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“Well, I must endure the presence of a few caterpillars if I wish to become acquainted with
the butterflies.”

— Antoine de Saint-Exupéry, The Little Prince



Abstract

Plastic scintillators, situated in the Tile Calorimeter (TileCal) of the ATLAS detector at the
Large Hadron Collider (LHC), play an integral part in the detection of diffractive, energetic
hadronic particles that result from high energy proton-proton collisions. As these particles
traverse the plastic, the resultant decay of the polymer base emits luminescent light which acts
as a signature of this interaction. However, the deleterious radiation environment in which
the plastics are situated ultimately degrade the plastic through the formation of free radicals
which initiate chemical reactions and alter the structure of the plastic. Radical formation was
studied using electron paramagnetic resonance (EPR) spectroscopy in six plastic scintillator
types of either polystyrene (PS) or polyvinyl toluene (PVT) base, and computational EPR
studies were conducted on two small monomer structures and two large polymer, plastic-like
computer models. Damage was simulated in the computational models by removing an
increasing number of hydrogen atoms. Plastic samples, of volume 500 ⇥500 ⇥ 250 µm, were
to subjected protons accelerated to 6 MeV using the tandem accelerator at iThemba LABS,
Gauteng, to increasing target doses of 0.8 MGy, 2.5 MGy, 8.0 MGy, 25 MGy, 50 MGy, and
80 MGy. The experimental EPR data taken after two weeks of the sample exposure to
air indicate the presence of peroxy-type radicals that initiate chemical reactions, discolour
the plastic, and decrease the efficiency of the plastic. Furthermore, the data suggests that
damaged PS and PVT samples are susceptible to different mechanisms of radiation damage.
However, results pertaining to the decrease in the g-factor and the increase in normalised
EPR intensity suggest that all plastics behave similarly using an EPR analysis as a function of
dose. Thus, the EPR analysis could not identify a specific plastic that would perform better
than the existing plastics used in the TileCal. The computational chemical potential results
indicate that electron transfer between damaged pristine and damaged models is possible.
In the two small damaged models, the computational EPR data indicate the presence of a
various stable akyl-like radicals depending on the site from which the hydrogen atoms are
removed. In the two large damaged models, these results indicate a number of alkyl-, benzyl-,
and cyclohexadienyl-like radicals.
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Chapter 1

Introduction

Plastic scintillators are organic hydrocarbon compounds capable of detecting energetic

particles and ionising radiation. The interaction results in electronic excitations of the

aromatic polymer structure which de-excites through a process (known as fluorescence) where

light, usually in the UV-visible region, is emitted [1]. This light acts as a signature for the

interaction. The quick time-of-flight measurements of the scintillator make them an integral

part of many scientific and industrial fields where there is a need to detect and identify

energetic particles [2]. This has applications in physics, and in particular in high energy

physics (HEP). Here, plastic scintillators are used to indirectly measure the charge and

momentum of energetic particles that traverse the material. Information is then relayed to a

larger, more complex detection system and is used to reconstruct the trajectories of, and

other important parameters associated with, the particle.

1.1 Motivation of Investigation

The Large Hadron Collider (LHC) is based at l’ Organisation européenne pour la recherche

nucléaire (CERN) near Geneva, Switzerland. It is the largest particle accelerator and HEP

experiment built to date and, during the Run I data taking period (2009 - 2012), operated at
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a centre of mass energy,
p

s, of 7 TeV from proton-proton (pp) collisions. Centred at one of

the eight collision points of the LHC, is a general purpose detector referred to as the ATLAS

(A Toroidal LHC Apparatus) detector.

In July of 2012, ATLAS, along with another general purpose detector CMS (Compact Muon

Solenoid) also located at the LHC, independently announced the discovery of the SM Higgs

Boson [3, 4] in pp collisions at an integrated luminosity of approximately 4.8 fb�1 and 5.9

fb�1, respectively. The discovery of the Standard Model (SM) Higgs boson completed [3] the

SM theory, which is a quantum field theory of elementary particles that unifies three of the

four fundamental interactions: the strong, weak, and electromagnetic [5].

By interacting with the Higgs field and its associated mediator, the Higgs boson, massless

subatomic particles such as bosons and fermions gain mass through the so-called Higgs

Mechanism. This mechanism is a result of a spontaneous symmetry breaking which results

in a non-zero scalar field that couples to the gauge fields of the bosons and fermions. This

coupling results in mass terms that correspond to these subatomic particles.

However, since its discovery, a multitude of unexplainable features associated with the Higgs

boson [6], its decays [7], and its productions [8] have been observed that do comply with

the SM predictions from both ATLAS and CMS. In an attempt to explain theses features,

The HEP group at the University of the Witwatersrand1 have suggested the existence of

a heavy scalar “Madala” boson, H, which couples to an intermediate scalar, S, and then

to a dark matter candidate, �, as well as other SM particles. The dark matter candidate

is a possible source for missing transverse energy (Emiss
T ) that could explain the excesses

observed [9]. Using this model, it was hypothesised that the Higgs would “recoil” against

� thus gaining transverse momentum, pT. A study was conducted for the search of events

with large Emiss
T and a Higgs boson decaying to two photons using 3.2 fb�1 of pp collisions at

p
s = 13 TeV with the ATLAS detector [10]. The author had contributed to it by investigating

the reconstruction of Emiss
T . These plots, along with a brief discussion on the analysis, are

presented in Appendix C.

Currently, the LHC operates at
p

s = 13 TeV which was reached at the start of Run II (2015

- 2018). The LHC intends to increase its integrated luminosity by a factor of ten by 2022.

Several upgrades have already been implemented at the LHC in 2015 and, in the upcoming

years, the detection systems and accelerator technologies are to be replaced to accommodate

1For more information please visit: http://hep.wits.ac.za
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the increase in energy and luminosity [11]. In particular, a sub-detector within ATLAS,

referred to as the Tile Calorimeter (TileCal), employs plastic scintillators [12] in its detection

system. These scintillators exhibit luminescence through their interaction with ionising,

energetic particles. Their relatively high light output, and high resolution capabilities make

them are a vital component in the detection of subatomic particles such as quarks, gluons,

and hadronic jets. However, the subsequent increase in luminosity significantly impacts

the radiation environment of the TileCal and the plastic scintillator [13]. It is, therefore,

imperative that these components withstand the deleterious effects of this environment. If

this is not possible, they are to be replaced in preparation for the increased energy and

luminosity.

The ionising effects on the plastic scintillators due to their interaction with energetic particles

result in the formation of excited species, referred to as free radicals. These radicals form

when bonds in the plastic polymer break, and they initiate chemical reactions that alter the

structure of the plastic which ultimately damage it [14]. Damaged plastic scintillators display

decreased light output compared to their un-damaged counterparts [15], and this continues

to decrease as damage increases [16]. Understanding the radicals which initiate the damage

to the plastic scintillators could be of assistance when choosing a scintillator that shows the

most resistance to radiation.

The upgrade of the plastics in the TileCal scheduled for 2018 intends to replace those

scintillators which have received the most damage with more radiation resistant ones. This

investigation seeks to determine the radials formed when plastic scintillators are ionised

by energetic particles, and the changes they induce in the plastics. Plastic scintillators of

either polystyrene (PS) or polyvinyl toluene (PVT) base are investigated. These plastics

are irradiated with relatively low energy 6 MeV protons. The iThemba Laboratory for

Accelerator-Based Sciences (LABS), Gauteng, provided the facilities necessary to accelerate

the protons. Six grades of scintillators were investigated during this investigation: three PVT

based Eljen Technology plastics, one PVT based plastic developed by Saint Gobain Crystals,

one PS based IHEP (Institute of High Energy Physics) plastic, and one PS based ISMA

(Institute for Scintillating Materials of National Academy of Sciences of Ukraine) plastic.

Electron paramagnetic resonance was used to investigate the radical formation in each of the

plastics before and after irradiation.

In addition to this, in an attempt to quantify the damaged incurred by the plastics, a

computational investigation into four plastic-like models was undertaken. Damage was

3
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modelled by simply removing atoms from the system.

1.2 Aims and Objectives

The primary aim of this investigation is to gain a comprehensive understanding of the

effects of proton-induced radiation damage on plastic scintillators. These energies are much

smaller in magnitude when compared to those utilised in high energy particle detectors. The

investigation further aims to understand the molecular and structural changes undergone in

the plastic scintillators by investigating the possible radical formation induced by the proton

interaction.

The investigation will also aim to perform a comparative study by investigating effects of

radiation damage in a number of plastic scintillators with different molecular structures and

added dopants. Furthermore, it aims to computationally reconstruct approximate plastic

structures and the ionising effects to them produced by the protons.

The information gained from the comparative investigation and the computational modelling

could assist in choosing a plastic scintillator to replace those currently employed in the Tile

Calorimeter (TileCal) of the ATLAS detector during the Phase 2 upgrade in 2018. This

investigation could possibly shed light on the deterioration of the mechanism responsible for

scintillation.

To achieve these aims, the following objectives have been set:

1. Perform electron paramagnetic resonance spectroscopy on various proton irradiated

plastic scintillators exposed to increasing absorbed dose.

– Study the possible long-lived radical formation and any other structural changes.

2. Perform a computational DFT electron paramagnetic resonance on smaller, damaged

plastic-like models.

– Replicate experimental signal structures.

– Study short-lived radicals and any other structural changes.
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1.3 Dissertation Outline

This dissertation is divided into eight chapters. The first chapter presents the motivation

of the investigation and the aims and objectives that were set. The second chapter details

the structure and importance of the ATLAS detector, and deleterious radiation environment

that plastic scintillators are exposed to. Chapter three presents the literary overview of

radiation damage in scintillators. Chapter four presents the theoretical background utilised

in electron paramagnetic resonance and its computational calculations. The details of the

sample preparation, apparatus utilised, and experiments are detailed in chapter five. In

chapters six and seven, the results and observations, and associated analysis and discussion

are presented, respectively. Chapter eight presents the conclusions of findings from the

investigation. In addition, a brief summary of each chapter is presented at the beginning of

chapters 2, 3, 4, and 5.
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Chapter 2

The ATLAS Experiment

In this chapter the ATLAS detector at the Large Hadron Collider and it’s main components

are introduced. Emphasis is placed on the TileCal and the plastic scintillators employed in

and around it; the minimum bias trigger scintillators are discussed in a similar manner.

Finally, the radiation environment these plastic scintillators experience is discussed along

with the consequences of prolonged exposure.
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2.1 The ATLAS Detector

Centred at one of the collision points at the CERN LHC is the ATLAS detector [17]. This

general purpose detector illustrated in Figure 2.1 is 46 metres in length, 25 metres in height,

and weighs approximately 7000 metric tonnes.

44m

25m

Muon chambers

Toroid magnets

Solenoid magnet

Semiconductor tracker

Transition radiation tracker

Pixel detector

LAr electromagnetic calorimeters

LAr hadronic end-cap and
forward calorimeters

Tile calorimeters

Figure 2.1: An illustration of the ATLAS detector [CERN©].

The beam pipe, which extends along a 27 km long radius around the LHC, is situated at

the centre of the cylindrically symmetric detector. Travelling along the beam pipe, are two

beams of bunched protons which collide at the so-called interaction point (IP) at the centre

of the detector. The energies and paths of the emergent particles produced after this collision

is recorded through their interaction with the detector.

The co-ordinate system ATLAS employs [18] is defined by the IP which is set as the origin.

The z-axis is defined along the beam axis and the perpendicular x-y plane defines the

transverse plane which is used when making measurements on particle momenta, referred

to as pT . The subsequent dimensions and angles used to define spatial co-ordinates in this

system are therefore r, the radical dimension which measures the distance between an event

and the beam, and �, the azimuthal angle, around the beam axis. However, the usual

polar angle ✓ which measures angles from the x-axis around the beam axis is replaced by
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pseudorapidity, ⌘ ⌘ ln tan(✓/2) which is Lorentz boost invariant. Using this convention, the

spatial properties between two objects is calculated as �R =
p
��2 +�⌘2.

ATLAS is composed of four main components, each sensitive to the various types of particles

produced after collisions. These components, shown in Figure 2.1, are the Inner Detector (ID),

the magnetic system, the muon spectrometer, and the electromagnetic (EM) and hadronic

calorimeters.

The ID [19] with |⌘|< 2.5 consists of three sub-detectors: the Pixel detector, the Semicon-

ductor Tracker (SCT), and the Transition Radiation Tracker (TRT). These sub-detectors

aid the ID in determining the momenta of charged particles. A 2 Tesla magnetic field

curves the trajectories of charged particles forming tracks and resulting in ionisation.

Two technologies along with millions of channels are used to reconstruct the vertices

of these particles. Silicon microstrips are employed in the Pixel detector and SCT to

detect ionising radiation.

The calorimeters have a coverage up to |⌘|= 4.9. They encapsulate the ID and utilise

different technologies in order to measure energies of electrons, hadrons and photons.

The calorimeters are comprised of the EM calorimeter, Tile calorimeter (TileCal),

forward calorimeter, and end-cap calorimeters. The calorimeters “sample” a fraction

of energy from incident particles which produce showers of energy. The TileCal is

discussed in more detail in Section 2.1.1.

The Muon spectrometer surrounds the calorimeters and detects muons. Muon tracks

are bent by the magnetic field of eight toroidal magnetics; these curve the trajectories

of the muons.
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2.1.1 The Tile Calorimeter

The TileCal [12], depicted in Figure 2.2, is a central part of the ATLAS detector along with

the liquid argon (LAr) detector. These detectors make measurements on and identify hadrons,

taus, leptons, and in particular a shower of additional particles (quarks and gluons) referred

to as jets [20]. Not directly measured but rather reconstructed by the TileCal, is transverse

missing energy (Emiss
T ) which is a measure of the presence of undetectable particles being

produced in the collisions. These include neutrinos or hypothetical particles which have

similar properties to the neutrino.

Tile barrel
Tile extended barrel

LAr hadronic
end-cap

LAr EM
end-cap

LAr EM
barrel

LAr forward

Figure 2.2: The TileCal of the ATLAS detector [CERN©].

The TileCal has a coverage of |⌘|< 1.7 and is comprised of a central long barrel (LB) and

two retractable extended barrels (EB) on either side. These cylindrical barrels are made up

of 64 modules each with coverage � = 0.1 and consists of 4 mm steel plates sandwiching 3

mm thick plastic scintillators. These scintillating tiles are made from polystyrene (PS) and

the tiles are orientated perpendicular to the axis beam.

After a collision, resultant energetic hadrons traverse the detector and interact with steel

plates. This interaction which further results in a shower of energy within calorimeter. More

detail regarding the particle-matter interaction is discussed in more detail in Section 3.2. In
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this instance, however, the energy after the particle’s energetic interaction with the steel

plates is absorbed by the scintillating plastics and re-emitted as fluorescent light. The

fluorescent nature of the scintillating material is discussed in Section 3.3. Figure 2.3 depicts

the regular integrated read-out module with its various components.

Photomultiplier

Wave-length shifting fiber

Scintillator Steel

Source

tubes

PMT

Wave-length shifting fibre

Scintillator Steel

Source tubes

20
cm

20
cm

20 cm

Figure 2.3: Regular integrated read-out module including various components in the
TileCal. Adapted from [17].

Wave-length shifting optical fibre bundles, which couple to each side of grouped scintillating

tiles known as read-out cells, collect and guide the produced light to photomultiplier tubes

(PMTs). The incoming light from read-out cells is converted to an electrical signal by the

PMTs (see Section 3.5.1). This electrical signal is digitised and used to reconstruct properties

pertaining to the particle [17].

TileCal modules are segmented into three longitudinal layers: A, BC, and D; this segmentation

in ⌘ and depth of the TileCal modules is illustrated in Figure 2.4. The upper left shaded

area is the central barrel and the upper right shaded area is the extended barrel of the

TileCal, respectively. Additional gap scintillator modules are situated below the Intermediate

Tile Calorimeter (ITC) region at 1.0 < |⌘|< 1.2. The ITC cover the region 0.8 < ⌘ <

1.0 and is situated in the extended barrel in both D4 and C10 modules as depicted in
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Figure 2.4. Furthermore, cryostat scintillator modules are situated in the LAr EM End-cap

calorimeters [21] at 1.2 < |⌘|< 1.6. Gap and crack scintillators are therefore situated in the

E1 and E2, and E3 and E4 modules, respectively.

500 1000 1500 mm0
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BC1 BC2 BC3 BC5 BC6 BC7 BC8BC4

D0 D1 D2 D3
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B12 B14 B15

D5 D6
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C10

0,7 1,0 1,1

1,3
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beam axis
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1.3

1.4

1.5
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D0 D1 D2 D3 D4 D5 D6

BC1 BC2 BC3 BC4 BC5 BC6 BC7 BC8

B9 B11 B12 B13 B14 B15

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

C10

E1

E2

E3

E4

A12 A13 A14 A15 A16

� EM Barrel EM End-cap

Tile Extended BarrelTile Central Barrel

Figure 2.4: A segmentation of the TileCal modules displaying ITC scintillator positions
relative to the readout cells.

These scintillators have independent read-outs and provide signal which is used to correct for

energy losses in the transition (gap) region between the Tile EB and EM Barrel and End-cap.

This energy loss is associated to the gap region being filled with auxiliary infrastructure

including services, cables, and power supplies [17].

2.1.2 Minimum Bias Trigger

The parton model of Quantum Chromodynamics (QCD) [5] excellently describes hard

interactions coming from incoming particles with large pT. These predictions agree well with

data from high energy proton-proton (pp) collisions at the LHC [22]. Minimum bias events

provide insight into soft interactions in the low-energy regime for non-perturbative QCD.

In order to select such events, three triggers [23] are employed: randomly selected bunch

crossings, randomly selected bunch crossings together with SCT space point trigger, and

the minimum bias trigger scintillators (MBTS). The minimum bias trigger is experimentally

defined as a trigger used to accept inelastic events which have a minimum energy threshold

or geometrical acceptance [24].
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The dimensions of MBTS are depicted in Figure 2.5. They are constructed from 2 cm thick

PS plastic scintillators and are situated on the inner surface of the LAr End-cap cryostats.

In total, there are 16 counters which cover a range of 2.1 < |⌘|< 3.8. Half the counters form

the inner ring and the other half form the outer ring [13].

885 mm

145 mm

20 mm

3540 mm3540 mm

IP

⌘ = 2.09

⌘ = 3.84

Figure 2.5: Dimensions of the MBTS and its distance from the IP. Adapted from [25].

2.1.3 Radiation Environment in the ATLAS Detector

Collisions at the IP are the primary source for background radiation in the LHC [17]. The

deleterious effects this radiation has on the components and performance of the ATLAS

detector was important to understand prior to the Run I data-taking-phase of the LHC. In

order to optimise shielding in ATLAS, the particle fluence and absorbed dose was simulated.

The GCALOR [26] simulation package, which simulates large scale high energy physics (HEP)

experiments, was mainly used when calculating the optimum shielding that ATLAS required.

In addition to this, FLUKA [27] simulated the hadronic and EM cascades produced by

extremely energetic particles.

Figure 2.6 depicts GCALOR simulations for the ionising dose closest to the IP for the TileCal

region per year. These simulations assume a centre-of-mass energy1 p
s = 14 TeV, and

a nominal luminosity2 of 1034 cm�2s�1. The locations of the various sub-detectors and

calorimeters are shown, as well as a contour scale to the right indicating the integrated dose

per year. The MBTS detector region is indicated by the white rectangular shape to the right

of the TRT. These calculations estimate that the TileCal readout system is exposed to less

than 30 Gy per year [17].

1A Lorentz-invariant energy describing the total energy arising from the collision of two energetic particles.
2The number of events per unit time for a given interaction cross-section.
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Prior radiation damage studies conducted [28] on the TileCal region at an integrated luminos-

ity equivalent to 10 years running nominal luminosity expect that a total dose deposited in

the plastic scintillators situated at an ⌘ = 0 and ⌘ = 1.5 be 264 Gy and 381 Gy, respectively,

for charged and neutral particles.

TileCal

LAr barrel
LAr end-cap

TRT

SCT

Pixels
Forward
calorimeter

calorimeter
calorimeter

TileCal
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Figure 2.6: Simulated radiation contour map of the total ionising dose in the TileCal
region over one year at

p
s = 14 TeV and a nominal luminosity of 1034 cm�2s�1. Adapted

from [17].

After the Run I data taking phase of the LHC (2009 - 2012), which operated at
p

s = 7 TeV,

the estimated absorbed dose revived by MBTS was between 0.1⇥104 and 0.4⇥104 Gy [29].

Further measurements conducted at
p

s = 13 TeV suggest that the MBTS be replaced and

that these serve as thermal neutron shields for the calorimeter [25].
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Chapter 3

Overview of Scintillators and

Radiation Damage

In this chapter the concept of energy loss along the passage of a charged particle in matter

is introduced. This results in radiation damage and defect creation within the material.

The absorbed radiation dose due to this charged particle-matter interaction is subsequently

calculated. Focus is then placed on scintillators and their luminescent properties, their

importance in particle detection, and the effects of radiation damage on their luminescence

based particle detection ability.
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3.1 Introduction

Particle detection relies on the interactions between particles and matter which is dependent

on the properties of both the particle and material. Scintillation detectors can be organic or

inorganic in nature and are defined as materials that, when excited by high-energy particles,

emit a fluorescent pulse of light [30]. The light produced acts as a signature of the interaction.

Scintillation detectors play an integral part in many fields where there is a need to detect

energetic particles. Radiation damage caused by the interaction of energetic particles with

plastic scintillators is widely studied [2]. However, this damage is not well understood due to

its complexity [31] and, presently, radiation-hard plastics are being developed and optimised

for their desired properties [32].

3.2 Interaction of Charged Particles with Matter

A particle passing through a material experiences interactions depending on its own physical

properties such as charge and magnetic moment [33]. These properties determine the type of

interactions with the fields present within the material such as the electromagnetic (EM) and

strong nuclear fields. In the case of charged particles, such as electrons, protons, and alpha

particles, EM and nuclear interactions result in elastic and inelastic scattering, electronic

excitations and ionisations, and nuclear reactions [34]. These interactions take place with

certain probabilities (cross-sections) [35] and ultimately result in the incoming, traversing

particle losing energy. This energy loss, in many respects, characterises the interaction and

constitutes a measure for energy transfer to the atomic structure of the material. It carries

information which ultimately can be used for the detection and description of the incoming

particle. The total energy loss can be regarded as the sum of electronic energy loss (through

inelastic collisions with atomic electrons) and so called nuclear energy loss (elastic collisions

with the atomic nuclei).

Figure 3.1 represents a classical depiction of the undisturbed trajectory of a charged particle

moving in the vicinity of an atom with atomic radius a. As long as the impact parameter

b is much larger than a, that is b � a, inelastic scattering through Coulombic electronic

interactions occur. Here, the Coulomb field is dominant and results in electronic excitations.

A fraction of the particle’s transferred energy is absorbed by the material, and emitted as

16



Chapter 3: Literature Review Interaction of Charged Particles with Matter

Cherenkov radiation if the particle in the material moves faster than the speed of light in

that material.

Undisturbed trajectory

Nucleus

b

a

+

+
+

+
+

e�

e�
e�

e�
e�

e�

Undisturbed trajectory

Nucleus

Figure 3.1: A classical depiction of an undistributed trajectory of a charged particle
where a is the atomic radius and b is the impact parameter. Adapted from [34].

However, when the trajectory of the particle is closer to the atom such that b is comparable

to a, inelastic collisions are more likely to occur between the particle and individual atomic

electrons. These inelastic collisions, due to the Coulombic field between the incoming particle

and the electrons of the atoms in the molecule of the material, result in electronic excitations

and ionisations with characteristic cross-sections. In some cases, the transferred energy is

sufficiently high such that the ejected electron itself causes a notable secondary ionisation.

These electrons are referred to as �-rays. The two above mentioned cases for inelastic

electronic collisions account for the electronic energy loss by the particle and a deviation

from its initial trajectory.

Elastic collisions with nuclei, resulting in nuclear energy loss, are less frequent than inelastic

electronic collisions. This process occurs when b ⌧ a in Figure 3.1. A Coulomb interaction

occurs between the particle and atomic nucleus. Although small, the energy loss is sufficient,

however, to overcome the so-called displacement energy for individual atoms of the material

(which is of the order of a few tens of eV). The displacement energy is the minimum

amount of kinetic energy required to displace an atom from its position in a material [36].
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The displacement of atoms results in many defects in the material, such as vacancies and

interstitials. In particular, the vacancies that form are significant in characterising the

radiation damage [37] induced along the path of the incoming particle. For incoming particles

with energies above the Coulomb barrier, as defined by the nuclei of the material, nuclear

reactions also occur.

3.2.1 Stopping Power

The average energy lost per unit length �dE/dx (often referred to as the stopping power)

is a function of momentum. The stopping power of a material can be described using the

Bethe-Bloch equation [38] for moderately relativistic charged particles and is given by

� dE

dx
=

Kz2Z

A�2


1

2
ln

✓
2mec

2�2�2Emax

I2

◆
� �2 � 1

2
�(��) � C

Z

�
. (3.1)

Table 3.1 displays the variables on the right hand side of Equation 3.1. Correction terms

�(��), the density correction, and C, the shell correction, are added to the equation and

become significant for both low and high energy cases.

Variable Meaning Value

K - 4⇡NAr2
0mec

2

z Charge of incident particle -

me Rest mass of electron -

r0 Classical Bohr radius e2/mec
2

Z Atomic number of material -

NA Avagadro’s number -

c Speed of light -

A Relative atomic mass -

� Velocity of incident particle v/c

� Lorentz factor 1/
p

1 � �2

I Average excitation energy -

�(��) Density dependent correction to energy loss -

Emax Maximum kinetic energy transferred to an electron -

C Shell correction -

Table 3.1: Variable meanings and values in the Bethe-Bloch Equation.
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In all cases, the energy loss decreases as the incident particle’s energy increases. However,

Equation 3.1 only holds if the incident particles velocity is much larger than that of the

atomic electrons. If the incident velocity is smaller, the energy loss increases with an increase

in incident particle energy, and reaches a maximum when the two energies are comparable.

Finally, the Bethe-Bloch equation applies to materials made up of pure elements.

The average stopping power for materials that are either mixtures or compounds is better

approximated [33] using Bragg’s rule [39]. This approach uses a linear combination of each

individual elements stopping power weighted by the amount percentage of electrons belonging

to that element. Its accuracy is limited as electronic energy loss depends on the nature of

the material. The stopping power for mixtures or compounds is given by the following

1

⇢

✓
dE

dx

◆
=

iX

1

wi

⇢i

✓
dE

dx

◆

i

i = 1, 2, 3, · · · , (3.2)

where wi and ⇢i is the fraction of weights and densities of elements, respectively. Bragg’s

rule is inaccurate when there are bond changes [40] within a mixed or compound material.

These changes alter the charged state of the ion within the material which subsequently

alter the particle-matter interaction. Bond changes are taken into consideration by the Core

and Bond (CAB) approach [41]. These bond corrections are applied to the chemical bonds

associated for each stopping power to each linear combination in Equation 3.2. The corrected

stopping power is a superposition of atomic cores which simply follows Bragg’s rule added to

the stopping due to bonds between electrons [42] given by

�
✓

dE

dx
(z)

◆
= (↵z)2

hX
cores +

X
bonds

i
, (3.3)

where ↵ is the fractional effective charge of the incident particle, z. The effect of these

corrections can be seen in Figure 3.2.

Figure 3.2 shows the correlation between experimental data and Bragg’s rule stopping estimate

for polystyrene, and the CAB approach, respectively. The CAB approach takes the bonding

effects between hydrogen and carbon and the single and double bonds between carbon atoms

into consideration. A stronger correlation is seen between the experimental data [43–46]

with the CAB approach than the simplified Bragg’s rule. This is for the interaction between

hydrogen ions H and polystyrene with a chemical composition (C8H8)n. This particular

compound and ion interaction is chosen as it is important to the current study.

19



Chapter 3: Literature Review Luminescence in Organic Molecules

Hydrogen Energy (keV/amu)
210 310

)2
 a

t/c
m

15
H

yd
ro

ge
n 

St
op

pi
ng

 (e
V/

10

0

2

4

6

8

10
n

)8 H
8

Bragg's Rule (C

Polystyrene (Bond Corr. = 8%)

Port. (1978)

Bedn. (1981)

Bedn. (1980)

Wall. (1994)

Hydrogen Stopping in Polystyrene

Figure 3.2: Stopping of H ions in polystyrene, adapted from [47].

An arbitrary trajectory is taken by the traversing particle. It continuously slows down in the

material through electronic and nuclear interactions [48]. Assuming energy loss is constant,

the particle comes to a complete stop at projected range, Rp. This projected range is a

projection of the average pathlength, Rt. For an ion with initial energy E0 and direction this

is calculated for a particle using

Rt(E0) =

E0Z

0

dE
1

dE/dx
. (3.4)

The integral limits indicate that a particle will disperse all its initial energy into the material.

The total energy loss results in a dose absorbed by the material [34].

3.3 Luminescence in Organic Molecules

The transferred energy of an incident particle is absorbed by the material and results in

excitations of the atomic electrons. The subsequent photon emission from the de-excitation

of these electrons is referred to as luminescence [1]. Luminescence is characterised by the fact

that the emitted photon energy from the excited material is smaller than that of the absorbed
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energy. This phenomenon is divided into two sub-processes: fluorescence and phosphorescence

which are related to the singlet and triplet states of the electrons, respectively.

Fluorescence is defined as the spontaneous emission of light from transitioning electrons from

a singlet excited orbital state to a singlet orbital ground-state [49]. This pair of electrons differ

in spin orientation. Phosphorescence is defined as the emission of light from a transitioning

electron in a triplet excited orbital state to a singlet ground-state. This pair of electrons have

the same spin orientation and, as a consequence, the decay for phosphorescence is usually

longer [50] than that of fluorescence.

In organic molecules the number of emitted photons is described by an exponential equation

of the form

N(t) = N0 e(�t/⌧), (3.5)

where N is the number of emitted photons after time t, N0 is the number of created photons,

and ⌧ is the decay time due to fluorescence. Simultaneously activated energy states give rise

to complex absorption and emission spectra. These states include electronic, vibrational,

and rotational energies. The ⇡-electron1 structure in organic molecules gives rise to its

luminescent properties. In the case of electronic excitations, singlet states, Sn, correspond to

all electrons in the molecule having a paired spin. Triplet states, Tn corresponds to a set of

unpaired electrons [51]. The probability of occupying either a singlet or triplet state depends

on the orbital energies of the valence electrons and the electrostatic exchange strengths

between electrons of parallel spin in the ground state [52]. A transition between these states

can be induced by the absorption of an energy of a particular frequency [53]. This process is

further investigated in Chapter 4 when the triplet state of an organic molecule is revisited.

Figure 3.3 depicts electronic excitations and de-excitations in an excited organic molecule with

⇡-electron structure. Fluorescent light is emitted when there is a transition from the S10 state

to one of the lower lying electronic s states, S0m. There is a small overlap between the optical

absorption and emission spectra (referred to as the Stokes shift) where the excitation energy

is greater than the de-excitation energy. This is shown by the downward pointing arrows

from state S10. There is a Stoke shift except for the S10 ! S00 case (not shown in diagram).

The transition from these states undergoes internal conversion, where no photons are emitted,

and the molecular spins remain in the singlet state. This is then followed by vibrational

relaxation where the electron loses energy to other molecules through collisions [51]. This

1A ⇡-electron refers to the electrons resides in a ⇡ bond. These are formed in double or triple bonds or
conjugated p orbitals that overlap.
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process is similar in the inter-system crossing de-excitation, where no photons are emitted but

the molecule is now exist in the triplet state. Again, this is followed by vibrational relaxation

and this de-excitation yields phosphorescent light. The characteristic delayed phosphorescent

light is due to that fact that the life-time of the T10 triplet state is longer than that of the first

singlet state. Delayed fluorescence may also be observed when a thermally excited electron

in T10 is promoted to S10 and de-excites to S0m.
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Figure 3.3: Jablonski energy level diagram for an organic molecule with ⇡-electrons.

However, a secondary photon can be absorbed which promotes the electron to a higher

singlet state. This process is depicted by the upward pointing lines from S00 and occurs if

the excitation light is in resonance with the absorption into higher states. Non-radiative

de-excitations, such as the vibrational relaxations, can be grouped into one general process

called “quenching”. Quenching decreases the number of fluorescent photons as, in some

cases, it causes an inter-system crossing from S10 to T10. The ability to convert an incident

particle’s energy to fluorescent light is a desired property of organic molecules. The fluorescent

efficiency of an organic molecule associated with this property is defined as the fraction
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of absorbed energy converted to fluorescent light. Therefore, it is desirable for quenching

mechanisms in organic molecules to be reduced.

3.4 Plastic Scintillators

Plastic scintillators are fluorescent organic hydrocarbon compounds that consist of linked

benzene-ring derivatives. These compounds are used as an aromatic polymer base [30].

Figure 3.4 depicts a circular ⇡-bond of a benzene ring where electron densities in the

aromatic p-orbitals interact and become delocalized below and above the plane of the ring.

Furthermore, molecular orbital (MO) theory predicts that atomic orbitals (AOs) which

overlap constructively form a bonding MO. Alternatively, destructive interference results

in an anti-bond MO causing a dissociation of the atoms [54]. Since there are six AOs in

benzene, there are also associated six MOs: three bonding (⇡) and three anti-bonding (⇡⇤)

and therefore there are three aromatic transitions ⇡ ! ⇡⇤. These transitions have bands

associated to them and for benzene these absorption bands occur at 180 nm, 200 nm, and

256 nm, respectively, which corresponds to the UV-visible range [55].

6 p-orbitals delocalised

Figure 3.4: Representation of MO bonding in a benzene molecule.

Thus, the aromatic nature of these benzene derivatives, and therefore scintillators, allow for

fluorescence in the excited material. The most commonly used benzene derivatives used as

plastic bases are polyvinyl toluene (PVT) and polystyrene (PS). The monomers of PS and

PVT are displayed in Figure 3.5. The styrene monomer, seen on the left of Figure 3.5, is

a benzene derivative with a terminal double bond functional group. It is also referred to
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as ethenylbenzene. It has no additional isomers and has the chemical formula C8H8. The

vinyl toluene monomer, see on the right in Figure 3.5, also has a terminal double bond

functional group and an additional methyl group. It has three isomers, namely 1-ethenyl-2-

methylbenzene, 1-ethenyl-3-methylbenzene, and 1-ethenyl-4-methylbenzene. These all have a

chemical formula C9H10.

CH
CH2

Styrene
CH3

CH
CH2

Vinyl Toluene Isomer

Figure 3.5: Monomers of PS and PVT used as bases in plastic scintillators.

On their own, the plastics have a very low light yield but by adding a small percentage

(between 0.3% and 4%) of a particular aromatic compound the light yield increases. These

aromatic compounds, referred to as fluors, are also fluorescent in nature and are dissolved

into the plastics. Fluors act as wavelength shifters as they absorb short wavelengths emitted

by the plastic base and re-emit at longer wavelengths [56]. Two fluors are usually dissolved

into a plastic. These are referred to as the primary and secondary fluors.

The de-exciting plastic base transfers non-radiative energy to the primary fluor through a

long range dipole-dipole coupling mechanism which is referred to as the Förster resonance

energy transfer (FRET) [57]. The primary fluor also decreases the decay of the scintillator

since the average distance between fluor and base is less than the wavelength of light released.

Secondary fluors are also added to improve the scintillation characteristics. They absorb

excited energy from the primary fluor and re-emit a photon with a longer wavelength

around 400 nm [58]. The main advantage of adding primary and secondary fluors is that a

larger fraction of fluorescent scintillation occurs which can be coupled to a PMT better at

420 nm [59].
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PTP

O

N

O

N

POPOP

Figure 3.6: Common primary (PTP) and secondary (POPOP) fluors added to plastic
scintillators to aid scintillation.

The most common primary fluors used are p-Terphenyl (PTP) as a primary fluor and di-

phenyloxazolyl-benzene (POPOP) as the second secondary fluor. Together, these can increase

a plastic’s scintillation efficiency by 40% if concentrations of 4% and 0.002% are added

respectively [60]. Figure 3.6 above depicts the molecular representations for the aromatic

primary and secondary fluors PTP and POPOP, respectively.

3.4.1 Scintillator Manufacturing Process

Three main manufacturing methods exist for the production of plastic scintillators. Batch cell

casting involves heating up liquid monomers with their fluors in a mould. Once cooled, a solid

plastic is formed which can be shaped and polished into a desired shape. The second technique

is the injection moulding technique and is most commonly used in mass production [59].

Here, granulated plastics and their dopants are placed into a heated screw cylinder. The

mixture is melted, mixed and squeezed out a nozzle where it can be shaped. Finally, the

third technique, called the extrusion technique, is similar to the injection technique in that

granulated plastics and their dopants are heated in a moulding machine. This mixture is

pushed through a dye in order to obtain a particular profile.

3.5 Applications of Scintillators

In general, scintillators and scintillation detectors have a wide variety of applications in

scientific and industrial fields [61]. Analytical applications for scintillation counters include
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measuring the radioactivity through the detection of radioactive tracers. These traces become

concentrated in human tissue after having been intravenously administered. In the medical

field, scintillators form part of various tomographic scanners and detect these radioactive

substances in patients in order to provide reconstructed internal images of their body.

The use of plastic scintillators has been outlined specifically for the ATLAS experiment in

Section 2.1. In general, in high energy physics (HEP) experiments, scintillators are used to

determine whether the track formed by a charged particle should be reconstructed or not. In

electromagnetic and hadronic calorimeter measurements, plastic scintillators surrounded by

materials that possess a large atomic number to measure particle energy changes. Finally,

time-of-flight measurements can be made done with plastic scintillators.

3.5.1 Scintillation Detectors

The luminescent nature of scintillators when struck by energetic particles is a desired feature in

scintillation detectors. Scintillating materials are optically coupled directly to photodetectors

or via wavelength shifting fibres to form a scintillation detector. Common photodetectors are

PMTs which are tubes kept under vacuum that can measure a range of photon energies [62].

These energies are converted into electrical pulses which are analysed.

Figure 3.7 depicts a PMT that is sensitive to the wavelength emitted by the scintillator and

consists of an anode, a photocathode, and series of dynodes coated in an alkaline substance

that emit electrons when struck by photons. These photoelectrons are accelerated and focused

onto the first in a series of a dynodes by an electrode. Once at the dynode, the electrons

undergo secondary emission and are multiplied; this process is repeated until the last dynode

is reached and electrons are “collected” at the anode. A current is produced from these

electrons proportional to the light emitted from the scintillator. This current is amplified

and can be analysed as an electrical signal via the connector pins.
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High energy
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Low energy photons

Scintillator
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Figure 3.7: Schematic of a photomultiplier tube connected to a scintillator.

The resultant amplitude of the electrical pulse yielded by a scintillation detector is proportional

to the excitation energy of the scintillator [33]. Therefore, energy can be measured reliably

by the scintillator detector and it is used as an energy spectrometer. Scintillator detectors

exhibit great precision in determining time differences between events and have fast recovery

times. These characteristics allow them to accept high count rates. Finally, scintillator

detectors distinguish between different particles by discriminating between the characteristic

pulse shape created as a result of the particle interacting with the scintillating material.

3.6 Effects of Radiation Damage in Plastic Scintillators

Many factors play a role when considering the effects of radiation damage in plastics

scintillators. The type of particle interaction with the plastics has been briefly considered in

the previous sections. However, factors including the total absorbed dose, the dose rate, the

composition and concentration of the added fluors, post-irradiation environment, and the

time taken for plastics to recover after irradiation, all contribute to the type of damage seen

in plastics. These factors and their emergent features in the bulk material are considered in

this section.

In general, radiation damage to plastics results in the formation of tracks and excited species

(which include hydrogen atoms, unpaired electrons, and low molecular weight macro-radicals).

These excited species form when bonds break within the polymer. They initiate chemical
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reactions [14] that alter the structure of the polymer backbone2 of the plastic. This ultimately

degrades the mechanical and chemical properties of the plastic. The chemical changes to

the polymer result in the following processes: the evolution of various gases, the formation

of double and triple bonds (referred to as unsaturation), degradation of the backbone, and

cross-linking between polymers in the plastic [63].

3.6.1 Gas Evolution and Free Radical Formation

Gas evolution, in general, results from bonds breaking in long chained molecules through

their interaction with ionising radiation. This process is referred to as main chain scission and

results in the formation of either ion pairs, or free radicals and unpaired electrons depending

on the type of bond broken. Hydrogen is the most common gas that is formed from irradiated

plastics that do not contain oxygen [14].

In both PVT and PS, the removal of a hydrogen atom (dehydrogenation), occurs primarily

between C H [64, 65]. This, subsequently, results in the formation of free radicals. In

PS, the two most common free radicals that form are a benzyl and cyclohexadienyl-type

radicals [65] depicted in Figure 3.8 (a) and (b), respectively. The benzyl radical is formed

as a result of dehydrogenation from the styrene monomer leaving a carbon atom with an

unpaired electron. The cyclohexadienyl-type radical is formed by the addition of a hydrogen

to the styrene monomer resulting in the formation of hydrogen gas.

CH2C CH2

(a) H

CHH2C CH2

+ H2

(b)

Figure 3.8: Benzyl radical (a) and cyclohexadienyl-type radical (b) that form in irradiated
PS. Adapted from [65].

Gas evolution also occurs in irradiated PVT [64]. These include hydrogen gas, C2H2, and

C3H5 [66]. In both PVT and PS, the yield of total gas increases with an increased absorbed
2Continuous linear chain of covalently bonded atoms leading to the simplest representation of a molecule.
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dose [67]. Finally, the formation of alkyl radicals or fraction or alkyl-like radicals have been

observed in irradiated plastics due to dehydrogenation [68]. These include, but are not

limited to, the following: CH �, CH2�, and CH3�, CH CH3, and C (CH3)�.

3.6.2 Cross-linking and Unsaturation

Cross-linking refers to covalent bonds that form between two polymer chains [69]. The free

radicals, induced by the ionising radiation, combine to produce these cross-links which, with

increasing radiation damage, result in the formation of a three dimensional network [70].

A discolouration emerges as a results of the formation of the network [15] and continues

with an increase in dose. This increase also leads to unsaturation and, ultimately, an

increase in yield of carbon-carbon bonds, namely C C and C C [71]. This is primary

due to dehydrogenation of C H bonds. Furthermore, the degradation of the polymer by

unsaturation forms of new electronic transitions [72, 73] and absorption bands [74] referred

to as “colour centres”.

Both radiation induced cross-linking and unsaturation degrade the backbone of the polymer.

This degradation has unwanted implications on the plastic’s optical and mechanical properties.

3.6.3 Effects on Optical Properties

Radiation damage decreases the transmittance of light, the luminescence intensity, and the

pulse height at relatively high doses [75]. Above a minimum absorbed dose [76] these profiles

are altered by the presence of radiation induced radicals. These radicals act as quenchers and

decrease the transmittance, shifting it to higher wavelengths. There is little to no change in

position of the luminescence curve with an increases dose. However, the decrease in emitted

light is confirmed by a decrease in the pulse height [15].

Doping the plastic also has an effect on the transmittance and emission intensity [75]: undoped

plastics show a smaller resistance to radiation damage than doped plastics. Thus, the addition

of primary and secondary fluors to plastic scintillators retards the decrease in transmission

and emission intensity [77] (below a certain dose) indicating that these added fluors are less

susceptible to radiation damage than the base.
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3.6.4 Exposure to Oxygen and Recovery

During irradiation, the diffusion of oxygen into the polymer results in the formation of

peroxide radicals and other oxygen containing products. The stable products and radicals

act as quenching agents [78] that reduce fluorescent light. Figure 3.9 depicts the interaction

with styrene and oxygen.

CHH2C

+ O2

CH2C

OOH

products + radicals

Figure 3.9: Diffusion of oxygen into styrene forming an unstable peroxy intermediate
which further forms stable products and radicals. Adapted from [65].

The oxygen diffuses into the styrene forming peroxy intermediate which further form excited

radicals and stable products. The amount of oxygen that diffuses into the plastic is dose rate

dependent. The process shown in Figure 3.9 also occurs post-irradiation, but is temperature

dependent [79]. The excited radicals have a varying lifetime depending on the environment

plastics are kept in post-irradiation and can be observed for up to several weeks [15]. In an

oxygen containing environment (air), the interaction between the radicals and oxygen results

in the formation of C O and C H groups [80].

Finally, plastic scintillators recover after some time depending on the dose they absorbed and

conditions under which they are kept. The recovery process is accelerated by the presence of

heat (annealing) and oxygen. A fraction of the absorption properties recover when irradiated

to low doses [81] and later come into contact with oxygen.
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Chapter 4

Electron Paramagnetic Resonance:

Theory and Applications

In this chapter the magnetic interaction between a material and an externally applied magnetic

field is discussed in a classical and semi-classical manner. A quantum mechanical approach is

taken to discuss the complete magnetic interaction between a material and magnetic field when

discussing principles underlying electron paramagnetic resonance, and the interpretation of the

resultant spectroscopic signal features receive attention. Finally, a quantitative computational

model is introduced which could prove vital in understanding the experimental results.
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4.1 Magnetic Moment and Angular Momentum

A handful of analogous systems exist which explain the concept of the magnetic moment. The

classical description of a loop current, depicted in Figure 4.1, is one such example whereby a

current I, resulting from an accelerated charge, circulates in an infinitesimal loop of area dA.

dµ

I
dA

d~µ

Figure 4.1: An infinitesimal magnetic moment, d~µ, due to a current loop.

In the presence of a magnetic field, a resulting infinitesimal magnetic quantity emerges as a

result of a torque on the current loop. For loop of finite size, having an area A, the sense in

which an infinitesimal current loop circulates cancels with its neighbouring loops, leaving

only the contribution from the total perimeter of the loop. The magnetic moment, #„µ , is then

the summation of all infinitesimal contributions from d #„µ and is to the current multiples the

total area, that is,
#„µ =

Z
d #„µ = I

Z
dA = IA J T�1, (4.1)

which has units joules (J) per tesla (T). The use of the unit tesla is justified in Section 4.1.2,

where the magnetic field units are discussed. Magnetic moments in solids are associated with

the angular momenta of the electrons. There are two such momenta that the electrons posses:

1) the orbital angular momentum and 2) the intrinsic angular momentum. The magnetic

moment is related to the angular momentum via a proportionality factor, �, known as the

gyromagnetic ratio, that is
#„µ = �

#„
J . (4.2)
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The magnetic moment points in the same direction as #„
J , the total angular momentum vector

(whether it is orbital or intrinsic). In general the gyromagnetic ratio is given by

� = g
q

2m
, (4.3)

where q and m are the charge and mass of the circulating particle, respectively, and g is the

g-factor.

4.1.1 Spin Magnetic Moment

In the case of an isolated electron, the magnitude of #„µ is calculated by considering the

electron’s intrinsic angular momentum (spin) and its magnetic moment. In the presence

of a uniform, external magnetic field in the z-direction, the spin angular momentum, with

quantum number S = 1/2, takes one of two different spin orientations. Along the direction

of the magnetic field, the magnetic moment is given as

µz = � e

2me
msh̄, ms = ±1/2 (4.4)

where me is the mass of the electron and ms is the quantised spin angular momentum

number. The magnetic moment of the electron is a physical constant caused by its spin

angular momentum, referred to as the Bohr magneton [82], is defined then as follows

| #„µ |= µB ⌘ |e|h̄
2me

= 9.27400949(80) ⇥ 10�24 J T�1. (4.5)

For a free electron the magnetic dipole moment of the electron is 1.00161µB. This is an

important result and is used in Section 6.3 to give an indication of the number of unpaired

electrons there are in a given system.

4.1.2 Magnetic Field Quantities and Units

EPR is applied to materials containing a large ensemble of electrons and radicals; thus, when

discussing the magnetisation of a material, one is concerned with its bulk magnetisation, # „
M .

This is defined as the moment per unit volume and is related to the applied magnetic field

by a dimensionless proportionality factor known as the bulk magnetic susceptibility, �. The

susceptibility measures the extent to which a material can be magnetised in the presence of
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an external magnetic field. Therefore, the magnetisation is expressed as

# „
M =

�

µ0

#„
B, (4.6)

where µ0 is the permeability of a vacuum. Generally, � is defined in terms of the #„
H (the

external magnetic “field”). However, the field that an electron experiences, #„
B (the magnetic

flux density), is related to #„
H via #„

B = µ0(
#„
H +

# „
M). It should be noted firstly that #„

B refers to

the total magnetic field externally applied, whereas #„
H includes contributions from sufficiently

close particles [83], and secondly that the dimensions of these vector field quantifies differ;

in particular the units of #„
B are tesla (T = kg s�1C�1 = 1 ⇥ 104 Gauss). This justifies

the dimensions of the magnetic moment (Equation 4.1). The measure of the magnetic field

intensities are expressed in Gauss (G) throughout this dissertation.

4.1.3 Paramagnetism

A paramagnet has a � > 0 implying that the magnetisation is in the same direction as the

magnetic field (Equation 4.5). More specifically, the magnetic moments in the material are

magnetised by their interaction with the applied magnetic field, and lose this magnetisation

when the field is no longer applied; the randomly reorientating magnetic moments result in

the materials demagnetising.

As previously outlined, the magnetic moments of a material are intrinsically linked to the spin

of the electrons in a material. More precisely, the spin of an atomic or a molecular orbital

containing exactly one electron in them (an unpaired electron) causes this magnetisation

when it lifts the degeneracy of the spin angular momentum [84]. Additional paramagnetic

contributions arise from the material’s protons and other radicals. Their contributions

are several orders of magnitude smaller than those of the unpaired electrons’ but provide

information about the local magnetic environment of the material.

4.2 Electron Paramagnetic Resonance

Electron paramagnetic resonance spectroscopy is a technique concerned with the magnetic

behaviour of large ensembles of paramagnetic species and their interaction with an externally

applied magnetic field and EM radiation [83]. Resonance occurs when EM radiation, in the
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microwave range, is applied to a system containing paramagnets, and this matches the energy

level spacing of the microwave photons [85]. The electron’s paramagnetic contribution to the

total magnetic susceptibility can be studied using the resonance method in a detailed and

precise manner.

4.2.1 Resonance Theory

The magnetic moment in the presence of an externally applied magnetic field, in its vector

representation, has a potential energy U = � #„µT · #„
B1. Therefore, a simple Hamiltonian

describes this energy interaction of a single electron and is given by

Ĥ = � #„µT
e · #„

B (4.7)

where #„µ e is the electron’s spin magnetic moment where the negative sign arises due to the

electron’s negative charge. The externally applied magnetic field then defines the z-direction,

and the energy (now denoted by E) of the electron in the magnetic field is

E = geµBmsB0, (4.8)

where B is the magnitude of the magnetic field and ge is the g-factor for the free electron.

The electron g-factor is one of the most accurately measured constants in physics [86] with a

value of

ge = 2.0023193043617(15). (4.9)

Since there is a restriction placed on the value of ms (Equation 4.4), the electron can exist

in either the lower energy state (denoted by |�i) or a higher state (denoted by |↵i). The

differences in the energies associated to the two so-called electronic Zeeman energies is easily

calculated by applying the spin condition for the two spin states to Equation 4.8.

1The T superscript represents the transpose of the matrix.
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Figure 4.2: Electron spin levels in a magnetic field for a spin 1/2 system.

In the absence of an externally applied magnetic field, the two energy states are said to be

degenerate as they have the same energies. The application of the magnetic field lifts these

energy degeneracies of the spin states. A transition between these states may be induced

with the application of an electromagnetic field with a resonant frequency, ⌫, which has a

photon energy matching �E. That is,

�E = h⌫ = gµBB0. (4.10)

Equation 4.10 is known as the resonance condition and is valid for systems with S = 1/2 as

depicted in Figure 4.2. Experimentally, the transition between the two spin states results in

an absorption peak shown on the right in Figure 4.2. The omission of the subscript e on

the g-factor is due to the fact that the magnetic field experienced at each spin species is an

effective one. This will be discussed in more detail in Section 4.2.3.

4.2.2 Spin Relaxation and Resonance Line Shape

The absorption of the resonant radiation is only detected if there is a difference in population

between the two spin levels [52]. The resonance spectrum, as shown in Figure 4.2, cannot be

a sharp �-distribution but rather acquires a Gaussian or Lorentzian shape, and is referred

to as the line shape. The broadening of this peak is related to the interaction of the spins
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which is rigorously derived from the Bloch equations [87]. These equations describe the bulk

magnetisation of magnetic moments in the presence of a static or oscillating magnetic field as

a function of time. This sophisticated description will not be discussed in any detail in this

study, as accurate measurements for the relaxation parameters could not be measured due to

the limitations of the available spectroscopy techniques. Instead, a qualitative discussion is

provided which concerns the interaction between the spin and its atomic surroundings at

thermal equilibrium.

In a static magnetic field, for a system containing N electrons, the population of spins in the

lower state (N�) is slightly larger than those in the upper state (N↵). The ratio between the

number of spins in these states follows the Maxwell-Boltzmann distribution

N↵

N�
= exp

✓
� �E

kBT

◆
= exp

✓
�gµBB0

kBT

◆
, (4.11)

where kB is the Boltzmann factor and T is the absolute temperature. Thus, there is a change

in spin populations which results from a net energy absorption and a resonant absorption

line.

The application of an oscillating magnetic field results in an exponential decay (in time)

in the difference in spin population levels which eventually equalises. This equalisation is

known as saturation and eventually results in the disappearance of the resonance absorption

line shape. A vital criterion for the application of the magnetic field is that there be an

interaction between the spins and surrounding system (generally referred to as the lattice

which includes degrees of freedom not associated to spin). The transfer of energy from the

magnetic field causes a reorientation of the spins and any excess of energy is transferred to

other degrees of freedom. This process of non-radiative transitions between the two states

|↵i and |�i is referred to as the spin-lattice relaxation, and the time taken for energy to be

transferred to the other degrees of freedom is called the spin-lattice relaxation time, denoted

by ⌧1.

However, there is a second relaxation mechanism that is associated with the unsaturated line

shape involving the interaction between spins via a magnetic dipole coupling. The relaxation

mechanism, referred to as spin-spin relaxation, characterises the effect that the relative

energies of the spin levels, not the lifetimes, can fluctuate due to the interaction between

spins. The interaction between spins causes a change in spin orientation and therefore, the

spin-spin relaxation time, ⌧2, reflects the energy of interaction between the spins.
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This investigation does not concern the precise measurements of ⌧1 and ⌧2 but rather the

effects on the linewidth of the EPR spectra. In order to obtain accurate values for ⌧1,

the so-called power saturation technique is employed and for ⌧2, a pulsed EPR technique

is utilised. In this study, however, continuous wave (CW) EPR is employed whereby the

continuous irradiation of a material placed in a magnetic field to detect absorption spectrum

(see Section 5.5). The characteristic EPR spectrum is the derivative of the absorption line

shape.

�BPP

Figure 4.3: First derivative of a Lorentzian line indicating the peak-to-peak width.

Both spin-spin and spin-lattice relaxation times contribute to the broadening of the linewidth.

The peak-to-peak width of the EPR spectrum (�BPP), as shown in Figure 4.3, is proportional

1/⌧2 [88] in CW EPR (and also 1/⌧1 is other cases) when the magnetic field is varied (swept)

and the electromagnetic frequency is kept constant in order to satisfy the resonant condition.
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4.2.3 Chemical Shifts and the Effective g-factor

As mentioned at the end of Section 4.2.1, there is an effective magnetic field that is experienced

by the spin species in a material which magnetises it. This is given by

#„
Beff =

#„
Bext +

#„
Blocal (4.12a)

#„
Beff = (1 � �)

#„
Bext, (4.12b)

where in Equation 4.12a this field consists of the induced magnetic field and many local

magnetic fields that are independent of it. These additional local fields arise from the

magnetic effects of induced electronic currents. The subscript ext of #„
B is left out of the

notation from this point onwards for simplicity. Equation 4.12b captures the total effective

field effects on the magnetic moments and includes a screening constant � which is of the

order of 10�6 [83]. The screening constant is analogous to the so-called “chemical shift”

parameter �n in nuclear magnetic resonance (NMR). This magnetic screening alters the

interaction in Equation 4.7 giving rise to the effective g-factor (and magnetic moment) [52].

Variations to the effective g-factor occur as a result of spin-orbit (SO) coupling which provides

electrons with a small amount of orbital angular momentum and ultimately changes the

electron’s magnetic moment. The observed deviation in the g-factor

�g = g � ge (4.13)

describes the difference between the effective g-factor and that of the free electron. There

are a range of g-factors that a material can exhibit [83] and �g can be either positive or

negative in sign which increases or decreases g, respectively. The distinct g-factors provide

a reasonable identification for paramagnetic species. Section 3.6 outlined the effects of

radiation damage on plastic scintillators, and the possible radicals that form. Studying the

g-factors of damaged plastics could identify the radicals that form and indicate the magnetic,

environmental changes within plastics. Ultimately, signatures of these radicals should appear

in the EPR spectra, this is discussed in more detail in Section 4.5.
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4.3 The Spin Hamiltonian

Until now the description of EPR has either been classical, or semi-classical. A purely

quantum mechanical argument is required to describe the magnetic interactions of spin with

its environment. The spin Hamiltonian is a static Hamiltonian that contains the interactions

between paramagnetic species with an electron spin S with the externally applied magnetic

field and other magnetic moments (nuclei with spin I) in the vicinity of the electron spin. In

the ground state, the terms in the Hamiltonian are

Ĥ0 =
X

i

h
ĤEZ(i) + ĤZF(i)

i
+

X

i

X

k

ĤHF(i, k)

+
X

k

h
ĤNZ(k) + ĤNQ(k)

i
+
X

i

X

j>i

ĤEE(i, j),
(4.14)

where indices i, j, and k represent the set of electron spins, the set of neighbouring electron

spins, and the set of nuclei, respectively. Equation 4.14 is ordered in terms of the descending

energetic contribution. The spin Hamiltonian consists of the following terms:

ĤEZ(i): The Electron-Zeeman interaction term has already been introduced is Equation 4.7

and describes the interaction between an electron’s spin and the externally applied

magnetic field. This is the most dominant term in the spin Hamiltonian.

ĤZF(i): The Zero-Field interaction is relevant for systems with S > 1/2 and describes the

dipole-dipole interaction between electrons.

ĤHF(i, k): The hyperfine interaction describes the interaction between electron and nuclear

spin.

ĤNZ(k): The Nuclear-Zeeman interaction is analogous to the Electron-Zeeman interaction

and it describes the interaction between the nuclear spin and the externally applied

magnetic field.

ĤNQ(k): The Nuclear Quadrupole interaction is relevant for systems with nuclear spin I � 1

that give rise to a nuclear electrical quadrupole moment that interacts with local electric

field gradient at the nucleus.

ĤEE(i, j): The Electron-Electron interaction describes dipole-dipole the coupling between

two electron spins.
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Although EPR spectroscopy is concerned with the complete spin Hamiltonian, only the

Electron-Zeeman, Zero-Field, and hyperfine interactions are relevant to the systems under

investigation. This approximate spin Hamiltonian is justified in Sections 4.4 and 4.6.2. The

most general expression for the spin Hamiltonian involves the use of tensors which incorporate

all possible spatial directions of molecules under investigation.

4.3.1 The Electron-Zeeman Interaction

In the most general description, the interaction between an electron’s spin and the external

magnetic field is

ĤEZ = µB
#„
B

T · g · #̂„
S = µB

⇣
Bx By Bz

⌘
·

0

BBB@

gxx gxy gxz

gyx gyy gyz

gzx gzy gzz

1

CCCA
·

0

BBB@

Ŝx

Ŝy

Ŝz

1

CCCA
, (4.15)

where #„
B and #̂„

S are expressed in terms of their scalar components defined in terms of x, y,

and z and g is known as the g-tensor. Previously, this required the inclusion of a scalar

- the g-factor. This is due to the spherical symmetry of the isolated electron discussed in

Section 4.1.1. Therefore, its associated spin Hamiltonian (Equation 4.7) has an isotropic,

rank2-0 (scalar) g-tensor.

The g-tensor elements are determined by a sample’s orientation within the magnetic field. In

most cases the tensor is symmetric and can be diagonalised via an Euler angle transformation

which leads to the the diagonalised g-tensor

gdiag =

0

BBB@

gxx 0 0

0 gyy 0

0 0 gzz

1

CCCA
, (4.16)

which contains the tensor’s principal components gxx, gyy, and gzz. It should be mentioned

that in a liquid solution, the paramagnetic samples can tumble rapidly and randomly.

Experimentally, the effective g-factor can be measured which, in the case of a solution, is

equal to the averaged trace of the diagonalised g-tensor, that is 1
3 (gxx + gyy + gzz). As is in

the case Section 4.2.3, the SO coupling causes these principal components to deviate from the
2The rank of a tensor is its total number of indices (either contravariant or covariant). In the case of the

g-tensor, there are two contravariant indices i and j such that g can be written as gij . Thus, the rank of the
g-tensor is 2.

41



Chapter 4: EPR Theory and Applications The Spin Hamiltonian

ge values but it also creates an orientation dependence. A quantum mechanical derivation for

the deviation in the principal components is done [52] by considering the the total magnetic

moment operator which contains contributions from the spin and orbital angular momenta.

However, this deviation is neatly expressed in tensor form as

�g = g � ge, (4.17)

where ge = ge1, with 1 being the identity matrix.

At first glance the differences between Equations 4.13 and 4.17 only seem to come from

the formulation of the Electron-Zeeman interaction and indeed, for the isotropic case of

the isolated electron, these two equations are equivalent. However, anisotropic systems,

such as solids, require the use of ge to completely describe the deviation in EPR signatures

from that of the free electron’s. In spite of this, Equation 4.13 will not be neglected as

it is determined experimentally. In fact, the effective g-factor will be calculated directly

from the EPR spectra in Section 6.2. Equation 4.17 is used in Section 6.3.2 related to the

computational determination of the EPR spectra.

4.3.1.1 Anisotropy of the g-tensor

Within disordered samples, such as polymers, the interaction between the external magnetic

field and detected radicals are randomly distributed. This is an anisotropic interaction which

arises due to the rotational motion and results in an EPR powder spectrum. The absolute

orientation of a sample in the magnetic field is described using two angles ✓, the elevation

angle, and ', the azimuthal angle.
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x

y

z

'

✓

#„
B

(a)

B0

✓ = 0 ✓ = �
2

g?gk

(b)

Figure 4.4: (a) Sample coordinate system and the magnetic field vector #„
B in a unit

sphere defining the elevation angle ✓ and the azimuthal angle ✓ and (b) the absorption and
derivative EPR line shape for a randomly orientated sample with axial symmetry. The
unit spheres above the spectra illustrate the orientational contributions from the principal

components. Adapted from [88]

Figure 4.4a depicts the sample orientation in the magnetic field in a unit sphere where ✓ is

the angle between the z-axis and the magnetic field vector #„
B and ' is the angle between the

magnetic field vector’s projection onto the xy-plane and the x-axis. The effective g-factor

depends on both angles and in the case where there is axial symmetry, the gzz principal

component aligns parallel to the sample frame and both gxx and gyy align perpendicular to

it. This is expressed as gzz = g? and gxx = gyy = gk. The effective g-factor value now only

has a ✓ dependence given by

g(✓) =
q

g2
? sin2 ✓ + g2

k cos2 ✓. (4.18)

The resulting EPR signal and its integrated absorption spectrum are depicted in Figure 4.4b.

The unit spheres placed above both spectra illustrate orientational contributions from the

principal components and the angles below them illustrate the positions along the signal to

which these components contribute. The anisotropic broadening of the powder spectrum

results in a characteristic “tail” that forms to one side of the absorption peak.
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4.3.2 The Zero-Field Interaction

The Zero-Field interaction describes the dipole-dipole coupling between individual unpaired

electron spins for systems that have a total spin S > 1/2 and which display no cubic symmetry.

In the absence of a magnetic field, the energy splitting expressed by

ĤZF = h
#̂„
S

T

· D · #̂„
S = h

⇣
Ŝx Ŝy Ŝz

⌘
·

0

BBB@

Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

1

CCCA
·

0

BBB@

Ŝx

Ŝy

Ŝz

1

CCCA
, (4.19)

where D, the zero-field tensor, is symmetric and the sum of its principal components is zero

(traceless). The traceless, diagonalised zero-field tensor allows Equation 4.19 to be rewritten

in terms of two constants which are defined in terms of the zero-field tensor’s principal

components such that

ĤZF = D(Ŝ2
z � 1

3
Ŝ2) + F (Ŝ2

x � Ŝ2
y), (4.20)

where D = (3/2)Dzz and F = 1/2(Dxx � Dyy). The values of D and F are not unique as

they depend on the choice of axes. In Section 4.4 the triplet state in organic molecules is

investigated and is a result of the degeneracy removal by the ĤZF interaction.

4.3.3 The Hyperfine Interaction

The most general interpretation describing the interaction between the electrons and nuclear

spins is

ĤHF = h
#̂„
S

T

· A · #̂„
I = h

⇣
Ŝx Ŝy Ŝz

⌘
·

0

BBB@

Axx Axy Axz

Ayx Ayy Ayz

Azx Azy Azz

1

CCCA
·

0

BBB@

Îx

Îy

Îz

1

CCCA
, (4.21)

where A, the hyperfine tensor, is generally symmetric and therefore can be transformed into

its diagonal form, Adiag. The diagonal tensor may be further decomposed into the sum of

two terms

aiso
#̂„
S

T

· #̂„
I +

#̂„
S

T

· T · #̂„
I (4.22)

an isotropic contact term and a dipole coupling term. The aiso factor is the isotropic hyperfine

coupling constant and proportional to the square of the electronic wavefunction’s amplitude

at the nucleus.
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In general, the interaction energy between the two magnetic moments #„µ e and #„µn of the

electron and nuclei, respectively, is

E =
µ0

4⇡

"
#„µT

e · #„µn

r3
� 3( #„µT

e · #„r )( #„µT
n · #„r )

r5

#
, (4.23)

where #„r is the radius vector from #„µ e to #„µn and r = | #„r | is the distance between the them.

Thus, the second term in Equation 4.22 introduces the anisotropic hyperfine tensor T which,

ignoring anisotropies of the g-tensor, can be diagonalised via a transformation.

4.4 Organic Molecules in the Triplet State

The triplet state in organic molecules has already been introduced in the discussion on

luminescence in organic molecules (see Section 3.3). The quantum mechanical description of

the triplet state of a molecule is that its spin is S = 1; it therefore has three possible energy

eigenvalues: 0 or ±1. These molecules contain two unpaired electrons that couple to each

other via a magnetic dipole-dipole interaction which removes the energy degeneracies and

results in an anisotropic EPR spectra.

Many organic molecules display a triplet state illustrated by their integrated EPR spectra [65].

In particular, PS and similar organic molecules display the characteristic triplet state

EPR powder spectrum [89, 90]. Describing these spectral features requires that the spin

Hamiltonian, for the most part, include the Electron-Zeeman and Zero-Field interactions

Ĥ = ĤEZ + ĤZF (4.24)

for two unpaired electrons. The symmetric triplet state functions for the electron pairs with

subscripts 1 and 2, respectively, in the higher or lower state ( |↵i and |�i) is written as

|T+1i = |↵1↵2i ,

|T0i =
1p
2

|↵1�2 + �1↵2i ,

|T�1i = |�1�2i .

(4.25)

Figure 4.5 depicts the allowed transitions in the triplet state when the magnetic field is

in the z-direction. The solid lines indicate transitions for �ms = ±1 and the dashed line
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indicates the “forbidden” transition for �ms = 2. In lower magnetic fields, the selection rules

break down since Sz is no longer a good quantum number. This gives rise to the forbidden

transition when the applied frequency is parallel to the magnetic field in the z-direction.
E

n
er

gy

B0

|T+1i

|T0i

|T�1i

Figure 4.5: Triplet energy levels in an organic molecule where the solid lines indicate the
�ms = ±1 transitions and the dashed line indicates the “forbidden” �ms = 2 transition.

These three transitions result in three absorption peaks. It is expected that in aromatic

molecules such as PVT and PS, there would be two electrons likely to occupy degenerate ⇡

orbitals in a triplet state. Therefore, the EPR spectrum that could arise for these molecules

is that of a ⇡-electron in a triplet state.

4.5 EPR Signal Changes in Irradiated Plastics

Irradiated plastics display notable changes to their EPR signals when compared to un-

irradiated ones. Four general features are discussed which arise in these signals and are

similar whether the plastic is irradiated with �-rays, negatively [91] or positively charged

particles [92].

EPR linewidth broadening is observed to increase as the dose increases [67]. The peak-

to-peak-width, �Bpp provides an indication of the linewidth broadening as a function
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of dose. This can be related to the changes to the polymer base induced by radiation

damage.

Shoulder formation has been noted in irradiated PS EPR spectra and is speculatively

associated to hyperfine interactions between unpaired electrons and protons in the

sample [93]. These peaks can be identified [94] and related to the possible radicals that

form during irradiation (see Section 3.6.1).

Absorbed EPR signal intensities and concentration of formed radicals increase [68] or

decrease [95] with dose depending on factors such as the dose rate, type of particle

interaction, and environmental conditions both during and after irradiation. This

implies structural changes to the plastics on a molecular level and that bonds are

broken.

Spectral (g-factor) shifts have been observed as a function of dose and at low tempera-

tures [96] and related to the absorption signal intensity. This implies that there is a

variation in the local magnetic fields experienced by the detected radicals.

4.6 Density Functional Theory

Density functional theory (DFT) is the most successful quantum mechanical approach used

to understand the electronic structure in a many-body system [97]. Schrödinger’s equation

predicts the behaviour of a single electron as well as a large ensemble of electrons and nuclei

by describing the electrostatic interactions between the particles

Ĥ = E (4.26)

with the use of the Hamiltonian Ĥ. This complex interaction can be simplified with the use of

the Born-Oppenheimer approximation [98] which separates the electronic and nuclear degrees

of freedom. This simplification, however, is only useful when attempting to understand a

trial system.

The self-consistent Kohn-Sham formalism of DFT [99] employs the notion of a ground state

electronic particle density, n0(
#„r ), which determines the ground state energy of the system

through a functional, E0[n0(
#„r )] [100]. This formalism transforms the interacting system into

a non-interacting one by defining a set of non-interacting, one-electron orbitals, �i(
#„r ) , such
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that

n0(
#„r ) =

X

occ
|�i(

#„r )|2, (4.27)

which is a summation of the occupied orbitals. Equation 4.26 is then mapped onto a set of

N single-particle wavefunction equations

� h̄

2me
r2�i(

#„r ) +

"
Vion( #„r ) +

Z
d #„r

0 n0(
#„r

0
)

| #„r � #„r
0 | + Vxc[n0(

#„r )]

#
�i(

#„r ) = "i�i, (4.28)

where the first term represent the kinetic energy, the second is the mean-field Coulombic

electron-electron repulsion (Hartree interaction), and Vxc is the so-called exchange-correlation

(XC) interaction between the electrons. Computationally, the first two terms are uncompli-

cated to calculate; however, the Vxc potential is unknown and calculating it requires that

approximations be made in order to make progress [101]. The local density approximation

(LDA) is one such approximation in which the XC energy at any given point in space is

the same as that of an homogeneous electron gas with the same local density. Furthermore,

adding in functionals which depend on the gradient density improves the results of many

solid-state calculations.

A realistic crystalline system consists of a large number of electrons; by exploiting the

translational symmetry of the system, the Kohn-Sham orbitals are expanded using Bloch’s

Theorem under boundary conditions. The lattice periodicity of the potential described

in square brackets in Equation 4.28 requires that the eigenstates of the single particle

Hamiltonian take the form

 n,
#„
k ( #„r ) = ei

#„
k · #„r un,

#„
k ( #„r ). (4.29)

The periodic function un,
#„
k ( #„r ) = un,

#„
k ( #„r +

#„
R) for all real space lattice vectors, #„

R, and
#„
k

is the crystal momentum in reciprocal space where unique values for it reside within the

first Brillouin Zone (BZ). Solving for a larger number of electrons implies integrating over all

crystal momentum vector points or
#„
k -points. However, the Monkhorst-Pack algorithm [102]

approximates this solution by visualising the reciprocal space as an equidistant grid of
#„
k -points where the integral only runs over the first BZ.

For aperiodic systems (such as systems containing defects, impurities, and disorder) which

do not obey translational symmetry, the supercell approximation is utilised within boundary

conditions. This approximation isolates the region of interest, such as a defect region, and

periodically repeats this “cell” many times so the interaction between neighbouring cells is
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minimised. In periodic, defect region studies, eliminating interactions between neighbouring

cells requires that the supercells are impossibly large.

Equation 4.28 is mathematically simplified with the choice of a plane-wave basis. The

Kohn-Sham eigenstates are now expressed in terms of a reciprocal lattice vector #„
G, such that

 n,
#„
k ( #„r ) =

X

#„
G

cn,
#„
k (

#„
G)ei(

#„
k +

#„
G)· #„r , (4.30)

these calculations converge as a function of the basis size. Most importantly, the physical

quantities converge by adjusting a single parameter: the cut-off kinetic energy,

Ecut � h̄2| #„
k +

#„
G|2

2m
, (4.31)

which defines a sphere of reciprocal lattice vectors. However, the large number of electrons

require a large cut-off energy.

A final approximation is implemented which separates the electrons into two categories: core

electrons, which are bound (frozen atomic configuration) to the nucleus, and valence electrons.

An effective potential, referred to as the pseudopotential, replaces the interaction between

these two classifications of electrons. This approximation reduces the number of plane-waves

required in the all-electron (core and valence) calculation since only the valence electrons are

considered; the valence electrons are represented as smooth pseudo-wavefunctions.

4.6.1 Magnetic Shielding

For periodic systems placed in a magnetic field, there is a non-uniform magnetic field produced

by the current density which arises from the electronic currents. The induced magnetic

response of the system to the external magnetic field is defined by a shielding tensor which

relates the two quantities
#„
Bin = ��( #„r )

#„
B. (4.32)

Calculating the shielding tensor requires perturbatively calculating the induced current which,

in linear order, consists of diamagnetic and paramagnetic terms [101] and the inclusion of a

symmetric gauge as a vector potential.

However, separating the core and valence electrons in a gauge invariant manner results in

the disregard of the chemical shifts from the core electrons [103]. In order to include effects
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from the the core electrons, their contribution should be purely diamagnetic and the gauge

origin must be set at the atomic centre.

4.6.2 GIPAW Method

The projected augmented wave (PAW) method [104] utilises a linear transformation, T , which

maps the pseudo-wavefunctions of the valence electrons, | ̃i, onto an all-electron wavefunction:

| i = T | ̃i. This method, however, is computationally taxing when considering a system in

a magnetic field. A magnetic field dependant transformation, T #„
B , is introduced [105] which

is independent of where the gauge origin is set. This transformation imposes a mapping

which is exactly invariant and the approach is referred to as the gauge including projected

augmented wave (GIPAW) method. The GIPAW method is computationally more viable

when extended with an ultrasoft pseudopotential (USPP) [106].

Figures 4.6 shows the computed uncorrected and corrected magnetic shielding for a the

nuclear sites in range of isolated molecules. These calculations include GIPAW-USPP scheme

along with a large basis set of chemical calculations on the following molecules: CH4, CH3F,

C6H6, TMS, SiH3F, Si2H4, SiH4, CO, CF4, SiF4, PF3, P2, and P4 [107]. The sold line in

both figures represent a perfect agreement.
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Figure 4.6: Magnetic shielding for the nuclear sites in isolated molecules where (a)
only the individual gauges for the atoms are computed, and (b) the GIPAW-USPP

method is implemented for the all-electron response. Adapted from [106]

Figure 4.6a displays the uncorrected shielding for the individual gauges for the atoms in

the molecules which neglects the effects of the currents arising from the core electrons. It is
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clear that the chemical sensitivity is lost and as there is very little agreement, that is, that

the data points do not follow the trend of the solid line. Figure 4.6b displays the corrected

shielding for the all-electron response and an almost perfect agreement is shown.

4.6.3 Calculation of EPR Parameters

The implementation of the GIPAW-USPP method allows for the calculation of chemically

sensitive magnetic properties. In particular, the paramagnetic defects in a system can be

studied by considering the following effective EPR Hamiltonian:

Ĥeff =
↵

2

#„
B

T · g · #̂„
S +

X

I

#̂„
S

T

· A · #̂„
I , (4.33)

where ↵ is the fine structure constant3. Calculating the A-tensor implements the use a

PAW based method [108]; however, the g-tensor calculation implements the GIPAW method,

specifically in an extended defected crystalline structure [109].

The g-tensor calculations begin with the electronic Hamiltonian which include terms up to

the order of ↵3. Thus, the Electron-Zeeman term is accompanied by the the Electron-Zeeman

kinetic energy correction, the SO, and the spin-other-orbit terms. This Hamiltonian is

perturbatively expanded leading to Equation 4.17. The �g-tensor contains information from

the three additional terms. It’s components are of the order of several parts per million

(ppm).

4.6.4 Chemical Potential Calculations

Within the constrained DFT formalism [110], the chemical potential appears as a Lagrange

multiplier when minimising [83] an N -electron ground-state density given by

µ =
�F

�n( #„r )
+ v( #„r ). (4.34)

This introduces a so-called universal functional, F [n( #„r )], which defines the number of particles

and a uniquely determined external potential.

3The calculations of these tensors employ atomic units.
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If the particle number is changed, the change in the ground state energy is defined as

µ(N) =

✓
@E

@N

◆
(4.35)

which is the chemical potential. Extending this constraint from wavefunctions to ensembles

(which contain wavefunctions with different numbers of electrons) introduces a fractional

number of particle numbers [111]. These particle numbers arise in systems allowed to interact

with the surroundings and exchange electrons. A derivative discontinuity at each integer

of the ground-state energy E(N) arises due to part of the XC energy. The Kohn-Sham

eigenenergies " in a state i are given by

"i =
@E

@ni
, (4.36)

where n is occupation number. The highest occupied (HO) Kohn-Sham eigenvalue is then

equal to the chemical potential, that is

"HO = µ (4.37)

which is equal to Equation 4.35. This definition of "HO changes discontinuously. It is now

possible to define the eigenenergies of a Z-electron system in terms of the ionisation energy

Eion and electron affinity4 Eaff. The HO Kohn-Sham eigenvalue becomes

"HO =

8
><

>:

�Eion if (Z � 1 < N < Z)

�Eaff if (Z < N < Z + 1).
(4.38)

4The electron affinity is the amount of energy spent adding an electron, in the gaseous phase, to a neutral
atom to form a negatively charged ion.
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Chapter 5

Experimental and Computational

Techniques

This chapter details the methodology and sample preparation for the experimental and com-

putational EPR experiments and simulations, respectively. In order to simulate the effects

radiation damage has on plastic scintillators in the TileCal, Monte Carlo calculations were

performed on PVT and PS samples using protons with 6 MeV energy. This choice of energy

was motivated by the limitations of the accelerator employed to accelerate protons at the

plastic targets.

Approximate computational models were used to model the polymer structures of the plas-

tics, since these proved computationally complex to model. Ionising radiation damage was

simulated by simply removing hydrogen atoms from the structures. EPR parameters were

extracted from these calculations for a damaged and undamaged system in the models.
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5.1 Monte Carlo Simulations of Damaged Plastics

The Monte Carlo (MC) simulated interactions between ions and matter was computed

with the SRIM (Stopping Range of Ions in Matter) [42] software package. This quantum

mechanical approach of calculating the stopping power and range of ions accelerated towards

a so-called all atom target includes the effects from Coulomb screening, as well as exchange

and correlation interactions [42]. In particular, in order to calculate the desired parameters

for the interaction between hydrogen ions (protons) and both PS and PVT, respectively, the

Core and Bond (CAB) approached is included in the calculations to account for the bond

energy changes in materials (see Section 3.2.1).

An extension of the SRIM package is TRIM (Transport of Ions in Matter) which calculates

the kinematic information and parameters relating to interactions of the ion while traversing

complex targets made of compound materials. Figure 5.1a depicts the track formation of

6 MeV hydrogen ions traversing 600 µm thick PS in the x- and y-direction. The simulations

for PVT show similar track formations for 600 µm thick sample. The calculated energy loss

due to ionisation was 99.93% for PS and 99.94% for PVT, respectively.
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Figure 5.1: TRIM simulations of (a) 6 MeV hydrogen ions traversing 600 µm PS,
and (b) the ion ranges for PS and PVT.

Figure 5.1b displays the ion ranges for both PS and PVT1. The negative ions stop in both PS

and PVT a distance of 484 µm and 476 µm, respectively. Therefore, in order to ensure that

ions of this energy do not stop within the plastics, a thickness of between 250 µm and 350 µm

1The International Commission on Radiation Units and Measurements (ICRU) labels indicate the
compounds used which are available in the SRIM Compound Directory.
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was chosen. A smaller thickness, however, would introduce complications when machining

the plastic samples. Then for samples of this thickness, an estimated average energy lost per

proton (Eloss) was between 2.07 MeV and 2.8 MeV [112]. This result was needed in order to

calculate the total absorbed dose each sample received.

5.2 Investigated Plastic Scintillators

Six plastic scintillators were investigated; they were either of PS or PVT polymer base. The

chemical differences between these two bases has been outlined in Section 3.4.

Scintillator name EJ200 EJ208 EJ260 Dubna Protvino Bicron

Manufacturer Eljen Technology Eljen Technology Eljen Technology ISMA, Kharkiv IHEP, Protvino Saint Gobain Crystals

Polymer base PVT PVT PVT PS PS PVT

Primary fluor Organic fluors (0.3%) Organic fluors (0.3%) Organic fluors (0.3%) PTP (2%) PTP (1.5%) -

Secondary fluor - - - POPOP (0.03%) POPOP (0.044%) -

Wavelength of max. emission (nm) 425 435 490 425 - 425

Density (g/cm3) 1.023 1.023 1.023 1.06 - 1.032

Table 5.1: Investigated plastic scintillators and relevant properties.

Table 5.1 summarises the plastic scintillators investigated and their relevant properties. Each

plastic is briefly discussed.

EJ200 is a blue emitting scintillator useful for time-of-flight measurements when they are

greater than 1 m in length. They have the largest light output of the studied plastic

scintillators (64%) when compared to anthracene.

EJ208 has the longest wavelength of maximum emission of the blue emitting scintillators

making it the most desirable scintillator for light collection.

EJ260 is the only green emitting scintillator and has the longest wavelength of maximum

emission. These longer wavelength emitting scintillators couple better to photo-sensors

and display more resistance to radiation damage than blue emitting scintillators.

Dubna is a general purpose, blue emitting scintillator and is commonly referred to as

UPS923A. This scintillator is utilised in the ATLAS detector as the MBTS plastic.

Protvino has a similar chemical composition to the Dubna scintillator apart from the

differences in concentration of added fluors. They are also utilised in the ATLAS

detector within the Barrel region of the TileCal.
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Bicron is commonly referred to as BC408 and has a similar chemical composition to the

EJ200 plastic and are also used for time-of-flight measurements. The added fluors have

not been made public.

Figure 5.2: Photographs of the six plastic scintillators used in the study (not pictured to
scale).

Figure 5.2 displays photographs of the six plastics investigated and their varying dimensions

(not pictured to scale). The method used to machine the plastics to the desired dimensions

is described in the next section.

5.3 Scintillator Sample Preparation

The desired dimensions of each sample were a 5 mm by 5 mm square. This area was required

for the samples to fit into the recess of a aluminium holder for polishing. Figure 5.3a is a

photograph of a Buehler IsoMet low speed saw which was used to cut the plastics (in this

case EJ260) into a 5 mm ⇥ 5 mm rectangular bar. A 225 g load was placed onto the plastic

weighting it down onto a lubricated, rotating, diamond finished blade cutting into it. The

rectangular bar was then cut into 1 mm thick squares measured with the micrometer on the

IsoMet.
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Samples were placed into the recess of the aluminium holders in order to be polished to the

desired thickness. These holders, shown in Figure 5.3b, were designed with a recess which

has dimensions 6 mm ⇥ 6 mm ⇥ 0.36 mm to accommodate the sample and an attachment

to connect to the polisher.

(a) (b)

Figure 5.3: Photographs of (a) the Buehler IsoMet low speed sample holder cutting an
EJ260 plastic, and (b) the bottom and top view of aluminium sample holders.

The samples were mounted in the recess with carbon tape which was chosen as it did not

react with the plastics during polishing. A Struers metallographic polishing machine, shown

in Figure 5.4 was used to polish the samples. The sample holders, with samples in place, were

mounted onto the polishing head where a 2 Newton force pushed it down onto a lubricated

polishing cloth. Two polishing stages were implemented: the medium polishing utilised a

stage 6 µm diamond suspension on a satin woven polishing cloth; the fine polishing utilised a

1 µm diamond suspension on synthetic fibre cloth.
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Figure 5.4: Photograph of the Struers metallographic polishing machine and aluminium
sample holders.

The polishing head’s rotation speed and time of polishing were controlled and varied depending

on length of time required to polish each sample. Once samples reached the desired thickness,

they were carefully removed from the sample holders and the carbon tape was pealed off.

Samples were rinsed off in warm water. They were then soaked in ethanol using a Jeken

ultrasonic cleaner for 30 minutes to remove any residual from the samples. Samples were

then left to dry overnight.

Completed sample Brass holder

Putty-like adhesive

Figure 5.5: Photograph of a completed (Dubna) sample mounted into a brass holder
with putty-like adhesive.
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Figure 5.5 shows the polished Dubna sample which was fitted into a brass holder ready for

irradiation. In order to ensure that the sample did not move around during irradiation, a

putty-like adhesive was used to mount it onto the brass holder.

5.4 Sample Irradiation

Sample were irradiated to increasing doses with 6 MeV protons accelerated by the 3 MV

Van de Graaf accelerator at iThemba Laboratory for Accelerator-Based Sciences (LABS) in

Gauteng. Figure 5.6 depicts a computer generated representation of the tandem accelerator.

Tandem accelerator

SNICS ion source

High voltage terminal

Injection line

Line leading to microprobe

Bending magnetic

Steering magnetic

Figure 5.6: A computer generated representation of the tandem accelerator at iThemba
LABS, Gauteng.

The process of generating an ion beam of 6 MeV protons with which the samples are

irradiated is briefly described. A 860 A SNICS (source of ions by caesium sputtering) ion

source produced negative hydrogen by ionising caesium (Cs) vapour and accelerating the

negative ion beam towards the injection line. Within the injection line, the negative ion

beam’s energy was stabilised and focused using einzel lenses and it’s current monitored by

Faraday cups. The beam was accelerated into the grounded tandem accelerator tank by a

3 MV voltage terminal. This voltage was maintained by a Pelletron charging system which

utilises cylindrically shaped metallic pellets connected to a belt that continuously recharge

the terminal. This charging system accelerated the beam to approximately 3 MeV.
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Inside the tank, the beam interacted with a gas stripping canal which was kept at a charged

state equilibrium. This interaction removed electrons from the beam resulting in a positively

charged beam. The beam was then accelerated towards the end of the tank with the aid of

the Pelletron charging system. The resulting positively charged beam that exited the tank

was approximately 6 MeV. The beam then entered a bending magnet which bent particles

with the desired charge and momentum (in this case protons) towards a steering magnet.

The steering magnets, which act as a switch, pass the 6 MeV proton beam down the beam

line leading to the nuclear microprobe chamber. Figure 5.7 is a photograph of the beam line

Figure 5.7: Photograph of beam line leading to the microprobe chamber.

leading to the microprobe which were all kept under vacuum. The beam passed through

slits, and quadrupole magnets, which act as lenses, focused the beam spot onto the sample

approximately 25 µm in size. The sample was mounted onto a carousel which housed a

mounter for the brass holder. A microscope was used to ensure that the beam was on target

with the sample before and during irradiation. In order to achieve uniform irradiation of the

sample, the beam was scanned in the x-y plane in parallel lines forming a rectangular shape

approximately 1.8 mm by 1.8 mm. The target doses for the irradiated samples were 0.8 MGy,

8.0 MGy, 25.0 MGy, 50.0 MGy, and 80.0 MGy. For each plastic scintillator, two samples were

irradiated to these target doses. During irradiation, a feed, depicted in Figure 5.8, measured
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Figure 5.8: Photograph of the nuclear microprobe connected to the carousel with sample
holder in place.

the integrated beam current every five seconds. Once the target dose was absorbed by the

sample, the beam was switched off and the carousel was rotated to an un-irradiated sample.

After irradiation, samples were removed from the carousel and brass holders were placed into

containers.

5.4.1 Absorbed Dose Calculation

In order to calculate the dose absorbed by each sample during irradiation, the following

relation was utilised

DAbs =
i t Eloss

m q
Gy, (5.1)

where m is the mass of the irradiated spot (calculated using the area of the spot and sample

density), q is the charge of the proton, Eloss is the average energy lost per proton during

irradiation (determined by the TRIM calculations), t is the total duration of irradiation, and i

is the integrated beam current measured by the feed connected to the carousel. Appendix A.2

displays the integrated current plots for each sample represented in this study.
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5.5 Continuous-wave EPR Spectroscopy

A Bruker ESP-300E EPR spectrometer was used to acquire the EPR spectra. In general,

the dimensions of various components in an EPR spectrometer are specific to the microwave

frequency required [83]. EPR spectrometers are, therefore, classified by microwave frequency

ranges corresponding to the magnetic fields and the components utilised by the spectrometer.

The main components of a ESP-300E X2-band EPR spectrometer is described. The possible

experimental arrangement for a general spectrometer is depicted in Figure 5.9.

High
voltage

Source Attenuator Circulator

Iris
Sample

Magnet

Load

Detector
diode

Current
meter

Modulation
coil

Cavity

Power
supply

Switch
Reference arm

Phase shifter

Directional
coupler

Figure 5.9: Schematic of an X-band EPR spectrometer. Adapted from [113].

The source region contains components which provide EM radiation. The magnet system

provides a static, stable, and variable magnetic field. The cavity system contains the

paramagnetic sample and detects the microwave radiation. The modulation coils amplify

the signal from the paramagnetic sample; this signal is then detected by the detector diode.

If necessary, the phase of the microwave is corrected by the phase shifter and its power is

restored by the reference arm.

Source: The ESP 380-1010 Microwave Bridge provided nearly monochromatic, sinusoidal

radiation in the X-band region around 9.5 GHz. This must be mechanically tuned
2This letter designation denotes the microwave frequency range in which spectrometer operates. The

X-band is the most common frequency range around 9-10 GHz for a g-factor value of 2. The magnetic field is
around 3400 G.
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to the cavity with the use of a high voltage. The radiation incident on the sample is

continuous; hence, CW spectroscopy is possible.

Resonator: In general, the resonator is a metallic, cylindrically (or rectangularly) shaped

cavity capable of resonating microwaves through small opening known as the iris

(depicted in Figure 5.10a). The size of the iris determines the amount of microwaves

entering the cavity and the dimensions of the cavity are related to the corresponding

resonant wavelengths. An ER 4118X-MD5 dielectric ring resonator was used which is a

universal probe capable of coupling to an X-band spectrometer.

(a) (b)

Figure 5.10: A cylindrical microwave cavity (a), and (b) an EPR critically coupled
resonator indicating the microwave magnetic and electric field components in the

TE011 mode.

The main purpose of this resonator was to amplify the energy density of the incoming

microwaves and optimise the detection of resonant absorption. In order to do this, the

electric and magnetic components of the standing EM radiation inside the resonator

must be exactly out of phase. Figure 5.10b depicted the EM field components for the

ER 4118X-MD5 resonator which operates in the TE0113 oscillation mode; the solid

3This is a group classification for oscillations within the resonator that only includes an axial components
of the magnetic field. The subscript characterise the number of half waves of the EM components that fit
within the diameter, circumference, and length of the resonator, respectively.
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lines denote the electric field components and the dashed lines denote the magnetic

field components. In order to ensure resonant absorption by the sample, the system

was tuned to the cavity. This is referred to as critically coupling the cavity.

Magnetic field: A stable, controlled, and uniform magnetic field was generated by two

Bruker B-E25 electromagnets which were situated either side of the resonator. The

purpose of the magnetic field is to induce the desired splitting of spin energy-levels

of the paramagnetic species. A regulated Bruker ER-083-CS power supply stabilised

the the magnet and a Hall-effect probe measured and controlled the magnetic field

by outputting a voltage proportional to B0. The homogeneity of the magnetic field

was ensured by measuring and calibrating the magnetic field at several points. This

calibrates the entire EPR spectrum if the field is swept.

Detector diode: The absorbed microwave frequency re-emitted by a sample was detected

by solid-state diodes. The detection of these frequencies are indicated by a changes

in current using a current meter. The signal-to-noise ratio (S/N) was improved by

the modulation coils which generates a static, alternating magnetic field component at

the detector. This alternating signal was amplified and rectified, resulting in the first

derivative of the absorption line (discussed in Section 4.2.2).
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Figure 5.11 is a picture of the experimental setup in the NMR laboratory at the University

of the Witwatersrand.

Figure 5.11: Low temperature EPR set up.

An EPR spectrum for each irradiated sample was acquired within one week of irradiation.

The irradiated spot of each sample was removed with a surgical blade, it’s area was measured,

and it was placed into a quartz crystal Norell EPR tube. For un-irradiated samples, a spot

of similar size was removed and placed into another EPR tube. The tube was then housed in

a casing which was lowered into the cryostat.

In order to perform low temperature EPR spectroscopy, liquid nitrogen was used to cool the

resonator and sample to 80 K. A Flexline ER 4118CF gas flow cryostat ensured that the

sample was immersed in the liquid nitrogen. The liquid nitrogen, contained in a dewar, was

pumped into the cryostat via a transfer tube; both were kept under vacuum. The temperature

of the cryostat was controlled and measured with an Oxford ITC503 temperature controller.

In order to ensure that the sample was also cooled to 80 K, the cryostat was cooled for an

additional 15 minutes after it had reached 80 K.

Once the sample had reached 80 K, the spectrometer was calibrated and tuned to the

resonator which set the resonant frequency. The magnetic field was scanned with a 50 G
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sweep width in order to obtain an EPR spectrum. In total, 20 scans were run for each sample

to better the S/N. The final EPR spectrum was saved and the sample and resonator was

heated to room temperature before changing the sample.

5.6 Computational Models

The actual plastic structure is extremely complex and computationally taxing to model, since

it is expected that that they have a high degree of disorder. Therefore, two approximate

models, referred to as the toy model and the crystalline models, respectively, were investigated

in order to obtain quantitative EPR predictions. No attempt was made to model disorder in

the system. Instead, in both approximate models, structures were “damaged” by removing

hydrogen atoms, as this is the most probable bond breakage to occur in plastic scintillators

by ionising radiation [66]. EPR parameters were calculated for the undamaged (pristine) and

damaged systems. The details of these calculations are described in Section 5.6.2. The four

models are briefly discussed.

Toy Models: Two types of toy models were studied: a styrene monomer and three vinyl

toluene isomers; their chemical structures are discussed in Section 3.4 and are displayed

in Figure 3.5.

Figure 5.12: A computationally generated representation of damaged toy model styrene
monomer, with two hydrogen atoms removed. Hydrogen and carbon atoms are represented

by the red and grey spheres, respectively.
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A computer generated4 representation of the damaged styrene monomer, with two

single hydrogen atoms removed, is shown in Figure 5.12. The hydrogen and carbon

atoms are represented by the red and grey spheres, respectively. Each model was placed

into a rectangular unit cell which was periodically repeated. These unit cells were large

enough to prevent direct bonding between monomers, yet small enough so as not to

completely isolate them. Furthermore, a computational trade-off was made since too

large a unit cell would have run the risk of exhausting computational resources and

time, but too small a unit cell could decrease the accuracy for the isolated system.

MUKLAF: This is a small, crystalline stereoisomer5 model of PS. The chemical composition

is similar to that of 2,4,6-triphenylheptane [114]. Figure 5.13a depicts a computer

generated representation of the pristine MUKLAF molecule. Figure 5.13b is the

complete MUKLAF model containing 92 carbon atoms and 88 hydrogen atoms.

(a) (b)

Figure 5.13: A computer generated representation of (a) the MUKLAF molecule, and
(b) the complete MUKLAF unit cell containing 92 carbon atoms and 88 hydrogen atoms.

PolySty: This is stereoisometic, crystalline molecular complex, displayed in Figure 5.14a,

and is also a model of PS. It consists of a limited number of monomers (referred to as

an oligomer) and has a similar chemical composition to 2,4,6,8-tetraphenylnonane [115].

The oligomer is repeated multiple times within the unit cell, and the complete model

contains 132 carbon atoms and 144 hydrogen atoms. This is shown in Figure 5.14b.

4The Mercury crystal structure visualisation program was used to visualise, manipulate and rotate the
molecular structures.

5An isomer of a molecule consisting of the same atoms and atomic configuration, but different spatial
orientations.

67



Chapter 5: Experimental Techniques Computational Models

(a) (b)

Figure 5.14: A computer generated representation of (a) the PolySty molecule,
and (b) the complete PolySty model containing 132 carbon atoms and 144 hydrogen

atoms.

In order to simulate the effects of an increase in dose due to ionising radiation, EPR parameters

were calculated before and after the structures are damaged. Changes in the EPR parameters

provided quantitative insights into structural features that may have arisen in anomalous

EPR signatures after sample irradiation. It should be noted that, in the two larger crystalline

models, a degree of local disorder is exhibited due to the different orientations of the styrene

molecules. Damaged systems consisted of structures where one, two, or three hydrogen atoms

are removed from the structure. Finally, before calculating the EPR parameters, structures

(pristine and damaged) are allowed to relax in order to find their atomic configurations which

are stable and are at equilibrium.

5.6.1 Structural Relaxation

The Vienna ab initio simulation package (VASP) [116] is a DFT atomic scale modelling

tool which uses a projector augmented wave (PAW) method to calculate the electronic

structure of the models. VASP was used to relax the structures using the PBE (GGA)

exchange-correlation approximation [117] with a
#„
k -point mesh of 1000 per reciprocal atom.

To ensure that the structure was relaxed, the error for all forces were converged to within

1 meV/Å and the converged cut-off energy, Ecut, was set to 320 eV. This is slightly lower than

the recommended value of 520 eV6 but a a compromise between high numerical accuracy and

6This standard value is recommended by the Materials Project. It is based on extensive tests with
VASP, and is 1.3 times larger than the highest Ecut recommended among all pseudopotentials. Additional
information can be found at https://materialsproject.org/docs/calculations.
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computational time. A higher cut-off did not change the relaxed structures in any meaningful

manner. The relaxation calculations predicted the magnetisation of the structures. However,

since VASP does not include a GIPAW extension, the calculated relaxed structures and

magnetic moments were fed into another simulation package (see Section 5.6.2).

The chemical potential predictions (see Section 4.6.4) obtained from the VASP calculations

were used to gain an understanding of possible electron transfer between systems for damaged

toy model compounds. This information was needed when plotting the EPR signals for the

pristine and damaged structures. Section 6.3 details the plotting of these signals.

5.6.2 QE-GIPAW Calculations

Quantum Espresso (QE) [118] is an ab initio7 simulation packaged used to calculate electronic

structure of materials within DFT using pseudopotentials and planewaves. An extension

of QE is the QE-GIPAW package which was used to calculate the EPR parameters for the

structures which included the EPR electronic g-tensor and hyperfine A-tensor. The Troullier-

Martins soft pseudopotential [119] was used to accommodate the GIPAW calculations and

the Ecut was set to 50 Rydberg (Ry). A single
#„
k -point (�-point) grid was used for the

calculations in order to decrease computational time. Results obtained using a larger number

of
#„
k -points showed inconsequential changes in the EPR parameters.

EPR parameters were calculated for relaxed pristine and damaged structures and presented

in tensor form with components in units of ppm.

7A Latin phrase which translates to “starting from the beginning”.
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Results and Observations

6.1 Discolouration and Brittleness

An orange-yellow discolouration was observed after irradiation of each sample at the spot

where it was irradiated. Samples irradiated for longer periods of time exhibited darker

discolourations. Once samples were removed from the nuclear microprobe, which was kept

under vacuum, the exposure to the atmosphere resulted in this discolouration fading with

time. In particular, fading occurred within several minutes for all samples irradiated to a

dose of 0.8 MGy target and, within several days, they closely resembled the un-irradiated

ones. Before this occurred, the irradiated spots for all samples were removed from the sample

with a surgical blade. Fading occurred slower for samples irradiated to higher doses. All

samples above the 0.8 MGy target dose maintained a degree of discolouration throughout

the investigation.

Care was exercised during the handling of samples irradiated to doses larger than the 8.0 MGy

target dose. These samples, particularly at their edges, became brittle and in the case of the

Protvino samples had fractured into smaller pieces. Consequentially, the irradiated spots of

these samples were less challenging to remove.
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6.2 Experimental EPR Results and Observations

6.2.1 Spectral Shift

The six plots in Figure 6.1 show the EPR spectra obtained from the un-irradiated and

irradiated spots of each plastic scintillator sample. EPR measurements were taken within two

weeks of sample irradiation to ensure permanent damage at sample temperatures of 80 K.
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Figure 6.1: Effect of dose on EPR spectra for each plastic scintillator type taken at 80 K
within 2 weeks of irradiation.
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Each EPR spectrum in the six plots above consists of a single peak of approximately 5 G. The

increased dose results in a general shifting of the EPR spectra along x-axis to larger magnetic

fields with respect to the un-irradiated spectrum. In the case of the Bicron sample irradiated

to 24.57 MGy, its shift away from the irradiated spectrum is larger than the sample which

received a dose of 54.97 MGy. It is possible that this larger shift is attributed to human

error when placing the EPR tube into the spectrometer. If the tube is not held in the casing

correctly, it has the tendency of sliding down into the cavity to a lower position and, after

tuning, obtaining an observed larger magnetic field at the same resonant frequency. In an

attempt to eliminate this error, the tubes were glued to the EPR tube casing at the same

position before each measurement. However, the possibility exists that the tube still moved

in the casing.

Each spectrum appears within the sweep width range of the spectrometer which was set to

50 G. The PVT spectra generally span this range whereas the PS spectra only appear within

a range of approximately 20 G. Furthermore, the six figures indicate that the shift to larger

magnetic fields is not uniform. It is also observed that the peak intensities and �BPP vary as

dose increases. These features, along with the relative g-factor changes are discussed below.

6.2.2 Relative Decrease in g-factor

Figure 6.2 displays the relative change in the g-factors with respect to the un-irradiated

sample’s g-factor (g0) as a function of dose at 80 K. These values were obtained by satisfying

the resonance condition and solving for g, that is, the magnetic field value at the peak

height of the integrated EPR spectrum was added to Equation 4.10 along with the resonant

frequency at which the magnetic field was swept. Fits to the integrated EPR spectra can be

found in Appendix A.1.
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Figure 6.2: Effect of dose on the relative change in the g-factors at 80 K.

A general decrease in the g-factor is observed in all samples as dose increases and its relative

decrease is no more than 0.8% for all irradiated samples. The trends in relative shifts for

the Eljen samples are similar, with the largest relative shifts observed in EJ200. PS based

samples also display have shifts. Bicron exhibits the overall smallest relative decrease in

g-factor.

It should be noted that all resonant frequencies, ⌫, for PVT samples occurred at 9.72 MHz

and, barring the Dubna sample irradiated to 13.71 MGy with ⌫ = 9.72 MHz, PS samples

had resonant frequencies at 9.73 MHz. These results are tabulated in Tables A.1 and A.2

6.2.3 Peak-to-peak Variation

The variation in the EPR spectra peak-to-peak (�BPP) is shown in Figure 6.3 versus an

increase in dose. These values were calculated by obtaining the difference between the

magnetic field values at the EPR spectrum’s maximum and minimum. It is observed that

there is a general increase in �BPP for the PVT based scintillator types but a decrease in

�BPP PS based scintillator types as dose increases. EJ200, EJ208, and EJ260 show a similar
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Figure 6.3: Effect of dose on the peak-to-peak width at 80 K.

general increase in �BPP from approximately 0.4 G to approximately 1.2 G. A similar trend

is seen in the Bircon sample but its increase is less considerable, ranging from 1.06 G to

1.11 G. The slight decrease in �BPP for both Dubna and Protvino start at 1.07 G and end

at 0.9 G and 1.06 G, respectively.

6.2.4 Relative Intensity Increase

Figure 6.4 shows the effect the increase in dose has on the relative intensities per unit volume

of the irradiated spot. The arbitrary intensities of each sample (I) were divided by their

respective un-irradiated sample’s intensity (I0) and normalised to the volume of the irradiated

spot (in cm3). In general, for each scintillator type, this normalised intensity increases as the

dose absorbed by the sample increases.
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Figure 6.4: Effect of dose on the relative intensities normalised to the volume of the
irradiated spot.

In general, all samples display a slight decrease in normalised intensity occurring at the second

or third highest dose. The largest relative increase is observed in the highest dose of Dubna

sample which has a normalised intensity approximately 3 times larger than the un-irradiated

spectrum’s. The lowest increase is observed in EJ200 with a normalised intensity for its

largest dose only around 1.3 times larger than the un-irradiated spectrum’s.

6.2.5 Shoulder Formation

These observations pertain to the un-irradiated and irradiated integrated EPR spectra found

in Appendix A.1. The most common shape observed from the integrated EPR spectra is that

of a Crystal Ball function that consists of a Gaussian and an exponential tail usually to one

side of the Gaussian. The exponential tail is observed to fall to either side of the Gaussian.

This feature is attributed to the phase of the spectrometer at which the EPR spectrum was

obtained. For simplification of analysis, it was assumed that this phase change had no effect

on the physical interpretation whatsoever.
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In many cases, the exponential tail exhibited structural features that could not be captured

by the Crystal Ball function. Various functions were attempted as fits; however, the triple

Gaussian function, which consists of three Gaussians, provided the best fits. It’s central

Gaussian captured the dominant peak, the second Gaussian could be adjusted to capture

peak structure within the tail, and the third peak’s width could be set large enough to

capture the tail itself. Fit parameters obtained for the second Gaussian peak allowed to the

calculation of a second g-factor, ga, from the the peak mean. An a-value was also calculated

which is the difference in magnetic field values of the first and second Gaussian peak means

(measured in G). These two values were utilised in order to identify the possible radicals

which formed during sample preparation and after samples were irradiated. The ga-factors

and a-values can be found in Tables A.1 and A.2.

6.3 Computational Results and Observations

6.3.1 Chemical Potential Results

These observations pertain to Tables B.1 and B.2 for a single isomer of the Vinyl toluene toy

model. The absolute values of chemical potential, µ, and first DFT excitation energy at the

band edges of the majority and minority1 channels are displayed for pristine and damaged

systems. In the plastic, electrons can move to and from a monomer. The rest of the system is

considered to be a particle reservoir, and a local change in the chemical potential can result

in a change in the number of electrons in a local region. The values of µ for these monomers

can increase or decrease, relative to the chemical potential of the undamaged monomer, with

the removal of a hydrogen atom. Higher values of the chemical potential of the damaged

molecules suggest possible transfer of electrons from the undamaged monomers of the plastic.

Whereas lower values suggest transfer to the damaged monomer. Similar results are expected

for the PS toy model and the extended MUKLAF and PolySty systems. Thus, in the real

plastic, electron transfer is possible to and from damaged and undamaged regions, and this

has been included in the EPR spectra simulation studies. A discussion pertaining to the

details of the calculations is presented in Appendix B.3.

1These two states can differ in the density of states formalism. Conventionally, the spin up states are
referred to the majority spin and the spin down states are referred to as minority spin.
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6.3.2 Simulated EPR Spectra

The g- and A-tensors calculated using the GIPAW method for both pristine and damaged

systems were simulated with EasySpin2 [120]. EasySpin is an extension of MATLAB,3

capable of simulating and fitting EPR spectra. In particular, the pepper function was utilised

to calculate the field-swept, CW EPR spectra for the models. An example of the code is

found in Code B.1.

The generated spectrum for each model, pristine or damaged, was fit using a piecewise,

polynomial spline interpolation functionality with 100 data points. In the case of the damaged

models, the resulting spectra were averaged over for each hydrogen atom removal. It was

assumed that the likelihood of the removal was the same regardless of the position from

which the hydrogen atom was removed on the molecule. An example of the average signal is

shown in Figure B.2.

The following assumption was made when generating the spectra for damaged models:

• With each hydrogen atom removed, the number of electrons would increase or decrease

in each damaged model.

This assumption was motivated by the chemical potential results obtained in Section 6.3.1

and further motivated by the experimental observations in Section 6.2.4. The number of

electrons used in each simulation was dictated by the magnitude of the magnetic moment

calculated during structural relaxation (see Section 5.6.1).

2EasySpin version 5.1.0 was used.
3MATLAB R2011b version 7.13 was used.
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Figure 6.5: Simulated EPR spectra for all models. Pristine models are represented by
solid black lines whereas the damaged models are represented by the solid green, blue, and

red lines for the 1, 2, and 3 hydrogen atom removal.

Based on the assumption made, each averaged EPR spectrum simulated for the damaged

models, shown in Figure 6.5, consisted of a single lined spectrum, and damaged models also

displayed a shoulder formation observed at lower magnetic fields4. With each hydrogen atom

removal, the signal intensity increased. No spectral shift or variation in �BPP is observed.

In all cases, the central peak registered a fixed g-factor of 2.002324 and �BPP = 0.5 G.

The simulated EPR spectra for toy models are almost indistinguishable. This indicates that

the structural differences between the monomers, whether pristine or damaged, have little

effect on the resulting EPR spectrum. The shoulder formation is more prominent in the

larger models and it spans a larger magnetic field range as more hydrogen atoms are removed.

Focus was then placed on the EPR spectrum of the radical responsible for this shoulder; its

features were most predominant in the double hydrogen atom removal in the PolySty model5.

The EPR spectrum for this radical yielded a three peaked spectrum with an intensity ratio

4The magnetic field of the simulated spectra are displayed in units of mT and not G as that is the
standard utilised by EasySpin.

5Other damaged models produced similar spectra.
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1:2:1, as shown in Figure 6.6a. This spectrum was obtained when the three principle values

of the A-tensor were set to 0 and a line spacing of approximately 8 G was observed. The

linewidth broadening of the �BPP set to the standard Gaussian broadening of 0.05 mT and

Lorentzian broadening of 0.01 mT.
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Figure 6.6: EasySpin simulation of (a) the EPR spectrum of radical with A-tensor
principle values set to zero, and (b) the integrated EPR spectrum with fit.

A triple Gaussian fit was made on the integrated EPR spectrum, shown in Figure 6.6b. From

the fit, approximate g-factors for the peaks were calculated to be 2.0048, 2.0041, and 2.0033

for the first, second, and third peak, respectively.

The hyperfine parameters were then included into the simulations and yielded an EPR

spectrum, displayed in Figure 6.7. The spectrum was obtained using a random powder

spectrum orientation and the �BPP was set to 0.02 mT to emphasise the hyperfine peaks. The

resultant spectrum contained five peaks of approximately 5 G to 9 G spacing with intensity

ratios 1:5:7:4:1. The principle values of the g-tensor were gxx = 2.00221, gyy = 2.00276,

and gzz = 2.00306. The hyperfine principle values used for the simulation were Axx = 0.98,

Ayy = 0.99, and Azz = 1.97 from the first hydrogen atom removed, and Axx = 0.518,

Ayy = 1.23, and Azz = 1.75 from the second one removed. Simulations of the single and

triple hydrogen atom removal yielded similar spectra, and hyperfine values resulted in some

peaks overlapping. In general, a five peak spectrum, similar to that observed in Figure 6.7,

was observed in all damaged models. In the two smaller, damaged models, the intensities of

the peaks and spacings between them differed depending on where the hydrogen atoms were
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removed. The EPR simulations of the two larger models, regardless of where hydrogen atoms

were removed or the number of removed hydrogen atoms, yield almost identical signatures.
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Figure 6.7: Simulated EPR spectrum of radical from a damaged PolySty model with
two hydrogen atoms removed which include hyperfine parameters.
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Discussion

7.1 Experimental Results Discussion

7.1.1 Discolouration Following Irradiation

The discolouration in irradiated plastic scintillators is generally associated to the formation

of colour centres. Colour centres are briefly discussed in Section 3.6.2. Two types of colour

centres are said to exists, namely, the permanent and the annealable [121] and are the

likely cause of the discolouration. The most common radicals formed during irradiation are

associated with the annealable colour centres were cyclohexadienyl- and benzyl-like radicals.

Once the samples are exposed to air, these short-lived radicals react with oxygen, and they,

along with their colour centres no longer exist. This annealing emerges as a lightening of the

irradiated spot was observed for all samples irradiated to 0.8 MGy.

The oxygen-exposed radicals that form are peroxy intermediate radicals and, if exposure

is continued, hydroperoxides [122], as shown in Figure 3.9. These long-lived radicals and

their associated permanent colour centres emerge as a persistent discolouration of irradiated
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spot. All samples irradiated to a target dose of 2.5 MGy and above displayed a permanent

discolouration.

7.1.2 Spectral Shape

Previous investigations have hypothesised that the triplet state observed in irradiated plastics

is due to a hyperfine coupling arising from an electron coupling to a phenyl group containing

two equivalent protons [123]. These radicals are hypothesised to form from the breaking

of a C H bond with a ⇡-orbital structure. Their detected unpaired electrons are usually

delocalised in this orbital [124]. The resulting EPR spectrum consists of three peaks each

with a width between 17 G to 45 G [89]. However, several of the EPR spectra observed

contain more than three peaks [96]. The differences in shape (such as number of peaks, peak

intensities, and peak resolution) are mainly attributed to the sensitivity and resolution of

the EPR spectrometer [92], and how long after irradiation the EPR spectrum is taken. This

implies that many radiation-induced radicals responsible for additional peaks are short-lived.

In order to observe this multi-peaked EPR spectrum, it is suggested that samples be irradiated

within the cavity of the EPR spectrometer while measurements are taken.

Clearly, the EPR spectra observed in this investigation do not contain multiple peaks.

The spectral shape in this investigation, and in previous work [125], has been observed

in hydrogen atom bombarded and �-irradiated PS [68, 92]. Notably, these samples were

stored for several weeks after irradiation in an oxygen environment. It should also be

noted that EPR spectrometer parameters may change the shape of the observed spectrum

considerably. In particular, at low power saturation, the shoulders in each spectrum obtained

from irradiated (from both �-irradiation and hydrogen bombardment) PS become more

distinct [123]. Furthermore, it is hypothesised that poor resolution of the EPR spectrometer

could account for the lack of clearly observable hyperfine peaks in any of the spectra.

Thus, based on the shape observed in this investigation, no conclusions can be drawn

regarding the short-lived radicals that form during irradiation. Instead, an attempt is made

to understand the complex, secondary peak formation that could result from stable radicals

which collectively contribute to the broad shoulder. The poor resolution of these peaks is

attributed to both the resolution of the spectrometer used and the random orientation of

each molecule in the sample. The g-tensor anisotropy could account of the long tail-like

feature on each integrated EPR spectrum.
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Regardless of dose, the secondary peak appears at a different g-factor, ga, compared to the

central peak in most of the spectra. This implies the molecular orbital on the unpaired

electron contains a ⇡-orbital which reflects the asymmetry of its surrounding environment [68]

in the radical formed. The most probable stable radicals which could account for this peak

are the peroxy-type radicals [126]. Their g-factors are generally larger [94] than those of

the main peak’s and are in the range observed in this investigation. The absolute difference

between the two g-factor values (|g � ga|) is on average of the order of 10�4. This difference

further motivates a larger degree of orbital angular momentum [68] of the trapped unpaired

electron within a peroxy-type radical. Since this second peak is observed in most of the

un-irradiated spectra, one possible interpretation is that the sample preparation could cause

bonds to break resulting in EPR signals that mimic those of irradiated samples.

7.1.3 Normalised Intensity Increase

In standard EPR spectroscopy techniques, the “paramagnetic spin concentration” of a sample

is calculated by finding the area under the doubly integrated EPR spectrum and dividing

by the volume of the sample [127]. Attempts to use this technique yielded questionable

paramagnetic spin concentration values with an order of magnitude 1010 lower than those seen

in literature. Therefore, a more cautious approach was taken by investigating a normalised

intensity. This parameter gives an indication of the number of detected spins per unit volume.

An increase in intensity in the EPR signal has been observed in irradiated polymers which

is likely to be proportional to the dose absorbed [93, 95]. Indeed, increasing dose has been

shown to be proportional to the number of radicals produced in irradiated plastics [68] and,

ultimately, the number of unpaired electrons.

The largest relative increase in the normalised intensities in Figure 6.4 is the Dubna sample

closely followed by the EJ208 sample. This implies that there is little difference between the

two polymer bases. Based on the assumption that this is related to the number of formed

radicals in the system, increasing dose in both PVT and PS samples increases the number of

free radicals detected.
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7.1.4 Decrease in g-factor

An EPR spectral shift has been observed in UV-irradiated solid PS citing a lower g-factor [96]

for the central peak with an increase in dose. Furthermore, an interpretation of the spectral

shift is that formed radicals in irradiated plastics give rise to local magnetic fields [89]. The

unpaired electrons experience an effective magnetic field as they are shielded by these local

magnetic fields. With an increase in damaged incurred by the plastics, the magnitude of the

effect these local magnetic fields increases. This interpretation is in agreement with effect of

chemical shifts discussed in Section 4.2.3. In this investigation, it is hypothesised that change

in the magnetic environment of the plastics due to the radiation damage inherently effects

the SO coupling which is known to cause variations in the value of the g-factor. A change in

the local magnetic environment of the unpaired electrons also alters their SO coupling as

orbital angular momentum becomes quenched [124, 128] and a decrease [129] in g-factor is

observed. The quenching of orbital angular momentum suggests that there is a lower bound

for the value of the g-factor for a given sample as dose increases. This possibly explains

the asymptotic nature of the g-factor as a function of dose in Figure 6.2. Based on this

hypothesis, the orbital angular momentum of unpaired electrons in EJ200 are quenched the

most, and those of the Bicron sample quenched the least with more absorbed dose. However,

these two samples are similar in their chemical composition (see Section 5.2) suggesting that

this has no effect on the rate of decrease as a function of dose. The relative g-factor shifts

shown in Figure 6.2 have been presented in previous work [130].

However, similar studies have shown no deviation in the g-factor as dose is increased [92, 131].

This implies that the deviation is either too small to be detected, or that it results from

factors not encountered in other studies. No attempt at an explanation has been given as to

why a deviation, or lack thereof, exists in damaged samples of similar chemical composition.

Similar conclusions have been presented in studies on disordered carbon-based systems where

a large decrease in g-factor had been observed in one doped compound and not the other [132].

Therefore, no concrete conclusion can be made as to why this shift exists in some studies

and not others.

7.1.5 Peak-to-peak Variation

When compared to carbon based compounds, un-irradiated polymers displayed a relatively

broader EPR spectrum. This has been attributed to the unpaired electron possibly coupling
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to nitrogen from exposure to air [133]. This comes as a result of unresolved hyperfine

interactions between the unpaired electron and nucleus of the nitrogen [134] observed in the

EPR spectrum.

The general decrease in �BPP for PS samples and general increase in �BPP for PVT samples

may indicate that the structural differences between the two polymer bases influence the

variation of this parameter with an increase in dose. In a study conducted on various

irradiated polymers, a decrease in �BPP was observed for all polymer types as dose is

increased [135]. This decrease was hypothesised to be as a result of an increase in unpaired

electrons detected from a large number of C C systems found in a polyenthyl radical. The

increase in C C bond formation is consistent with dehydrogenation (see Section 3.6.2).

On the other hand, the increase in �BPP is possibly due the detection of different radicals

formed at various doses. Two different radicals have been observed [136, 137] in irradiated

polymers at different doses. The first radical occurs at low doses (in the kGy region) as a

result of main chain scission (see Section 3.6.1). It’s spin concentration decreases as dose

increases. The second radical occurs at a much higher dose and it’s spin concentrations

increase with increasing dose. A possible explanation for the broadening of line spectra could

be that unpaired electrons couple to a large number of protons found in the second radical.

Of course, dehydrogenation and main chain scission are not mutually exclusive and are

common features observed in both irradiated PVT and PS based polymers [65]. Results

presented in Figure 6.3 do seem to indicate that the PVT based samples (EJ200, EJ208,

EJ280, and Bicron) are more susceptible to main chain scission, and the PS based samples

(Dubna and Protvino) are more susceptible to dehydrogenation when irradiated with protons.

Finally, it is possible that these two competing features may cause no change in �BPP. This

has been noted by comparing the spectra of un-irradiated thin film polymers to irradiated

ones polymers [133].

7.1.6 Summary

Each feature of the EPR spectrum analysed from the un-irradiated and irradiated samples

present a number of possible stable radials that are detected. The discolouration and g-

factors of these spectra indicate that possible stable peroxy-like radicals are formed in the

plastic. Through, dehydrogenation, it is possible that these radicals further form ketones

and quintones. The normalised intensity analysis indicates that increasing dose results in an
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increase in the number of these radicals and, subsequently, unpaired electrons. The broad

features of these spectra indicate a possibility of nitrogen reacting to the radicals in the

samples which couple to the unpaired electrons. Finally, the �BPP analysis indicates the

presence of an polyenthyl radical in PS and, studying this analysis in PVT, that radicals are

dose dependent.

It is, therefore, hypothesised that the number of possible radicals detected, along with their

interaction with the unpaired electrons, leads to the complex EPR spectra observed.

7.2 Computational EPR Discussion

In an attempt to replicate the general experimental spectra of irradiated plastics, the

computationally simulated spectra shown in Figure 6.5 display similar features. These include

an increase in intensity with an increase in damage, and the formation of a shoulder structure

at lower magnetic fields. The inclusion of additional unpaired electrons during simulations

is justified by the chemical potential calculations. It indicates that, as in the real plastics,

the magnetic signatures of additional unpaired electrons result in the single lined EPR

spectra which includes a shoulder. This EPR spectra has been observed in irradiated plastics

exposed to oxygen and allowed to recover (see Section 7.1.2). One interpretation of the EPR

spectra in Figure 6.5 is that the single peak forms as a result of unpaired electrons in a

local environment similar to that of un-irradiated plastics, and that the shoulder arises from

radicals experiencing a local environment in a damaged region. No deviation in either the

position of the spectra (g-factors) or the �BPP with an increase in the number of hydrogen

atoms removed is consistent with previous studies discussed in Sections 7.1.4 and 7.1.5,

respectively. One stark difference between the experimental and computational spectra is

that the radical forming the shoulder is not a peroxy-type radical since the damaged models

contain no oxygen. The identity of these radicals lies in their spectral features.

The three peak EPR spectrum shown in Figure 6.6a has been experimentally observed [89] and

the intensity ratios of 1:2:1 and g-factors can be interpreted as an unpaired electron coupling

to two equivalent protons. The line spacing of the peaks also suggests that the protons could

reside within a �CH2� fragment [68]. The addition of the hyperfine principle values resulted

in a five peak spectrum. A similar spectrum has been observed experimentally [68] and has

been attributed to a number of of alkyl radicals and fragments of these radicals. It is possible

that the larger damaged MUKLAF and PolSty models contain more than one radical after
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the removal of the hydrogen atoms since their simulated EPR spectra were observed to be

almost identical. Thus, the magnetic signatures arising from the number of possible radicals

and radical fragments may result in the observed spectra. These radicals could include those

mentioned at the end of Section 3.6.1.

A computational investigation of a �-irradiated model [138] similar to the Styrene and Vinyl

toy models yielded a four peak spectrum at random orientations. These peaks were identified

as coming from a contribution of various stable alkyl radicals, which suggests that the damage

in smaller models may indeed depend on which site the hydrogen atom is removed. This

is further motivated by the observed variations in the EPR peak intensities and spacings

from models where hydrogen atoms were removed from various sites. In all four models, the

similarities in the simulated five peak EPR spectra of the radicals suggests that the magnetic

environments of these different alkyl radicals are similar.

7.3 Future Work

Further work could include an investigation into radical formation in both PS and PVT

scintillators that are irradiated in the EPR spectrometer. This experimental set up would

require a �-ray source producing �-rays incident on the plastics which are, in turn, situated

in the EPR spectrometer. In order to observe possible hyperfine peaks resulting from this

set up, an EPR spectrometer with a better resolution than the spectrometer employed in the

current investigation is required. Further work pertaining to the computational studies could

include an investigation on damaged models that include oxygen. These models could yield

insights into peroxy-type radicals through their simulated EPR spectra.
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Conclusion

In light of the replacement of plastic scintillators situated in the TileCal and minimum bias

trigger regions as part of the Phase II upgrade in 2018, the following conclusion can be

drawn from the results and discussion in Chapters 6 and 7, respectively. Using electron

paramagnetic resonance (EPR) spectroscopy, this work investigates radical formation in

irradiated plastic scintillators as a function of dose. In addition to this, a computational DFT

approach investigated the EPR signatures of computational pristine and damaged styrene

and vinyl toluene models, and larger polystyrene-like models.

The experimental irradiated samples of approximately 250 µm thickness were subjected

to increasing doses of 6 MeV proton induced radiation damage. These were compared to

un-irradiation samples of the same thickness using EPR spectroscopy. The target doses were

set to 0.8 MGy, 2.5 MGy, 8.0 MGy, 25.0 MGy, 50.0 MGy, and 80.0 MGy. The iThemba LABS,

Gauteng tandem accelerator provided the 6 MeV protons. Damage to the computational

models was induced by the removal of hydrogen atoms. To replicate increasing damage, one,

two, and then three hydrogen atoms were removed from the molecules and the damaged

structures were allowed to computationally relax.

In the experimental investigation, the extent of the damage incurred by each scintillator was

proportional to the dose it absorbed. A discolouration of the plastics intensified with larger
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absorbed doses; however, a slight fading was noted in all the 0.8 MGy samples. Samples were

analysed using EPR spectroscopy two weeks after their irradiation to ensure the investigation

studied permanent damage of the plastics. The discolouration observed in all plastics is

likely to be caused by permanent and annealable colour centres associated with the different

radicals. The short-lived cyclohexadienyl- and benzyl-like radicals associated to annealable

colour centres exists only before being exposed to oxygen. After the irradiated plastics were

exposed to oxygen, the lightening, or recovery, of the plastic suggests that only the stable,

long-lived radicals, along with their permanent colour centres persisted in the plastic. These

oxygen-exposed radicals were identified by their g-factors using the EPR analysis to be an

unpaired electron trapped in a number of stable peroxy-type radicals.

A further analysis of the experimental EPR parameters provided further insights into the

possible structural changes within the plastics. The general increase in normalised intensity

observed in both PS and PVT based plastics suggests that there is an increase in the number

of radicals and unpaired electrons as dose increases. The general decrease in the relative

g-factors as a function of dose suggest that unpaired electrons experience an increased effective

magnetic field as a function of dose, and this investigation suggests that this is inherently

linked to an asymptotic decrease in the g-factor as a result of quenching of orbital angular

momentum.

The �BPP slight decrease indicates that, in the PS irradiated sample, the number of

unpaired electrons increase. These electrons arise from a system of C C bonds found in a

polyenthyl radical. This suggests that the predominant form of damage in PS is as a result

of dehydrogenation. The increase in �BPP observed in PVT samples suggests the presence

of two radicals that form as a result of main chain scission. Main chain scission is as a result

of hydrogen gas formation. Thus, the analysis of the �BPP suggests that the PS and PVT

samples are susceptible to different mechanisms of damage.

It should be noted that no concrete evidence is provided by the analysis of the experimental

EPR parameters to suggest that one particular sample, or base of plastic, out performs

another when subjected to proton induced radiation damage. The comparative EPR anal-

ysis conducted on various irradiated plastics proved inconclusive in identifying the plastic

scintillator least susceptible to proton-induced radiation damage. Furthermore, the analysis

could not aid in suggesting a type of plastic scintillator most suited for the replacement of

those plastic scintillators situated in the TileCal and minimum bias trigger regions.

92



Chapter 8: Conclusion

The computational EPR analysis of the chemical potential results suggest that electron

transfer between pristine and damage structures is possible. Based on these results and the

assumption that the number of electrons increases or decreases with each hydrogen atom

removed, the computational EPR spectral mimicked that of those observed experimental.

The EPR spectral shape of the pristine models yielded a single smooth EPR peak. The

sharp peak resulted from an unpaired electron which experience a local environment similar

to that of an un-damaged real plastic. However, in the case of the damaged models, the

EPR signals showed the formation of a shoulder which results from the addition on an of

unpaired electron. This electron is likely to experience a local environment similar to that of

an unpaired electron in a damaged region.

An investigation into the radical responsible for the shoulder, without hyperfine interactions,

yielded a three peak spectra of intensity ratio 1:2:1. This signature is likely to be as a result of

coupling from an electron to two equivalent protons residing in a �CH2� fragment. Addition

of the hyperfine interactions indicated signatures from multiple alkyl-type radicals. This

interpretation was consistent for the larger MUKLAF and PolySty models. The observations

seen because damage to the smaller Styrene and Vinyl toluene models indicated the presence

of various alkyl radicals depending on the site from which the hydrogen atom was removed.

Future work would include an investigation into radical formation where samples are irradiated

in the EPR spectrometer, and a computational EPR investigation could study damaged

samples that include oxygen.
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Appendix A

Analysis of Experimental

Parameters

A.1 Integrated EPR Spectra Fits

Each EPR spectrum in Figure 6.1 was integrated and fit with a triple Gaussian distribution

which is the addition of three Gaussian distributions. This distribution takes the form

G(x, N, µ1,�1, µ2,�2, µ3,�3) =N {f1e
�(x�µ1)

2/2�2
1 + f2e

�(x�µ2)
2/2�2

2

+ (1 � f1 � f2)e
�(x�µ3)

2/2�2
3},

(A.1)

where µ1, µ2, µ3 and �1, �2, �3 represent the three means and standard deviations of the

Gaussians, respectively, N is the normalisation factor, and f1 and f2 are two fractions.

This fit was not chosen for any physical reason, but rather for its shape and range of

parameters which could be changed in order to fit the varying forms of the EPR spectra.

Each fit was manually adjusted to achieve the lowest �2 value1.

The key parameters obtained from these fits, which were used in the investigation, where the

means µ1 and µ2. These needed in order to calculate the g-factors and differences between

peaks. The fits for each sample and dose are presented below along with the values of the

parameters in Equation A.1.
1A statistical hypothesis test constructed from the sum of the difference between observed and expected

values all squared divided by the observed values. This test is often referred to as the goodness-of-fit test.
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Figure A.1: Triple Gaussian fits for all EJ200 samples at 80 K. Misfits to spectra can be
attributed to the low number of data points around the central peak. However, increasing

bin size resulted in skewed fit.
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Appendix A: Analysis of Experimental Parameters Integrated EPR Spectra Fits
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Figure A.2: Triple Gaussian fits for all EJ208 samples at 80 K.
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Appendix A: Analysis of Experimental Parameters Integrated EPR Spectra Fits
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Figure A.3: Triple Gaussian fits for all EJ260 samples at 80 K.
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Figure A.4: Triple Gaussian fits for all Bicron samples at 80 K.
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Figure A.5: Triple Gaussian fits for all Protvino samples at 80 K.
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Figure A.6: Triple Gaussian fits for all Dubna samples at 80 K.
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Appendix A: Analysis of Experimental Parameters Integrated Current Analysis

A.2 Integrated Current Analysis

In order to irradiate each sample to its target dose, an estimate time of irradiation was

set. In most cases, the sample was irradiated for a short period of time to gauge the beam

current measured from the feed connected to the carousel. Then, using this value, the time

of irradiation was calculated by solving for t in Equation 5.1. Assuming the beam current

remained constant, the sample was irradiated for the calculated time. The beam current

distributions for each irradiated sample is shown in Section A.3.

Any fluctuations in the beam current resulted in a re-evaluation of the absorbed dose and, in

some cases, longer irradiation time. Samples irradiated for a second time were kept in the

carousel, under vacuum. These beam current distributions is shown in red (see Figures A.8).

Factors contributing to beam fluctuation include the following: beam intensities and shapes

incorrectly calibrated, parts of beam striking slits before reaching the sample, and (in the

case of the 53.40 MGy EJ208 sample) loss of beam current due to a discharge in the tandem

- this was due to components of the accelerator not being kept under vacuum.

Two errors resulting from beam fluctuations were calculated and used to calculate the errors

associated in each absorbed dose calculation. The first of these was the statistical standard

deviation from the initial estimation of beam current measurement. Since the integrated

current was needed, the second error arose from finding the area under the curve using

the trapezoidal rule. These two errors, along with instrumental and systematic errors were

required to calculate the errors in the absorbed dose for each sample.

A.3 Key Parameter Values

Tables A.1 and A.2 represent the key parameter values for all un-irradiated and irradiated

samples.
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Figure A.7: Beam current for irradiated EJ200 samples.
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Figure A.8: Beam current for irradiated EJ208 samples.
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Figure A.9: Beam current for irradiated EJ260 samples.
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Figure A.10: Beam current for irradiated Bicron samples.
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Figure A.11: Beam current for irradiated Dubna samples.
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Figure A.12: Beam current for irradiated Protvino samples.
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Sample Abs. Dose (Gy) Thickness (cm)
± 0.0005 B⇤

0 (G) ⌫ (MHz)
± 0.005

g-factor
± 1.6⇥10�4 a-value (G) ga-factor⇤⇤

± 1.7⇥10�4
�BPP (G)
± 0.007

Norm. Intens.
(a.u./cm3) ⇥106

EJ200 0.0 0.027 3456.69 ± 0.004 9.72 2.0091 0.49 ± 0.01 2.0094 0.49 1.85 ± 0.73
1.08 ± 0.03 0.027 3458.54 ± 0.004 9.72 2.0080 0.49 ± 0.07 2.0083 0.54 1.91 ± 0.75
2.07 ± 0.04 0.022 3464.47 ± 0.006 9.72 2.0046 -0.22 ± 0.03 2.0044 0.53 1.14 ± 0.45
7.37 ± 0.17 0.028 3468.13 ± 0.003 9.72 2.0024 0.74 ± 0.01 2.0029 0.49 1.92 ± 0.76
18.75 ± 1.63 0.026 3477.28 ± 0.010 9.72 1.997 0.79 ± 1.02 1.9976 0.94 2.27 ± 0.89
36.93 ± 2.24 0.026 3478.40 ± 0.012 9.72 1.9965 0.80 ± 0.04 1.9970 1.15 2.14 ± 0.84
83.84 ± 3.17 0.031 3484.28 ± 0.006 9.72 1.9932 1.01 ± 0.06 1.9937 1.16 2.48 ± 0.97

EJ208 0.0 0.031 3467.71 ± 0.005 9.72 2.0026 0.38 ± 0.02 2.0029 0.36 1.04 ± 0.41
0.66 ± 0.01 0.025 3468.72 ± 0.005 9.72 2.0021 0.72 ± 0.01 2.0025 0.44 2.50 ± 0.98
2.31 ± 0.45 0.023 3476.70 ± 0.005 9.72 1.9975 0.83 ± 0.06 1.9979 0.84 2.04 ± 0.80
8.15 ± 0.89 0.022 3481.27 ± 0.005 9.72 1.9949 -0.02 ± 0.08 1.9949 1.01 2.05 ± 0.80
27.05 ± 0.56 0.028 3482.70 ± 0.004 9.72 1.9941 0.87 ± 0.02 1.9946 0.80 2.24 ± 0.88
53.40 ± 4.31 0.022 3486.06 ± 0.005 9.72 1.9921 0.88 ± 0.05 1.9926 0.89 3.03 ± 1.19
97.45 ± 3.38 0.025 3491.95 ± 0.004 9.72 1.9899 0.81 ± 0.02 1.9892 0.88 3.03 ± 1.19

EJ260 0.0 0.030 3463.51 ± 0.002 9.72 2.0015 0.41 ± 0.09 2.0053 0.48 2.43 ± 0.96
0.31 ± 0.05 0.026 3465.52 ± 0.002 9.72 2.0039 0.26 ± 0.02 2.0041 0.43 3.37 ± 1.32
2.53 ± 0.14 0.027 3466.90 ± 0.002 9.72 2.0031 -0.08 ± 0.01 2.0031 0.47 5.13 ± 2.02
11.85 ± 1.11 0.025 3469.77 ± 0.002 9.72 2.0015 0.35 ± 0.01 2.0017 0.38 6.06 ± 2.38
19.08 ± 1.46 0.022 3476.42 ± 0.004 9.72 1.9977 0.39 ± 0.06 1.9979 0.43 3.31 ± 1.30
32.37 ± 0.37 0.026 3480.95 ± 0.004 9.72 1.9951 0.45 ± 0.01 1.9953 0.90 4.07 ± 1.59
76.96 ± 4.32 0.029 3482.95 ± 0.003 9.72 1.9939 0.97 ± 0.04 1.9945 0.91 3.75 ± 1.47

⇤ Integrated EPR spectra maximum.
⇤⇤ This value pertains to the second peak formed on the shoulder of the integrated EPR spectrum.

Table A.1: Key parameter values for EJ200, EJ208, and EJ260.
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Sample Abs. Dose (Gy) Thickness (cm)
± 0.0005 B⇤

0 (G) ⌫ (MHz)
± 0.005

g-factor
± 1.6⇥10�4 a-value (G) ga-factor⇤⇤

± 1.7⇥10�4
�BPP (G)
± 0.007

Norm. Intens.
(a.u./cm3) ⇥106

Bicron 0.0 0.026 3465.93 ± 0.012 9.72 2.0037 0.68 ± 0.42 2.0041 1.06 0.94 ± 0.37
0.74 ± 0.05 0.026 3467.08 ± 0.007 9.72 2.0030 -0.12 ± 0.30 2.0030 1.05 1.14 ± 0.45
2.36 ± 0.16 0.027 3468.29 ± 0.041 9.72 2.0023 -0.79 ± 0.04 2.0019 1.14 1.33 ± 0.52
8.49 ± 0.49 0.025 3470.15 ± 0.011 9.72 2.0013 0.67 ± 0.27 2.0017 1.02 1.64 ± 0.65
24.57 ± 1.74 0.022 3476.03 ± 0.008 9.72 1.9979 0.92 ± 0.04 1.9984 0.97 1.39 ± 0.55
54.97 ± 3.43 0.024 3473.89 ± 0.007 9.72 1.9991 1.02 ± 0.05 1.9997 1.00 1.88 ± 0.74
82.36 ± 5.69 0.023 3478.18 ± 0.016 9.72 1.9967 1.13 ± 0.15 1.9973 1.11 1.75 ± 0.69

Dubna 0.0 0.030 3474.11 ± 0.014 9.73 2.0010 1.03 ± 0.02 2.0016 1.07 0.52 ± 0.20
0.99 ± 0.02 0.028 3474.35 ± 0.015 9.73 2.0009 -0.76 ± 0.16 2.0005 1.09 0.68 ± 0.27
3.24 ± 0.07 0.025 3476.59 ± 0.008 9.73 1.9996 -0.62 ± 0.08 1.9993 0.86 1.10 ± 0.43
13.71 ± 0.86 0.025 3477.06 ± 0.006 9.72 1.9973 0.47 ± 0.12 1.9976 0.88 1.49 ± 0.59
26.38 ± 1.37 0.023 3485.34 ± 0.007 9.73 1.9946 2.26 ± 0.85 1.9959 0.94 1.08 ± 0.43
56.45 ± 1.70 0.027 3486.29 ± 0.006 9.73 1.9941 0.67 ± 0.05 1.9944 0.91 1.68 ± 0.66
67.54 ± 1.54 0.028 3486.80 ± 0.006 9.73 1.9938 0.63 ± 0.06 1.9941 0.92 1.72 ± 0.68

Protvino 0.0 0.024 3476.86 ± 0.010 9.73 1.9995 -1.09 ± 0.01 1.9989 1.07 0.70 ± 0.28
0.83 ± 0.38 0.026 3481.43 ± 0.015 9.73 1.9968 -0.31 ± 0.10 1.9967 1.07 0.65 ± 0.25
2.18 ± 0.88 0.026 3481.75 ± 0.017 9.73 1.9967 -0.28 ± 0.05 1.9965 1.09 0.83 ± 0.32
7.66 ± 0.44 0.027 3482.96 ± 0.009 9.73 1.9960 1.06 ± 0.09 1.9966 1.00 0.90 ± 0.35
20.97 ± 1.02 0.024 3485.34 ± 0.007 9.73 1.9946 1.30 ± 0.51 1.9953 0.90 1.04 ± 0.41
42.62 ± 9.54 0.028 3486.79 ± 0.007 9.73 1.9938 0.88 ± 0.07 1.9943 0.85 1.16 ± 0.45
56.79 ± 8.69 0.029 3487.05 ± 0.006 9.73 1.9936 0.98 ± 0.07 1.9942 1.06 1.68 ± 0.66

⇤ Integrated EPR spectra maximum.
⇤⇤ This value pertains to the second peak formed on the shoulder of the integrated EPR spectrum.

Table A.2: Key parameter values for Bicron, Dubna, and Protvino.
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Appendix B

Computational Parameters

B.1 EasySpin EPR Simulation Code

An example of the code used to simulate the EPR spectrum for the PolySty model with

a single hydrogen atom removed is shown in Code B.1. The pepper function was used to

simulate a CW solid-state spectrum.

Line 7 allowed for the addition of spin 1/2 particles to the system, and their principle values

for the g- and A-tensor were added into the arrays in lines 8 and 10, respectively. The

g-tensor principle values were calculated using Equation 4.17. The linewidth broadening was

set to the default value using the Sys.lw function. The Zero-field interaction could not be

computed using the GIPAW method, therefore, all components in the Sys.ee array were set

to 0 in line 12. The sample orientation was set to that of a “powder spectrum” in line 20.

1 % Slow -motion spectrum of PolySty

2 %==========================================================================

3 clear , clf

4

5 % Plastic parameters , A system of 2 electrons (2 spin half) and 2 nuclei (2 *(1H, 12C

) ).

6 %--------------------------------------------------------------------------

7 Sys.S = [1/2 1/2];

8 Sys.g = [2.0021728677 2.0028808385 2.0030981; 2.00231920704 2.00231924168

2.0023192243];

9 Sys.Nucs = ’1H, 12C’;
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10 Sys.A = [0 0 0 0 0 0; 0 0 0 0 0 0]; % 2 electrons and 2 nuclei

11 Sys.lw = [0.05 0.01]; % [GaussianFWHM , LorentzianFWHM] in mT

12 Sys.ee = [0 0 0];

13

14 % Experimental parameters

15 %----------------------------------------------------

16 Exp.mwFreq = 9.66; %resonance frequency in MHz

17 Exp.Range = [343 346]; % Range of B-field sweep in mT

18 Exp.nPoints = 1024;

19 Exp.Temperature = 77.0; % temperature in kelvin

20 Exp.CrystalOrientation = []; % Powder spectrum

21

22 % Slow simulation and plotting

23 %----------------------------------------------------

24 pepper(Sys ,Exp);

Code B.1: EasySpin code for simulating the EPR spectrum for the PolySty model

with a single H atom removed.
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B.2 EPR Spectrum Averaging

The carbon atoms in each model were arbitrarily labelled with numbers. That is, the Styrene

toy model had a total of 8 carbon atoms, the Vinyl toluene toy models had a total of 10

carbon atoms, the MUKLAF model had a total of 92 carbon atoms, and the PolySty model

had a total of 132 carbon atoms. In each instance, the removal of a hydrogen atom was

tracked by referring to the position (site) of the carbon atom on the model. This is illustrated

in Figure B.1 depicting the damaged Styrene model where three hydrogen atoms are removed.

Figure B.1: A computer generated model of the labelled, damaged Styrene model.

Figure B.2 displays the average spectrum obtained using EasySpin for Vinyl toluene toy

model with one hydrogen atom removed from various sites on the monomer. The fitting

functionality is based on a spline polynomial interpolation method where the value of a curve

is estimated between given data points. In total, 100 data points were used for the magnetic

field range between 3440 G and 3460 G.
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Figure B.2: Averaging of EPR spectrum for vinyl toluene model for a single hydrogen
atom removed for various sites on the monomer.

B.3 Chemical Potential Results for Toy Model

The following tables display the absolute chemical potential (µ) and first DFT excitation

values calculated for the majority and minority spin channels at the band edges. These values

pertain particularly to a single Vinyl toluene model isomer. Tables B.1 and B.2 refer to the

model where one and two hydrogen atoms were removed from the model, respectively. The

case for the three hydrogen atom removal yields similar results. The “P” in the first column

refers to the position (site) of the carbon atom where the hydrogen atom was removed. This

is followed by an arbitrarily assigned number. Theses values are compared to those of the

pristine values found in the first row of Table B.1.

The pseudopotentials and the absolute energies of the periodic boundary are not directly

accessible in the DFT calculations. For finite system calculations, the asymptotic value of

Kohn-Sham potential can be determined. By setting this value to zero, an absolute energy

scale of the Kohn-Sham eigenenergies for a given exchange-correlation (XC) approximation

can be established. In an extended (and a finite) system calculation, an approximate

asymptotic value of the Kohn-Sham potential can be determined by using a large supercell
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to approximate a surface of an infinite system and a sufficient distance from the surface to

approximate an infinite distance from the surface.

The calculations presented in this section utilised a rectangular supercell with a length

of 22 Å perpendicular to the monomer of the toy model to approximate the value of the

asymptotic Kohn-Sham potential. The size of the supercell was sufficient to reproduce a flat

region of the average potential between adjacent cells which was the criterion used to find an

estimate of the asymptotic Kohn-Sham potential. In all calculations the models, pristine and

damaged, were allowed to relax with all forces less than 0.01 eV/Å.

An accurate value of the asymptotic Kohn-Sham potential can only realised if the exchange-

correlation potential has a reasonable asymptotic behaviour. The PBE [139] XC approxima-

tion used in this study does not have the correct asymptotic behaviour and the calculations

are therefore of a quantitative nature.

H Atom Removal Position
Majority Spin Channel Minority Spin Channel

µ
First DFT

Excitation
µ

First DFT

Excitation

Pristine 5.731350613 -2.163137613 5.731365613 -2.163161613

P1 5.724265796 -2.349297796 5.730738796 -3.287017796

P2 5.693136077 -2.289139077 5.816882077 -3.250990077

P3 5.755768040 -2.191957040 5.723135040 -3.281224040

P4 5.676272334 -2.274055334 5.850315334 -3.234396334

P5 4.660611952 -2.123890952 5.957405952 -3.553795952

P6 4.660635785 -2.134112785 5.955678785 -3.554259785

P7 4.659659778 -2.113428778 5.965345778 -3.550262778

P8 4.264953891 -1.414295891 6.180995891 -3.231643891

P9 5.705187970 -2.209081970 5.741396970 -3.184946970

P10 5.718511584 -2.330352584 5.676437584 -3.233590584

Table B.1: Chemical potential and the absolute value of first DFT excitation for both
majority and minority spin channels for the single hydrogen atom removal in the Vinyl

toluene model.
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H Atom Removal

Position

Majority Spin Channel Minority Spin Channel

µ
First DFT

Excitation
µ

First DFT

Excitation

P1 and P2 5.583055909 -2.930537909 5.583079909 -2.930483909

P1 and P3 5.539595907 -2.171706907 5.539611907 -2.171701907

P1 and P4 5.296416139 -2.266576139 5.630483139 -3.360265139

P1 and P5 4.541534601 -2.151697601 5.659170601 -3.475705601

P1 and P6 4.548662953 -2.159836953 5.663707953 -3.482786953

P1 and P7 4.581041969 -2.209577969 5.699055969 -3.515999969

P1 and P8 4.442024027 -1.465137027 6.243828027 -3.286812027

P1 and P9 5.796083335 -2.455880335 5.781059335 -3.464748335

P1 and P10 5.618933192 -2.443129192 5.788888192 -3.493222192

P2 and P3 5.991795506 -3.319956506 5.991819506 -3.320072506

P2 and P4 5.463388989 -2.650764989 5.463422989 -2.650704989

P2 and P5 4.667531527 -2.209803527 6.057033527 -3.437244527

P2 and P6 4.623785076 -2.164144076 6.019036076 -3.395711076

P2 and P7 4.667415174 -2.197171174 6.064917174 -3.434036174

P2 and P8 4.453546245 -1.530539245 6.228350245 -3.475414245

P2 and P9 5.534915647 -2.294470647 5.790614647 -3.400823647

P2 and P10 5.634978049 -2.580442049 5.903824049 -3.627729049

P3 and P4 5.578582897 -3.003574897 5.578639897 -3.003622897

P3 and P5 4.472004143 -1.853665143 5.667689143 -3.398061143

P3 and P6 4.463156625 -1.856771625 5.652891625 -3.389161625

P3 and P7 4.469853514 -1.844617514 5.669379514 -3.393706514

P3 and P8 4.153281946 -1.417121946 6.174720946 -3.052280946

P3 and P9 5.417060622 -1.967735622 5.465285622 -3.047897622

P3 and P10 5.602057223 -2.241497223 5.549859223 -3.316911223

P4 and P5 4.608240721 -2.030316721 5.868163721 -3.392431721

P4 and P6 4.610469614 -2.053752614 5.859958614 -3.396660614

P4 and P7 4.642714849 -2.051132849 5.910036849 -3.421306849

P4 and P8 4.241303095 -1.281254095 6.035579095 -3.247700095

P4 and P9 5.317415746 -2.092940746 5.629083746 -3.257580746

P4 and P10 5.574247472 -2.252841472 5.605083472 -3.195948472

P5 and P6 4.603064137 -2.073834137 5.838760137 -3.227873137

P5 and P7 4.645736069 -2.251997069 5.813160069 -3.277880069

P5 and P8 4.657775657 -2.855602657 4.657807657 -2.855602657

P5 and P9 4.424706881 -1.948268881 5.650198881 -3.297644881

P5 and P10 4.510721317 -2.131710317 5.668421317 -3.347373317

P6 and P7 4.594534920 -2.099610920 5.811938920 -3.221910920

P6 and P8 4.666388480 -2.862085480 4.666415480 -2.862081480

P6 and P9 4.417956667 -1.952809667 5.630634667 -3.290125667

P6 and P10 4.563352873 -2.200427873 5.721516873 -3.401440873

P7 and P8 4.662768148 -2.855421148 4.662797148 -2.855419148

P7 and P9 4.419624805 -1.967043805 5.626703805 -3.282468805

P7 and P10 4.511574696 -2.133871696 5.669454696 -3.346841696

P8 and P9 5.744031311 -1.949627311 5.744037311 -1.949623311

P8 and P10 5.739585484 -1.939336484 5.739586484 -1.939324484

P9 and P10 5.728275461 -1.934095461 5.728284461 -1.934094461

Table B.2: Chemical potential and the absolute value of first DFT excitation for both
majority and minority spin channels for the two hydrogen atom removal in the Vinyl

toluene model.
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Appendix C

Performance of Emiss

T

in the

Search for a Higgs boson with a

Di-photon Decay at
p
s = 13 TeV

This appendix summarises the performance of the missing transverse energy, Emiss
T , in

the study searching for a Higgs boson reconstructed as two photons at large Emiss
T at

p
s = 13 TeV for the ATLAS detector [10]. Monte Carlo (MC) simulations are used to

evaluate the performance of Emiss
T using a track-based method. This definition is reconstructed

from the energy deposits resulting from pp collisions at
p

s = 13 TeV within the ATLAS

detector.

The motivation for this study has already been presented is Section 1.1. The EPR investigation

aimed to study the structural damage incurred by the plastics in the low energy (MeV)

region. Any missing energy detected by ATLAS can give an indication of the damage to the

plastics (and is seen as a mismeasurement by the plastics). However, any effects of damage is

minimized during the calibration of the detector before data taking. In order to understand

the detector performance at large energies, a study of missing energy is necessary above

calibration levels.

This appendix is divided into six sections. The theoretical model is introduced in Section C.1.

Aspects regarding the data and simulated samples are briefly discussed in Section C.2.
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The reconstruction of objects and their identification are discussed in Section C.3, with

a particular focus placed on Emiss
T and its reconstruction. The categorisation and event

selection is discussed in Section C.4. The results pertaining to the Emiss
T reconstruction and a

brief discussion regarding the overall study are presented in Section C.5. Finally conclusions

are drawn in Section C.6.

C.1 The Madala Hypothesis

A theoretical heavy scalar model, referred to as the Madala hypothesis, introduces the

so-called Madala boson, H, which is mainly produced via gluon-gluon fusion. The Madala

hypothesis allows for the study of the Higgs, h, and large Emiss
T through the decay of the

Madala boson to h and two dark matter candidates �. The production and decay of H are

represented in Figures C.1a and C.1b, respectively. These interactions are described by an

effective Beyond Standard Model (BSM) theory [9].

t

t

t

g

g

H

(a)

H

h

�

�

(b)

Figure C.1: The production mechanism of H via gluon-gluon fusion (a), and the
decay of H to two dark matter candidates, �, and a Higgs boson, h. Obtained

from [10].

A large branching ratio (BR) for Figure C.1b was assumed since � originates via another

heavy scalar S [9]. The mass of H and � (denoted mH and m�, respectively) along with the

large BRs were free parameters in the model.

C.2 Data and Sample Simulation

Data samples from 2015 data sets describing pp collisions with 25 ns bunch crossings at
p

s = 13 TeV were used. Events were collected under stable beam conditions and operational
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sub-detectors. The di-photon was trigger required two reconstructed photons: the leading

photon was required to have a transverse energy of 35 GeV. The sub-leading photon was

required to have a transverse energy of at least 25 GeV. These events were selected at an

integrated luminosity of 3.2 fb�1. The gluon-gluon fusion MC simulations were performed

with Madgraph [140] at leading order, and the parton shower and hadronisation were

simulated using Pythia8.186 [141]. A mass scan was done for the decaying process for mH

in intervals of 10 GeV from 260 GeV to 350 GeV, and an additional mass of 275 GeV was

added to the scan. Two m� masses were chosen for the study, namely 50 GeV and 60 GeV.

C.3 Reconstruction and Identification of Objects

C.3.1 Jet Selection

The selection of jets required that they be reconstructed from topological clusters in both the

EM and hadronic calorimeters using the anti-kt algorithm. A clustering radius of R = 0.4

was used and jets were required to have a pT larger than 25 GeV in a region |⌘| larger than

4.4.

C.3.2 Photon Selection

Photon identification makes use of different evolutions of EM showers whose energy is

deposited into the EM calorimeter with no track formation. In order for photons to be

considered, they required a pT larger than 25 GeV, to satisfy the “loose” identification [142]

in a region of |⌘| greater than 2.37, and satisfy the “tight” classification.

C.3.3 Lepton Selection

Electrons are reconstructed from energy deposits in the EM calorimeter associated with Inner

Detector (ID) tracks. They are required to be in a region of |⌘| smaller than 2.47, and have

a pT smaller than 10 GeV. Muons are reconstructed from the muon spectrometer segments

to ID tracks in a region |⌘| smaller than 2.7 and must have a pT greater than 10 GeV.
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C.3.4 Overlap removal

Objects too close too each other are removed. That is, leptons with a �R = 0.4 between

photons or jets are removed.

C.3.5 Emiss
T Reconstruction

Missing transverse energy, Emiss
T , is defined as an imbalance in the sum of visible momenta

transverse to the beam axis. It is reconstructed from objects that are calibrated to estimate

the imbalance in transverse momentum for a given event; this is calculated for each event

and is the sum of a number of components [143].

Emiss
x(y) = Emiss,e

x(y) + Emiss,�
x(y) + Emiss,⌧

x(y) + Emiss,jets
x(y) + Emiss,µ

x(y) + Emiss,soft
x(y) (C.1)

The terms in Equation C.1 referring to the jets, charged leptons, and photons are calculated

from the negative sum of their momenta. The “hard” terms referring to the electrons (e),

photons (�), tau-leptons which decay hadronically (⌧), jets, and muons (µ) are deposited in the

calorimeter and are associated to the reconstructed objects. The last term in Equation C.1

is the so-called “soft” term and is not associated with the previous terms. Instead, it

reconstructed from transverse momenta deposits in the detector. In this study, the track-

based method is utilised, which results in a Track Soft Term (TST) [144]. Other algorithms

do exists which are calorimeter-based; the choice of algorithm alters the performance and

uncertainties of the Emiss
T [143]. The Emiss

T is calculated as follows:

Emiss
T =

q
(Emiss

x )2 +
�
Emiss

y

�2 (C.2)

from the x and y components, and furthermore, the azimuthal angle �miss is calculated by

taking the arctan ratio of the Emiss
y over Emiss

x . Finally, to quantify an event, the scalar sum

over the total transverse energy of the event is calculated.

C.3.5.1 Track Soft Term

The track soft terms are calculated from energy deposits in the ID which are reconstructed as

tracks. These tracks form as a result of pp collisions which result in a multitude of diffractive

energetic particles. The tracks are reconstructed into vertices associated with the hard scatter
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vertex, and are matched to the primary vertex. The TST algorithm is relatively sensitive to

pile-up and does not include soft interactions from neutral particles for |⌘| greater than 2.5.
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C.4 Event Selection and Categorisation

Two photon candidates are selected within the Higgs mass window 105 GeV < m�� <

160 GeV. Categorisations were according to the Emiss
T , phard

T (the transverse components of

the vector sum of photons and jets), and p��
T phase spaces. The categories are optimised

using the MC samples and are summarised in Table C.1

Category Emiss
T (GeV) phard

T (GeV) p��
T (GeV)

High Emiss
T , high p��

T > 100 - > 100

High Emiss
T , low p��

T > 100 - � 100

Intermediate Emiss
T > 50 and � 100 > 40 -

Rest - - > 15

Table C.1: The four optimised categories utilised in the study. Obtained from [10].
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C.5 Results

A number of control plots are presented pertaining to the components of the Emiss
T reconstruc-

tion. Five categories are considered: the Inclusive category, the High Emiss
T category with a

high pT cut, the High Emiss
T category with a low pT cut, the Intermediate Emiss

T category, and

the Rest category (see Table C.1). The plots shown are for the different variables in TST.

C.5.1 Emiss
T Muon TST Distribution
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Figure C.2: Control plots for the TST terms for the total Emiss
T muon distribution.
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C.5.2 Emiss
T RefTau TST Distribution
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Figure C.3: Control plots for the TST terms of the Emiss
T RefTau distribution.

Figures C.2 and C.3 show the distribution plots for the RefMuon and RefTau terms. The

data were normalised and compared to MC. Delta-like distributions can be seen for these

terms.
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C.5.3 Emiss
T RefEle TST Distribution
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Figure C.4: Control plots for the TST terms of the Emiss
T RefEle distribution.

Figure C.4 show the distribution plots for the RefEle terms. The data were normalised and

compared to MC. Delta-like distributions can be seen for these terms.
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C.5.4 Emiss
T RefGamma TST Distribution
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Figure C.5: Control plots for the TST terms for the total component of Emiss
T RefGamma

distribution.

The total distributions are shown for the RefGamma terms above and show a skewed

distribution. There is little correlation between data and MC.
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C.5.5 Emiss
T RefJet TST Distribution
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Figure C.6: Control plots for the TST terms for the total component of Emiss
T RefJet

distribution.

The figures shown above are distributions for the RefJet terms where the shape of data in

compared the the different MC samples. Skewed distributions can be seen where data and

MC do not comply completely.
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C.5.6 Emiss
T Total TST Distribution
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Figure C.7: Control plots for the TST terms for x-component of Emiss
T Total distribution.
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Figure C.8: Control plots for the TST terms for y-component of Emiss
T Total distribution.
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Figure C.9: Control plots for the TST terms for the total component of Emiss
T Total

distribution.

The total Emiss
T TST distributions in all five categories are shown in Fig. C.9. The x- and

y-components, shown in Figs. C.7 and C.8, are shown.
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C.5.7 Sum of Emiss
T for TST

Finally, presented are the plots for the summated Emiss
T in TST for the five different categories.

It is evident that there are very different distributions for data and MC.
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Figure C.10: Control plots for the TST terms for the sum of Emiss
T distributions.
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Appendix C: Performance of Emiss
T Conclusion

C.6 Conclusion

The expected performance of the Emiss
T and its distributions are presented and discussed for

the study searching for Higgs boson reconstructed as two photons and large Emiss
T for pp

collisions at
p

s = 13 TeV for the ATLAS detector. Conclusions regarding the study were as

follows: no significant excess over the background expectation was observed. In the Madala

hypothesis, a 95% CL upper limit of 29.6 fb was set on the production and cross section and

BR for the Higgs to have a di-photon final state.
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