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This paper presents the design and performance evaluation of a field-deployable, real-time, multi-channel line
radiation detector for imaging radioactive contamination in seafood. The detector integrates scintillator arrays
made of thallium-doped cesium iodide (CsI(T1)) with Geiger-mode avalanche photodiodes (GAPDs) to enable
spatially resolved gamma-ray detection. This detector consists of 128 channels arranged in a 4 x 32
configuration, providing a total active area of 98.24 mm x 12.28 mm. The CsI(T]) scintillator is configured as a
4 x 4 array, with each pixel measuring 3 x 3 x 10 mm® and wrapped in a TiO: reflector. The GAPD array
possesses the same 4 X 4 geometry, and each pixel has a sensitive area of 3.07 x 3.07 mm?> The photon detection
efficiency at 540 nm is approximately 30%, with a gain on the order of 10°. Signals from 32 individual GAPD
channels are multiplexed into four analog outputs via resistive charge division (RCD), enabling the gamma-ray
interaction position to be extracted. Subsequently, the multiplexed signals are amplified by a two-stage
inverting amplifier with an overall gain of approximately 20 and digitized by a data acquisition system for
storage and analysis. Performance is evaluated using a fish sample containing an embedded Na-22 point source,
and the source position is reconstructed as heatmaps obtained from line scans at 17 positions with 12 mm
spacing. The detector achieves an average energy resolution of 15.9 + 2.0% at 511 keV, demonstrating uniform
performance across all 128 channels. The heatmaps reveal high counts at scan positions corresponding to the
Na-22 source within the fish sample, clearly resolving the spatial distribution of gamma rays. These results
indicate that the proposed detector can detect and image radioactive contamination during seafood inspection,
and future work will investigate the feasibility of a magnetic resonance-compatible radiation detector based on

gamma-ray position discrimination.
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1. Introduction

Following the 2011 Fukushima nuclear disaster, the
demand for radioactivity testing of seafood has sub-
stantially increased. However, conventional laboratory-
based approaches possess significant limitations. High-
purity germanium spectrometers, widely regarded as the
standard for radionuclide detection, incur prohibitively
high operational costs, require specialized maintenance
and expertise, and often necessitate destructive sample
preparation. In addition, the inability of these spectro-
meters to efficiently process large batches of samples
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restricts testing to centralized facilities, thereby hindering
real-time on-site screening and the comprehensive
inspection of seafood products [1, 2]. Consequently, this
urgently necessitates a detection technology that can
simultaneously provide low background noise and high
detection efficiency to enable accurate on-site assessment
of radionuclide distribution [3, 4].

To address these limitations, a multi-channel line
radiation detector that combines thallium-doped cesium
iodide (CsI(Tl)) scintillators with Geiger-mode avalanche
photodiodes (GAPDs) is proposed in this study [5].
CsI(Tl) was selected as the primary scintillator material
owing to its high light yield, excellent mechanical
stability, and lower hygroscopicity than alternatives such
as Nal(Tl), ensuring reliable operation across diverse field
environments [6].
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GAPDs were employed as the photosensor component
owing to their inherently high gain, compact form factor,
and excellent scalability, critical attributes for multi-
channel detector configurations designed for real-time
analysis [7-9]. In addition, GAPD-based detector modules
have been widely investigated for use in magnetic
resonance environments, including positron emission
tomography magnetic resonance imaging and photon-
counting detector systems [10-12]. Moreover, resistive
charge division (RCD) technology was implemented to
efficiently multiplex signals from 128 individual channels
while preserving both positional and energy information
[13-15]. The multiplexed signals were subsequently
amplified using a two-stage inverting amplifier with an
overall gain of approximately 20, and a data acquisition
(DAQ) system subsequently converted the analog signals
to digital data for storage and analysis.

The proposed 128-channel line detector can directly
detect radioactivity in real time at deployment sites,
thereby facilitating the comprehensive inspection of seafood
batches and overcoming the operational constraints of
traditional laboratory protocols. This paper presents the
conceptual design, hardware implementation, and compre-
hensive performance characterization of the developed
128-channel (4 x 32) CsI(TI)-GAPD-based line radiation
detector system and demonstrates the practical viability of
this system for real-time on-site radioactivity assessment
of seafood.

2. Materials and Methods

2.1. Design concept

Each CsI(Tl) scintillator present in the sub-detector
units of the line radiation detector was arranged in a 4 x 4
array, with each pixel measuring 3 x 3 x 10 mm®. Addi-
tionally, a TiO: reflector was placed between adjacent
scintillator pixels. The GAPD array had the same 4 x 4
configuration as the CsI(TI) array and provided an active
area of 3.07 x 3.07 mm? per pixel. At the effective
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emission wavelength of CsI(TI), i.e., 540 nm, the photon
detection efficiency of the GAPD was approximately
30%, and the device provided a signal gain of approxi-
mately 10° The CsI(TI) crystals and the GAPD array
were optically coupled using BC-630 optical grease to
reduce the refractive-index mismatch between the
coupling surfaces of the crystals and the array, and
minimize light loss due to reflection by eliminating air
gaps, as shown in Fig. 1.

Two 4 x 4 sub-detector units were arranged horizontally
to construct a detector module with a 4 x 8 configuration
(32 channels). External light contamination was prevented
by wrapping the detector module in white Teflon tape
(reflector) and black insulating tape (light seal).

Readout of the 4 x 8 detector module is implemented
using an RCD network, as depicted in Fig. 2. The RCD
network multiplexed signals from 32 individual scintillation
channels into four analog outputs, i.e., A, B, C, and D.
The position of each event was calculated using Egs. (1)
and (2).
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Fig. 2. Schematic of the 4 x 8 RCD network to enable mul-
tiplexed signal readout with four output nodes (A, B, C, and

Fig. 1. Schematic diagram of the sub-detector structure, consisting of a 4 x 4 CsI(TI) scintillator array optically coupled to a 4 x 4

GAPD array using optical grease.
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Where X and Y represent the row and column positions
of the radiation event, respectively. The sum A+B+C+D
corresponds to the total energy deposited by the event.
These position calculations can be used to discriminate
between the 32 individual scintillation crystals within
each detector module.

Subsequently, four identical 4 x 8 detector modules
were arranged in series to construct a complete line
radiation detector with a 4 x 32 configuration (128
channels in total). The active detection area obtained was
98.24 mm (horizontal) x 12.28 mm (vertical), thereby
enabling line scanning of the radiation distribution with a
pixel resolution matching the dimensions of the individual
scintillation crystals (3 x 3 mm?).

2.2. Experimental setup

The performance of the proposed line radiation detector
was evaluated using a seafood sample, approximately 200
mm in length, at the center of which a Na-22 point source
with an activity of 3.15 MBq was inserted. The detector
was positioned parallel to the sample surface at 60 mm
distance. All measurements were obtained inside a black
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shielding box to completely block external light.

To implement line scanning, the sample was translated
in 12 mm steps, chosen to match the effective vertical
resolution of the detector, i.e., approximately 12 mm, to
cover the entire 200-mm sample length. A total of 17
measurement positions, therefore, spanned approximately
204 mm along the sample axis, and data were acquired
over 600 s at each position.

Signals generated in the detector were multiplexed into
four channels, i.e., A, B, C, and D, by the RCD network,
and the multiplexed outputs were routed to a preamplifier
via a flat-flex cable connector. An AD8012 operational
amplifier in the dual inverting configuration was used as a
preamplifier, providing an overall voltage gain of approxi-
mately 20. Subsequently, the amplified signals were
digitized by a data acquisition (DAQ) system and stored
for offline analysis. The DAQ parameters were set to an
offset of approximately 100 mV, a trigger level of 250
mYV, and a dead time of 1800 ns.

2.3. Performance evaluation
The four-channel signals, i.e., those obtained from A,

Fig. 3. (Color online) Flood map of the 4 x 32 CsI(TI)-GAPD line radiation detector obtained using a Na-22 source after watershed

segmentation.
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Fig. 4. (Color online) Energy spectra of all the channels obtained using the CsI(T1)-GAPD line radiation detector. The inset depicts
a representative result of photopeak fitting corresponding to a single channel. *ER: energy resolution.
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B, C, and D, acquired from the RCD network, were
converted to X-Y spatial coordinates using Eqgs. (1) and
(2) and subsequently reconstructed into a two-dimen-
sional flood map, such that the signal distribution across
the detector can be visualized. In addition, watershed
segmentation was applied to distinguish all 128 individual
detector channels.

Energy spectra of the individual detector channels were
generated as histograms to identify the 511 keV photo-
peak obtained from the Na-22 source, and the energy
resolution was subsequently determined via Gaussian
fitting of the photopeak.

To localize radiation, an energy window of +15%
centered on the 511 keV photopeak was defined, and
events falling within this window were visualized as a
heatmap to evaluate the spatial response characteristics of
the detector.

3. Results

Fig. 3 displays the two-dimensional flood map acquired
from measurements conducted on the Na-22 point source.
Application of the watershed algorithm resolved all 128
channels in the 4 x 32 array configuration, with individual
channels distinctly separated. Fig. 4 depicts the energy
spectra of the individual detector channels, with the 511
keV photopeak from the Na-22 source clearly demarcated.
The detector achieved an average energy resolution of
(15.9 + 2.0)% (full width at half maximum (FWHM))
across all channels. Fig. 5 illustrates the spatial detection
performance of the line radiation detector. The reconstructed
heatmap exhibited maximum intensity in the region
corresponding to the source location and considerably
reduced intensity in the surrounding regions, confirming

Fig. 5. (Color online) Spatial detection of radioactive contam-
ination in the fish sample: (a) experimental sample with an
embedded Na-22 point source and (b) count distribution heat-
map obtained via line scanning.
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accurate spatial localization.

4. Discussion and Conclusion

This paper presents the design and performance
evaluation of a CsI(TI)-GAPD-based line radiation
detector for radioactivity inspection of seafood. The
detector acquires signals from 128 individual channels,
multiplexed via an RCD network, enabling the simultane-
ous extraction of energy and spatial position information
for radiation events. A Csl(TI) scintillator with low
sensitivity to natural background radiation, low hygro-
scopicity, and high mechanical strength was employed to
better reflect field deployment conditions. Scintillation
light was read out using GAPDs and further processed
using a preamplifier stage to effectively detect radiation
within seafood samples.

The 511 keV gamma-ray photopeak obtained from the
Na-22 source was clearly identified in all detector
channels, and the system achieved an average energy
resolution of (15.9 = 2.0)% (FWHM) across all 128
channels. Although this value is somewhat inferior to
those reported in previous studies related to CsI(Tl)—
GAPD. This is possibly owing to the extended detector
array and the specific characteristics of the radioactivity
inspection environment related to seafood; however, this
is sufficient to clearly resolve the 511 keV photopeak
[16]. Therefore, the measured performance is considered
adequate to construct an imaging system to detect
radioactive contamination in seafood. The reconstructed
heatmap revealed that the maximum count density was
concentrated around the lower abdominal region of the
sample, at which the Na-22 point source was inserted,
whereas positions far from the source exhibited reduced
count levels. These line scanning results demonstrate that
the proposed detector can detect and localize radioactive
contamination within seafood specimens.

This study, however, has several limitations. First, a
fully realistic inspection environment for seafood could
not be implemented. Measurements were obtained by
embedding a radiation source inside the seafood sample,
yielding higher activity levels than those typically
observed in real contaminated seafood; therefore, further
studies using reduced-activity sources are required to
ensure realistic evaluation. Second, the present analysis
primarily relied on qualitative evaluation of the recon-
structed count distributions and failed to provide a
comprehensive set of quantitative performance metrics.

Future studies will integrate radiation distribution data
with optical and thermal imaging to develop a real-time
monitoring system to simultaneously visualize the sample
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morphology and internal radionuclide distribution. More-
over, a systematic quantitative evaluation of the detector’s
spatial-localization performance, based on representative
resolution and contrast metrics, will be conducted in
future work. In addition, by enhancing the algorithms
used for gamma-ray position analysis and conducting
high-precision measurements, the feasibility of a magnetic
resonance-compatible radiation detector will be further
investigated. The proposed detector can potentially be
applied in various fields, including seafood radioactivity
screening, radiation imaging systems, and monitoring in
magnetic resonance environments.
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