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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF PLASTIC
SCINTILLATOR SAMPLES WITH DIFFERENT
ADDITIVES

Plastic scintillators are commonly used in radiation detection due to their low
cost, mechanical robustness, and ease of fabrication. This thesis presents two comple-
mentary studies on plastic scintillator synthesis: optimization of fluor composition and
concentration, and investigation of polymerization conditions through characterization

of optical properties. All samples were produced by thermal polymerization.

To study the fluor loading, three different samples (CR-1, CR-2 and CR-3) were
synthesized and characterized through their transmission spectra, emission distribu-
tions and light-yields. Their optical properties are found to be comparable to a high-
light-yield EJ-204 reference sample.

The effects of polymerization initiators were investigated by synthesizing five dif-
ferent samples. The samples were produced using two commonly employed polymeriza-
tion initiators, 2,2-Azobis(2-methylpropionitrile) (AIBN) and benzoyl peroxide (BPO)
at concentrations of 0.2%, 0.5%, 1.0%. light-yield was evaluated relative to a con-
trol sample prepared without initiator, using four gamma sources and Compton edge
analysis. Higher initiator concentrations consistently reduced light output: 0.2% ini-
tiator loading limited the reduction to approximately 8%, whereas 0.5-1.0% loadings
decreased the yield by 20-35%.

The results provide practical guidelines to balance fluor composition, concentra-

tion and use of polymerization initiator in plastic scintillator synthesis.
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OZET

CESITLI KATKI MADDELERIYLE SENTEZLENEN
PLASTIK SINTILATOR ORNEKLERININ
KARAKTERIZASYONU

Plastik sintilatorler diigiik maliyetleri, mekanik saglamliklar: ve kolay iiretilebilir
olmalar1 nedeniyle radyasyon tespitinde yaygin olarak kullanilmaktadir. Bu tez, plastik
sintilator sentezi ile ilgili iki caligmay1 sunmaktadir: flor bilegimi ve derigiminin optimize
edilmesi ile polimerizasyon kosullarimin optik 6zelliklerin karakterizasyonu tizerinden

incelenmesi. Tlm sintilator ornekleri termal polimerizasyon yontemi ile tiretilmistir.

Flor katkisimin etkilerini incelemek i¢in ii¢ farkh sintilator 6rnegi (CR-1, CR-2,
CR-3) sentezlenmisg ve bu érnekler spektral gegirgenlikleri, emisyon dagihimlar ile 1g1k
verimlilikleri iizerinden karakterize edilmigtir. Sentezlenen orneklerin optik ozellikleri,

yiksek 151k verimli EJ-204 referans sintilatoriiyle kargilagtirilabilir bulunmustur.

Polimerizasyon baglaticilarinin etkilerini aragtirmak icin besg farkli ornek sente-
zlenmigtir. Bu érnekler, farkli derigimlerde iki polimerizasyon baglatici -2,2- Azobis(2-
methylpropionitrile) (AIBN) ve benzoil peroksit (BPO)- kullanilarak hazirlanmigtir.
Isik verimi, polimerizasyon baslatici igermeyen kontrol 6rnegine gore dort farkli gama
kaynagi kullanarak ve Compton spektrumu analizi ile degerlendirilmigtir. Polimeriza-

syon basglatici derigimini artmasinin, 151k verimini diigtirdiigli gézlemlenmistir.

Elde edilen sonuclar, plastik sintillator sentezinde flor bilesimi, flor derigimi ve

polimerizasyon baglatici kullaniminin dengelenmesine yonelik yonergeler sunmaktadir.
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1. INTRODUCTION

[onizing radiation is the energy emitted from a radioactive source as charged
particles (e.g., beta and alpha particles) or indirectly induced ionization by neutral
particles (e.g., neutrons, gamma-rays, and X-rays). Sensitive detection of ionizing
radiation is essential across various fields, from medical imaging [1,2] (such as PET

scans and X-ray imaging) to nuclear reactor monitoring [3].

Ionizing radiation detection is also the backbone of modern high- and low-energy
physics experiments. In high-energy experiments, enormous numbers of photons, elec-
trons, and hadrons are produced with high energies; therefore, it is essential to dis-
tinguish among them [4,5]. In low-energy experiments, such as direct dark matter
detection [6, 7], low-energy photon detection [§], and rare event experiments [9], it is

critical to suppress the background noise in order to detect weak signals.

Ionizing radiation can be detected with gas-filled ionization devices, semicon-
ductor sensors, and scintillators. A scintillator first converts the ionizing event into
visible or near-visible photons, which are then recorded by a photodetector. Although
semiconductor sensors generally offer a better energy resolution than scintillator sys-
tems [10], cooling requirements and the high material cost make them impractical to

use in large sizes.

Scintillating detector systems can be made in almost any size, from millimeter-
thick fibers [11] to a total area of hundreds of square meters, as in the plastic tile
calorimeter in the CMS experiment at CERN [12]. The most commonly used pho-
todetectors for scintillators, such as photomultiplier tubes, avalanche photodiodes, and
silicon photomultipliers, all rely on the photoelectric effect to generate charge. Due to
their photocathode or semiconductor band-gap, these devices are most efficient in the

visible and ultraviolet (UV) regions of the electromagnetic spectrum [13-15].



Scintillating detector systems can employ inorganic crystals [16], organic single
crystals [17], noble gas or liquid media [18], and plastic scintillators [19] as the light-
emitting material. Among these choices, plastic scintillators are commonly preferred
in radiation detection as they are easy to machine into almost any shape, mechanically
durable, tolerant of high counting rates, and cost-effective. However, plastic scintilla-
tors also have certain limitations. For instance, they exhibit a moderate light-yield (LY)
compared to inorganic scintillators and organic crystals [20-22]. Additionally, because
of their low effective atomic number, plastic scintillators typically do not exhibit a
photopeak, unless sensitized with high-Z additives [22], which limits their suitability

for applications requiring high energy resolution.

A widely accepted synthesis approach of plastic scintillators is thermal polymer-
ization, which requires heating the monomer-additive mixture until it converts to a
polymer. Optimizing the synthesis procedure of plastic scintillators is essential. This
optimization includes determining the type and concentration of constituents, as well

as the conditions applied during the polymerization process.

Chapter 2 introduces related theoretical background relevant to the conducted
studies. Chapter 3 covers the methods used in synthesis of plastic scintillator samples, a
general overview of the experimental setup and data acquisition, and the methodology
of the light-yield calculations. Chapter 4 presents the synthesis and the characterization
of plastic scintillator samples with different fluor compositions and concentrations.
Chapter 5 examines the effects of polymerization initiators on the light output of
the synthesized plastic scintillator samples. Finally, Chapter 6 summarizes the main

findings and concludes the thesis.



2. THEORY

This chapter will explore types of radiation, detection principles, photodetectors,
inorganic and organic scintillation processes. Section 2.5 details the scintillation process
and characteristics of plastic scintillators, as Chapter 4 and Chapter 5 explore synthesis

and characterization of them.

2.1. Types of Radiation

Radiation is energy that is emitted from a radioactive source as particles or
waves. It can be divided and investigated into four main subgroups: heavy charged
particles, beta particles, neutrons, and electromagnetic waves. Each group originates
from various sources and possesses different attributes. Having distinct properties,

detection of different radiation types generally requires different approaches.

2.1.1. Heavy Charged Particles

Heavy unstable nuclei undergo alpha decay, producing alpha particles. Commonly
utilized alpha sources, ?*!Am, ?'°Po, and ?*Ra, have diverse half-lives from days to
thousands of years. However, the emitted alpha particles have similar energies, in the
4—-6 MeV range. The energy of the alpha particle and the half-life of the source are
closely related; alpha particles with more than 6.5 MeV energy have half-lives that are
too short for practical purposes [23]. Heavy charged particles (i.e., protons, heavy ions,
and alpha particles) can be created artificially in nuclear reactors and accelerators; the
latter offers the opportunity to adjust the energy and propagation direction as required

by the application [24-26].

A charged particle leaves a trace of ionization as it moves through a medium.
Energy is dissipated primarily by inelastic collisions with electrons. Charged particles

follow mostly straight paths except for nuclear collisions, which are very rare. Energy



dissipated in the medium is calculated by the Bethe-Bloch formula, by integrating the

stopping power dE/dr. The Bethe-Bloch formula is expressed as,
dE  4nNur2m.* Z 1 2m.c? 32? g 5(B7)
_—_—— 7 nl|{ ———— — —_ —
dr 32 A 1 2 ’

where N4 is Avogadro’s number, r. is the classical electron radius, m. the electron

(2.1)

mass, ¢ is the speed of light, Z and A are the atomic number and mass of the absorber,
z is the charge of the incident particle in units of e, I is the mean excitation potential,
d(p7) is the density-effect correction, and § and 7 are the usual relativistic factors.
Equation (2.1) was introduced by Bethe [27], quantum relativistic corrections were
made by Bloch [28] and the density-effect correction is calculated by Sternheimer [29].
This relation is valid for velocities 0.1 < fv. At low energies, particles slow down
enough to capture electrons, effectively become neutralized, and lose their capability

to ionize further.

The Bragg-Kleeman rule, an empirical relation, is a useful identity that compares
the range of a charged particle in a material with that of another reference material.

The relation is expressed as,

o povAL
ro  p1vAo

(2.2)

where 7; is range of the particle, p; is density and A; is atomic weight of the material.

For compounds, the effective atomic weight can be calculated by

\/—_ n1A1+n2A2—|—....
1/ A1 + Nao/ AQ + .

where n; is the atomic fraction of the constituent element of atomic weight A;. Choosing

reference medium as air, /Ay = 3.82, py = 1.226 x 1073gem 3 at 15°C, 760 mmHg

(2.3)

Bragg-Kleeman rule becomes

r:32Xm4XEmW (2.4)
P

A detailed calculation and a table of parameters for widely used detector materials can

be found in Birks” works [30]. This equation is quite useful in detector design [31].



2.1.2. Electrons

Common methods of producing electrons involve beta decays, internal conver-
sion, and the Auger effect. In beta decay, a nucleon transforms into its isospin partner.
There are two different types of beta decay named according to charges of the emitted
particle; 8~ produces an electron and an antineutrino, while 5 produces a positron
and a neutrino. Q-value is shared between emitted particles and the recoiling daugh-
ter nucleus, resulting in a continuous energy spectrum. For many beta sources, the
daughter nucleus is left in an excited state, which subsequently decays by emitting
electromagnetic radiation. Pure beta sources, those that only emit beta particles with
no accompanying electromagnetic radiation, do exist, but they are relatively rare [23].
Since the kinetic energy is shared between the daughter nuclei, the electron, the neu-
trino, and the electromagnetic radiation, beta decays do not produce monoenergetic

electrons.

An illustration of 137Cs S-particle energy is shown in Figure 2.1a. The figure illus-
trates the relative yield of beta particles at different energy values. In the most probable
case, the electrons have an energy around 0.2 MeV, whereas the maximum kinetically
allowed energy for this decay is 0.714 MeV. The gamma-ray energies, branching ratios,
and half-lives used in this work are taken from the ENSDF evaluations as compiled in

the NNDC NuDat 3 database [32], unless stated otherwise.

Internal conversion produces practically monoenergetic electrons. The process
begins with an excited nucleus. Instead of emitting a photon, the nucleus transfers its
excitation energy directly to an inner shell electron, ejecting it. The kinetic energy of
the emitted electron is equal to the difference between the nuclear transition energy

and the electron’s binding energy.

In the Auger effect, a preceding event (such as electron capture or the photoelec-
tric effect) creates a vacancy in an inner electron shell. A higher shell electron fills in

this vacancy, and the released energy is transferred directly to another electron, caus-



ing it to be ejected without photon emission. The most energetic photons are released
when conversions take place in the innermost shells, the K-shell and the L-shell. The
Auger effect primarily occurs in light atoms where electron binding energies are small.
Auger electrons thus have a discrete energy spectrum. While beta decay and internal
conversion generally produce fast electrons with energies ranging from hundreds of keV
to a few MeV, Auger electrons are typically slow, having energies of a few keV [33].
Figure 2.1b depicts internal conversion spectrum of ¥7Cs to 3¢"Ba. The innermost
shell conversions in this decay produce electrons of 365 keV energy, whereas L-shell

conversion produces higher-energy electrons with 389 keV energy.

~

Relative
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Electron
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Endpoint Energy )
= 0.714 MeV Yield K-shell

conversion
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| | »
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[ 02
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Electron Energy (keV)

(a) (b)

Figure 2.1. (a) Beta Spectrum; (b) Internal Conversion Spectrum.

When passing through a medium, electrons dissipate their energy by ionization,
excitation, scattering off nuclei, and radiation (Bremsstrahlung). Radiative energy loss
becomes significant only at higher electron energies. In lead, radiative and ionization
energy losses become comparable at electron energies around 9 MeV,| for water and

air, this value is around 100 MeV [30].

Contrary to heavy charged particles, electrons do not move in straight trajec-
tories; instead follow winding paths. Because electron trajectories are irregular, the
concept of range differs from that of heavy charged particles. The practical range of an

electron in a medium is defined empirically as the absorber thickness required to stop



most of the electrons. Consequently, electron ranges are calculated statistically rather

than as sharply defined penetration depths.

2.1.3. Neutrons

There are no natural neutron sources that are of practical use. Nuclei that emit
neutrons via spontaneous fission exist, but they have extremely long half-lives and very
low spontaneous fission rates. For example, 2*®U has a half-life around 4.5 billion years
and undergoes one spontaneous fission reaction for every 2 x 10% alpha emission [34].
However, several mechanisms exist to produce neutrons artificially, including the use

of accelerated protons or high-energy gamma-rays to eject neutrons from target nuclei.

Spallation is one such technique that utilizes accelerated protons to eject neutrons.
Neutrons produced by this method have a broad energy range, from fractions of an
eV to several hundred MeV. In photoneutron production, gamma-rays interact with
nuclei, causing the emission of neutrons with energies typically ranging from a few

hundred keV to several MeV [35].

Another important neutron source is 252Cf, which does not occur naturally. The
production depends on irradiation of heavy elements, such as americium, plutonium
and curium. Target elements undergoes series of neutron captures and S-decays [36].
This chain of processes requires high-flux reactors, therefore very limited number of
facilities can produce the isotope [37]. #2Cf has a half-life of 2.645 years [38] and a
very high neutron emission rate. These characteristics, along with its portability, make

it the standard commercial neutron source.

Neutrons, being electrically neutral, cannot be directly detected through ion-
ization. Secondary products, charged particles or electromagnetic radiation, emitted
from neutron-matter interactions, play a key role in neutron detection. Neutrons pass

through the electron cloud of an atom and directly interact with the nucleus.



Fast neutrons interact with the nuclei primarily through scattering events, trans-
ferring a portion of their energy to recoil nuclei. Hydrogen is an ideal target for fast
neutron detection due to its comparable mass to the neutron, which allows efficient
energy transfer. Slow neutrons are typically captured by nuclei, forming heavier, of-
ten excited isotopes. These nuclei emit high-energy gamma-rays, enabling indirect

detection [39].

2.1.4. Electromagnetic Radiation

In the electromagnetic spectrum, only X-rays and gamma-rays have enough en-
ergy to be defined as ionizing radiations. X-rays are naturally produced by electron
transitions between inner atomic shells. When an inner-shell electron is ionized, an
outer-shell electron fills the empty shell, releasing a photon with energy equal to the
difference between the shell binding energies. Light atoms emit photons with ener-
gies of a few hundred eV, while heavier atoms, due to their higher Coulomb potential

and stronger binding energies, produce photons with energies on the order of tens of

keV [40].

Bremsstrahlung is another process of X-ray production. When a moving charged
particle is affected by another charged particle, generally by a nucleus, it may change
direction and decelerate, losing some of its kinetic energy. This kinetic energy is released
as photons, forming a continuous spectrum of X-rays. Bremsstrahlung radiation is
formed when the acceleration of the particle is along its velocity vector. If a particle is
accelerated perpendicular to its velocity by a magnetic field, it releases electromagnetic
radiation called synchrotron radiation. Circular accelerators use magnetic fields to
bend the paths of charged particles, inevitably producing synchrotron radiation as a
byproduct. This radiation spans wavelengths from visible light [41] up to the X-ray
range [42].
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Figure 2.2. Decay schemes of common gamma sources; (a) 22Na, (b) 57Co, (c) $3Co,

and (d) :"C's.

Natural formation of gamma-rays generally follows nuclear processes. Nuclear
reactions such as neutron capture, fission, fusion, and beta decay produce gamma-rays
emitted at discrete energies corresponding to the differences between nuclear energy
levels [43]. In particular, gamma-rays that follow § decay are preferred as laboratory
sources because the parent nuclei can be sealed for long periods and require only

moderate shielding.
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In a typical decay, the parent nucleus emits a 3 particle, leaving the daughter
in an excited state; subsequently, the daughter nucleus de-excites by emitting one or
more gamma-rays. As shown in Figure 2.2d, 1¥"Cs emits a 3~ particle and transforms
into 137 Ba, which is a metastable isotope of barium. Then *""Ba emits a gamma-ray
of energy 0.662 MeV and becomes stable. Figure 2.2¢ depicts the similar process for
60Co. It undergoes 3~ decay and populates an excited state of %°Ni, which emits two

distinct photons of energy 1.173 and 1.332 MeV .

For % emitters, the emitted positron annihilates with an electron in the sur-
rounding medium, which produces a pair of photons with energies of 0.511 MeV
traveling opposite directions. As shown in Figure 2.2a, ?Na experiences 37 decay
or electron capture and transforms into an excited state of ?2Ne, which radiates a
gamma-ray of energy 1.274 MeV . The favored reaction, with 90% branching ratio, 5+
decay also produces annihilation photons. Therefore, the spectrum of ??Na, contains
two discrete gamma-ray lines. The decay schemes of the aforementioned nuclides are
shown in Figure 2.2b shows the decay process of ®"Co. It undergoes an electron capture
and decays into an excited state of >"Fe, from which three different photon emissions,

with energies of 0.136, 0.122, and 0.014 MeV, are possible.

2.2. Detection Principles

Detection is the process of converting radiation into a measurable signal so that
a human can comprehend, analyze, and work with it. This could be a kind of visible
light, some paths drawn on some type of paper, or more generally and contemporarily,
an electric signal which will then be transformed into some numbers so that it can be

compared to relevant others.

Detection requires that ionizing radiation transfer some or all of its energy to a
detector medium. Charged particles primarily lose their energy by ionizing the medium

directly. In contrast, neutral particles, such as neutrons and electromagnetic radiation,
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must first undergo specific interactions within the medium to produce detectable sec-

ondary particles.

Neutrons interact predominantly with atomic nuclei. Through scattering or ab-
sorption processes, their kinetic energy is transferred to nuclei, which then emit charged
particles or photons as secondaries that can be detected. The kinetic energy transferred
to the target nuclei increases as their mass lowers and becomes comparable to that of

a neutron. Therefore, hydrogen plays a crucial role in neutron detection.

Electromagnetic radiation may undergo various types of interactions, three of
which are essential for detection: the photoelectric effect, Compton scattering, and

pair production.

In the photoelectric effect, a photon transfers all of its energy to a bound electron,
ejecting it from the atom. The electron gains kinetic energy that is equal to the
difference between the energy of the photon and the binding energy. This electron may
be detected directly, or it may initiate further ionization, amplifying the detectable

signal.

Another important photon-electron interaction is Compton scattering. The in-
teraction is modeled as an elastic collision between a photon and an essentially free
electron as depicted in Figure 2.3. In Compton scattering, the photon transfers only a

portion of its energy to the electron, resulting in a continuous spectrum.

incident photon

target electron

O scattered electron

Figure 2.3. Compton Scattering.
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Let us assume a photon of initial energy F; interacts with a stationary electron.
After the interaction, the photon scatters with an angle ¢ and energy Fy, the electron
scatters with an angle ¢ and energy E.. Following the conservation of energy, the

angles are related as,

E; 0
to=1{1 ~ | tan . 2.5
cot ( +m602> an o (2.5)
The energy of the recoil electron is,
E;
Ee - Ez 3 B . (26)
14 =5 (1 — cost)

The Compton edge of the spectrum occurs when the electron gains the maximum
possible energy, F,,.., which occurs when the photon scatters back, § = m, then the

recoil electron has the energy,
22

Emam ~ 5= . 5
2EZ + TTLeC2

(2.7)

The third important interaction of photon detection is pair production. This phe-
nomenon occurs basically when a photon has enough energy to convert into an electron-
positron pair. As in nearly all physics-related processes, the total energy of the system
must be conserved. Therefore, the photon must at least have the rest mass energies
of the electron-positron pair, that is 2mgc? = 1.022MeV . The photon may have more
energy; the surplus energy is then distributed between the electron and the positron

in kinetic form.

2.3. Photodetectors

Certain detectors are designed to use different detection principles to convert
electromagnetic radiation into electrical signals. These devices initially convert photons
into electrons and start a chain of events that produces typically 10° —10° electrons per
photon so that a signal can be detected. This multiplication factor is referred to as the
gain. Devices can vary in size, working principle, robustness, and necessary operating

conditions. The following sections will shortly explain two widely used photodetectors.
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2.3.1. Photomultiplier Tube

A photomultiplier tube (PMT) mainly consists of a photocathode, dynodes, and
an anode. All parts are enclosed by a vacuum envelope and operate at a bias voltage.
Incoming photons interact with the photocathode, which is sensitive to certain ranges
of wavelengths (depending on the material used), and eject electrons upon interaction.
Then the photoelectron accelerates towards the first dynode and ejects secondary elec-
trons; this procedure repeats several times, creating a cascade. At the end, a herd of
electrons hits the anode plate and an analog signal is produced. Each dynode is con-
nected to the circuit at a different point with an accompanying voltage divider resistor
so that the voltage differs by steps, hence electrons keep accelerating. A schematic

representation of the PMT workflow is provided in Figure 2.4.

A photo-sensitive detector is characterized by its photon detection efficiency
(PDE) and spectral response. PDE is the probability that an incident photon produces
a detectable signal. For PMT, it is the product of quantum and collection efficiencies.
Quantum efficiency is defined as the ratio of the number of photoelectrons that are
produced at the photocathode to the number of incident photons. Collection efficiency
is expressed as the probability of the collection of the photoelectron by the first dynode.
Both depend on the material that the photocathode is made of. Quantum efficiency
also differs along the electromagnetic spectrum. Peak PDE of a typical PMT is around
15 — 45% [44] and occurs at different wavelengths. In general, PMTs are sensitive to

UV, visible, and near-infrared regions.

The second important property is the gain. For PMTs; it is defined as the ratio of
the anode current to the photocathode current. Gain depends on the operating voltage

of a PMT, and can be formulated as,

alN

where GG; and G5 are gains at operating voltages Vi and V; respectively, « is a coefficient

indicating the dynode material and geometry and N is the number of dynodes. PMTs
operate at on the order of 1000 V to achieve gains of 10° — 107 [45].
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Figure 2.4. Schematic Diagram of PMT workflow.

PMTs are affected by temperature changes. The most common effects are a
change in spectral response, gain, and anode sensitivity drift, and an increase in dark
current with temperature. Even the heat generated internally may affect the results
of delicate experiments. PMTs are also sensitive to magnetic fields; a weak magnetic
field of the strength of Earth’s magnetic field can affect the performance. As PMTs
get larger, and the path electrons have to take gets longer, effects become more notice-

able [46].

As PMTs are sensitive to visible light, any experiment must be conducted under
a very dark environment. Depending on the size of the employed PMT, the use of a
light-proof black box is suggested. A concise exploration of the historical development

of PMTs has been provided by G. A. Morton [47], and is suggested for further reading.

2.3.2. Solid State Detectors

Solid-state detectors are another widespread type of radiation detector. Com-
pared to vacuum-based detectors, they offer scalability, microfabrication, cost-efficiency,
robustness, and less sensitivity to the magnetic field. Semiconductor detectors oper-

ate at lower voltages and achieve comparable gains as PMTs while possessing higher



15

quantum efficiencies. On the other hand, they have higher dark current per unit of

photosensitive area and lower radiation hardness.

Semiconductors have moderate band gaps between their valence band and con-
duction band, lower than that of insulators but larger than conductors. If a semicon-
ductor is doped with an element with an extra valence electron, i.e. group V elements
such as phosphorus or arsenic, it turns into an n-type material. The extra electron acts
as a free electron on the structure; therefore, the dopant is referred to as a donor im-
purity. Conversely, if a semiconductor is doped with a group III element such as boron
or gallium, it turns into a p-type material. The three valence electron structure of the
dopant creates a vacancy in the four-electron bonding structure of the semiconductor.
This vacancy behaves as a hole, which can accept electrons, and the dopant is called

an acceptor impurity.

When p-type and n-type materials meet, they form a junction. At this junction,
electrons diffuse from the n-layer to the p-layer, and holes move from the p-layer to the
n-layer. This process introduces a polarity around the junction. The initially neutral
n-layer is now positively charged, and the p-layer is negatively charged. Around this
junction, a depletion region is formed with a net electric field from the n-layer to the

p-layer.

If a photon with energy equal to or larger than the band gap energy interacts with
the semiconductor lattice, it creates electron-hole pairs. In the depletion region, these
charge carriers move according to the electric field. When a change in the potential is

measured, the incoming radiation is essentially detected.

In its most basic form, a p—n junction functions as a diode; when connected to a
quenching resistor and operated under reverse bias, it becomes the simplest example
of a solid-state detector. The reverse bias makes the detector more sensitive by widen-
ing the depletion region. It also creates a larger electric field in the depletion region,

which enables faster collection of charge carriers. If a very high voltage, near break-
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down voltage of the diode, is applied to this detector, the carriers are accelerated by
the electric field between collisions and cause impact ionization, producing additional
electron—hole pairs. This avalanche effect makes it possible to detect weaker signals
with fewer initial carriers. This configuration produces a saturated, binary pulse in-
dependent of the number of primary carriers and therefore cannot resolve multiple

simultaneous photons; hence, it is called single-photon avalanche diode (SPAD).

A primitive SPAD can be improved by inserting an intrinsic (i) layer to form
a p-i-n (PIN) structure. A pure semiconductor intrinsic layer increases the depletion
width and enables separate absorption and multiplication regions. Adding a quenching

resistor terminates the discharge and sets the recovery time.

A large set of (~ 10* — 10* mm™2 [48]) SPAD forms a silicon photomulti-
plier (SiPM). Each SPAD pixel operates at just above the breakdown voltage, in the
so-called Geiger mode. Discharges from each pixel add up to an analog pulse. For a
SiPM, PDE is defined as the product of quantum efficiency, avalanche probability, and
fill factor (photosensitive area divided by total device area). A typical SiPM reaches a
peak PDE comparable to PMTs, roughly 15-50%, depending on pixel size, wavelength,
and operating voltage [49].

2.4. Scintillation

Both solid-state and vacuum-based detectors excel at detecting visible light and
surrounding wavelengths. However, light-sensitive detectors are not capable of detect-
ing alpha particles, beta particles, neutrons, gamma-rays, or X-rays. To employ these
photodetectors, an intermediate component must convert ionizing radiation into visible

light. The material responsible for this conversion is called a scintillator.

Scintillators are luminescent materials that absorb incoming ionizing radiation
through scattering, absorption, photoelectric effect, Compton scattering, and inelastic

collisions. The absorbed energy is then transferred non-radiatively within the medium
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and emitted as visible light (or near UV) through either fluorescence or phosphores-
cence, depending on the material type. While both are luminescent, the key difference
between fluorescence and phosphorescence is the decay time and the wavelength of the
emitted light. Scintillators are typically categorized by their constituent materials as
either organic or inorganic scintillators. Each type operates through distinct physical

mechanisms that govern how the absorbed energy is converted into light.

2.4.1. Inorganic Scintillation

The crystal lattice structure of the inorganic scintillators dictates the scintillation
mechanism. Inorganic scintillators are made of insulators and semiconducting mate-
rials, in which electrons can only fill discrete energy bands. The region in the lattice
where electrons are bound is called the valence band, whereas the conduction band
represents the areas where electrons are free to move. An excited electron can move
from the valence band to the conduction band, undergo a de-excitation, and emit a
photon. In pure crystals, this process is inefficient, and emitted photons are gener-
ally more energetic to lie in the visible spectra [23]. To obtain practical scintillators,

crystals are doped with impurities, known as activators.

Conduction Band

Activator
excited states

Band gap Scintillation
photon Activator

ground state

Valence Band

Figure 2.5. Energy band structure of an activated crystalline scintillator.

Figure 2.5 illustrates the energy band structure of an activated crystalline scin-
tillator. Activators create intermediate energy states between the valence and the
conduction bands. A modified band energy structure enables lower energy transitions,

leading to more probable excitations and the creation of lower energy, visible-range
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photons. The region of these new energy states determines the emission spectrum of
the scintillator and is called the luminescence centers. Typical excitation time of the
electrons is nearly instantaneous, on the order of picoseconds [50], and de-excitation
can take up to hundreds of nanoseconds [51]. The phosphorescence occurs when the
electron undergoes a transition to a state from which the de-excitation to the ground
state is forbidden. In this case, the electron must be excited to a higher energy state,
and it undergoes de-excitation to the ground state. The decay time of the phosphores-

cence can be on the order of seconds [52], which results in a late afterglow.

2.4.2. Organic Scintillation

In organic molecules, sp? hybridization results in p, orbitals that overlap to form

m-electron structure. m-electron structures have singlet and triplet energy levels.

Figure 2.6 depicts a schematic diagram of energy levels. The singlet states de-
noted as Sy, S1, So, S3 and the triplet states are denoted as Tq, Ts, Ts. Sp and S
states are separated by 3-4 eV; the following are separated by lower energy differences.
For each level, the triplet state is always less energetic than the singlet state. Double
subscript states (Soo, So1, Soz, S11, S12, S21) represent the vibrational states, which have
an approximate energy spacing of 0.1-0.2 eV. At thermal equilibrium at room temper-
ature, higher energy vibrational states are less populated than the ground vibrational

state (Soo), therefore electrons accumulate in Sgp.

A scintillator is characterized by its efficiency. This efficiency is defined as the
fraction of the emitted visible photon energy to the absorbed energy. A good scintillator
should exhibit minimal energy loss during the scintillation process. Some organic
molecules exhibit transitions that emit photons beyond the visible range, while others

have non-radiative de-excitations. These energy losses are known as quenching.

Birks [30] classifies organic scintillators under three main categories: unitary sys-

tems, binary systems, and ternary systems. Unitary systems include pure organic
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Figure 2.6. Schematic Jablonski diagram of an organic molecule with 7-electron

structure (after J. B. Birks [30]).

crystals, such as anthracene and stilbene. These crystals possess high scintillation
efficiency. However, they are very fragile and of very limited sizes. Binary systems
include two different agents, a solvent base, such as styrene and toluene, and a primary
fluor, such as p-Terphenyl or a crystal. In such systems, the solvent base serves as
the energy absorber and transfers energy to the primary fluor or crystals, which emit
scintillation light. The ternary systems consist of a solvent base, a primary fluor, and
a wavelength shifter. In some cases, the proportion of the primary fluor or the dimen-
sions of the scintillator do not allow a sufficient conversion. The wavelength shifter

absorbs the scintillation of the primary fluor and emits visible light. For special appli-
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cations, scintillators are loaded with further additives. For instance, boron, lithium,
and gadolinium are widely used to enhance neutron detection. Heavy-metal dopants

such as lead, bismuth, or tantalum can be introduced to improve gamma-ray detection.

Binary and ternary organic scintillator systems can have either liquid or plastic
forms. Liquid scintillators are the natural choice for applications that require very large
volumes of scintillating materials, such as neutrino and anti-neutrino detections [53,54].
Since liquid scintillators lack a solid structure that can be degraded by radiation,
they are more resistant to radiation damage than their solid counterparts. Dissolved
oxygen in the solvent introduces a strong quenching effect for both liquid and plastic
scintillators; therefore, it is important to remove the oxygen during the preparation

process.

2.5. Plastic Scintillators

In this section, constituents, scintillation mechanism, and characteristics of

ternary plastics scintillators will be discussed.

In essence, plastic scintillators are prepared with three different ingredients: a
polymer matrix base, a primary fluor that is responsible for scintillation, and a sec-
ondary fluor to shift the wavelength to the desired interval. These three ingredients
are prepared under strict circumstances to form plastic scintillators. The preparation

process will be discussed in the next section.

2.5.1. Constituents and Scintillation Mechanism

The polymer base forms 70-97% [55] of a plastic scintillator by weight. Since ion-
izing radiation primarily interacts with the polymer base, it is responsible for the ab-
sorption and the transfer of excitation energy to the luminescence center. The polymer
base also provides a solid structure to the scintillator. Therefore, it must be mechani-

cally robust, optically transparent, and resistant to radiation damage. As machinability
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is one of the major advantages of plastic scintillators, the material must be soft enough

to be shaped into any desired geometry without compromising its structural integrity.

Polyvinyltoluene and polystyrene are the two most commonly employed aromatic
polymer bases. Their 7m-7* ring structure allows a non-radiative energy transfer through
the scintillator. Figure 2.7 illustrates the Forster resonance energy transfer (FRET)
mechanism, in which an excited donor molecule transfers its energy non-radiatively to
an acceptor molecule through dipole—dipole coupling. The process was first described

by Forster [56], from whom it takes its name.

These aromatic polymers, by themselves, can perform scintillation. However,
their fluorescence lies in the near-UV region and they have a strong self-absorption.
For efficient scintillation, the emission spectrum of the polymer base should overlap
with the absorption spectrum of the primary fluor. Moreover, the polymer base should
exhibit a high quantum efficiency, ensuring that a large fraction of the deposited energy

is released as fluorescence rather than lost as heat.

The primary fluor absorbs the UV radiation that is emitted from the polymer base
and emits visible light. Figure 2.8 illustrates the absorption and emission spectra of
these compounds. Undergoing the same physical phenomena for luminescence, primary
fluors exhibit a Stokes shift around ~50 nm. Only a small portion of the absorption
and emission spectra overlap; therefore, these compounds are largely transparent to

their own emitted light.

2,5-Diphenyloxazole (PPO) and p-Terphenyl (PTP) are commonly employed as
primary fluors. Both are highly soluble in polystyrene and polyvinyltoluene and ex-
hibit good resistance to radiation damage. They have fast fluorescence decay times of
about 1-1.5 ns [57] and high quantum efficiencies. These combined merits make them
excellent choices for use in plastic scintillators. PPO has an emission peak around

360-365 nm [58] and PTP has around 400 nm [59].
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Figure 2.8. Illustration of Stokes shift of primary flours with minimal spectral overlap.

The emission spectrum of a plastic scintillator should overlap with the absorption
spectrum of the light-sensitive detector it is coupled to. Fine-tuning of the scintilla-
tor’s emission characteristics is achieved by the addition of secondary fluors, com-

monly referred to as wavelength shifters. Wavelength shifters absorb the UV emis-
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sion of the primary fluor, undergo a Stokes shift, and subsequently, after around
1.5 ns [55], emit photons in the visible range. The most widely employed chemicals as
wavelength shifters are 1,4-Bis(5-phenyl-2-oxazolyl)benzene (POPOP) and 1,4-Bis(2-
methylstyryl)benzene (Bis-MSB), which exhibit peak emission wavelengths of 415 nm
and 420 nm, respectively [60]. These compounds improve light transmission by mini-

mizing self-absorption.
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Figure 2.9. The complete scintillation process of a plastic scintillator.

Figure 2.9 illustrates the complete scintillation process in a plastic scintillator.
Ionizing radiation excites the aromatic polymer matrix, which transfers its energy non-
radiatively by FRET to the primary dye. The primary dye emits mainly UV photons,

which are absorbed by the wavelength shifter that produces the final visible emission.

2.5.2. Characteristics

A plastic scintillator is characterized by its emission spectrum, transparency to
its emission, and light output. The emission spectrum represents the wavelength dis-
tribution of photons produced during scintillation and determines the scintillator’s
compatibility with the light-sensitive detector. For efficient light collection, the emis-
sion spectrum should overlap with the spectral sensitivity of the PMT or SiPM. The

transmission spectrum characterizes the optical transparency of the scintillator and
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directly affects the efficiency of light transport to the detector. High transmittance
of the visible wavelength ensures the detection of the light. The choice of polymer
base, primary fluor, wavelength shifter, and their concentrations define the shape and

position of the emission and transmission spectra.

The light output of a scintillator is expressed by a quantity called the light-yield,
defined as the number of scintillation photons produced per unit of deposited energy,
usually in photons per MeV. A higher light-yield results in a stronger signal and reduced
statistical uncertainty, leading to sharper peaks and edges in the measured spectrum.
This improved resolution allows better distinction between signals with small energy
differences and enables the detection of lower-energy radiation. Overall, a high light-

yield enhances both the sensitivity and precision of scintillation measurements.

Organic scintillators have a light-yield on the order of 10,000 photons/MeV,
whereas inorganic scintillators can have light-yields up to 100,000 photons/MeV [55].
The difference between organic and inorganic scintillators arises from their emission
mechanisms. In organic materials, scintillation results from molecular de-excitation
within m-electron systems, which have low radiative efficiency. Inorganic crystals, on
the other hand, produce light through activator luminescence involving crystal lattice

defects, enabling much higher photon yields.

In practice, light-yield can be characterized either absolutely or relatively. Ab-
solute light-yield measurements require a calibrated setup, typically involving a pho-
todetector with known quantum efficiency and a defined optical coupling geometry.
Because such measurements are sensitive to geometry and losses, they are rarely used
in comparative material studies. Instead, relative light-yield measurements, performed
by normalizing the light output of a sample to that of a reference material under

identical conditions, are widely adopted.



25

3. METHODS

This thesis presents two different studies. The first study [19] investigates the
effects of fluor composition and concentration on plastic scintillator characteristics.
The second study [61] focuses on the effects of polymerization initiators on plastic

scintillator light output.

This chapter introduces the general structure of the synthesis procedure, the
experimental setup for light-yield measurements, and the data acquisition process.
Chapter 4 presents effects of fluor composition and concentration on plastic scintillator
characteristics, whereas Chapter 5 covers effects of polymerization initiators on plastic
scintillator light output. All chemicals mentioned in the following three chapters were

obtained from Sigma-Aldrich.

3.1. Synthesis

The synthesis procedure of the ternary plastic scintillator samples was carried
out by thermal polymerization, which uses heat as the polymerization agent. In the
process of determining optimal concentrations and the correct synthesis procedure,
many samples were produced. Many others had structural defects which hamper the

scintillation process.

Various complications can affect the synthesis procedure, making the scintillators
unusable. Inadequate removal of oxygen and moisture results in air bubbles in the final
product. Overheating, improper timing of the heating and cooling stages, and exces-
sively rapid polymerization cause distortions, such as cracks, bubbles, cloudiness, loss
of transparency, and discoloration. Figure 3.1 shows the defective samples produced

during the trial and error stages.
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Figure 3.1. Defective samples produced during trial and error stages.

The first step of the plastic scintillator synthesis was the choice of matrix base,
primary, and secondary fluors. Then the mass calculations followed with the desired
concentrations. After that, the selected monomer, which is in liquid form, was purified

with activated alumina sorbent to remove inhibitors and water, as shown in Figure 3.2a.

The additives were poured into the volume of purified monomer and stirred thor-
oughly using a magnetic stirrer. The mixture was maintained at 40 °C and stirred for
six hours to ensure homogeneous dissolution of all components. The stirring setup is
shown in Figure 3.2b. High-purity Argon gas was then introduced to the homogeneous

solution for two minutes to remove dissolved oxygen.

The mixture was poured into glass tubes and sealed under an argon atmosphere.
The sealed tubes were kept at 100-120 °C for five days to allow polymerization to
proceed. Afterwards, the samples were gradually cooled to room temperature over
an additional five-day period to ensure uniform polymerization. The samples had
cylindrical shapes since the glass tubes were cylindrical. This form of the samples was

processed into the desired shapes and dimensions.
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Figure 3.2. (a) Purification process of the selected monomer. (b) The stirring process

of the additives and the monomer.

The shaping and polishing procedures were carried out with sandpapers ranging
from 400 to 4000 grit using a high-speed rotating polishing machine (ATM Saphir 150
M1, produced by QATM, Mammelzen, Germany). To obtain a symmetrical shape, pol-
ishing was carried out slowly and patiently. The samples were handled gently, without
applying pressure; only their own weight should create a force on the rotating sandpa-
per. After each equal interval, the samples were rotated by ninety degrees around their
center. Water was continuously applied to the polishing surface to prevent overheating

and ensure a smooth optical finish. Figure 3.3a shows the polishing procedure.

The first useful samples were shaped into cylinders of varying dimensions and

tested by coupling to appropriate PMTs. The initial measurements confirmed the
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scintillation response of the synthesized materials. Figure 3.3b shows the samples

produced in various sizes.

(a) (b)

Figure 3.3. (a) Polishing procedure of a plastic scintillator sample. (b) Synthesized

plastic scintillator samples in various dimensions.

3.2. Experimental Setup

light-yield measurements of the two studies presented in this thesis were per-
formed using similar but different setups; the samples were wrapped with Teflon tape
and black tape to maximize reflection. Then they were coupled to a SiPM or a PMT, by
Eljen EJ-550 optical silicon grease (produced by Eljen Technology, Sweetwater (TX),

USA). The optical silicon grease has a refractive index of 1.46, and its transmission
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is about 99% for a thickness of 0.1 mm for 430 nm and higher [62]. The scintillator
detector system was placed in a wooden box with a wall thickness of 2 cm. The analog
signal generated by the detector was digitized using either an oscilloscope or a ded-
icated digital acquisition system. The collected data were subsequently analyzed to

characterize the light output of the samples.

An example setup is shown in Figure 3.4, box was covered with black sheets to
reduce any light interference. The radioactive source was positioned out of the box
and shielded with lead bricks for radiation protection. A Geiger counter was always

present to monitor radiation levels.

Figure 3.4. An experimental setup used for light-yield measurements.

3.3. Methodology for Relative Light Yield Calculation

As mentioned in Section 2.5.2, absolute light yield measurement requires a cali-
brated setup, and its necessity is often outweighed by the complexity of the procedure.
Studies presented in this thesis adopt a relative light yield measurement method for
light output characterization. This method utilizes a reference sample, preferably one

with a known absolute light yield value, alongside the synthesized samples. To ensure
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a valid comparison, all samples were investigated under the exact same experimental

conditions.

The samples were characterized by their gamma-ray spectra. When a scintillator
interacts with gamma-rays, the resulting pulse height spectrum, which is a plot of the
recorded energy versus the number of detected events (counts), reveals distinct features
that characterize the scintillation material and the incident gamma-rays. This spec-
trum is generally divided into two main components: the photopeak and the Compton

continuum.

The photopeak corresponds to the events where the incident gamma-ray deposits
all of its energy within the scintillator. This occurs primarily through the photoelectric
effect and the absorption of any secondary radiation. The photopeak appears as a
distinct, Gaussian-shaped peak at the pulse amplitudes corresponding to the full energy

of the incident gamma-rays.

The Compton continuum is the broad part of the spectrum. It results from
Compton scattering events where the incident gamma-ray interacts with an electron
in the crystal but only deposits a fraction of its energy before escaping the detector;
therefore, it corresponds to a lower energy region than the photopeak. This contin-
uum extends up to a sharp boundary called the Compton edge, which represents the

maximum energy transferred to an electron in a single scattering event.

The probability of the photoelectric effect depends on the effective atomic num-
ber (Z.ss) of the absorbing material. This dependency approximately scales with
Zé’f f [63]. However, organic scintillators are composed of low-Z content; therefore, they
do not show photopeaks in their gamma spectra. The standard light-yield measure-

ment method for organic scintillators uses the Compton edge of a gamma source with

a known energy spectrum.
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The relative light yield of the samples was determined by comparing their Comp-
ton edge positions to that of a reference sample with a known light-yield. The method
proceeds as follows: a Gaussian is fitted to the energy distribution around the Compton
edge of the spectrum, then a certain fraction of the Gaussian peak corresponds to the

Compton edge energy value of the scintillator. The relative light yield is calculated as

CEsample
CEref

where RLYqmpie 1s the relative light yield of the synthesized sample, RLY,.; is the

RLYumpte = RLY,op X (3.1)

relative light yield of the reference scintillator, C Esqpmypie is the extracted Compton edge
position of the sample and C'E,¢ is the Compton edge position of the reference sample.
RLY,.s is set to 100, and the relative light yields of all other samples are expressed as

percentages of this value.

In the literature, the suggested position of the Compton edge energy varies be-
tween different percentages of the Gaussian peak [64]. As investigated by Safari et
al. [65], the precise position of the Compton edge and the optimal choice of this frac-
tion depend on the detector response and the gamma-ray energy. Therefore, fine-tuning

is often a little more than an educated guess.
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4. THE EFFECTS OF FLUOR COMPOSITION AND
CONCENTRATION ON PLASTIC SCINTILLATOR LIGHT
ouTPUT

In this study, the definitive versions of three different samples employed polyvinyl-
toluene as the polymer base; PPO and PTP as primary fluors; and POPOP and Bis-
MSB as wavelength shifters. The first sample, labeled as CR-1, contains 1.5% PPO
and 0.08% POPOP. CR-2 contains 1.5% PTP and 0.08% Bis-MSB. The last sample,
CR-3, contains 0.75% PPO and 0.75% PTP as primary fluors, 0.04% POPOP and
0.04% Bis-MSB as wavelength shifters. The concentrations of the samples are pre-
sented in Table 4.1.

Table 4.1. List of scintillator samples and their incorporated additives.

Sample | Primary fluor (wt%) Wavelength shifter (wt%)
CR-1 1.5% PPO 0.08% POPOP
CR-2 1.5% PTP 0.08% Bis-MSB

CR-3 0.75% PPO + 0.75% PTP | 0.04% POPOP + 0.04% Bis-MSB

The next step was the characterization of the synthesized samples. To compare
their light output, the relative light yields were measured using the Compton edge
method. A commercially available scintillator from Eljen Technology (EJ-204) was
used as the reference sample. It was a cube with a side length of 10 mm. Therefore,
the synthesized samples were cut and polished to match the same shape and dimensions.

Figure 4.1 shows the synthesized cubic samples and the reference sample.
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Figure 4.1. The synthesized plastic scintillator samples and the reference sample.

4.1. Experimental Setup and Data Acquisition

The samples were characterized by their light output, emission spectra, and trans-
mission distributions. The light-yield measurements were performed using the following
setup. Considering the dimensions of the plastic scintillator samples, an Onsemi J-series
SiPM with the size of 6 x 6 mm (MICROFJ-60035-TSV) was used as a photodetector,
and 10 x 10 mm plastic scintillator samples were coupled with it using Eljen EJ-550
optical silicon grease. A low-voltage power supply was connected to the SiPM biasing
board. The output signal was amplified via a CAEN N978 fast amplifier, and the signal
shape is digitized and recorded by a Keysight MXR254A oscilloscope.

137Cs was selected as the radioactive source since it has a clear Compton-edge at
477.3 keV. The plastic scintillators were wrapped with aluminum foil and plastic tape
and located inside a wooden box with a wall thickness of 2 cm. The '¥7Cs source was

positioned 20 cm away from the scintillator.

For each scintillator samples 10° data sets were taken and averaged. The signal
shapes for the prepared scintillator samples and EJ-204 are shown in Figure 4.3a. Peak
normalization is applied to the signal shape distributions. Since the fluors in the plastic

scintillator samples have different timing properties, the signal width of the scintillator
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Figure 4.2. A schematic view of the experimental setup for light-yield measurement.

samples is not identical. Therefore, energy deposition estimation was performed by

measuring the area under the pulse shapes instead of by measuring pulse height.

4.2. Analysis

Since organic scintillators don’t show photo-peaks due to their low-Z content, the
determination of light-yield was performed by measuring the Compton-edge location.
For this purpose, the edge region in the energy distribution was fitted with a Gaussian
function, the height of the Gaussian peak was determined, and the edge location was
taken to be the energy corresponding to a certain percentage of the peak height [64].
The suggested values in the literature vary from 66% to 89%, but the optimum value
changes depending on the detector and scintillator. Since choosing a specific percentage
of the local Compton maximum is not an ideal way to represent the Compton-edge
location [65], the percentage values were chosen from 90% to 50% in 10% steps to
determine the relative light output. We consider that evaluating the relative light
yield output with different percentage values is a more conservative approach than

what is suggested in the literature.

The fit ranges of the Gaussian function of each distribution were chosen in such
a way that once the fit is performed and has successfully converged, the peak value
of the distribution stays within the fit range, and the lower end of the range was at

least half a sigma away from the peak. We also note that changing these lower ends
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Figure 4.3. (a) Signal shapes of EJ-204 and the produced plastic scintillator samples.

(b) Signal shape areas and fit parameters.

by £ 10 nVs affected the relative light yields by less than 1% for all of the fits. The

Gaussian fits are shown in Figure 4.3b.

The relative light yields of the prepared plastic scintillator samples were deter-
mined from the EJ-204 commercial scintillator sample produced by Eljen Technology
by

REYoampte = RLY gy a3 x “CEsomsle. (4.1)

Acp,Br—204
where RLY is the relative light yield and A is the signal shape area of the selected
Compton-edge position. Since the light-yield information of EJ-204 is already given
by Eljen Technology as 10 400 ph/MeV, the relative light yield of EJ-204 was taken
as 100 at each selected percentage value, and the relative light yield of the prepared

plastic scintillator samples was calculated based on it.
4.3. Results

The obtained relative light yield values at each selected percentage value are listed
in Table 4.2. The measurements showed that the maximum deviations from the relative

light yield at 90% to 50% are 2.7% for CR-1, 0.4% for CR-2, and 3.3% for CR-3. The
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LYs were estimated by taking EJ-204 as a reference and found to be 8788 + 42 for
CR-1, 9537 £ 10 for CR-2, and 9932 + 52 for CR-3. The results indicate that CR-3
(0.75% PPO + 0.75% PTP and 0.04% POPOP + 0.04% Bis-MSB) has the highest LY

value among the produced samples.

Table 4.2. The RLY and LY values of the produced plastic scintillator samples with

respect to EJ-204 with mean squared error estimation.

Sample name RLY (%) Average RLY | LY (photons/MeV)
90 8 70 60 50

EJ-204 100 100 100 100 100 100 10400

CR-1 85.7 85.0 84.5 83.9 834 84.5+04 8788 £ 42

CR-2 919 91.8 91.6 91.5 91.5 91.7+0.1 9537+ 10

CR-3 97.3 96.2 95.3 94.6 94.0 95.5£0.5 9932 £ 52

The optical properties of the synthesized plastic scintillator samples in the visible
light wavelength range are investigated using a Jasco V-730 UV-Vis spectrophotometer
and compared with an EJ-204 plastic scintillator reference sample of the same geomet-
rical shape. The transmission factors as a function of light wavelength are presented in
Figure 4.4. The transmission factors of all the produced samples are comparable with

EJ-204 and surpass 86% after 440 nm.

In addition, the emission wavelength distribution of the produced plastic scintil-
lator samples and the EJ-204 sample is shown in Figure 4.5. The emission wavelength
distributions are measured using a Jasco FP-8300 Spectrofluorometer by scanning ex-
citation wavelengths from 200 nm to 400 nm. Since the samples consist of different
types of primary and secondary fluor, the peak of the emission wavelengths shows up
at different values: 410 nm for EJ-204, 423 nm for CR-1, 431 nm for CR-2, and 428 nm
for CR-3. The PDE curve of the Onsemi J-Series SiPM, which peaks at 430-440 nm,
is also presented in the emission distribution [66]. The PDE of the scintillator samples
at the emission peak values differ by about 1%. The emission peak of each scintillator
lies within the wavelength range where the SiPM exhibits its highest photon detection

efficiency.
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5. THE EFFECTS OF POLYMERIZATION INITIATORS
ON PLASTIC SCINTILLATOR LIGHT OUTPUT

The second study focused on the effects of polymerization initiators on the light
output of plastic scintillators. In order to enhance the performance of the produced
plastic scintillator samples, it is critical to optimize the synthesis procedure. To regulate
the polymerization procedure, various chemicals are employed as initiators [67]. A
polymerization initiator generates radicals when exposed to heat, which links monomers
to form polymers. Polymerization initiators lower the processing temperature, enhance
reaction consistency, and shorten the process time. However, initiators may diminish
the performance of the final product; therefore, determining their optimal amounts is

critical.

The two polymerization initiators most frequently reported [68-72] in plastic
scintillator synthesis, 2,2-Azobis(2-methylpropionitrile) (AIBN, CAS No: 78-67-1) and
benzoyl peroxide (BPO, CAS No: 94-36-0), were selected for this study. In the liter-
ature, the concentrations of initiator loadings vary in the range 0.01-1.0 wt% [71-75],
without a suggested concentration. To resolve any influence on light-yield, three rep-

resentative concentrations, 0.2, 0.5, and 1.0 wt%, were examined.

As the study focused on the effects of initiators, all synthesized samples had
the same matrix base, primary, and secondary fluors at the same weight percentages.
polystyrene was used as the polymer matrix due to its compatibility with the chosen
initiators [76,77]. PPO was chosen as the primary fluor (1.5 wt%) and POPOP was
chosen as the wavelength shifter (0.08 wt%).

The synthesis procedure followed the same steps as the previous one. However,
in this case, the heating cycle lasted 10 days which followed by a 5-day cooling cycle.
Also, the scintillators were shaped into cylindrical tubes with a diameter of 25 mm and

a length of 15 mm.
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Figure 5.1. The synthesized initiator-loaded plastic scintillator samples and the

reference sample.

Five plastic scintillator samples were produced with different molar percentages
of polymerization initiators, along with a reference sample. Three different molar
percentages were examined for AIBN (0.2%, 0.5%, and 1.0%) and two for BPO (0.2%
and 0.5%). Figure 5.1 shows the synthesized plastic scintillator samples labeled as
Blank, AIBN 0.2%, AIBN 0.5%, AIBN 1.0%, BPO 0.2%, and BPO 0.5%. The labels

indicate the type and molar percentage of the initiator used in each sample.

5.1. Experimental Setup and Data Acquisition

Figure 5.2 shows the schematic diagram of the experimental setup. The samples
were coupled to a Hamamatsu R7525HA-2 PMT (produced by Hamamatsu Photon-
ics, Hamamatsu City, Japan) using Eljen EJ-550 optical silicon grease and wrapped
in aluminum to enhance reflection. The PMT-plastic scintillator system was placed
in a wooden box with a wall thickness of 2 cm. The PMT was connected to a
CAEN DT5790 [78] digital acquisition system, which was operated at 1300 V. Each
scintillator sample was measured under identical digitizer settings until 1.5 x 10° valid
events were recorded. The CAEN DT5790 operates at a 250 MS/s sample rate with

12-bit resolution settings.
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Figure 5.2. Schematic diagram of the experimental setup used in study II.

Light output characterization was carried out at different gamma energy values.
The four different gamma sources used in this study are presented in Table 5.1. 2?Na ex-
hibits two different gamma lines of energies 511 keV and 1275 keV, with corresponding
Compton edge energies of 341 keV and 1062 keV. 37Cs produces a gamma-ray of
662 keV energy with a Compton energy of 478 keV. 5*Mn emits a gamma-ray of energy
835 keV, with a corresponding 640 keV of Compton edge energy. %°Co produces two
gamma-rays with energies 1173 and 1333 keV. Since the energy values differ only by
155 keV, they cannot be resolved by our detector. The measured spectrum, therefore,
represents the sum of the responses to both gamma lines. The effective Compton edge

energy of °Co is obtained, intensity-weighted, as 1041 keV.

5.2. Analysis

The energy distributions around the Compton edge were fitted with Gaussian
functions. The study presented in Chapter 4, from Akgiin et al. [19], evaluated Comp-
ton edge values at 50%, 60%, 70%, 80%, and 90% of the Gaussian peak, and the

80% measurement most accurately reflected the average values, as shown in Table 4.2.
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Table 5.1. Radioactive sources used in this study and their gamma-ray and

Compton edge energies.

Radioactive source | Gamma-ray energy (keV) | Compton edge energy (keV)
2Ny 511, 1275 341, 1062
137Cs 662 478
5Mn 835 640
50Co 1174, 1333 1041

In this study, RLY is measured at 50%, 60%, 70%, 80%, and 90%; however, to ensure
consistency, the results present the evaluations at 80%. The fit ranges of the Gaussian
function were chosen so that the peak value of the measurement stays within the range
and a 45 unit shift in both ends results in only a 0.6% difference in the mean RLY
values. A detailed description of the Gaussian fit process is presented in Appendix A.
The RLY of the prepared plastic scintillator samples is calculated by the described

method with the following formula,

CEommi
RLY omnie = RLY Bian, —__amre 5.1
& Blank CEBlank ( )

where CEsqmpie and CEpgjqny, are calculated Compton edge values at 80% of the Gaus-
sian peak, RLYgjqni is taken as 100, and the RLY of the prepared plastic scintillator

samples was calculated based on it.
5.3. Results

Figure 5.3 shows the energy distributions and Gaussian fits. The navy blue graph
is for the source 22Na. 22 Na decays by emitting two different gamma-rays; therefore it
exhibits two different Compton edges. The first one is at 341 keV and the second is at
1062 keV. The green graph is for 37C's with a Compton edge at 478 keV. The purple
graph is **Mn with a Compton edge at 640 keV. The black graph is for °Co with a
Compton edge at 1041 keV. Comparisons among Blank, AIBN 0.2%, AIBN 0.5%, and
AIBN 1.0%, and among Blank, BPO 0.2%, and BPO 0.5% show that as the initiator
content increases, the energy graphs exhibit narrower peaks, implying lower energy

resolution and low light output.
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Figure 5.3. Energy distributions of the prepared samples with applied Gaussian fits
(red lines): (a) Blank, (b) AIBN 0.2%, (¢) AIBN 0.5%, (d) AIBN 1.0%,
(e) BPO 0.2%, and (f) BPO 0.5%.
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Table 5.2. Point-by-point relative light yield values, in %, at each Compton edge

energy. All values are given with respect to the blank scintillator.

Scintillator | 22Na @ 341 keV (%) 37Cs @ 478 keV (%) °*Mn @ 640 keV (%) %°Co @ 1041 keV (%) 22Na @ 1062 keV (%)
Blank 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0
AIBN 0.2% 96.1 £ 0.5 96.2 + 0.6 96.8 + 0.4 96.2 + 0.2 95.8 £ 0.1
AIBN 0.5% 775+ 0.4 76.9 £ 0.5 78.0 £ 0.3 775+ 0.3 78.5 £ 0.2
AIBN 1.0% 65.9 £+ 0.5 65.2 £ 0.3 66.2 £+ 0.3 66.2 £+ 0.3 66.3 + 0.3
BPO 0.2% 92.4 £ 0.6 92.2 4 0.3 92.74+ 0.3 92.7 +£ 0.1 92.9 + 0.2
BPO 0.5% 66.5 + 0.3 66.6 + 0.5 67.6 £ 0.3 67.3 £ 0.2 67.5 £ 0.4

The obtained RLY values for each energy value are listed in Table 5.2. AIBN 0.2%
exhibits an RLY of 96.1% at the 341 keV Compton edge of ?2Na, 96.2% at the 478 keV
Compton edge of 37Cs, 96.8% at the 640 keV Compton edge of **Mn, 96.2% at the
1041 keV Compton edge of °Co, and 95.8% at the 1062 keV Compton edge of #?Na.

Across these energy values, the RLY remains steady, with only a 1.0% variation.

AIBN 0.5% has a minimum RLY of 77.5% at 341 keV and a maximum RLY of
78.5% at 1062 keV, while AIBN 1.0% shows a minimum RLY of 65.2% at 478 keV
and a maximum RLY of 66.3% at 1062 keV. BPO 0.2% has a minimum RLY of 92.2%
at 478 keV and a maximum RLY of 92.9% at 1062 keV, whereas BPO 0.5% exhibits
a minimum RLY of 66.5% at 341 keV and a maximum RLY of 67.6% at 640 keV.
The largest difference in RLY for a sample is 1.1%. Overall, the light outputs of the
scintillators remain consistent across different energy values, and for each Compton

edge, the RLY decreases as the initiator concentration increases.

Table 5.3 presents the average RLY values of different energies for each scintil-
lator, along with RMS errors; a detailed explanation of error propagation is given in
Appendix B. AIBN 0.2% exhibits an average RLY of (96.2 + 0.3)%, AIBN 0.5% ex-
hibits an average RLY of (77.7 £ 0.5)%, and AIBN 1.0% exhibits an average RLY of
(66.0 £+ 0.4)%. While the decrease in light output for AIBN 0.2% is relatively small
(3.8%), AIBN 0.5% shows a decrease of 22.3%, and AIBN 1.0% exhibits a decrease
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Table 5.3. Average relative light yield values and associated errors, all measured

relative to the blank scintillator.

Scintillator Mean RLY (%) RLY error (%)
Blank 100.00 0.0
AIBN 0.2% 96.2 0.4
AIBN 0.5% 7T 0.5
AIBN 1.0% 66.0 0.4
BPO 0.2% 92.6 0.3
BPO 0.5% 67.1 0.5

of 34.0%. Losing one-third of the attainable light would cause a notable decrease in

resolution.

BPO 0.2% exhibits an average RLY of (92.6 £ 0.2)% and BPO 0.5% exhibits an
average RLY of (67.1 &+ 0.4)%. In this case, the use of 0.2% initiator results in a 7.4%
decrease in light output, which is greater than the loss observed for AIBN at 0.2%. At
0.5%, the loss in light output is 32.9%, comparable to the loss observed in the 1.0%
case of AIBN. Figure 5.4 illustrates the results in Table 5.3 and depicts the trend of

decrease in mean RLY with increasing initiator concentration.

A reliable scintillator should exhibit a linear relation between the deposited energy
and the light output. The linearity ensures that as energy changes, the response of the
scintillator remains the same; therefore, the scintillator can be employed and trusted

to compare different energy values.

In Figure 5.5, each sample is plotted with a different marker shape, illustrating
the near-linear relationship between Compton edge energy and measured light output.
Notably, the Blank Scintillator (black circles) maintains the highest response at each
energy, indicating superior LY relative to doped samples. These findings confirm that,
while the detector response remains linear with energy, chemical doping can measurably

diminish scintillation performance.
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Figure 5.5. Response of the scintillator samples. Red lines indicate the linear fits for

each sample.
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6. CONCLUSION

The detection of ionizing radiation plays an essential role in modern science
and technology. Many fields, including medical imaging, high-energy physics, nu-
clear power, and security, rely on reliable radiation detectors. Among the available
techniques, plastic scintillator systems offer a cost-effective, robust, long-lived, and
application-specific solution. The studies presented in this thesis investigated the op-

timization of plastic scintillator synthesis.

In the first study, three different plastic scintillator samples are synthesized,
all of which employ polyvinyltolueneas a polymer base. CR-1 includes 1.5% PPO
and 0.08% POPOP, CR-2 includes 1.5% PTP and 0.08% Bis-MSB, CR-3 includes
(0.75%PPO + 0.75%PTP) as primary fluors and (0.04% POPOP + 0.04% Bis-MSB)
as wavelength shifters. All three samples are synthesized under the exact same condi-
tions. Their optical characteristics are compared to a commercial scintillator produced

by Eljen Technology, EJ-204.

The transmission factors of all the produced samples are comparable with EJ-
204 and surpass 86% after 440 nm. The peak of emission wavelengths are 423 nm for
CR-1, 431 nm for CR-2, and 428 nm for CR-3. The PDE of the scintillator samples at
the emission peak values differ by about 1% when used with a Onsemi J-series SiPM.
The measurements show that the maximum deviations from the relative LY at 90%
to 50% are 2.7% for CR-1, 0.4% for CR-2, and 3.3% for CR-3. The light-yields are
estimated by taking EJ-204 as a reference and found to be 8788 + 42 for CR-1, 9537
+ 10 for CR-2, and 9932 + 52 for CR-3. The results indicate that CR-3 (0.75% PPO
+ 0.75%PTP and 0.04% POPOP + 0.04% Bis-MSB) has the highest light-yield value

among the produced samples.

The second study investigated the effects of polymerization initiators. AIBN

and BPO are selected as polymerization initiators. To investigate their effects on the
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light output of plastic scintillators, six samples with the same constituents and con-
centrations are synthesized. All samples employ polystyrene as polymer base, contain
1.5% PPO and 0.08% POPOP. One of the samples does not contain any polymerization

initiator and is set as the reference sample; it is named Blank.

AIBN is investigated at three different molar percentage values: 0.2%, 0.5%, and
1.0%. Samples are named as AIBN 0.2%, AIBN 0.5%, and AIBN 1.0%, respectively.
BPO is investigated for two different molar percentage values: 0.2% and 0.5%. The
samples are named as BPO 0.2% and BPO 0.5%, respectively. RLY of these samples
are measured as percentages of Blank. AIBN 0.2% has (96.2£0.4)%; AIBN 0.5% has
(77.7+0.5)%; AIBN 1.0% has (66.0£0.4)% mean RLY. BPO 0.2% has (92.6+0.3)%
mean RLY, BPO 0.5% exhibits (67.1+£0.5)% RLY. Light output of doping 0.5% BPO
is comparable to the 1.0% case of AIBN. 0.2% doping of selected initiators effects
the light output by 3.8%-7.4%, and provides a lower processing temperature, reaction
consistency, and shorten the process time. However, doping 1.0% AIBN or 0.5% BPO

costs a third of the light output, which is a significant reduction.

The samples are also tested at different energy values. Light output of a scintil-
lator should be proportional at different energy values, that means as the energy of the
incoming radiation increases, the light output of the scintillator also increase linearly.
This examination revealed that despite light output reductions, the detectors main-
tained a linear response with energy, indicating that polymerization initiator doping

does not compromise the basic detection principle.

Polymerization initiators can thus be effectively employed in plastic scintillator
production, provided their concentrations remain within acceptable bounds for detector
systems in diverse applications, including medical imaging, nuclear reactor monitoring,
high-energy physics experiments, and security checkpoint devices. Maintaining initia-
tor concentrations around 0.2% ensures optimal optical performance while benefiting

from improved manufacturing efficiency.
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APPENDIX A: LOCATING THE COMPTON EDGE

The Compton edge in a gamma-ray spectrum refers to the region where photons
transfer the maximum possible energy through a Compton scattering event within the
detector. As this feature does not appear as a sharp peak but rather a gradual drop,
the Compton edge value corresponds to the point where the count rate falls to a certain

fraction of the Gaussian peak value [64,65].
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Figure A.1. Blank Scintillator, red line indicates the Gaussian fit to Cs-137
Compton edge.
When a Gaussian fit is applied to an energy spectrum, the following are consid-
ered:

e The peak value of the Compton edge part of the spectrum remains inside the

chosen fit ranges.
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e The fit ranges are chosen such that the x?/ndf value is minimized and a 45 shift
results only in a maximum of 0.6% mean RLY change.

e Once the peak point of the fit is determined, the data point corresponding to
80% of the peak value is located. Therefore, our results are based on raw data,

not the fit values.
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APPENDIX B: ERROR PROPAGATION

Table 5.3 presents RLY values with uncertainties regarding the fitting procedure.
As mentioned in Appendix A, the fit values’ ranges are chosen to minimize the x?/ndf
value to obtain the best fit possible. However, considering any slight misallocation of
the Compton edge values, the left end points of the samples are shifted by +5 units,

and the uncertainties in RLY are calculated.

Let us denote the relevant Compton edge positions, in ADC Counts, as C'FEy,
CFE_5,CFE,5 for the original fit position, left end points shifted by —5, and left end
points shifted by +5, respectively. The maximum deviation as a result of these shifts

1S

ocrp = max(|CEy — CE_;|,|CEy — CEys5)). (B.1)

Following Equation (3.3), the uncertainty in RLY is calculated as

OCE
CE,

The root mean square (RMS) deviation measures the spread of a data set around

ORLY = RLYsample X (BQ)

its average value. It is calculated by taking the differences between each data point
and the mean, squaring these differences to avoid cancellation, averaging the squared
differences, and finally taking the square root of this average. The mean RLY from
measurements at five different energy values for each scintillator was computed. Then,
the RMS deviation to quantify the consistency of RLY across these energies was cal-

culated.

The total uncertainties presented in Table 5.3 are obtained by the root sum of

squares of the average RLY and RMS errors,

_ 2 2
OTotal = \/URMS + Uaverage? (BB)
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where 0gperqge 1s calculated by the root sum of squares of orry values divided by the

number of Compton edge values N, in this case N =5,

V ZO-IQ%LY (B.4)

O qverage = N .
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