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a b s t r a c t

In this research, a radiation detection backpack to be used discreetly or by a wide range of users was
developed using array silicon-photomultiplier (SiPM) and CsI (Tl), and its characteristics were evaluated.
The R-squared value, which indicates the responsiveness of a detector based on the signal intensity, was
determined to be 0.981, indicating a good linear responsivity. The energy resolutions for gamma radi-
ation energies of Co-57 (122 keV), Ba-133 (356 keV), Cs-137 (662 keV), and Co-60 (1332 keV) were found
to be 13.40, 10.50, 6.77, and 3.16%, respectively. These results confirm good energy resolution charac-
teristics. Furthermore, in the case of mixed sources, the gamma radiation peaks were readily distin-
guishable, and the R-squared value for energy linearity was calculated to be 0.999, demonstrating an
exceptional energy linearity. Further research based on the results of this study would enable the
commercialization of lightweight SiPM-based wireless radiation detection backpacks that can be used for
longer durations by replacing the photomultiplier tube, which is mainly used as the optical sensor in
existing radiation detection backpacks.
© 2019 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

Accurate detection and tracking of radioactive materials is a
globally recognized safety countermeasure. Particularly after the 9/
11 attacks and the Fukushima nuclear disaster, people are con-
cerned with radiation exposure. Furthermore, 2500 incidents have
been reported to the International Atomic Energy Agency (IAEA),
showcasing the acute danger of radiation exposure [1]. Therefore, it
is paramount that radioactive materials are safely detected and
removed before any further incidents occur.

A backpack-type radiation detection system comprises a radia-
tion detector, a signal processing unit, and other electronic devices
placed inside a bag. These devices are particularly useful in situa-
tions where radiation search surveys need to be conducted on large
crowds or during high-profile events. Radiation detection back-
packs that are typically available commercially weigh 10 kg or less,
and this weight includes a radiation detector, electronics unit, and
batteries. Typical radiation detection backpacks use radiation de-
tectors that combine NaI(Tl) and photomultiplier tube (PMT) [2].
The PMT is extremely sensitive to ultraviolet, visible, and near-
by Elsevier Korea LLC. This is an
infrared wavelengths, and it exhibits an impressive photon multi-
plication factor of 106. However, PMTs have disadvantages such as
large size (due to its vacuum tube-based design), low quantum
efficiency (25%), and sensitivity to environment such as magnetic
fields. Moreover, PMTs require a minimum supply voltage of 1000 V
to be operational, rendering the system inadequate for prolonged
use in portable detection systems [3,4]. To replace the PMT and
overcome these problems, this study developed a radiation detec-
tion backpack using an array silicon-photomultiplier (SiPM), which
has a low volume, a high quantum efficiency (40%), and a low
applied voltage of 60 V or lower.
2. Material and method

Figs. 1 and 2 show the picture of wireless radiation detection
backpack and schematics of the wireless radiation detection back-
pack, respectively. The wireless radiation detection backpack
comprises a detecting element for converting the incoming radia-
tion into electrical signals, a signal processing element for ampli-
fying and converting the electrical signals into digital signals, a data
processing element for converting the digital signals into data, and
a display element for displaying the data.

The weight of the radiation detection backpack used in this
study is less than 4 kg and includes a radiation detector, electronics
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Fig. 1. Wireless radiation detection backpack.

Fig. 3. Materials of detecting element.

Table 1
Specifications of CsI(Tl) and NaI(Tl).

Properties CsI(Tl) NaI(Tl)

Density [g/cm3] 4.15 3.67
Light output [photon/MeV] ~52,000 ~38,000
Decay time [ns] 1000 250
Emission wavelength [nm] 550 415
Hygroscopic Slightly Yes
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unit, and batteries. It has a low power consumption of 1.7 W and
can be used for more than 12 h with a battery of 12 V and 2 A.

Fig. 3 shows the materials used in detecting element. Typically,
NaI(Tl) is used as the scintillator in radiation detectors. However, in
this study, CsI(Tl) is used instead, as its higher density provides a
higher stopping power for gamma radiation, thereby further
increasing the responsivity.

Additionally, CsI(Tl) exhibits a good light emission efficiency of
52,000 photons per unit energy of the incoming gamma ray. CsI(Tl)
scintillators match exceptionally well with the sensitive wave-
length ranges of SiPM [5e7]. The CsI(Tl) used in radiation detector
has physical dimensions of 25.4 mm � 25.4 mm, and the thickness
was set to 30 mm to sufficiently absorb the emission energy of
662 keV, which is the gamma ray emission energy of Cs-137.
Furthermore, to minimize the loss of internally emitted photons
before reaching the SiPM, a 0.33 mm thick TiO2 reflector was
deposited. Table 1 lists the characteristics of CsI(Tl) and NaI(Tl).

Four SiPMs (S13361-6075NE-02 model manufactured by
Hamamatsu) with an area of 6 mm � 6 mm and a combined total
area of 12 mm � 12 mm were used. As the scintillator and the
optical sensor have different areas, a PMMA-based light guide
(manufactured by Epic Crystal) was used to minimize the photon
loss. Because the specifications, such as the thickness of the ma-
terial and the internal reflection angle, affect the photon transfer
efficiency when using a light guide, an optics simulation program
Fig. 2. Schematics of the wireless
was used to simulate and optimize the thickness of the light guide
[8]. The thickness of the optimized light guide is 10 mm. Further-
more, to minimize the photon loss at the joint section of the scin-
tillator and the light guide, BC-630 optical grease was applied to the
contact area. This grease has a refractive index (n) of 1.465 and an
optical transmittance of 95% in the spectral range of 280e700 nm
[9,10]. Lastly, the external surface was wrapped with a dark tape to
minimize any noise due to external light.

To combine the signals from the four SiPMs, an AB4L SPL board
manufactured by AiT instruments was used. Moreover, an ABPS
(manufactured by the same company) capable of supplying voltage
in the range of 10e80 V was used to power each SiPM.

The AB4L SPL board emits negative signals, which are unsuitable
for processing by a multi-channel analyzer (MCA) or an analog-to-
digital (A/D) converter used in this research. Therefore, an amplifier
circuit is designed, as shown in Fig. 4, to convert the negative sig-
nals to positive signals and amplify them. The chip used for the
amplifier circuit is the AD8132 chip (350 MHz; bandwidth 3 dB)
manufactured by Analog Device Inc. The MCA used for the nuclide
analysis is 8000D, which is an 8000-channel device manufactured
radiation detection backpack.



Fig. 4. Amplifier circuit and A/D converter circuit.

Fig. 5. PC program for monitoring radiation.
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Fig. 6. Responsiveness of the radiation detection backpack in terms of the Cs-137
intensity.
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by Amptek Inc. The MCA has physical dimensions of
125 mm � 71 mm � 20 mm and weighs 165 g or less, making it
suitable for portable use. The data from the MCA are displayed
through a dedicated PC program.

The A/D converter was designed using MAX's MAX987, which is
a single/dual/quad low-power, low voltage comparator, to convert
it into a 5 V digital pulse that can be recognized by a micro
controller unit (MCU). The noise signal region is set to 50 mV, the
hysteresis region is set to 10 mV, and signals below this region are
discarded.

The converted digital signal is transferred to Arduino Uno
(manufactured by Arduino), which is anMCUmodule. Arduino is an
open-source electronics prototyping platform utilizing easy-to-use
hardware and software. Arduinos are also often used in environ-
mental or radiation monitoring systems for these reasons [11,12].
The MCU is used to create a digital signal by coding radiation
Fig. 7. Measured energy spectra for Co-57 (122 keV), Ba-133 (35
digitalization protocols and wireless data transfer protocols. The
signal is then sent to a HC-06 Bluetoothmodule to be displayed on a
PC. This Bluetooth module is a class B module with a permitted
power of 2.5 mW, a transmission range of 10 m (maximum 30 m),
and a maximum symbol rate of 115,200 Bd. The module is deemed
appropriate for technologies, such as radiation detection back-
packs, where the distance between the receiver and the transmitter
is short.

Fig. 5 shows the data transferred to the PC. The dedicated soft-
ware displays the data received through the Bluetooth module in
real time. If the count is above a certain set threshold, an alarm is
activated. Moreover, this software allows for the measured data to
be saved. The programwas coded using LabWindows/CVI (provided
by National Instruments), which is an ANSI C integrated develop-
ment environment (IDE) used to develop software for testing,
measuring, and automations.

The fabricated radiation detection backpack was tested using
standard radiation sources. The gamma ray sources include Cs-137
(662 keV) with a half-life of 30.17 years, Co-70 (122 keV) with a
half-life of 271 days, Ba-133 (356 keV) with a half-life of 10.51 years,
and Co-60 (1173 keV and 1332 keV) with a half-life of 5.27 years.
3. Result and discussion

Fig. 6 shows the responsivity of the radiation detection backpack
measured at radioactivity values of 0.1, 1, 5, and 10 mCi for the Cs-
137 radiation source. With the increase in the intensity of the
radioactive sources, the radiation flux per unit area increases lin-
early and so does the detection value of the detector. This is a very
important factor in evaluating the characteristics of a detector. The
results show an R-squared value of 0.981, confirming a good line-
arity characteristic. The R-squared value is coefficient of determi-
nation and is commonly used for analyzing the difference between
an estimated value (or a model-predicted value) and the observed
value in the real environment [9]. Therefore, it is suitable for rep-
resenting the precision.
6 keV), Cs-137 (662 keV), and Co-60 (1173 and 1332 keV).



Fig. 8. Energy spectra of mixed gamma-ray emitted from Co-57 (122 keV), Ba-
133(356 keV), Cs-137 (662 keV), and Co-60 (1173 and 1332 keV).

Fig. 9. Linear fit of measured Co-57 (122 keV), Ba-133 (356 keV), Cs-137 (662 keV), and
Co-60 (1173 and 1332 keV) photopeak energies and channels.
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Fig. 7 shows the energy spectra measured using the SiPM and
CsI(Tl)-based radiation detection backpack. The 122 keV peak of the
Co-57 source exhibits an energy resolution of 13.40%. The 356 keV
peak in the Ba-133 spectrum yields an energy resolution of 10.50%.
The 662 keV peak of the Cs-137 source exhibits an energy resolu-
tion of 6.77%, whereas an energy resolution of 3.16% is obtained for
Co-60 at an energy 1332 keV. Moreover, peaks are clearly observed
at 1173 and 1332 keV.

Fig. 8 shows the energy spectra of a mixed radiation source. This
figure shows that the peaks of the different sources are clearly
distinguishable. Fig. 9 shows the energy calibration line used to
evaluate the energy linearity of the gamma-rays coming from the
detector. The points on this graph were obtained, and the line was
estimated based on the measured photopeak energies and chan-
nels of Co-57, Ba-133, Cs-137, and Co-60. The fit, shown in Fig. 9,
confirms the linearity of the relationship between the gamma-ray
energy and the peak channel number for energies ranging from
122 to 1332 keV. The R-squared value corresponding to this linear
relationship is found to be 0.999.
4. Conclusions

In this research, a backpack-type radiation monitoring system
was developed using array SiPM and CsI(Tl) as the main compo-
nents of the radiation detector. The SiPM was chosen instead of the
currently used PMT owing to its superior characteristics such as
small size, low applied voltage, and a superior photon multiplica-
tion factor. The CsI(Tl) inorganic scintillator was used instead of
NaI(Tl) because it possesses better responsivity for gamma rays
(owing to its high density) and better photon emittance per inci-
dent unit energy. Furthermore, a signal processing unit was
designed, and a dedicated monitoring software was coded. The
characteristics of the fabricated radiation detection backpack were
evaluated using standard radiation sources. Further research based
on the results of this study would enable the commercialization of
lightweight SiPM-based wireless radiation detection backpacks
that can be used for longer durations by replacing the photo-
multiplier tube, which is mainly used as the optical sensor in
existing radiation detection backpacks.
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