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 Organic plastic scintillators are employed as radiation detectors in industries and are used 

for nuclear safeguard applications. They are durable, can be produced at low cost and can readily 

be used in portable devices, making them ideal for field detection work. Their fast decay time 

also allow them to discriminate different types of radiation making them useful in various 

applications. Still, their drawbacks include low Z value resulting in limitations on the energy 

resolution and the ability of identification of radioactive sources. To resolve this issue dopants 

such as dyes and nanoparticles are added into the polymer matrix in an attempt to enhance either 

light yield and/or the overall Z. Nanophosphors such as quantum dots is a popular choice due to 

their tunable emission and energy transfer properties. However, over the past decade the 

coupling of these nanocrystals, having emission in the visible wavelength, with plastic 

scintillators were not very successful.  

 In the current dissertation, a different approach is implemented using nanophosphors in 

the UV region. Cadmium Sulfide quantum dots with near UV emission is embedded into plastic 
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scintillating system under minute loading. Scintillation efficiency was enhanced at different 

weight loading of dyes and quantum dot, characterization was also performed at various ionizing 

energies demonstrating improvements. The study was further expanded with different dyes and 

polymer combination displaying various degree of enhancement and quenching through energy 

transfer effects. Lastly, deep UV emission ZnO nanocrystals were synthesized to further study 

the energy transfer effects of the dye and polymer combination. The fabrication process and 

results are discussed in the followin



 
 

1 
 

 

Chapter 1 

Introduction 

1.1 Radiation and backgrounds on detectors 
 

Exposure to high energy radiation is a daily occurrence that goes unnoticed with radiation 

sources ranging from organic matter to natural environments to man-made sources. To observe 

these high-energy particles and photons, radiation detectors are utilized converting the incoming 

particles into identifiable signals. Radiation detectors can be split into three categories, 

scintillators, semiconductors and gas-filled detectors, each with their own perks and 

disadvantages. For this work, the first two are more relevant and only they will be compared and 

included in the further discussion. Scintillators are transparent materials that converts radiation 

into visible light for characterization while semiconductors generates electronic signals from the 

electron-hole pairs that are formed by the energy deposited [1], [2]. Their application spans over 

a wide range of uses from high-energy physics, astrophysics, medical imaging, nuclear security, 

and in industries that involves the use of radiation  [3]–[9]. Scintillator and semiconductor 

detectors are utilized depending on the type of application and radiation needed to be identified. 

The types of radiation can range from x-ray, gamma-ray, charged particles, and neutrons. Both 

detectors can detect the presence of radiation but often the identification and characterization of 

the radiation energy is of most interest.  

The advantage of utilizing semiconductor detector lies in their high energy resolution and 

ability to extrapolate specific gamma or alpha energy of an unknown sources with high 
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sensitivity. Their mechanics involves electron and holes generated in the medium from the 

incident radiation. These free electrons and holes are separated by applying an electric field 

through the semiconductor and obtaining an electric signal proportional to the energy deposited. 

Semiconductor such as High-purity Germanium (HPGe) is one of the most valuable tools in 

source identification, nonetheless theses detectors are not without their drawbacks. 

Semiconductors in general have extensive upkeep as they need to be kept constantly cooled with 

liquid nitrogen to avoid creep currents. Their high cost and fragility limits them from portable 

detection. To fill the gap left by semiconductors, scintillation detectors are employed instead. 

While the energy characterization of scintillators is not up to par they have many benefits 

overcoming their semiconductor counterpart. In addition, there is an ongoing effort for 

development to improve characterization of radiation sources by scintillating detectors. 

Scintillators are split into two sub categories, organic and inorganic, each with their 

intrinsic and non-ideal properties. For an ideal scintillator, the following traits should be 

included: low cost, high Z density, high energy resolution, high light yield, fast decay time, and 

optical transparency. Inorganic scintillators hold most of these properties as they typically have 

high Z, light yield, energy resolution, and transparency. However, their drawbacks comprise of 

slow decay time preventing their use in fast timing applications for radiation discrimination 

along with their costly fabrication and fragility. Organic scintillators contrast the properties of 

inorganics as they are low cost and generally have faster time decay. Their shortcoming appears 

in the form of low Z and weak energy resolution. Nevertheless, the main benefit of organic 

scintillator is their ability for modification with various dyes and nanocomposites components to 

improve light yield and energy resolution. 
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1.2 High energy radiation and their interactions 

High energy photon with energies of several keV to MeV such as gamma and x-ray are 

classified by their source of origin. Radiation such as x-ray is categorized as photon emitted from 

de-excitation from electronic states and accelerated electrons, while gamma radiation is defined 

by the emission from within the nucleus [1], [2]. In a typical decay scheme gamma radiation is 

released from unstable radioactive isotopes through the transition of excited nuclei states. Decay 

scheme of Cs-137 radiation is shown in Figure 1.1. The transition to Ba-137 is a straight forward 

one as Cs-137 decays to an excited state of Barium through a beta decay followed by a quick 

relaxation releasing a gamma photon with energy of 662 keV. Cs-137 is a widely-used 

calibration source due to its mono-energetic gamma photon and with a half-life of 30.17 years. 

Other sources such as Co-60 and Am-241 also share similar traits with its mono-energetic 

emission after a beta and alpha decay, respectively. 

 

Figure 1.1. Cs-137 decay scheme. Half-life of 30.17 years with mono-energetic photon emission 

of 662 keV.  
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Detection of gamma radiation sets itself apart from other forms of ionizing radiation due 

to its uncharged property penetrating most matter. These high-energy photons generates direct 

ionization and secondary ionizations where its effects are relied upon to characterize all incident 

energy. Unlike photons in the visible region where it promotes electronic states gamma photon 

interacts with either with the nucleus or the electron in the atomic shell through scattering and 

energy exchange. There exist several possible reactions of gamma photons with electrons in an 

atom but the general interaction can be narrowed down into three effects which are: photoelectric 

effect, Compton scattering, and pair production. These three interaction depends on the Z value 

of the material and the energy of the incident gamma radiation. This dependency is shown in a 

regional plot based on Z and gamma energy shown in Figure 1.2 b. 

 

 

Figure 1.2  a) interaction mechanisms of gamma radiation with material: Photoelectric effect, 

Compton scattering, and Pair production, b) Illustration of the three interactions with dependence 

on gamma energy and Z of the material. 
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Photo electric effect is the most common interaction for gamma photon for energy below 

100 keV with low Z materials. A full energy conversion takes place though the absorption of a 

gamma photon by an electron within the atomic shell. Figure 1.2a displays the incident gamma 

interaction with an ejected photoelectron as the byproduct. In order for the electron to be ejected 

the gamma photon must have energy higher than the binding energy. Photoelectric effect can be 

described by Eq 1.1, with binding energy 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 of the electron and incident energy 𝐸γ of the 

gamma photon.  

𝐸𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 𝐸γ − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  (Eq 1.1) 

 

Along with binding energy another consideration is the density of nuclei or the atomic 

number Z. Even though there is no single analytical expression or probability of photon 

absorption an approximation can be made through the absorption cross-section. Photoelectric 

cross section or the absorption per atom can be estimated by the energy of the incident photon 

and Z as described in Eq 1.2 [1]. The variable n ranges from 4 to 5 depending on the region of 

interest. The Z dependency is due to the electron density of the atom leading to a higher 

interaction probability of gamma photon enhancing overall energy deposition. 

 

𝜎𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛  ∝
𝑍𝑛

𝐸𝛾
3.5  (Eq 1.2) 

 

At higher energies Compton scattering becomes the dominant interaction as the gamma 

photon goes beyond the binding energy threshold. The interaction involves scattering of the 

incident gamma photon along its original direction and partially depositing energy to a recoil 
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electron within the interacting material with angle θ. Equation 1.3 calculates the energy of the 

scattered gamma photon while Equation 1.4 gives the energy of the scattered electron. Energy of 

the byproducts can be calculated with the known scattering angle of the photoelectron and the 

energy of the incident gamma ℎ𝑣. 

 

ℎ𝑣′ =
ℎ𝑣

1+
ℎ𝑣

𝑚0𝑐2(1−cos(𝜃))
  (Eq 1.3) 

𝐸𝑒− = ℎ𝑣 − ℎ𝑣′ = ℎ𝑣 (
(

ℎ𝑣

𝑚0𝑐2) (1−cos 𝜃)

1+(
ℎ𝑣

𝑚0𝑐2)(1−cos 𝜃)
) (Eq.1.4) 

 

Compton Scattering is most likely to take place with higher energy gamma in most 

materials with a wide region of interest shown in Figure 1.2b. Based on Equation 1.3 two 

extreme scenarios can occur where scattering angle θ can be either 0 or π. In the case of θ = 0 

minimal energy is deposited to the electron with the scattered gamma retaining most of its initial 

energy and direction. The other extreme case where θ = π, the incident gamma is directly 

backscattered and the electron recoils in the direction of the incident photon. Throughout 

continuous gamma interactions all scattering angles should be generated creating an energy 

continuum containing all possible angles of the electron. The energy profile distribution from the 

recoil angles is shown in Figure 1.3. Compton continuum in the profile contains all the possible 

recoil energy from 0 to 180 degrees. At the highest recoil energy a Compton edge is formed and 

with the true gamma energy ℎ𝑣 fixated at a certain position away, the gap between them is given 

by Eq 1.5. Based on this feature a calibration can be performed with a known gamma energy 

such as Cs-137. Often times the byproduct gamma photon can retain enough energy from the 
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scattering and undergo a secondary Compton scattering effect. This results in a cascade of 

photoelectrons as the gamma photon slowly deposits its energy through scattering and eventually 

dissipates once it reaches photoelectric effect threshold.  

 

𝐸𝑐 =
ℎ𝑣

1+
2ℎ𝑣

𝑚0𝑐2

 (Eq 1.5) 

 

 

Figure 1.3 Energy profile of Compton scattering and Compton edge containing all possible 

scattering angle. 

At energy beyond 1.02 MeV pair production will occur which becomes the dominant 

interaction. The minimal energy ℎ𝑣 needed to generate the positron and electron pair is equal to 

their rest mass 𝑚0𝑐2. Kinetic energy of the positron 𝐸𝑒+ and electron 𝐸𝑒−  is given in Equation 

1.6. Pair production takes place near the nuclei when the gamma photon grazes the collection of 

protons. The generation of the electron and positron pair is produced through the interaction of 

the photon and the strong electric field of the nuclei converting energy into mass. Any excess 

energy from the conversion is translated into kinetic energy shared by the pair. After the pair is 
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generated the position will undergo an annihilation reaction as the anti-matter combines with its 

electron counterpart creating two 511 keV gamma photons. These photons can be subjected to 

the same energy cascade effect until either their energy is fully dissipated into energetic fast 

electrons or escapes the detection medium altogether. 

 

𝐸𝑒− + 𝐸𝑒+ = ℎ𝑣 − 2𝑚0𝑐2 (Eq 1.6) 

 

Throughout these three interaction the byproduct fast electron carrying either full or 

partial energy of the gamma will slowly deposit its energy to the surrounding medium. These 

highly energetic fast electrons will attenuate and scatter until either all of their energy is 

deposited into the scintillator or they escape. Throughout its propagation, the charged particle 

creates an ionization track exciting the surrounding medium creating an energy cascade, the 

ionization track is illustrated in Figure 1.4. The relaxation of these excited states will then go 

through either radiative decay generating light proportional to the energy deposited or non-

radiative decay creating phonon or heat.  

 

Figure 1.4 ionization track of the photoelectron as it propagates through the medium. 
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Figure 1.5 Structure of PMT. 

 

The luminescence generated from radiative decay in scintillators generally consist of a 

few hundred photons and requires highly sensitive detectors in the UV to visible spectrum. Photo 

Multiplier Tubes (PMT) photodetectors are preferred for this kind of application as they have 

high sensitivity and optimized around those wavelengths. The specification of each PMT varies 

with different efficiency and range depending on its photocathode composition and dynode 

structure. For optimal efficiency between the scintillator and detector silicon optical gels are 

applied to better couple the outgoing light between the two. The mechanism of a PMT is shown 

in Figure 1.5 detailing its inner workings. The conversion of the incident photon starts at the 

interaction with the photocathode of the PMT at the input window. Through photoelectric effect 

an electron in equivalent energy is produced and focused to a series of high voltage dynodes, 

proportionally multiplying the electrons. Near the end the collection of electrons are captured at 

the anode generating an amplified electrical pulse proportional to the incident photons.  
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1.3 Scintillators Detectors 

1.3.1    Inorganic scintillators 

Inorganic scintillators are large single crystals composed of moderate to high Z materials 

such as lanthanides or other heavy elements. They can achieve decent energy resolution due to 

their high Z composition through full gamma energy deposition making them the preferred 

choice for gamma scintillation spectroscopy. Still, they are not without faults. Inorganic 

scintillators are fabricated through a laborious single crystal growth process under high 

temperature and pressure where size scaling proves to be rather difficult. Their single crystal 

structure is also prone to mechanical shock along with their hydrophobic property found in most 

compositions requiring delicate handling and shielding. Their slow decay time also impede their 

ability for gamma and particle discrimination limiting their scope of applications. Nonetheless, 

they are often used for their detection capabilities and portability with minimal upkeep. 

The mechanics of inorganic scintillator shares some similarities to semiconductors where 

its efficiency is based on generation of electrons and holes. Excitons or weakly paired holes and 

electrons are generated through the ionization track produced from various gamma interaction, 

these excitons occupying energy bands formed within the crystal lattice where they freely drift 

until recombination. The electrons occupy the upper level conduction band while the holes 

occupy the lower level valance band. A band gap lies between the two levels containing 

forbidden energy states for both electrons and holes. Figure 1.6 illustrates a typical energy 

structure in inorganics along with exciton recombination mechanics. When electrons and holes 

are created migration of both species takes place throughout their respective band until the pair 

reaches a luminescence center or quenching site for recombination. At the luminescence centers 
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the recombination of exciton generates light proportional to the band gap energy, for quenching 

sites phonons will be created transitioning to heat.  The slow decay time characteristic of 

inorganic scintillator stems from these migration and recombination rates of the exciton. 

 

 

Figure 1.6 Radiative recombination of excited electron from the Valence to the Conduction 

band. 

In pure inorganic crystal such as CsI radiative recombination of exciton is an inefficient 

one. Absolute light yield generated from CsI pure crystal is around 2000 ph/MeV, while its peak 

emission wavelength is around 305 nm causing a mismatch with most photodetectors [10], [11].  

To remedy this issue impurities are often loaded in the fabrication process where activator states 

are created within the band gap. These activators sites draws a huge attraction to the drifting 

electron and holes allowing them to be recombined at a lower energy level in between the band 

gap [12]. The emission from these activator sites red shifts the overall emission of the scintillator 

making coupling more efficient with the photo sensor. Elements such as Tl, Ce, and Eu are often 
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used as the dopant in pure crystals to create activator sites within the band gap [12], [13]. 

Dopants used in CsI crystals can include either Na or Tl impurities, the light yield boosted by 

these elements can amount to as high as 10 times the light yield. As a reference CsI(Tl) and 

CsI(Na) have light yields of 65,000 ph/MeV and 39,000 ph/MeV, with their peak emission 

shifted to 540nm and 420 nm respectively [11]. These added impurities are beneficial as they 

create additional radiative sites within the band structure, increasing the light yield. Due to their 

benefits the loading of impurities can also be utilized in organic scintillators under different 

mechanism detailed in the following section. 

  

1.3.2    Organic scintillators  

Organic scintillators are composed of aromatic molecules that can exist in either solid or 

liquid state. There are three types of organic scintillators: organic single crystal, liquid, and 

plastic scintillators. The aromatic rings found in their structure provides a conjugated π bond 

support, increasing stability of delocalized π electrons [2], [14]. Under ionizing radiation 

excitation of π electrons takes place throughout the hydrocarbon ring. The excitation levels 

within a typical organic molecule can lead to a rise of mainly singlet states illustrated in Figure 

1.7. The excitation can occupy singlet states from 𝑆10, 𝑆20, 𝑆30, and so on. The relaxation of 

these states often lead to direct de-excitations generating fluorescence giving organic scintillators 

their light yield characteristics [2]. The singlet 𝑡1 decay time from these relaxations are usually 

within in a few nanoseconds. At times it is possible for singlet states to be converted into lower 

energy triplets such as 𝑇1,  𝑇2, 𝑇3 from inter-system crossing causing a delay de-excitation to the 

ground state [13], [15]. These emission or phosphorescence causes a longer secondary 
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 𝑡2 decay found within the scintillation signal lasting several hundreds of nanoseconds. 

 

 

Figure 1.7 General energy level diagram of organic molecules with possible excitation and 

de-excitation paths of singlet and triplet states. 

 

Organic single crystal such as anthracene and stilbene are common organic crystal 

scintillators. Their scintillation mechanics stems from gamma photons and fast electrons 

generating excited states followed by fluorescence and phosphorescence through de-excitation. 

As with most organic scintillators they have low Z leading to low energy resolution and stopping 

power for gamma photons. Similar to inorganic crystals they are fragile and difficult to fabricate 

in large sizes. However, they benefit from fast decay time allowing discrimination between 

charged particles, neutron, and gamma radiation base on their decay signature [16]. 
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Liquid scintillators are composed of an organic solvent loaded with scintillating dyes. 

They have the same characteristics as other organic scintillators with fast decay time and are 

self-contained with scalability at a low cost. They are often loaded with a primary dye and 

modified with secondary wavelength shifters for optimal coupling with photodetectors. Plastic 

scintillator shares similar composition with their liquid counterpart with loading of scintillating 

dyes but within a solid medium. 

Monomer molecules composes the base of plastic scintillators as they are polymerized 

forming a transparent monolith. Monomer solutions such as vinyl toluene and styrene are 

commonly used due to their high transparency and aromatic structure. These monomer also form 

support for energy transfer properties with dyes and other fluorescence agents due to their 

aromatic structure [17]–[19]. Non-aromatic monomers such as methyl methacrylate is another 

common base material used in scintillators with high transparency. During the fabrication phase 

the scintillating dyes are dissolved in the monomer solution before polymerization. The solute 

scintillating dyes are a crucial component in organic scintillators as they control the emission 

wavelength range to match the PMT’s quantum efficiency. Primary solutes such as 2,5-

diphenyloxazole (PPO), butyl 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (BPBD), and p-

Terphenyl (p-Tp) typically have emission range in the UV region around 300 to 400 nm along 

with their high quantum yield and fast decay time from their aromatic structure [20]. Their 

mismatching emission range with the PMT requires the use of secondary solute as a wavelength 

shifter. These shifters can include 2-(1-Naphthyl)-5-phenyloxazole (α-NPO), 1,4-di-(5-phenyl-2-

oxazolyl)-benzene (POPOP), and 2,5-bis(4-biphenyl)oxazole (BBO) with lower emission range 

around 380nm to 500 nm and are typically added in minute amount around 0.1% weight 

percentage with their absorption range covering the primary solutes’ emission.  
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One of the major benefits of plastic scintillator is their ability for modification replacing 

secondary solute. Agents such as nanocomposites can be loaded into the organic medium 

improving light yield or increasing the overall Z of the detector. The replacement of secondary 

solute with nanocomposites can also serve other purposes such as enhancing gamma energy 

resolution or discrimination through time decay. There are benefits and drawbacks depending on 

the type of nanocomposite but they are constantly being improved over the decades. A more in-

depth discussion of nanocomposite scintillators is detailed in section 1.5.  

 

1.4 Energy transfer in polymer matrix 

Different kinds of energy transfer can take place within scintillating systems between a 

donor and acceptor agent. In organic scintillators these transfers depend on the type of polymer 

matrix and loading conditions from dyes and impurities. Three energy transfer mechanics can be 

considered, these include: radiative transfer, dipole-dipole energy transfer, and exciton diffusion. 

All three have their own effects on the scintillation response which can be found in either PVT or 

PS polymer systems [17], [21], [22].  

Radiative energy transfer is a general approach seen in many systems involving a 

fluorescent donor and acceptor agent. Energy is transferred in a radiative fashion with the 

donor’s emission wavelength overlapping the acceptor’s absorption range, thus red shifting the 

emission of the scintillating system. In plastic scintillators, the primary dyes are considered the 

donor agent to the secondary dye as the two shares the emission and absorption overlap. 

Radiative transfer condition requires the concentration of secondary dyes be around 10−3 weight 
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percentage or less [23]. At higher concentration, the energy transfer is overtaken by non-

radiative processes due to shortening the interactive distance between the donor and acceptor. 

At high solute concentration, non-radiative Förster Resonance Energy Transfer (FRET) 

replaces radiative energy transfer by shortening the distance between the donor and acceptor. 

FRET is a long range resonance dipole-dipole energy transfer and is mostly prominent between 

polymer and dye rather than dye to dye transfer due to their adjacent displacement [24]. Polymer 

base such as PVT and PS have weak emission in general but their range provides a solid overlap 

with the primary dye’s absorption thus generating certain degree of energy transfer. FRET is 

dependent on three variables: dipole-dipole orientation, spatial distance, and wavelength overlap 

between donor emission and acceptor absorption. The energy transfer efficiency is given by: 

𝐸 =  
1

1+(
𝑟

𝑅0
)6

 (Eq  1.7) 

𝑅0 is the Förster distance and r is the distance between the two agents. The Förster distance indicate 

the optimal displacement between the two agents with maximum energy transfer efficiency at 

50%. The effectiveness of FRET usually lies around 1 nm to 10 nm between the donor and acceptor 

hence between the polymer and primary dye. The Förster distance is given by: 

𝑅0
6 =  

9 𝐼𝑛 10

128 𝜋5𝑁𝐴

𝜅2𝑄𝑑

𝑛4 𝐽  (Eq 1.8) 

𝑁𝐴 is the Avogadro’s number, 𝑄𝑑 is the quantum efficiency or yield of the donor agent, n is the 

refractive index of the medium. 𝜅 is the dipole-dipole coupling given by: 

𝜅 =  �̂�𝐴 . �̂�𝐷  − 3 (�̂�𝐷 . �̂� )(�̂�𝐴  . �̂�𝐷𝐴 )  (Eq 1.9) 
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�̂�𝐴 and �̂�𝐷 are the normalized transition dipole moments respective to a chromophore and �̂� is the 

normalized inter-chromophore displacement. Ideal FRET dipole orientation of both agents should 

be oppositely aligned for maximum efficiency. In a macro system such as liquid or polymer the 

alignment is randomized and is approximated to 2/3  [25]. J is the normalized spectral overlap 

between the acceptor and donor agent expressed as 

𝐽 =  
∫ 𝑓𝐷(𝜆) 𝜖𝐴(𝜆) 𝜆4 𝑑𝜆

∫ 𝑓𝐷(𝜆) 𝑑𝜆
  (Eq1.10) 

𝑓𝐷 is the donor’s emission spectrum and 𝜖𝐴 is the acceptor’s molar extinction coefficient.  

Wavelength overlap is one of the primary condition for FRET between the donor and 

acceptor. Similar to radiative transfer, a certain degree of overlap is required with the donor’s 

emission and acceptor’s absorption. The dependence on wavelength overlap is based on energy 

level transitions or the resonance condition of the system. This resonance condition is dependent 

on the de-excitation and excitation energy of the donor and acceptor, respectively. Figure 2.1 

shows the energy transfer scheme of the system.  

In regular transition the excited donor agent relaxes by undergoing various paths to a lower 

vibrational level and until it reaches the ground state. Depending on the relaxation transition the 

donor might fluoresce in the process. In the case of FRET, when an acceptor is within range the 

de-excitation energy from the donor can be transferred non-radiatively to the acceptor with a 

similar energy level difference. If the donor’s discrete de-excitation energy matches with one of 

the acceptor’s excitation transitions then these two states are coupled. The coupled state should 

have the same discrete change in energy as well as change in vibrational state. Throughout the 

wavelength overlap there should exist abundant transitions allowing coupling between the two 

agents. Once the coupled transitions are locked emission should be observed from the acceptor. 
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Figure 1.8  FRET resonance transition. Non-radiative transfer between donor (D) and 

acceptor (A) molecules only occurs with coupled transitions. The de-excitation energy of donor 

has to match with the excitation transition of the acceptor with similar discrete state transition. 

Once the condition is met the transfer will occur. 

 

 Energy transfer besides radiative and FRET could exist through exciton diffusion or 

Dexter transfer [21]. After the initial excitation from fast electrons, excitons can be generated at 

the aromatic sites. Diffusion of these exciton could take place among neighboring donors and 

acceptors when the distance between them is less than 1 nm. Diffusion is a short lived 

phenomena in the polymer matrix as the excitons are reported to exist around 10−11𝑠, making 

them incapable of being transported over long distances [17], [21]. In a typical fashion excitons 

diffuse around its neighboring area until they are trapped or decay spontaneously. These trapping 

centers can be sites originated from solute molecules, excimer forming sites, or impurities[26]. 

The scintillation from these centers can either increase or decrease light yield depending on 

center’s quantum yield compared to the polymer medium. Its effect can be observed through its 
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single exponential decay time proceeded by an instantaneous rise time [21]. Exciton diffusion is 

often mixed with non-radiative transfer such as FRET due to their short decay time. The study of 

exciton diffusion is more common in organic single crystals with their homogenous structure 

similar to inorganic crystals [27]–[30] . 

 

1.5 Nanocomposite scintillators 

Early attempts with nanocomposite scintillators started with heavy Z material loaded into 

the polymer matrix to mitigate the poor energy resolution and light yield. Initial attempts were 

made by loading tin and lead particles into organic matrix enhancing gamma stopping power and 

energy resolution, however the particles brought about severe light quenching from transparency 

loss that was left unresolved for a period of time [31]. In the last several decades rapid expansion 

and synthesis of novel materials have provided renewed interest in nanocomposite scintillators as 

loss of optical transparency is alleviated. 

Nanocomposites comprise of particles with size between 1 to 100 nm with unique optical 

and physical properties serving different purposes in the matrix. The compatibility of 

nanocomposites in the polymer requires solubility in the monomer solvent as well as its sizes in 

order to minimize light scattering from refractive index mismatch [32]. Currently the types of 

nanocomposites being employed in plastic scintillator includes organic metallic, heavy Z particles, 

lanthanide doped composites, and nanophosphors. Most nanocomposites are often used in 

conjuncture with scintillating dyes. Though some nanophosphors can be applied the standalone 

scintillating agent in the matrix without other fluorescence agents. 



 
 

20 
 

Novel organic metallic metal compounds are one of the most recent developments in 

nanocomposite scintillators. Most of the organic metallics utilizes triplet harvest as a method for 

Pulse Shape Discrimination (PSD), separating gamma and fast neutrons through their differences 

in the time decay profiles. Triplet harvesting is important in PSD since triplet states are likely to 

be generated through energy deposition from charged particles producing phosphorescence [33]. 

Even though a neutron is not a charged particle its effect can be felt through energy deposition 

through perturbations of the nucleus with its electronic shell. Besides fast neutrons different types 

of charge particle can also be discriminated using this method as each have their own unique time 

decay profile. Several organic metallic have demonstrated effective triplet harvesting effects 

enhancing PSD.  

The condition of organic metallic scintillator requires matching triplet energy level of the 

organic metal with the polymer. 𝐼𝑟(2 − 𝑝ℎ𝑛𝑦𝑙𝑝𝑦𝑟𝑖𝑑𝑖𝑛𝑒)2(2,4 − 𝑝𝑒𝑛 − 𝑡𝑎𝑛𝑒𝑑𝑖𝑜𝑛𝑎𝑡𝑒) or 

(𝐼𝑟(𝑝𝑝𝑦)2(𝑎𝑐𝑎𝑐)) iridium complex has been demonstrated as an efficient triplet harvesting agent 

enhancing PSD in PVK matrix [33]. Through triplet harvesting the iridium complex is able to 

amplify its own signal at a further emission peak and longer time decay than PVK polymer. From 

Time Dependent Density Functional Theory, (𝐼𝑟(𝑝𝑝𝑦)2(𝑎𝑐𝑎𝑐)) was calculated to have similar 

energy level to the lowest triplet energy state in PVK. TD-DFT calculation also shows nonzero 

wavelength overlap between the two agents setting the base conditions for Dexter transfer between 

the triplets [34]. The scintillator display an efficient Figure of Merit of 1.4, separating gamma and 

neutron pulses with just 0.2% volume percentage of the Iridium complex in the matrix. 

Other organic metallic complex pushes the effect of PSD even further discriminating not 

only gamma and fast neutron but also thermal neutron. Lithium pivlate complex was synthesis by 

Cherepy et al., [35] applying the lithium agent for thermal neutron capture in polymer matrix. 
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Their chemical structure are synthesis in a way to allow them to be highly soluble in non-polar 

monomer solution with loading as high as 30wt% in the matrix. These scintillator display FOM of 

1.3 with its composition of 1.9wt% Li and 30wt% PPO in PVT polymer. Other organic metallic 

complexes with the inclusion of Born element also demonstrated similar effect with neutron 

capture as well as other organic metallic base on tin and bismuth increasing overall Z [36]–[39]. 

The development of organic metallic is still an ongoing process and continues to show great 

potential.  

Besides organic metallic other types of high Z nanocomposite with high refractive index 

are attempted with oxide nanocrystals through surface modification. The focus of these 

nanocomposite is to be applied as an absorber for gamma in the polymer system increasing the 

overall Z of the matrix, promoting gamma photopeaks. Non-fluorescence nanoparticle such 

as 𝐺𝑑2𝑂3 and 𝐻𝑓𝑂2 have been loaded in to PVT polymer up to 20wt% before opacity increases 

[40], [41]. These nanoparticles are modified with oleic acid and oleyanime ligands each with 

different purposes. The oleic acid on the surface helps provide solubility in the monomer solvent 

while in the polymerized form the oleyanime supports bonding to the polymer chain, providing 

additional loading into the matrix. 

Nanocomposite such as nanophosphors is another approach for fabricating scintillators. 

Some of these nanocrystals can be applied as the sole scintillating agent in polymer matrix as they 

exhibit scintillation properties with emission in the UV to visible range. Depending on the emission 

wavelength these nanocrystals can be doped with lanthanides elements shifting their emission. The 

use of rare earth dopant is quite common as they have been widely studied for their known energy 

transitions in photo devices [42]. Nanocomposites such as 𝐵𝑎𝐹2: 𝐶𝑒 has demonstrated scintillation 

effects in epoxy matrix with and without surface modification from oleic acid [43]. However, at 
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concentration higher than 10wt% the opacity becomes an issue. Other nanocrystals such as 

𝐿𝑎𝐹3: 𝐶𝑒 also shown scintillation effect in polymer at 12wt% under the same surface modification 

with an observable photo peak[32]. Pure nanocrystals such as 𝐶𝑒𝐹3 can also be applied as the sole 

scintillating agent in the polymer matrix but with emission in the UV range [44]. To shift the 

nanocrystal’s emission scintillating dyes or other nanophosphors at longer wavelength can be 

paired. Sahi et al. demonstrated effective use of FRET when 𝐶𝑒𝐹3 is paired with PPO dye as an 

energy acceptor [45]. This effect is further demonstrated with 𝐶𝑒𝐹3: 𝑍𝑛𝑂 where the oxide 

nanocrystal emission wavelength can be tuned offering some degree of customizability [46]. Other 

nanophosphors such as quantum dots with scintillating dyes have also shown promising results but 

under extreme conditions either from high loading or energy deposition detailed below.  

Within the last decade, attempts have been made to incorporate quantum dots into a 

working scintillation system where emission can be controlled through the nanoparticle. Quantum 

dots are nanocrystals that exhibit unique quantum mechanical effects. Their composition is based 

on semiconductor bulk material, when their size is constrained within twice the length of its Bohr 

exciton radius quantum confinement effect takes place. With the confinement effect the movement 

of the exciton is restricted altering its energy band structure, creating discrete radiative transitions 

through the band edge alignment [47]. Quantum dots are well studied in a wide range of 

applications from bio molecular probe, light emitting devices, to photovoltaic devices  [48]–[52] . 

They are ideal in scintillation systems due to their high quantum yield and tunable wavelength 

emission by size control. Studies have been done on colloidal quantum dots in thin transparent 

films for radiation detection with poor results under gamma radiation but with possible 

implementation as charged particle detectors [53]–[56]. Although quantum dots is a moderate Z 

material its stopping power is not sufficient compared to other heavy nanophosphors, and by itself 
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in polymer matrix they tend to have poor scintillating efficiency [57]. However, in a recent study 

Lieu et al. was able demonstrate quantum dots loading of up to 60% weight percentage in PVT 

polymer [58]. The large amount of quantum dots provided enough stopping power in the polymer 

for an observable gamma peak with decent light yield under FRET with secondary dye. Still, at 

such a high concentration the monolith may prove to be unstable with possible leakage of the 

nanocomposite posing a hazard. Despite its performance, Forster energy transfer is seen as a good 

approach for quantum dot scintillators as new kinds of nanocrystals are constantly being developed 

to better couple to the organic scintillating system. 

 

1.6 Motivation 

Scintillators is a quick and efficient way for detection and identification of radioactive 

sources. In order for them to reach their optimal potential in nuclear safeguard and in industries 

their drawback from low energy resolution and light yield needs to be resolved. The 

improvement brought by nanocomposites have high potential as they been demonstrated over 

time to address the imperfections through energy transfer methods. As mentioned, the desired 

properties in scintillator includes low cost, fast decay time, high light yield, energy resolution, 

and stopping power for gamma photons. Currently no scintillator has fulfilled all these 

characteristics, rather these properties are constantly compromised by one and the other due to 

their composition. However, with a better understanding of energy transfer in scintillating 

systems along with novel nanocomposite materials these imperfections are slowly being 

addressed 
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In this work, we explore the approach with nanocrystals and quantum dots with near to 

deep UV emission, demonstrating its unique properties and effect in a plastic scintillator. Studies 

in utilizing nanocrystals within the UV emission has been limited due to the few choices of 

materials available. The present approach in utilizing these nanocrystal is to apply them as either 

donor or acceptor agents with wavelength shifting or scintillation enhancement abilities, the 

difference in this study compared to others is the focus on matching the excitation peak of the 

quantum dot to the scintillating dye. In other studies, the quantum dot is applied to shift the 

overall emission to the visible region beyond 450 nm where its excitation peak does not provide 

a strong overlap with the dye’s emission. In addition, studies with deep UV emission 

nanocrystals are few in between in scintillating systems. Therefore, we undergo the endeavor and 

investigate energy transfer effects in that region and beyond.  

In this dissertation, the following work is split into three parts. First, the effects of 

Cadmium Sulfide quantum dot with peak emission of 410 nm were studied through energy 

transfer effects in PVT/PPO system. Various loading percentage of dyes and nanocrystals was 

inspected along at different gamma energies demonstrating its performance. The study acts as the 

preliminary results for an extended investigation with different dyes, polymers, and CdS 

combination. Throughout the various pairing a better understand of energy transfer was acquired 

for this system. Lastly, deep UV emission ZnO was synthesized and studied through the same 

extensive combinations in lieu of the quantum dot acting as a possible donor in the system. The 

combination of polymer, dye, and nanocrystal display various level of enhancement 

demonstrating synergetic effects.  
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Chapter 2 

Quantum-dot Doped Polymeric Scintillation 

Material for Radiation Detection 

 

2.1  Introduction 

 

 

 The development of scintillation materials has gained significant traction in the fields of 

high energy physics, medical imaging, and nuclear security due to advances in material 

fabrication [59], [60]. Current composition of scintillators lies with either organic or inorganic 

material each suited for different application. Inorganic crystalline scintillators are widely used 

due to their superior energy resolution and stopping power for gamma radiation. However, they 

are limited by their scalability and hygroscopic property thus requiring protection and careful 

handling. To fill the shortcomings of inorganic crystalline scintillators, organic scintillating 

polymers are implemented instead. Organic polymers tend to have poor gamma stopping power 

due its low Z characteristics which results in poor energy resolution, but may provide high 

sensitivity for charged particle detection [61]–[64]. Organic scintillators have faster response 

time and are scalable compared to inorganic detectors. Another advantage of implementing 

organic scintillators is the integration of various doping agents into the medium to raise 

scintillation efficiency, sensitivity, and allow for controlling the emission wavelength through 

energy transfer [65], [66]. Wavelength emission is an important factor to consider due to the 

quantum efficiency of the detector. Different detectors such as Photomultiplier tubes (PMT) or 

Silicon Photomultipliers (SiPM) have different detection wavelengths for optimal performance. 
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To accommodate their parameters, wavelength matching is required between scintillators and 

detectors where wavelength shifters are often added to enhance optimization [67]. In most cases 

the quantum efficiency peak of a PMT lies within most inorganic scintillator’s emission in the 

blue and low UV region as oppose to SiPM where it lies in the red and IR wavelength region 

making coupling with traditional scintillator problematic. In such cases wavelength shifters such 

as fluorescent nanoparticles may be used in a similar manner as fluorescence dyes by doping it 

into the plastic scintillator. Iridium complexes as well as other luminescence emitters like 

lanthanides at minimal loading has been demonstrated to enhance scintillation through energy 

transfer with wavelength shifting effects [68], [69]. Semiconductor nanocrystals such as quantum 

dots are ideal dopants which can be employed into a scintillating polymer. Owing to their unique 

emission and energy transfer properties they might achieve similar effects as more conventional 

doping agents. 

Quantum dots are well studied in a wide range of applications from medical imaging [70], 

[71]to solar cell devices and are gradually branching into radiation detection [50]–[52]. Due to 

their specific wavelength emission controlled by size control and high quantum yield they serve 

as a popular choice in photo devices. Studies have been done on colloidal QD in thin transparent 

matrices for radiation detection with poor results under gamma radiation but with possible 

implementation as an alpha particle detector [53]–[56]. Although the QD is a moderate Z material 

its stopping power is not sufficient at small loading and it tends to have poor scintillating property 

in a polymer by itself [57]. In a recent study by Liu et al. it was shown that a polymer loaded with 

60% by mass of quantum dots provided enough stopping power to observe a photoelectric peak 

from gamma radiation with a secondary dye [58]. However, the high loading of QD may affect 

stability of the scintillator itself. Despite its poor performance as a scintillator, QDs can be paired 
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with other luminescence materials through the use of non-radiative Förster Resonance Energy 

Transfer (FRET) possibly improving the performance of the material. 

The underlying conditions for FRET requires the donor and acceptor agents to be dipole 

orientated, spatially distanced, and have overlapping absorption and emission spectra at the 

resonance condition [24]. Intramolecular Excitation Energy Transfer such as FRET has already 

demonstrated its applications in bio sensors with QD and proteins. Resonance energy transfer with 

luminescence QD as the donor have been well documented through bio-tagging and bio-probes 

over the past decade [72]. More recently QD were paired with nanoparticles and scintillating dyes 

for radiation scintillation utilizing this technique with QD as the acceptor. A study based on x-ray 

detection fabricated CeF3/ZnO lanthanide QD composite demonstrating an increase in 

luminescence by a factor of 4 [46]. Campbell and Crone reported on the scintillation properties of 

a MEH-PPV (poly[2-methoxy-5-(2’-ethylhexloxy)-p-phenylene vinylene) and CdSe/ZnSe QD 

polymer composite thin film using an electron beam from transient cathode luminescence as a 

surrogate for beta radiation [73]. Luminescence was detected from 3 keV transient cathode 

electrons with energy transfer observed under UV excitation, exhibiting one order of magnitude 

higher light output. Proton scintillation was reported for core-shell CdSe/ZnS QD doped with PPO 

dye polymer hinting FRET luminescence under 45 MeV proton beam however with minute 

scintillation effect under x-ray excitation[74]. To further understand the effect of FRET more 

studies are needed on QD incorporated scintillating system. 

In this paper, we demonstrate possible Förster Resonance Energy Transfer occurring 

between organic scintillating dye and QD in bulk plastic polymer under high energy excitation. 

Non-radiative energy transfer arises between the polymer medium and scintillating dye due to 

fulfillment of FRET criteria however this transfer is unclear with the addition of QD. Energy 
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transfer between organic dyes and inorganic nanoparticles through FRET under radiation have not 

been extensively studied and only been recently demonstrated at extreme conditions [58]. Here we 

experimentally show scintillation enhancement of a PVT-PPO polymer when doped with CdS QD 

along with its effects in emission spectroscopy and collected energy spectra from ionizing radiation 

interactions.  

 

2.2 Experimental Section 

2.2.1    Experimental details and Sample preparation 

Scintillating polymers were fabricated through standard thermal polymerization method 

with monomer styrene. 2,5-diphenyloxazole (99%), 4-Methylstyrene (96% with 3,5-di-tert-

butylcatechol), silica gel 28-200 mesh, and benzoyl peroxide (97%) were purchased from Sigma-

Aldrich. Cadmium sulfide quantum dots with emission at 418 nm in a toluene solution coated with 

oleic acid ligands were received from Tetramer Technologies, LLC. The QD were prepared for 

inclusion into the polymer by removing the toluene solvent with a methanol wash. The precipitated 

QD were stored in the dark and dried overnight in a vacuum desiccator, purging excess solvent. 4-

methylstyrene from Sigma-Aldrich was prepared by removal of the polymerization inhibitor with 

0.15 M NaOH through solvent extraction. The extracted styrene was further processed through 

column distillation with silica gel, the purified styrene was stored in a freezer, if it was not 

immediately used. 3 mL of distilled styrene was mixed with the desired amount of QD (from 0 up 

to 5 mg) and sonicated for 5 min ensuring dispersion. 15 mg of benzoyl peroxide and 120 mg of 

PPO was added to the solution and further sonicated for 20 min. The solution is thermally 

polymerized at 75C under nitrogen. The solution was stirred for the first hour to ensure uniformity 

until viscosity effects were observed. After 72 hours, the polymerized sample is cooled and 
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removed from the mold. The same method was used to fabricate all samples. The samples were 

fabricated to a standard dimension of Ø 2.2 x 0.65 cm shown in Figure 2.1. 

 

 

Figure 2.1. PVT-PPO/QD (left) and PVT-PPO (right) samples, bottom picture shows the 

luminescence under UV lamp excitation at around 250 nm. 

 

2.2.2    Instrumentation and Measurements 

Fabricated samples were characterized by their absorption and fluorescence spectra as well 

as radio-luminescence response. Fluorescence spectra from UV to visible light were measured by 

a Cary Eclipse Fluorescence Spectrometer, excitations were carried out at 250 nm and 280 nm by 

a Xenon flash lamp with an internal PMT for detection. UV/Vis absorption and transmission was 

measured by a dual-beam Olis-upgraded Cary 14 Spectrophotometer with deuterium and tungsten 

lamps for UV and visible light emission, respectively. The absorption and transmission spectra 

were measured from 300 nm to 700 nm with the lamp switch from UV to visible light set at 350 

nm.  
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Scintillation pulses were captured with an EMI-9886 PMT with peak quantum efficiency 

at 380 nm at 30% connected to a Canberra Osprey  digital tube base unit. The output data is 

digitized and processed by ProSpect software on PC. A plastic sample holder for the polymer 

scintillator is attached to the aperture of the PMT centering the sample. The detector setup was 

placed in a light-tight box to reduce the background noise. A radioactive source was placed directly 

on the aperture of the holder exposed to the sample. Six different calibration sources were used 

based on their gamma and beta emission property with their activities listed in Table 1 at the time 

of measurement. For the gamma measurements sealed button sources containing Am-241, Cs-137, 

and Co-60 were used. For these measurements, the alpha or beta component was blocked by a 

taped sealed glass slide inserted between the source and the polymer. For the beta measurements 

C-14, P-32, and Sr-90 sources were used. The C-14 and Sr-90 sources were sealed button sources 

while the P-32 source was obtained by neutron activation of natural phosphor using the UCI 

TRIGA reactor. For the Sr-90 source Y-90, generated from the decay of Sr-90, was present and 

in secular equilibrium with, and hence of equal activity as, the Sr-90. Each sample was counted 

for a certain amount of time depending on the activity and overall detector efficiency to ensure 

enough counts were collected to provide good statistics. 

 

 

 

Table 2.1 Details for each of the radioactive sources used in the study. Note that the Sr/Y-90 

sample have two different maximum energies corresponding to the decay of Sr-90 and Y-90, 

respectively. The activities of the samples were calculated at the time of measurement. 

Branching ratios for the decay are given in parenthesis after the decay energies. 
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Source Am-241 Cs-137 Co-60 C-14 P-32 Sr/Y-90 

Activity (Bq) 4,840 130,460 664.5 501.6 2,390 309.7 

-energy 

(keV) 

59.5 (36%) 661 (94.4%) 1,173 ; 

1,333 

- - - 

-Emax 

(MeV) 

- 0.514 (94.4%); 

1.175 (5.6%) 

0.317 

(>99%) 

0.156 1.711 0.546/ 

2.278 

 

 

2.3 Results and Discussion 

2.3.1   Optical Spectral Measurements 

The absorption and emission spectra of the PPO scintillator and CdS QD were collected to 

observe the spectral overlap and possible energy transfer between the luminescence agents, as well 

as any potential self-absorption. Figure 2.2 displays the absorption and emission spectra of oleic 

acid coated CdS QD in toluene at 15 mg/mL. QD-toluene absorbs from 425 nm and well into the 

UV-region with primary absorption at 396 nm (red dashed line) while its emission peak was 

observed at 418 nm under 250 nm excitation (blue line). The emission spectrum shown for PVT-

PPO polymer was excited at 250 nm with primary peaks at 360 nm and 380 nm (purple dashed 

line), the spectral features are in line with previous literature [75].  
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Figure 2.2. Absorption (red dashed line) and photoluminescence emission (blue solid line) 

spectra for CdS QD suspended in toluene. The emission spectra was collected at 250 nm 

excitation  (350 nm excitation showing similar emission).  PVT-PPO emission (purple dash line) 

spectra was measured at 250 nm excitation. 

 

Transmission measurements shown in Figure 2.3 compares PVT-PPO and PVT-PPO/QD 

samples relative to a PVT polymer matrix. The two samples contained the same amount of 

scintillating dye at 120 mg while 5 mg of QD was loaded in PVT-PPO/QD. The transmission of 

PVT-PPO/QD was reduced by 10% to 20% across the visible region compared to a non-QD-doped 

sample where transparency was overall retained.  
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Figure 2.3. Transmittance of PVT-PPO (solid line) and PVT-PPO/QD (dash line) versus PVT 

polymer. 

 

Figure 2.4 shows the normalized photoluminescence emission spectra of PVT-PPO with 

incremental loading of CdS QD from 0 to 0.2 wt% (0 to 5 mg). The concentration of PPO dye is 

kept constant at 120 mg. The spectra were collected under 250 nm excitation (or 280 nm excitation 

for the insert in Figure 4). The spectra excited at 250 nm were normalized by scaling the intensity 

of each spectra to be equal for the peak at 366 nm to observe the differences in the spectral features. 
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Figure 2.4. Emission spectra collected at 250 nm excitation and normalized by scaling at the 366 

nm peak. Different weight concentration of QD are loaded to PVT-PPO polymer. The insert in 

the upper left displays the emission spectrum of a PVT-PPO/QD sample (independent of QD 

loading) excited at 280 nm. 

 

From the normalized spectra, a distinct feature was observed at 426 nm when exciting the 

sample at 250 nm. As QD loading increases the peak at 426 nm intensifies until it becomes the 

dominant peak. This distinct peak could be attributed to the addition of QD however the emission 

peak is red shifted from the QD’s initial emission at 418 nm (see Figure 2). One reason for the 

wavelength shift might be the index change in the medium causing the red shift effect. Another 

possibility is that the peak is attributed to the intrinsic peak from PVT-PPO as seen from the 

unloaded QD spectra, with the QD acting as a catalyst for stronger emission. Experiments using 
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other combinations of QD and dyes are needed to characterize this feature. These studies are 

currently underway in our laboratory and will be reported in future publications.  

At 280 nm excitation the emission spectrum from the QD-loaded samples were reverted 

back to the PVT-PPO spectra with slight distortions. The reverted state is due to the cutoff of the 

excitation of PVT at 280 nm[7] . Results in Figure 4 may suggests energy transfer occurring across 

the three agents from PVT polymer to PPO dye and finally to QD. From the overlapping spectra 

the criteria for FRET between the donor and acceptor are met for a three stage energy transfer 

system [76]. However, decay kinetics of each component at the excitation of interest is needed to 

fully characterize the enhancement if it is indeed FRET or another kind of mechanism. Other 

possible explanation of enhancement might be due non-radiative transfer of electron and holes 

from the host to QD leading to strong direct band-to-band transition. Out of the three agents QD 

exhibit the smallest band gap thus could act as a favorable recombination center. Such transfer 

from either the polymer or the dye would be in the scale of picoseconds, thus emphasis on decay 

kinetic will be needed in future studies to pinpoint the enhancement mechanism.  

 

2.3.2   Beta and Gamma Spectroscopy 

Beta and gamma spectroscopy was done with various sources to characterize the 

performance of the QD based scintillator. Gamma interaction with the scintillator will most likely 

result in either photoelectric effect, Compton scattering, and pair production with overall low 

probability due to the low Z characteristic of the polymer [53]. The majority of light yield is 

assumed to stem from interaction by beta particles where the stopping power of the polymer is 

considerably higher. Gross count rates as well as the corresponding spectra for the various 

measurements are shown below. The background for the detector setup was measured by 
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collecting data for 117 minutes with no radiation source next to the detector. The background count 

rate was ~0.43 counts per second (CPS) with the PVT-PPO/QD. The uncalibrated spectra shown 

below display counts vs pulse height channels.  

Scintillation experiments were carried out for the polymer samples with varying (0 to 0.2 

wt%) QD loading using an unshielded Cs-137 source, exposing the samples to both gamma and 

beta measurements for 20 minutes for each sample. The gross count rates for each sample are 

shown in Table 2 below and the corresponding spectra (counts vs channel number) are shown in 

Figure 5. From Table 2.2 it can be seen that as the QD loading is increased from 0 to 5 mg the 

gross count rate triples indicating scintillation efficiency enhancement from QD. 

 

Table 2.2. 20 minute measurements using an unshielded Cs-137 source and scintillators with 

varying concentration of QD with PPO concentration held constant at 4.7 wt% (120 mg). 

Uncertainties in the count rates were estimated from the square root of the total gross counts 

divided by the live time (1200 seconds). Overall efficiencies were calculated by dividing the net 

count rate (CPS) with the activity (Bq). 

 

QD conc. 0 wt% (0 mg) 0.04 wt% (1 mg) 0.12 wt% (3 mg) 0.2 wt% (5 mg) 

Count rate (CPS) 976 ± 0.902 1640 ± 1.17 2570 ± 1.46 2990 ± 1.55 

Overall efficiency 0.75 % 1.26 % 1.97 % 2.29 % 
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Figure 2.5. Energy spectra collected for varying QD loading using unshielded Cs-137 with both 

gamma and beta component. The PVT-PPO/QD samples included 120 mg of PPO and 0 to 5 mg 

of QD. 

 

In Figure 2.5 the energy spectrum changes for the various loading of QD under unshielded 

Cs-137 exposure. Major deviations in the spectral features did not arise until QD loading reached 

0.12 wt% (3 mg) with a broadening of the spectrum and extension to higher channels. The 

increased count rates observed with minimum loading (1 mg QD from Table 2.2) is due to 

increased counts at the lowest channels indicating increased efficiency but no significant increase 

in the amount of light per event. Thus, even under minute loading QD proved to enhance 

scintillation with slight alterations in the energy spectrum. For higher QD concentration significant 

changes in the spectral features can be observed most likely due to increased light yield per 
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interaction in the scintillator. It is apparent for each different sample an energy calibration would 

be required to compare the samples across different energies.  

Additional scintillation measurements were performed with five more radioactive sources 

with unique gamma and beta decays at different energies (as listed in Table 2.1). These 

measurements were carried out to observe any difference between gamma and beta efficiency 

comparing plastic scintillators comprised of: blank PVT polymer; PVT polymer with 120 mg PPO; 

and a PVT polymer with 120 mg PPO and 5 mg QD. The gross count rates found are listed in 

Table 3 below and the spectra collected are shown in Figures 6 and 8.  
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Table 2.3. Gross count rates (CPS) along with % efficiency for the PVT-PPO/QD samples and the 

net count rate ratio between PVT-PPO and PVT-PPO/QD (0.2 wt%). The count time for each 

sample is listed in the table. The alpha or beta components of the Am-241, Cs-137 and Co-60 

sources were blocked for the gamma measurements. A second measurement for the un-shielded 

Cs-137 is included for comparison. Uncertainties are based on the square root of total counts 

collected divided by the live time. 

Sample 

Am-241 

γ 

(5 hours) 

Cs-137 

γ 

(30 min) 

Co-60 γ 

(90 

min) 

C-14 β 

(4 

hours) 

P-32 β 

(30 

min) 

Sr-90/Y-90 

β 

(20 min) 

Cs-137 γ + β 

(20 min) 

PVT 0.91 ± 

0.0071 

5.33 ± 

0.054 

1.06 ± 

0.0140 

0.420 ± 

0.0086 

11.6 ± 

0.080 

2.53 ± 0.459 21.9 ± 0.152 

PPO 1.08 ± 

0.0077 

157 ± 

0.295 

5.14 ± 

0.031 

0.590 ± 

0.0064 

104 ± 

0.24 

14.9 ± 0.111 946 ± 0.888 

PPO/QD 1.23 ± 

0.0082 

247 ± 

0.37 

5.30 ± 

0.031 

0.760 ± 

0.0073 

165 ± 

0.30 

28.0 ± 0.153 3180 ± 1.63 

% Eff 

for 

PPO/QD 

0.046 0.22 0.73 0.066 6.89 8.90 2.44 

Net CPS 

Ratio 

1.23 1.57  1.03  2.04 1.59 1.91 3.36 
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For samples with QD present we observe an overall count rate increase throughout all 

measurements. The count rate increase is most likely due to energy transfer and should not be 

attributed to the additional stopping power of the QD for the low loading used here. From Table 

2.3 it appears that incorporating QD in the sample result in the scintillator improving more for beta 

measurements compared to gamma as shown in the bottom row in Table 2.3. There appears to be 

a trend for the pure gamma and beta measurements where the increase in energy of the ionizing 

radiation improves the efficiency of the detector. 

For Co-60 γ the measurements results in a lower count ratio increase between PVT-PPO 

and PVT-PPO/QD possibly due to lower attenuation of high energy gamma. For low gamma 

energy from Am-241 γ the improvements are also slim but more noticeable. However, as can be 

seen in the overall efficiency, the yield for the low energy gamma is relatively low which might 

be caused by a combination of self-absorptions and low source activity. Nonetheless, the difference 

displays an overall improvement in PVT-PPO/QD sample under gamma radiation.  

For beta radiation, we observe better improvements from the comparison of these three 

samples. The trend where the overall efficiency is increasing with the maximum energy of the beta 

particle is clear for all beta emitters tested (including the Cs-137 source). For the most energetic 

beta emitter Sr-90/Y-90 where the maximum beta energy is 2.278 MeV the overall efficiency is 

8.9 %. Finally, as before, it was observed that when unshielded Cs-137 was measured with both 

of its gamma and beta component the count rate ratio tripled. As expected the beta component of 

Cesium contributed more to the increase in counts however the improvement far exceeds those of 

the pure beta emitters which might be due to the strong activity of the source.  
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The spectra collected from the scintillation counting for the various samples are shown in 

Figure 6 for gamma and Figure 2.8 for beta emitters. The gamma spectra for PVT-PPO are similar 

to those reported in past literature [53]. No particular change besides slight elevation was observed 

across the spectrum with low gamma energy from Am-241 decay. When exposed to Cs-137 γ-rays 

a broad change was observed across the energy spectrum with PVT-PPO/QD where increased 

number of counts were detected at higher channels compared to using the PVT-PPO scintillator. 

A similar effect was also observed for Co-60 where the broadening occurs from mid to higher 

energy channels. For the Cs-137 and Co-60 samples the counts at lower channels were higher for 

the PVT-PPO sample. This may be due to the gamma energy still being deposited in the polymer 

but as the light yield is lower when the QD is absent the counts show up at lower channels.  

 

In addition to the individual spectra a count ratio profile for the measurements is shown in 

Figure 2.7 providing the ratio of the total counts for PVT-PPO/QD divided by the total counts for 

PVT-PPO at each channel. A ratio above one mean that the QD have enhanced the light yield in 

the polymer corresponding to that certain channel. It can be seen that as the energy is increased 

the peak of the ratio shifts towards higher channels. This could potentially be used as a tool to give 

a rough estimate on the order of magnitude of the energy of the gamma quanta that is interacting 

with the polymer. 
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Figure 2.6. Gamma spectra from the three gamma sources measured between PVT-PPO/QD(red) 

and PVT-PPO(black), alpha and beta components for blocked off for each source. Top: Am-241, 

middle: Cs-137, bottom: Co-60. 
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Figure 2.7. Count ratio plot from the gamma spectra, the ratio is dictated by the total counts 

collected for the PVT-PPO/QD over the PVT-PPO across individual channel. 

 

For the beta spectroscopy similar deviations between the PVT-PPO and the PVT-PPO/QD 

samples could be seen across the energy spectrum. Again, for C-14, the lowest beta energy, the 

differences are very slight, as was also observed for the 241-Am sample. For P-32, mid-range beta 

energy, a broad variation in the spectrum can be seen along with extensions to higher channels. At 

higher energy, with an Emax above 2 Mev, the Sr-90/Y-90 spectrum show an increase in counts for 

even higher channels. It is interesting to note that for the Sr/Y-90 spectra when using the scintillator 

with QD included there is an increase at low channels as well as high channels compared to the 

PVT-PPO sample. This may be an effect of the low energy and high energy beta particles that 

would be detected from Sr-90 and Y-90 decay, respectively. As seen for the mid and high energy 

gamma spectra the beta spectra for P-32 and Sr/Y-90 show elevated counts at lower channels when 
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using PVT-PPO without the QD. Again, this may be an effect of the light yield being lower when 

quantum dots are not included and the events from interaction between ionizing radiation and the 

polymer are detected at lower channels.  

The count ratio plot for the beta spectra is shown in Figure 9. It can be seen that the count 

ratio for C-14 is above 1 at the lowest channel numbers. Beyond the lower channels the ratio for 

C-14 counts between PVT-PPO and PVT-PPO/QD are noisy due to the low count rate. Also, the 

long counting time for C-14 compared to P-32 and Sr/Y-90 result in increased noise. For P-32 the 

count ratio peaks out at higher channels, similar to the case for the gamma emitters. The Sr/Y-90 

sample show two peaks in the count ratio plot, one at lower channels possible due to the lower 

energy beta particle of Sr-90 and one at higher channels possibly corresponding to the Y-90 beta 

decay. As before, this plot may be used to roughly differentiate between different energies of the 

beta particles. 
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Figure 2.8. Normalized beta spectra from three beta emitters between PVT-PPO/QD(red) and 

PVT-PPO(black).  
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Figure 2.9. Count ratio plot from the beta spectra, the ratio is dictated by the total counts 

collected for the PVT-PPO/QD over the PVT-PPO across individual channel. 

 

2.4  Summary 

CdS QD with oleic acid ligand were embedded into PVT-PPO matrix retaining its emission 

and optical transparency. Three stage energy transfer was observed from PVT polymer to PPO and 

then to CdS QD under UV excitation. Energy transfer with QD induced a peak emission at 426 

nm in PVT-PPO polymer with peak strength dependent on QD loading. Scintillation enhancement 

was observed at low loading and increased with additional QD along with shifts in the energy 

spectrum. Different sources were also used to observe the changes in the energy spectrum with 

gamma and beta emitter demonstrating different effects depending on energy. The addition of QD 

in PVT-PPO polymer enhanced scintillation from as little as 1.03 times increase to more than 3.6 

compared to using PVT-PPO without any QD. The overall efficiency for detecting high energy 
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beta particles from Sr/Y-90 decay was almost 9%. In general, CdS QD proved to be a viable 

candidate for scintillation enhancement with potential for further optimization. More studies are 

needed to determine the limitations along with its unique energy transfer across the three 

components. 
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Chapter 3 

 

Characterization on assorted combinations of near 

UV emission CdS nanocomposite scintillator 

 

3.1 Introduction 

Performance of organic scintillators has improved considerably with developments in 

nanocomposite loading [12], [77], [78]. By embedding nanocomposites into an organic medium 

scintillation efficiency could be improved either by increasing light yield through energy transfer 

or by increasing the stopping power of the scintillator by raising the overall Z of the material [32], 

[36], [43]. Lanthanide nanocomposites are usually favored as they have relatively high Z and 

demonstrate strong light yield however their long decay time prevents them from fast timing 

applications [43], [79]. Possible substitutes such as quantum dots is an attractive choice for 

scintillators due to their short decay time and tunable emission for quantum efficiency alignment 

with photodetectors making them ideal for scintillation applications. However, very few studies 

demonstrates efficient scintillation of lone quantum dot or energy transfer under gamma excitation 

[53], [54], [69], [70]. 

Quantum dot scintillating systems have been studies for decades by incorporating the 

nanocrystal in different compositions and materials, albeit results have been mostly 

unsatisfactory. Quantum dot colloidal thin films have demonstrated over time to have poor 

scintillation results under x-ray and gamma radiation but have potential for charged particle 

detection [53]–[57], [73]. By themselves, quantum dots have proven to be an inadequate choice 

for scintillators but has shown promising results when applied as an energy transfer agent, for 
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example in bio sensor applications [71], [72]. The energy transfer approach is promising as the 

effect is conceivably observed with core-shell CdSe/ZnS quantum dot and PPO inside a 

polystyrene matrix [74]. Under 45 MeV proton beam excitation, the CdSe/ZnS core-shell 

quantum dot signature is clearly visible when acting as the energy acceptor agent relative to the 

PPO donor. However, while the quantum dot signature is clearly visible the energy deposition 

requirement is too steep and proven to be ineffective under x-ray excitation. 

A recent study from Liu et al. reported scintillation enhancement with quantum dots 

through energy transfer effects [19]. In their study a quantum dot monolith composed of 60 wt% 

core-shell 𝐶𝑑𝑥𝑍𝑛1−𝑥𝑆/𝑍𝑛𝑆 in polyvinyl toluene was fabricated and showed modest scintillation 

yield. Through ligand modifications ultra-high quantum dot loading was attainable stabilizing the 

nanoparticles in the polymer and increasing overall Z thus generating an observable gamma 

photopeak. The light yield was theorized to be via Forster Resonance Energy Transfer (FRET) 

mechanism between the 𝐶𝑑𝑥𝑍𝑛1−𝑥𝑆/𝑍𝑛𝑆 quantum dot donor and 4,7-bis{2’-9’,9’-bis[(2”-

ethylhexyl) fluorenyl]}-2,1,3-benzothiadiazole (FBtF) dye energy acceptor.  

In the work presented here, we take on a similar approach with near UV emission Cadmium 

Sulfide quantum dots in plastic scintillators, which has previously displayed signs of energy 

transfer [80]. CdS quantum dots with near UV emission were selected as a possible energy acceptor 

and were combined with scintillating dyes and polymers demonstrating increased light yield. 

Composite monoliths from these combinations resulted in high transparency and 

photoluminescence with minimal amount of loading. Scintillation light yield and time decay 

measurements were done to characterize the samples and examine the energy transfer within these 

systems, i.e. QD, dye and polymer matrix. From these results and the enhancements observed, we 

hypothesize whether energy transfer such as FRET or exciton energy transfer could be transpiring. 
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3.3 Experimental details 

3.3.1    Sample fabrication 

  Polymer material styrene monomers, 4-methylstyrene, methyl methacrylate(MMA), and 

benzoyl peroxide was purchased from Sigma Aldrich along with 2,5 diphenyloxazole (PPO) and 

butyl-PBD (BPBD) scintillating dyes. 2-(1-Naphthyl)-5-phenyloxazole (α-NPO) and p-Terphenyl 

(p-TP) were purchased from Alfa Aesar. Commercial Cadmium Sulfide quantum dots coated with 

Oleic Acid in toluene were obtained from Tetramer Technologies LLC with peak emissions at 395 

nm and 416 nm. 

  Scintillating composites were fabricated with different host medium via thermal 

polymerization. 4-methylstyrene solution was prepared through column distillation to remove 

inhibitors while methyl methacrylate and styrene monomers were used as received. Appropriate 

amount of Cadmium Sulfide quantum dots was prepared through several ethanol washes and dried 

in vacuum before use.  The prepared nanocrystals at 5 mg (0.5 wt%) were added into 3 mL 

monomer solution with 120 mg (4.5 wt%) of scintillating agent and 5 mg of benzyl peroxide. For 

p-Tp scintillating dye 30 mg loading was used due to limited solubility in the monomer solution. 

For copolymer PS-PMMA 2.4 mL MMA (methyl methacrylate) with 0.6 mL styrene monomer 

was used as the base solvent. The monomer solutions were sonicated and thermally polymerized 

in an oil bath for 2 days under nitrogen. All combinations were fabricated through the same process 

with the polymerized sample polished to a dimension of Ø 2.2 x 0.55 cm. 
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3.3.2    Instrumentation and Measurements 

  Fluorescence of the dyes and nanocrystals was measured in cyclohexane with a Cary 

Eclipse Fluorescence Spectrometer. Emission spectrum of the polished sample were also measured 

with the same instrument. UV/Vis absorption of the dyes and quantum dots in solution was 

measured with a dual-beam Olis-upgraded Cary 14 Spectrophotometer with deuterium lamp as the 

UV source. Radiation measurements were performed on the samples within a light-tight box with 

a 2.285 Ci Cs-137 gamma source. The samples were wrapped with Teflon tape and optically 

coupled to a EMI-9886 PMT for light yield measurement. Gamma spectra were collected with the 

PMT connected to a Canberra Osprey digital tube base unit with output data digitized by ProSpect 

software. Time correlated single photon counting was carried out at Sandia National Laboratory 

using a 5.5 uCi Cs-137 source and recording with two H6610 Hamamatsu PMT outputting to a 

Teledyne LeCroy Waverunner HRO 66Zi Oscilloscope. 

 

3.3 Results and Discussion 

3.3.1    Optical Spectra 

  Emission and absorption spectra of both dyes and nanocrystals measured in cyclohexane 

solution are shown in Figure 3.1. PPO and BPBD scintillating dyes exhibit similar spectra with 

peak emission at 360 nm. p-Tp peak emission was found to be around 340 nm while α-NPO 

peaked around 400 nm. The selected dyes were chosen due to their emission range in the UV 

region establishing a strong wavelength overlap with CdS quantum dot. Two kinds of CdS 

quantum dot were employed, Figure 1 display the spectra for CdS(410) and CdS(395) with 
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primary emission at 410 nm and 395 nm, respectively. Following energy transfer mechanics, the 

scintillating dyes should be acting as the energy donors to the quantum dot nanocrystals based on 

the wavelength overlap. 8 samples of varying combinations of nanocrystals and dyes in PVT 

host material are shown in Figure .32 under UV light. The polymerized nanocomposite 

monoliths display high transparency and luminescence with the exception of p-Tp samples 

possibly due to loading incompatibility with the polymer. 

 

Figure 3.1. Photoluminescence (PL) emission and absorption (ABS) of scintillating dyes and 

CdS quantum dots in cyclohexane. Y-axes are arbitrary units of absorption (red dashed line) and 

photoluminescence emission (black solid line). 
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Figure 3.2. PVT polymer samples loaded with different dyes and CdS quantum dots under UV 

light. 

 

Figure 3.3. Photoluminescence of CdS(395) and different dye combinations in PVT under 250 

nm excitation. 
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The emission spectra of polymerized samples with CdS(395) under 250 nm excitation are 

shown in Figure 3.3. Comparing the spectra of each sample with their respective dyes (Figure 1), 

no changes were observed. Based on the measurements, the emission of CdS(395) is absent 

possibly as a result of low loading, overlapping emission, and high excitation threshold. From 

the acute amount of quantum dot loading excitation could be hindered due to UV absorption of 

the polymer host. This is apparent when the quantum dot’s signature was not detected with the 

same loading in the polymer without scintillating dye in Figure 3.4. The effect is compounded in 

the presence of the dye as its extinction coefficient is higher than CdS making it more excitable 

than the nanocrystals in the polymer  [81], [82]. Overlapping emission from the dye is another 

factor obscuring the nanocrystal’s emission as the dye have a strong quantum yield near that of 1 

while the supplied quantum dot was listed to be around 0.11 [82]. Signature of CdS from energy 

transfer might also be unobservable due to high excitation threshold where energy above UV is 

needed to trigger the transfer. The excitation energy between UV and ionizing radiation is vastly 

different as high energy photon and particles have stronger energy deposition triggering energy 

transfer reported in other scintillating systems [83]. Due to these possible factors CdS emission 

may not be visible under UV excitation and is expected to have a low yield within the matrix. 
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Figure 3.4. Emission of CdS(410) at 5 mg in PVT polymer under 250nm excitation, quantum dot 

signature is absent with only PVT polymer spectra present. 

 

3.3.2   Gamma Spectroscopy 

Gamma spectroscopy is presented in Figure 3.5 for CdS(395) combinations in PVT(left) 

and PS(right) exposed to gamma radiation from Cs-137 decay. Enhancements across the energy 

channels were observed through the shifts in Compton Maxima (CM). Through the CM shift the 

host polymer is observed to hold a certain degree of influence in the dye and nanocrystal 

combination. PPO, BPBD, α-NPO combinations in PVT matrix display well-defined spectra 

while resolution diminishes with p-Tp. Quenching effects were observed throughout PS 

combinations with the exception of α-NPO/CdS(395) with its Compton Maxima around channel 

380. Additional gamma spectra are shown in figures 3.8, 3.9, and 3.10. From the Compton 

Maxima the light yield can be calculated through a rough approximation of the Compton Edge 
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[84]. Light yield calculations of the samples were done by referencing the CE of EJ-212 

commercial scintillator at 10,000 ph/MeV[58]. The equations used to calculate the light yield 

from the output of the scintillating samples are shown below. 

𝐿𝑌𝑥 = 𝐿𝑌𝐸𝐽212 (
𝐶𝐸𝑥

𝐶𝐸𝐸𝐽212
) (

𝜙𝐸𝐽212

𝜙𝑥
)  (Eq 3.1) 

Where LY, CE, and 𝜙, are the light yield of the scintillator, Compton Edge in channel number, 

and the characteristic PMT correction factor corresponding to each scintillator, respectively. The 

equation for the correction factor 𝜙𝑥 is shown below. 

𝜙𝑥 =
∫ Ø(𝜆)𝐼𝑥(𝜆)𝑑𝜆

∫ 𝐼𝑥(𝜆)𝑑𝜆
 (Eq.3.2) 

Where Ø(𝜆) and 𝐼𝑥(𝜆) are the PMT’s characteristic quantum efficiency and the scintillator’s 

emission intensity at λ shown in Figure 3.6, respectively. For each scintillator, the correction 

factor is based on the overlap of the PMT’s sensitivity range and the scintillator’s emission.  

 

Figure 3.5, Gamma spectra of PVT (left) and PS (right) combinations using a Cs-137 gamma 

source. 
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Figure 3.6. Emission of EJ-212 commercial scintillator under 250nm excitation. 

 

Table 3.1 Light yield (ph/MeV) for PVT combinations compared to standards without CdS 

loading. 

 

CdS(410) CdS(395) Std 

PVT-PPO 3542 6330 2930 

PVT-BPBD 2959 4033 5772 

PVT-α-NPO 3032 4065 3952 

PVT-p-TP 1160 1065 2140 

 

Light yield of dye and CdS combinations in PVT was calculated and listed in Table 1. 

Compared to standard (Std) without quantum dot loading only PPO combinations display an 

increase in light yield. PVT/PPO/CdS(395) combination demonstrates the strongest enhancement 

out of all the samples more than doubling the output of the standard (without QD) and with 63% 
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yield compared to the EJ-212 commercial scintillator. PVT/PPO/CdS(410) combination saw a 

lower increase at 20% compared to the standard without the CdS. With BPBD combination 

CdS(395) saw a slight decrease in light yield while further quenching was observed with 

CdS(410). α-NPO combination saw similar effects with quenching for CdS(410) while minimal 

changes took place with CdS(395). Combinations with p-Tp dye saw quenching at the same rate 

with both CdS samples.  

The disproportional response from these combinations strongly suggest the absence of 

radiative transfer as observed between CdS loaded PPO and BPBD samples. Based on the 

overlapping spectra between the two dyes and CdS, light yield would have increased for both if 

radiative transfer is transpiring, instead contrasting results was observed. According to past 

literature energy transfer within PVT/PPO matrix could undergo either radiative or non-radiative 

transfer from the polymer to the dye [17], [21], [85]. In the current system, non-radiative transfer 

seems to be favored with the three-stage system from the polymer to the dye and then to CdS 

with support from decay time measurement detailed below. The quenching observed with the 

dyes aside from PPO could be due to combination incompatibility as non-radiative transfer such 

as FRET requires satisfactory conditions with wavelength overlap, displacement, and dipole-

dipole orientation across the three agents. A gap in performance between CdS(395) and 

CdS(410) is also observed throughout the combination with CdS(395) displaying a stronger 

yield. The disproportional yield between the two quantum dots could be caused by the difference 

in extinction coefficient which is dictated by their size [81]. The moderate difference in the 

acceptor’s extinction coefficient across the spectra will certainly affect the integral overlap in 

FRET by a small factor causing the discrepancy.  
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Table 3.2 Light yield(ph/MeV) for PS and PS-PMMA combinations. 

 

CdS(410) CdS(395) Std 

PS PPO 981  781  4080  

PS BPBD 906  1311  1117  

PS α-NPO 1487  4715  2833  

PS p-TP 1085  1313  3409  

 

The light yield from the combinations of dyes and CdS in PS polymer matrix is displayed 

in Table 3.2. Minor to severe quenching, compared to the standard, was observed throughout the 

combinations from the polymer host exchange. Exception to the quenching effects was observed 

with PS/α-NPO/CdS(395) where light yield is doubled compared to the standard. Energy transfer 

in PS polymer was reported to be exciton diffusion with high migration rates which could 

overcome secondary non-radiative transfer [22], [85]. From the results, exciton migration in PS 

matrix is not unreasonable as the standards already demonstrated differences in light yield 

between the two polymers. 

From the addition of CdS the severe quenching indicates the quantum dots’ 

incompatibility with exciton migration transfer. The exception with PS/α-NPO/CdS(395) is 

unique since the enhancement effect was not found with CdS(410). As mentioned before the 

difference between the two is their distinct extinction coefficient which is dictated by their size 

and their shift in the spectra. The integral overlap of both CdS(395) and CdS(410) with α-NPO is 

off by a small factor but should not be the main contributor to the contrasting quenching and 

enhancement. A notable remark in the spectra is the absorption range of CdS(395) where it 

aligns with α-NPO’s absorption possibly providing a clue at the contrasting response. Overall the 
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particular effect of CdS(395) with α-NPO cannot be explained at this time and requires a more 

in-depth analysis. To further stress the importance of energy transfer of the polymer host a third 

matrix was tested with PS-PMMA copolymer. 

 

Table 3.3 Light yield(ph/MeV) with PS-PMMA as the polymer matrix. 

 

QD(410) QD(395) Std 

PPO 2985  3080  2606  

 

Copolymer PS-PMMA was employed with PPO and quantum dots combination with 

light yield shown in table 3.3. PMMA was utilized as the host material due to its intrinsic 

property where it limits polymer fluorescence, excitation generation and migration due to the 

absence of conjugated double-bond system [86]. By limiting these factors, the energy transfer 

observed should only be between the dye and quantum dot if any. Small amount of PS was added 

to PMMA matrix to strengthen its physical property and to observe the minimal degree of energy 

transfer occurring from the conjugated double-bond support. Results from the PS-PMMA 

combination demonstrated minor improvement compared to the scintillating standard. The light 

yield enhancement from these samples display possible but weak energy transfer between the 

two agents. Without the backing of conjugated double-bonds the light yield reached a steady 

state for both CdS indicating the significance of the polymer support. To demonstrate the types 

of energy transfer with conjugated double bond polymer scintillating decay time measurement 

was performed. 
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Figure 3.7. Scintillation decay for PVT combinations. 

 

Table 3.4. Scintillation decay time of PPO/CdS samples under Cs-137 gamma excitation. 

 

CdS(410) CdS(395) Std 

PVT PPO 1.548 ± 0.01084 ns 1.609 ± 0.0695 ns 2.084 ± 0.05614ns 

PS PPO 1.269 ± 0.0317 ns 1.469 ± 0.01494 ns 1.243 ± 0.06597ns 

 

Time correlated single photon counting was recorded for a limited set of samples to 

further identify the types of energy transfer in the system. Scintillation decay plots are shown in 

Figure 3.7 with the decay time listed in Table 3.4 for the PVT/PPO/CdS and PS/PPO/CdS. An 

exponential curve with decay time T1 is fitted to find the decay time constant for all six samples. 

Observed from the decay time of both PVT/PPO/CdS(410) and PVT/PPO/CdS(395) a faster 

decay was detected compared to the standard indicating the absence of radiative energy transfer 

in PVT. For PS combinations only CdS(395) exhibited longer decay time possibly due to the 
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quenching as seen in both  PS/PPO/CdS samples. Based on these results a strong contrast 

between the two polymers is observed with possible energy transfer path taking place such as 

non-radiative transfer for PVT and potential quenching effects from exciton migration with PS. 

 

 

Figure 3.8. Gamma spectra of PS combinations exposed to gamma radiation from Cs-137. 
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Figure 3.9. Gamma spectra of PVT combinations exposed to gamma radiation from Cs-137. 

 

 

Figure 3.10. Gamma spectra of PS-PMMA combinations exposed to gamma radiation from Cs-

137. 
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3.4 Summary 

Improvements in plastic scintillators were investigated through an extensive combination 

of quantum dots, dyes, and polymers demonstrating enhancement in light yield for certain 

combinations. Minute loading of Cadmium Sulfide quantum dots were introduced to PVT, PS, 

and PS-PMMA polymers along with scintillating dyes demonstrating improved light yield and 

quenching. Emission signatures of quantum dots under UV excitation are absent in the composite 

polymer possibly due to low loading, overlapping emission, and high excitation threshold. Light 

yield of PVT/PPO/CdS combination doubled as enhancement could be observed with the 

addition of quantum dots while moderate quenching was detected with other scintillating dyes in 

PVT polymer. Non-radiative transfer could be transpiring in PVT matrix as decay time is 

shortened compared to non-loaded CdS sample. In the PS polymer possible exciton migration 

energy transfer caused severe quenching with the addition of the CdS demonstrating 

incompatibility with the dye and polymer combination. The exception to the effect was observed 

with PS/α-NPO/CdS(395) where the light yield was doubled. The contrasting effects 

demonstrated between the strong output of PS/α-NPO/CdS(395) and quenching effects of PS/α-

NPO/CdS(416) cannot be merely be described by their absorption overlap. Further investigation 

is needed to identify the discrepancy between the two CdS and their relationship regarding 

polymer energy transfer.  
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Chapter 4 

Scintillation characterization of UV emission ZnO 

composite polymers 

 

 

4.1 Introduction 

Progression on organic scintillators have developed at a remarkable rate in the last decade 

through nanocomposite deposition in polymer [59], [77], [78]. Modification of organic 

scintillators is appealing due to the facile polymer fabrication process and tailoring of the 

nanocomposites for specific purposes. The goal of nanocomposite deposition could be to 

increase Z of the polymer matrix raising its stopping power, or for light yield enhancement via 

energy transfer. High Z loading from organic metallics such as lead and Iridium based 

compounds have been reported to improve the resolution of collected gamma spectra for 

identification of individual gamma energies,  and for Pulse Shape Discrimination, respectively 

[60], [87]. However, there are complications with intra-state quenching and loading limitations 

causing reduction in the light yield. Alternative nanocomposites such as lanthanide nanocrystals 

are favorable due to their relatively high Z and desirable light yield. Lanthanide nanocrystals 

could be applied as the sole scintillating agent in a polymer matrix or combined with scintillating 

dyes for energy transfer [32], [43], [79], [88]. Organic scintillators with lanthanide 

nanocomposites have high light yield and decent energy resolution but their long decay time 

inhibits their use for fast timing applications. Other substitutes for lanthanide material have been 

proposed with tunable emission nanocrystals or quantum dots. Based on their energy transfer 

properties and specific emission they have been applied in light emitting devices, photoelectric 
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conversion, and bio-imaging probes [71], [72]. Attempts have been made over the decade to 

apply them as scintillators by incorporating them into a polymer matrix. By itself these 

nanocrystals have been proven to be poor scintillators with meager light yield under ionizing 

radiation [53]–[56]. However, efforts in utilizing these nanocrystals through energy transfer have 

shown promising results.  

Quantum dots as energy transfer agents via a Forster Resonance Energy Transfer (FRET) 

mechanism have demonstrated modest scintillating effects in polymer matrix. Improvement in 

light yield has been observed under charge particle excitation when quantum dots were paired 

with a scintillating dye [73]. The observable energy transfer effect from these scintillators 

requires high energy deposition from either proton beam or charged particles, with poor 

scintillating yield under gamma excitation [89]. In a recent report a quantum dot monolith with 

as high as 60wt% loading was able to generate an identifiable gamma photopeak with decent 

scintillation yield [58]. The extensive loading of 𝐶𝑑𝑥𝑍𝑛1−𝑥𝑆/𝑍𝑛𝑆 core-shell quantum dots in 

PVT polymer were demonstrated as energy donors with 4,7-bis{2’-9’,9’-bis[(2”-ethylhexyl) 

fluorenyl]}-2,1,3-benzothiadiazole (FBtF) dye, displaying modest scintillation, possibly through 

FRET. Other quantum dots such CdS with near UV emission have also been reported to enhance 

scintillation through acute loading with scintillating dyes through energy transfer [90]. Besides 

the use of quantum dots, nanocrystals with similar quantum confinement effects like ZnO show 

potential for combining with scintillating agents due to its energy transfer effects [91], [92]. For 

example, 𝐶𝑒𝐹3 𝑍𝑛𝑂⁄  nanoparticles with visible emission has demonstrated enhanced x-ray 

luminescence by 4 times with tunable emission ZnO acting as the acceptor agent possibly 

through FRET mechanism [93].  
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In this paper, we take on a similar approach with energy transfer technique with UV 

emission ZnO nanocrystals. ZnO nanocrystals were applied as the energy donor agent by setting 

appropriate wavelength overlaps in the polymer matrix with its tunable UV emission. The 

current investigation expands the energy transfer effects of the wide band gap nanocrystal by 

incorporating them with selected scintillating dyes and polymer matrix. Throughout the 

investigation, the improvement brought by ZnO was not only dependent on the spectral overlap 

but also the polymer medium. This suggests the possibility of different energy transfer paths 

taking place within the polymer; possibly through radiative, non-radiative, or exciton migration 

transfer as previously suggested by Hallam and Birks[21].  

 

4.2 Experiment details 

4.2.1    Synthesis of ZnO nanoparticles 

 Styrene (99%), 4-methylstyrene, methyl methacrylate (99%), benzoyl peroxide, 2,5-

diphenyloxazole (PPO), butyl-PBD (BPBD), Lithium Hydroxide (98%+), and Zinc Acetate 

dehydrate (98%) were purchased from Sigma-Aldrich. 2-(1-Naphthyl)-5-phenyloxazole (α-NPO), 

p-Terphenyl (p-Tp), and Oleic acid (90%) were purchased from Alfa Aesar.  

 ZnO nanocrystals were fabricated through a modified wet chemistry synthesis [94]. For 

310nm peak emission ZnO(310), LiOH reagent was first prepared by dissolving 60 mg of LiOH 

in 20 mL of ethanol. Zinc Acetate solution was then prepared with 344 mg of Zinc Acetate hydrate 

dissolved in 20 mL of ethanol. The Zinc Acetate solution is then refluxed and heated to 85 ⁰C with 

60 uL of Oleic Acid. During the reflux process LiOH solution at 2.835 mL was added to the Zinc 
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Acetate solution and stirred for 30 minute and cooled in ice water afterwards preventing further 

crystal growth. The cooled solution is then stored at ˂4 C⁰ for later use. ZnO(360) nanocrystal 

with peak emission at 360 nm was fabricated under the same process with adjustments to the LiOH 

solution at 3.35 mL.   

 Different combinations of scintillating dyes and ZnO in polymer matrix were fabricated 

through thermalized polymerization. 4-methylstyrene solution was prepared through column 

distillation to remove inhibitors while methyl methacrylate and styrene monomer was used as 

received. Allocated amount of ZnO in ethanol was extracted and dried in vacuum before use. The 

prepared ZnO nanocrystals at 5 mg(0.5wt%) were added into 3 mL monomer solution with 120 

mg(4.5wt%) of the scintillating agent and 5 mg of benzyl peroxide. The solution is sonicated and 

thermally polymerized under nitrogen. For p-Tp scintillating dye 30mg was loaded due to 

solubility in the monomer solution. PS-PMMA copolymer base was fabricated with 2.4 mL methyl 

methacrylate and 0.6 mL styrene monomer as the base solvent. All other combinations are 

polymerized under the same procedure with the monolith polished to a dimension of Ø 2.2 x 0.55 

cm. 

 

4.2.2     Instrument and Measurements 

Photoluminescence of the dyes and nanocrystals was measured in cyclohexane with a Cary 

Eclipse Fluorescence Spectrometer in the UC Irvine Laser Laboratory. Fluorescence spectrum of 

the polished samples were also measured with same instrument. UV/Vis absorption of the dyes 

and ZnO in solution was measured with a dual-beam Olis-upgraded Cary 14 Spectrophotometer 

with deuterium lamp as the UV source. X-ray diffraction was performed with the Rigaku SmartLab 
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X-ray Diffractometer with 1.5406Å Cu Kα radiation operating at 40 kV and 44 mA. XRD 

measurement on the ZnO was prepared by deposition on a silicon wafer with several acetone 

washes removing excess Zinc Acetate and other organics before measuring. Transmission electron 

microscopy (TEM) was performed using a JEOL 2800 transmission electron microscope. TEM 

sample were prepared by placing a drop of the diluted nanocrystal solution on an amophous carbon 

grid followed by drying in vacuum. Gamma spectra measurements were performed on the polymer 

monoliths using a 2.285 Ci Cs-137 source with the polymer sample optically coupled to a EMI-

9886 PMT within a light tight box. The resulting gamma spectra were collected with the PMT 

setup connected to a Canberra Osprey digital tube base unit with data digitized by ProSpect 

software. Time correlated single photon counting were measured with two H6610 Hamamatsu 

PMT connected to a Teledyne LeCroy Waverunner HRO 66Zi Oscilloscope while the sample was 

exposed to gamma rays from a 5.5 Ci Cs-137 source. 

 

4.3 Results and Discussion 

4.3.1    XRD and TEM  

XRD pattern of ZnO(310) nanoparticle with peak emission at 310nm is shown in Figure 

4.1. TEM image of the ZnO nanoparticles is shown in Figure 4.2. From the pattern the phase 

matches those of Zincite(ZnO) (01-079-0207) in the ICDD (PDF-2/Release 2011 RDB). The 

peaks are identified as (1,0,0), (0,0,2), (1,0,1), (1,0,2), (1,1,0), (1,0,3), (2,0,0), and (1,1,2). 

Secondary phase of ZnO (01-073-8589) was identified at (1,1,1) and (2,0,0,). Average grain size 

of the ZnO nanoparticles identified from the TEM images ranges around 7-5 nm in diameter. 



 
 

70 
 

 

Figure 4.1. XRD pattern of synthesized ZnO(310). 

 

 

Figure 4.2. TEM image of ZnO(310) nanoparticles. 
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4.3.2    Optical Spectra 

Spectrum of the ZnO nanocrystals and scintillating dyes in cyclohexane are shown in Figure 4.3. 

The fabricated ZnO nanocrystals with peak emission at 310nm and 360nm showed similar 

absorption maxima at 228nm. Based on its spectra in the UV region the nanoparticles could be 

portrayed as energy donor for potential dyes with the appropriate spectral overlap. PPO and 

BPBD scintillating dyes with similar spectral range and absorption peak around 330nm were 

chosen to correspond with the nanocrystal’s emission. p-Tp scintillating dye with peak 

absorption around 280 nm were selected to test the overlap dependency along with α-NPO with 

its absorption range over 280nm to 380nm. Figure 4.4 shows the combinations of dyes and 

nanocrystals in PS matrix under UV light. All sample display high transparency and fluorescence 

with the exception of p-Tp samples due to its emission in the non-observable UV region. 

 

Figure 4.3. Emission and absorption spectrum of scintillating dye and ZnO nanocrystals in 

cyclohexane. 
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Figure 4.4. PS polymer samples loaded with dye and ZnO under UV light. 

 

Photoluminescence of PS samples under 250nm excitation are shown in Figure 4.5. No changes 

were observed in the emission spectrum for all samples compared to their respective dyes. 

Signature of ZnO(360) nanocrystal is absent possibly due to factors such as low loading, 

overlapping emission, and high excitation threshold. When the same amount of nanocrystal is 

loaded in the polymer in the absence of the scintillating dye the emission was also undetected. 

The non-observable signature could be due to the small loading as photoluminescence 

measurements only excites the surface of the monolith when the majority of the nanocrystals is 

homogenously embedded in the matrix. Other factors such as the inadequate excitation of the 

Cary Eclipse reaching its highest excitation at 250nm may also be a factor as the excitation is at 

the minimal range of the nanocrystal generating a weak fluorescence within the polymer. In the 

presence of the scintillating dye the nanocrystal’s signature should be further obscured by the 

dye’s overlapping absorption leaving the ZnO undetectable. 



 
 

73 
 

 

Figure 4.5. Photoluminescence of PS samples loaded with dyes and ZnO(360) under 250nm 

excitation. 

 

4.3.3     Gamma Spectroscopy 

Gamma spectra of Cs-137 with energy of 662 keV measured on the same set of samples 

is shown in Figure 4.6. Spectra for all four samples display well defined Compton continuum 

and Maxima demonstrating strong light output. PS/PPO/ZnO(360) displays the highest Compton 

Maxima out of all the combinations located around channel 750 while PS/PPO/ZnO(310) 

maxima is located at channel 500. Samples compose of p-Tp and α-NPO with ZnO(360) have 

their maxima peaked slightly below 500. Additional gamma spectra with other combinations are 

shown in the Figure 4.8, 4.9, and 4.10. From the Compton Maxima found in each combination 

the Compton Edge can be approximated through a rough fitting [84]. With a known Compton 

Edge the light yield can be calculated by relative comparison with EJ-212 commercial 

scintillator with light yield of 10,000 ph/MeV [84]. 
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Figure 4.6. Gamma spectra of PVT(left) and PS(right) combinations from exposure to gamma 

rays from Cs-137. A collection time of 20 minute was performed for each sample. 

 

 𝑍𝑛𝑂 (360) 𝑍𝑛𝑂 (310) Std 

PS PPO 5370 4380 4080 

PS BPBD 7540 5710 1120 

PS α-NPO 4790 4770 2830 

PS p-TP 3430 4070 3410 

 

Table 4.1. Light yield(ph/MeV) of PS combination samples. 
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Calculated light yields are shown in Table 4.1 for all PS samples including ZnO(310). 

Out of all the combinations PS/BPBD/ZnO(360) exhibit the highest light yield with 75% output 

compared to the EJ-212 commercial scintillator. Compared to PS/BPBD standard (Std) without 

nanocrystal loading the light yield show a 7 fold improvement while an increase of 5 fold was 

observed with PS/BPBD/ZnO(310). The weak scintillation yield observed with PS/BPBD could 

probably be due to the intrinsic energy transfer of PS which is reported to be due to exciton 

diffusion with high migration rates overwhelming secondary non-radiative transfer [22], [85]. As 

shown from the results, BPBD might be a poor acceptor in conjunction with PS while 

scintillation improved with the addition of ZnO. Enhancement with PS/PPO/ZnO(360) displays a 

1.3 fold improvement while minor increase was observed with PS/PPO/ZnO(310). For α-NPO 

combinations the enhancement was around 1.7 fold for both ZnO suggesting other energy 

transfer paths seen with PPO and BPBD. Combination with p-Tp exhibit enhancement with 

ZnO(310) at 1.19 fold while PS/pTp/ZnO(360) was left unchanged.  

 

Figure 4.7. Possible energy transfer paths in PS (a) and PVT (b) with dyes and ZnO 

The large increase in light yield observed between PS/BPBD standard and PS/BPBD/ZnO(360) 

suggest a change in energy transfer path between the dye and polymer involving the nanocrystal. 

Under normal circumstances PS should transfers its energy to the dye through exciton migration, 
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but with the addition of the nanocrystal the transfer path could be altered. It is hypothesized the 

energy transfer from exciton migration in PS is being redirected to ZnO due to their adjacent 

energy level [22], [85]. Following the energy transfer path illustrated in Figure 7a, the excited 

ZnO then undergoes radiative transfer to the dye with the corresponding spectra overlap 

suggested by the time resolve shown in later section. However, considering the strength of the 

overlap between the nanocrystal and dye, ZnO(310) should demonstrate a stronger yield with 

BPBD and yet the combination is outperformed by ZnO(360). A similar pattern is observed with 

PPO dye where ZnO(360) demonstrates a better enhancement. A contrast to ZnO enhancement 

ratio was observed with p-Tp combination, PS/pTp/ZnO(310) exhibited an increase of 1.2 fold 

while no effects took place with PS/pTp/ZnO(360). This is possibly due to the low loading of 

both the dye and nanocrystal resulting in radiative transfer where ZnO(310) demonstrate a clear 

coherency with the dye’s absorption as oppose to the spectra mismatch of ZnO(360). α-NPO 

combination saw an equal enhancement at 1.69 fold for both ZnO nanocrystals possibly 

suggesting other energy transfer which needs to be further investigated in future work. 

 

 ZnO(360) ZnO(310) None 

PVT PPO 4760 4630 2930 

PVT BPBD 6060 6080 5770 

PVT α-NPO 4620 4520 3950 

PVT p-TP 2150 3020 2140 

 

Table 4.2. Light yield of PVT samples of different ZnO and scintillating dye combinations. 
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To demonstrate the effects of the polymer host energy transfer, PVT polymer is applied 

to the same set of combinations with its light yield shown in Table 4.2. The change to PVT 

medium display a strong contrast compared to PS combinations from the standards alone. BPBD 

dye show a much high light yield in PVT compared to PS due to the polymer energy transfer as 

it could undergo either radiative and non-radiative transfer [17], [21], [85]. The addition of ZnO 

in PPO, BPBD, and α-NPO scintillating polymer display passive to strong enhancement at a 

similar rate throughout both nanocrystals. With p-Tp the improvement again was only detected 

with ZnO(310) mostly due to radiative transfer with low loading and spectra overlap. Differences 

in the overall enhancement rate between the two polymers is confirmed and supports the idea of 

distinct energy transfer with the nanocrystal. With the addition of ZnO, upon excitation non-

radiative transfer could be transpiring between ZnO and the polymer as the energy level of the 

nanocrystal surpasses both the polymer and dye, Figure 7b illustrates the possible transfer path 

taken within the system. Afterwards transfer from the polymer should continue to the dye 

through non-radiative method with support from the time decay measurements. 

 

 

 

Table 4.3. Light yield for copolymer PS-PMMA combinations. 

 

 𝑍𝑛𝑂(360) 𝑍𝑛𝑂(310) Std 

PS-PMMA PPO 2539 2648 2601 
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To further demonstrate the effectiveness of polymer energy transfer copolymer PS-

PMMA was applied as the host with its light yield shown in Table 4.3. PMMA was selected as 

the host material due to its inert properties where conjugated double-bond support is absent [86]. 

Small amount of PS was added to the matrix to strengthen the brittleness of PMMA and observe 

the limits of the conjugated double-bond supporting energy transfer seen in PVT and PS. By 

applying copolymer PS-PMMA the effects of polymer fluorescence, exciton generation and 

migration is restricted, and hence only the effects between the dye and nanocrystal is observed. 

From the results passive light yield was observed with ZnO(360) indicating the strong influence 

held by the polymer energy transfer across the three agents. Even with their modest spectra 

overlap direct interaction between the dye and nanocrystal is absent demonstrating the much-

needed support from the conjugated double bond in the synergetic system. 

 

𝑍𝑛𝑂(360) 𝑍𝑛𝑂(310) None 

PS PPO 1.443  ± 0.00115 ns 1.772  ± 0.0192 ns 1.243 ± 0.0660 ns 

PVT PPO 1.771  ± 0.0237 ns 1.836  ± 0.0354 ns 2.084 ± 0.0561 ns 

 

Table 4.4. Scintillation decay time of PPO and ZnO combinations. 

 

Energy transfer in the systems was further studied through time correlated single photon 

counting for a limited set of samples. Scintillation time decay is listed in Table 4.4. PVT/PPO 

decay time was measured to be around 2 ns while 1.243 ns decay time was observed for PS/PPO. 

PS/PPO/ZnO combination exhibit a slightly longer decay time than the standard at 1.443 ns and 

1.772 ns for ZnO(360) and ZnO(310), respectively. The variation in decay time highly suggest 

radiative transfer taking place within PS polymer from the ZnO to the dye. A shorter decay time 
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was observed in PVT matrix with 1.771ns for ZnO(360) and 1.836ns with ZnO(310) 

combination supporting the absence of radiative transfer as theorized. Based on these results 

ZnO is shown to affect the time decay possibly altering energy transfer paths within the polymer 

system. The different decays display a dependency based on the combination as well as the 

emission of the nanocrystal possibly suggesting small alterations in its properties at different 

wavelengths. The alterations in time decay can prove to be rather useful in time sensitive 

measurements such as Pulse shape Discrimination.  

 

 

 

Figure 4.8. Gamma spectra of PS combinations. 
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Figure 4.9. Gamma spectra of PVT combinations 

 

Figure 4.10. Gamma spectra of PS-PMMA combinations 
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4.4 Summary 

The extensive combinations of ZnO, dyes, and polymer display an overall improvement 

compared to scintillating standards without nanocomposite loading. UV emission ZnO 

nanocrystals was fabricated through a wet chemistry process to match the absorption of PPO, 

BPBD, α-NPO, and p-Tp scintillating dyes. Through the spectral overlap of ZnO nanocrystal 

demonstrated its efficiency to boost energy transfer between the dye and polymer. Under gamma 

excitation all samples display either passive to enhanced light yield approaching those of 

commercial scintillator with minute loading of dye and nanocrystal. 

Throughout the assorted combination the polymer base is shown to hold a strong 

influence over the enhancement through energy transfer paths. In PS medium the nanocrystal is 

theorized to be acting as the mediator between the dye and polymer as exciton migration is 

directed to the ZnO followed by radiative transfer to the dye as suggested from time decay 

measurements. The combinations also display the strongest enhancement approaching 75% light 

yield of a commerical scintillator. With PVT polymer non-radiative transfer could be transpiring 

across the three agents hinted from its time decay compared to a non-doped sample. The light 

yield enhancement from the PVT combinations was not as strong compared to the PS samples 

but shows definite improvement. A third matrix with PS-PMMA is investigated with restriction 

on energy transfer from the polymer. The scintillation yields were observed with minimal 

changes concluding the importance of energy transfer from the host polymer. Overall, deep UV 

emission ZnO holds potential as an nhancer for organic scintillators demonstrating its 

effectiveness in radiation detection and imaging. 
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Chapter 5 

Conclusion 

 

Plastic scintillator performance are improved through the use of UV emission nanocrystals 

as demonstrated by their enhancement in light yield and emission rate. The poor efficiency and 

performance of base plastic scintillator is attributed to their low Z value causing low stopping 

power of gamma photons. In order to improve their efficiency novel nanocomposite materials can 

be engineered to improve their overall performance through various doping methods. 

Nanocomposites such as quantum dots or similar quantum confined nanocrystals can be 

engineered to have specific wavelength to aid scintillation performance of bulk plastic scintillator 

through energy transfer. By using selective nanocrystals with desirable emission the light yield 

can be increased with different combinations of dyes and polymer. 

In this dissertation energy transfer of nanocrystals within the UV region is investigated to 

develop a better understanding between individual components in organic scintillating system. The 

study of these energy transfer effects includes the use of Cadmium Sulfide (CdS) quantum dots as 

they are applied as possible energy acceptor agent in PVT/PPO system. CdS with near UV 

emission under minute loading demonstrated improvement in scintillation yield through strong 

wavelength overlap with PPO scintillating dye. Different weight loadings of the dopant agents 

were performed demonstrating distinctive enhancement in light yield. Various sources at different 

gamma and beta energies were also examined displaying an overall improvement in the energy 

spectrum compared to non-loaded sample.  
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These preliminary results acted as the basis for an extended study by combining CdS 

quantum dot with other scintillating dyes and polymer mediums. In addition to PVT, PS and PS-

PMMA were applied as the base polymer along with PPO, BPBD, α-NPO, and p-Tp scintillating 

dye, forming a total of 18 combinations. Throughout these combinations, enhancement and 

quenching in light yield under gamma excitation were observed. From the time decay 

measurements non-radiative transfer is suggested in PVT combinations while with PS medium 

exciton migration could be transpiring causing severe quenching with the quantum dot as they 

demonstrates incompatibility.    

 The energy transfer effects is expanded with the same combination by replacing the 

quantum dots with synthesized UV emission ZnO with their emission spectrum before the 

scintillating dyes. The role of the nanocrystal in the system is reverse as they become the energy 

donor to the dye rather than as energy acceptors. Throughout the assorted combinations the light 

yield display passive to double the yield from energy transfer effects. The results also show a 

strong influence from the polymer medium possibly dictating the energy transfer paths as hinted 

from the CdS results. Overall the ZnO nanocomposite demonstrated as strong candidate for 

enhancing organic scintillators in radiation detection. 

 For future developments energy transfer process should consider individual agents when 

incorporating nanophosphor materials. As observed from these results the addition of nanocrystals 

provided both quenching and enhancement based on factors not only from the wavelength overlap 

but also from the polymer and scintillating dye. The synergetic energy transfer effects between the 

polymer medium, dyes, and nanocomposites have potential to be further optimized with further 

investigation. Transfer effects within the UV region have shown promising potential for further 

development as novel nanocomposites are being developed possibly providing further insights. 
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