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Abstract 

Radon detection and measurement are becoming more popular 

due to their detrimental impacts on human health. Radon is the 

second leading cause of lung cancer after cigarette smoking 

and, in general, is the leading cause of lung cancer in people 

who have never smoked in their lives. The present study used a 

novel liquid scintillation technique to detect three naturally 

occurring radon isotopes (222Rn, 220Rn, and 219Rn) concurrently. 

The detection method uses the delayed coincidence technique as 

well as pulse shape discrimination, which is accomplished using 

digital charge comparison. Additionally, Monte Carlo 

simulations were used to determine the detector’s gamma response 

functions using standard 22Na, 60Co, and 137Cs gamma sources. 

Furthermore, by comparing the measured and simulated light 

output distributions, the detector resolution and energy 

calibration parameters were also determined. 

____________________________________________ 
* A thesis submitted to the Council of the Graduate School of Kyungpook National University 

in partial fulfillment of the requirements for the degree of Ph.D. in June 2022. 
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Before the measurements were carried out, radon gas from 

the atmosphere was infused into 700 mL of Ultima Gold AB for 

48 hours. The minimum detectable activities of 222Rn (238U),220Rn 

(232Th), and 219Rn (235U) decay chains were determined to be 1.7, 

1.0, and 1.2 mBq/L, respectively. The novel technique proposed 

in this study has the potential to be used to identify all three 

naturally occurring radon isotopes in water samples. 
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Chapter 1. Introduction 

1.1 Background radiation 

Radiation is energy that is in motion, either as waves or as streams of 

particles. Radiation can be classified as either ionizing or non-ionizing 

radiation. Ionizing radiation has the power to dislodge electrons from their 

orbits around atoms, disrupting the electron or proton balance and potentially 

causing cell damage. Examples of ionizing radiation include neutron, alpha, 

and beta particles, as well as gamma and x-rays. Examples of non-ionizing 

radiation are visible light, sound, ultraviolet, infrared, radio, and television 

signals [1]. Figure 1.1 shows the electromagnetic spectrum for both ionizing 

and non-ionizing radiation.  

We are surrounded by background radiation. Some of it originates 

from natural sources, while others are man-made artificial sources. Examples 

of natural background radiation sources are terrestrial, cosmic, and internal 

radiation. On the other hand, man-made sources include radiation therapy, 

diagnostic X-rays, tobacco, televisions, nuclear medicine, etc. Figure 1.2 

shows the natural and man-made radiation sources. In the following three 

subsections of this part, terrestrial, cosmic, and internal radiation will be 

discussed in brief.  
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Figure 1.1: The electromagnetic spectrum [1]. 

 

Figure 1.2: Natural and man-made radiation sources [2]  

1.1.1 Terrestrial radiation 

Many radioactive isotopes have been present since the world was 

created. All of the shorter-lived radionuclides have decayed since then. Only 

radionuclides with extremely long half-lives, as well as their decay products, 

remain. These naturally occurring radionuclides with extremely long half-

lives include uranium and thorium isotopes and their decay products like radon. 

Therefore, these radionuclides cause external exposure to gamma rays and 

exposure from inhaling radon and its daughters [2,3]. The primary sources of 

these radionuclides are water, soil, rocks, building materials, etc. 
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1.1.2 Cosmic radiation 

Cosmic radiation is a type of radiation that comes from space and hits 

the earth all the time. A stream of cosmic radiation comes from the sun, others 

from stars in the galaxy, etc. Cosmic ray particles collide with Earthʼs upper 

atmosphere, causing showers of lower-energy particles. The atmosphere 

absorbs many of these lower-energy particles. However, others escape. 

Cosmic radiation at sea level is mostly made up of muons, neutrons, electrons, 

and gamma-rays. Individuals are more exposed to cosmic rays at higher 

elevations than at sea level. The cosmic radiation dose rises with altitude, 

double approximately every 6,000 feet [2].  

1.1.3 Internal radiation 

Radioactive materials that come from nature are found in the human 

body. It is primarily from naturally occurring radioactive nuclides in our food 

and the air we breathe. The primary isotope is potassium-40 (40K). It is because 

potassium has been present naturally in the human body since birth, and we 

continue to eat foods that contain potassium. Other isotopes that are present in 

the human body are tritium (3H), carbon-14 (14C), etc [2]. Tables 1.1 and 1.2 

show the annual effective natural and artificial background radiation doses 

worldwide in millisievert (mSv) [3]. 
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Table 1.1: The annual effective natural background radiation doses 

worldwide in mSv[3].  

Source Dose range Worldwide average 

Inhalation of 222Rn 0.2-10 1.26 

Cosmic rays 0.3-1 0.39 

Terrestrial gamma rays 0.3-1 0.48 

Ingestion (40K) 0.2-1 0.29 

Total 1-13 2.4 
 

 

Table 1.2: Annual effective radiation doses of artificial sources 

worldwide in mSv[3]. 

Source Dose range Worldwide 

average 

Medical diagnosis Zero-several tens 0.6 

Atmospheric nuclear 

test 

Some higher doses 

around test sites still 

occur 

0.005 

Occupational exposure 0-20 0.005 

 

 

 

Chernobyl accident 

In 1986 the average 

dose to >300,000 

recovery workers 

~150 and 350,000 

other individuals  

received doses > 10 

 

 

 

0.002 

 

Nuclear fuel cycle 

(Public exposure) 

Up to 0.02 for 

critical groups at 

1km from some 

nuclear reactor sites 

 

 

0.0002 

Total Zero-several tens 0.6 
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1.2 Radon 

The naturally occurring radon isotopes are formed as the result of the 

natural radioactive decay chains of uranium (238U and 235U) and thorium (232Th). 

There are three naturally occurring radon isotopes which are 222Rn (radon), 

220Rn (thoron), and 219Rn (actinon), with their half-life (𝑇1 2⁄ ) of 3.8 days, 56 s 

and 4 s, respectively. They are produced by alpha decay from their radium 

parents 226Ra ( 𝑇1 2⁄ =1600 years), 224Ra ( 𝑇1 2⁄ = 3.63 days), and 223Ra 

(𝑇1 2⁄ =11.4 days), respectively. Their radium parents are produced from the 

natural decay of 238U (𝑇1 2⁄ =4.47 billion years), 232Th (𝑇1 2⁄ =14.05 billion 

years), and 235U (𝑇1 2⁄ =703.8 million years), respectively, in most soils, rocks, 

and water all over the earth [4–8]. Figure 1.3 shows decay series of 238U, 232Th, 

and 235U, which decay to stable lead 206Pb, 208Pb, and 207Pb, respectively, after 

several decay chains. 

In recent years many researchers have devoted great attention to the 

evaluation of the effects produced by naturally occurring radioactivity and 

how to minimize the impact on the people. Most attention has been paid to 

radon, particularly to the problems of radon exposure to humans. It is due to 

the fact that radon is the most significant natural source of radiation in the 

environment at about 55 % [2,9,10]. Radon is the second leading cause of lung 

cancer after cigarette smoking and, in general, is the leading cause of lung 

cancer in people who have never smoked in their lives [11–17]. The 

organizations such as the World Health Organization (WHO), the 

International Agency for Research on Cancer (IARC), and the United States 

Environmental Protection Agency (US EPA) all have recognized radon as a 

human carcinogen [13,14,16,18–20].  
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238U decay series        232Th decay series          235U decay series 

 𝐔𝟗𝟐
𝟐𝟑𝟖 → 𝐏𝐛𝟖𝟔

𝟐𝟎𝟔             𝐓𝐡𝟗𝟎
𝟐𝟑𝟐 → 𝐏𝐛𝟖𝟔

𝟐𝟎𝟖           𝐔𝟗𝟐
𝟐𝟑𝟓 → 𝐏𝐛𝟖𝟔

𝟐𝟎𝟕  

 

Figure 1.3: The decay series of 238U, 232Th, and 235U [21]. 

The radon isotope 222Rn has gained more interest due to its longer 

half-life and greater abundance than the other two naturally occurring radon 

isotopes. Based on their half-lives, only the radon isotopes 222Rn and 220Rn are 

predicted to produce large doses in the event of ingestion. Therefore, 219Rn 

and its progeny are often not considered a health hazard in the workplace 

because it is generally low, and their presence can be ignored [22,23]. But 

there are several conditions in which the doses resulting from inhaling 219Rn 
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and its daughters need to be considered. For instance, in 1980, radiological 

examinations of historic uranium ore processing plants found elevated 

amounts of airborne 219Rn progeny. [23]. Therefore, all of these isotopes will 

have adverse effects on human beings [11–16,18–20,24,25].  

 

1.3 Uranium exploration and mining activities in Tanzania   

Tanzania is a mining country that produces metals (such as gold, iron 

ore, nickel, copper, cobalt, and silver), industrial minerals (such as tanzanite, 

diamonds, ruby, salt, phosphate, and graphite), and fuel minerals (coal and 

uranium). Tanzania is the only country in the world that produces Tanzanites. 

Tanzania also has a large number of rare earth and critical minerals that are 

currently being explored [26]. Uranium exploration encompasses a variety of 

actions aimed at determining whether or not there is uranium under the ground. 

Uranium exploration may include mapping, surveying the ground, evaluating 

water and soil samples, public awareness, capacity building, and drilling. If 

the exploration process identifies uranium that can be mined commercially, 

mining may become feasible in the future [27–30].     

In Tanzania, following several radiometric survey researches 

conducted, the uranium exploration map was identified in the 1970s [31,32]. 

The places such as Namtumbo (Mkuju river), Bahi, Manyoni, Galapo, 

Minjingu, Mbulu, Simanjiro, Lake Natron, Tunduru, Songea, Madaba, and 

Nachingwea have all discovered significant uranium deposits. The Mkuju 

river project, located in southern Tanzania about 470 kilometers southwest of 

Dar es Salaam, is one of the major uranium development projects. The mineral 

resource base of this project represents approximately 58,500 tons of uranium 

[33]. Figure 1.4 shows the total discovered phosphate and uranium in Tanzania 
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by 2017 [34]. Block A represents Mkuju and Madaba while block B is the area 

of Isuna, Bahi and Makutupora. Block C represents Ndala, Igombe, Kigoma, 

Ugalla river, and Mpanda. Additionally, block D is the area of Minjingu and 

Gallapo, while block E is Monduli and Tarosero. Lastly, block F represents 

Chimala, Panda, and Njombe, while block G represents Bukoba and 

Biharamulo [34]. 

 

 

Figure 1.4: The Tanzanian map shows the discovered phosphate deposits 

(dots) and uranium (blocks). The inset shows the position on the African 

continent [34]. 

However, there are several challenges to encounter during uranium 

explorations. Some of them are regulatory framework, wildlife conservation 
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issues, public acceptance, and uranium spot price [32]. For example, the 

Uranium exploration projects were stopped immediately when the global 

uranium price fell in the market by 2013, and the price dropped to more than 

25% in 2016 [32]. However, Gladiator Resources Ltd (ASX: GLA) recently 

announced on March 28, 2022, to continue exploring different sites in 

Tanzania [35]. Figure 1.5 shows the Gladiator project locations in Tanzania. 

We may see other investments in new and old uranium exploration projects 

start and continue in the future. 

 

 

 

Figure 1.5: The Gladiator Project locations in Tanzania [35]. 
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1.4 The motivation for the study      

There are several methods and techniques developed in the last few 

years by researchers and scientists for radon detection and measurements due 

to the effect of radon on people, especially radon isotope (222Rn). Some of 

them are the Lucas cells, AlphaGUARD monitor, the ionization chamber, 

gamma-ray spectrometry, alpha-track detectors, and liquid scintillation 

counting (LSC) [36–39]. Compared to other methods and techniques, LSC has 

many advantages, as explained in literature [36,40–43]. High counting 

efficiency for alpha particles that approaches 100%, simple sample 

preparation, and a low detection limit are just a few of the benefits. Most of 

the developed techniques were developed to detect 222Rn only. In the literature, 

however, no techniques can concurrently detect all three naturally occurring 

radon isotopes (222Rn, 220Rn, and 219Rn). Thus, it motivated me to develop a 

novel technique for radon detection based on an LSC system that can detect 

all three naturally occurring radon isotopes. The detection system employs the 

neutron tagging module (NGT400), which tags neutron signals from a liquid 

scintillator and photomultiplier tube (PMT) by using the delayed coincidence 

technique (DCT) and the pulse shape discrimination (PSD), which is 

implemented by digital charge comparison (DCC) method. Additionally, an 

Ultima Gold AB (alpha/beta discrimination) (UG-AB) organic liquid 

scintillation cocktail is used in this technique. Using DCT in this technique 

makes it easy to reduce background radiations which is an added advantage 

compared to other techniques. Therefore, the proposed technique has the 

significant benefit of simultaneously detecting all three naturally occurring 

radon isotopes with relatively high efficiency and low detection limit 

compared to many other developed techniques based on LSC.  
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In comparison to previously developed techniques, which are based 

on detecting only 222Rn, the proposed novel technique can be utilized to detect 

all three naturally occurring radon isotopes in water more efficiently. In 

Tanzania, there are many places found with a relatively high abundance of 

uranium deposits. Therefore, the developed novel technique can be well used 

to detect all three naturally occurring radon isotopes (222Rn, 220Rn, and 219Rn) 

in water samples from different places around Tanzania for the health of the 

people in the vicinity of uranium deposits. Radon levels are particularly high 

in areas where the water, soil, or rock contains a high uranium concentration. 

Given that radon is one of the reliable indicators of uranium availability in an 

area, it can also be utilized for other purposes, such as searching for new 

uranium deposits. As a result, the people who live in or near these locations 

should have their health taken into consideration by the government of 

Tanzania. 

1.5 Organization of the thesis 

This thesis focuses on the development of a novel technique for radon 

detection based on a liquid scintillation counting system. Besides this chapter, 

there are five more chapters. Chapter 2 is about the theoretical background, in 

which the interactions of gamma rays with matters and the mechanism in 

liquid scintillation are explained. Chapter 3 deals with experimental setup, 

experimental arrangements, and data acquisition system. Chapter four deals 

with data analysis procedures. Chapter 5 presents results and discussions. 

Finally, chapter 6 is the summary and conclusion.     
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Chapter 2. Theoretical background 

2.1 Interaction of gamma rays with matters 

Gamma rays (γ-rays) interact with matters in three major processes: 

the photoelectric effect, Compton effect, and pair production [44–46]. The 

following three subsections will be dedicated to a short explanation of these 

processes. 

2.1.1 Photoelectric effect   

An incident photon transfers its energy to an orbital electron, causing 

the electron to be ejected from the atom via the photoelectric process. The 

ejected electron is called a photoelectron and will leave a vacancy which will 

be filled by a free electron or outer shell electron. This photoelectron will have 

kinetic energy (𝐸𝑒) given by the relation of equation 2.1. 

 

𝐸𝑒 = ℎ𝑣 − 𝐸𝑏,                                               2.1 

 

where h is the Planck’s constant and 𝑣 is the photon frequency. This process 

will happen only when the incident photon energy (hv) is greater than the 

binding energy (𝐸𝑏). The most likely source of the photoelectron is the atoms 

which are more tightly bonded [46–48]. Figure 2.1 shows the photoelectric 

effect process. The cross-section indicates the probability of interaction of two 

particles. The probability for the photoelectric absorption per atom (𝜏) is 

described in equation 2.2. 
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 𝜏 = 𝐶 ×
𝑍𝑛

ℎ𝑣3.5
 ,                                              2.2 

 

where C is a constant, Z is the atomic number, and n is a number between 4 

and 5. Therefore, photon absorption is most effective in high Z-materials and 

high-density materials. The photoelectric effects take place on a few hundred 

keV.  

 
 

Figure 2.1: The photoelectric effect process [49]. 

  

2.1.2 Compton effect 

The Compton effect (Compton scattering) involves the interaction 

between incident γ-ray photon and electron, which is assumed initially to be 

stationary or free. After the interaction, the incident photon is called a 

scattered photon deflected through an angle θ from its original direction. The 

electron is called a recoil electron at an angle ϕ from its rest position. 

Following this event, a part of the energy carried by the incident γ-ray photon 

is transferred to the recoil electron, and the scattered photon travels with lower 

energy. Figure 2.2 shows the Compton effect process.  
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The energy in the Compton effect can be derived by assuming that the 

binding of the electron is too small, which means it can be negligible assuming 

that the incident γ-ray interacts with a free electron [46,48,50]. And also, by 

taking care of the conservation of energy, momentum, and relativistic 

relationship, the scattered photon will have energy presented in equation 2.3.  

 ℎ𝑣 , =
ℎ𝑣

1+
ℎ𝑣

𝑚𝑒𝑐
2(1−𝑐𝑜𝑠𝜃)

 ,                                        2.3  

 

where 𝑚𝑒 is the mass of the free electron and c is the speed of light. The 

recoil electron will have its energy (Erecoil) expressed in equation 2.4. 

 

 𝐸𝑟𝑒𝑐𝑜𝑖𝑙 = ℎ𝑣 − ℎ𝑣
, = ℎ𝑣 −

ℎ𝑣

1+
ℎ𝑣

𝑚𝑒𝑐
2(1−𝑐𝑜𝑠𝜃)

                        2.4 

 

The scattered photon can take any angle between 0 to 1800. When θ 

= 1800, the scattered photon will have the minimum energy while the recoil 

electron will have the maximum energy. If we let 𝐸𝛾 = ℎ𝑣 (the energy of the 

incident γ-rays in MeV), substituting the value of θ = 1800 and 𝑚𝑒𝑐
2 =

0.511 MeV in equation 2.4 will result in equation 2.5, which is the maximum 

energy of Compton edge (𝐸𝑐) in MeV. 

 

  𝐸𝑐 =
2𝐸𝛾

2

0.511+2𝐸𝛾
                                             2.5 

 

For example, if 0.662 MeV of the incident γ-rays from 137Cs is put in 

equation 2.5, we will have the maximum Compton edge energy of 0.477 MeV. 

With increasing Z, the probability of Compton scattering per atom (σ) also 

increases. Organic scintillators are usually made of low Z and low-density 
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materials. Therefore, Compton scattering is the leading cause of the spectra 

produced in organic liquid scintillators because photoelectric absorption has a 

low influence in this situation [51–56].  

 

 
 

Figure 2.2: The Compton effect process. 

 

2.1.3 Pair production  

Pair production occurs when an incident γ-ray photon with energy 

greater than 1.022 MeV (twice the resting electron) interacts with the nucleus 

Coulomb field. After the interaction, the incident γ-ray photon completely 

disappears, and the electron (e−) and positron (e+) are produced with the same 

mass as an electron. Figure 2.3 is a representation of the pair production 

process. The energy of the electrons-positron produced will be the difference 

between the energy incident γ-ray photon and 1.022 MeV. Equation 2.6 

presents this explanation. 
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𝐸𝑒− + 𝐸𝑒+ = ℎ𝑣 − 1.022 MeV                                  2.6 

 

The probability of pair production per nucleus (κ) is directly 

proportional to 𝑍2 . Figure 2.4 shows the summary of three dominant 

interactions of γ-rays with matters. The photoelectric effect is dominant in the 

lower energy region, while the Compton effect is dominant in the middle 

region, and pair production is dominant in the higher energy [46,57–59].   

 

 

 
 

Figure 2.3: Pair production process. 
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Figure 2.4: Three major dominant interactions of γ-rays with matters 

[58]. 

 

2.2 Scintillation Detectors  

In the scintillation detectors, the ionizing radiation passes through a 

scintillator material, and sparks or scintillations of light are produced as near-

visible light. The scintillator produces a very little amount of light. Therefore, 

it must be amplified by PMT before it can be recorded. Figure 2.5 shows the 

basic principle of a scintillator detector using PMT. There are three main 

scintillator materials depending on conditions liquid, solid, and gases. And 

depending on chemical compositions, there are organic scintillators such as 

liquid and plastic scintillators and inorganic scintillators like crystals and 

glasses [46,57,60,61]. A good scintillator for radiation detectors should have 

a high scintillation efficiency, high optical transparency, short decay time, a 

high light yield, good energy resolution, and an emission wavelength suitable 
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for the characteristic of the PMT [57,62–66]. Scintillation detectors have 

many applications in different fields, such as nuclear and high-energy physics 

experiments, environmental monitoring, security examination, medical 

diagnostics, astrophysics experiment, geophysical exploration, and reactor 

monitoring [46,63,67].  

 

 

Figure 2.5: The basic principle of a scintillator detector using PMT [61]. 

 

2.2.1 Scintillation mechanism in organic scintillators  

Organic scintillators are organic materials that emit detectable 

photons in the visible part of the light spectrum after a charged particle or 

photon passes through them. Organic materials have a very different 

scintillation mechanism compared to inorganic materials. Due to the crystal 

lattice structure, scintillation occurs in inorganic scintillators, such as NaI and 

CsI. Because fluorescence in organic materials is caused by changes in the 

energy levels of a single molecule, it can be viewed regardless of its physical 

state. Generally, practical organic scintillators are organic molecules with 
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symmetry properties associated with their 𝜋 −electron structure [46]. Organic 

scintillators have a decay time of 10–8 s, in general, inorganic crystals have 

slower decay times of about 10–6 s. However, inorganic crystals have fast 

components in their response.  

Figure 2.6 shows the energy level diagram of the luminescence 

mechanism in an organic molecule. This figure shows that the energy from a 

charged particle is absorbed and excites the electron into a series of excited 

states. The singlet states (spin = 0) are labeled as S1, S2, and S3, while the triplet 

(spin 1) are named as T1, T2, and T3, respectively. The energy gap between S0 

and S1 is typically 3 or 4 eV in organic scintillators, although the energy gap 

between higher-lying states is slightly smaller. In order to correlate to the 

molecule’s vibrational states, each of these electronic configurations is 

separated into different levels. The level spacing is typically 0.15 eV. The 

symbol S00 indicates the lowest vibrational level of the ground electronic state. 

Practically all molecules at room temperature are in the S00 state due to the 

enormous distance between vibrational modes and the average thermal energy 

(0.025 eV) [46]. When a charged particle passes through, the molecules absorb 

kinetic energy, then excite electrons to higher levels. The higher singlet 

electronic states are quickly (picoseconds) de-excited to the S1 electron state 

via radiationless internal conversion. Non-thermal equilibrium states like S11 

and S12 quickly lose vibrational energy. As a result of the excitation process, 

a population of excited molecules in the S10 state is formed in a very short 

time. 

In transitions between S10 and the ground state, scintillation light, or 

prompt fluorescence, is emitted. The intensity (I) of prompt fluorescence at 

time t after excitation is defined by equation 2.7. 
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𝐼 = 𝐼0𝑒
−𝑡 𝜏⁄ ,                                                 2.7 

 

where τ is the fluorescence decay time for the S10 level. In most organic 

scintillators, τ is in a few nanoseconds. It means that the prompt scintillation 

component is very fast. First triplet state T1 has a longer life than singlet state 

S1. Some excited singlet states can be changed into triplet states via an 

intersystem crossing. T1ʼs lifetime could be as long as milliseconds. The 

radiation emitted in a de-excitation from T1 to S0 is a delayed light emission 

defined as phosphorescence. T1 is below S0; hence the emitted 

phosphorescence has a longer wavelength than fluorescent light. Timing and 

wavelength distinguish phosphorescent light from scintillation light. The 

length of the upward arrows indicates how intensely photon energy will be 

absorbed by the material. Because all of the fluorescence transitions 

represented by downward arrows (except S10-S00) have lower energy than the 

minimum necessary for excitation, the optical absorption and emission spectra 

show very little overlap (Stokes shift). As a result, there is little fluorescence 

self-absorption. Figure 2.7 shows a typical example of an organic scintillator's 

optical absorption and emission spectra.  
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Figure 2.6: The energy level diagram showing the luminescence 

mechanism in an organic molecule (left is singlet and right is triplet) [46]. 
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Figure 2.7: A typical example of organic scintillatorʼs optical absorption 

and emission spectra [46]. 

 

2.2.2 Basic theory of pulse shape discrimination (PSD) 

PSD is a technique that discriminates between signals emitted by 

various radiation sources. Typical examples include discrimination between 

gamma, neutron, and alpha events. Figure 2.8 shows the time dependence of 

organic scintillation pulses in stilbene gamma-rays, fast neutrons, and alpha-

particles. A pulse in an organic scintillator is distinguished by fast (prompt 

fluorescence) and slow (delayed fluorescence). Compared to the prompt decay 

time of a few nanoseconds, the slow component has a typical decay time of 

several hundred nanoseconds. The light fraction in the slow component is 

determined by the incoming particle, the exciting particleʼs energy loss rate 

𝑑𝐸

𝑑𝑋
 and is the highest for particles with the largest 

𝑑𝐸

𝑑𝑋
 [46]. Therefore, heavier 
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particles like alpha and fast neutrons have higher specific ionization and 

produce more delayed fluorescence (slow components) light than that 

produced by gamma-rays. Therefore, PSD can be used to distinguish the 

mixed events. PSD can be categorized into two main types according to its 

implementation: either time or frequency domain [68]. In the time domain, 

samples of the signals are taken at a specific time with regard to peak time and 

amplitude, making these methods more sensitive to noise and light intensity 

than other types of methods. In our proposed technique, we used this type of 

method. Frequency domain approaches are achieved by performing a 

frequency transform of the digitized pulses, such as the discrete sine transform, 

the fast Fourier transform, the discrete cosine transform, etc. The following 

subsection will be dedicated to a brief explanation of PSD by the DCC method. 

The method used in this study. Other methods for PSD can be found in the 

literature. 

 

Figure 2.8: The time dependence of organic scintillation pulses in stilbene 

[69]. 
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2.2.3 PSD by Digital charge comparison (DCC) method 

DCC is a preferred method used in PSD. The DCC method’s 

simplicity and effectiveness give the most powerful PSD [70,71]. In most 

cases, the DCC is used to identify the source of each pulse simply by 

comparing the tail to the total integral charges. Each pulse of the detecting 

signal must be integrated across two separate time intervals. Figure 2.9 shows 

the current pulses associated with gamma-rays and neutrons as a typical 

example of an organic scintillator using PSD by the DCC method. The cutting 

time window presented in figure 2.9 is used in this study. 

The time signal produced by the gamma-ray interaction is faster than 

that produced by the neutron interaction [52,72]. The neutron interaction gives 

a slower timing signal than the gamma-ray interaction. A gamma-ray pulse 

rises and falls faster from and to the baseline than a neutron pulse generated 

by recoil protons. The difference between these two is most noticeable in the 

tail. A neutron generates a large ionization density by generating a recoil 

proton with a long tail. Gamma rays, on the other hand, produce distributed 

electrons. It decays much faster as a result of the low ionization density. The 

main distinction between these two is their pulses in tail parts. So its analysis 

is based on comparing their tails [72]. Therefore, the PSD parameters are 

higher for neutrons than for gamma-rays, as shown in figure 2.10. Figure 2.10 

shows the n/γ separation from the 252Cf source using a BC-523 liquid 

scintillator.  
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Figure 2.9: The difference between gammas and neutrons in a typical 

example of an organic scintillator using PSD by the DCC method [73].  
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Figure 2.10: The n/γ separation from 252Cf source using BC-523 liquid 

scintillator [74]. 

 

2.2.4 Mechanism in Liquid scintillation counting  

The LSC involves mixing the radioactive sample into a scintillation 

vial and adding a particular scintillation cocktail. The vial can be glass or 

plastic, and the cocktail is the scintillating liquid. In order to achieve 

conversion of the energy into a detectable light pulse by a detector, the LSC 

needs specific cocktails. The cocktail for liquid scintillation contains at least 

a fluor molecule (scintillator) and an organic solvent molecule [61]. The 

energy absorbed by the scintillators produces excited states of electrons, which 

decay to the ground state and gives out a light pulse detected by PMT. Figure 

2.11 shows the primary principle mechanism of the LSC system. The 

following three subsections will be dedicated to the explanation of liquid 

scintillation cocktails (solvent, scintillator) and quenchers in LSC. 

neutron 
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Figure 2.11: The basic principle of the LSC system [75]. 

 

2.2.5 Liquid scintillation cocktails  

The cocktails for liquid scintillation counting are divided into two 

main categories: classical and safer cocktails. The cocktails with benzene, 

xylene, toluene, and pseudocumene are considered classical, while those 

including phenyl xylyl ethane (PXE), linear alkylbenzene (LAB), and 

Diisopropylnaphthaline (DIPN) are considered safer [70]. The latter set of 

cocktails is less hazardous, and no evidence of carcinogenic, mutagenic, or 

teratogenic behavior has been discovered. Because these cocktails have a 

much lower vapor pressure, they do not have a strong smell and can be used 

without fume hoods. The flashpoint of the safer cocktails is substantially 

higher than room temperature, making laboratory handling much safer. The 

flashpoint is the lowest temperature at which the gases of a flammable liquid 

in the air can self-ignite [76]. Considering the advantages of safer cocktails, it 

is wise to use this type of cocktail in a laboratory. Several safer cocktails are 

available in the markets, one of which is the Ultima GoldTM family. This 

family has the additional benefit of having high quench resistance. Among the 
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member of this family is UG-AB. According to the Perkin Elmer 

manufacturersʼ description, the UG-AB was explicitly designed for alpha/beta 

discrimination in LSC. It has the delayed pulse decay characteristics required 

for effective alpha/beta discrimination. Therefore, it is specially designed for 

α/β separation. Its excellent sample holding capacity makes it suitable for a 

wide range of aqueous and acidic samples [77]. These additional advantages 

of UG-AB choose to use it, especially dealing with alpha/beta separation. In 

the absence of UG-AB, the Ultima Gold LLT cocktail can be used alternatively 

because its ability of α/β separation is not inadequate. In the following 

subsection of this section, there is a table that shows some availability of 

commercial liquid scintillation cocktails with some characteristics (Table 2.1). 

 

2.2.6 Solvent, scintillator, and surfactant 

Generally, liquid scintillation cocktail mixtures involve four things 

which are solvent, scintillator, surfactant, and sample. Solvents are used in 

cocktails for two primary reasons. Before anything else, the sample and the 

scintillator must be dissolved in a solvent, and it helps the radioisotope transfer 

energy to the scintillator. Aromatic hydrocarbon compounds are a common 

group of compounds used as a solvent because of having large conjugated 

π−electron systems, which are ideal for transferring energy from radionuclides 

to solvents. Aside from these considerations, the solvent should have a low 

amount of natural 14C activity and high transmission for photons emitted by 

the scintillator. The scintillator molecules dissolved in the solvent absorb the 

energy produced by the solvent and re-emit it as visible light with a 

wavelength of around 420 nm. Primary and secondary scintillators are the two 

types of scintillators available. The direct energy transmission between 
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excited solvent molecules and the scintillator is possible with primary 

scintillators with the modern PMT. The secondary scintillators were originally 

utilized as a wavelength shifter to boost PMT sensitivity to a wavelength 

between 415 and 425 nm. While most modern PMTs can count the light pulses 

generated by the primary scintillator, secondary scintillators have been 

discovered to boost efficiency in various situations and are still utilized in 

most LSC cocktails [78]. The surfactants in a cocktail allow an aqueous 

sample to come into close contact with the aromatic solvent by forming a 

stable and clear microemulsion; required for stable conditions during the 

counting period. Table 2.1 shows LSC cocktails and their characteristics. 

 

Table 2.1: LSC cocktails and their characteristics [76]. 

 

Aqueous/ 

organic 

samples 

Cocktail solvent Flash 

point 

(0C) 

α/β 

separation 

Classical 

/safer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ultima 

Gold † 

DIPN ~ 150 -  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ultima 

Gold XR 

DIPN ~ 150 - 

Ultima 

Gold LLT 

DIPN ~ 140 Yes 

Ultima 

Gold uLLT 

DIPN ~ 140 - 

Ultima 

Gold MV 

DIPN ~ 110 - 

Ultima 

Gold AB 

DIPN ~ 140 Yes 

(specially) 

Ultima-Flo 

M 

PXE/LAB ~ 120 - 

Ultima-Flo 

AF 

PXE/LAB ~ 120 - 
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Cocktails 

for 

aqueous 

and 

organic 

samples 

Ultima-Flo 

AP 

BT/DPE ~ 120 -  

Safer 

Opti-Fluor LAB ~ 150 - 

Emulsifier-

Safe 

LAB ~ 150 - 

Formula 

989 

LAB ~ 140 - 

OptiPhase 

HiSafe II 

DIPN 144 - 

OptiPhase 

HiSafe III 

DIPN 144 - 

OptiPhase 

Supermix 

DIPN 144  

LumaSafe PXE 149 - 

LumaSafe 

Plus 

PXE 149 - 

Lumagel 

Safe 

PXE 149 - 

SafeFluor-S LAB 149 - 

Insta-Gel 

Plus 

Pseudocumol 48-50 -  

 

Classical Pico-Fluor 

15(not 

available) 

Pseudocumol 48-50 - 

Pico-Fluor 

40 

Pseudocumol 48-50 - 

Filter-

Count 

Pseudocumol 48-50 - 

Hionic-

Fluor 

Pseudocumol 48-50 - 

Monophase 

S 

Pseudocumol 48-50 - 

Permafluor 

E+ 

Pseudocumol 48-50 - 

Atomlight Pseudocumol 48-50 - 

Biofluor Pseudocumol 48-50 - 

Aquassure Pseudocumol 48-50 - 

Aquasol-2 Xylol 24-26 - 

Flo Scint II Pseudocumol 46 - 
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Flo Scint 

III 

Pseudocumol 46 - 

 

 

 

 

Cocktails 

for only 

pure 

organic 

samples 

Insta-Fluor 

Plus 

Pseudocumol 48-50 -  

 

 

Safer 
Ultima 

Gold F 

DIPN ~ 150 - 

Opti-Fluor 

O 

LAB ~ 150 - 

OptiScint 

HiSafe 

DIPN ~ 150 - 

Insta-Fluor 

Plus 

Pseudocumol 48-50 -  

 

Classical Econofluor-

2 

Pseudocumol 48-50 - 

High Eff. 

Min. oil 

Scint. 

Pseudocumol 79 - 

Note: Red color represents the cocktail used in this experiment and  

- means no available information about α/β separation. 

2.2.7 Quench in liquid scintillation counting 

The term quench refers to anything that obstructs the scintillation 

mechanisms and prevents some of the light from being detected by the PMT, 

resulting in a reduction in the number of counts recorded and a less energy 

identification [56,79–82]. The two basic types of energy quench may occur in 

LSC systems: chemical and color quench. Figure 2.12 shows the two main 

types of quench in LSC systems; chemical quench occurs during energy 

transfer from solvent molecule to scintillator, and hence the energy will not 

transfer to the fluor molecule. On the other hand, the color quench happens 

when the light emitted by the scintillator is absorbed by the color sample. As 

a result, the signal detected by PMT does not represent the total actual light 

emitted [82,83]. There are several methods for quench correction. These 
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methods are balanced quenching, channels ratio, dilution, internal, external 

standard, extrapolation, and quench curve [61,81,83–85]. The explanation of 

these methods can be found in the literature [61,84,87]. 

 

 

Figure 2.12: The two main types of quenching in LSC systems [87].  

 

2.3 Radioactive equilibrium 

Radioactive equilibrium occurs when a radioactive species and its 

subsequent radioactive products have reached such relative proportions that 

they all disintegrate at the same numerical rate and keep their proportions 

constant. If we assume nuclide A decays to nuclide B and B decays to nuclide 

C, we will have the following relations in equation 2.8. 

A
λA
→ B

λB
→ C                                                               2.8 

The decay constants of radionuclide A and B are denoted by the 

symbols 𝜆𝐴 and 𝜆𝐵, respectively. Assuming that the nuclei of each present at 

the time(t) have the numbers 𝑁𝐴(𝑡)  and 𝑁𝐵(𝑡) , then the activities are 

𝜆𝐴𝑁𝐴(𝑡) and 𝜆𝐵𝑁𝐵(𝑡), for each kind of nuclei present at t, respectively. Then 

the rate of decay of radionuclide B can be written as presented in equation 2.9. 

Chemical 

quenching Color quenching 
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𝑑𝑁𝐵(𝑡)

𝑑𝑡
= 𝜆𝐴𝑁𝐴(𝑡) − 𝜆𝐵𝑁𝐵(𝑡)                                            2.9 

The general solution of this differential equation can be written as in 

equation 2.10.  

𝑁𝐵(𝑡) =
𝜆𝐴

𝜆𝐵−𝜆𝐴
𝑁𝐴(0)(𝑒

−(𝜆𝐴)𝑡 − 𝑒−(𝜆𝐵)𝑡) + 𝑁𝐵(0)(𝑒
−(𝜆𝐵)𝑡)            2.10 

We can obtain the activity of radionuclide B as 𝐴𝐵(𝑡) = 𝜆𝐵𝑁𝐵(𝑡), as 

presented in equation 2.11. 

 𝜆𝐵𝑁𝐵(𝑡) = 𝜆𝐵[
𝜆𝐴

𝜆𝐵−𝜆𝐴
𝑁𝐴(0)(𝑒

−(𝜆𝐴)𝑡 − 𝑒−(𝜆𝐵)𝑡) + 𝑁𝐵(0)(𝑒
−(𝜆𝐵)𝑡)]    2.11 

If we assume initial conditions 𝑁𝐴(𝑡 = 0) = 𝑁0  and 𝑁𝐵(𝑡 = 0) =

0, equation 2.11 can be reduced to equation 2.12. 

𝐴𝐵(𝑡) =
𝜆𝐵

𝜆𝐵−𝜆𝐴
𝐴𝐴(0)(𝑒

−(𝜆𝐴)𝑡 − 𝑒−(𝜆𝐵)𝑡),                              2.12 

where 𝐴𝐴(0) is the amount of parent radionuclide A present at 𝑡 = 0, other 

symbols carry their usual meaning as defined before. More details of the 

derivation of these formulas can be found in other literature [88–91]. Equation 

2.12 shows that the rate at which equilibrium is reached is determined by the 

half-lives of both the parent and daughter nuclides. There are three normal for 

radioactive equilibrium: secular equilibrium, transient equilibrium, and no 

equilibrium. The following subsection of this part will be dedicated to a brief 

explanation of radioactive equilibrium. 
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2.3.1 Secular equilibrium 

Secular equilibrium is possible when the half-life of the parent nuclide 

is infinitely greater than the half-life of the daughter nuclide. That is 𝑡𝐴 ≫ 𝑡𝐵  

or 𝜆𝐴 ≪ 𝜆𝐵 . From equation 2.12, we can see that finally, at 𝑡 = ∞ 

with (𝜆𝐵)𝑡 = ∞, the daughter activity reaches a value of activity equal to 

parent, i.e., 𝐴𝐵(𝑡) = 𝐴𝐴(𝑡). Therefore, as long as a parent isotope decays, the 

radioactive isotope of the daughter will remain constant. Examples include the 

relationships between the long-living uranium and thorium isotopes 238U, 

235U, and 232Th, and the decay products of their daughter isotopes. For 

example, the secular equilibrium between the parent 226Ra and daughter 222Rn 

will start to exist approximately after 7 half-lives of 222Rn, which is about 27 

days. In our case, we filled radon from the air in UG-AB container and placed 

it in a dust-proof environment for 48 hours without closing it, and after that, 

we started measurement as a sample. After we took a measurement, we waited 

for ~7 weeks (49 days) without opening the container, and we took a 

measurement. At this stage, the activities of parent and daughter remain 

constant. Figure 2.13 shows the secular equilibrium of 226Ra (parent) and 222Rn 

(daughter). 
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Figure 2.13: The secular equilibrium 226Ra (parent) and 222Rn (daughter) 

[89]. 

 

2.3.2 Transient equilibrium 

The transient equilibrium occurs when the parent nuclide has a half-

life a few times that of the daughter (𝑡𝐴 > 𝑡𝐵 or 𝜆𝐴 < 𝜆𝐵). The exponential 

term in equation 2.12 becomes less as time t increases while the activity ratio 

rises. An example, in this case, includes parent molybdenum-99 (99Mo) with 

a half-life of 66 h and its daughter Technetium-99m (99Tc) with a half-life of 

about 6.1 h. Figure 2.14 shows the transient equilibrium between parent 

(99Mo) and daughter (99Tc). 
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Figure 2.14: The transient equilibrium between 99Mo (parent) and 99Tc 

(daughter) [92]. 

 

2.3.3 No equilibrium 

No equilibrium occurs when the parent nuclide has a shorter half-life 

than the daughter (𝑡𝐴 < 𝑡𝐵 or 𝜆𝐴 > 𝜆𝐵). The daughterʼs activity achieves a 

maximum and then decays at its characteristic rate. Meanwhile, the parent 

decays away due to its lower half-life. The total activity does not reach a 

maximum in this situation; it diminishes continuously. Figure 2.15 shows no 

equilibrium between 146Ce (parent)  and 146Pr (daughter). 
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Figure 2.15: No equilibrium between 146Ce (parent) and 146Pr (daughter) 

[88]  

2.4 The basic principles of Monte Carlo simulation  

The Monte Carlo simulation method is a simple computer technique 

that involves conducting a large number of fictitious experiments with random 

numbers. Its application is ubiquitous and requires no special probability 

expertise. The only information required is the output-input relationship and 

the input-output probability distributions. This simulation method is very 

similar to random experiments, in which the specific outcome is unknown in 

advance. In this context, Monte Carlo simulation can be a methodical 

approach to what-if analysis [93,94]. Therefore, the Monte Carlo simulation 

identifies a statistical distribution for each input parameters. Then we take 

random samples from each distribution to represent the input variablesʼ values. 
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We get output parameters for each set of input parameters. Each output 

parameter represents one of the simulationʼs outcomes. We collect these 

results from several simulation runs. Finally, we use statistical analysis to 

decide what to do next. The output parameter sampling statistics can be used 

to quantify output variation. The Monte Carlo simulation has many 

applications in different fields such as simulation and optimization problems, 

particle physics, nuclear and high energy physics, quantum field theory, 

environmental sciences, financial market simulations, astrophysics, 

Semiconductor devices, Light transport calculations, artificial intelligence for 

games, etc. [93,94]. More information about the Monte Carlo simulation 

method can be found in the literature [93–97]. 
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Chapter 3. Experimental Setup 

3.1 Liquid scintillator container  

We used the UG-AB liquid scintillation cocktail in a liquid 

scintillation counting system. UG-AB is a non-hazardous liquid scintillation 

cocktail based on the solvent 2,6-Diisopropylnaphthalene (DIPN) [76]. The 

DIPN-based organic liquid scintillation cocktails have a rise time of about 1 

ns and a decay time of about 2.5 to 7 ns [98,99]. We fed the radon source for 

48 hours from the air in 700 mL of UG-AB in a sample container made of 1 

liter (l) stainless steel (SUS) with Teflon coating inside and 2 mm SUS exterior 

with a 5-mm-thick glass window. The container was kept open after filling the 

sample in a dust-free environment at the underground lab for 48 hours and 

occasionally mixed to allow the radon source to enter the container safely. 

Radon surrounds us everywhere, but the radonʼs level varies from one area to 

another according to different conditions [100–103]. Figure 3.1 shows a liquid 

scintillator container that is already closed and ready for an experiment. 

 

Figure 3.1: The photograph of the liquid scintillator container. 



 

40 

 

3.2 Experimental arrangement 

A Hamamatsu PMT (H7195), high voltage power supply (HV), and 

NGT400 were used in this experiment. Figure 3.2 shows a schematic 

arrangement of the experimental setup. This arrangement involves LSC, HV, 

PMT, NGT400, and a PC. The LSC, PMT, and NGT400 are photographed 

and presented in Figure 3.3. The photograph of the detector arrangement with 

5- cm-thick lead (Pb) shielding is shown in Figure 3.4.  

 

Figure 3.2: The schematic arrangement of the experimental setup. 

 

Figure 3.3: The photograph of LSC, PMT, and NGT400. 
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Figure 3.4: A photograph of the detector arrangement with a 5 cm thick 

Pb shielding.  

3.3 Data acquisition  

The NGT400 was developed for fast neutron tagging using LSC 

[104]. The NGT400 can accept an input pulse width between 20 and 1270 ns. 

The ability of the processing signals is possible up to a 1 MHz input rate by 

adopting a 400 MS/s flash analog to digital converter (FADC) and a high-

speed digital signal processor. It tags signals from a liquid scintillation 

detector using PSD implemented by the DCC method. The PSD parameters 

were obtained using equation 3.1. 

PSD =
tail

body
 ,                                                3.1 

where the tail denotes the delay charge, and the body denotes the total charge. 

The total charge was integrated over a 100 ns pulse window range, while the 

delay charge was integrated from the delay point to the end of the pulse width. 
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The delay point was set to 20 ns after the pulseʼs maximum position as shown 

in figure 2.9 in section 2.2.3. PSD was used to identify 𝛼  and 𝛽  in the 

spectrum. NGT400 performs PSD with 2.5 ns precision. The recorded data by 

NGT400 is analyzed offline using the C++ program and ROOT package [67]. 

More information about NGT400 can be found in NOTICE Korea [105]. 

Figure 3.5 shows DCT, the tag time between prompt and delayed events. This 

is the time difference between two signals. Table 3.1 presents the summary of 

the target isotopes. The fast sub-chain members from 238U, 232Th, and 235U 

families can be selected via the time-amplitude analysis [106]. The isotopes 

with short half-lives are selected based on their characteristic energy and 

decay-time distributions. The sub-chain 214Bi (𝑄𝛽 = 3.27 MeV, T1/2 = 20 min) 

→ 214Po (𝑄𝛼= 7.83 MeV, T1/2 = 164 µs) is used for 238U decay series. The sub-

chain 212Bi (𝑄𝛽 = 3.25 MeV, T1/2 = 60.55 min) → 212Po (𝑄𝛼= 8.95 MeV, T1/2 

= 0.299 µs) is employed for 232Th decay chains. On the other end the sub-

chain 219Rn (𝑄𝛼= 6.95 MeV, T1/2 = 3.97 s) → 215Po (𝑄𝛼= 7.53 MeV, T1/2 = 

1.78 ms) from 235U decay series is used. The cutting conditions also are 

required to be set for the specific ROI.        

 

Figure 3.5: The delayed coincidence technique (DCT). 
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Table 3.1: The summary of the target isotopes. 

 238U family 232Th family 235U family 

Mother isotope 214Bi 

𝑄𝛽 = 3.27 MeV 

𝑇1/2 = 20 min 

212Bi 

𝑄𝛽 = 2.25 MeV 

𝑇1/2 = 60.55 min 

219Rn 

𝑄𝛼 = 6.95 MeV 

𝑇1/2 = 3.97 s 

Daughter 214Po 

𝑄𝛼 = 7.83 MeV 

𝑇1/2 = 164 µs 

212Po 

𝑄𝛼 = 8.95 MeV 

𝑇1/2 = 300 ns 

215Po 

𝑄𝛼 = 7.53 MeV 

𝑇1/2 = 1.78 ms 

Granddaughter 210Pb (unstable) 208Pb (stable) 211Pb (unstable) 
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Chapter 4. Data analysis 

4.1 Calibration of the detector 

The calibration of the detector is essential because if it is wrong, it 

will affect all data analysis of the experiment [107]. The experimental gamma 

data for calibration were taken in order to have the detector calibrated before 

using it. Energy calibration, fitting, simulation, and energy resolution at full 

width at half maximum (FWHM) were performed using the Monte Carlo 

simulation data. The procedures followed the method presented in a previous 

study [108]. In our study, the energy calibration fitting procedure that 

minimizes the difference between the Gaussian broadening of the simulation 

spectrum and experimental data was performed. The calibration can briefly be 

summarized as follow: a simulated spectrum is generated corresponding to 

each gamma source measurement (Fig. 5.4 shows an example of 137Cs 

spectrums). Energy calibration scaling factor (a) and detector resolution 

(FWHM) were scanned by customized appropriate step for a minimum testing 

chi-square value in a specified channel region of interest (C ± ΔC) around the 

Compton edge. Corresponding energy for the specified channel C is E=aC; 

(C, E) is used later for the energy calibration curve, and (E, FWHM) is for 

resolution curve fitting. Uncertainties of FWHM, a, C, and E are determined 

accordingly. In the simulation, we didn't put the energy resolution of the 

detector. The detector resolution was obtained by a fitting procedure that 

minimizes chi-square between Gaussian broadening of simulation spectrum 

and experimental data. For example, the detectorʼs resolution of a 137Cs peak 

of 662 keV is around 22%. Due to the finite detector resolution, the 662 keV 

peak is broadened and cannot be observed in the measurements data. The same 
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applied to 60Co and 22Na   

The gamma calibration function of the UG-AB liquid detector can be 

expressed using equation 4.1.            

  𝑌 =  𝑎𝑋 + 𝑏,                                              4.1 

where Y is the calibrated light output in keV, X is the channel number that 

corresponds to the deposited energy, and a and b are constants to be calculated. 

For an example, in the case of radon-filled data from air sources, the equation 

obtained using this general fitting model, along with the corresponding 

constants, is presented in equation 4.2: 

 𝑌 = 0.95𝐶ℎ𝑎𝑛𝑛𝑒𝑙 + 23.02                                    4.2 

As a result, using equation 4.2, all of the data obtained during this 

measurement were converted to equivalent energy (keV). However, alpha 

particles have a poor scintillation response in LSC compared to beta particles, 

resulting in a pulse-height response of approximately 10% of its original 

nuclear decay energy [81,109–112]. For instance, an alpha particle with 5 

MeV energy will appear in a UG-AB LSC with an energy of approximately 

0.5 MeV.  

The FWHM as a function of electron energy (E) was calculated using 

equation 4.3. 

 
𝐹𝑊𝐻𝑀

𝐸
= √𝛼2 +

𝛽2

𝐸
+
𝛾2

𝐸2
 ,                                     4.3 
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where 𝛼 represents a constant term resulting from the locus-dependent light 

transmission from the scintillator to the photocathode (geometry effect) . This 

parameter limits the detector’s resolution at high energy [51,54,108,113–115]. 

A stochastic term 𝛽 resulting from the statistical behavior of light production 

and attenuation in the liquid, as well as photon-electron conversion and 

electron amplification in the PMT. The term 𝛾 is the noise term from the 

PMT and eventually from the electronic amplifier[51,54,108,113–115]. All of 

these characteristics depend on the detectorʼs construction, and as a result, we 

anticipate the resolution function to behave differently. In this study, the 

resolution function was calculated using two parameters of 𝛼 and γ only. The 

goodness of fitting is given by R-squared (𝑅2 ). The 𝑅2  is given by the 

variance explained by the model divided by the total variance. 

4.2 Fitting function for the Gaussian and exponential decay 

distribution 

The fitting for a Gaussian distribution in ROOT was done using 

equation 4.4. 

 

𝑦 = 𝐴𝑒−
1

2
(
𝑥−𝜇

𝜎
)
2

,                                              4.4  

 

where y is the Gaussian fitting function, A is the constant depending on fitting, 

x is the variable on the x-axis, 𝜇 is the mean, and 𝜎 is the standard deviation. 

The fitting for exponential decay distribution was done using equation 4.5. 

 

𝑦 = 𝑒(𝑝𝑜+𝑝1𝑥),                                              4.5     
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where y is the exponential fitting function, 𝑝𝑜 is the constant depending on 

fitting, 𝑝1 is the slope (decay constant), and x is the variable on the x-axis. 

The fitting results are also given with 𝜒2 ndf⁄  parameters, where 𝜒2 is chi-

square and 𝑛𝑑𝑓 is the number of degrees of freedom. A chi-squared is a 

weighted sum of squared deviations with the following inputs: variance, 

observations, and calculated data. The number of degrees of freedom is 

calculated by subtracting the number of observations from the number of fitted 

parameters.             

 

4.3 Selection efficiency (SE) 

To estimate the efficiency, the detector’s cutting conditions based on 

selection efficiency (SE) were used. The SE is 

the conditional probability that any single event will pass on the given cutting 

condition on the detector's region of interest (ROI) [116]. After that, this 

probability of surviving events is multiplied by 100 % to get the SE. Therefore, 

these involve PSD, cutting energy for alpha and beta, the fitting formula for 

alpha and beta, decay time of half-life, etc. This phenomenon is more 

commonly employed in high-energy physics experiments [67,106,116]. The 

SE is given by equation 4.6.  

𝑆E =
selected area (SA) ROI

Total area (TA)
× 100 %,                               4.6                              

where TA is the total probability of geometrical fitting equal to 1, the SA 

depends on cutting and fitting conditions but is always less than 1. The 

selection efficiency for half-life, PSD, and alpha events was determined using 

the geometryʼs fitting equation, with an error (𝛿) of approximately ≤ 1.0%. 

The SE of beta events was subjected to the cutting conditions only. The beta 
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decay spectrum was not fitted because a suitable model was unavailable. The 

𝛿  in SE was estimated to be ≤ 5.0%  due to energy differences at the 

minimum and maximum levels of beta events from different Bi isotopes. The 

total efficiency of the detector for each family member of our target isotopes 

using the method is reported in other literature [67,106]. 

4.4 Figure of merit (FOM)  

A figure of merit (FOM) is a metric that describes the performance of 

the detector or system. In the presence of gamma rays, any detector with a 

FOM greater than 1.27 can be deemed to have acceptable PSD for fast neutron 

detection [117]. FOM can be calculated using the formula presented in 

equation 4.7 [82]. 

FOM =
|Pα−Pβ|

FWHMα+FWHMβ
 ,                                       4.7 

where Pα and Pβ represent the center peak position of α and β obtained in 

PSD, respectively. FWHMα and FWHMβ are energy resolution of α and β, 

respectively; calculated from the PSD distributions. While the FOM of the 

whole system of the targeted isotopes of the system can be determined by 

using equation 4.8 [43,119,120].  

FOM =
ε2

cb
 ,                                                 4.8 

where ε is the efficiency of the system in % and cb is the background count 

rate in count per minute (CPM). 
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4.5 Half-life 

The half-life (𝑇1
2⁄
) was obtained from equation 4.9. 

𝑇1
2⁄
=
0.693

𝜆
 ,                                                4.9 

where λ is the decay constant obtained from an exponential fitting function of 

the half-life decay function. The derivation of this formula can be found in 

many pieces of literature. 

4.6 Activity and minimum detection activity 

The count rate is defined by dividing the total counts by the time used 

for that particular counting. For background (B) counting rate ( 𝐶𝑏) and that 

of sample ( 𝑆 ) count rate ( 𝐶𝑠) are expressed by 𝐶𝑏 =
𝐵

𝑇𝑏
 and 𝐶𝑠 =

𝑆

𝑇𝑠
, 

respectively. 𝑇𝑏  and  𝑇𝑠  are background and sample counting time in 

minutes, respectively. The net count rate (𝑁) is given by taking the difference 

between the sample count rate and the background count rate expressed in 

equation 4.10. 

𝑁 = 𝐶𝑠 − 𝐶𝑏                                                           4.10                   

The associated net standard deviation (𝜎𝑁) for the net count rate is 

given by equation 4.11. 

 𝜎𝑁 = √
𝐶𝑏

𝑇𝑏
+
𝐶𝑠

𝑇𝑠
                                                         4.11 

The total count rate in CPM is then given by equation 4.12. 
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𝑁 = (𝐶𝑠 − 𝐶𝑏) ± √
𝐶𝑏

𝑇𝑏
+
𝐶𝑠

𝑇𝑠
                                              4.12 

More derivation of counting rate and associated standard deviation 

can be found in Knollʼs book [46]. To convert the count rate in a minute 

(CPM) to activity (A), we need to consider other factors such as counting 

efficiency (ε) and sample volume (𝑉𝑠) in L. T to coverts minutes to seconds, 

factor a 60 is used. Finally, we get activity in Bq/L. Therefore, activity is given 

by equation 4.13 [46,121–124]. 

Activity =
(𝐶𝑠−𝐶𝑏)±√

𝐶𝑏
𝑇𝑏
+
𝐶𝑠
𝑇𝑠

𝜀×𝑉𝑠×60
 (Bq/L)                               4.13 

The minimum detectable activity (MDA) given by Currie with 95% 

confidence-interval is presented in equation 4.14 [46,65,120,125–129]. 

 MDA =
2.71+4.65√CbTb

ε×Vs×Ts×60
                                       4.14 

All symbols carry their usual meaning as defined early. The derivation 

of MDA can be found in the literature [46,125].  
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Chapter 5. Results and Discussions 

5.1. Energy calibrations, resolution, and simulation 

The experimental energy and their energy fitting, calibrations, 

resolution, and simulation were made using three 1 µCi gamma sources, 22Na, 

60Co, and 137Cs. The data used for energy calibrations, energy resolution, and 

simulation were only obtained from their Compton energies. Table 5.1 

presents the half-life, different gamma energy, and corresponding Compton 

energies calculated using equation 2.5 in section 2.1.2. However, the Compton 

energies for 60Co γ-rays are very close, as shown in table 5.1, which is evident 

as a combined contribution in figure 5.1. Therefore, the calculations for 60Co 

were based on the total contributions of their Compton energies.  

Table 5.1: Data of the 1 µCi gamma sources used for calibration. 

Gamma source Half-life 

(years) 

Gamma Energy 

(MeV) 

Compton energy 

(MeV) 

22
Na 2.6 0.511 0.341 

137
Cs 30.2 0.662 0.477 

60
Co 5.3 1.173 0.963 

22
Na 2.6 1.275 1.062 

60
Co 5.3 1.332 1.118 
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5.1.1 Experimental data of 22Na, 60Co, and 137Cs gamma sources 

and their fitting 

Figure 5.1 shows the experimental gamma spectra and their Compton 

fitting curves. The γ-rays spectra fittings well matched the experimental data. 

 

 

 

Figure 5.1: The experimental data representation of the Compton edges 

from 22Na, 60Co, and 137Cs gamma sources and their fitting. 

 

5.1.2 Energy calibration 

The energy calibration is the relationship between the γ-rays energy 

and channel. The energy calibration in Figure 5.2 indicates that the 

experimental data were well fitted linearly.  
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Figure 5.2: The energy calibration using the Compton edges of 22Na, 60Co, 

and 137Cs. 

 

5.1.3 Energy resolution 

Figure 5.3 presents the energy resolutions in terms of FWHM of the 

UG-AB detector, ranging from 20 to 30% gamma sources used in this 

experiment. The FWHM obtained in this experiment matched well with the 

previous study [51]. 
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Figure 5.3: The energy resolution (FWHM) result using the Compton 

edges of 22Na, 60Co, and 137Cs. 

 

5.1.4 Monte-Carlo simulation Energy 

Figures 5.4, 5.5, and 5.6 compare the simulated Compton electron 

spectrum from 137Cs, 60Co, and 22Na gamma sources. The simulations quite 

match well with the experimental and fitting data.  
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Figure 5.4: Monte-Carlo-simulated Energy spectrum from the 137Cs 

gamma source.  
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Figure 5.5: Monte-Carlo-simulated Energy spectrum from the 60Co 

gamma source.  
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Figure 5.6: Monte-Carlo-simulated Energy spectra from the 22Na gamma 

source. 

5.2. Light quenching 

Figure 5.7 shows the light quenching recorded in this technique using 

the 1 µCi 137Cs gamma source. The calculated light quench based on the 

channel ratio method was 6.8%. 
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Figure 5.7: The light quenching from 1 µCi 137Cs gamma source.  

 

5.3. Background Measurements 

The background measurement was performed for 2328 min of data 

acquisition for 2 million events. Figure 5.8 shows the background spectrum 

with pure UG-AB without filling radon from the air. The background count 

rate for the full spectrum was 859.1 cpm. Because the full spectrum may not 

be used for calculations, the (ROI) is usually specified in order to limit the 

background count rate in the specific region [130]. Therefore, the background 

count rate was found to be 0.32, 0.0095, and 0.021 cpm for 222Rn (238U), 220Rn 

(232Th), and 219Rn (235U) decay series, respectively. Figure 5.9 indicates the 
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alpha energy from 214Po (238U family) with the background spectrum in the 

ROI. The net activity of the sample data can be done by removing the 

background count rate within the ROI. 

 

 

Figure 5.8: The energy spectrum of background measurements below 3.5 

MeV data recording (note: y-axis is in the log scale). 
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Figure 5.9: The alpha energy from 214Po (238U family) with the 

background within the same ROI. 

 

5.4. Half-life events from 238U, 232Th, and 235U decay chains   

The following three subsections are about the half-life events obtained 

from 238U, 232Th, and 235U decay chains. 

 

5.4.1 Half-life of 214Po from 222Rn (238U) decay series 

To find the half-life from the 222Rn (238U) family, the following 

cutting conditions were established. The time interval was set between 2 and 

820 𝜇s. The short half-life isotope in this decay series is 214Po, with a half-life 
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of 164.3 𝜇s. The lower limit of 2 μs was set in the time coincidence in order 

to reject the short 212Bi–212Po coincidence from the 232Th chain. This 2 𝜇s is 

about seven half-lives of 212Po. 212Po is not expected to be in this cutting 

condition in such a case. The upper limit of 820 𝜇s was set, about five half-

lives of 214Po. It is also required to set the cutting condition of the alpha energy 

from 214Po. We set the energy range between 480 and 1100 keV and PSD 

between 0.14 and 0.3. For half-life determination, an exponential function was 

employed to fit the function in the time distribution. Figure 5.10 indicates the 

half-life events selected within the ROI for 214Bi → 214Po → 210Pb (238U 

family). We found the half-life of 214Po to be 165.4 ± 4.9 µs, which matches 

well with the expected half-life. The cutting conditions give the SE of 96.7 ±

1.0% for this decay component. 

 

 

 

Figure 5.10: The half-life events selected within the ROI for 

214
Bi→214

Po→210
Pb (

238
U family) decay with cutting conditions of time 

between 2 – 820 µs and PSD between 0.14 to 0.3. 
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5.4.2 Half-life of 212Po from 220Rn (232Th) decay series 

We set the following cutting conditions to select 212Po from the 220Rn 

(232Th) decay series. The time interval of 400-1500 ns. The upper limit is about 

five half-lives of 212Po. The 300–1600 keV energy range was set, and PSD 

was between 0.16 and 0.26. Moreover, an exponential function of decay half-

life was employed to fit the function. Figure 5.11 displays the selected half-

life events within ROI for 212Bi → 212Po → 208Pb (232Th) decay chain. The 

half-life of 212Po was calculated to be 309.2 ± 47.0 ns which reasonably 

matched the expected half-life of 300 ns. The cutting condition gives an SE of 

37.3 ± 1.0 % for this half-life decay distribution. 

 

 
 

Figure 5.11: The half-life events selected within the ROI for 
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5.4.3 Half-life of 215Po from 219Rn (235U) decay series 

To find half-live of 215Po, we set the time difference between 500 and 

3600 𝜇s. The upper limit of 3600 𝜇s is near the two half-lives of 215Po. We 

also set the energy range between 500 and 800 keV and PSD between 0.15 

and 0.23. Furthermore, an exponential function of decay half-life was used to 

fit the time distribution function. Figure 5.12 shows the half-life events within 

the ROI for 219Rn → 215Po → 209Pb (235U) decay series. We calculated the half-

life of 215Po to be 1.82 ± 0.56  ms. The expected half-life is 1.78 ms. These 

cutting conditions yielded an SE of 57.3 ± 1.0% for the half-life decay 

function. 
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Figure 5.12: The half-life events selected within the ROI for 
219

Rn →
215

Po 

→ 
211

Pb (
235

U Family) decay with cutting conditions of time between 500 

and 3600 µs and PSD between 0.15 and 0.23 

5.5 PSD events from 238U, 232Th, and 235U decay chains 

This section presents PSD obtained from 238U, 232Th, and 235U decay 

chains.  
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5.5.1 PSD events from 238U decay chain 

Figure 5.13 indicates the PSD by DCC method for prompt β-decay 

from 214Bi and delayed events of α-decay from 214Po in the 238U decay chain. 

The prompt event 214Bi and delayed event 214Po are separated well. 

Furthermore, the calculated FOM and SE are 0.90 and 97.2±1.0% in these 

cutting conditions. 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: PSD for prompt 214Bi and delayed events 214Po from the 238U 

decay chain.  
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separated with a FOM of 0.95. These cutting conditions gave an SE of 

88.1±1.0% for PSD from 232Th decay chains.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: PSD for prompt 212Bi and delayed events 212Po from the 232Th 

decay chain. 
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after applying cutting conditions for each event, we obtained results that were 

not bad. The PSD was able to identify these events. The results will be 

presented in the following sections. These cutting conditions give the SE of 

PSD 63.3%. 

 

 

 

Figure 5.15: PSD for the prompt 219Rn and delayed events 215Po from the 

235U decay chain. 
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5.6.1 Delayed alpha-particle events from 214Po (238U) decay 

chain 

The cutting conditions for PSD, decay time, and energy distributions 

were the same as those in the previous section of 5.4. We select 214Po from the 

238U decay chain using PSD by the DCC method, as explained, in section 5.5. 

To identify the α-particle event from 214Po, we set the energy range as 480 –

1100 keV, the PSD parameter between 0.14 and 0.3, and the cutting time as 2 

– 820 µs. These cutting conditions on the ROI give SE of 99.6 ± 1.0% for α-

particle from 214Po with equivalent energy (𝐸𝑒𝑞) of 759.8 ± 103 keV. The 

mean energy is within the acceptable energy of the expected 𝑄𝛼 = 7.83 MeV. 

Figure 5.16 identifies alpha energy from the 214Po (238U ) decay chain. 
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Figure 5.16: The alpha energy from the 214Po (238U ) decay chain with 

cutting conditions of energy between 480 and 1100 keV, time between 2 

and 820 µs, and PSD between 0.14 and 0.3. 

 

5.6.2 Delayed alpha-particle events from 212Po (232Th) decay 
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identifies alpha energy from the 212Po (232Th) decay chain. The conditions we 

set on the ROI gave an SE of 96.7 ± 1.0% for the α-particle 212Po with an 

𝐸𝑒𝑞 of 859 ± 195 keV while the expected one is 𝑄𝛼 = 8.95 MeV. The energy 

falls within the expected one. 

 

 

 

Figure 4.17: The alpha energy from the 212Po (232Th) decay chain with 

cutting conditions of energy between 300 and 1600 keV, time between 400 

and 1600 µs, and PSD between 0.16 and 0.26. 
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5.6.3 Delayed alpha-particle events from 215Po (235U) decay 

chain 

The α-particle events from the 215Po were obtained using PSD by the 

DCC method. We set the cutting energy as 500 – 800 keV, cutting time 

between 500 and 3500 µs, and PSD between 0.16 and 0.26. Figure 5.18 shows 

the alpha energy from the 215Po (235U) decay chain. The cutting conditions on 

the ROI gave us an SE of 93.8 ± 1.0% for the α-particle 215Po with 𝐸𝑒𝑞 of 

712.6 ± 56.82 keV. The energy falls within the range of the expected 𝑄𝛼 = 7.53 

MeV). 

 

Figure 5.18: The alpha energy from the 215Po (235U) decay chain with 

cutting conditions of energy between 500 and 800 keV, time between 500 

and 3500 µs, and PSD between 0.15 and 0.23. 
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5.7. Prompt beta events from 238U and 232Th and alpha events 

from 235U decay chains  

In this subsection, we will present and discuss the results obtained 

from the prompt beta events from 238U and 232Th and alpha from 235U decay 

chains.  

5.7.1 Prompt beta-particle events from 214Bi (238U) decay chain 

The β-particle event for prompt 214Bi was selected by employing the 

PSD method. We set the cutting condition for the energy between 100 and 

3000 keV, time between 2 and 820 µs, and the PSD between 0.14 and 0.3. 

Figure 5.19 shows beta-particle events from 214Bi (238U) decay chain. The 

maximum energy (𝑄𝛽max) distribution of 214B is 3.27 MeV. These cutting 

conditions gave the SE of 90.0 ± 5.0 %  for the β-particle 214Bi energy 

distribution. 

 

Figure 5.19: The beta-particle events from the 214Bi (238U) decay chain 

with cutting conditions of energy between 100 to 3000 keV, time between 

2 and 820 µs, and PSD between 0.14 and 0.3. 
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5.7.2 Prompt beta-particle events from 212Bi (232Th) decay chain 

The prompt β-particle event from the 212Bi through the cutting 

conditions of energy between 150 and 2500 keV and cutting time as 400 – 

1600 µs and PSD between 0.16 and 0.26. Figure 5.20 shows the beta-particle 

events from 212Bi (232Th) decay chain. The 𝑄𝛽max distribution of 212B is 3.25 

MeV. These cutting conditions yielded SE of 66.26 % for the 212Bi (232Th) 

decay chain  

 

 

 

Figure 5.20: The beta-particle events from 212Bi (232Th) decay chain with 

cutting conditions of energy between 150 and 2500 keV, time between 400 

and 1600 µs, and PSD between 0.16 and 0.26 
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5.7.3 Prompt α-particle events from 219Rn (235U) decay chain 

The prompt α-particle event from the 219Rn was identified by setting 

the cutting condition on PSD between 0.15 and 0.23 to differentiate it from 

another α-particle from 215Po. We set the cutting energy between 500 and 1000 

keV and cutting time between 500 and 3600 µs. These cutting conditions gave 

SE of 96.9±1.0% for the α-particle from 219Rn with the 𝐸𝑒𝑞 of 712.6 ± 56.82 

keV. The calculated energy falls within the expected one 𝑄𝛼 = 7.53 MeV. 

Figure 5.21 shows alpha-particle events from the 219Rn (235U) decay chain. 
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Figure 4.21: The alpha-particle events from the 219Rn (235U) decay chain 

with cutting conditions of energy between 500 and 1000 keV, time 

between 500 and 3600 µs, and PSD between 0.15 and 0.23. 
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5.8. The detector’s efficiency and sensitivity 

Tables 5.2, 5.3, and 5.4 present the summary of the cutting conditions 

and SE for the 238U, 232Th, and 235U families, respectively. From these tables, 

we found the counting efficiency of alpha particles to be 99.6% for 214Po, 

96.7% for 212Po, 96.5% for 219Rn, and 93.8% for 215Po. This is consistent with 

other previously studies [41,56,111,131]. The total efficiency of the detector 

system was determined to be 84.3 ± 5.3 % for 222Rn (238U family), 27.0 

± 5.3% for 220Rn (232Th family), and 33.0 ± 3.0% for 219Rn (235U family).  

Detector sensitivity is the most important parameter to consider 

regarding detection techniques. It represents the lowest level at which the 

detection technique can distinguish between a sample signal and the 

background signal. The MDA of a technique is the lowest amount of activity 

that can be practically detected with a 95% confidence level. If the level of 

activity in a sample is lower than the MDA, the measuring device will not be 

able to detect it during that particular measurement. The Currie formula can 

be used to compute the detector sensitivity in MDA in Bq/L using equation 

4.16, presented in section 4.6. The MDA calculated with a sample volume of 

700 mL were 1.7, 1.0, and 1.2 mBq/L for 222Rn (238U decay series), 220Rn 

(232Th decay series), and 219Rn (235U decay series), respectively. The 

background and sample counting times were 38.8 and 35.3 h, respectively. 

The MDA obtained using this technique is better than many studies using 

LSC. For example, the MDA of 1.7 mBq/L obtained from 222Rn (238U decay 

series) is much better compared to the previous technique based on LSC for 

the determination of 222Rn from the 238U decay series [132–141]. Table 5.5 

summarizes the parameters used to calculate MDA from 238U, 232Th, and 
235U 

families. 
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Table 5.2: Summary of the cutting conditions and selection 

efficiency (SE) from the 238U decay chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(238U Family) Cutting conditions SE 

(%) 
𝜹 (%) 

Half-life of 

214Bi→214Po→210Pb 

2 < dt < 820 µs 96.7 1.0 

PSD parameters selection 0.14 < PSD < 0.3  97.2 1.0 

α Energy product from 214Po 480 < 𝐸α < 1100 keV  99.6 1.0 

β Energy product from 214Bi 100 < 𝐸β < 3000 keV  90.0 5.0 

Total efficiency (𝛆) 84.3 

 

5.3 
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Table 5.3: Summary of the cutting conditions and selection 

efficiency (SE) from the 232Th decay chain. 

  

      (232Th Family) Cutting conditions SE 

(%) 
𝜹 (%) 

Half-life of 

212Bi→212Po→208Pb 

0.4 < dt < 1.5 µs 37.3 1.0 

PSD parameters selection 0.16 < PSD < 0.26  88.1 1.0 

α Energy product from 212Po 300 < 𝐸α < 1600 keV  96.7 1.0 

β Energy product from 212Bi 150 < 𝐸β < 2500 keV  85.0 5.0 

Total efficiency (𝛆) 27.0 5.3 



 

79 

 

Table 5.4: Summary of the cutting conditions and selection 

efficiency (SE) from the 235U decay chain. 

 

  

        (235U Family) Cutting conditions SE 

(%) 
𝜹 (%) 

Half-life of 

219Rn→215Po→211Pb  

500 < dt < 3600 µs 57.3 1.0 

PSD parameters selection 0.15 < PSD < 0.23 63.3 1.0 

α Energy product from 
215

Po 500 < 𝐸𝛼 < 800 keV  93.8 1.0 

α Energy product from219Rn 500 < 𝐸𝛼 < 1000 keV  96.9 1.0 

Total efficiency (𝛆) 33.0 3.0 
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Table 5.5: Summary of the parameters used to calculate minimum 

detectable activity (MDA) from 238U, 232Th, and 235U families. 

 

(238U Family) Values and units 𝜹(%) 

ε 84.3% 5.3 

Cb 0.32 CPM 1.2 

Tb 2328.0 min 1.2 

Ts 2120.6 min 1.7 

MDA 1.7 𝐦𝐁𝐪/𝐋 5.8 
 

   (232Th Family) Values and units 𝜹(%) 

ε 27.0% 5.3 

Cb 0.0095 CPM 0.2 

Tb 2328.0 min 0.2 

Ts 2120.6 min 0.2 

MDA 1.0   𝐦𝐁𝐪/𝐋 5.3 

    (235U Family) Values and units 𝜹(%) 

ε 33.0% 3.0 

Cb 0.021 CPM 0.3 

Tb 2328.0 min 0.3 

Ts 2120.6 min 0.2 

MDA 1.2   𝐦𝐁𝐪/𝐋 3.0 
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5.9. Activity concentrations from 222Rn (238U), 220Rn (232Th), and 

219Rn (235U) families 

The activity concentrations (specific activity) of the sample in Bq/L 

were calculated using equation 4.15 presented in section 4.6. The specific 

activity of pure UG-AB after radon filling was determined to be 18.1 mBq/L 

from the 222Rn (238U) decay series, approximately ten times higher than MDA. 

220Rn from 232Th decay series and 219Rn from 235U decay series had less 

specific activity than their MDA. According to a previous study, radiation 

measurements should not be recorded as less than MDA since they may 

underestimate the radioactivity level [142]. As a result, the specific activity 

for the 220Rn (232Th) decay series and 219Rn (235U) decay series is reported as 

0.44 and 0.73 mBq/L, respectively. 
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Chapter 6. Summary and Conclusion 

By infusing radon gas from the atmosphere into a 700 mL UG-AB 

using a 1 L SUS container, a novel LSC technique was used to measure the 

three naturally occurring radon isotopes simultaneously. The measured half-

lives of 214Po, 212Po, and 215Po were 165.3 µs, 309.2 ns, and 1.82 ms, 

respectively. It matches their expected half-lives of 164.3µs, 300 ns, and 1.78 

ms. In our technique, the counting efficiency of alpha particles was near 100%. 

Furthermore, the total efficiency of the counting system was found to be 

84.3% for the 222Rn (238U) decay series, 27.0% for the 220Rn (232Th) decay 

series, and 33.0% for the 219Rn (235U) decay series. The MDA values for 222Rn 

(238U), 220Rn (232Th), and 219Rn (235U) decay series were determined to be 1.7, 

1.0, and 1.2 mBq/L. Considering the MDA obtained in this study, the detection 

sensitivity can be improved more in a deep underground laboratory with 

enhanced shielding. To our best knowledge, this is the first report on 

successfully measuring all three naturally occurring radon isotopes 

simultaneously using the LSC system. The radon activity levels of 222Rn 

(238U), 220Rn (232Th), and 219Rn (235U) decay chains in water samples can be 

determined well using this novel technique. 
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액체 섬광 계수 시스템을 기반으로 한 새로운 라돈 검출 기술  
 

아모스 빈센트 은타리사  

 

 
경북대학교 대학원 물리학과 핵물리학전공 

(지도교수 김홍주) 

 

(초 록)  

라돈은 인간의 건강에 해로운 영향을 미치기 때문에 라돈의 검출

과 측정이 점점 중요해지고 있다. 라돈은 흡연에 이어 폐암의 두 번째 

주요 원인이며, 일반적으로 평생 담배를 피워본 적이 없는 사람들의 폐

암 발생 주요 원인이다. 본 연구에서는 새로운 액체 섬광 기술을 사용하

여 3개의 자연 발생 라돈 동위원소(222Rn,220Rn, 219Rn)를 동시에 검출하였

다. 사용된 검출 방법은 지연된 일치 기법(the delayed coincidence 

technique)과 디지털 전하 비교(digital charge comparison)를 사용한 펄

스 형상 판별(pulse shape discrimination)이다. 또한 표준 22Na, 60Co 및 

137Cs 감마 선원을 사용한 몬테카를로 시뮬레이션을 통해 검출기의 감마 

응답 함수를 결정한다. 또한 측정된 광 출력 분포와 시뮬레이션을 비교

함으로써 검출기 분해능과 에너지 교정 파라미터도 결정하였다. 측정 전 

대기 중 라돈 가스를 울티마 골드 AB 700 mL에 48시간 동안 주입하였다. 

222Rn(238U),220Rn(232Th)및 219Rn(235U) 붕괴사슬의 최소 검출가능 방사능

(minimum detectable activity)은 각각 1.7, 1.0, 1.2 mBq/L로 결정되었다. 

본 연구에서 제안된 새로운 기술은 물 샘플에서 자연적으로 발생하는 세 

가지 라돈 동위원소를 모두 식별하는 데 사용될 가능성이 있다. 
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