Journal of the Korean Physical Society, Vol. 71, No. 2, July 2017, pp. 70~76

Estimation of Compton Imager Using Single 3D Position-Sensitive
LYSO Scintillator: Monte Carlo Simulation
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The performance of a Compton imager using a single three-dimensional position-sensitive LYSO

scintillator detector was estimated using a Monte Carlo simulation. The Compton imager consisted
of a single LYSO scintillator with a pixelized structure. The size of the scintillator and each pixel
were 1.3 x 1.3 x 1.3 cm® and 0.3 x 0.3 x 0.3 cm?, respectively. The order of y-ray interactions
was determined based on the deposited energies in each detector. After the determination of
the interaction sequence, various types of reconstruction algorithms such as simple back-projection,
filtered back-projection, and list-mode maximum-likelihood expectation maximization (LM-MLEM)
were applied and compared with each other in terms of their angular resolution and signal-to-
noise ratio (SNR) for several v-ray energies. The LM-MLEM reconstruction algorithm exhibited
the best performance for Compton imaging in maintaining high angular resolution and SNR. The
two sources of 3"Cs (662 keV) could be distinguishable if they were more than 17° apart. The
reconstructed Compton images showed the precise position and distribution of various radiation
isotopes, which demonstrated the feasibility of the monitoring of nuclear materials in homeland

security and radioactive waste management applications.
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I. INTRODUCTION

The Compton imaging technique uses sequential y-ray
interactions in a single detector or multiple detectors [1-
3]. When a photon undergoes effective Compton scat-
tering in detectors, the cosine angle of the photon scat-
tering can be calculated to reconstruct the source dis-
tribution based on the position and energy of the inter-
actions in the detectors [1-3]. With a three-dimensional
(3D) position-sensitive technique, cadmium zinc telluride
(CZT) semiconductor detectors have been widely used
as an alternative for room-temperature operation with
good position and energy resolution. A Compton camera
consisting of two CZT detectors that are 3D position-
sensitive was developed by Du et al. in 2001 [4]. In
2004, Lehner et al. demonstrated 47 Compton imaging
using a single 3D position-sensitive CZT detector that
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could measure the 3D position of interactions, and they
proposed a weighted list-mode maximum likelihood al-
gorithm for Compton imaging [5]. Xu et al. showed the
performance of a Compton imager of various reconstruc-
tion algorithms using single 3D position-sensitive CZT
detectors [6]. To construct the Compton camera of a
large-volume mosaic array, Lee et al. developed a Comp-
ton camera consisting of CZT crystals with Frisch-grid
detectors and showed promising results for the Compton
imaging of three different radiation isotopes [7].

In recent years, the “dual-sided” read-out of scintilla-
tion crystal arrays has been developed [8,9]. The scintil-
lation light signals of cubic structure scintillation crystal
arrays can be read out by using multi-pixel photon coun-
ters (MPPCs) coupled at both ends of a scintillator crys-
tal block, and the depth information (Z-direction) can
be calculated using the pulse height ratio from the top
and bottom of the MPPCs [8,9]. Hence, the scintillation
detector of a cubic structure can provide the 3D informa-
tion. Kataoka et al. developed a Compton imager con-

(©2017 The Korean Physical Society
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Fig. 1. (Color online) Photograph of the detection system
with electrodes.

sisting of two cubic crystal array detectors of GAGG:Ce
scintillator with 3D position sensitivity in 2013 [10]. In
2014, Takeuchi et al. developed a stereo Compton cam-
era and demonstrated the 3D localization of radioiso-
topes by using the triangulation surveying method [11].

In this study, we designed a Compton camera based
on a single 3D position-sensitive LYSO scintillator de-
tector. The Compton imaging with various reconstruc-
tion algorithms was simulated by using the Monte Carlo
method and was compared in terms of their angular reso-
lutions and signal-to-noise ratios (SNRs). The deposited
energies of the v-ray interactions in the detectors were
utilized to determine the correct sequential order of the
interactions. Under the correct sequential order, the per-
formance of the reconstructed Compton image was eval-
uated according to the incident radiation energies and
algorithms. Our research is focused on the feasibility
of a portable imager in monitoring nuclear materials in
homeland security and radioactive waste management
applications.

II. MATERIALS AND METHODS

1. Geometrical Structure and Interaction Se-
quence

Figure 1 shows the Compton detection system, which
is based on an MPPC array (Model: S12314, Hama-
matsu, Japan) of 4 x 4 channels coupled to both ends of
real single 3D position-sensitive LYSO scintillator blocks.
The LYSO scintillators with a density of 7.1 g/cm?, made
by Siccas, consists of 4 x 4 x 4 pixels whose size is 3 x
3 x 3 mm?® each. The whole size of the detection system
is only about 1.3 x 1.3 x 1.2 cm?®.

The schematic diagram and configuration of the sim-
ulation setup are illustrated in Fig. 2. For the Compton
imaging, the point sources *3Ba (356 keV), *7Cs (662
keV), and 2?Na(1275 keV) with an activity of 20 uCi are
located 15 cm away from the top of the detector array,
and the measurement time is 600 s. The total amount of
radiations emitted from a source was 444 million. When
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Fig. 2. (Color online) Schematic diagram of a 3D position-
sensitive 4 x 4 X 4 block array of LY SO scintillator Compton
camera.

the incident radiation is the scattered in first interac-
tion and absorbed in the second interaction, the posi-
tions (r1,72) and energy information (AFE;, AEs) can be
obtained from the events of the effective Compton scat-
tering, as shown in Fig. 2. In a real detection system,
the interaction of the z-direction (depth information) can
be estimated using the following centroid equation [9]:

LM,

Z=-—"1 1
SR (1)

where M; and M, represent the total signal recorded for
the top and bottom MPPC array, respectively. L is the
depth direction length of the scintillator array. The tim-
ing resolution of the currently available effective Comp-
ton events was approximately 250 ns in the detection
system. As the accidental coincidence rate was 2772 (7:
resolving time, r: count rate) [12], even if the background
count rate was 10% cps, the accidental coincidence was
low (49 cps). Therefore, the system can be used in high-
background environments. The accidental coincidence
rate is presented in Fig. 3 based on the timing resolu-
tion of the detection system.

An incorrect choice of interaction sequence can give er-
roneous information. Therefore, the sequential order of
radiation interaction in the detectors should be correctly
estimated. This method was suggested based on the
assumption that a higher correct sequence count guar-
antees a better reconstructed Compton image [13]. As
shown in Fig. 4, if the energy of the incident radiation
energy is higher than 400 keV, a higher energy will be
deposited in the first interaction (Ey > Es). If the radi-
ation energy is lower than 400 keV, it is more probable
that the first interaction will deposit less energy than the
second interaction (E; < Es).

A simulation code, the Geant4 Application for Tomo-
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Fig. 3. (Color online) Accidental coincidence rate vs. ran-
dom pulse rate for LYSO scintillator in Compton camera.
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Fig. 4. (Color online) Fraction of simulated Compton

events in which the first interaction deposits more energy than
the second interaction.

graphic Emission (GATE 7.0), was used for the Monte
Carlo calculations, and the effective Compton scattering
events from the output were extracted by MATLAB2010
for image reconstruction. A 2.8 GHz CPU in a personal
computer (Pentium 4) and MATLAB2010 were used to
reconstruct the source image. The uncertainty factors of
Doppler broadening, finite position (pixelization effect),
and detector energy resolution were used.

2. Simple Back-Projection

The simple back-projection (SBP) method is a general
Compton reconstruction algorithm. As shown in Fig. 2,
the cosine values of the scattering angle and ARM can
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be determined as

2
mopcC AEl
g = 1— ——— 2
cos g FoAB, | (2)
(71 - 72)

cosfg = ——=, 3

¢ = Jnllml ®

ARM = 0 —0g, (4)
where mgc? is the rest mass of the electron and cos g

is the scattering angle calculated based on the deposited
energy (AF1, AEs) in the detectors. cosf is calculated
based on the measured interaction position (r1,r2) and
each pixel position on the source plane. 7; and 75 are the
vectors from rg to 71 and rq to ro, respectively. By equal-
izing Eqs. (2) and (3), the position of the source (rg) can
be reconstructed by the back-projection of the Compton
cone and the intersections of the back-projections repre-
sent the estimated source distribution.

3. Filtered Back-Projection

The Compton image reconstructed by SBP is usu-
ally blurred because the cones overlap with each other.
In order to reduce the blurring in the Compton image,
analytical reconstruction methods such as filtered back-
projection (FBP) was developed [14,15]. The FBP algo-
rithm for Compton imaging applications was proposed
by Parra [14]. As described by Egs. (5) and (6), the
image of the FBP, ¢(Q), can be performed by deconvo-
lution which was applied for the point spread function
(PSF) of an image of the SBP, ¢'({').

J(Q) = / dQg(Q)hoy (cosw), (5)
/ 4 ¢/ (' )h~ (cosw), (6)

9(2)

where w is the difference between the angle calculated
based on the measured direction  and the direction €/
forming a SBP image ¢'(€'). The convolution kernel
hpp(cosw) was derived by Parra [14]. The deconvolution
kernel (h~!(cosw)) can be obtained as follow [14]:

(cosw) Z (2n+ 1) (}cl(lsw), (7)

where P,(cosw) are the cosine angles with Legendre
polynomials, and H,, are the coefficients of hy,(cosw),
which is the expansion of the Legendre polynomial:

2n+1
2

H, = /d(cos w)hpp(cosw) P, (cosw). (8)

Figure 5(a) displays the PSF that is defined by the
Klein-Nishina formula. The coefficient H,, converges to
a constant value rather than zero when the n-value is
large, as shown in Fig. 5(b).
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Fig. 5. (Color online) (a) PSF with various energies and (b) expansion coefficients in the base of the Legendre polynomial

at 662 keV.

4. List-Mode MLEM

The expectation maximization (EM) is an iterative al-
gorithm that determines the maximum likelihood (ML)
[16]. Hence, the MLEM algorithm, including the Poisson
distribution, were widely used in the Compton imaging
to precisely reconstruct the source distribution for the
limited amount of measured data. The source distribu-
tion can be estimated as follows:

ARt — )‘? tijYi 7 (9)

where )\?H and A7 are the estimated values of a source
pixel j after the (n + 1)-th and n-th iteration. Y; is
the measured number of counts in a detector event i.
In general, in the MLEM algorithm, the system matrix
(tij), including the total number of possible combinations
of Compton imaging, can be extremely large, which re-
quires a long calculation time. To reduce the calculation
time, we applied a list-mode MLEM (LM-MLEM). In
the LM- MLEM case, Y; is unity (=1) for all measured
events because the total number of photons detected is
significantly smaller than the number of possible combi-
nations of position and energy measurements [7]. Hence
the matrix size for the image processing dramatically
decreases, and the calculation time also decreases. The
analytical system matrix for the LM-MLEM of Compton
imaging was proposed by Wilderman et al. [17]. The t;;
is the analytical system matrix, which includes the prob-
abilities of all the interactions of Compton events in the
detection system. The ¢;; can be obtained as follows:

tij = exp(—ut(EO)Dl) X KN x eXp(—,LLt(EQ)DQ), (10)

where u:(Fp), and py(Fs) are the total attenuation co-
efficients at the initial and scattered energies, Ey and
FEs, respectively. D; is the attenuation distance between
the source plane and first interaction position, Dy is the

attenuation distance between the first and second inter-
action positions, and KN is the differential Compton
cross -section (Klein-Nishina formula).

I1I. RESULTS

After the correct sequential order was chosen, the per-
formance of the reconstructed Compton image from var-
ious reconstruction algorithms and several vy-ray ener-
gies was evaluated based on a Monte Carlo simulation.
The Compton images reconstructed using SBP, FBP, and
LM-MLEM for 356, 662, and 1275 keV point sources are
presented in Figs. 6 - 8.

As expected, the Compton images reconstructed us-
ing LM-MLEM are sharper and have fewer artifacts than
those using the SBP and FBP algorithms. The quality of
the Compton images improves with the increase in inci-
dent energy because the energy uncertainty and Doppler
broadening are inversely proportional to radiation en-
ergy [18]. The width of each back-projection cone for
Compton imaging was set based on that of the angular
resolution measure (ARM). The ARM is the difference
between the angles calculated based on the position and
energy information (¢f. Eq. (4)). The full-width half-
maximum (FWHM) of the ARM for 356, 662, and 1275
keV are 32.3, 22.8, and 9.98°, respectively.

Figures 9 - 10 show the quantitative evaluation of the
Compton images using the angular resolution and SNRs.
The angular resolution is represented by the FWHM of
the point source, and the SNR can be calculated by using
the following equation:

SNR = ———— (11)

n

where 5 is the average value of the source pixels includ-
ing the maximum pixel, z; and Z are the value of each
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Fig. 6. (Color online) Reconstructed image using various reconstruction algorithms for a 356 keV point source: (a) SBP, (b)
FBP, and (c) LM-MLEM.
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Fig. 7. (Color online) Reconstructed image using various reconstruction algorithms for a 662 keV point source: (a) SBP, (b)
FBP, and (c) LM-MLEM.
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Fig. 8. (Color online) Reconstructed image using various reconstruction algorithms for a 1275 keV point source: (a) SBP,
(b) FBP, and (c) LM-MLEM.
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Fig. 9. (Color online) Angular resolution of the Compton imager for various reconstruction algorithms: (a) SBP, (b) FBP,
and (c¢) LM-MLEM.
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Fig. 10. (Color online) SNR of the Compton imager for various reconstruction algorithms: (a) SBP, (b) FBP, and (c)
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Fig. 11. (Color online) Compton imagers of two '3"Cs (662 keV) point sources placed 17° apart: (a) SBP, (b) FBP (n-value

= 25), and (¢) LM-MLEM (iteration = 25).

pixel excluding source pixels and the average of x;, re-
spectively, n is the number of pixels x;. The absolute
efficiency is defined by

Absolute efficiency = &, (12)
N;

where NV, is the effective count used for the reconstructed
Compton image, and N, is the total number of photons
emitted by the source (20 pCi).

The performance of the angular resolution, as ex-
plained above, improves with the increase in incident
radiation energy, and the angular resolution of the FBP
and LM-MLEM improves with the n-values and number
of iterations, as shown in Fig. 9. The angular resolu-
tion of the SBP is constant, regardless of the number of
iterations or n-value. The SBP algorithm is equivalent
to the FBP at the approximately 10th Legendre poly-
nomial order because only low-frequency components in
the FBP reconstructed images are calculated at low n-
values; hence, the image reconstructed using the FBP
with a low n-value is blurred.

As shown in Fig. 10, the performance of the SNR de-
creases with the increasing incident ~-ray energy, which
is mainly due to the decrease in detection efficiency
caused by the increase in radiation penetration with in-
cident ~-ray energy. The SNR of the SBP exhibits a
constant value, regardless of the number of iterations or
n-value. The SNR of the FBP and LM-MLEM increases

with the n-value and number of iterations, but only be-
fore reaching saturation at the approximately 10*"-15'"
point. The reconstructed Compton image obtained us-
ing LM-MLEM has a higher SNR than those obtained
using the SBP and FBP reconstruction algorithms.

Table 1 summarizes the detection efficiency, ARM, an-
gular resolution, and SNR for each radiation source from
various reconstruction algorithms. The angular resolu-
tion and SNR of the reconstructed Compton images us-
ing the LM-MLEM algorithm show the best performance
(cf. Figs. 9, 10, and Table 1).

To evaluate the resolution limit of the reconstructed
Compton images, two point *7Cs sources (662 keV) of
equal activity (20 pCi) with varying separations were
used. The measurement time and size of each image
pixel were 600 s and 5 mm, respectively. When the an-
gular distance between the two point sources was greater
than 17°, the sources could be distinguishable, as shown
in Fig. 11. However, the SBP algorithm could not dis-
tinguish between the two sources, and the reconstructed
Compton image using the LM-MLEM algorithm exhib-
ited the least noise and fewest artifacts among the three
algorithms.
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Table 1. Results achieved by a various image reconstruction algorithms.

Energy (keV) Absolute efficiency ARM Reconstruction algorithms Angular resolution (°) SNR
SBP 29.3 2.47

356 5.01 x 1077 32.3° FBP (n-value = 15) 23.3 3.52
LM-MLEM (iteration = 15) 17.6 18.76

SBP 25.7 1.96

662 1.81 x 1077 22.8° FBP (n-value = 15) 20.9 2.43
LM-MLEM (iteration = 15) 16.4 16.38

SBP 21.6 1.44

1275 2.44 x 107° 9.98° FBP (n-value = 15) 19.1 2.05
LM-MLEM (iteration = 15) 13.23 13.38

IV. CONCLUSION

By using a voxel array of LYSO scintillator detectors,
we designed a compact Compton camera and estimated
the performance of the Compton imager with an effec-
tive assumption of the v-ray interaction sequence and
three types of reconstruction algorithms. In the simu-
lation results, both the angular resolution and SNR of
the images reconstructed by the LM-MLEM algorithm
were better than those of the SBP and FBP algorithms.
The two point sources could be distinguished from each
other if the angular distance was over 17°. The results
of our simulation demonstrated the feasibility of using
a voxel array of LYSO scintillator detectors to monitor
several y-ray energies in the investigation of nuclear ma-
terials. An experimental setup with the design presented
in this paper and an applied imaging technique will be
examined in a future study.
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