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Performance and field tests of a handheld Compton
camera using 3-D position-sensitive scintillators
coupled to multi-pixel photon counter arrays

A. Kishimoto, &! J. Kataoka, @ T. Nishiyama, 2 T. Fujita, 2 K. Takeuchi, 2 H. Okochi, 2
H. Ogata,? H. Kuroshima, 2 S. Ohsuka, ® S. Nakamura, ¢ M. Hirayanagi, ¢ S. Adachi, °
T. Uchiyama ¢ and H. Suzuki ©
8Research Institute for Science and Engineering, Wasedaehity,
3-4-1 Okubo, Shinjuku, Tokyo, 169-8555, Japan
bCentral Research Laboratory, Hamamatsu Photonics K.K.,
5000, Hirakuchi, Hamakita-ku, Hamamatsu, Shizuoka, Japan

®Hamamatsu Photonics K.K.,
1126-1, Ichino-cho, Higashi-ku, Hamamatsu, Shizuokaadap

E-mail: daphne3h-aya@y.ruri.waseda. jp

ABSTRACT: After the nuclear disaster in Fukushima, radiation demmination has become partic-
ularly urgent. To help identify radiation hotspots and easeffective decontamination operation,
we have developed a novel Compton camera based on Ce-dopédl,GezO12 scintillators and
multi-pixel photon counter (MPPC) arrays. Even though éssstivity is several times better than
that of other cameras being tested in Fukushima, we intedwepth-of-interaction (DOI) method
to further improve the angular resolution. For gamma rdys Ol information, in addition to 2-D
position, is obtained by measuring the pulse-height rdtidhe MPPC arrays coupled to ends of
the scintillator. We present the detailed performance asdlts of various field tests conducted in
Fukushima with the prototype 2-D and DOI Compton camerastelher, we demonstrate stereo
measurement of gamma rays that enables measurement ofiyaiirection but also approximate
distance to radioactive hotspots.

KEYwoORDS Compton imaging; Gamma detectors (scintillators, CZTIFgl etc)

1Corresponding author.

(© 2014 10P Publishing Ltd and Sissa Medialab srl doi:10.1088/1748-0221/9/11/P11025


mailto:daphne3h-aya@y.ruri.waseda.jp
http://dx.doi.org/10.1088/1748-0221/9/11/P11025

Contents

1 Introduction 1
2 Handheld Compton camera 2
2.1 Principle and concept of our Compton camera 2
2.2 Configuration of the Compton camera 3
3 Basic performance 4
3.1 Non-DOI Compton camera 4
3.2 DOI Compton camera 5
4 Field tests in Fukushima 8
5 Stereo application 9
6 Conclusion 12

1 Introduction

After the Japanese nuclear disaster in 2011, a large nunfilbadioactive isotopes were released,
and the residual radiation remains a serious problem in $hilkua. To identify radiation hotspots,
various gamma cameras have been developed such as the Garaptera]. A Compton camera
utilizes the kinematics of Compton scattering to constasurce image, does not require mechan-
ical collimators or coded masks, and features a wide fieldenf (FOV). For example, the Si/CdTe
Compton camera?], which is a key technology of the Soft Gamma-ray Detectodagpan’s sixth
X-ray astronomy mission (Astro-HJB], featured excellent angular resolution. However, therpoo
sensitivity of semiconductor devices to high-energy gamaga, such a8*’Cs (662 keV) and3*Cs
(605 keV, 796 keV), requires a long data acquisition timeeonstruct an image. Alternatively,
various semiconductor detectors have been utilized in Gomgameras4-6).

In this study, we significantly improve the detection effimg using inorganic scintillators.
In fact, several two-plane Compton cameras consistingiofikating materials have already been
proposed for medical imaging and security investigatiohs8]. Despite the high detection effi-
ciency, the resolution of scintillator-based Compton caméends to be lower than those based on
semiconductor detectors due to the poor position and emesgjution of the scintillating detectors.
We present a novel Compton came®al0] that applies the method of 3-D position measurement
in scintillator blocks, significantly improving the traddf between efficiency and resolution. This
study describes the conceptual design and basic perfoaraour Compton camera as well as
the results of field tests conducted with the camera in Fukueh
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Figure 1. Conceptual design of the two-plane Compton camera.

2 Handheld Compton camera

2.1 Principle and concept of our Compton camera

The arrival direction of an incident gamma-ray is calcudatsing the position and energy infor-
mation in two detectors: scatterer and absorber (figur&he scatterering angle is calculated from
the measured information as follows:

MeC? | meC?
coe=1—-—+
G E2 EBE+E

2.1)

whereE; denotes the energy of the recoil electron &3ddescribes the energy of the scattered
photon. The Compton camera resolution is usually presemyeithe distribution of the angular
resolution measure (ARM), which is defined as follows:

ARM = 6t — 6 (2.2)

where 6t is the scattering angle as calculated from the measuredeirdormation [given by
eg. @.1)], and 6 is calculated from geometrical information obtained by gaarray interaction
positions and the source position. The geometrical cantdb to the angular resolution largely
depends on the 3-D position resolution of the gamma interaat both detectors, which is related
to the thickness of the scintillator, and on the distancavben the scatterer and absorber. With
regard to efficiency, a small distance between the deteatuitsa thick scintillator are preferable,
especially for the measurement of high-energy gamma rayshbse configurations can lead to a
large fluctuation irBg. Accordingly, by measuring the depth-of-interaction (p@formation, the
angular resolution can be improved at a close distancegtifieachieving good angular resolution
and efficiency simultaneously. Figueshows the variation of angular resolution calculated by
Geant4 simulation as a function of distance for both the D@l maon-DOI configurations. The
figure clearly shows the benefit of measuring DOI on the amgakolution P].
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Figure 2. Variation of the angular resolutiakf as a function of distano for the DOl and non-DOI con-
figurations. This figure is calculated using Geant4 simatgtassuming 58 50 mn? Ce:GAGG scintillator
plates with 10-mm thickness for both the scatterer and tkeraler.

2.2 Configuration of the Compton camera

Figure3(a) shows the detector configuration and figd{t®) shows the block diagram of our Comp-
ton camera system. The Compton camera is small in (dige< 15 x 15cn?) and lightweight
(1.9kg) P, 11]. The camera consists of a gamma-ray detection unit togetitle an optical fish-
eye camera, a signal processing unit, and a USB 3.0 inteida@ecumulating data on a personal
computer. In the gamma-ray detection unit, we use Ce-dopkAIgGa;01, (Ce:GAGG) scintil-
lators [L2] and 8x 8 large monolithic multi-pixel photon counter (MPPC) aisd¥3-15]. Signals
from these MPPC arrays are passed through a resistive etimigion network [L1, 16] and are
then fed into a signal-processing unit. The signal-prangasnit consists of an application-specific
integrated circuit (ASIC), analog-to-digital convert&JC), programmable logic device (PLD),
and a high-voltage power supply (HVPS). The ASIC includesusgeshaping amplifier, base-
line restorer circuit, comparator circuit, and peak-hdlduit. The HVPS includes a temperature-
compensating function that can automatically adjust the oltage to ambient temperature around
the MPPCs.

For this study, we fabricated two types of Compton camera®injunction with Hamamatsu
Photonics K. K.: the 2-D mode (non-DOI) and 3-D mode (DOI) @om cameras. Both the non-
DOI and DOI Compton cameras consist of Ce:GAGG scintillaiways; tablel lists the detailed
scintillator configuration. In the DOl Compton camera, thatterer and absorber are divided into
layers. Each layer of the scatterer is coupled to the MPP&y,aaind the signals are read out layer-
by-layer. In contrast, the absorber of the DOl Compton camises 3-D position-sensitive scintil-
lators [L7]. We can determine the DOI of incident gamma rays by meaguhia pulse-height ratio
of dual-sided MPPC arrays coupled to the ends of the absofkeenhanced specular reflector
(ESR) divides each pixel of the crystal block in the x- andingction, whereas a layer of air sep-
arates the crystals in the DOI direction or z-direction. Xhg and z (=DOI) interaction positions
are calculated by applying the centroid method to the eiigintads output via the resistor network.
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Figure 3. (a) Photograph of the internal components of the DOI Comp#onera as well as the dimensions
of the external housing. (b) Read-out diagram of the Compéonera developed in this study.

3 Basic performance

3.1 Non-DOI Compton camera

First, we evaluate the performance of the 2-D mode (non-D@djnpton camera. Figuré
shows 1-D and 2-D energy spectra, while figrehows the maximume-likelihood expectation-
maximization (ML-EM) image of3’Cs measurement. We measured a 10 MBq point source at a
distance of 50 cm~ 5uSv/h) with an acquisition time of 30 sec. The average enezgglution
was 9% (FWHM) at 662 keV. The hotspot in figudéb) reflects back-scattering events, that is,
events that are first scattered in the absorber and therbaasiorthe scatterer. In reconstructing the
gamma-ray distribution images, we select events usingollenwiing criteria to remove background
and noise events such as back-scattering: 10ké&.;< 165 keV and 612ke\K Eyot < 712 keV.
Here, Esca: and Eqo; denote the energy deposit in the scatterer and the totafjyen&hich is the
sum of energy deposits in both the scatterer and absortsprectvely. In the non-DOI camera
configuration, we achieve an angular resolutiod\6f~ 14° (FWHM), which is calculated from
the ARM distribution.

In our Compton camera, the simple back-projection (SBPperend the ML-EM image are
updated every second by integrating the accumulated dataapvarbitrary time. We have con-
firmed that a typical acquisition time of 20 to 30 seconds @uied to reconstruct images in
an environment of about 5Sv/h. Thus, we demonstrated that, due to high-efficien@j;time
imaging is possible.



Table 1. Scintillator configuration for the non-DOI and DOI Comptocaimeras. HeréArray denotes scin-
tillators coupled to an MPPC array, akdsemblydenotes the combination of a scintillator array and an
MPPC array.

Parameter Value
non-DOI
SCATTERER
Pixel size 1.5¢ 1.5x 5.0mn?®
Array configuration 15< 15 pixels, 4 blocks
Layer 1 layer
Assembly 1
ABSORBER
Pixel size 1.5¢< 1.5x 10.0 mn?
Array configuration 15¢< 15 pixels, 4 blocks
Layer 1 layer
Assembly 1
DISTANCE 16 mm
DOI
SCATTERER
Pixel size 2.0< 2.0x 4.0mmn?
Array configuration 1Xx 11 pixels, 4 blocks
Layer 2 layers
Assembly 2
ABSORBER
Pixel size 2.0< 2.0x 2.0mn?
Array configuration 11x 11 x 10 pixels, 4 blocks
Layer 10 layers
Assembly 1
DISTANCE 12mm

3.2 DOI Compton camera

Next, we evaluate the basic properties of the 3-D mode (DOMfton camera. Figugshows the
position response in a performance test for the 3-D posg@ansitive scintillator of the Compton
camera as measured for 662 keV gamma rays. Fi§loepshows the pulse-height diagram col-
lected at the scintillator block ends, which clearly digtirshes the crystal responses of each layer.
From figure6, we can confirm that the gamma-ray interaction position edtintillator block is
determined three-dimensionally with an accuracy of 2 mme @berage energy resolution of the
3-D position-sensitive scintillator is 8.6% at 662 keV.

Figure 7 shows the ML-EM images of &’Cs point source obtained under various source
configurations, including (100, @) = (+45°,0°), (2) (6, ¢) = (0°,0°) (center of the field of view),
and (3)(6,¢9) = (—45°,0°). The source intensity and distance are 10 MBg and 140 cmecesp
tively, which equals~ 0.5uSv/h, with an acquisition time of 1 min for each datum pointheT
images correctly reflect each source position, and the angesolutions are (1) 279FWHM),
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Figure 4. (a) The 1-D (energy sum) and (b) 2-BapsorberVS. Escattere) €Nergy spectra of the non-DOI
Compton camera. The average energy resolution is 9% (FWHBH2keV. The highlighted parallelogram
in the 2-D energy spectrum represents the cuts used for gamayriaage reconstruction.

(2) 8.8 (FWHM), and (3) 8.7 (FWHM). Figure8 shows an example of the ARM distribution for
the non-DOI and DOI Compton cameras. The ARM distributioD6®fl camera is clearly improved
compared to that of non-DOI camera.

In fact, we have clearly resolved two sources that are staghizy 10. Figure9 shows the
ML-EM images of two'3’Cs point sources obtained with the non-DOI and DOI Comptaoneras.
The two point sources cannot be separated in the non-DOlerbagare clearly resolved in the
DOl image. This result shows that the DOI camera signifigaintiproves the angular resolution.
Moreover, the efficiency of the DOl Compton camera was 1.%+2g higher than that of the
non-DOI camera due to the increased thickness of the detactbsmaller distance between the
scatterer and absorber. Figdi@shows the intrinsic efficiency obtained by Geant4 simutatind a
comparison to the experimental values as a function of squosition|0| (at ¢ = 0°). The intrinsic
efficiency of the DOl Compton camera isi3+0.019% at 6| = 0° and 023+0.018% at 8| = 45°.
These values are very consistent with the simulation, stggehigh detection performance.



Figure 5. The ML-EM image of the'3’Cs point source measurement taken using the non-DOI Compton
camera, superimposed on the optical fish-eye image. Thelatdd angular resolutiohf is 14 (FWHM).
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Figure 6. (a) The 2-D segment map and (b) depth direction map usecefugrgting the 3-D segment map.
The horizontal axis is used for the pulse-height of the topPi@Rarray, while the vertical axis is used for
that of the bottom MPPC array. The line in (b) denotes thetosof the photoelectric peak. (c) The 3-D
segment map of each 2-mm cubic Ce:GAGG scintillator as meddar 662 keV gamma rays.
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Figure 7. The ML-EM images taken by the DOI Compton camera under thadng source configurations:
(1) (6,9) = (+45°,0°), (2) (6,¢9) = (0°,0°), and (3)(8, ) = (—45°,0°). All source distances are 140cm.
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Figure 8. The ARM distribution for the non-DOI and DOI Compton canwaathe source configuration of
6 = 0° [position (2) in figure7]. The acquisition time for both cameras is 30 min.

4 Field tests in Fukushima

The non-DOI and DOI Compton cameras have been tested séiveesl in Namie, Fukushima.
Figure 11(a) shows an example image acquired by the non-DOI Comptorer@aduring field
tests conducted in May 2013. The brightest hotspots (showmed) in the image correspond
to ~ 50uSv/h when measured with a survey meter at a distance of 1 cguré?il(b) shows an
image collected by the DOI camera in July 2014. From figui®), we can confirm that the hotspot
distribution spreads along the path and that the dose Iétkedush adjacent to the forest path is
higher than that of the path. The dose rate at the camerawigsSv/h, and the brightest hotspot
corresponds te- 10uSv/h. Both figurel1(a) and11(b) show SBP images with an acquisition time
of 3min. We confirmed that these images accurately reflebegasition of hotspots.

Figure1l2 shows the 1-D energy spectrum calculated from energy disgoghe scatterer and
absorber collected by the DOI camera during the image atiguishown in figurell(b). Three
photoelectric peaks clearly appear at 662 Ké¥/Cs), 605 keV, and 796 ke\(***Cs). From this
energy spectrum, we selected only the events correspomalitifCs by setting an energy range:
612keV < Eiot < 712keV and 10ke\K Egca: < 165 keV. By changing the energy range, we can
also acquire thé**Cs distribution.

Through these field tests, we have confirmed that radiatidspbbimages can typically be
acquired in 5—-10 min, even with background contaminatiof &v/h.
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Figure 9. The ML-EM images of twd3’Cs point sources separated by an angle éfak@juired by (a) the
non-DOI Compton camera and (b) the DOI Compton camera.

5 Stereo application

While the Compton camera can provide useful gamma-ray imyaggquely identifying a radia-
tion hotspot is sometimes difficult. For example, this ditwacould occur in a crowded forest
(figure 11(b)) because we cannot easily determine whether the treéfidd in the optical image
is responsible for the hotspot or if a hidden tree causesdtspht. To resolve such degeneracy,
we can use the stereo measurement method to determine tls®@® position from gamma-ray
images taken from two or three different positions (or bytiplé cameras) separated by up to 10
meters 18, 19].

Figure13(a) shows the concept of our 3-D measurement method. Bylating the distribu-
tion maps of the same source taken from several locationgaweletermine the 3-D position of
the source. Figure$3(b) and13(c) show the simulated resultant images for a single sounde a
for two sources placed up to 5m apart, respectively. Thesgés were calculated using three
distribution maps taken at three different positions with hon-DOI Compton camera. In both
the simulation and experiment, we confirmed that the 3-Dtjposinamely the distance to a given
hotspot, could be determined within an accuracy 6f20%.
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6 Conclusion

In this study, we describe the concept and performance ofel @mpton camera using Ce:GAGG
scintillator arrays coupled to MPPC arrays. By employinglig@pable scintillator arrays, the an-
gular resolution was improved 9 ~ 8° (FWHM) at 662 keV fromAB ~ 14° (FWHM) for the
non-DOI camera. The efficiency was also increased by a fatbi5—-2 as compared to hon-DOI
due to the use of thicker scintillator arrays. Based on teas#ies, we conducted a number of field
tests in Fukushima using both the non-DOI and DOl Comptonetasa We confirmed that radia-
tion distribution images could typically be collected viitla few minutes even under background
contamination. Moreover, we also conducted stereo meaamts using data from two or more
positions, thus enabling 3-D measurements of the radidigtributions.
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