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a b s t r a c t

We developed a miniaturized multi-dimensional radiation sensor system consisting of an inorganic
scintillator array and plastic optical fibers. This system can be applied to remotely obtain the radioactivity
distribution and identify the radionuclides in radioactive waste by utilizing a scanning method. Variation
in scintillation light was measured in two-dimensional regions of interest and then converted into
radioactivity distribution images. Outliers present in the images were removed by using a digital filter to
make the hot spot location more accurate and cubic interpolation was applied to make the images
smoother and clearer. Next, gamma-ray spectroscopy was performed to identify the radionuclides, and
three-dimensional volume scanning was also performed to effectively find the hot spot using the pro-
posed array sensor.
© 2023 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

With the utilization of radiation and nuclear materials in various
fields, such asmedicine, industry, and nuclear facilities, it is expected
that radioactive waste generation will increase [1]. In addition, as
nuclear power plants are being actively decommissioned world-
wide, the importance of radioactivewastemanagement is increasing
[2]. Radioactive waste must be managed through several stages,
from generation to final disposal, and the characteristics of thewaste
need to be classified and verified to meet the acceptance criteria at
each stage [3,4]. To verify the nuclide inventory of radioactive waste,
non-destructive assay techniques such as segmented gamma scan-
ning are routinely used [5].

A high-purity germanium detector (HPGe) is typically used in
non-destructive assays due to its excellent energy resolution that
enables accurate acquisition of radionuclide information via
gamma-ray spectroscopy [6]. However, its use is restricted in many
fields due to the various incidental disadvantages of using
by Elsevier Korea LLC. This is an
cryogenic cooling to prevent thermal excitation [7]. The mobility of
an HPGe detector is limited due to its large volume and weight
including cryostat, and the detector package geometry is stan-
dardized for cooling, which makes it difficult to use it in many
target environments and conditions. In addition, it has other dis-
advantages of a slow response due to the required cool-down time
of several hours and high price. Thus, there is a need to develop a
detection system for radioactive waste that is easier to manage, has
a short response time, is cost-effective, and is adaptable for use in
various target environments and conditions.

Inorganic scintillators are widely used in various fields that
require high geometric efficiency and sensor miniaturization due to
their high density, light yield, and machinability in diverse forms
[8]. Although hygroscopicity is the biggest disadvantage of inor-
ganic scintillators, cerium-doped scintillators such as GAGG:Ce and
LYSO:Ce have shown good performance without this drawback
[9e12].

Several studies have been conducted on developing fiber-optic
radiation sensors with small inorganic scintillators. Han et al.
fabricated a fiber-optic radiation sensor (FORS) with a plastic op-
tical fiber (POF) and three different inorganic scintillators (BGO,
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. The attenuation rate of the plastic optical fiber.

Fig. 2. A schematic diagram of the GAGG:Ce array sensor.
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YSO:Ce, and LYSO:Ce), to measure radiation levels on-site [13]. Yoo
et al. evaluated the ability of a FORS to distinguish radionuclides in a
mixed radiation field [14], while Song et al. demonstrated the effect
of the length of the optical fiber on changes in the gamma-ray
energy spectrum of Cs-137 and the energy resolution of a FORS
[15]. In the medical field, fiber-optic dosimetry (FOD) or optical
fiber sensor (OFS) have been utilized for real-time in vivo mea-
surements during radiotherapy, for which they have shown good
response stability, a linear energy response, and high spatial reso-
lution [16e18]. Building upon these advantages, researchers have
also conducted studies to develop fiber-optic sensors or fiber-
shaped scintillators in the form of bundles or arrays for radiation-
imaging purposes [19e21].

POFs offer several advantages when being used for radiation
sensing, such as having a small sensing part, being lightweight, and
being of sufficiently long length with good flexibility, which makes
them suitable for use in narrow, complex, and curved conditions.
They can also be used to monitor a large area with many point
detections and are resistant to moisture, corrosion, and electro-
magnetic interference, making them usable in harsh environments
[22,23]. In addition, many recently developed sensingmaterials can
be made into fiber shapes, which makes it easy to fabricate com-
bined sensors, as well as improving accuracy and lowering the
fabrication cost [24,25].

In this study, we developed an inorganic scintillator array sensor
system with a POF for acquiring radioactivity distribution and hot
spot location in radioactive waste by utilizing a scanning method.
For sensor miniaturization and combining with POF for remote
sensing, we used a non-hygroscopic inorganic scintillator,
GAGG:Ce, to fabricate an array-form sensor. Variation in scintilla-
tion lights was measured in two-dimensional regions of interest
(ROIs) and then converted into a radioactivity distribution image.
Outliers present in the image were removed by using a digital filter
to obtain the hot spot location more accurately and cubic interpo-
lation was applied to make the images smoother and clearer.
Meanwhile, gamma-ray spectroscopy was performed to identify
radionuclides, and three-dimensional volume scanning was also
performed that could effectively find hot spots using the proposed
array sensor.

2. Materials and methods

We used a GAGG:Ce scintillator (GAGG-HL, Epic Crystal) as the
sensing element for direct coupling with a POF. Because of its non-
hygroscopicity, GAGG:Ce can be utilized without housing and is
suitable for small-volume applications. In addition, it has many
advantages for use in gamma-ray sensing, such as high density and
effective Z-number, and high light yield and sensitivity. The phys-
ical properties of GAGG:Ce are listed in Table 1 [26].
Table 1
The physical properties of GAGG:Ce.

Property Value

Density (g/cm3) 6.63
Effective Z-number 54
Decay time (ns) 150
Light yield (photons/MeV) ~54,000
Emission wavelength peak (nm) 530
Hygroscopicity None
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Another advantage of GAGG:Ce can be observed at its maximum
emission wavelength. Fig. 1 shows the attenuation rate of the POF
used in this study (CK-120, Mitsubishi Chemical) according to the
wavelength of the light signal [27]. It is confirmed that the rate of
attenuation is very low at 530 nm, the maximum emission wave-
length of GAGG:Ce. This means that the scintillation light from
GAGG:Ce can be transmitted through the POF with low loss.

A schematic diagram of the GAGG:Ce array sensor is depicted in
Fig. 2. For this study, 20 GAGG:Ce crystals with dimensions of
4 � 4 � 20 mm3 were arranged in parallel. To optimize scintillation
light collection and prevent optical crosstalk between the scintil-
lators, each scintillator in the array was covered with a 1 mm thick
BaSO4 reflector. The centers of the crystals were 5 mm apart,
resulting in a total array size of 101 � 6 � 21 mm3. Each crystal was
connected to the photodetector through a 1m long POF, and optical
pads (EJ-560, Eljen Technology) were applied at the scintillator-POF
and POF-photodetector interfaces to ensure optimal light trans-
mission through refractive index matching and tight contact.



Fig. 3. The experimental setup for two-dimensional vertical scanning.

Fig. 5. The experimental setup for two-dimensional horizontal measurements.
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The experimental setup for two-dimensional vertical scanning
is presented in Fig. 3. The array sensor was connected to a linear
actuator (LEFS25RA-300, SMC) to construct a system capable of
vertical scanning. The light generated from the scintillator was
transmitted through the POF to the photodetector, where it was
expressed as a quantitative count by the photon counting circuit. A
photon counting head (H11890-210, Hamamatsu) equipped with a
high-speed photon counting circuit and high count sensitivity at
the 530 nmwavelength of GAGG:Ce was used as the photodetector
[28]. The vertical scanning interval was set to 5 mm, which corre-
sponds to the interval between the centers of the scintillators in the
array.

3. Experimental results

Fig. 4 presents the results of two-dimensional vertical scanning,
showing the scintillation light output variation based on the sensor
height. In this experiment, we used a 43.21 mCi Co-60 gamma-ray
source and the legend in Fig. 4(a) indicates that 0 mm represents
when the gamma-ray source and the sensor are on the same hor-
izontal line. In Fig. 4(a), count differences can be clearly observed
Fig. 4. The results of two-dimensional vertical scanning with the proposed sensor. (a) Sci
heights. (b) Visualization of the results in (a) using an RGB scale.
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with respect to the sensor height and the distance between the
centers of the scintillators. Fig. 4(b) visualizes of Fig. 4(a) on an RGB
scale, where each pixel represents the count at the position, and the
redder color indicates a higher count. Since the scintillation count is
proportional to the amount of radiation interacting with the scin-
tillator, Fig. 4(b) presents the radioactivity distribution of the
measurement area. The reddest spot in Fig. 4(b) denotes the hot
spot where the level of radiation is higher than the surrounding
area, and it was observed to be located at channel number 10with a
height of 0 mm.

Two-dimensional horizontal scanning was subsequently carried
out, and the experimental setup for horizontal measurements is
presented in Fig. 5. Two GAGG:Ce array sensors were combined in
an L-shape, and the scintillation light wasmeasured after a gamma-
ray source was positioned within its 101 � 101 mm2 measurement
area. During the measurements, the radioactive source and the
sensor were positioned on the same horizontal line and their height
was fixed.

Fig. 6 shows changes in radioactivity distribution in the two-
dimensional horizontal plane according to the position of the
source. The small circle in the figure represents the actual location
of the radiation source, and the diameter of the active element
inside the source disc is 5 mm. The measured counts from the
sensors forming the horizontal and vertical axes of the measure-
ment area were combined, and it can be observed that the hot spot
ntillation light output variations by vertical scanning of the sensor array at different



Fig. 6. Changes in two-dimensional radioactivity distribution according to the position of the radioactive source.
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moves according to changes in the position of the gamma-ray
source, causing changes in the radioactivity distribution in the
area. Although the location of the hot spot can be easily identified
in Fig. 6, the reddest point was not in the expected position due to
outliers, which are abnormal values in certain spots that masked
the exact location of the radioactive source. Therefore, removing
these outliers was necessary.

Fig. 7 shows the outcomes of applying a Savitzky-Golay (SG)
filter and cubic interpolation sequentially to the radioactivity dis-
tribution images. The SG filter is a commonly used digital filter for
signal smoothing that is effective at reducing noise, including
outliers, through convolution and is also widely utilized in image
processing [29,30]. In comparison with the original images, it can
be observed that the SG filter removed the outliers and corrected
the position of the hot spot while cubic interpolation made the
images smoother and clearer.

To identify nuclides in a radioactive source, it is necessary to
acquire an energy spectrum by using gamma-ray spectroscopy. For
clear energy spectrummeasurements, gamma-rays and the detector
must interact sufficiently, and the simplest way to achieve this is to
bring the detector as close to the radioactive source as possible.
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After image enhancement, gamma-ray spectroscopy was per-
formed using the channel closest to the hot spot. This was achieved
using a photomultiplier tube (PMT; R6233-100, Hamamatsu) with
high sensitivity at 530 nm and a low dark current of 2 nA. The
current signal generated by the PMT was converted into an
amplified voltage signal via a charge-sensitive preamplifier (Model
2005, Mirion). This signal was then sorted and rearranged into a
spectrum based on its amplitude using a digitizer (DT5725, Caen)
employing a trapezoidal filter.

Fig. 8 shows the acquired energy spectra using the closest sensor
channel to the hot spot for Cs-137 and Co-60 gamma-ray sources
having activities of 40.53 and 43.21 mCi, respectively. The full en-
ergy peaks of the radionuclides were measured: the energy reso-
lutions were estimated as 10.34%, 7.24%, and 7.18% at 662, 1,173, and
1,332 keV, respectively. The relationship between the analog-to-
digital converter (ADC) channel number and the full energy peak
energies of the radionuclides is displayed in Fig. 9, which exhibits
good linearity with an R2 value of around 0.9984. This indicates that
the signal generation and amplitude analysis with respect to
gamma-ray energies were performed linearly and accurately.

Following the two-dimensional measurements, three-



Fig. 7. Application of a Savitzky-Golay filter and cubic interpolation to remove outliers and enhance the images.

Fig. 8. Acquired energy spectra using the closest channel to the hot spot of (a) Cs-137 and (b) Co-60 radioactive sources.
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dimensional scanning was performed using the same configuration
as shown in Fig. 5. For three-dimensional measurement, two ver-
tical scans are needed using the L-shaped sensor array. The first
scan moves the L-shaped sensor array upward from the lowest to
the highest point in 5 mm increments, while the second scan
3210
rotates the sensor array by 180� and moves it downward from the
highest to the lowest point, again in 5 mm steps. Scintillation light
was acquired in four directions and the resulting data were visu-
alized as a distribution image.

Fig. 10 shows the acquired three-dimensional images of the



Fig. 9. The relationship between the analog-to-digital converter (ADC) channel
number and the full energy peak energies of the radionuclides.
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radioactivity distribution and the hot spot. Similar to the two-
dimensional image, red indicates a higher radiation level. Thus,
the three-dimensional radioactivity distribution within the rect-
angular parallelepiped ROI can be observed, and the three-
dimensional location information of the hot spot was obtained by
identifying the points with high counts that represent the top 10%
of measured scintillation lights in the entire data.

4. Conclusions

In this study, we developed a miniaturized multi-dimensional
radiation sensor system consisting of an inorganic scintillator
array and POFs. This system can be applied to remotely obtain the
radioactivity distribution and radionuclide information in
Fig. 10. Acquired three-dimensional images of (a) r
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radioactive waste by utilizing a scanning method. The scintillator
array sensor was fabricated using GAGG:Ce, which is characterized
by non-hygroscopicity and high light yield.

Variation in scintillation light due to changes in the sensor
height and the position of the gamma-ray source was measured
and converted into a radioactivity distribution image. The accuracy
of hot spot location was improved by applying an SG filter to
remove outliers while utilizing cubic interpolation made the im-
ages smoother and clearer. Based on the location information,
gamma-ray spectroscopy was performed at the nearest sensor
channel to the hot spot, and energy spectra of Cs-137 and Co-60
were obtained. The three-dimensional distribution showing the
position of the hot spot was also acquired.

Because of the disadvantages of existing detectors used to
identify the characteristics of radioactive waste, we conducted a
feasibility study to develop a system capable of obtaining the
radioactivity distribution and radionuclide information within an
ROI. Our proposed system utilizes an inorganic scintillator, which
has high radiation detection efficiency and machinability. Although
the systemmay experience some energy resolution loss, it does not
require cooling and has excellent degrees of freedom in configu-
ration and handling. Given that the system could obtain point data
from the scanning area and identify Cs-137 and Co-60, which are
the key nuclides for the scaling factor method, it can potentially be
used to supplement existing detectors.

However, the radioactivity distribution images are still blurry
and the hot spot appears as much larger than the actual source size.
This is because the scintillators are too close together to generate a
significant difference in counts with respect to an adjacent uncol-
limated radioactive source. In future studies, wewill investigate the
use of collimators on the scintillator array to adjust the count dif-
ferences between the channels by collimating the incoming
gamma-rays. Furthermore, image enhancement techniques will
also be studied to improve the quality of the three-dimensional
images.
adioactivity distribution and (b) the hot spot.
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