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a b s t r a c t

Emerging gamma ray detection applications that utilize neutron-based interrogation result in the
prompt emission of high-energy (>2 MeV) gamma-rays. Rapid imaging is enabled by scintillators that
possess high density, high atomic number, and excellent energy resolution. In this paper, we evaluate the
bright (50,000 photons/MeV) oxide scintillator, cerium-doped Gd2Al2Ga3O12 (GAGG(Ce)). A silicon
photomultiplier (SiPM) array is coupled to a GAGG(Ce) scintillator array (12 � 12 pixels) and integrated
into a coded-aperture based gamma-ray imaging system. A resistor-based symmetric charge division
circuit was used reduce the multiplicity of the analog outputs from 144 to 4. The developed system
exhibits 9.1%, 8.3%, and 8.0% FWHM energy resolutions at 511 keV, 662 keV, and 1173.2 keV, respectively.
In addition, a pixel-identification resolution of 602 mm FWHM was obtained from the GAGG(Ce) scin-
tillator array.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gadolinium aluminum gallium garnet (Gd3Al2Ga3O12 or GAGG)
is a high-density, high absorption coefficient material. When it is
doped with cerium (Ce), the crystal provides scintillation perfor-
mance characteristics that are competitive with both traditional
scintillation solids (NaI(Tl), CsI(Tl)) as well as advanced cerium-
doped silicates (e.g. LYSO(Ce)) and cerium-doped lanthanum ha-
lides (e.g. LaCl3(Ce)), as shown in Table 1 [1]. In particular, since
GAGG(Ce) has a relatively high density, it can be an attractive op-
tion for those gamma-ray detection applications where intrinsic
detection efficiency is a critical consideration, like positron emis-
sion tomography magnetic resonance (PET-MR).

For instance, a GAGG(Ce)-SiPM stack was implemented in a
scatter-catcher configuration for the Compton imaging of mole-
cules in nuclear medicine and small-animal imaging applications
[2]. In order to achieve 0.7 mm full width at half-maximum
(FWHM) spatial resolution for a single-photon emission
computed tomography (SPECT) implementation in small-animal
imaging, the authors in Ref. [3] coupled a GAGG(Ce) scintillator
by Elsevier Korea LLC. This is an
grooved with 0.2 � 0.2 mm2 lines to a position-sensitive photo-
multiplier. GAGG(Ce) implementations for medical imaging are
optimized for relatively low-energy gamma rays (e.g. 511 keV for
PET) and small-area instruments. Those systems that have a com-
parable energy resolution to our system [2,4] are either not
extendable to large areas [2] or they have total active areas several
orders of magnitude smaller which makes them unsuitable for
rapid stand-off imaging.

Our coded-aperture based gamma-ray imager development is
driven by the desire to image the gamma-ray flux sprung from the
surrounding environment following neutron-based active interro-
gation, for application in stand-off environmental radiation area
mapping, demanding both good energy-resolution and large active
areas [5e7]. One of the advantages of a coded-aperture configu-
ration is that it has a high dynamic range, in that it can image both
low-energy gamma rays (<200 keV)- that interact predominantly
via photoelectric absorption, as well as high-energy gamma-rays
(>5 MeV) for which roughly half interact via pair-production. One
can also avoid the scatter-catcher detector configurations needed
for successful Compton imaging, thus simplifying the instrument
design. In particular, we wish to develop a scalable gamma-ray
imaging system that is designed to rapidly detect organic mate-
rials when it is operationally coupled to thermal, deuterium-
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Table 1
Relevant material properties of representative inorganic scintillators [6]. The scintillator under study, GAGG(Ce) is shown in the fourth column..
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deuterium (DD), or deuterium-tritium (DT) neutron sources. The
technology, called EPSILON [5], is based on a 12 � 12 pixelated
inorganic scintillator coupled to a position-sensitive silicon-based
photonic readout, a detector module that can serve as a single
element in an arrayed instrument if large intercept areas are
required by the application.

However, the choice of scintillator can be application-specific,
necessitating characterization data for all of the various options.
In Ref. [6], we considered LYSO(Ce), CsI(Tl), and LaCl3(Ce) but found
that if one endeavors to measure very high energy gamma rays
(>5 MeV) with high intrinsic efficiency, then high density, high
atomic number materials are needed that, in addition, don't emit
internal radiation, such as in the case of LYSO(Ce). Thus, this paper
evaluates the suitability of GAGG(Ce) for those applications.
Competing GAGG(Ce) modules that are extendable to larger areas
are limited in their energy resolution. For example, the GAGG(Ce)-
SiPM module described in Ref. [8] has added expandability, but it
delivers an energy resolution twice as bad as that reported here,
which makes its unsuitable for broad-area imaging applications
that depend on energy-dependent areal mapping.

As shown in Table 1, LYSO(Ce) provides the best combination of
density and effective atomic number; however, LYSO(Ce) suffers
from internal radiation in the form of lutetium b-decay. This 176Lu
/ 176Hf decay has a maximum electron energy of 596 keV as well
as concomitant prompt gamma-ray emissions at 88, 202 and
307 keV. The LYSO(Ce) interaction rates, as measured from 5mm to
10 mm thick scintillators are a fairly large 3000 s�1 and 6000 s�1,
respectively as shown in Ref. [6]. This high interaction rate can spoil
the accurate position reconstruction in traditional readoutmethods
necessitating the utilization of energy-gated methods when
applied to imaging applications.

Although GAGG(Ce) avoids this self-decay, if it is utilized in the
presence of an interrogating neutron source, then it must be well
shielded because of the high thermal neutron absorption cross-
section of 157Gd (254,000 b) and the resulting production of
7.8 MeV gamma rays and electrons [9,10]. Nevertheless, for general
imaging applications, the superior light yield combined with no
intrinsic radioactivity implies that GAGG(Ce) can deliver excellent
performance, the characterization of which is detailed in this paper.

2. Materials and methods

2.1. GAGG(Ce) scintillator array

High efficiency, high energy-resolution scintillators possess a
high light yield, a fast decay time, a high effective atomic number,
and high density [1,11,12]. As shown in Table 1, GAGG(Ce) scintil-
lators from Epic-crystal Co. Ltd. in China and Furukawa Denshi Co.
Ltd. in Japan have high light yield (50,000 photons/MeV), a fast
decay time of the main photonic decay component (87 ns, 90%) and
excellent energy resolution (4.8e11.9%) [13,14]. The material has a
relatively high density of 6.63 g/cm3, an effective atomic number of
54.4, and a pulse shape discrimination capability distinguishing
between gamma-ray and alpha-particle energy depositions [15].
The GAGG(Ce) scintillators emit a light-yellowish color light, they
are not hydroscopic, and they have no intrinsic radioactivity.
Table 1 shows the comparison of relevant material properties for
selected inorganic scintillators.

2.2. SiPM array and data acquisition system

The 12 � 12 SiPM array (ArrayC-30035e144P, On semi-
conductor) which has a 50.02 � 50.02 mm2 active area, a 4.2 mm
pixel pitch, and a breakdown voltage is 24.5 V, can be operated by
applying an over-bias from 1 V to 5 V. In order to establish the
optimal operating bias voltage of the SiPM array, the overvoltage
was raised from 26 V to 29.5 V and the centroid peak channel of the
137Cs gamma-ray was monitored. When the applied bias was
28.5 V, the spectrum was optimized, as gauged by the peak-to-
Compton ratio (PCR), the peak-to-valley ratio (PVR), and the best
energy resolution at 662 keV. In addition, because the internal gain
of each SiPM pixel varies, we calibrated each detecting element, as
detailed in Ref. [6]. The correction of the relative gain for each pixel
was performed by accumulating pixel-by-pixel spectra derived
from a 3.3 MBq activity 137Cs gamma-ray source positioned 10 cm
from the front face of the scintillator. When using a GAGG(Ce)
scintillator as the gain-correction material, 137Cs spectra obtained
before and after gain correction exhibited an energy resolution
improvement of about 2% FWHM, as well as an improvement of
7.9% and 5% in the peak-to-Compton ratio (PCR) and a peak-to-
valley ratio (PVR), respectively.

The resistive network circuit used to transform 24 outputs from
each 12� 12 pixel SiPMmodule to 4 signals-fromwhich the energy
and interaction pixel is discerned is described in Ref. [5,6]. The
signals received within a predetermined (coincident) time window
become the sum signal. In the case of a single event within the
coincident window, the total energy and position can simply be the
size of the sum signal and the signal will be located near the center
of the relevant pixel in which the interaction occurs. However,
when a multi-pixel event occurs inside a scintillator, such as an
initial Compton scatter with absorption of the secondary electron
in a neighboring pixel, the total energy and position are determined
as shown in Ref. [5].

The light pulse from the scintillator excitation and decay is
converted into a current signal in the SiPM array, which is
matched to have the same area and number of pixels. In this case,
the magnitude of the current signal is proportional to the energy
of the gamma-ray interacting with the scintillator. The photo-
electric conversion gain of 105 to 107 is realized in the photo-
sensor depending on the bias voltage applied to the SiPM. A bias
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voltage adjustment is digitally controllable to approximately
0.1 V accuracy.

In reducing the channel multiplicity, the signals from 144 pixels
are first reduced to 12 for each of orthogonal X and Y direction. The
signals of the channels are tied together and added. These bundled
signals are amplified by 24 transimpedance preamplifiers. The
hardware is designed to have a transimpedance gain of 100 Ohms.
An Anger logic circuit is used tomodify the 12 signals for each of the
X and Y axes by a number corresponding to their relative row (or
column) position- 1 to 12 in a given direction-before they are added
together. In this case, when gamma rays are detected in X and Y,
Exþ, Ex-, Eyþ, and Ey-are as follows when the size of the signal of a
transimpedance amplifier is A:

Exþ ¼A� X; Ex� ¼ A� ð13�XÞ; Eyþ ¼ A� Y ; and; Ey�
¼ A� ð13�YÞ (1)

Therefore, the energy (E) and the detection position (PX, PY) of
the gamma-ray can be determined as:

E¼ Exþ þ Ex� ¼ Eyþ þ Ey� ¼ A� 13 (2)

PX ¼
ðExþ � Ex�Þ

E
¼ ð2� X � 13Þ

13
and PY ¼

�
Eyþ � Ey�

�

E

¼ ð2� Y � 13Þ
13

(3)

These four analog signals of Exþ, Ex-, Eyþ, and Ey-are converted
to digital using a 50 MSa/s analog to digital converter (ADC) and
sent to a digital circuit block as shown in Fig. 1.

In the digital signal processing circuit, the magnitude of the
detector signal and the detected position are extracted from the
input waveform. In addition, the bias voltage necessary for SiPM
operation is controlled, and the temperature sensor value is read to
correct the photoelectric conversion gain of the SiPM depending on
the temperature. The data obtained from the digital signal pro-
cessing circuit is transferred to the CPU board through the USB2
protocol. The CPU board is equippedwith an ARM CPU based on the
Linux OS that utilizes a Raspberry PI board. The board performs (1)
the image processing using the maximum likelihood expectation
maximization (MLEM) reconstruction method and (2) superim-
poses the resulting radiological images upon a concurrent optical
image. The image data is then transferred to a remote side PC such
as a desktop or laptop. The amount of data that can be transferred
from the developed USB2 interface is up to 10 Mbyte per second,
which translates into a gamma ray count rate of up to 1,250,000/s.
Considering that the pulsewidth of the gamma ray signal is roughly
1 ms, the USB2 possesses a sufficient data transmission speed.

The power drive unit uses an adapter power of 5 V DC/2 A as
input power. It is designed so that the current required for driving
Fig. 1. Prototype hardware configuration
the device can be reduced as much as possible so that it can be
driven by a battery in the future. The current consumed by the
hardware had a maximum of 1.5 A measured at a 5 V input voltage.
The hardware consists of a detector module and three circuit
boards as shown in Fig. 2. Each of the three circuit boards consists of
two developed PCB boards (front-end and charge division circuits)
and a commercially available CPU board.

3. Results and discussion

3.1. Energy resolution

The temperature dependence of the gain and spectral charac-
teristics has been quantified, as summarized in Ref. [5]. In short, the
position and energy are calculated from the raw FPGA data and
compensated via a look-up table on a pixel-by-pixel and event-by-
event basis. For all of the following spectral results, 10 cm distant,
3.7 MBq sources of 137Cs, 22Na, and 60Co were positioned in front of
the scintillator. Fig. 3 shows the spectra from each of the 144 pixels
before the energy calibration. The photopeaks across the array have
consistent performance. Nevertheless, the outermost pixels do
exhibit expected edge effects via both: (1) the increased size of the
scatter continua, and (2) the more poorly sample spectra in the first
two rows. Fig. 4a shows the best energy resolution of a single pixel,
at 5.49%, noting that the low-energy shoulder on the peak corre-
sponds to the Gd Ka (44.5 keV) escape peak. If a simple single-point
(662 keV channel number) calibration is utilized, then the mean
resolution increases to 8.3% at 662 keV, as shown in Fig. 4b.
Furthermore, the relatively high density of the material results in
an excellent PCR and PVR, compared to the equivalent CsI(Tl),
LaCl3(Ce) and LYSO(Ce) scintillators characterized in Ref. [6].

Figs. 4b and 5 show that GAGG(Ce) produces the best energy
resolution of all of the scintillators examined (cf. [6]), with 9.1% and
8.0% resolution at 511 keV and 1173.2 keV, respectively. In addition,
when detecting gamma rays across awide dynamic range andmore
to point, using that energy to image their direction, the scintillator's
linearity response is of great importance. Fig. 6 shows the photo-
peak mean height as a function of gamma energy at a SiPM oper-
ating voltage of 28.5 V. The measurements were recorded at 31 �C
using 152Eu, 22Na, 60Co, and 137Cs sources. The response shows good
linearity with increasing gamma energy.

3.2. Flood histogram quality

Flood histograms show the position-distribution of the flux
detecteduponapartitioneddetector. Thedistributionswereobtained
from GAGG(Ce) when it was exposed to a 3.3 MBq 137Cs gamma-ray
source positioned at the face of detector module, the result from
which is shownatFig. 7. Thepositionmapsdemonstrate that thepixel
for driving a single sensor module.



Fig. 2. System components for testing a GAGG(Ce) scintillator array coupled with a large area SiPM (left) and its assembly (right) with data acquisition system composed of: (1) a
front-end circuit, (2) charge division circuits, and (3) a Raspberry Pi 4 board.

Fig. 3. 3.3 MBq 137Cs gamma ray pixel-by-pixel spectra of 4 � 4 � 20 mm3 GAGG(Ce) scintillator. The collection time was 5 min and the source was positioned 10 cm from the face of
the detector module.
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is effectively identified across the array. The one-dimensional (1D)
row-sum profile (Fig. 7b) reveals that each central pixel position is
measuredwith a full width at half maximum (FWHM) uncertainty of
602 mm, and the isolation of the pixels in the two-dimensional (2D)
maps shows that pixel identification is effective. The entire spectrum
was evaluated in the generation of these histograms.

In general, in the one-dimensional profile, the reduction in the
peak height as a function of distance from the center of the crystal is
enhanced for close distances due to non-negligible geometric effi-
ciency effects, a variation that is enhanced for lower density scintil-
lators such as thallium-doped sodium iodide [6]. The extended
baseline in Fig. 7b (green-dashed line) reflects the degree to which
multi-pixel events contribute to thedistribution. In the caseof12�12
GAGG(Ce) scintillator array, the baseline of the profile is lower than
that of the 4� 4� 20mm3 CsI(Tl) scintillator and higher than that of
theLYSO(Ce)andLaCl3(Ce) scintillators [6]because secondarygamma
rays aremore likely to be captured inhighereffective Z (Zeff)materials
resulting in a larger number of position evaluations that are a linear
combination of multiple pixel values. Thus, there is a trade-off be-
tween the overall spectral metrics, such as PVR and PCR, which are
both enhanced as the detection efficiency increases and the degree to
which multi-pixel events can spoil the position reconstruction.

As shown in Table 2, the pixel-identification resolution im-
proves as the photoelectric absorption probability increases, as



Fig. 4. 137Cs gamma ray spectra of (a) single pixel and (b) average of 144 pixels of a 4 � 4 � 20 mm3 GAGG(Ce) scintillator. The collection time was 5 min and the source was
positioned 10 cm from the face of the detector module.

Fig. 5. 22Na (a) and 60Co (b) gamma ray spectra derived from average response of 144 pixels from a 4 � 4 � 20 mm3 GAGG(Ce) scintillator for 5 min of detection time when the
source was positioned 10 cm from the face of the detector module.

Fig. 6. Photopeak mean height (ADC number) as a function of gamma energy derived from GAGG(Ce) optically coupled to a 12 � 12 pixelated SiPM, which is operated at a bias
voltage of 28.5 V and a temperature of 31 �C.
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Fig. 7. (a) Two-dimensional flood histogram and (b) 1D row-sum profile of (a) derived from a GAGG(Ce) scintillator array. The collection time was 5 min, and the 3.3 MBq 137Cs was
positioned at 10 cm from the face of the detector module.

Table 2
Impact of the scintillators’ physical properties (density, Zeff) upon the spatial resolution (FWHM).

Scintillator Density (g/cm3) Effective Z number FWHM (mm) Base line position

LaCl3(Ce) [6] 3.85 59.5 478 0.8
CsI(Tl) [6] 4.51 54 625 1.1
GAGG(Ce) 6.63 54.4 602 0.9
LYSO(Ce) [6] 7.2 65 194 0.4

Fig. 8. Hand-held coded-aperture gamma-ray imaging system based on a GAGG(Ce) scintillator array coupled with 12 � 12 pixelated SiPM array. (a) The view of system operation
which has two operational modes, one with an internal computer, and one in which an external computer is implemented with Wi-Fi communications. (b) The view of side and
front of the system.
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governed principally by Zeff. Note in particular that LYSO(Ce) with
a Zeff of 65 has three times lower uncertainty than CsI(Tl) and
GAGG(Ce), with Zeff near 54. For materials with similar Zeff, such
as CsI(Tl) and GAGG(Ce), higher density results in a greater
multiplicity of single-pixel events because of enhanced
secondary scatter captures. This increased scatter capture also
diminishes the geometric attenuation effect. Thus, higher density
scintillators such as GAGG(Ce) have a more spatially uniform
response in the near field than lower density scintillators, such as
LaCl3(Ce) and CsI(Tl) [6].



Fig. 9. (a) The main graphical user interface (GUI) view of system operation which displays the position and count rate of the 0.37 MBq 137Cs gamma-ray source at 50 cm distance
and 50 s detection time, from the mask with a field-of-view of ±210. (b) The optional view of the recorded spectrum with the same detection conditions.

Fig. 10. Field-of-view (FOV) tests for coded-aperture gamma-ray imaging system based on GAGG(Ce) scintillator array coupled with a 12 � 12 pixels SiPM array when exposed to a
0.74 MBq of 137Cs at 50 cm distance from the mask with 7� angle incensements. The system has a 42� FOV. The radiation source position, shown in pink/red, overlaps the optical
image. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Coded-aperture gamma-ray imaging system

The results thus show that the GAGG(Ce) scintillator can be used
as an effective gamma ray detection medium with high intrinsic
detection efficiency and good energy resolution. The single 12 � 12
pixel module can be tiled to increase the geometric efficiency as
shown in Ref. 5; however, for portable applications, the module can
be implemented alone in a coded-aperture hand-held imaging
system, such as that shown in Fig. 8. The front plane is equipped
with a 21� 21 rank, centered-mosaic, modified-uniform redundant
array (MURA) mask composed of 2 cm thick tungsten [5], covered
in red in the figure. The system provides a 42� angular field-of-view
(FOV) and 8.3% energy resolution at 662 keV. The system is
composed of an optical camera fromwhich the optical image can be
displayed, a symmetric resistor network-based readout circuit with
a field programmable gate array (FPGA) for the digitized signals
processing, and a 16WA Li-ion battery. In the hand-held format, the
systemweighs less than 10 kg including the internal computer that
is used for running the MLEM algorithm [7] fromwhich the source
image is reconstructed. The system can be controlled by an internal
integrated computer or via an external computer through a Wi-Fi
connection (see Fig. 9).



Fig. 11. The radiation sensitivity tests using a 3 mR/h of exposure-rate condition with the different detection times shown.
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Figs. 10 and 11 are test results for the FOV and sensitivity of the
coded-aperture gamma-ray imaging system based on the
GAGG(Ce) scintillator array. For the FOV test, a 0.74 MBq 137Cs
gamma-ray source was placed 50 cm away from the imaging de-
vice. As shown in Fig. 10, the source positionwas varied over angles
ranging from �210 to þ210 at 70 intervals. The resulting radio-
graphic images were acquired for 60 s at each location to determine
whether the reconstructed source is accurately located when
compared with the overlapping optical image. As shown in the red
radiographic hot-spots in Fig. 10 that overlay the optical image, the
source position is accurately reconstructed.

The EPSILON-H can image a137Cs source producing ~3 mR/h in
less than 2 min. This can be compared with the CZT-based H100
from H3D Inc. that has a quoted sensitivity of localizing the same
source in less than 5 min [16]. The iPIX gamma-camera from Can-
berra Inc, based on a 1 mm CdTe active medium, has a quoted
localization time of 2 min for more intense 10 mR/h 137Cs source
[17]. Thus, one of the benefits of the higher detection efficiency is
improved sensitivity relative to lower atomic number, thinner
detectors.

For the sensitivity test, a 0.299MBq mCi 137Cs gamma sourcewas
placed at a distance of 1 m from the imaging device to create an
irradiation dose environment of 3 mR/h. The minimum time that is
required to obtain a stable radiographic image was obtained by
reducing the image acquisition time of the imaging device from 300
to 50 s in 50 s steps. We found that a stable radiographic image is
obtained for acquisition times greater than 150 s. However, as
shown in the 100 s and 50 s images of Fig. 11, although the source is
localized, the reconstructed position can be slightly askew for
acquisition times of 50 s or 100 s. That is, the image isn't merely
blurred if it is poorly sampled, but it can be localized to a false
location during the MLEM reconstruction.
4. Conclusion

A large dimension SiPM array was coupled to a pixelated
GAGG(Ce) scintillator array in order to evaluate the spectral and
position-sensitivity performance when considering it in a coded-
aperture based gamma-ray imaging system. The system shows
8.0%, 8.3%, and 9.1% energy resolutions at 1.173 keV, 662 keV, and
511 keV, respectively, for a 4 � 4 � 20 mm3 pixelated GAGG(Ce)
scintillator array. The pixel-center is identified for all pixels with
602 mm FWHM resolution. For high-energy gamma-rays (>2 MeV),
the results show that GAGG(Ce) provides high efficiency and more
notably, superior energy-resolution performance compared to
CsI(Tl), LYSO(Ce), and LaCl3(Ce). A single element 21 � 21 rank
coded aperture gamma-camera was implemented with GAGG(Ce)
that effectively localizes gamma-ray sources within its 420 field of
view. It is therefore an excellent scintillator for those gamma-ray
sensing and imaging applications for which the maximization of
the intrinsic efficiency is a dominant operational consideration.
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