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Abstract of Thesis 

 

 

Scintillation Enhancement of Organic Polymer through Quantum Dot 

Fluorescence Resonance Energy Transfer 

by 

Alan Kai Tam 

Master of Science in Physics 

University of California, Irvine, 2017 

Professor Mikael Nilsson, Chair 

Professor Ozdal Boyraz, Co-Chair 

 

Energy transfer within plastic scintillator was investigated by incorporating nanocomposite 

Quantum Dot as the mediator and catalyst. Scintillation efficiency was enhanced through 

Polyvinyl Toluene (PVT) scintillating polymer with near-UV emission Cadmium Sulfide 

Quantum Dot under minute loading. Energy resolution was enhanced in beta and gamma 

spectroscopy compared to non-doped PVT samples. Sharp emission was observed possibly 

intrinsic to the polymer attributing to the degree of energy transfer from the nanocomposite. These 

results indicates improvements in scintillating system where Quantum Dots helps facilitate energy 

transfer in detecting ionizing radiation. 
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Chapter 1 

Introduction 

1.1  Motivation 

Scintillators are used in serval areas ranging from medical imaging to high energy physics. 

Scintillators are transparent material that are able to convert high energy particles or photons to 

visible light which are difficult to detect by normal means. Their detection range can span from 

several keV x-rays to GeV in energy depending on the scintillator used. Scintillators usually 

produces luminescence proportional to the incoming ionizing radiation. To detect light generated 

from radiation, scintillators are coupled to light detectors such as Photo Multiplier Tubes (PMT). 

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

resolution, and stopping power for gamma photons. Currently no scintillator that have achieve all 

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

to their composition. However, current advancement in nano-fabrication has renewed interest in 

scintillator design. Nanocomposites and nanocrystals holds desired characteristics of inorganic 

scintillators which are combined with organic medium giving plastic scintillator improved 

properties. This brings about new types of scintillating material which shares properties of the two 

mediums enhancing radiation detection. Here we explore this approach with nanocomposite 

Quantum Dots and demonstrate its unique properties and effect in a scintillating plastic medium.  
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1.2  Ionization theory 

Ionizing radiation interacts with matter through three general processes. These include 

charged particles interaction consisting of alpha and beta radiation, high energy gamma photons, 

and neutrons. For the purpose of the current research the focus will be on charged particle and high 

energy gamma. Gamma photon interacts differently with matter than the rest of the 

electromagnetic spectrum due to their high energy. They are usually observed through secondary 

interaction as there is no direct methods to detect them. These interactions include photo electric 

effect, Compton scattering, and pair production depicted in Figure 1.1.  These interaction is 

dependent on two factors which are the photon energy and the atomic number of the medium. The 

atomic number dependence is due to the electron density in the valence shell. The higher electron 

density the higher likelihood of interaction. Lead for example is considered primary for gamma 

shielding due their high Z property where its electron density is high as oppose to low Z plastics. 

Along with the Z of the material, gamma energy at different energy range also reacts differently.  

 

FIGURE 1.1 Three most probable types of gamma photon interaction with atom. These effects 

includes Photoelectric Effect, Compton Scattering, and Pair Production each producing a high 

energy electron. 
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At low energy range below 100 keV photo electric effect is the dominant interaction with 

electrons in the valance shell. The mechanic applies to gamma photons if its energy matches the 

binding energy of an electron in the valence shell of an absorber atom. Direct gamma absorption 

is the most efficient method for detection due to its full energy conversion to a high energy electron 

leading to higher energy resolution and photo peak. 

When the energy is beyond the binding energy Compton scattering is more probable. 

Instead of absorption the gamma photon is inelastically scattered in the atomic shell. Along with 

it a recoiled electron is also ejected with energy depended on its angle from the incident photon. 

From this interaction detecting the energy of the recoiled electron will only yield partial 

information of the gamma energy unlike photoelectric effect. Depending on the energy of the 

scattered gamma it may undergo photoelectric effect or another Compton scattering until its energy 

is depleted. From these secondary reactions there is a chance an electron cascade might occur 

within the medium.  

If gamma energy is over 1.02 MeV pair production occurs where an electron and positron 

pair is created. The gamma photon must have energy above the threshold of an electron pair each 

with mass of 511 keV/𝑐2. Pair production takes place near the nucleus instead at the electron shell 

interface where incident gamma grazes the nucleus creating the pair. Any excess energy from the 

gamma photon is converted into the pair’s kinetic energy. The generated positron will undergo 

conversion as it interacts with nearby electrons generating a pair of gamma photons. Depending 

on its energy the gamma will go through one of the three interactions resulting in another electron 

cascade until the overall gamma energy is depleted.  

From each gamma interaction a high energy electron is generated propagating throughout 

the medium. Collision and scattering is ensured from the high energy electron taking on random 
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paths while losing energy. Following the high energy electron’s path is an ionization track where 

ionization and excitation is produced as a result of energy deposition in the medium, model of the 

ionization track is shown in Figure 1.2. Coulomb interaction from the surrounding will contribute 

to the attenuation of the high energy electron until it energy is depleted. Beta and alpha radiation 

interacts in a similar fashion as it generates its own ionization track exciting the surrounding 

medium. For alpha particle the ionization track is cut short due to its massive charge and mass 

confining it mostly to a surface interaction. 

 

Figure 1.2  High energy electron from the gamma interaction produces an ionization track as 

a mean to deposit its energy in the medium. The track excites and generate electrons and holes in 

its surrounding which diffuses until it recombines and relaxes.  

 

 

1.3 Inorganic Scintillators 

Scintillators are semi or fully transparent materials that are able to convert ionizing 

radiation to visible light. As described above ionization in matter including scintillators behaves 

in the same manner where excitation is generated from the ionization cascade. From the excitation 

electrons will relax and release light proportional to the energy deposited. Scintillators are 



 

5 
 

composed of either inorganic or organic medium each with their own benefits and disadvantages. 

From their composition their scintillation physics also differs.  

Inorganic scintillators are composed of heavy elements that typically takes the form of 

single crystals. Their composition includes lanthanides, fluorides, and other ionic composition. 

Scintillation properties of inorganic crystals lies in their electronic band structure and their exciton 

recombination paths. When excited under ionizing radiation electron-hole pairs are generated in 

the conduction and valence band. These excitons or electron-hole pairs will migrate throughout 

the crystal until it de-excites and recombines. There are many possible recombination paths but 

dominant paths include direct band transitions. These direct band edge alignment are the source of 

light generation when excitons recombine at that particular site, otherwise recombination through 

non-direct band will result in phonon generation such as heat as shown in Figure 1.3.  

 

FIGURE 1.3 Band transition in inorganic scintillators. Direct recombination of electron and 

holes (excitons) at the band edge results in emission. Non-direct recombination not along the 

band edge results in non-radiative process and possible phonon generation. 

 

Single crystal scintillators such as 𝐶𝑒𝐹3 or 𝐶𝑠𝐼 usually have large direct band gaps resulting 

in high UV emission where PMT detection efficiency are low. The common solution to this is to 

dope it with impurities or lanthanides such as Ce, Eu, and Tl. These impurities create activator 

states within the bandgap, generating recombination path which leads to red shifted emission. 
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From their intrinsic properties inorganic scintillators have great light yield as well as high gamma 

energy resolution compared to organic scintillators which differs in fluorescence mechanism.  

1.4  Organic Scintillator 

Organic scintillator functions in the same manner as their inorganic counterpart, the 

difference however is their composition and fluorescence mechanism. Their ability to be modified 

in in either liquid, crystalline, or plastic form also strikes a contrast to their ridge inorganic 

counterpart. In liquid scintillators the solvent medium is generally combined with scintillating dye 

as the solute which controls the light yield and wavelength emission. Through different 

combinations of solute the scintillation sensitivity and emission can be tuned, but due to their 

simplicity their function is limited to detecting the presence of charged particles. Organic 

crystalline scintillators such as anthracene and stilbene are organic crystals that contain interlinked 

benzene structures. Similar to inorganic crystal their growth size are limited and modification can 

be done only to their molecular structure, however their fast decay time and high light output 

makes them a good reference for scintillation comparisons. 

Plastic scintillators are usually compose of two mediums, one being the monomer molecule 

itself that forms the base and the other is the scintillating dye. The monomer molecules are usually 

composed of aromatic structure such as styrene compounds. Non-aromatic base such as poly 

methyl methacrylate (PMMA) can be substituted however its brittleness is an issue as well as 

soluble dyes. Bulk polymerization is initiated forming the polymer chain which can be casted into 

any shape and size without effecting its intrinsic property. The dyes in liquid and plastic scintillator 

controls the wavelength emission which are separated into primary and secondary dyes. Primary 

dyes are the main emitter in the medium with emission ranging from UV to blue, these dyes 
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includes PPO, PBD, p-Terphenyl, and many others [1]. Secondary dyes such as POPOP functions 

as a wavelength shifter from near UV to visible or longer wavelengths.  

 

1.5  Ideal Scintillator Properties 

As stated above desired scintillator properties includes low cost, fast decay time, high 

energy resolution, light yield, and high stopping power for gamma photons. Inorganics and 

organics scintillator each inherit some these properties with their own benefits and disadvantages. 

The benefits of employing inorganic scintillators is that they have great stopping power for gamma 

due to their high atomic number. Their light yield are also high compared to organics along with 

their energy resolution for identifying gamma. Unfortunately they are not ideal for charged particle 

detection due to the strong production of secondary radiation such as Bremsstrahlung [2]. Also 

their decay time is poor hindering them from timing applications. Their cost, fragility, and 

fabrication limitations are also factors that impede them from commercial use. 

Organic scintillator suffers from the opposite trait as to inorganics. Their light molecular 

composition lacks stopping power resulting in poor energy resolution and gamma sensitivity. Due 

to this organic scintillator is commonly used for charged particle detection where secondary 

radiation is not an issue. Plastic scintillators are relatively accessible due to their ease of fabrication 

at relatively low cost and they offer decent light yield along with fast decay time making them 

ideal for timing applications[3], [4].  

In order to overcome the shortfalls raised by these types of scintillator new types of hybrid 

material can now be fabricated that incorporates the two. Currently nanocomposite fabrication has 

renew interest in nanocomposite scintillators where it combines the benefits of both inorganic and 
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organic properties. In the following work we attempt to combine these types of material and create 

a hybrid scintillator that can satisfy the listed criteria. Organic scintillator is applied as the host 

medium while inorganic nanocomposites are used as the dopant to for energy transfer and 

possibility enhance stopping power. Nanocomposite semiconductor Quantum Dots (QD) are the 

dopant of choice in this system. Over the past decades QD has generated interest in many fields 

due to their unique property from quantum confinement. Recently they have demonstrated their 

use for energy transfer to increase luminescent in bio tagging systems with Fluorescence 

Resonance Energy Transfer (FRET). Here we will attempt to apply the same energy transfer 

method with QD to increase luminescence in PVT polymer by FRET along with increase in 

scintillation. 
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Chapter 2 

Theory 

2.1 FRET 

Förster Resonance Energy Transfer or Fluorescence Resonance Energy Transfer as it is 

commonly known is a non-radiative dipole-dipole energy transfer between a donor and acceptor 

agent. These agents are usually compose of chromophores or light emitting agents that are close 

to each other in terms of distance and wavelengths. FRET is dependent on three variables which 

are dipole-dipole orientation, spatial distance, and wavelength overlap of emission and absorption 

between the donor and acceptor respectively [5]. The energy transfer efficiency is given by 

𝐸 =  
1

1+(
𝑟

𝑅0
)6

 (2.1) 

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

distance is when the energy transfer efficiency reaches at 50%. Förster distance have an effective 

range from 1 nm to 10 nm. The Förster distance is given by 

𝑅0
6 =  

9 𝐼𝑛 10

128 𝜋5𝑁𝐴

𝜅2𝑄𝑑

𝑛4 𝐽 (2.2) 

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 )  (2.4) 
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Where �̂�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 cannot be tuned and is approximated to 2/3 [6]. J is the normalized spectral overlap 

between the acceptor and donor agent expressed as  

𝐽 =  
∫ 𝑓𝐷(𝜆) 𝜖𝐴(𝜆) 𝜆4 𝑑𝜆

∫ 𝑓𝐷(𝜆) 𝑑𝜆
 (2.3) 

where 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 luminescence transfer the wavelength of the donor’s emission have to overlap 

with the acceptor’s absorption spectrum even though it is non-radiative. 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 the system.  

From regular transition the excited donor agent de-excites by undergoing various paths to 

lower vibrational levels and fully relaxes. Depending on the relaxation transition the donor might 

fluoresce in the process. In the case of FRET, when an acceptor is nearby the energy from the 

donor’s excited state is transferred non-radiatively to the acceptor with similar energy level 

transition. If the donor’s discrete de-excitation energy matches with one of the acceptor’s 

excitation transitions then these two states are coupled. For the coupled states the energy transition 

between the two should have the same discrete change in energy and vibrational state and only 

then will the transfer occur. From the wavelength overlap there should exist an abundant transitions 

for coupling. Thus after the transfer the acceptor will emit light as oppose from the donor. 
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Figure 2.1  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. 

 

2.2 Nanocomposite Scintillators 

Nanocomposite scintillators has been in the work for decades but up until recently new 

materials have been developed as well as its accessibility. In scintillators nanocomposites are 

comprise of heavy elements which have different purposes when doped into polymer. In 

standalone nanocomposite scintillators the transparent polymer base is used as the host while 

nanocomposite scintillator are used as the scintillating medium itself. These nanocomposite 

include lanthanide complexes such as  𝐵𝑎𝐺𝑑𝐹3: 𝑇𝑏, 𝐶𝑒𝐹3, 𝐵𝑎𝐹2: 𝐶𝑒 and many others [7]–[9]. 

Other types of nanocomposite scintillators incorporates scintillating dye and non-fluorescence 

high Z elements like tin, lead, or bismuth organic compound to increases the overall stopping 

power for gamma radiation and increase energy resolution[10]–[12].  
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Another use for nanocomposites is its application for enhancing energy transfer with 

scintillating dye. Energy transfer in scintillating system is done via FRET as the excitation of 

energy within the system is quite high compared with regular excitation. So far FRET has 

demonstrated energy transfer between dyes and nanocomposites with systems such as 𝐶𝑒𝐹3: 𝑃𝑃𝑂  

[13]. However the correlation between the two medium have not been extensively studied. 

Nanocomposites such as QD with scintillating dyes have shown promising results but only under 

extreme conditions.  

 

 

2.3 Quantum Dot FRET 

So far in the last decade attempts have been made to incorporate QD into a working 

scintillation system where emission can be controlled through the nanocomposite. Quantum dots 

are well studied in a wide range of applications from medical imaging [14], [15] to solar cell 

devices and are now used radiation detection  [16]–[18]. QD have high quantum yield due to their 

direct band edged alignment along with their tunable wavelength emission by size control where 

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

transparent matrix for radiation detection with poor results under gamma radiation but with 

possible implementation as an alpha particle detector [19]–[22]. Although QD is a moderate Z 

material its stopping power is not sufficient at small loading and tend to have poor scintillating 

property in polymer by itself [23]. In a recent study it was shown that polymer loaded with 60% 

mass of quantum dots provided enough stopping power to observe a photoelectric peak from 

gamma radiation with secondary dye [24]. However, the high loading may affect stability of the 
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scintillator itself along with the large amount of QD used. Despite its performance other studies 

show promising results when QD are paired with other luminescence materials through the use of 

non-radiative Förster Resonance Energy Transfer (FRET). 

 

A study based on x-ray detection fabricated CeF3/ZnO lanthanide QD composite 

demonstrating an increase in luminescence by a factor of 4 [13]. Campbell and Crone reported on 

the scintillation properties on 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 [25]. 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 [26].  

To further understand the effect of FRET more studies are needed on QD incorporated scintillating 

system. Here we carry out experiments focused on these systems under radiation. Under ideal 

FRET conditions scintillation of QD nanocomposite polymer were overall improved solidifying 

the concept of FRET between nanocomposite and scintillating dyes.  
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Chapter 3 

Experimental Procedure 

3.1 PVT-PPO/QD Fabrication 

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 were received from Tetramer Technologies LLC, in 

toluene solution coated with oleic acid ligand with emission at 418 nm. QD were prepared for 

inclusion into the polymer by removing toluene solvent with methanol wash. Precipitated QD were 

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

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

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

column distillation with silica gel, the purified styrene is stored in the freezer for later use. 3 mL 

of distilled styrene is mixed with the desired amount of QD listed in Table 4-1 and sonicated for 5 

min ensuring dispersion. 15 mg of benzoyl peroxide and 120 mg of PPO is added to the solution 

and further sonicated for 20 min. The solution is thermally polymerized at 75C in a test vial under 

nitrogen. The solution is stirred for the first hour to ensure uniformity until viscosity transpires. 

After 72 hours the polymerized sample is cooled and broken 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 3.1. 
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Figure 3.1 PVT-PPO/QD (left) and PVT-PPO (right) samples, bottom picture shows the 

luminescence under UV lamp excitation at around 250 nm. 

 

3.2 Absorption and Fluorescence 

Fabricated samples are characterized by their absorption and fluorescence spectrum. 

Fluorescence from UV to visible light spectrum were measured by a Cary Eclipse Fluorescence 

Spectrometer, excitations was set at 250 nm and 280 nm by a Xenon flash lamp with an internal 

PMT. UV/Vis absorption 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 spectrum was measured from 310 nm to 700 nm with lamp switch 

from UV to visible light at 350 nm.  
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3.3 Count Rate & Energy Spectroscopy 

Further characterization were done through radio-luminescence response. 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, experimental setup diagram is shown in Figure 3.2. 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. Radioactive 

source was placed directly on the aperture of the holder exposed to the sample. Six calibration 

sources were used based on their gamma and beta emission property with their activities listed in 

Table 4-2 at the time of measurement. Am-241, Cs-137, and Co-60 sealed button sources were 

used for gamma measurement due to their monotonic energy with their beta and alpha component 

blocked by a taped sealed glass slide inserted between the source and the polymer. C-14 source is 

used for beta measurements as well as a P-32 source from neutron activation of natural phosphor 

using the UCI TRIGA  reactor. Sr-90/Y-90 source was also used for beta measurement as Y-90 

is generated from the decay of Sr-90 through secular equilibrium. 

 

Figure 3.2 PMT experimental set up for radiation measurement 
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Chapter 4 

Results and discussion 

4.1 Photoluminescence 

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

overseeing the spectrum overlap and possible energy transfer between the luminescence agents as 

well as any potential self-absorption. Figure 4.1 displays the absorption and emission spectra of 

oleic acid coated CdS QD in toluene at 15 mg/mL (red dashed line). QD-toluene absorbs from 425 

nm and well into the UV with primary absorption at 396 nm. CdS QD has emission peak at 418 

nm under both 350 nm and 250 nm excitation. Self-absorption can be negated for CdS QD given 

the small degree of spectral overlap. Emission is shown for PVT-PPO polymer (purple dashed 

line) similar to literature with primary peaks at 360 nm and 380 nm [27].  

 

Figure 4.1. Absorption (red dashed line) and photoluminescence emission (blue solid line) spectra 

for CdS QD suspended in toluene, emission spectra was collected at 250 nm and 350 nm excitation 

showing similar emission.  PVT-PPO emission (purple dash line) spectra was measured at 250 nm 

excitation. 
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For a plastic scintillator to be applicable the transmission in the visible spectrum needs to 

be retained to avoid light attenuation. Figure 4.2 shows the transmission measurements comparing 

PVT-PPO and PVT-PPO/QD samples relative to PVT polymer matrix. Same amount of 

scintillating dye was loaded into the two sample at 120 mg (4.7 wt%) while 5 mg (0.02 wt%) of 

QD was loaded in the PVT-PPO/QD. Transmission of PVT-PPO/QD was reduced by 10% to 20% 

across the visible region comparing with non-doped sample. 

 

Figure 4.2  Transmittance of PVT-PPO (solid line) and PVT-PPO/QD (dash line) versus non-

doped PVT polymer. 

 

Signs of energy transfer were observed when both PPO and CdS QD are incorporated into 

the polymer. Figure 4.3 shows the normalized photoluminescence emission spectra of PVT-PPO 

with increment loadings of CdS QD. The concentration of PPO dye is kept constant at 4.7 wt%. 

The spectra were collected with Cary Eclipse Fluorescence Spectrometer under 250 nm and 280 

nm excitation.  
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Figure 4.3  a) Normalized emission at 366 nm under 250 nm excitation. Different weight 

concentration of QD are loaded to PVT-PPO polymer. b) plot displays the emission spectrum of 

the set of PVT-PPO/QD excited at 280 nm with absence of the 426 nm peak. 

 

From the normalized spectrum a distinct feature was observed at 426 nm from 250 nm 

excitation. As QD loading increases the peak at 426 nm strengthens proportionally until it became 

the dominant peak. This distinct peak is attributed to the addition of QD however the peak is red 

shifted from its initial emission. One reason for the wavelength shift might be the index change in 

the medium causing the red shift effect, or possibly the peak is attributed to the intrinsic peak from 

PVT-PPO as seen from the unloaded QD spectra. Another QD with different emission is needed 

for clarity.  

At 280 nm excitation the emission spectrum from the set of samples are shifted back to the 

PVT-PPO spectra with slight distortions. The reverted state is due to the PVT’s excitation where 

it cutoffs at 280 nm [28]. This is evidence that energy transfer occurs across three agents from 

PVT polymer to PPO dye and finally to QD. From the overlapping spectra the criteria for energy 

transfer between the donor and acceptor are met making this a three stage energy transfer system 

[29]. Other requirements such as dipole orientation can be approximated as a constant due to 

random orientations and spatial distance is already provided by the ligands surrounding the QD 

with separation of at least 2 nm. Also from previous literature the slower decay time of PPO 

ensures optimal energy transfer to the CdS QD where their decay times are 1.9 ns and 0.2 ns 
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respectively [30], [31]. Even though FRET requirements are met the absence of the 426 nm peak 

under 280 nm excitation suggests the polymer medium itself may play a role within the system. 

 

4.2 Radiation Sensitivity and Count Rate 

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

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

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

due to the polymer’s low Z characteristic [2]. The majority of light yield will stem from beta 

radiation interaction where stopping power is considerably higher. Gross count rates, counts per 

second (CPS) were measured for 0 to 0.2 wt% QD loaded polymers in Table 4-1 with unshielded 

Cs-137. Addition measurements were performed with five other sources with unique gamma and 

beta decays at different energies between blank PVT polymer, PVT-PPO and PVT-

PPO/QD(0.2wt%) samples listed in Table 4-2.  

 

 

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

Cs-137  γ + β  976 ± 0.902 1640 ± 1.17 2570 ± 1.46 2990 ± 1.55 

 

Table 4-1  Table of different QD loading with 20 minute measurement from unshielded 2.285 

uCi Cs-137 source. CPS at different weight concentration of QD with PPO concentration held 

constant. PMT background is at 0.28 CPS. 
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CPS Am-241 γ 

(126 nCi)  

59.9 keV γ 

(5 hours) 

Cs-137 γ 

(2.285 uCi) 

661 keV γ 

(30 min) 

Co-60 γ 

(1.5 nCi) 

1.1 & 1.3  MeV γ 

(90 min) 

C-14 β 

(13.5 nCi) 

<49.5> keV β 

(4 hours) 

P-32 β 

(64.6 nCi) 

<695> keV β 

(30 min) 

Sr-90/Y-90 β 

(7.09 nCi) 

<196>/<934> keV β 

(20 min)  

Cs-137  (un-shielded) 

γ + β (2.285 uCi) 

<188 keV β > 

(20 min) 

PVT (bg) 0.91 ± 0.00711 5.33 ± 0.0544 1.06 ± 0.0140 0.420 ± 0.00858 11.6 ± 0.0803 2.53 ± 0.4592 21.9 ± 0.152 

PPO 1.08 ±  0.00774 157 ± 0.295 5.14 ± 0.0309 0.590 ± 0.00638 104 ± 0.241 14.9 ± 0.111 946 ± 0.888 

PPO/QD 1.23 ± 0.00828 247 ± 0.371 5.30 ± 0.0313 0.760 ± 0.00726 165 ± 0.303 28.0 ± 0.15327 3180 ± 1.63 

Ratio 1.14 1.57 1.03 1.29 1.59 1.88 3.36 

 

Table 4-2  Table of counts per second (CPS) along with ratio increase between PVT-PPO and 

PVT-PPO/QD(0.2 wt%). Count time is listed under source activity. PMT background is at 0.28 

CPS. Alpha and beta components of the sources were blocked for gamma measurement. 

 

For samples with QD present we observe an overall count rate increase throughout all 

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

attributed to the additional stopping power of the QD. As observed from the different count rates 

beta measurements have a higher improvement compared to gamma due to the nature of their 

interaction with the polymer. For gamma measurements most of its improvement comes from 

midrange energy from Cs-137 γ with mono-energetic photons at 661 keV. While it is possible the 

addition of QD improves upon Compton scattering the enhancement would still be minimal with 

QD being a moderate Z material at minuscule loading. Co-60 γ results in a lower count ratio 

increase 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. At low energy gamma photoelectric 

effect should be the dominant interaction however the yield is relatively low which might be 
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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. For low energy beta the ratio is analogous to the gamma where the overall increase is 

minimal. The low count rate can be interpreted as strong surface attenuation with excitation only 

at the surface instead of the overall polymer contributing to low scintillation rate. As the beta 

energy is increased the improvement is more apparent with P-32. With higher beta energy around 

700 keV PVT-PPO/QD reacts strongly compared with regular PVT-PPO indicating a higher rate 

of excitations within the polymer. Count rate is further increased at higher energy with Sr-90/Y-

90 where the average energy is around 900 keV with its highest at 2.28 MeV. The improvement is 

gradual as higher energy is employed to facilitate energy transfer between QD and the system. 

Another feature was observed when unshielded Cs-137 was measured with both of its gamma and 

beta component where count rate was tripled. As expected the beta component of Cesium 

contributed to the increase in count however the improvement far exceeds those of the beta emitters 

which might be due to the strong activity of the source.  

 

4.3 Gamma and Beta Spectroscopy 

Gamma and beta spectroscopy was performed and normalized with respect to PVT-PPO at 

the channel with the highest count for each spectrum shown in Figure 4.4 and 4.6. The gamma 

spectra for PVT-PPO are similar to those reported in past literature [2]. No particular change 

besides slight elevation was observed across the spectrum with low gamma energy from Am-241 

γ. When exposed to Cs-137 γ a broad change was observed across the energy spectrum with PVT-

PPO/QD where counts were detected at higher channels. Similar effect was also observed for Co-
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60 γ at a lesser degree where the broadening occurs from mid to higher energy channels. A full 

energy photo peak was not detected as anticipated from the polymer’s low Z property. In addition, 

a count profile for relevant measurement is shown in Figure 4.5 providing non-normalized total 

count ratio for PVT-PPO/QD over PVT-PPO exhibiting improvement across the channels. 

 

 

 

Figure 4.4 

Normalized gamma 

spectra from the three 

gamma sources 

measured between 

PVT-PPO/QD(red) and 

PVT-PPO(black), alpha 

and beta components 

are blocked off for each 

source. Enhancement in 

gamma signature is 

observed through mid 

to high energy .
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Figure 4.5  Count ratio plot from non-normalized gamma spectrum, the ratio is dictated by the 

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

 

For beta spectroscopy deviations could be seen across the energy spectrum with the 

exception at low beta energy. Slight irregularity could be seen for the C-14 spectrum in Figure 4.6 

similar to those of the Americium energy spectra. For P-32 mid-range beta energy a broad variation 

in the spectrum can be seen along with extensions to higher channels. This broadening might be 

attributed to the higher excitations from the beta in the polymer with similar energy from those of 

Cesium gamma. At higher energy near 1 Mev, the Sr-90/Y-90 spectrum changed drastically taking 

a similar form as the Cobalt gamma spectrum. Comparing the two high energy spectrums of Co-

60 and Sr-90/Y-90 a rise is detected at the low energy channel. This anomaly can be associated 

with low energy emission of Sr-90 where it was not seen in Co-60. Non-normalized total count 

ratio plot is shown in Figure 4.7 detailing the rise in the lower energy channel for Sr-90/Y-90 

spectrum.  
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Figure 4.6 

Normalized beta spectra 

from three beta emitters 

between PVT-

PPO/QD(red) and PVT-

PPO(black).  Strong 

deviations in the energy 

spectrum is observed at 

mid to high range beta 

energy with P-32 and Sr-

90/Y-90. 
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Figure 4.7 Count ratio plot from non-normalized beta spectrum, the ratio is 

dictated by the total counts collected for the PVT-PPO/QD over the PVT-PPO across 

individual channel.

 

Figure 4.8  Normalized Cs-137 measurement with both gamma and beta component. 

 

Changes in the energy spectrum detailing various loading of QD is shown in Figure 4.8 

with the same set of samples in Table 4-1 under unshielded Cs-137. Deviations did not arise until 

QD loading reached 0.11 wt% with broadening and extension to higher channels. Even though no 

dominant changes were observed at 0.04 wt% in the spectra count rate still improved as listed in 
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Table 1. Even under minute loading QD proved to enhance scintillation with alterations in the 

energy spectrum.
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Chapter 5 

Conclusion 

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

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

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

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

observed at low loading and increased proportionally 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 as small as 1.1 times increase to 3.6. 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 of this system along with its 

unique energy transfer with other scintillating dye and different QD emissions. 
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