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Abstract: In this study, we demonstrated the process of an integrated apparatus for decay time
analysis and gamma radiation measurement with a liquid-scintillator-based cadmium-doped zinc
oxide (CZO) nanomaterial. Generally, time-resolved photon counting is an essential analysis method
in the field of precision measurement in the quantum domain. Such photon counting equipment
requires a pulse laser that can be repeated quickly while having a sharp pulse width of picoseconds
or femtoseconds as a light source. Time-correlated single photon counting (TCSPC) equipment,
which is currently a commercial product, is inconvenient for recent development research because the
scintillator size and shape are limited. Here, neodymium-doped yttrium aluminum garnet (Nd/YAG)
laser TCSPC equipment was constructed to analyze the fluorescence characteristics of scintillators
having various sizes and shapes. Then, a liquid scintillator added with CZO nanomaterial was
prepared and the Nd/YAG laser TCSPC equipment test was performed. As a result of measuring the
scintillator using the manufactured Nd/YAG laser TCSPC equipment, the non-CZO liquid scintillator
was analyzed at 2.30 ns and the liquid scintillator equipped with CZO-loaded nanomaterial was
analyzed at 11.95 ns. It showed an error within 5% when compared with the result of commercial
TCSPC equipment. In addition, it was verified that the Nd/YAG laser TCSPC system can sufficiently
measure the decay time in nanoseconds (ns). Moreover, it was presented that the Compton edge
energy of Cs—137 is 477.3 keV, which hardly generates a photoelectric effect, and Compton scattering
mainly occurs.

Keywords: apparatus; integration; decay time; equipment; process

1. Introduction

The radiation measurement system is vital for the actual issue in nuclear facility
accident preparation, decommissioning nuclear facilities, regular environmental radia-
tion monitoring, medical, nuclear security, and safeguards. In particular, a large-volume
measurement system is required in the field of nuclear facilities” decommissioning and
environmental radiation monitoring. When dismantling a nuclear facility, radiological
characterization and radiation monitoring must be performed. After decommissioning,
it must be proven that the residual contamination level of the decommissioning site is
below the release criteria. For this purpose, a plastic scintillator with good processability
and a short decay time is widely used, but the plastic scintillator has poor resolution, so
radionuclide analysis is not possible. Currently, many studies have been conducted on
large-volume plastic detection systems [1-7].

Time-resolved photon counting is an essential analysis method in the field of precision
measurement such as the classical and quantum domains. Among them, time-correlated
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single-photon counting (TCSPC) is a key technology for applications such as fluorescence
life spectroscopy and microscope, time-open/close Raman spectroscopy, time-of-flight
(ToF) 3D imaging, and computer diffusion optical tomography [8,9]. By continuously
accumulating the detected signal on the time axis, an attenuation curve can be created.
When the intensity of fluorescence is high, many photons are detected, and when the
intensity of fluorescence is weak, fewer photons are detected. By plotting this histogram, a
graph similar to the original attenuation curve can be obtained called TSCPC. Such photon-
counting equipment requires a fast pulse laser with a sharp pulse width of ps (picoseconds)
or fs (femtoseconds) as a light source. Micro-channel plate (MCP)-photomultiplier tubes
(PMT), avalanche photodiodes (APDs), and silicon photomultipliers (SiPMs) are mainly
used as detectors. PMTs are widely used because of their excellent performance of high
gain, low noise, and fast timing [10-12]. In addition, recently, research on a portable or
small detector using a single-photon avalanche diode (SPAD) has been conducted. The
time resolution of SPAD is about 7 ps, and it is widely used in 3D imaging or medical
fields [13-16]. If multiple photons arrive at the detector at once, the detector records only
the first time it arrived. Therefore, the intensity of the light source must be adjusted so that
no more than one photon is generated per pulse. In general, the amount of light is adjusted
so that one photon is detected per 100 pulses [17-22]. The radiation is randomly incident
when the electrical signal output is not located at the base line for receiving the next signal,
which could trigger pulse pile-up. Energy information can be distorted as a result of the
pile-up effect. Therefore, a high-speed pulsed laser is needed to avoid the pile-up effect.

Quantum dots such as CZO, which can control the wavelength and photo-physical
properties by the size and shape of particles, have recently been widely used in the field
of optical sensor development. Fluorescence analysis is used for qualitative and quan-
titative analysis of these materials [17-25]. The liquid substance used in this study is a
toluene-based liquid scintillator. Organic scintillators are generally based on aromatic
hydrocarbon compounds. They are also mainly used for pulse shape identification (PSD) or
ultra-fast timing and counting applications. However, organic scintillators are not suitable
for detecting high-energy photons such as X-rays or gamma rays. This is because the low
atomic number of organic materials contributes to the reduction in the macroscopic cross-
section of high-energy photons and cannot effectively generate photoelectrons. Recently,
research has been conducted to develop a plastic scintillator capable of spectral detection
of high-energy photons by loading high-Z nanomaterials into solvents such as polyvinyl
toluene (PVT), styrene, and polyvinyl carbazole (PVK). However, a scintillator was man-
ufactured by putting a liquid solution in a transparent cell without the polymerization
procedure in this study. As the liquid scintillator does not have a polymerization process,
it is possible to quickly prepare a sample according to the purpose of measurement and
has the advantage of maintaining high transparency in the emission wavelength range.
In 2020, the Berkeley University [26] manufactured a water-based liquid scintillator and
conducted a study to measure the decay time for each concentration of PPO. The decay
time was calculated as 16.9 ns when 1 wt% of PPO was added, and 15.9 ns when 2 wt%
of PPO was added. A water-based liquid scintillator has a faster decay time than an inor-
ganic scintillator, but slower than a commercial organic scintillator. Moreover, at UCLA in
2021 [27], a high-energy photon measurement study was performed by manufacturing a
liquid scintillator loaded with hafnium oxide nanomaterials. As a result of testing with a
liquid scintillator containing 20 wt% hafnium oxide nanomaterials and a Cs—137 source,
a photopeak with 4.8% resolution at 662 keV was observed. The decay time of the liquid
scintillator containing hafnium oxide nanomaterials was calculated to be 3.3 ns, which is
slightly slower than that of commercial plastics (2.5 ns). However, it is much faster than a
commercial inorganic scintillator.

In this study, Nd/YAG Laser TCSPC equipment was built to analyze the fluorescence
characteristics of scintillators with various sizes and shapes, and an optical sensor scin-
tillator containing cadmium-doped zinc oxide (CZO) nanomaterial was manufactured
and demonstrated with Nd/YAG laser TCSPC equipment. Eventually, a process was
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demonstrated of an integrated apparatus for decay time analyzer and gamma radiation
measurement with a liquid-scintillator-based CZO nanomaterial that could trigger a Comp-
ton edge energy.

2. Materials and Methods
2.1. Chemicals and Analysis

All reagents and chemicals were of a high purity grade. Toluene (99.9%), PPO (2,5-
diphenyl—1,3-oxazole), and POPOP(1,4-bis(5-phenyl-oxazolyl—2)benzene) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). CZO was provided by global ZEUS (Hwaseong,
Korea). Absorption/transmission and fluorescence properties were observed to evaluate
the optical properties of the prepared liquid scintillator. First, absorption/transmission
spectra were obtained using an optical spectrometer (FLAME UV /VIS spectrometer, Ocean
Insight). This system consists of a spectrometer, a light source (DH—2000, Ocean Insight),
two optical fibers, and a sample holder. The DH—2000 light source combines continuous
spectra of deuterium and tungsten halogen light sources in a single optical path. The com-
bined spectral light source produces a stable output from 215 to 2000 nm. Ten points were
randomly selected and measured in the circumferential direction, and the average value
was calculated. TEM analysis of CZO nanomaterial was performed using a transmission
electron microscope (FE-TEM, TECNAI G2 F30 S-TWIN, FEI Company) and analyzed at
low magnification (x25,000) and high magnification (x245,000).

2.2. Fabrication of a Liquid Scintillator

The liquid scintillator used in this study was placed in a 35 mL transparent cell and the
timing properties were analyzed. The transparent cell size is 50 mm in diameter and 20 mm
in path length. The liquid scintillator used toluene as a base matrix and was manufactured
by adding fluorescent materials PPO, POPOP, and CZO nanomaterial. A CZO nanomaterial
was added to improve the efficiency by increasing the reaction to photons. First, the sample
was stirred for 5 hrs by adding toluene (>98%), PPO (0.4 wt%), POPOP (0.01 wt%), and
CZO (0.1 wt%). The microbubbles generated through the stirring process were removed
through the degassing process for 5 hrs. In addition, the liquid sample was carefully placed
in a 35 mL transparent cell and sealed. Figure 1 shows the manufacturing process of a
liquid scintillator. A CZO-loaded liquid scintillator and a basal liquid scintillator without
CZO were fabricated. As CZO was employed at a high concentration (100 mg/mL) from
the supplier, it was diluted 1/100 with toluene and used.

s N4
» i S it
bs\/i 7

De-gassing Pouring and taping

preparation Stirring

Figure 1. A schematic procedure for the manufacture of a liquid scintillator.

2.3. Set-Up of the TCSPC System and Radiation Measurement System

TCSPC system and radiation measurement system were constructed simultaneously.
Figure 2 shows a schematic diagram of the manufactured TCSPC system and radiation
measurement system.
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Figure 2. A schematic diagram for decay time analysis of TCSPC and the radiation measurement
system.

A decay time analysis system to observe optical properties of scintillators was per-
formed. The TCSPC system was constructed using Laser (3rd Harmonics of Q-switched
Nd:YAG laser, Brilliant B), and the main schematic diagram of the constructed TCSPC
system is shown in Figure 2 (left). This system is equipped with a band filter and a dichroic
mirror to control the excitation wavelength of light. The Dichroic mirror separated Nd/YAG
light into 1064 nm, 532 nm, and 355 nm. Light with a wavelength of 355 nm passed through
the sample, and the signal detected by the PMT (R928, HAMAMATSU, Tokyo, Japan) was
transmitted to the oscilloscope (DS6104, RIGOL, Suzhou, China) to analyze the output data
from the oscilloscope. The oscilloscope stores one sample point per waveform to reduce
noise. An average value of 64 collected data was used, and 10 ns pulse data were obtained.
All experiments were performed in a dark box to block unnecessary light.

Not only the decay time analysis but also the radiation detection system was con-
structed so that the decay time and scintillation counting of the liquid sample could be
measured quickly. Cs—137 point source was used, and data were analyzed based on Comp-
ton edge owing to the inherent resolution of the plastic scintillator. The radiation source
was located at 20 mm from the liquid sample. The liquid scintillator was coupled with a
2-inch PMT (ET—9266KB, ET-Enterprises Ltd., Uxbridge, UK). Signals extracted from PMT
were processed by Preamp (Amcrys 544, Amcrys, Kharkiv, Ukraine), Amp (DT5781, CAEN,
Viareggio, Italy) and MCA (DT5781, CAEN), as shown in Figure 2 (right). Table 1 shows
the components of the TCSPC system and radiation measurement.

Table 1. Components for the TCSPC system and radiation measurement system.

Component Model No. Company
Laser Brilliant B Quantel
Dichroic Mirror —532 nm - KEOC
Dichroic Mirror —355 nm - KEOC
Iris diaphragm - THORLABS
Band pass filter FL355-10 THORLABS
PMT (for TCSPC) R928 Hamamatsu Photonics
High Voltage Power Supply PS325/2500 V—-25 W Stanford Research Systems
Oscilloscope DS6104 RIGOL
PMT .
(for radiation measurement) ET—-9266KB ET-Enterprises Ltd.
Preamplifier Amcrys 544 Amcrys
Amplifier CAEN DT5781 CAEN

MCA CAEN DT5781 CAEN
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3. Results
3.1. Characteristics of the Liquid Scintillator

Toluene was used as a polymer material, PPO as a primary fluorescent material, and
POPOP as a secondary fluorescent material. When charged particles are incident on the
toluene-based plastic scintillator, some energy of the particle is transferred by Coulomb
interaction. The transferred energy excites the toluene molecule. The excited molecule is
stabilized and emits a photon of corresponding energy. The wavelength of the emitted
photons is about 300 nm ultraviolet light (UV), and emitted UV is almost reabsorbed by
toluene. However, if the wavelength sifter is uniformly added to the toluene, the UV is
absorbed by the wavelength shifter and converted into a relatively long wavelength by
Stoke’s shift. As a result, when the charged particles are incident on the plastic, the plastic
scintillator emits light in the visible range. The wavelength shifters are PPO and POPOP,
which absorb light in the UV region and emit visible light at about 420 nm. Moreover, the
additionally used quantum dot is cadmium-doped zinc oxide.

Figure 3 shows the results of TEM analysis of CZO nanomaterial. Figure 3a shows
the result of x25,000 magnification and Figure 3b represents the result of x245,000 mag-
nification. The result of magnifying a part of Figure 3a at high magnification is Figure 3b.
As shown in Figure 3, CZO nanomaterial was observed to have a size of 10 nm and was
dispersed without aggregation.

(@) () J—

Figure 3. TEM images of the CZO nanomaterial: (a) x25,000; (b) x245,000.

The advantage of quantum dots is that the emission wavelength can be controlled
according to the particle size. In this experiment, it was designed to emit blue-based visible
light from scintillator using a quantum dot with ~ nm size. High-Z quantum dots not only
increase the energy absorption rate by increasing the reaction rate with photons, but also
increase the optical gain using multiple excitons (electron-hole pairs). Figure 4 shows a
liquid scintillator placed in a quartz cell after mixing all of the solvent, fluorescent dye, and
nanomaterials. As shown in Figure 4, fluorescent material was mixed with the uniformly
dispersed quantum dot and placed into a 50 mm diameter transparent cell and used as a
liquid scintillator. Figure 4a shows a photograph of the manufactured liquid scintillator,
when UV is irradiated to the liquid scintillator; it can be seen that the light is emitted evenly,
which means that the added materials are dispersed without agglomeration in Figure 4b. In
this study, not only the construction of the TCSPC system, but also the optical properties of
the fabricated samples were analyzed. Absorbance, transmittance, and photoluminescence
of the liquid scintillator were performed.
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(b)

Natural light
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Figure 4. A real photo of a liquid scintillator (a) and photo of scintillation under UV 365 nm
irradiation (b).

Absorbance and transmittance were measured three times by randomly selecting ten
points of a 50 mm diameter samples and then averaged. When light passes through, the
intensity of the light decreases because the light is absorbed by the sample. The amount
of light that has passed through the sample (Transmittance, T) is expressed as the ratio of
the intensity of light (Iy) when there is no light-absorbing material and the intensity (I) of
light when there is a light-absorbing material. It is called transmittance and is expressed as
T =1/Iy. As shown in Figure 5a, the absorption rate of the CZO-loaded liquid scintillator
is larger at a wavelength above 400 nm. As shown in Figure 5b, a CZO-loaded liquid
scintillator (toluene + PPO + POPOP + CZO) transmits over 400 nm like the basal liquid
scintillator (toluene + PPO + POPOP), and transmittance was lower than that of the basal
liquid scintillator owing to the effect of the quantum dot. Self-quenching occurred as a
result of the quantum dot, which is a high atomic number material, and the quantum effect
tends to decrease. Photoluminescence was measured using a spectrophotofluorometer
and analyzed at excitation wavelengths of 264 nm and 316 nm, respectively. As shown in
Figure 6a,b, it shows an emission wavelength at about 420 nm. Figure 6¢,d with quantum
dots such as CZO show an emission wavelength at about 450 nm. Figure 6a,b show
weak peaks around 440 nm, which appears to be the effect of the secondary nanomaterial
(POPOP), and the effect was not observed in Figure 6¢,d. All of the energy emitted from
POPOP is absorbed by CZO.

(a) (b)

3.0 120

——Ls2.2F LS2-2F
LS2-2F-CZ0 LS2-2F-CZO

2.5 100

2.0 80 4

60

40

0.5 - 20

0.0 T T T Y T 0 T T T T T

100 200 300 400 500 600 700 800 200 300 400 500 600 700 800
wavelength (nm) Wavelength (nm)

Absorbance (a.u)
Transmittance (%)

Figure 5. Absorbance (a) and transmittance (b) of the liquid scintillator.
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Figure 6. Photoluminescence of the liquid scintillator (a) PL results of the base liquid scintillator
under 264 nm excitation; (b) PL results of the base liquid scintillator under 316 nm excitation; (c) PL
results of the CZO-loaded liquid scintillator under 264 nm excitation; (d) PL results of the CZO-loaded
liquid scintillator under 316 nm excitation.

3.2. TCSPC Analysis and Radiation Measurement

The TCSPC system and radiation measurement system were directly constructed for
the fast analysis of samples of various sizes, shapes, and types. The customized TCSPC
system and radiation measurement system are shown in Figure 7. Figure 7a shows a
TCSPC system and Figure 7b shows a radiation measurement system. In Figure 7a, all of
the components used are marked, and the sample part blocks unnecessary light using a
dark box. An Nd/YAG laser was used as the light source of the customized TCSPC system.
The laser light divided by the dichroic mirror excites the sample, and the photon emitted
from the excited sample is detected by the PMT and converted into an electrical pulse.
Then, electrical pulses were analyzed through an oscilloscope. In Figure 7b, the radiation
measurement system is located next to the TCSPC system and is configured so that it can
be measured immediately from an integrated apparatus.

The customized TCSPC system was examined using two liquid scintillators prepared
in this study. As shown in Figure 8a,b, decay time was calculated through Equation (1)
based on the raw data of the fluorescence decay curve. Equation (1) is used for multi-
exponential fitting of the spectrum.

I=Apxexp(—t1/11) + Agxexp(—ta/T2) 1

Here, A, is the amplitude of ng, component and T, is the decay time of ny, component.
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(b)

i
cintillator

Figure 7. Setup of the decay time analysis system using the Nd/YAG laser (a) and radiation measure-
ment system (b).

Table 2 shows the decay times for two liquid scintillators. The basal liquid scintillator
was analyzed at 2.30 ns and the CZO-loaded liquid scintillator was analyzed at 11.95 ns.
This is because delayed fluorescence occurred as a result of CZO of the high-Z material.
In addition, to evaluate the reliability of the results, analysis was performed using com-
mercial equipment (Spectrophotofluorometer with TCSPC, Fluorolog3, HORIBA). As a
result, the basal liquid scintillator was analyzed at 2.18 ns, and the CZO-loaded liquid
scintillator was analyzed at 12.03 ns. For the basal liquid scintillator, single-exponential
fitting was performed because the error was large when multi-exponential fitting was
performed. As multiple excitons can be emitted simultaneously, a single exponential fit is
not always correct. If the excited emitter is relaxed through many channels to the ground
state, it may be necessary to perform two or more exponential fittings rather than a single
exponential fitting. For the CZO-loaded liquid scintillator, the error was the lowest when
double exponential fitting was performed. When comparing the results with the commer-
cial equipment using the same fitting methods, it was analyzed that the difference with
commercial equipment was within 5%, and the reliability of the customized TCSPC system
was verified.
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Figure 8. Decay time spectra and radiation measurement spectra of liquid scintillators: (a) decay time
analysis system using the Nd/YAG laser TCSPC; (b) decay time analysis system using the pulsed
laser diode TCSPC; (c) radiological measurement to Cs—137 source.

Table 2. Decay time constants of the CZO-loaded liquid scintillator.

71 (ns) T, (ns) Tavg (ns) X2

Base 2.18 - 2.18 1.66
CZO-loaded

liquid 11.47 12.43 11.95 1.17
scintillator

Incident photons interact with the CZO through the photoelectric effect and tend
to deposit all of their energy into the photoelectrons produced. This energy excites the
plastic matrix and the dye, going through an energy cascade process. Because of these
energy transfer characteristics, energy transfer to the fluorescent dye was maximized, and
quantum efficiency was improved. To evaluate the performance of the liquid scintillator
manufactured by adding CZO nanomaterial, a measurement test was performed by placing
a source at a distance of 20 mm from the scintillator surface. The signal generated by
the detection system is amplified through the preamplifier and amplifier. The amplified
analog signal is digitized and stored through the MCA. A high voltage was applied to the
detection system so that the generated electrons were collected on the electrode. The system
consisted of PMT, power supply, preamp, amp, and MCA. Unlike inorganic scintillators, a
liquid scintillator hardly generates a photoelectric effect and mainly Compton scattering
occurs. The Compton edge energy of Cs—137 is 477.3 keV. As the liquid scintillator is
dominated by Compton scattering, energy calibration was performed using the Compton
edge, and a measurement test was performed for 10 min. The measurement test result
using Cs—137 source is shown in Figure 8c. It was analyzed that the spectrum of the
liquid scintillator containing the CZO nanomaterial was shifted to lower energy than the
spectrum of the liquid scintillator without the CZO nanomaterial. This is considered to
be because fluorescence quenching occurred because of CZO nanomaterial, with a high
atomic number.
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Table 3 shows the results of investigation and analysis by other references of the
evaluation of decay time and radiation measurement. Bulk materials such as BGO, Csl
(T1), and Nal (Tl) have decay times of several hundred nanoseconds. A typical plastic
scintillator has a decay time of about 2 ns, but nanomaterials with a high atomic number
have a decay time of several nanoseconds to several tens of nanoseconds. The decay
time of the CZO-loaded liquid scintillator shows a similar trend to the analysis of other
references. An organic scintillator without high atomic number material shows fast decay
time performance, but when high atomic number nanomaterial is added, the decay time
becomes slow. The reason is that the number of transitions to the triplet state generating
delayed fluorescence increases because of the nanomaterials. There are many research cases
that analyze photopeak for gamma sources using nanomaterials. As the application fields of
optical sensors are diverse, scintillators of various shapes, sizes, and types are manufactured.
Therefore, a customized TCSPC system that can directly measure various samples without
additional processes was constructed. When analyzing the decay time in nanoseconds, it
was verified that it is sufficiently possible with a customized TCSPC system.
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Table 3. Methods of decay time analysis and radiation measurement used in other references.

. Method
No. Materials Decay Time (ns) - - — Refs.
Decay Time Analysis Radiation Measurement
1 BGO (BigGe3013) 300 -This is a research case comparing the performance of Nal
.. (T1) and CsI (T1), and its intended resolution and efficiency
2 CsI(T1) 900 Decay time is not analyzed by adjusting HV, timing, and gain, among others. 28]
3 Nal (TI) 230 -Photopeak analysis was performed using Cs-137, Co-60,
d Ba-133 .
4 Typical Plastic 2~2.5 and ba sourees
5 GAGG:Ce 203
6 GAGG:Ce:Mg 124
7 LuAG:Ce 940.5 5?;??\/2:(2;:3311 No detection properties were performed [29]
8 LuAG:Ce:Mg 358
9 YAG:Ce 271
10 YAG:Ce:Mg 92.5
11 LuAG:Pr 473
Plastic (Styrene + PPO + Using Cs-137 (661 keV) gamma ray . .
12 CdSe/ZnS) 6.9 source No detection properties were performed [30]
13 Plasitc (PVK + bis-MSB + 0 wt% 6.9
BiPhjs) ) . Observe the pulse height spectra of a scintillation detector
Plasitc (PVK + bis-MSB + 5 wt¥% Using a ﬂail}gj?ﬁg?mp ed 266 nm equipped with a PVK-based plastic scintillator with [31]
14 astte BiP;S ) wive 5.3 aser different bis-MSB contents at 67.41 keV X-ray
3
15 Plasitc (PVK + bis-MSB + 10 wt% 51
BiPhs) :
Plasitc (PVK + bis-MSB + 15 wt%
16 BiPhs) 42
17 Graphene quantum dot 2~6 Using pulsed éa;’;;i:;) de (excited at No detection properties were performed [32]
Using picosecond laser diode 375 nm . .
18 CdSe/ZnS 14 (NanoLED 375 L) No detection properties were performed [33]
19 Au nanocrystal 7 Using pmsedjzzgrncrlrlsde (excited at No detection properties were performed [34]
20 CdSe/Zn QD 9.33 Using pulsed nzzno LED (Delta LED) No detection properties were performed [35]
21 CdSe/Zn-Au nanoparticle 4.68 340 nm
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Table 3. Cont.

) Method
No. Materials Decay Time (ns) - - — Refs.
Decay Time Analysis Radiation Measurement
Plastic This study evaluated the performance of alpha, beta,
(polystyrene + [BaFBr:Eu?* or ) . . neutron, and gamma (Pu-238, C-14, Sr-90, Am-241, Ba-133,
2 BaF, or Gd,O3 or Gd,OS or Decay time is not analyzed Cs-137, Am-Be) measurement by loading materials with [36]
CeO, or Bi;O3]) high atomic numbers on plastic-based materials
Plastic (polystyrene + p-xylene + This study evaluated the detection performance for alpha,
23 ;;oc+ppoo}sgpe+ % F% % ez+e) ~10ns F920 flash lamp (Excited at 290 nm) beta, neutron, and gamma (Pu-238, C-14, C1-36, S5r-90, [37]
arbrEd Am-241, Cs-137, Am-Be) by BaFBr:Eu?* contents
04 MOF-205 (Metal-organic 143 Using pulsed laser diode (excited at ~ This study evaluated the detection properties for Cm-244, [38]
frameworks scintillators) i 274 nm) and X-ray excitation Co-60, CI-36, Sr-90, and Am-241 sources
25 Plast:cB(.P XF ;PPS) * DII;I:’ 4; PB _ Decay time is not analvzed Gamma and neutron detection characteristics and PSD test [39]
1smuth carboxylates y Y were performed using Cs-137 and Cf-252 source g
2% Plastic (PVT + PPO + DPA + TPB
+ Lithium carboxylates)
Plastic (PVT + FBtF + BMEP + 7 (For 2% FBtF/PVT Using 10uCi Cs-137 (661 keV) gamma L5 18 @ case study in which detection characteristics were
27 evaluated for Cs-137 gamma nuclide and photopeak was [40]
CZS (CdZnS)) sample) ray source
observed
28 Toluene + PPO + POPOP + Boron ) Decay time is not analvzed Gamma and neutron detection characteristics and PSD test [41]
(Liquid scintillator) y 4 were performed using Cs-137, Am-Be, and Pu-Be sources.
29 Perovskite ngfllebBr3) (liquid 58.8 Using picosecond pulsed diode 365 This study evaluated steady-state photoluminescence (PL) )
scintillator) nm and X-ray excited PL spectra by excitation with 365 nm [42]
30 Perovskite (CsPbBrs) (liquid 44 laser and X-ray (X-ray tube with Ag target, operating
scintillator) ’ voltage 45 kV, current 0.2 mA), respectively
Toluene + Napthalene + PBD + . This is a case study in which detection characteristics were
31 POPOP + HfO, (liquid 3.3 Using Cs-137 (661 keV) evaluated for Cs-137 gamma nuclide and photopeak was [27]
o gamma ray source . o
scintillator) observed using a liquid scintillator
2 Toluene + PPO + POPOP + CZO 11.95 Nd/YAG laser In this study, Cs-137 gamma detection characteristics were This work

(liquid scintillator)

evaluated using a liquid scintillator
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4. Conclusions

In this study, we demonstrated the process of an integrated apparatus for decay time
analysis and gamma radiation measurement with a liquid scintillator based on cadmium-
doped zinc oxide (CZO) nanomaterial. Time resolution can be obtained in various methods
depending on the required sensitivity and time domain. Time domain methods are more
diverse than frequency domain methods for measuring the lifetime of fluorescence. A
representative method is time-correlated single photon counting. It measures the time the
photons arrive after excitation, which means to obtain a decay curve by accumulating the
data on the time axis. A customized TCSPC system capable of analyzing the decay time of
various samples was constructed. This system used an Nd/YAG laser, dichroic mirror, and
band filter to irradiate the sample with appropriate light. Then, the signal was analyzed
using a PMT and an oscilloscope. Unlike commercial TCSPC equipment, a customized
TCSPC system can analyze samples of various sizes, shapes, and types. In addition, to
evaluate the reliability of this system, base and quantum dot-loaded liquid scintillators
were manufactured and the decay time was measured. When comparing the results with
commercial TCSPC equipment, it was confirmed that the error was within 5%. Therefore,
the applicability of the customized TCSPC system was demonstrated for the purpose of
analyzing the timing performance in nanoseconds. In the future, if the PMT of this system
is configured as fast PMT, it is expected that the timing performance in picoseconds also
makes it possible to analyze various types of scintillators.

As a result of performing a measurement experiment using the Cs—137 source, it was
analyzed that the liquid scintillator containing CZO was shifted to a lower energy than the
liquid scintillator without the CZO representing the Compton edge energy of Cs—137 is
477.3 keV, which hardly generates a photoelectric effect, and mainly Compton scattering
occurs. Finally, a system for radiation measurement and decay time analysis was directly
constructed using a manufactured liquid scintillator based on toluene, fluorescent dyes,
and nanomaterial. Moreover, this process on a system can directly configure and measure
the properties of liquid scintillators of various sizes and different shapes from an apparatus
for decay time analysis and radiation measurements.
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