5 mm), the belt
was fabricated with the length of 600 mm and the width of 10
mm. In order to prevent tension changes on the belt due to
the experimental condition, we designed and fabricated a
stepper motor mount which can adjust +2 mm of the dis-
tance between center of the driver tube and stepper motor.

Overall weight of the equipment is approximately 15 kg ex-
cept for the detector, which would be appropriate to be de-
veloped as a mounted device on unmanned ground or ma-
rine vehicles. The overall weight of the system can be reduced

Timing pulley/chain

Ball bearing

Collimator mask

CLYC mount

/ /motor mount \

Driver/support tube
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f
s

Fig. 4. Components of the Cs:LiYCls:Ce (CLYC)-based rotational modulation collimator (RMC) system.
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by replacing the driver tube made of solid aluminum with
hollow body, and, depending on the selection of the main
detector module, it can also be developed as a hand-held
device without much complexity, as it does not require a po-
sition-sensitive detection system for the RMC imager. On
the contrary, the system can be modified as an omni-direc-
tional imager, which features an extended FOV as large as
approximately 2m, by implementing side slits on the driver
tube [12, 13].

3. Rotation Control System

To control the rotation of the collimator masks, we used a
QSH 6018-86-28-310 stepper motor (Trinamic Motion Con-
trol, Hamburg, Germany) controlled by an Arduino Due board
connected to a DRV8880 motor driver (Pololu Robotics and
Electronics, Las Vegas, NV, USA) which is capable of micro
stepping with a minimum limit of 0.025° per step. An RMC
control console shown in Fig. 5 was also developed to protect
the circuit from the heat and the mechanical shock, and to
ease the control of the collimator rotation. The control con-
sole frame was designed with a three-dimensional (3D)
computer-aided design (CAD) software and was 3D-printed
(Ultimaker2; Brule, UTRECHT, Netherlands) with plastic.
One can toggle options to control the collimator rotation ei-
ther automatically or manually, as well as to change the di-
rection of the rotation. The manual control mode is to be
used for the collimator mask alignment procedure, and the
automatic control mode is mostly to be used for the mea-

Circuit design
:Arduino with motor driver

Design of control console

s

Rotation direction: CW or CCW

-D (@] & .

Mode selection

Rotation control console

Fig. 5. Composition and the layout of the rotation control console.
CW, clockwise; CCW, counterclockwise.
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surement experiments. In the automatic mode, one can re-
peat the rotation of collimator masks with a certain time in-
terval and the rotation angle. The direction of the rotation
(i.e., clockwise or counterclockwise) can be alternated with a
tact switch.

A software to control the rotational system was developed
using Arduino Sketch, a program written in the integrated
development environment (IDE). We additionally developed
a graphical user interface (GUI)-based software based on
LabVIEW (National Instruments, Austin, TX, USA) for the se-
rial communication between the Arduino and the computer.
It provides an easy-to-use GUI environment to monitor the
status of the rotation, in which it will show the rotational in-
formation such as the operation mode, rotation direction,
rotation interval, and the current time and position updated
in real-time, and it also provides a functionality of saving the
information in a text format. A screenshot of the developed
rotation control software is shown in Fig. 6.

Results and Discussion

1. Rotation Accuracy
The rotation accuracy is practically important to obtain ac-
curate and reproducible modulation patterns, which are di-
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Fig. 6. An execution window of the rotational modulation collimator
rotation control software.
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Fig. 7. Rotation accuracy test for the nominal rotation angles of: (A) 0°, (B) 10°, (C) 90°, (D) 180°, (E) 270°, and (F) 360°.

rectly related to the quality of reconstructed images. The ro-
tation angle of the collimators was physically calibrated and
investigated using a digital protractor and flat bar (350 x 70 x
4 mm?®), which tightly fits the mask slit as shown in Fig. 7. The
flat bar was inserted into a slit at the front mask, fed through
the driver tube, and inserted into the corresponding slit on
the rear mask. Rotating collimators with a 10° interval, we re-
peatedly measured the angles of the flat bar using the digital
protractor. The measurement was repeated for five times
with a set of rotating collimator masks by a 360° full rotation.
At each rotation angle, measured angles indicated on the
protractor were compared with the nominal angle displayed
on the GUI-based software, and the relative error from the
nominal value was calculated. Throughout the five rounds of
full rotation with 10° interval, each measurement of the angle
matched nominal angle values displayed on the computer
screen, within the error of 0.1%, as shown in Fig. 7.

2. Reproducibility of the Pattern
For the measurement experiments, a 10.64 uCi **Ba source

(Eckert & Ziegler, Berlin, Germany) calibrated on April 1, 2016

https://doi.org/10.14407/jrpr.2021.00262

was placed at (5 cm, 0 cm, 100 cm). The (0 cm, 0 cm, 0 cm)
position was set to the rotation axis of the front mask face. At
each rotation angle, we collected gamma-ray energy spectra
obtained by the CLYC detector for 20 minute-dwell time, and
calculated the net peak area of 356 keV photopeak from each
spectrum. The modulation pattern is constructed from the
net peak areas calculated at each rotation angle. The mea-
surement was performed for several sets, each set consisting
of 36 gamma-ray spectra measured with 10° rotation interval.
Fig. 8 shows three modulation patterns obtained from the
33Ba source measurements compared to the pattern calcu-
lated by the MCNP6.1 simulation. Even though one could
observe slight inconsistency due to the statistical error of
gamma-ray counting, measured modulation patterns showed
reasonable reproducibility in the overall shape of the modu-
lation pattern and are well matched to the simulated pattern
obtained by MCNP6.1. Measurement experiments gave
promising results on the CLYC-based RMC system as a radi-
ation imager, considering that the reproducibility of the
modulation patterns and the agreement with the simulation
result can favor the quality of the reconstructed images.
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Fig. 8. Modulation patterns obtained by **Ba source measurement
experiments and Monte Carlo N-Particle Version 6.1 (MCNP6.1)
simulation.

3. Discussion

In this paper, we mainly focused on the design and the
fabrication of the CLYC-based RMC system for the dual-par-
ticle imaging purpose, and on the demonstration of feasibili-
ty to be utilized for a radiation imager. There could be vari-
ous types of applications for the dual-particle imager, and
some applications may require locating a trace amount of
radioactive material less than 1 g or less. A practical issue en-
countered in the current study was the long detection time
for constructing the modulation patterns because of the low
activity of the source used in the measurement experiment.
The total acquisition time of the modulation pattern took ap-
proximately 12 hours to obtain a modulation pattern. How-
ever, considering that finding the distribution of an approxi-
mately 10 pCi source is not a practical scope of interest for a
radiation imager, we can expect the dwell time would dra-
matically decrease in a realistic situation involving a high ac-
tivity source. For example, the specific activity of **U is 2.2
uCi/g and those of **Pu, **Puy, *°Pu, and *"'Pu are 17.3 Ci/g,
0.063 Ci/g, 0.23 Ci/g, and 104 Ci/g, respectively. If the radio-
activities of significant quantities of special nuclear materials
are calculated, they are expected to be atleast 50 mCi or much
larger. Therefore, even though the CLYC-based RMC system
developed in this work might not be optimal for tracing a
trace-amount of the nuclear material which is carried by pri-
vate parties, we envision the application to the first-line de-
tection and surveillance of nuclear activity by monitoring the
illegal flow of nuclear materials, in which the total detection
time is expected to decrease to an order of a few minutes.
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In the following study, we plan to test our RMC system in
more complex radiation environments including multiple
gamma-ray sources as well as neutron sources mixed with
gamma-ray sources. Based on the measured modulation
patterns, 2D radiation images will be reconstructed and the
imaging performance of the CLYC-based RMC system will
be evaluated. Maximum-likelihood expectation-maximiza-
tion (MLEM) algorithm-based image reconstruction meth-
ods have been extensively studied and utilized in the field of
radiation imaging because of their inherent excellence in
low-count high-noise problems [7, 11-17]. We have been de-
veloping techniques which can further improve the efficien-
cy and performance of the MLEM-based image reconstruc-
tion algorithm, by stabilizing inherent statistical noise contri-
butions from the radiation counting [18-20]. Newly devel-
oped reconstruction algorithms require less iteration to con-
verge whilst achieving even better imaging performance in
terms of the signal-to-noise ratio and the structural similarity
index. In this regard, one can expect to reduce the overall de-
tection and calculation time even more to obtain the radia-
tion image.

Conclusion

In this study, a CLYC-based RMC system capable of dual-
particle imaging was designed and fabricated. The system
consists of aluminum support/driver tubes with two ball
bearings, two collimator masks, a timing pulley/belt assem-
bly, a stepper motor and a CLYC detector. One of the advan-
tages of our prototype is interchangeability of collimator
masks and main detectors. Masks were fabricated based on
shielding calculations performed for various mask configu-
rations, and the timing pulley system was carefully designed
to effectively and reliably transfer the work load to the driver
tube. Rotation control system was assembled. The rotation
of the collimators is controlled by an additionally designed
controller switch and the GUI-based software system. The
RMC system was tested for its mechanical performance by
checking alignments and rotational characteristics, and
modulation patterns were obtained with a '**Ba gamma-ray
source to investigate the repeatability and reproducibility of
the pattern acquisition. The prototype RMC system showed
rotational accuracy of less than 0.1% in repeated tests and
produced similar modulation patterns from repeated mea-
surements, which can be a promising feature as a radiation
imager. The system is ready to be investigated for further

https://doi.org/10.14407/jrpr.2021.00262
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studies and applications as a dual-particle imager for nuclear
security and safeguards.
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