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Abstract

This thesis investigates how key detector parameters influence the pulse shape char-

acteristics and pulse shape discrimination (PSD) performance of the commercially

available plastic scintillator EJ-276. Plastic scintillators provide a cost-effective and

physically robust alternative to conventional neutron detection technologies, such

as 3He detectors, liquid scintillators, and crystal scintillators. However, previous

studies have shown that PSD performance in plastic scintillators deteriorates

as the scintillator length increases, posing a significant limitation for large-area

applications, such as radiation portal monitors (RPMs) used in homeland security.

To address this, a systematic study was conducted using the Monte Carlo

simulation toolkit Geant4. This research evaluates how variations in scintillator

geometry and length, optical surface treatment, and photodetector noise impact

light collection efficiency (LCE), pulse shape formation, and PSD performance.

The simulations incorporate recent updates to Geant4 which enable more accurate

modelling of scintillation decay components and their particle-dependent intensities,

building on prior work in the field.

Results show that increasing the scintillator length reduces light collection

efficiency (LCE) and introduces pulse shape artefacts. These distortions deviate

from the Gaussian-like appearance observed in smaller scintillators and increase

susceptibility to noise, leading to degraded PSD performance in elongated detectors.

While highly reflective and specular surface treatments enhance LCE, diffuse

reflectors better preserve pulse shape fidelity.

These findings provide new insights into the causes of PSD degradation in

elongated plastic scintillators.
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Chapter 1

Introduction

The rapid and reliable detection of Special Nuclear Material (SNM), primarily

enriched uranium and plutonium, is fundamental to global nuclear non-proliferation

e�orts (UNODA, 2023). Amid escalating geopolitical tensions, especially in Europe

and the Middle East, the threat of illicit SNM tra�cking and its potential acquisition

by non-nuclear weapon states poses a critical challenge to international security.

Radiation Portal Monitors (RPM) are installed at international border crossings,

ports, and secure facilities to prevent the illicit transport of SNM. These stationary

detection systems o�er passive, continuous radiation monitoring. Each RPM

consists of two vertical monitoring panels positioned on either side of the vehicle

path. Typical dimensions of RPMs are approximately 4{6 metres in height, 3{4

metres in width, and less than 1 metre in depth. These dimensions ensure that the

system can accommodate large vehicles while maintaining the sensitivity required

for detecting SNM, which is vital for accurate monitoring without compromising the

e�ectiveness of the system.

Traditionally, neutron detection in RPMs has relied on3He gas-�lled proportional

counters, which detect thermal neutrons via the3He(n,p)3H reaction (Tomanin,

Peerani, and Janssens-Maenhout, 2013). These detectors are highly e�cient for

thermal neutrons, inherently less sensitive to gamma radiation, and non-hazardous.

This insensitivity is due to their detection mechanism and the low probability of
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gamma-ray interactions with low atomic number (Z) materials such as3He. The

near insensitivity to gamma rays, or the ability to di�erentiate e�ectively between

neutron and gamma radiation, is crucial for neutron detectors because neutrons are

typically emitted alongside gamma rays, creating a mixed radiation �eld.

However, there are certain disadvantages to the use of3He-based technology

for neutron detection. The probability of neutron capture by3He decreases with

increasing neutron energy, which means that these detectors are less e�cient for

the direct detection of fast neutrons. Consequently, neutrons must �rst undergo

thermalisation to slow them down to thermal energies before they can e�ectively be

detected by 3He. Thermalisation is typically achieved using a moderator material,

such as polyethylene, where successive collisions with hydrogen atoms reduce the

neutron's energy.

During thermalisation, information about the original neutron energy, its

direction of travel, and the time of emission is generally lost. This loss of information

can limit the e�ectiveness of 3He detectors in applications that require detailed

analysis of the characteristics of neutrons (Stromswold et al., 1998). Additionally,

concerns over potential shortages of3He have motivated the development of

alternative detector technologies for large-area neutron detectors and RPMs used in

nuclear security (Kouzes, Ely, et al., 2010; Kouzes, Lintereur, and Siciliano, 2015).

1.1 Motivation

Given these limitations, there has been signi�cant interest in the development of

alternative neutron detection technologies. Organic scintillators, in particular, o�er

the potential for e�cient fast neutron detection without the need for thermalisation.

Fast neutrons can be detected using organic scintillators (Kouzes, Lintereur, and

Siciliano, 2015). Organic scintillators are primarily composed of low-Z elements,

such as hydrogen and carbon. Hydrogen, in particular, has a high scattering cross-

section for fast neutrons, making organic scintillators e�ective candidates for neutron
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detection. The detection mechanism of such scintillators is primarily based on the

elastic scattering of neutrons by hydrogen atoms. When a neutron elastically scatters

o� a hydrogen nucleus (proton), it transfers a portion of its kinetic energy to the

recoil proton. This proton then deposits its energy in the scintillator, producing

scintillation light. The light emission in organic scintillators is independent of the

physical state of the molecule; therefore, organic scintillators can exist in various

forms, including crystals, liquids, glasses, and plastics (Knoll, 2000).

Organic scintillators o�er several advantages, including hydrogen-rich composi-

tion, fast timing, high light output (LO), and the ability to discriminate between

neutrons and gamma rays via pulse shape discrimination (PSD) (J.B. Birks,

1964). PSD exploits subtle di�erences in the shapes of neutron- and gamma-

induced pulses, which originate from the scintillation light emitted in prompt

(fast) and delayed (slow) components. The prompt component is emitted within

nanoseconds of particle interaction, whereas the delayed component is emitted a few

hundred nanoseconds later. Neutrons, losing energy more e�ciently through elastic

scattering, produce a relatively larger delayed component compared to gamma rays,

enabling e�ective particle discrimination.

Over the years, various PSD methods have been developed to exploit these

pulse shape di�erences and maximise the separation between neutron- and gamma-

induced pulses. One of the most widely used methods is the Charge Comparison

Method (CCM). This method compares the integrals under the pulse over two

distinct time intervals, typically referred to as the long and short integrals. The

long integral represents the area under the entire pulse, whereas the short integral

captures only a portion of the pulse, including part of the decay tail, starting

at a de�ned reference point after the pulse peak. Because neutron pulses decay

more slowly than gamma pulses, they produce a larger short integral, enabling

discrimination between neutrons and gamma-rays based on this di�erence (Brooks,

1959; Adams and White, 1978).

The PSD performance of neutron detectors can be quanti�ed using a metric
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called the Figure of Merit (FoM). This is given by: FoM = S=(�gamma +

� neutron ), where S is the separation between the neutron and gamma pulse peaks,

and �gamma and �neutron are the full widths at half maximum (FWHM) of the

corresponding peaks. Typically, a FoM value greater than 1.27 corresponds to well

separated Gaussian distributions considered indicative of e�ective PSD performance

(N. Zaitseva, Rupert, et al., 2012).

Historically, trans-stilbene crystals have been the scintillator of choice for neutron

detection due to their superior light output (LO), high hydrogen content, and

excellent PSD performance (J.B. Birks, 1964). However, despite advancements

in solution growth methods (N. Zaitseva, A. Glenn, et al., 2015), stilbene crystals

remain expensive and di�cult to grow in large dimensions. They are rarely produced

in sizes exceeding 10 cm, with typical sizes ranging from 6 to 8 cm (Budakovsky

et al., 2006). Additionally, the material's fragility, attributed to its monoclinic

crystal structure (Reddy, Padmanabhan, and Desiraju, 2006), and the anisotropy

of its scintillator response (Weldon et al., 2019) pose challenges for its application

in large-scale neutron detectors.

Organic liquid scintillators have been used for several decades to detect both fast

and thermal neutrons (Brooks, 1979). They provide high LO, fast timing response,

and e�ective PSD, o�ering performance comparable to organic crystals but without

the constraints of crystal growth. Because they lack a crystalline structure, they are

less susceptible to radiation damage. They can be manufactured in large quantities,

for a range of geometries, and at relatively low cost (Knoll, 2000).

Historically, the industrial use of liquid scintillators was limited by their


ammability, as a result of low 
ash points and material toxicity. However, the

development of high 
ash point, non-toxic liquid scintillators, such as EJ-309, has

allowed their use outside of laboratory environments (Lavietes et al., 2012).

Despite these advancements, a common issue with large scintillator cells is the

potential for liquid leakage through micro-gaps at joints. This can lead to the

formation of undesired bubbles inside the detector cells, which may degrade the
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quality of the pulses (Roy et al., 2018). While liquid scintillators can be constructed

in large volumes, concerns about handling and �eld applications | primarily due

to leakage risks | remain. These challenges have driven the search for alternative,

solid-state scintillators that can be used in large-area �eld applications as viable

replacements for liquid and crystal scintillators without compromising detection

performance.

Plastic scintillators with pulse shape discrimination (PSD) capabilities provide a

solid-state alternative to traditional organic liquid and crystal detectors for neutron

detection. They are cost-e�ective, physically robust, easy to transport, and can

be fabricated in a wide range of geometries | including rods, bars, sheets, and

large-area panels. Non-PSD plastic scintillators, such as EJ-200, are already used

in RPMs as an alternative to3He detectors (Corre et al., 2015), while PSD-capable

plastics are being explored as a practical, cost-e�ective option for the detection of

Special Nuclear Material (SNM) (Bertrand et al., 2015) and for future use in RPMs

(Ellis, Duroe, and Kendall, 2016).

Early e�orts to develop e�cient PSD in plastics resulted in either unstable

materials (Brooks, Pringle, and Funt, 1960) or an inability to achieve e�ective

discrimination between neutron- and gamma-induced signals (Vance et al., 2010).

Consequently, the prevailing view was that plastics inherently lacked PSD capabili-

ties, a conclusion attributed to their, \low proportion of delayed component in their

scintillation decays" (Brooks, 1979). However, this perspective shifted in 2012 when

Lawrence Livermore National Laboratory (LLNL) in the United States successfully

developed the �rst plastic scintillators with e�cient PSD.

One key factor contributing to the earlier view that plastics were incapable

of PSD was the low concentration of scintillating dyes typically used in their

preparation. To address this, LLNL researchers increased the concentration

of a highly soluble scintillation dye, 2,5-diphenyloxazole (PPO), leading to the

successful development of PSD-capable plastics. Studies demonstrated that the

PSD mechanisms were remarkably similar to those observed in liquid and crystal
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scintillators. Small-scale tests by LLNL showed that the light output (LO) and PSD

performance of these plastics were comparable to liquid scintillators of the same size

and shape (N. Zaitseva, Rupert, et al., 2012).

Despite signi�cant progress, when the �rst commercially produced PSD plastics

became available at larger sizes in February 2012 through Eljen Technologies, under

the trade name EJ-299, studies reported generally poorer PSD performance of

plastics compared to liquids and crystals (Pozzi, Bourne, and Clarke, 2013; Cester

et al., 2014; Lawrence et al., 2014; Iwanowska-Hanke et al., 2014).

A key limitation of the �rst PSD plastics was the deterioration of PSD

performance with an increase in the dimensions of the scintillator, primarily due to

signi�cant self-absorption of scintillation light. Early testing of 3�3 inch cylindrical

EJ-299-33 plastic scintillators demonstrated very poor PSD performance, mainly

attributed to low light output (LO). A FoM of 0.86 was reported at an energy

window of 300 keVee (electron equivalent energy) (Nishada, 2014). This value was

much poorer than that reported for a 2�2 inch plastic cylindrical scintillator, which

gave a FoM of 1.2 for a 300 keVee window (Iwanowska-Hanke et al., 2014).

In 2018, all versions of EJ-299 were replaced by EJ-276 and EJ-276G, following

developments by the Zaitseva group at LLNL (N. P. Zaitseva, A. M. Glenn, Mabe,

et al., 2018). These new plastics o�ered improved physical robustness and long-

term optical and scintillation stability over previous versions through compositional

modi�cations (Eljen-Technology, 2017). Although studies have shown that EJ-276

provides better PSD performance than EJ-299-33 (Ngo et al., 2023), organic liquid

and crystalline scintillators were found to still exhibit superior PSD capabilities

overall (Grodzicka-Kobylka et al., 2020).

For remote radiation detection, large-volume plastic scintillators (� 1 m

in any direction) o�er improved sensitivity due to their increased interaction

probability with ionising radiation. Additionally, when implemented in segmented

con�gurations, such detectors can also be useful for localised detection and to

support multiplicity analysis for particle identi�cation. However, scaling up to larger
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sizes introduces several challenges not typically encountered in smaller scintillators.

Structural defects such as cracks, bubbles, and inclusions, as well as optical

degradation, such as discolouration and increased opacity, become signi�cantly more

detrimental at larger volumes. This is due to enhanced light attenuation, which

reduces the amount of light detected by the photodetector (Ford et al., 2021).

1.2 Current De�ciencies

The underlying causes of reduced pulse shape discrimination (PSD) performance in

plastic scintillators | compared to liquid and crystalline scintillators | are not yet

fully understood. However, several contributing factors have been identi�ed that

in
uence the neutron- and gamma-induced pulse shapes used in PSD analysis to

compute the Figure of Merit (FoM). These include scintillator geometry, re
ector

wrapping, and the location of scintillation photon emission (Hubbard, Paul J Sellin,

and Lotay, 2020).

As scintillator volume increases, variations in photon path length lead to

inconsistencies in the arrival time distribution of photons at the photodetector.

According to Hubbard, these variations introduce additional time constants into the

pulse shape, which obscure the intrinsic decay time di�erences between neutron- and

gamma-induced pulses. The cumulative e�ect is a degradation in PSD performance.

This performance deterioration poses a major challenge for nuclear security

applications, where large-area plastic scintillators are being explored as cost-e�ective

alternatives to 3He-based neutron detectors (Ellis, Duroe, and Kendall, 2016).

However, the scalability of PSD-capable plastics remains a signi�cant constraint,

as changes in geometry have been shown to adversely a�ect their discrimination

capability.

For example, the impact of geometry on PSD performance has been investigated

using EJ-299-34 scintillators over a range of sizes, from small cubic samples to larger


at panels with high aspect ratios. These studies showed that as one dimension of
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the scintillator increases, while the other dimensions remain �xed, PSD performance

degrades. Representative samples included a small cubic piece (25 � 25 � 15) mm

and a larger 
at panel (120 �25 �15) mm . The results demonstrated a measurable

reduction in the Figure of Merit (FoM) as the scintillator transitioned from cubic to


at-panel geometry. At an energy threshold of 1 MeVee (electron-equivalent energy),

the larger sample exhibited a FoM approximately 20% lower than that of the smaller

cubic sample (Payne et al., 2016).

In addition to geometry, several other factors have been found to in
uence

the shape of neutron- and gamma-induced pulses in plastic scintillators, which

can in turn a�ect pulse shape discrimination (PSD) performance in some cases.

These factors include multiple dye interactions within the scintillator material

(N. P. Zaitseva, A. M. Glenn, Carman, et al., 2020), photodetector positioning,

re
ector material and surface �nish (M. Ebrahimi Shohani et al., 2017), re
ector

wrapping techniques (Taheri and Peyvandi, 2017; Ghorbani et al., 2018), and

digitisation of the scintillation signal using readout electronics (Hellesen et al., 2013).

1.3 Research Aims and Approach

The aims of this research are to use the Monte Carlo toolkit Geant4 to generate

neutron- and gamma-induced temporal pulse shapes of EJ-276, a plastic scintillator

with pulse shape discrimination (PSD) capabilities, and to investigate how key

detector parameters a�ect pulse shape and PSD performance.

Speci�cally, this work addresses the following research questions:

1. How do variations in scintillator geometry and length a�ect pulse shapes and

PSD performance?

2. How do variations in the optical surface properties of the scintillator in
uence

pulse shapes and PSD performance?

3. How do di�erent levels and types of photodetector noise a�ect pulse shapes

8
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and PSD performance?

4. How accurately can Geant4 simulate the temporal pulse shapes of EJ-276

scintillation detectors?

Geant4 was chosen because of its widespread use in radiation detector simulations

and its demonstrable capability to model the generation, transport, and collection of

optical photons in both organic and inorganic scintillation detectors. These features

make Geant4 particularly well-suited for characterising and optimising scintillator

performance. Furthermore, its continuous development, open-source availability,

and comprehensive validation record enhance its suitability for this research.

EJ-276 was selected due to its commercial availability and its status as a PSD-

capable plastic scintillator that has been proposed as a viable alternative to liquid

scintillators for homeland security applications (Ellis, Duroe, and Kendall, 2016).

Monte Carlo simulations provide a robust and e�cient framework for systemati-

cally investigating how various detector parameters | such as scintillator geometry,

dimensions, and surface �nish | a�ect the shapes of neutron- and gamma-induced

pulses. Compared to experimental approaches, which are often resource-intensive

and time-consuming, simulations o�er a rapid, cost-e�ective means of evaluating

potential detector design modi�cations prior to physical fabrication. By exploring

the parameters that most signi�cantly a�ect pulse shape characteristics | and, by

extension, PSD performance | this study aims to provide insight into the underlying

factors contributing to reduced PSD performance. Such insights are essential for

guiding the design and optimisation of next-generation plastic scintillators with

enhanced PSD capabilities for advanced neutron detection applications.

Furthermore, simulations enable the isolation of the e�ects of individual

detector parameters by allowing each to be systematically varied and decoupled

from external in
uences known to a�ect pulse shapes, such as photodetector

response and data acquisition electronics. This makes it possible to examine light

pulse formation in detail and to assess the speci�c contributions of individual

factors to overall pulse shape discrimination (PSD) performance. In experimental
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setups, meaningful comparisons of PSD performance between detectors are often

complicated by variations in detector geometry, photodetector type, readout

electronics, and the speci�c PSD algorithms employed. Simulations therefore o�er a

controlled, reproducible environment for investigating the fundamental mechanisms

that in
uence PSD capability.

1.4 Novelties of this Research

Geant4 has long been used for simulating the generation, transport, and collection

of optical photons for applications involving the characterisation and optimisation

of many types of radiation detectors (Khodaei et al., 2023), including plastic

scintillation detectors (Archambault et al., 2003; Li-Ming et al., 2004; Riggi et al.,

2010; Ghadiri and Khorsandi, 2015). However, prior studies often omitted key

aspects of scintillator behaviour | speci�cally, the full set of known decay time

constants, their particle-type dependencies, and the relative intensities of each

component. This omission was identi�ed as a limitation of Geant4 when simulating

the pulse shapes of scintillation detectors with more than two decay time components

(Comrie et al., 2014).

This limitation stemmed largely from constraints in earlier versions of Geant4.

Before version 10.7, users could specify at most two decay time constants for

particle-independent yields, and only a single constant for particle-dependent yields

| restricting the accuracy of pulse shape simulations for scintillators with more

complex decay pro�les.

With the introduction of enhanced decay time modelling in Geant4 version 10.7

and later, it is now possible to de�ne multiple decay time constants and their

corresponding relative intensities. This improvement allows for the possibility of

more accurate simulations of PSD-capable plastic scintillators, such as EJ-276, which

typically exhibit two or more decay components that vary depending on whether

the interacting particle is a neutron or a gamma-ray.

10



1.4. Novelties of this Research

The pulse shapes produced by plastic scintillators result from the convolution

of scintillation emission, light transport within the scintillator, and the response of

the photodetector and readout electronics. The simulations presented in this thesis

uniquely investigate the pulse shapes prior to conversion and ampli�cation by the

photodetector and electronics | a stage that is di�cult to isolate experimentally

due to numerous uncontrollable factors. By capturing the pulse at this intermediate

stage, the simulations enable detailed analysis of how speci�c processes in
uence

the intrinsic scintillation pulse shape before photodetector and electronic e�ects are

introduced.

This work extends the simulation-based research initiated in (Hubbard, Paul J

Sellin, and Lotay, 2020), which combined experiments and simulations to study the

impact of light transport on the PSD performance of plastic scintillators. This work

identi�ed factors which impact the pulse shapes output from plastic scintillators. In

contrast, the present study is entirely simulation-based, allowing for isolation and

systematic investigation of speci�c parameters to evaluate their direct in
uence on

pulse shape | critical for understanding and optimising PSD performance.

Leveraging the new capabilities of Geant4, this research systematically explores

how variations in key detector parameters a�ect pulse shapes and PSD performance

by performing simulated PSD on the generated light pulses. Additionally, this study

examines the impact of noise | an important factor neglected in previous work |

and investigates speci�c surface types and geometries that can produce artefacts

distorting the light pulse shapes. The case in which no explicit optical surface

is applied to the scintillator is also considered, a scenario likely encountered by

new Geant4 users due to the steep learning curve associated with modelling optical

materials in Geant4. Beyond improving simulation accuracy, this work further

evaluates the broader capabilities and limitations of Geant4 in simulating PSD-

capable plastic scintillators.

Several previous studies have made progress in related areas. Hartwig and

Gumplinger, for example, simulated pulse shapes and PSD performance from EJ-309
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| a liquid scintillator with three known decay time components | but included only

the �rst two in their model. While the simulated pulse decay tails agreed well with

experimental data, rise times were poorly reproduced, partly due to the exclusion

of photodetector timing e�ects (Hartwig and Gumplinger, 2014). To better match

experimental pulse shapes, Liao and Yang convolved Geant4 generated pulses from

liquid scintillators with the single-electron time response of a photomultiplier tube

(PMT), achieving good agreement between experiment and simulation (Liao and

Yang, 2014).

Similarly, Ogawara and Ishikawa modelled pulse shapes from inorganic scin-

tillators by convolving Geant4-derived photon arrival times with experimentally

measured PMT response functions. Their results reproduced experimental data

across various scintillator geometries, although the PMT response function was

obtained using a plastic scintillator, complicating e�orts to isolate the PMT's

intrinsic behaviour. Nevertheless, their work demonstrated that Geant4 can

reliably reproduce experimental pulse shapes for a range of scintillator types and

con�gurations (Ogawara and Ishikawa, 2016).

Most previous simulation studies have focused primarily on detector character-

isation and optimisation. Few studies, however, have �rst simulated neutron- and

gamma-induced pulse shapes and then used these pulses to perform PSD, in order

to examine how variations in key detector parameters a�ect both the pulse shapes

and PSD performance in plastic scintillation detectors.

In summary, this research builds upon and addresses limitations in prior studies

by:

ˆ Utilising the enhanced decay time modelling available in recent versions of

Geant4.

ˆ Systematically analysing the impact of key detector parameters on the pulse

shapes and PSD performance of EJ-276, a commercially available, PSD-

capable plastic scintillator.
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ˆ Investigating the impact of photodetector noise on the pulse shapes and

subsequent PSD performance of EJ-276.
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Chapter 2

Background

2.1 Radiation Types and Sources

Radiation is de�ned as the emission or transmission of energy in the form of waves

or particles through a medium. It can be broadly categorised as either ionising or

non-ionising, depending on its energy. Generally, radiation with an energy above

10 eV is classi�ed as ionising because this is the minimum amount of energy required

to produce ionisation in typical materials (Knoll, 2000). Types of ionising radiation

include: alpha particles, beta particles, neutrons, gamma rays, and X-rays. In

contrast, non-ionising radiation includes examples such as visible light, infrared,

microwave, and radio waves.

2.1.1 Radioactive Decay

Radioactivity was �rst discovered in 1896 by French physicist Henri Becquerel.

During his experiments with uranium salts, Becquerel observed that these materials

could fog photographic plates, even in the absence of light, revealing a previously

unknown form of radiation. This discovery was made almost entirely by accident

while Becquerel was investigating phosphorescence. Following Becquerel's �ndings,

Marie and Pierre Curie conducted further research into radioactivity. This led to the

discovery of additional radioactive elements such as polonium and radium (J•onsson,
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2021).

Unstable atomic nuclei are described as radioactive. Radioactive decay is the

process whereby these unstable nuclei emit radiation to reach an energetically stable

state. The forms of radiation emitted during radioactive decay include: alpha

particles, beta particles, gamma rays, and other secondary radiation. Radioactive

decay is a stochastic process, which means it is not possible to predict when any

one particular atom will decay. The activity of a radioactive sample is de�ned as its

rate of decay and is given by the di�erential equation:

dN
dt

= �N (2.1)

Here, N is the number of radioactive nuclei at a given time t, and � is the decay

constant. Equation 2.1 is the law of radioactive decay.

The time dependence of radioactive decay is expressed in terms of its half-life

(t
1
2 ). This represents the time required for atoms in a given radioactive sample to

decay to half of their initial value. The half-life varies greatly between di�erent

radioisotopes and can range from fractions of a second to millions of years (Choppin

et al., 2013). On integrating Equation 2.1 we get:

N = N 0e��t (2.2)

Here, N0 is the initial number of radioactive atoms in a given sample at t = 0.

The half-life can then be given by:

t1=2 = ln(2=�) (2.3)

where 1=� is equal to � , the mean lifetime. This is de�ned as the average time

that a radioactive nucleus remains intact before decaying.
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Beta Decay

Beta decay is a radioactive decay process which occurs when the ratio of protons

and neutrons in an atomic nucleus is unbalanced. This process is mediated by the

weak nuclear force, which makes it a relatively slow process.

There are two types of beta decay: negative beta decay and positive beta decay.

Negative beta decay results in the emission of a beta particle (�) in the form of a

fast-moving electron, while positive beta decay results in the emission of a �-particle

in the form of a fast-moving positron. In both types of beta decay, the mass number

of the atom remains the same, but the atomic number changes. The equations for

negative and positive beta decay are given by Equations 2.4 and 2.5 for negative

and positive beta decay, respectively.

A
Z X ! A

Z+1 Y + � � + �� (2.4)

A
Z X ! A

Z�1 Y + � + + � (2.5)

where A is the mass number and Z is the atomic number. X represents the

parent nucleus, and Y is the daughter nucleus following nuclide conversion. �� is a

fast electron and �+ is a positron. � is a neutrino, and �� is an anti-neutrino.

Negative beta decay (�� ) occurs in nuclei that have an excess of neutrons. In

this process, a neutron is converted into a proton, accompanied by the emission of

a fast electron (�-particle) and an antineutrino.

Conversely, positive beta decay (�+ ) occurs in nuclei that have an excess of

protons. In this process, a proton is converted into a neutron, accompanied by the

emission of a positron (�-particle) and a neutrino (Nagy and N.M., 2018).

Alpha Decay

Alpha decay is a form of radioactive decay in which an atomic nucleus spontaneously

emits an alpha particle, which is the nucleus of a4He atom. This process causes
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the original nucleus to lose two protons and two neutrons, transforming it into a

di�erent atomic nucleus with an atomic number reduced by two and a mass number

reduced by four. The formula for alpha decay is given by Equation 2.6.

A
Z X ! A�4

Z�2 Y + 4He (2.6)

where A is the mass number, Z is the atomic number, X represents the parent

nucleus, and Y is the daughter nucleus formed after the emission of the alpha

particle.

Alpha decay primarily occurs in heavy nuclei such as uranium, thorium, and

radium, which undergo this process to increase nuclear stability by reducing both

their mass number and atomic number. The nuclear strong force, which binds

protons and neutrons together within the nucleus, is typically much stronger than

the repulsive Coulomb force between the positive charged protons. However, the

strong nuclear force has a very short range, whereas the Coulomb force, which is

proportional to the square of the charge (Z2), acts over an in�nite range.

As nuclei grow larger, the strong force, which is proportional to the number

of nucleons (protons and neutrons) are unable to counterbalance the increasing

Coulomb repulsion between protons. In nuclei with around 210 or more nucleons,

the balance between forces becomes unstable. The emission of an alpha particle

allows the nucleus to reduce the Coulomb repulsion to achieve a more energetically

stable state.

Electron Capture

Electron capture is a process whereby a proton-rich nucleus of an electrically neutral

atom absorbs an inner atomic electron, usually from the K or L electron shells. This

process serves the same purpose as positive beta decay since it converts a proton to

a neutron and also causes the emission of an electron neutrino.
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2.1.2 Sources of Gamma Radiation

Unlike X-rays, which originate from interactions involving electrons outside the

atomic nucleus, gamma rays are produced by processes within the atomic nucleus.

X-rays are emitted by electron transitions or high-energy electron interactions, while

gamma rays result from nuclear reactions, radioactive decay, or particle interactions

such as annihilation events.

Gamma radiation is a highly penetrating form of ionising radiation that can be

harmful to biological tissues. It has frequencies above 3 � 1019 Hz and the shortest

wavelengths in the electromagnetic spectrum, typically less than 10�10 m.

Natural sources of gamma rays include radioactive decay processes, secondary

radiation resulting from cosmic rays interacting with Earth's atmosphere, and the

spontaneous emission of gamma rays from certain isotopes. Arti�cial sources of

gamma radiation arise from nuclear �ssion in reactors and high-energy physics

experiments.

Extremely high-energy gamma rays have also been detected from astronomical

objects, such as supernovae, neutron stars, and black holes. On Earth, natural

sources of gamma radiation include isotopes such as Potassium-40 and Uranium-

238, which are present in the Earth's crust.

Gamma Decay

Gamma decay occurs after other forms of radioactive decay, such as alpha and beta

decay. When a radioactive nucleus decays by emitting an alpha or beta particle,

the resulting daughter nucleus is often left in an excited state. To transition to a

lower energy state, the nucleus emits a gamma-ray photon. In gamma decay, unlike

alpha and beta decay, both the atomic number and the mass number of the nucleus

remain unchanged.

The energy of the gamma radiation emitted corresponds to the di�erence in

energy between the excited nuclear state and the ground state. Gamma decay can

also occur after nuclear processes such as neutron capture, nuclear �ssion, or nuclear
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fusion.

For gamma radiation with energies below approximately 2:8 MeV, commonly

used laboratory sources can be employed. These sources are often used for the

calibration of gamma detectors due to their well-de�ned and stable energy emissions.

A common method to produce such gamma radiation is through beta decay, where

the parent radionuclide decays, leaving the daughter nuclei in an excited state. As

these nuclei de-excite, gamma radiation is emitted.

Some of the most commonly used laboratory gamma-ray sources for calibration

purposes include22Na, 60Co, and 137Cs.

While the emitted gamma rays have a half-life characteristic of the parent60Co

nucleus, the energy of the gamma radiation is due entirely to the di�erence in energy

between the nuclear states of the daughter60Ni nucleus.

If gamma rays with energies above approximately 2:8 MeV are required, these

can be created through various nuclear reactions that produce nuclei in higher energy

states. One such reaction is shown in Equation 2.7.

4
2� + 13

6 C ! 16
8 O* + 1

0n (2.7)

In this reaction, the 16
8 O* is in an excited state with an energy of 6:130 MeV

above its ground state. This reaction can be exploited by combining a radioisotope

that decays by alpha emission with an appropriate target material, such as carbon

or beryllium.

Gamma rays are also commonly emitted after the absorption of thermal neutrons

by nuclei. Sources of thermal neutrons used to produce gamma rays include intense

beams from nuclear reactors or accelerators, as well as weaker 
uxes from moderated

radioisotope neutron sources.
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2.1.3 Sources of Neutron Radiation

Typically, sources of neutrons are either from spontaneous �ssion or from nuclear

reactions in which the incident particle is produced by conventional radioactive decay

processes. Neutrons can also be generated in large-scale devices such as nuclear

�ssion and fusion reactors, as well as high-energy particle accelerators, including

spallation sources.

Spontaneous Fission

Spontaneous �ssion is a form of radioactive decay that only occurs in certain

transuranic isotopes with very large mass number. In spontaneous �ssion, the atomic

nucleus splits into two or more smaller nuclei. In addition to the emission of gamma

rays, �ssion fragments, and decay products, spontaneous �ssion emits neutrons. For

each �ssion event, several fast neutrons may be emitted; hence, samples of isotopes

known to undergo spontaneous �ssion can be used as a neutron source. Isotopes

used as neutron sources are usually encapsulated in a thick casing to ensure only

fast neutrons and gamma rays are emitted, excluding other products of �ssion.

One of the most commonly used neutron sources which undergoes spontaneous

�ssion is Cf {252. This has a half-life of approximately 2.638 years. The dominant

decay mechanism for Cf {252 is �-decay, with neutrons emitted by spontaneous

decay in approximately 3% of decays. �-decay is the dominant form of radioactive

decay for Cf {252, with �-emission around 32 times that of spontaneous �ssion. The

neutron yield from Cf {252 is approximately 0.116 neutrons per second per Becquerel

(Bq), which translates to 2:30 �106 neutrons per microgram of sample. On average,

3.8 neutrons are emitted in each �ssion from Cf {252, and it produces an average

of 0.8 gamma-ray photons per �ssion. Neutrons emitted from this isotope span a

range of energies from thermal to a few hundred keV. The neutron energy spectrum

is similar to that of a �ssion reactor, and the most probable energy is 0:7 MeV, with

an average energy of 2:1 MeV (Martin, Knauer, and Balo, 2000).
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Nuclear Reactions

Neutrons can be produced when alpha particles produced through radioactive decay

strike certain light isotopes. These include the isotope beryllium and oxygen, which

are described as the "target" in such reactions. Hence, small, self-contained neutron

sources can be produced through the mixing of an alpha-emitter, such as radium,

polonium, or americium, with a low-atomic weight isotope. This is often achieved

by blending two elements together as powders. A common example of these sources

is that of Americium-Beryllium (AmBe).

2.2 Interactions with Matter

Understanding how di�erent types of radiation interact with matter is fundamental

to the operation of radiation detectors. Radiation can be categorised as either

ionising or non-ionising, and further divided into charged or uncharged types.

Examples of charged radiation include: protons, electrons, and alpha particles.

Examples of uncharged radiation include: gamma rays, neutrons, and X-rays.

2.2.1 Interactions of Charged Particles

When charged particles penetrate matter, they primarily interact with the electrons

and nuclei in the material through the electromagnetic force. For charged particles

with energies of 1 MeV or higher, this energy is signi�cantly greater than the binding

energy of the electrons in the atom. Therefore, as a �rst approximation, matter can

be modelled as a collection of free electrons and stationary nuclei (Tavernier, 2010).

In this context, the penetrating particle experiences an electromagnetic force

due to the electromagnetic �elds of the electrons and nuclei, undergoing both elastic

and inelastic collisions. During these interactions, the particle can lose energy and

change direction.

For a proton interacting with an atomic nucleus, the proton can transfer a portion

of its energy to the nucleus and change direction; in some instances, the proton can
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even bounce backwards. Since the proton is much lighter than most nuclei, the

amount of energy transferred during these collisions is typically small. Using non-

relativistic kinematics and energy-momentum conservation, it can be shown that

the maximum amount of energy transferred (�Emax) during the elastic collision of

a proton with mass m with a nucleus of mass M is given by:

�E max =
1
2

mv2

�
4mM

(m + M) 2

�
(2.8)

If the mass of the proton, m, is much smaller than the mass of the nuclei, M,

we get:

�E max '
1
2

mv2
�

4
m
M

�
for m � M (2.9)

In the limit where the mass of the nucleus approaches in�nity, the energy transfer

becomes negligible.

The elastic scattering of �-particles o� nuclei was �rst demonstrated by

Ernest Rutherford in 1911, through his observations of how a beam of �-particles

was scattered after striking a thin piece of gold foil (Rutherford, 2012). This

experiment led to the discovery of the atomic nucleus and the development of

scattering techniques in particle physics. However, for radiation detection purposes,

interactions with nuclei are relatively rare compared to interactions with electrons.

Therefore, charged particle detectors primarily rely on interactions with electrons

to produce a detectable response.

For an interaction between a proton and an electron, the proton can transfer a

considerable amount of energy to the electron. However, because the proton has a

much greater mass than the electron, the direction of the proton can only be slightly

altered during this interaction. Therefore, most of the energy loss experienced by the

proton is a result of collisions with electrons, while signi�cant changes in direction

are due to collisions with atomic nuclei.

Heavily charged particles, such as �-particles, interact with matter primarily
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through Coulomb forces between the positively charged �-particles and the nega-

tively charged orbital electrons of the atoms in the material. When the �-particle

penetrates the material, it interacts simultaneously with many electrons. In any

one interaction, an electron experiences an impulse from the �-particle passing close

by. Depending on how close the two particles get, this force may be su�cient to

raise the electron to a higher energy level within the atom of the material, a process

known as excitation. Alternatively, if the �-particle transfers enough energy, it may

completely liberate the electron from the atom to create an ion, a process known as

ionisation.

When a charged particle transfers its energy to an electron during an encounter,

the energy loss results in a decrease in the kinetic energy of the charged particle.

Since kinetic energy is proportional to the square of the particle's velocity, this energy

loss results in a decrease in the charged particle's velocity. With each encounter, the

charged particle loses a portion of its energy to the electron, causing the particle to

slow down in the material.

Since at any given time the charged particle is interacting with many electrons

through multiple scatterings, its velocity will continuously decrease until the particle

is stopped in the material. While most of the electrons only receive a small amount

of energy, some acquire enough energy to travel larger distances in the material.

These high-energy electrons can have su�cient energy to excite or ionise atoms in

the medium.

Stopping Power

The amount of energy lost by a charged particle as it penetrates matter is quanti�ed

by the linear stopping power. The linear stopping power, S, for charged particles

traversing a material is given by:

S = �
dE
dx

(2.10)

Here, dE is the di�erential energy loss of the particle and dx is the corresponding
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di�erential path length. The quantity � dE
dx is also known as the speci�c energy loss

of the particle along its track. For charged particles, S, increases as the velocity of

the particle is decreased.

The classical expression describing the mean rate of energy loss (stopping power)

of charged particles travelling through a medium, due to their interactions with the

electrons of the material, is given by the Bethe-Bloch equation. This equation is

used to calculate the stopping power of moderately relativistic charged particles with

intermediate and high energies. At lower energies, the accuracy of the Bethe-Bloch

equation decreases, and various corrections must be applied due to the impact of

other e�ects, including nuclear stopping power and electron capture. The Bethe-

Bloch equation is given by:

�
dE
dx

=
4�e 4z2

m0v2
NB (2.11)

B = Z
�
ln

�
2m0v2

I

�
� ln

�
1 �

v2

c2

�
�

v2

c2

�
(2.12)

Here, v denotes the particle velocity, z the charge number, e the elementary

charge, m0 the electron rest mass, c the speed of light in vacuum, N the number

density of atoms, and Z the atomic number of the material. The quantity I

represents the mean excitation and ionisation potential of the material, treated as an

experimentally determined parameter for each element. For non-relativistic charged

particles v � c, the equation simpli�es, and the term v2

c2 becomes less signi�cant.

This equation is generally valid for a wide range of charged particles provided their

velocity remains much larger compared to the velocities of the orbital electrons in

the atoms of the material.

2.2.2 Interactions of Uncharged Particles

In the previous section, the interaction of charged radiation with matter was

described. It was noted that when an incoming charged particle interacts with
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a material, it simultaneously interacts with all the electrons and nuclei along its

path. Although the energy transferred in any single interaction is typically small,

the cumulative e�ect of multiple interactions causes the charged particle to gradually

lose energy and slow down as it collides with electrons and nuclei in the material.

These collisions lead to excitation and ionisation. It is the cumulative e�ect of many

interactions that signi�cantly impacts the particle's energy loss.

Conversely, uncharged radiation interacts very di�erently with matter, which

impacts how this form of radiation is detected. Uncharged radiation includes

gamma rays, neutrons, and X-rays. The following section will focus on how gamma

rays and neutrons interact with matter. Since this radiation is uncharged, it is

una�ected by the Coulomb force and can travel large distances in matter before any

signi�cant interaction takes place. For example, gamma rays and X-rays are capable

of travelling through many centimetres of lead or concrete before an interaction

occurs. Neutrons can penetrate even deeper since they primarily interact with

atomic nuclei, however their penetration depth depends on their energy and the

type of material they are passing through. Uncharged radiation is often referred to

as indirectly ionising because radiation detection methods rely on the detection of

secondary radiation, such as charged particles.

The primary distinction in detection methods arises from the di�erent interaction

mechanisms of charged versus uncharged radiation with matter. Charged particles

cause direct ionisation and excitation, leading to measurable energy loss, while

uncharged radiation requires secondary processes to produce detectable signals.

2.2.2.1 Gamma Radiation

Gamma rays and X-rays are both forms of high-energy, ionising radiation with

correspondingly short wavelengths. There is some overlap in the energies of gamma

rays and X-rays, but a key distinction between the two forms of radiation lies in their

origin. X-rays are emitted by excited atoms, while gamma radiation is emitted by

excited nuclei. Their higher photon energies mean they can penetrate more deeply
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into materials, enabling their use in gamma-ray tomography applications, among

other uses. Gamma rays originate from the radioactive decay of atomic nuclei due

to transitions in nuclear energy levels. The di�erence in energy between these levels

is emitted as gamma rays.

Gamma rays are uncharged and therefore are una�ected by the electromagnetic

force that governs the energy loss of charged particles. Unlike charged particles

such as alpha particles, gamma rays are indirectly ionising. This means they must

�rst be converted to secondary, charged particles for ionisation to occur, and these

secondary particles are detected through radiation detection methods. When this

form of radiation interacts with matter, it primarily interacts with the electrons of

the material rather than the atomic nuclei. In these interactions, the gamma ray

either disappears completely or is scattered at a signi�cant angle. What we detect

are the secondary particles created in these processes.

A beam of gamma rays will be attenuated in intensity but not in energy.

The probability of absorption of a gamma ray when it passes through matter is

proportional to the thickness of the layer, the density of the material, and the

absorption cross-section of the material. The total absorption shows an exponential

decrease of intensity with distance travelled in the material. This is given by the

equation:

I(x) = I 0e��x (2.13)

Here, x is the thickness of the material from the incident surface, � = �� is

the absorption coe�cient (measured in cm�1 ), � is the number of atoms per cm3 of

the material (atomic density), and � is the absorption cross section in cm2. While

gamma rays can interact with matter in many di�erent ways, three key processes

are important for radiation detection.

Gamma rays interact with matter through three primary processes: photoelectric

absorption, Compton scattering, and pair production. These interactions result in
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either the full or partial transfer of gamma-ray energy to the electrons in the detector

medium. As a consequence of these interactions, the gamma ray photon will either be

completely absorbed or scattered at a signi�cant angle. This outcome contrasts with

that of charged particle interactions with matter, where the particle continuously

slows down due to multiple interactions. The relative probability of each process

depends on the energy of the gamma ray and the atomic number of the material.

These three processes will be described in more detail in the next subsection.

Photoelectric Absorption

In photoelectric absorption, a gamma ray photon interacts with an electron bound

within an atom and transfers all its energy to this electron. As a result, the electron

is ejected from one of the atom's electron shells, becoming what is known as a

photoelectron. The photoelectric e�ect involves the atom as a whole because the

energy of the photon must overcome the binding energy holding the electron in its

shell. Consequently, this process cannot occur with free electrons, as the interaction

requires the presence of an atomic electron bound within the atom's electron shells.

For gamma rays with signi�cant energy, the electron is most likely to be ejected

from the most tightly bound shell, typically the K-shell, although electrons from

other shells can also be ejected depending on the photon's energy and the atomic

number of the material.

The energy of the photoelectron is given by:

Ee = E 
 � E b (2.14)

ˆ E e: The kinetic energy of the photoelectron.

ˆ E b: The binding energy of the electron in its original shell.

ˆ E 
 : The energy of the incident gamma ray photon. In terms of photon

frequency, this is given by E
 = hv, where h is Plank's Constant and v is

the frequency of the photon.
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Equation 2.14 shows that the kinetic energy of the photoelectron is equal to the

energy of the incident gamma ray photon minus the original binding energy of the

electron in its shell. In this interaction, most of the energy of the gamma ray photon

is transferred to the photoelectron.

The photoelectric absorption process is the predominant interaction mechanism

for gamma rays of relatively low energy. The process is enhanced for materials of

high atomic number, Z. This dependence on the atomic number of the material

is the reason why materials of high-Z are used for gamma radiation shielding in

radiation protection.

Compton Scattering

Compton scattering involves an interaction between an incident gamma ray photon

and an electron in a material, such as that of a detector medium. During this

interaction, the gamma ray transfers a portion of its energy to a stationary electron,

which is then referred to as the recoil electron. This interaction results in the

de
ection of the gamma ray through an angle, �, relative to its original direction. In

this process, all scattering angles are possible; therefore, the energy transferred to the

recoil electron can vary between zero and a signi�cant fraction of the original gamma

ray energy. Compton scattering is the predominant interaction mechanism for

gamma rays with energies typical of those from standard laboratory radioisotopes.

For small scattering angles, very little energy is transferred. Since the probability

of Compton scattering per atom depends on the number of electrons available as

scattering targets, the probability of this process increases linearly with atomic

number, Z. The probability additionally decreases with increasing energy. The

dependence on energy can be described by the Klein-Nishina formula. Compton

scattering is the dominant process for intermediate gamma-ray energies.
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Pair Production

Pair production is the predominant interaction mechanism for highly energetic

gamma rays and involves the creation of an electron-positron pair. The probability

of this process increases signi�cantly for photon energies above several MeV. While

it competes with the photoelectric e�ect and Compton scattering at lower energies,

pair production dominates at higher photon energies. Consequently, pair production

is only observed for gamma rays with su�cient energy.

This interaction cannot occur in empty space; it would be impossible due to

lack of conservation of energy and momentum. The reaction must take place in the

strong electric �eld of the nucleus so the nucleus can take up momentum, and in this

way energy and momentum can be conserved and the reaction becomes energetically

possible.

The process of pair production becomes energetically possible only when the

incoming energy of the gamma ray photon exceeds a threshold of 1:022 MeV. This

corresponds to the combined rest-mass energy of the electron-positron pair created

in the process. Pair production can only occur in the vicinity of an atomic nucleus,

as the nucleus is required to conserve momentum during the interaction. In this

process, the gamma ray photon disappears and is replaced by an electron-positron

pair. Any excess energy carried in by the incident gamma ray above the 1:022 MeV

threshold required for creation of the pair, is converted to kinetic energy, which is

shared between the electron-positron pair.

The positron will annihilate after slowing down in matter due to interactions with

charged particles. This annihilation results in the production of two annihilation

photons, which are secondary particles generated from the original pair production

interaction.

There is no straightforward equation describing the probability of pair production

per nucleus, but the probability of pair production increases with the energy of the

gamma ray and also the magnitude varies as approximately the square of the atomic

number, Z, of the nearby atom.
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2.2.2.2 Neutrons

Neutrons were �rst discovered in 1932 by James Chadwick (Chadwick, 1932).

They are subatomic particles similar in size to protons but have a rest mass of

approximately 1:675 � 10�27 kg. Unlike protons, neutrons carry no electric charge,

meaning they do not interact with matter via the Coulomb force | the dominant

energy loss mechanism for charged particles. Their lack of charge allows neutrons to

easily penetrate even dense materials such as lead, without signi�cant attenuation,

making them di�cult to detect. This property has enabled the use of neutrons

in imaging applications, such as neutron tomography (Brenizer, 2013), where

traditional radiations like gamma rays and X-rays cannot adequately penetrate the

material.

When neutrons do interact, it is with the atomic nucleus as a consequence of the

strong force. Neutrons interact via scattering and absorption reactions. This results

in the neutron either disappearing completely and been replaced by one or more

secondary radiations, or in scattering reactions where the direction or energy of the

neutron is signi�cantly altered. In contrast with gamma ray reactions, the secondary

radiations produced as a result of neutron interactions are almost always heavily

charged particles. These particles may be produced as either a result of neutron-

induced nuclear reactions or they may be the nuclei of the absorbing material itself,

which have gained energy as a result of neutron collisions.

Neutrons may be categorised as either fast or thermal, depending on their energy,

and this categorisation is important when it comes to both how the neutrons will

interact with matter and the methods employed for neutron detection. The type of

reaction depends crucially on a variety of factors, as detailed below. This includes

the energy of the neutrons and the density of the material through which they pass.

Fast Neutrons

Neutrons produced from �ssion and neutron sources typically have energies from

keV to MeV and are referred to as fast neutrons. The principal nuclear interaction
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for fast neutron detection is elastic scattering from light nuclei. In elastic scattering,

the neutron transfers a portion of its kinetic energy to the atomic nucleus, resulting

in a recoil nucleus that can then be detected. Since neutrons and protons are of

comparable mass, the largest energy transfer for this reaction occurs between a

neutron and a hydrogen nucleus. It is this proton recoil reaction which forms the

basis of the majority of fast neutron detectors (Michael F. L'Annunziata, 2016).

Thermal Neutrons

Elastic scattering from nuclei results in fast neutrons slowing down to thermal

energies; that is, the energy at which they are in thermal equilibrium with their

surroundings. At room temperature, thermal neutrons have an average energy of

0:025 eV (Geist, Santi, and Swinhoe, 2024). The reduced speed of thermal neutrons

results in very little energy being imparted to recoil nuclei during further elastic

scatterings. For this reason, the scattering reaction cannot be used as the basis

of thermal neutron detection. Instead, the nuclear reaction of importance for the

detection of thermal neutrons is neutron capture. This involves the absorption of a

neutron by an atomic nucleus to create an unstable compound nucleus. This then

de-excites, emitting secondary charged particles which can be directly detected.

Neutron capture cross sections provide us with information about the probability

that a neutron will interact with a given isotope via neutron capture. This

probability decreases with increasing neutron energy and is highest for neutrons in

the thermal energy range. Certain isotopes, including6Li and 10B have large neutron

capture cross sections for thermal neutrons. These isotopes are often incorporated

into scintillators to enable thermal neutron detection, and are referred to as loaded

scintillators.

Detection Challenges

While advantageous for neutron imaging purposes, the charge neutrality of neutrons

poses a challenge for their detection because, unlike charged particles such as protons

and electrons, neutrons are indirectly ionising. Their detection therefore relies on
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the creation of secondary charged particles.

Gamma rays are often emitted concurrently with neutrons in many nuclear

processes, resulting in a mixed �eld of neutrons and high-energy photons. This

complicates the unambiguous detection of neutrons, particularly when using organic

scintillation detectors that are sensitive to both radiation types. Since gamma rays

and neutrons can produce overlapping pulse height spectra in these detectors, relying

solely on pulse height spectra for particle identi�cation can lead to misclassi�cation

(Tobergte and Curtis, 1991).

An e�ective neutron detector must convert incident neutrons into a detectable

signal in the form of charged particles. It must also either be insensitive to gamma

radiation or capable of di�erentiating between the two types of radiation, and the

detection method depends critically on the energy of the incoming neutron (Knoll,

2000).

2.2.2.3 Optical Photons

Optical photons are a form of non-ionising radiation, belonging to the visible part

of the electromagnetic spectrum. These photons have energies in the range of a few

electronvolts (eV). Speci�cally, visible light spans from approximately 1:65 eV (for

red light) to about 3:1 eV (for violet light). In contrast, ionising radiation such

as gamma rays and X-rays typically has energies greater than about 100 eV, often

exceeding 1 keV (1000 eV). The higher energy of ionising radiation allows it to

remove tightly bound electrons from atoms and molecules, whereas the lower energy

of optical photons is insu�cient for ionisation.

The lower energy and corresponding longer wavelengths of optical photons,

compared to ionising radiation, determine the types of interactions these photons

have with matter. Optical photon interactions are therefore generally limited to

processes such as absorption, re
ection, refraction, and scattering.

The wavelength of optical photons is typically on the order of nanometres (nm),

which is much larger than the atomic spacing between nuclei, usually on the order of
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picometres (pm). This di�erence in scale is a key reason why optical photons interact

di�erently with matter compared to ionising radiation. Since their wavelengths

exceed atomic spacing, optical photons do not strongly interact with individual

nuclei or core electrons. Instead, they primarily interact with outermost electrons,

resulting in non-ionising e�ects.

There are several mechanisms through which optical photons interact with

matter, and these are governed by both the wavelength of the light and the material

properties. These interaction processes will be described in more detail below.

Absorption and Scattering

Optical photons can be absorbed by electrons in atoms or molecules within a

material. Absorption occurs when the energy of the photon matches the energy

di�erence between the current energy state and a higher energy state within the

atom of molecule. When a photon is absorbed, its energy is transferred to an

electron, promoting it to that higher energy state.

Several types of scattering can occur when optical photons interact with matter.

Scattering arises from interactions with particles or inhomogeneities within a

material. In the optical regime, the most relevant types are Rayleigh scattering and

Mie scattering. These processes are typically elastic, meaning that the photon's

energy and momentum are conserved, and its wavelength remains unchanged.

Instead, scattering primarily alters the photon's direction. Whether Mie scattering

or Rayleigh scattering occurs depends on the size of the scattering target relative to

the photon's wavelength.

Mie Scattering

Mie scattering is the scattering of light by particles whose size is comparable to or

larger than the wavelength of the incident light. This form of scattering typically

occurs when the target particles, such as water droplets, dust, or aerosols, have sizes

similar to or greater than the wavelength of the light interacting with them. This

characteristic distinguishes Mie scattering from Rayleigh scattering, which occurs
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when the size of the target particles is much smaller than the wavelength of the

incident light.

Unlike Rayleigh scattering, Mie scattering is not strongly wavelength-dependent,

meaning it tends to scatter light more uniformly across di�erent wavelengths. As

a result, Mie scattering does not preferentially scatter shorter wavelengths over

longer ones. This phenomenon is visible in nature through the white appearance of

clouds, which contain water droplets large enough to scatter all visible wavelengths

uniformly.

Mie scattering predominantly directs light in the forward direction, along the

path of the incident light. However, it is also capable of signi�cant side and

back scattering, depending on the relative size of the scattering particles, and

the wavelength of the incident light. This forward scattering contributes to the

hazy appearance of foggy or smoky environments, as light is scattered in multiple

directions.

Rayleigh Scattering

Rayleigh scattering is the scattering of light by particles much smaller than the

wavelength of the incident light. Unlike Mie scattering, Rayleigh scattering is

strongly dependent on wavelength. According to Equation 2.15, the intensity of

Rayleigh scattering is inversely proportional to the fourth power of the wavelength.

This mathematical relationship means that shorter wavelengths of light are scattered

much more strongly than longer wavelengths.

I(�) = I 0
1 + cos2 �

2R2

�
2�
�

� 4 �
n2 � 1
n2 + 2

� 2 �
6 + 3�
6 � 7�

�
(2.15)

where,

ˆ I 0 is the incident light intensity

ˆ � is the scattering angle

ˆ R is the distance to the observer
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ˆ n is the refractive index of the scattering medium

ˆ � is the depolarization ratio.

The intensity of Rayleigh scattering decreases rapidly with increasing wave-

length. This type of scattering applies only when particle sizes are much smaller than

the wavelength of light; for larger particles, Mie scattering or geometrical scattering

dominates. Rayleigh scattering is nearly isotropic, though there is a slight preference

for forward and backward scattering.

A familiar example of Rayleigh scattering in nature is the blue colour of the sky

during the daytime. Although sunlight is composed of many di�erent wavelengths

of light, shorter wavelengths are scattered much more e�ectively by the small gas

molecules in the Earth's atmosphere. Although violet light is scattered even more

than blue, it is mostly absorbed by the upper atmosphere, and human eyes are more

sensitive to blue light, making the sky appear predominantly blue.

At sunset, the sky appears red and orange because sunlight travels through

a greater thickness of atmosphere. This scatters the shorter blue and violet

wavelengths out of the direct path to the observer, leaving the longer red and orange

wavelengths to dominate the sky's appearance.

When optical photons encounter boundaries between di�erent materials, pro-

cesses such as transmission, re
ection, and refraction can occur. These optical e�ects

are commonly explained using the wave description of light. As light propagates

through a medium, its phase velocity, v, may di�er from its speed of light in a

vacuum, given by c = 3:0 � 108 m=s. The material's refractive index, n, determines

the phase velocity, causing light to travel more slowly in the medium than in a

vacuum.

The index of refraction is given by Equation 2.16:

N(�) =
c

v(�)
(2.16)

where,
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ˆ N(�) is the refractive index as a function of wavelength �

ˆ c is the speed of light in vacuum, approximately 3:0 � 108 m/s,

ˆ v(�) is the phase velocity of light in the medium at wavelength �.

The refractive index is wavelength-dependent and may also be temperature-

dependent, although this mechanism is not fully understood (Waxler and Cleek,

1973). Snell's Law can be used to determine the direction of light when light is

crossing an interface between two media with di�erent indices of refraction.

Refraction of light is when light bends or changes direction as it passes from

one medium to another with a di�erent refractive index. This occurs because light

changes speed when it moves between materials with di�erent optical densities.

For instance, light goes slower in water than in air, and slower, slightly, in air

than in a vacuum. This e�ect is described by the index of refraction, n.

Refraction is the change in direction of a wavefront when it passes from one

medium to another. This is due to the light changing speed when passing from one

medium into another.

Refraction follows Snell's Law, which is given by Equation 2.17:

n1 sin � 1 = n 2 sin � 2 (2.17)

where,

ˆ n 1 is the refractive index of the �rst medium.

ˆ � 1 is the angle of incidence, measured between the incoming light ray and the

normal to the boundary surface in medium 1.

ˆ n 2 is the refractive index of the second medium.

ˆ � 2 is the angle of refraction, measured between the refracted ray and the normal

in medium 2.
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For scintillators, there are various types of re
ection which may occur and these

are listed below:

Total Internal Re
ection: This is when scintillation light strikes the internal

surface of the scintillator at an angle which is greater than the critical angle. The

light is therefore re
ected back into the scintillator, rather than escaping. This type

of re
ection can aid in guiding the light towards the photodetector; hence, improving

light collection e�ciency.

Specular Re
ection: When the internal surfaces of the scintillator are smooth,

light can be re
ected in a way where the angle of incidence equals the angle of

re
ection; this is 'mirror-like' re
ection.

Di�use Re
ection: In the case where the internal surfaces of the scintillator are

rough, light can scatter in a variety of directions upon re
ection; this is in contrast to

specular re
ection, where the directions are more predictable. This form of re
ection

can lead to the loss of light as light is absorbed or scattered prior to detection.

Re
ection at Boundaries: Light can be re
ected at the boundary between

volumes { such as between a scintillator and the surrounding materials, such as

air or an optical coupling agent. When the refractive index of the scintillator is

higher than that of the surrounding material, some light will be re
ected back into

the scintillator, while some may refract out, resulting in light loss.

2.3 Scintillation Detectors

When ionising radiation interacts with a material, it can excite or ionise molecules

within it. In certain materials, when these excited molecules return to their

ground state, they may emit photons in the visible or near-visible range of the

electromagnetic spectrum, through a process known as scintillation. Materials

that exhibit this property are called scintillators. Broadly speaking, scintillating
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materials are categorised as either organic or inorganic. Commonly used scintillators

include inorganic crystals, such as sodium iodide, as well as organic crystals, liquids,

and plastics. Organic and inorganic scintillators di�er in their chemical structures,

the mechanisms by which they produce scintillation, and their applications.

Detecting scintillation light is one of the most e�ective methods for measuring

various types of radiation. Scintillation detectors typically consist of a scintillator

coupled to a photosensor, such as a photomultiplier tube (PMT) or a photodiode.

When the scintillator absorbs energy from the incident radiation, it emits light, with

the intensity directly proportional to the energy deposited. The photosensor then

detects this scintillation light and converts it into an electrical pulse.

For a scintillator to be e�ective in detecting ionising radiation, it should ideally

possess the following properties (Knoll, 2000):

1. It should e�ciently convert the kinetic energy of charged particles into

detectable light, with high scintillation e�ciency.

2. The light yield should be proportional to the energy deposited by ionising

particles over a wide range of energies.

3. The scintillator material should be transparent to the wavelength of its own

emitted light to optimise light collection and reduce photon loss due to self-

absorption.

4. The light pulses should be as short as possible, with minimal delayed emission,

to enable fast pulse generation.

5. The scintillator material should have good optical quality and be manufactured

in sizes large enough for practical detector applications.

6. The refractive index of the material should be close to that of glass (� 1:5) to

ensure e�cient coupling of the scintillation light to the photodetector.
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Other desirable properties for scintillator materials include chemical and me-

chanical stability, ease of production, cost-e�ectiveness, and radiation tolerance.

However, no single material satis�es all these criteria and therefore the choice of

scintillator is usually a compromise between various factors.

Inorganic crystals generally o�er higher light output (LO) and better linearity

but tend to have slower response times. In contrast, organic scintillators provide

faster response times but produce lower light output. The selection of a scintillator

is crucially determined by its intended application. For example, the high atomic

number (Z) and density of inorganic scintillators make them ideal for gamma-

ray spectroscopy, while organic scintillators, with their high hydrogen content,

are preferred for beta spectroscopy and fast neutron detection applications (Knoll,

2000).

2.3.1 Organic Scintillators

The fundamental principle behind all scintillators is 
uorescence, which is the

prompt emission of visible light from molecules within a substance following

excitation by ionising radiation. In organic scintillators, 
uorescence occurs due to

transitions in the energy level structure of individual molecules. Unlike crystalline

inorganic scintillators, such as sodium iodide, 
uorescence in organic scintillators

is observed regardless of the physical state of the molecular species. For example,

anthracene 
uoresces whether it is in solid form, a vapour, or as part of a multi-

component solution.

Organic molecules commonly used for scintillation typically have a �-electron

structure, such as aromatic molecules. The energy levels of such a molecule are

illustrated in Figure 2.1. Excitation by ionising radiation results in a series of excited

singlet and triplet states, labelled as S1; S2; S3; ::: and T1; T2; T3; :::, respectively.

Each energy level is further divided into a set of �ner vibrational sub-levels, with

typical spacings on the order of 0.15 eV, corresponding to various vibrational states

of the molecule. A second subscript is commonly used to indicate these vibrational
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Figure 2.1: Energy level diagram of an organic molecule with a �-electron structure,

showing singlet and triplet excited states, vibrational sub-levels, and 
uorescence

transitions following excitation by ionising radiation. Adapted from J.B. Birks,

1964, as cited in Knoll, 2000.
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states. In Figure 2.1, S00 represents the lowest vibrational state of the molecule's

ground state.

Fluorescence in organic molecules consists of two components: prompt and

delayed. The prompt 
uorescence is emitted within a few nanoseconds after

excitation, arising from transitions between the �rst singlet excited state (S1),

speci�cally S10, and one of the vibrational states of the ground state (S0). When

higher singlet states are excited, they undergo rapid radiationless de-excitation to

S1 via internal conversion, typically within picoseconds.

The delayed 
uorescence component is emitted typically a few hundred nanosec-

onds following excitation and results from a process known as inter-system crossing.

This is where molecules in the excited singlet state (S1) non-radiatively transition

to the triplet state (T 1). While in the T1 state, some molecules can non-radiatively

return to S1 and subsequently decay via normal 
uorescence to the ground state

(S0), though this emission is delayed relative to the prompt component. This is the

origin of delayed 
uorescence in organic scintillators.

The intensity of prompt 
uorescence, I, at time t, following excitation by ionising

radiation, is given by:

I = I 0e�t=� (2.18)

where I0 is the intensity of the prompt 
uorescence at t = 0 and � is the decay

time constant.

An additional component can be included in this expression to account for

delayed 
uorescence. The resulting equation becomes:

L(t) = Ae (�t=� p ) + Be (�t=� d ) (2.19)

Here:

ˆ L(t) is the scintillation light intensity as a function of time.
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ˆ A and B are constants that determine the relative contributions of the fast

(prompt) and slow (delayed) components to the overall light output, and they

depend on the scintillator material.

ˆ � p and �d are the decay time constants of the prompt and delayed 
uorescence

components, respectively, and represent intrinsic properties of the scintillator.

The scintillation e�ciency of a scintillator is de�ned as the fraction of all incident

particle energy that is ultimately converted into visible light. In organic molecules,

not all the energy deposited produces light because of quenching: rather than

undergoing radiative de-excitation, some excited molecules lose their energy through

non-radiative processes, in which the excitation energy is converted primarily into

heat.

In organic scintillators | whether crystal, liquid, or plastic | the process

of scintillation follows a similar pattern. An incident particle �rst excites the

molecules of the bulk solvent or base material. This excitation energy is subsequently

transferred to the 
uor molecules, which emit visible scintillation light. Secondary


uors (wavelength shifters) are often added to shift the emission spectrum to better

match the spectral response of common photodetectors.

Pure Organic Crystals

Scintillation has been demonstrated in organic crystals such as anthracene, trans-

stilbene, and p-terphenyl organic crystals. Stilbene is commonly used for fast

neutron detection due to its excellent e�ciency, high light output (LO), and superior

pulse shape discrimination (PSD) performance. Stilbene generally outperforms that

of both liquid and plastic scintillators; however, its fragility and high manufacturing

costs limit its use in large-area detectors and make transportation for �eld

applications challenging. Additionally, the scintillation e�ciency is known to depend

on the orientation of the ionising particle with respect to the crystal axis (Weldon

et al., 2019).

Crystals like anthracene and stilbene o�er high scintillation e�ciency but are
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expensive to produce in large sizes, which restricts their application in nuclear

security.

Organic Liquid Scintillators

Organic liquid scintillators, such as EJ-301 and EJ-309, have been used for decades

in both fast and thermal neutron detection due to their high hydrogen content,

good light output, and excellent pulse shape discrimination (PSD) capabilities.

These scintillators are produced by dissolving highly e�cient 
uor compounds in

an appropriate solvent. Liquid scintillators can consist of two components or three

components if a wavelength shifter is added to the solution. Wavelength shifters

are materials that absorb higher-frequency photons and re-emit them at a lower

frequency to better match the spectral response of the photodetector.

Liquid scintillators are often the preferred choice when large-volume detectors

are required. Since they lack a crystal structure, they are resistant to radiation

damage and can be manufactured in large quantities with various geometries.

Plastic Scintillators

Plastic scintillators were �rst developed in the 1950s (Schorr and Torney, 1950) as

a solid-state alternative to liquid scintillators for fast neutron detection. Although

they are inexpensive, well suited for large-volume applications due to their ease of

fabrication, and have relatively long attenuation lengths to minimise self-absorption,

their light output (LO) and pulse shape discrimination (PSD) performance are

generally lower than those of crystal and liquid scintillators.

Plastic scintillators are produced by dissolving organic 
uors in an appropriate

solvent, followed by bulk polymerisation. Their composition closely resembles that

of liquid scintillator, except that the liquid solvent is replaced by aromatic polymers

such as polyvinyltolene (PVT) or polystyrene (PS). Common 
uors include 2,5-

diphenyloxazole (PPO) and n-terphenyl (PTP).

Plastic scintillators are organic materials and therefore primarily composed

of hydrogen and carbon atoms. Gamma-ray interactions occur mainly through
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Compton scattering, as expected for low-Z materials and as detailed in Section

2.2.2. Fast neutrons predominantly interact via elastic scattering on hydrogen nuclei,

producing recoil protons:

n + H 1 ! n + p (2.20)

A smaller contribution comes from elastic scattering on carbon nuclei because

carbon is heavier than hydrogen, producing carbon recoils:

n + 12C ! n + 12C (2.21)

Carbon recoils produce far less scintillation light than protons due to both limited

energy transfer and quenching, and therefore contribute little to the overall light

output of the scintillator.

Inelastic scattering on carbon can also occur, but this requires energies above

4:44 MeV, making the process negligible for lower-energy fast neutrons.

After multiple elastic scatterings, neutrons may reach thermal energies, at which

point capture reactions on hydrogen and carbon nuclei becomes possible. However,

the capture cross sections are so small that in typically sized plastic scintillators

neutron capture remains a rare interaction. In very large detectors, or in systems

with neutron moderators, the probability of capture increases signi�cantly.

2.3.2 Inorganic Scintillators

The scintillation mechanism in inorganic scintillators depends on the energy levels

of the material, which are determined by its crystalline lattice structure. This

di�ers from the mechanism governing scintillation in organic scintillators, which is

molecular in nature. In inorganic materials, electrons occupy discrete energy levels

within two main bands: the lower energy valence band, where electrons are bound

to atoms in the lattice, and the higher energy conduction band, where electrons are
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free to move through the material. These bands are separated by an energy gap

known as the band gap, or forbidden band, where electrons cannot normally exist.

When an incoming high-energy particle interacts with the material, it can excite

an electron from the valence band into the conduction band, leaving behind a

positively charged hole in the valence band. The excited electron and the hole

can move through the lattice, and their movement is in
uenced by the crystalline

structure, as well as by any impurities or activator ions present in the material. As

the free electrons recombine with the holes, energy is released, which can result in

the emission of photons in the near-visible to visible range. This light emission is

responsible for the prompt 
uorescence observed in inorganic scintillators.

In many inorganic scintillators, activator ions, such as thallium in Nal(TI), are

introduced into the crystal to enhance light emission by creating speci�c energy

levels within the band gap. These activators modify the electronic structure of

the material, providing intermediate energy states within the forbidden band that

electrons can temporarily occupy.

Recombination of electron-hole pairs often occurs at activator sites. The

activator plays a crucial role by o�ering energy levels that enable e�cient and

controlled recombination, leading to the emission of light at a speci�c wavelength.

For example, in Nal(TI) the thallium activator induces light emission at around

410 nm, in the blue-violet region of the electromagnetic spectrum.

2.4 Photodetector Technology

Photodetectors play a critical role in radiation detection and measurement by

converting the weak light output from scintillators into measurable electrical signals.

The most commonly used photodetectors in this context are photomultiplier tubes

(PMTs) and silicon photomultipliers (SiPMs).
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2.4.1 Photomultiplier Tubes (PMTs)

A photomultiplier tube (PMT) is a vacuum phototube used to detect low-energy

photons. Typically, PMTs are constructed with their components housed in an outer

glass vessel, which serves as a pressure boundary to maintain the vacuum conditions

necessary for electron acceleration. Internal electric �elds within the tube facilitate

the movement of electrons through the PMT.

The structure of a typical PMT is shown in Figure 2.2. The window of the PMT

allows incident light to pass through within a speci�c wavelength range, determined

by the window material. For example, borosilicate glass is commonly used for

detecting near ultra-violet and blue light.

A PMT consists of three main components: (1) a semi-transparent photocathode,

(2) an electron multiplier, and (3) an anode. The photocathode is a thin layer

of photoemissive material deposited on the inner surface of the window. When

incident photons are absorbed by the photocathode, low-energy electrons (called

photoelectrons) are emitted via the photoelectric e�ect. The e�ciency of the

photocathode is crucial, as it should convert as many incident photons as possible

into photoelectrons. Thus, selecting the optimal material for the photocathode is

essential for maximising high conversion e�ciency.

The process of detecting light and generating an output signal in a PMT occurs

through the following sequential steps (Polyakov, 2013):

1. Incident light enters the PMT through the input window.

2. The photocathode absorbs the incident light, transferring energy to electrons

within the photocathode material. This energy excites the electrons, allowing

them to migrate to the surface and escape into the vacuum as photoelectrons.

3. The photoelectrons are accelerated and focused by a focusing electrode toward

the �rst dynode. Upon striking the dynode, secondary electrons are emitted

due to secondary emission. This process is repeated at each subsequent

dynode, with each stage amplifying the number of electrons.
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Figure 2.2: Schematic of components of a typical photomultiplier tube (PMT).

Image reproduced from Knoll, 2000

.
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4. Signal collection occurs at the anode, where the multiplied electrons from

the last dynode are collected, generating an electrical signal which can be

measured.

The energy transferred from the photon to the electron in the second step is

determined by the photon's energy, given by hv, where h is Planck's Constant and

v is the photon frequency. For blue light | typical of the light emitted by many

commonly used scintillators | the photon energy is approximately 3 eV. During this

step, some energy is lost due to electron-electron collisions. By the time the electron

reaches the third step, it must retain su�cient energy to overcome the potential

barrier at the interface between the material and the vacuum. This potential barrier,

known as the work function, imposes a minimum energy threshold on the incident

photons. To maximise the number of escaping electrons, the photocathode material

must have a low work function (typically less than 4 eV). A low work function allows

more electrons to escape, thereby enhancing the overall e�ciency of the PMT.

2.4.2 Photomultiplier Tube (PMT) Noise

This section discusses the sources of noise that a�ect photomultiplier tubes (PMTs).

Noise refers to any 
uctuation | random or otherwise | that interferes with the

current or voltage being measured. This limits the accuracy of measurements,

particularly in low-light applications. In radiation detection systems using a PMT,

such as scintillation detectors, noise can be broadly categorised based on whether it

occurs in the absence of a signal or when a signal is present.

Dark Current and Dark Noise

Even in complete darkness, a measurable current can still be detected at the anode

of a photomultiplier tube (PMT). This current is known as dark current, and

the 
uctuations in current due to this e�ect are referred to as dark noise. Like

the photoelectric current, the dark current primarily consists of discrete pulses,

typically of the same duration as the photoelectric pulses. When observed on an
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oscilloscope with wide bandwidth, the dark current appears as pulses with widely

varying amplitudes. The rate at which these pulses occur is commonly referred to

as dark noise.

Both dark current and dark noise limit the detectivity of a PMT. Dark noise

establishes a baseline level of noise in PMTs, producing spurious signals in the

absence of light. This spurious noise reduces detection accuracy, especially for low-

intensity or low-energy radiation. Minimising dark noise is essential for improving

the signal-to-noise ratio (SNR) of PMTs and optimising their performance in various

scienti�c and technical applications, such as radiation detection and measurement.

Dark current has two components:

ˆ A continuous component due to current leakage on glass and insulation

surfaces.

ˆ An intermittent component, consisting of pulses lasting a few nanoseconds.

There are both temporary and permanent causes of dark current. The impact

of these causes varies depending on operating and environmental conditions, such

as applied voltage, gain, temperature, and humidity. Some causes may lead to

temporary e�ects, resulting in a settling of dark current to a stable level, while

others are permanent and independent of the tube's history.

Permanent causes of dark current include:

ˆ Ohmic leakage.

ˆ Thermionic emission.

ˆ Field emission.

Ohmic Leakage

This component of dark noise arises from the 
ow of electrical current between

electrodes on glass and insulating surfaces, such as plastic bases and sockets. This
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type of dark noise is in
uenced by the gain and temperature of the photomultiplier

tube (PMT), and it is most signi�cant when the PMT operates at low gain (< 104)

or at low temperatures.

Factors such as dirt and humidity can contribute to Ohmic leakage, while

soldering 
ux can be particularly detrimental, producing large pulses that resemble

those from a scintillator across all gain values. These e�ects can be minimised

through proper maintenance and cleanliness (Photonis, 2002).

Thermionic Emission

The most signi�cant source of random noise in a photomultiplier tube (PMT) arises

from thermionic emission, which is the process by which electrons with su�cient

thermal energy are spontaneously emitted by the photocathode. At non-zero

temperatures, electrons within the photocathode possess thermal kinetic energy,

averaging around 0:025 eV at room temperature. Although there is a distribution

of energies among these electrons, some can gain enough energy from thermal


uctuations to exceed the work function of the material. If such an electron is

close enough to the surface, it may escape, resulting in a spontaneous, thermally

induced signal. These electrons are known as thermionic electrons, and thermionic

noise is a key characteristic of photocathodes.

The dark pulses generated from thermionic emission correspond to single

photoelectrons, which limits the amplitude of the observed signal to the lower end

of the pulse height spectrum. In scintillation counting, each detected pulse typically

corresponds to multiple photoelectrons, so this form of noise less signi�cant. Pulse

height discrimination techniques can be used to eliminate contributions from thermal

noise. However, when measuring very low-energy radiation or single electrons,

thermionic noise can become indistinguishable from the true signal. In such cases,

minimising this noise contribution is vital (Knoll, 2000).

Thermionic emission is temperature-dependent and follows Richardson's Law,

which predicts an approximate tenfold increase in emission for every 15 °C rise in
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temperature. At higher temperatures, more electrons can gain su�cient energy

to overcome the work function of the photocathode. Therefore, lowering the

temperature of a PMT can e�ectively reduce thermionic emission, provided other

sources of dark current do not become dominant (Photonis, 2002). Additionally,

the rate of dark pulses is proportional to the area of the photocathode, so choosing

a small diameter photocathode can help reduce dark pulses. The emission rate

of thermionic electrons per unit area also varies signi�cantly depending on the

material used for the photocathode. For example, bialkali photocathodes are

among the quietest, with typical emission rates at room temperature ranging from

102 � 10 4 electrons cm�2 s�1 (Knoll, 2000). Both dark current and dark noise rate

increases exponentially with temperature.

Field Emission

Field emission, also known as cold emission, is the process by which electrons are

emitted from a surface, such as a photocathode, under the in
uence of a strong

electric �eld. In this process, the intense electric �eld lowers the potential barrier at

the surface, allowing electrons to tunnel through the barrier via quantum mechanical

e�ects, even in the absence of thermal energy.

In photomultiplier tubes (PMTs), local electric �elds can be extremely high,

especially near high-voltage regions or due to surface imperfections. Small

irregularities, such as surface blemishes or loose particles on the electrode, can

locally enhance the electric �eld, making these regions potential sources of �eld

emission. Once emitted, the electrons are accelerated toward other surfaces within

the PMT, such as dynodes. Electrons with energies as low as 1 keV may be capable

of extracting additional photoelectrons from the cathode or dynodes, contributing

to the dark current (Photonis, 2002).

Field emission is a signi�cant source of dark current and dark noise in PMTs,

especially in designs that require high sensitivity and those operated at high voltages.

The magnitude of this noise is largely determined by the strength of the electric �eld,
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with stronger �elds leading to greater �eld emission.

While both thermionic and �eld emission contribute to dark current and noise,

�eld emission typically produces more discrete, sharp pulses, due to the in
uence

of strong electric �elds. This contrasts with thermionic emission, which generally

produces more continuous noise because it depends on thermal energy. Minimising

dark current due to �eld emission can typically be achieved by operating PMTs well

below their maximum voltage rating and ensuring the cleanliness of the tube.

Shot Noise

Shot noise is a fundamental type of noise present in all electronic systems where

current 
ows, arising from the discrete nature of electric charge. In photomultiplier

tubes (PMTs), shot noise results from statistical 
uctuations in the number of

photoelectrons generated by incoming photons and subsequently detected at the

anode. Shot noise is proportional to the square root of the average current 
owing

through the tube, meaning that higher overall current (including dark current) leads

to greater shot noise.

Additionally, the process of electron multiplication within the PMT is subject

to its own statistical 
uctuations. As a result, the number of electrons reaching

the anode can also 
uctuate, further contributing to shot noise. Shot noise follows

a Poisson distribution because it arises from the discrete and random arrival of

charge carrier (photons and electrons). However, for practical applications such as

PMTs, where a high number of photoelectrons are involved, shot noise is often

approximated by a Gaussian (normal) distribution. In this approximation, the

variance is proportional to the mean current or the number of photoelectrons.

Since shot noise is an intrinsic property of electrical charge, it does not depend

on temperature and occurs in any device where there is a 
ow of current.

The impact of shot noise is most prominent at low-light levels where it can limit

detection accuracy. When the photon 
ux is high or in systems with su�cient signal-

to-noise ratio (SNR), other types of noise, such as dark current or thermal noise,
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may become more relevant.

Johnson-Nyquist Noise

Johnson-Nyquist noise, also known as thermal noise, is a type of noise originating

from the random thermal 
uctuations of stationary charge carriers (typically

electrons) inside a conductor. This form of noise occurs even in the absence of

any applied voltage and is an inherent property of all materials at temperatures

above absolute zero. This is because at any non-zero temperatures, free electrons

in a conductor move at random due to having thermal energy. It is these random

movements which cause small 
uctuations in the voltage across the conductor, which

manifests as noise. The magnitude of this noise is dependent on the temperature of

the conductor and the resistance of the material.

This form of noise is important for PMTs because they operate at room

temperature or higher, therefore thermal noise will be present in the components

of the tube. Johnson-Nyquist noise contributes a baseline level of noise which is

independent of the photon 
ux or light intensity. It can therefore occur even in the

absence of light due to the dark current. This noise is temperature dependent and

hence any variation in the operating temperature of the PMT can a�ect the level

of noise. An increase in temperature naturally leads to an increase in the thermal

energy of the electrons, leading to more random motion, resulting in higher thermal

noise in the system. Lowering the operating temperature of the PMT can therefore

reduce the impact of this form of noise on measurements.

Afterpulses

Afterpulses are spurious pulses that can occur following a true signal pulse, after a

short delay. One mechanism responsible for afterpulsing is the emission of light from

the latter stages of the PMT's multiplier structure, which may then be re
ected

or scattered back to the photocathode. These afterpulses are delayed by a time

characteristic of the electron transit time through the tube, typically around 20 ns

to 50 ns. Because these pulses often correspond to a single photon, their amplitude
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is usually quite small. Another source of afterpulsing can arise from an imperfect

vacuum within the tube. Residual gas molecules can be ionized by the passage of

electrons through the multiplier structure. The resulting positive ions drift in the

reverse direction and may �nd a path back to the photocathode. When these ions

strike the photocathode, they can liberate tens or even hundreds of photoelectrons,

resulting in a much larger pulse. Since the velocity of positive ions is relatively

slow, the time it takes for them to drift back to the photocathode can range from

hundreds of nanoseconds to microseconds or more. As a result, the time spacing

between the primary pulse and the afterpulse in this case is much larger.

2.5 Pulse Shape Analysis

First demonstrated in 1959 by F.D. Brooks using trans-stilbene crystals, pulse shape

discrimination (PSD) is a valuable technique in neutron detection. PSD relies on

analysing subtle di�erences in the temporal pulse shapes generated by neutron and

gamma-ray interactions in organic scintillators (Brooks, 1959). Gamma rays interact

primarily through recoil electrons, while neutrons produce recoil protons | each

depositing energy at di�erent rates in the scintillator, which gives rise to scintillation

light with characteristic time pro�les. Even for the same deposited energy, protons

have a higher speci�c energy loss (dE=dx) than electrons, which enhances triplet-

triplet interactions and results in a greater proportion of delayed 
uorescence, as

detailed in Section 2.3.1. This fundamental di�erence underpins the separation of

neutron- and gamma-induced signals by PSD.

Neutron radiation �elds are almost always accompanied by background gamma

radiation, typically produced through neutron activation of surrounding materials.

Since scintillator-based neutron detectors are sensitive to both gamma and neutron

radiation, PSD is essential for distinguishing between the two and suppressing the

gamma-ray signal component (Knoll, 2000).

Heavier particles, such as protons, lose energy more rapidly in scintillator
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Figure 2.3: Illustration of pulse shapes generated by three di�erent particle types in

a scintillator. The variation in decay characteristics, particularly in the pulse decay

tail, forms the basis for pulse shape discrimination (PSD). Image reproduced from

Knoll, 2000.
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materials than lighter particles, such as electrons. As a result, protons generate

a higher proportion of delayed 
uorescence, leading to neutron-induced pulses that

decay more slowly compared to those produced by gamma rays. These di�erences

between particle types are most apparent in the decay tail of the pulse, as illustrated

in Figure 2.3 for three di�erent particle types. The variation in the proportion

of delayed 
uorescence among di�erent particles forms the physical basis of PSD,

enabling particle identi�cation based on pulse shape characteristics.

Over the years, a variety of techniques have been developed to implement PSD,

with the overall goal of achieving optimal separation between neutron- and gamma-

ray induced signals. The main techniques are described below.

2.5.1 Charge Comparison Method (CCM)

The Charge Comparison Method (CCM) is one of the most widely employed

techniques for pulse shape discrimination (PSD) and is extensively used in both

the analogue (Brooks, 1959) and digital domains (Bell, 1981; Zecher et al., 2003;

Jastaniah and P. J. Sellin, 2004). Due to its simplicity, ease of implementation,

and robust performance, CCM is suitable for a wide range of applications |

most notably for distinguishing neutron and gamma-ray interactions in scintillation

detectors | and maintains stable, reliable discrimination across a broad energy

range (Comrie et al., 2015).

The CCM works by comparing the integrals of the charge under a pulse over two

distinct time intervals: the long integral and the short integral. The long integral

represents the total charge accumulated over the entire pulse, hence capturing the

the full energy deposited by the radiation. In contrast, the short integral captures

only a portion of the pulse, typically associated with the decay tail.

The decay tail is particularly informative for pulse shape discrimination purposes,

as the pulse shape characteristics in this region exhibit signi�cant di�erences between

gamma ray and neutron radiation. The long integral starts at the start of the

pulse, while the short integral begins at a reference point after the pulse peak.
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This reference point is strategically chosen to maximise the separation between the

gamma- and neutron-induced pulses. The endpoint of both the long and short

integrals is the end of the pulse.

Neutron pulses typically exhibit slower decay rates compared to gamma ray

pulses, leading to a larger short integral for neutron-induced pulses. This di�erence

in decay rates forms the basis for pulse shape discrimination (PSD) in CRM.

Speci�cally, the relative proportions of the long and short integrals are used to

calculate a value known as the PSD parameter.

The PSD parameter is computed by dividing the short integral by the long

integral. When plotted on a two-dimensional histogram against energy, the data

typically form two distinct bands: one for neutron interactions and another for

gamma ray interactions. This separation is a direct result of the di�ering decay

characteristics of the pulses from each radiation type.

Alternatively, the PSD parameter can also be plotted against the long integral,

yielding a similar separation between the two radiation types. In these plots, the

upper plume of the histogram corresponds to neutron interactions, which exhibit

larger short integrals due to the slower decay, whereas the lower plume corresponds

to gamma ray interactions, characterised by smaller short integrals due to their

faster decay rates.

These histograms are used to quantify the separation between the two types of

pulses, providing a measure of how e�ectively the detector discriminates between

neutron and gamma ray interactions.

The overall PSD performance of a detector can be quanti�ed using a metric called

the Figure of Merit (FoM). This is de�ned as the distance between the two plumes

(S) in a speci�c energy range when �tted with a Gaussian function, divided by the

sum of the full-widths at half-maximum (FWHM) of the PSD plumes (Winyard,

Lutkin, and McBeth, 1971). The formula for the FoM is given by Equation 2.22.

FoM =
S

FWHM 
 + FWHM neutron
(2.22)
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Typically, a high FoM is considered a good indicator of how well a scintilla-

tor distinguishes between neutrons and gamma rays, suggesting improved PSD

performance. A FoM value of 1.27 is considered to correspond to a good level

of signal separation (N. Zaitseva, Rupert, et al., 2012). However, the FoM can

sometimes be misleading because it assumes that the two bands have a Gaussian

shape along the PSD axis, which is not always the case. This assumption becomes

particularly problematic in the presence of pulse pile-up, where two pulses arrive

nearly simultaneously. In such cases, the FoM may not fully re
ect the gamma-

rejection capability of the detector, de�ned as the fraction of gamma rays mistakenly

classi�ed as neutrons when only gamma rays are present (Langeveld et al., 2017).

Parameters can be optimised to improve performance. In the case of the CCM, the

short integral can be changed for optimisation.

Although signals from organic scintillators are typically very fast, there are

circumstances where a detector must operate in a high-
ux environment. The

random nature of radiation means that pulses can arrive simultaneously, leading

to an overestimation of the energy of the second event. Furthermore, in such cases,

the discrimination technique may fail to identify either pulse, leading to discarded

data.

The CCM can be susceptible to pulse pile-up, a phenomenon where two or more

pulses overlap or "pile up" within a short time interval. This results in reduced

detection rates and spurious pulse assignments. Pile-up recovery is possible but

often requires extension processing and can be time-consuming. Pulse pile-up leads

to signal overlap, where the detector cannot distinguish between pulses, resulting in

inaccurate or missing data. This can distort measurements, reduce resolution, and

even lead to the loss of data.

2.5.2 Pulse Gradient Analysis (PGA)

Pulse Gradient Analysis (PGA) involves sampling the peak amplitude of a pulse

and comparing it to the amplitude of a sample taken at a de�ned time interval

58



2.5. Pulse Shape Analysis

after the peak, referred to as the discrimination amplitude. The selection of this

discrimination amplitude depends on the characteristics of the scintillator and the

photomultiplier tube (PMT) used (D'Mellow et al., 2007; Aspinall, D'Mellow,

Mackin, M. J. Joyce, Hawkes, et al., 2007). Signal separation is achieved by

recognising that neutron pulses exhibit a shallower gradient compared to gamma

ray pulses.

PGA is computationally simple, enabling early discrimination between neutrons

and gamma rays, and providing some immunity to pulse pile-up. It is a fast

discrimination method since it responds to features early in the pulse's lifetime,

making it less prone to the e�ects of pulse pile-up. This method requires

experimentation to determine the optimal time interval between the peak and the

discrimination amplitude. Using a discrimination amplitude closer to the peak has

the potential to improve pile-up rejection, as all the necessary information for PSD

is typically captured by this point in the pulse.

2.5.3 Neutron/Gamma Model Analysis

Until relatively recently, detailed studies of the fast pulses arising from neutron and

gamma-ray interactions in liquid and plastic scintillators were not feasible. The

development of high-speed digital electronics has since enabled the acquisition of

large numbers of pulses with nanosecond-level timing precision (Hawkes and Taylor,

2013). The resulting pulse shapes, as a function of time, depend on both the type

of interacting particle and the location of the interaction within the scintillator.

Scintillation light pulses can be characterised by their rising edge and multiple

decay time constants, which are related to the scintillation mechanism following the

initial particle interaction. Additional time constants may be convolved with the

light pulse to model the complex processes that distort the signal as it travels from

the scintillator to the digital processing electronics.

The �tting of theoretical functions to measured pulse shapes provides quan-

titative insight into the processes occurring within the scintillator, allowing the
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extraction of key parameters such as decay time constants. Traditionally, pulse

shapes have been modelled using exponential functions, with the widely accepted

two-lifetime description for pulse shape formation in organic scintillators (Knoll,

2000). Exponential-based pulse shape functions have been used by Marrone et al.

(Marrone et al., 2002) and Aspinall et al. (Aspinall, D'Mellow, Mackin, M. J. Joyce,

Jarrah, et al., 2007) to model measured pulse shapes from neutron and gamma-ray

interactions in liquid scintillators, using Marrone's six-parameter model. While this

approach provides a reasonable overall description of the measured pulses, it does

not accurately reproduce the rising edge.

Theoretical �ts based on a combination of exponential and Gaussian functions

have been used to model measured pulses collected from an EJ-299-33 plastic

scintillator. Unlike previous studies, the signal transmission function | which

accounts for the e�ects of photodetector and read-out electronics | was described

using a Gaussian function. Convolution of this with the exponential function

representing the light pulse produced by an ExGaussian function, which was then

applied to average neutron and gamma-ray pulse shapes.

While this approach accurately reproduced the rising edge, it failed to match the

measured pulse shape at longer times. The authors speculated that this discrepancy

could be due to the plastic scintillator containing multiple chemical components and

the energy transfer between them, suggesting that a third time constant may be

required to account for this (Hawkes and Taylor, 2013). Today, many PSD-capable

plastic scintillators, including EJ-276, are typically characterised using three-decay

time constants to account for the key 
uorescent components (Eljen-Technology,

2017), with some studies including a fourth component (Grodzicka-Kobylka et al.,

2020; Boxer et al., 2023) to describe an additional, long-lived slow component.

2.5.4 Frequency Gradient Analysis (FGA)

Frequency Gradient Analysis (FGA) exploits the di�erence in neutron and gamma-

ray pulse shapes in the frequency domain. This approach uses a Fourier Transform
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to analyse the frequencies that contribute to the waveform. The Fourier transform

decomposes the time-based signal into a Fourier series, revealing the frequencies

responsible for the waveform. These frequencies can then be used to characterise

the signal. Since pulses are continuous signals rather than periodic, a Discrete

Fourier Transform (DFT) is required.

FGA focuses on analysing the frequency content of pulse signals and how their

spectral characteristics change over time. The idea behind this method is that the

frequency content of the scintillation pulse varies depending on the type of radiation.

In FGA, a scintillation output pulse is obtained, and the temporal pulse is

converted into the frequency domain using a Fourier Transform, often a Fast Fourier

Transform (FFT). This process converts the time-domain pulse into its frequency

components, providing insight into how the signal's power is distributed across

di�erent frequencies.

To transform the pulse into the frequency domain, a frequency transform such

as the Discrete Fourier Transform (DFT) is used. The DFT is often preferred due

to its lower computational overhead. Pulse Shape Discrimination (PSD) in FGA

is achieved by analysing the di�erence between the zero frequency and the �rst

frequency component of the Fourier Transform, allowing the separation of neutron

and gamma-ray pulses based on their spectral characteristics.

2.6 Monte Carlo Simulations

Monte Carlo (MC) simulation packages are computational tools that apply Monte

Carlo methods to model and simulate complex systems characterised by randomness,

uncertainty, or probabilistic behaviour. These packages implement algorithms

that rely on repeated random sampling to approximate solutions to mathematical

problems that are otherwise intractable, or too complex to solve analytically.

MC simulations have broad applications across diverse �elds, including numerical

integration, modelling thermodynamic processes, simulating the behaviour of
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radiation detectors, and analysing the performance of complex optical systems.

MC simulation packages also play a crucial role in system design and performance

evaluation, especially when conducting physical experiments is impractical or

prohibitively expensive.

In optical modelling, MC simulations are widely used to analyse the behaviour of

light, including its re
ection, refraction, scattering, and transmission through various

media. Most optical simulation software, however, is primarily tailored for lens

design rather than for modelling scintillation light. Tools such as Zemax OpticStudio

typically employ ray-tracing techniques to simulate the transportation of light

within optical systems but often treat the light as a point source, neglecting the

physical processes involved in its generation. This simpli�cation makes such software

unsuitable for applications requiring a detailed understanding of scintillation light

production, which results from particle interactions in a scintillator.

For more comprehensive simulations that account for both the generation and

transportation of scintillation light, physics-based MC packages are often required.

These packages simulate the underlying physical interactions that result in the

production of scintillation light, enabling accurate modelling of light transport.

These capabilities are essential for applications in radiation detection, medical

imaging, and other �elds where light modelling is crucial.

Some widely recognised packages for such purposes include MCNP, FLUKA,

PENELOPE, SRIM, CompHEP, EGS, and Geant4. However, many of these

packages are primarily tailored for high-energy particle physics applications, which

can make them less suitable for low-energy simulations. At high energies, certain

processes such as molecular interactions, may be negligible, but these interactions

become signi�cant at lower energies. Among these, Geant4 and MCNP have

been shown to be capable of modelling both the generation and transportation of

scintillation light, and their speci�c features and applications are discussed in the

following sections.
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2.6.1 Monte Carlo N-Particle Transport

Monte Carlo N-Particle Transport (MCNP) is a radiation transport code developed

by Los Alamos National Laboratory (LANL) and written in the Fortran 90

programming language. MCNP is capable of simulating the transport of various

particle types over a wide energy range. Its applications span diverse �elds,

including medical physics, nuclear reactor design, nuclear decommissioning, high-

energy physics experiments, radiation safety and dosimetry, and radiation shielding.

Historically, MCNP has been paired with other Fortran-based tools, such as

PoliMi, to simulate optical processes. Extensions like MCNP-PoliMi and MCNP-

PHOTRACK have broadened the range and complexity of detector systems that

can be modelled. However, these extensions require signi�cant post-processing

and code coupling. For example, MCNP-PHOTRACK can evaluate the e�ects of

optical parameters on pulse shape discrimination (PSD). However, neither MCNP-

PoliMi nor MCNP-PHOTRACK can directly simulate PSD through time-resolved

production, transport, and detection of optical photons (Hartwig and Gumplinger,

2014).

The current version, MCNP6, integrates the capabilities of its predecessors,

MCNP5 and Monte Carlo N-Particle eXtended (MCNPX). MCNPX was developed

speci�cally for simulating particle interactions. By incorporating MCNPX features,

MCNP6 now supports optical photon interactions and transport, enabling more

comprehensive optical modelling. Validation studies have shown that MCNP6

produces results that align closely with experimental data, demonstrating its

reliability and versatility.

2.6.2 Geant4 (GEometry ANd Tracking)

Geant4 is an object-oriented C++ Monte Carlo toolkit designed to simulate the

passage of particles through matter, including detailed modelling of how various

types of radiation interact with di�erent materials (Allison, Amako, Apostolakis,

Araujo, et al., 2006).
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Developed by an international collaboration of scientists and organisations,

including the European Organisation for Nuclear Research (CERN), Geant4 serves

as the simulation framework of choice for high-energy physics experiments at the

Large Hadron Collider (LHC). Geant4 covers a wide variety of physics processes for

electromagnetic and hadronic physics, covering a large energy range from the eV to

the TeV scale.

Beyond high-energy physics, Geant4 has been widely adopted in �elds such as

nuclear physics, astrophysics, space engineering, and accelerator science. It has also

been used extensively by the medical physics community for radiation beam therapy,

microdosimetry, and radiation protection applications (Allison, Amako, Apostolakis,

Arce, et al., 2016).

In Geant4, particle transport is modelled as a series of discrete steps through

de�ned geometrical volumes, during which particles may undergo various physical

interactions. The interaction probabilities and path lengths are determined using

cross-sectional data derived from experimental measurements. These cross-sections

are sampled to compute both the distance a particle travels between interactions

and the likelihood of each interaction type. This approach allows Geant4 to provide

highly detailed and accurate simulations of particle-matter interactions.

2.6.2.1 Structure of Geant4

The construction of a simulation in Geant4 is performed by the user and is highly


exible. The object-oriented design and modular structure of the C++ code enables

the creation of a wide variety of physics libraries in the form of classes. To

customise a simulation, the user must select and extend speci�c classes based on

the requirements of the simulation. Customisation involves de�ning several key

classes, including three mandatory ones that are essential for any working Geant4

simulation.

The three mandatory classes are:

1. DetectorConstruction: Speci�es the geometric shape, material, and position
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of constructed volumes.

2. PhysicsList: De�nes the physics processes and particle interactions required

for the simulation.

3. PrimaryGeneratorAction: Sets up the initial particles and conditions for the

simulation.

Each of these classes will be detailed below. These classes represent the minimum

amount of information required to build a working simulation.

DetectorConstruction Class

The DetectorConstruction class is implemented by inheriting from the abstract

base class G4VUserDetectorConstruction. This class allows users to de�ne the

physical volumes and materials required for the simulation.

De�ning Geometry:

The geometry of the simulation is built using prede�ned shapes, such as boxes,

cylinders, and spheres, or more complex forms, including polygons and rotational

solids. These shapes can be combined to build more realistic geometries. One key

volume, often referred to as the `World' volume, is a unique physical volume that

fully contains all other volumes. The world volume de�nes the global coordinate

system, with its origin placed at the centre of the world volume. In this sense, the

world volume can be thought of as representing the entire experimental setup or

laboratory.

Assigning Materials:

Once the geometry is de�ned, users must assign materials to each solid. This can

be done in two ways:

1. Using the NIST Database: Geant4 includes a material database from the

National Institute of Standards and Technology (NIST) (National Institute
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of Standard and Technology (NIST), 2017). This database contains a broad

collection of prede�ned material properties, including elements, isotopes, and

chemical compounds.

2. De�ning Custom Materials: For maximum 
exibility, users have the option

of de�ning custom materials by specifying the precise composition of elements

or isotopes, along with their density, state (solid, liquid, or gas), pressure, and

temperature.

Sensitive Detectors:

Users can designate speci�c volumes as 'sensitive detectors' by associating them with

a custom class derived from the G4VSensitiveDetector class. Sensitive detectors

process information about particle interactions and Hits within these designated

volumes, enabling detailed tracking of simulation data. The information that can

be collected using sensitive detectors includes energy deposited, the position of

interaction, and timing information, among others.

For every sensitive detector, a Hit class is required, which is derived from the

G4VHit class. A Hit is an object in which any Step relevant information is stored.

For every Hit created it is added to a vector of hits called the HitsCollection.

DetectorMessenger Class

The DetectorMessenger class is a messenger class which links to the

DetectorConstruction class and allows users to de�ne commands that are executed

at runtime to modify various aspects of the simulation, such as detector geometries,

material properties, surface properties, and other key parameters based on the

simulation requirements. These commands can be issued via macro �les in batch

mode or through the Geant4 interactive command interface, enabling real-time

modi�cations and fast visualisation of the impact of parameter changes. This class

provides the 
exibility to test di�erent detector con�gurations without the need to

recompile the entire simulation, which can be time-consuming.

66



2.6. Monte Carlo Simulations

PhysicsList Class

The PhysicsList class is implemented by inheriting from the abstract base class

G4VPhysicsList. This class allows users to select and con�gure the physics list,

which is critical for de�ning how particles interact with the simulated geometries.

The physics list includes particle de�nitions and the various physics processes that

govern their interactions, such as electromagnetic, hadronic, optical, and decay

processes. Choosing the appropriate physics list is essential for ensuring the accuracy

of the simulation, as it directly in
uences how particles behave within the simulated

environment. Therefore, when choosing a physics list, it is important that the user

has a good general understanding of the physics required for the simulation as the

omission of relevant particles and/or physics interactions may lead to inaccurate

simulation results.

There is no default Physics List available in Geant4, however there are prede�ned

physics lists available.

PrimaryGeneratorAction Class

The PrimaryGeneratorAction class is implemented by inheriting from the abstract

base class G4VUserPrimaryGeneratorAction. This class is responsible for gener-

ating the primary particles used in the Geant4 simulation. Users can specify the

initial conditions, including parameters such as particle type, initial position, kinetic

energy or momentum, and momentum direction. This class allows the de�nition

of particle sources, which can range from a simple point source to more complex

spatial and energy distributions. Additionally, this is where polarisation can be set

for optical photons. There are two main particle generators used for generating

primary particles in Geant4. These are:

1. G4ParticleGun: A simple and straightforward method for de�ning and shoot-

ing particles with basic con�gurations. Users can specify input parameters

such as particle type, energy, position, and momentum direction. This method

is suitable for scenarios requiring a single particle source with �xed properties.
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2. G4GeneralParticleSource (GPS): A more 
exible and versatile method

designed for complex particle source con�gurations. GPS allows users to

de�ne the spectral, spatial, and angular distributions of primary particles.

It also supports the de�nition of multiple independent sources, enabling the

simulation of complex particle environments in a single run.

In addition to the mandatory classes required to construct a working simulation

in Geant4, an executable main program must be created. This program links the

necessary libraries and serves as the entry point for the simulation, similar to the

main function in a standard C++ program. In Geant4 examples, the main program

is typically named after the simulation. For instance, the main executable for the

OpNovice2 example is named OpNovice2.cc.

In Geant4, each simulation run begins with an instance of the G4Run class.

During a run, critical elements such as detector geometry, external electromagnetic

�elds, and other simulation parameters are locked in to ensure consistency. A G4Run

consists of one or more G4Event objects, each representing an individual event in

the simulation.

Each event starts with the GeneratePrimaries() method, implemented in the

PrimaryGeneratorAction class, which initialises primary particles with a vertex

position. These particles propagate through the simulation volumes based on the

de�ned geometries and �elds. During propagation, interactions with the medium

may produce secondary particles, which are subsequently tracked.

Particle tracking is managed by G4Track objects, which encapsulates a particle's

properties (e.g.: position, momentum, and energy). Each track is divided into

G4Step objects, representing the particle's motion between two points. These steps

record detailed information, including energy loss and position changes. Tracking

stops when the particle exits a volume, loses all its kinetic energy, decays, or meets

a user-de�ned condition for termination. While G4Track objects are transient,

G4Trajectory objects store track data for visualisation and analysis.

When a particle crosses boundaries between materials, steps are de�ned at the
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interface. Otherwise, step lengths are determined by the constraints from physics

processes, with the shortest allowable step dictating the size. If a process terminates

a particle or the step is below a threshold, the track is killed and the particle is no

longer tracked.

Geant4 provides action classes, which gives users control over various aspects of

the simulation. These include:

ˆ RunAction: Controls the start and end of the simulation.

ˆ EventAction: Operates on an event basis, often used to populate output data

�les.

ˆ SteppingAction: Manages processes at the smallest increments, enabling

detailed particle analysis.

The collection of output data is essential for extracting meaningful information

from the simulation. Geant4 de�nes scoring regions, which gather data from

particles or interactions. Data, referred to as `hits', can be collected through the

following methods:

ˆ Primitive Scorers: These record a single quantity per event, such as energy

deposition.

ˆ Sensitive Detectors: These use user-de�ned scorers and hit classes for multi-

quantity recording and in-simulation analysis. A G4SensitiveDetector, for

example, can represent a photomultiplier tube (PMT) and record data from a

speci�c volume.

2.6.3 Optical Physics Processes in Geant4

In Geant4, optical photons are treated as a distinct particle class, separate from

gamma photons. A photon is classi�ed as optical if its wavelength is signi�cantly

greater than the typical atomic spacing. Notably, there is no overlap or smooth
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transition between gamma and optical photons in Geant4; a gamma photon cannot

convert into an optical photon (Geant4 Collaboration, 2023).

When a charged particle loses energy in a scintillator, Geant4 generates the mean

number of scintillation photons hNscint i, which is typically sampled from a statistical

distribution. The mean number of photons is given by:

hNscint i = Y scint � E dep (2.23)

Here:

ˆ Yscint is the scintillation yield, representing the number of photons produced

per unit of energy deposited.

ˆ E dep is the energy deposited in the scintillator during the particle's interaction.

The actual number of scintillation photons Nscint is then sampled from a

statistical distribution. In Geant4, the distribution used to sample the actual

number of photons can be either Gaussian or Poisson. When hNscint i is smaller

than 10, the emitted photons are typically sampled from a Poisson distribution with

a mean of hNscint i. For larger values of hNscint i, a Gaussian distribution is often used

as an approximation (Riggi et al., 2010).

Optical photons undergo various interactions, including re
ection and refraction

at medium boundaries, bulk absorption, Mie and Rayleigh scattering. These

interactions are essential for accurately simulating the behaviour of optical photons

in di�erent materials and at medium boundaries. In Geant4, optical photons are

generated through several processes, including scintillation, Cerenkov radiation, and

wavelength shifting (WLS).

When optical physics processes are included in a Geant4 simulation, it is

necessary to de�ne the optical properties of the materials. For each material, a

refractive index spectrum and an absorption length spectrum must be speci�ed,

where absorption length is de�ned as the characteristic distance in a material over
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which light intensity decreases to 1=e (approximately 37%) of its original value,

purely due to absorption processes.

For special optical materials, such as scintillators and wavelength-shifting

materials, additional parameters for full characterisation are required, including

emission spectra, rise times, and decay times. These parameters are typically not

needed for other materials. Additionally, surface properties such as re
ectivity can

be assigned to optical interfaces between volumes to accurately model boundary

interactions.

There are several important steps involved in simulating optical photons in

Geant4. These are outlined below (Geant4 Collaboration, 2023):

1. Optical photons and their interaction processes must be speci�ed

and con�gured:

This is achieved by including the G4OpticalPhysics class in a custom physics

list or directly in the main() application. The G4OpticalPhysics class provides

prede�ned optical processes, including Cerenkov radiation, scintillation, bulk

absorption, and boundary processes (such as re
ection and refraction). By default,

it includes all necessary optical physics processes and o�ers a standard con�guration

suitable for most applications involving optical photons.

Users can customise simulations by activating or deactivating speci�c processes.

The con�guration is managed through the G4OpticalParameters class and can be

accessed or modi�ed using the G4OpticalParametersMessenger class. For example,

individual processes such as Cerenkov radiation or scintillation can be enabled or

disabled via process-speci�c commands, which can be incorporated into macro �les

or invoked via C++ methods. By default, all the processes are activated.

2. Optical properties need to be assigned to the relevant materials

and surfaces:

To implement optical physics processes in Geant4, optical properties must be

assigned to the appropriate materials and surfaces. These properties are stored in a
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G4MaterialPropertiesTable, which is linked to the corresponding G4Material or

G4OpticalSurface. Optical properties can either be constant across photon energies

or vary as a function of photon energy, depending on the simulation requirements.

3. If an optical photon is a primary particle, its polarisation must be

set:

When an optical photon is used as a primary particle in Geant4, its polarisation

must be explicitly set by the user to ensure accurate simulation. Speci�cally, the

linear polarisation of primary optical photons must be de�ned by the user. This can

be done in various ways: within the user's PrimaryGeneratorAction class, through

user interface commands, or by using macro commands with the G4ParticleGun or

G4GeneralParticleSource (GPS) methods.

For non-primary optical photons, polarisation is handled automatically. This

includes optical photons generated as secondaries through processes such as

scintillation and Cerenkov radiation.

2.6.4 Interactions at Medium Boundaries

In Geant4, volumes can be assigned optical surfaces to de�ne the behaviour of optical

photons at their boundaries. When an optical photon interacts with such a surface, it

can undergo refraction, re
ection, and absorption. The speci�c interaction depends

on the optical properties assigned to the surface.

Optical boundaries can occur between two dielectric materials or between a

dielectric material and a metal. The behaviour of a photon at a medium boundary

depends on the nature of the materials that form the boundary. At a dielectric-metal

interface, such as that between a scintillator and a photocathode, the photon can

either be re
ected back into the dielectric or absorbed by the metal. If absorbed,

the photon may be detected, depending on the photoelectron e�ciency of the metal.

Conversely, at a dielectric-dielectric interface, such as between a scintillator and the

surrounding air, the photon can be absorbed, re
ected, or refracted.

72



2.6. Monte Carlo Simulations

In Geant4, there are three primary methods for de�ning an optical surface. The

method chosen by the user is dependent on the requirements of the simulation.

These methods can be categorised as follows: simple case, skin surface, and border

surface. Each is summarised below (Geant4 Collaboration, 2023).

1. Simple Case: For a perfectly smooth interface between two dielectric

materials, the optical surface can be de�ned using the refractive indices of

the two materials. These refractive indices are stored in the corresponding

G4MaterialPropertiesTable of the materials. This approach is straightforward

and suitable for simulations where a smooth boundary with minimal complexity is

required.

2. Skin Surface: A skin surface applies to all external faces of a single

logical volume, e�ectively creating a virtual wrapping around it. This method

is particularly useful for simulating scenarios where a scintillator is wrapped in

materials such as Te
on, aluminium foil, or other re
ective materials. It is

especially advantageous when the entire outer surface of the volume requires uniform

treatment, as it simpli�es the implementation. However, a limitation of this

approach is that the skin surface must exhibit the same optical properties across

all sides of the enclosed volume, which may restrict its applicability in cases where

non-uniform surface properties are required.

3. Border Surface: A border surface is de�ned speci�cally at the interface

between two physically adjacent volumes, each with its own refractive index.

It is speci�ed by de�ning an ordered pair of physical volumes that share the

boundary. The ordering allows di�erent optical properties to be assigned for photons

approaching the interface from opposite directions. This method enables precise

modelling of optical properties speci�c to the boundary between volumes. For

instance, a border surface can be used to simulate a scintillator enclosed within

a re
ective housing.
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2.6.4.1 Surface Models

Geant4 provides several models to simulate the interaction of optical photons with

surfaces, determining how photons are re
ected, refracted, or scattered. As of

Geant4 version 11.3, the available models are: GLISUR, UNIFIED, LUT, and LUT-

DAVIS.

The GLISUR Model

The GLISUR model, inherited from Geant3, is the original optical surface model in

Geant4. While it shares some features with the more advanced UNIFIED model,

it o�ers fewer options for surface �nishes and re
ection mechanisms. If no optical

surface model is speci�ed by the user, Geant4 defaults to the GLISUR model with a

polished surface �nish, unless a di�erent surface model or �nish is explicitly de�ned.

For dielectric-metal interfaces, or when the GLISUR model is explicitly chosen,

only two surface �nish options are available: polished and ground. The surface

�nish determines the re
ection characteristics and is related to surface roughness.

A polished surface corresponds to a smooth, mirror-like �nish, resulting in specular-

dominated re
ection, whereas a ground surface represents a rougher surface, leading

to a mixture of specular and di�use re
ections.

The GLISUR model also includes a polish parameter that quanti�es surface

roughness. This parameter ranges from 0 to 1, with 1 indicating a perfectly polished

surface, and lower values corresponding to increasing roughness.

In the GLISUR model, the surface is represented as a collection of microfacets.

These are small, microscopic features that describe surface roughness. Even surfaces

that appear smooth on a macroscopic scale typically have microscopic roughness.

Therefore, the surface can be thought of as consisting of microfacets oriented at

di�erent angles. These microfacets contribute to complex scattering and re
ection

behaviour.

When a photon undergoes re
ection, a microfacet is randomly selected from a

distribution of these microfacets. The roughness is described by these microfacets,

74



2.6. Monte Carlo Simulations

which in
uence the direction of the re
ected or refracted photons. The microfacet

normal is calculated as the sum of two vectors: the average surface normal and a

second vector that is randomly selected from a sphere of radius (1- polish), where

the value of polish is less than 1. This second vector is added to the �rst, resulting

in the orientation of the microfacet.

The UNIFIED Model

The UNIFIED model was initially developed for simulating re
ectors and surface

�nishes for scintillators (Levin and Moisan, 1996).

It is a more detailed and versatile model compared to the GLISUR model,

supporting a broader range of re
ection types and o�ering additional options for

surface �nishes. This model provides greater control over the optical behaviour

of a surface by incorporating parameters such as surface roughness and re
ection

probabilities. Users can specify the type of surface interface, surface �nish, and

associated re
ection probabilities. Like the GLISUR model, the UNIFIED model is

based on a distribution of microfacet orientations. The standard deviation of the

microfacet orientation distribution that de�nes the macro-surface is represented by

a surface roughness parameter, �� , for ground surface types. Depending on the

selected �nish type, the model uses either a global normal or an average microfacet

normal for re
ection calculations.

The model allows for the de�nition of the interface between two dielectric

materials using the following surface �nish options:

ˆ polished

ˆ ground

ˆ polishedbackpainted

ˆ groundbackpainted

ˆ polishedfrontpainted
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ˆ groundfrontpainted

For the interface between a dielectric and a metal, the available �nish types are

polished and ground. The physical processes occurring at the surface depend on

the chosen surface �nish.

The UNIFIED model also supports the modelling of wrapped surfaces that

include an air gap between the wrapping material and the scintillator. These surfaces

are referred to as backpainted.

The UNIFIED model o�ers four types of surface re
ections, with the individual

probabilities of each re
ection type able to be set by the user. These probabilities

must sum to 100% of the re
ected light. If the user selects a specular lobe re
ection

type, the surface distribution parameter, �� , must be speci�ed. The four re
ection

types are:

1. Specular Spike: This type describes the probability of re
ection around the

average surface normal. The re
ected photon behaves similarly to one re
ected from

a perfect mirror, being re
ected symmetrically around the average surface normal.

This results in a sharp re
ection `spike' with little to no scattering, with most light

being re
ected in a very narrow cone around the normal.

2. Specular Lobe: This re
ection type models the probability of re
ection

based on the orientation of the surface microfacets. The microfacets are distributed

according to a Gaussian distribution centred around the average surface normal.

This results in a broader re
ection peak compared to the specular spike, with light

scattered around the microfacet normal rather than around the average surface

normal.

3. Di�use Lobe: This re
ection type models di�use re
ection according to

the Lambertian law. In this model, the probability of a photon being re
ected

is proportional to the cosine of the angle �, between the surface normal and the

direction of the incoming photon. This type of re
ection is isotropic within the
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hemisphere above the surface, meaning light is scattering uniformly in all directions.

4. Backscatter: This describes a scenario where a photon undergoes multiple

re
ections within deep microfacet grooves, ultimately being re
ected back in the

direction from which it came.

Each surface �nish type corresponds to a speci�c set of re
ection mechanisms,

as outlined below:

ˆ polished: Fresnel re
ection, total internal re
ection, and refraction.

ˆ polishedbackpainted: Specular lobe re
ection, specular spike re
ection,

backscatter, di�use re
ection, refraction, and absorption.

ˆ polishedfrontpainted: Specular lobe re
ection, spike re
ection, backscat-

ter, di�use re
ection, and absorption.

ˆ ground: Specular lobe re
ection, specular spike re
ection, backscatter, di�use

re
ection, and refraction.

ˆ groundbackpainted: Specular lobe, specular spike, backscatter, di�use

re
ection, refraction, and absorption.

ˆ groundfrontpainted: Di�use lobe and absorption.

Further details on the re
ection mechanisms available for di�erent combinations

of surface and �nish types for the UNIFIED model is shown in Figure 2.4.

LUT and LUT-DAVIS Models

One key issue with the models previously described, particularly the UNIFIED

model, is their heavy reliance on the estimation of several parameters, which can

be challenging to even experienced Geant4 users. Notably, the UNIFIED model

assumes that the four re
ection-type probabilities are constant, irrespective of the

incidence angle of the light. However, this assumption does not fully agree with
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Figure 2.4: UNIFIED Model. Reproduced from Geant4 Collaboration, 2023
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experimental data. Additionally, the value of the sigma alpha parameter, which is

important for the UNIFIED model, is di�cult for most users to estimate, even when

they have a method to measure it (Janecek and Moses, 2010).

Look-Up Tables (LUTs) o�er a potentially more accurate approach to modelling

a variety of optical surfaces in Geant4, as they utilise experimentally measured

data. Janecek and Moses (Janecek and Moses, 2010) incorporated experimental

measurements of angular re
ectivity distributions within BGO scintillator crystals,

considering various surface treatments and re
ector materials. By combining

di�erent surface conditions (e.g.: rough-cut or chemically etched surfaces) and

re
ector materials (e.g.: Te
on or ESR �lm), LUTs allow for the modelling of more

complex surfaces and has been integrated into the Geant4 framework.

An alternative approach that also incorporates experimental data for surface

modelling in Geant4 is the LUT-DAVIS model. This model is based on 3D surface

re
ectance measurements using atomic force microscopy (AFM) (Roncali and

Simon R Cherry, 2013; Roncali, Stockho�, and Simon R. Cherry, 2017; Stockho�

et al., 2017). The team scanned both polished and unpolished crystal surfaces and

calculated the angular distributions of re
ected photons for various incidence angles.

The model accommodates di�erent surface �nishes | rough and polished | while

the degree of roughness is determined experimentally. Additionally, coupling agents,

such as air and optical grease, can be modelled.
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Methodology

This chapter outlines the simulation tools and analytical methods employed in this

research. First, a detailed overview of the Geant4 simulation setup is provided,

highlighting the key components that remain consistent across all simulation studies

presented in this thesis, including the input parameters used for modelling the EJ-

276 plastic scintillator. Next, the speci�c con�gurations for each simulation study

are described, along with the methods and techniques used for data collection and

analysis.

3.1 Simulation Setup

The Monte Carlo toolkit Geant4 (version 11.2) was used for all simulations presented

in this thesis. The physics list employed in these simulations consisted of the

QGSP BIC HP EMZ reference list (Geant4 Collaboration, n.d.), along with with

the G4OpticalPhysics class, which is essential for modelling the production and

transport of scintillation photons. The default production cut of 1 mm was applied.

The QGSP BIC HP EMZ list is a prede�ned, validated physics list distributed

with Geant4. It is based on the QGSPBIC list for hadronic interactions but includes

High Precision (HP) neutron models for neutron energies below 20 MeV, the energy

range relevant for this work. These HP models use evaluated cross-section data from
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the G4NDL library, which is based on nuclear data from JEFF-3.3, to accurately

simulate neutron elastic scattering, inelastic scattering, and capture reactions (NEA

Nuclear Data Services, 2022). Additionally, the EMZ component incorporates

G4EmStandardPhysicsoption4, providing the most precise electromagnetic physics

models currently available in Geant4.

Geant4 simulations were conducted to investigate the in
uence of key detector

parameters on the neutron- and gamma-induced pulse shapes generated in an EJ-

276 pulse shape discrimination (PSD)-capable plastic scintillator. The simulation

geometry was implemented in the DetectorConstruction class, in which three

distinct volumes were de�ned.

1. The World volume.

2. The EJ-276 plastic scintillator.

3. The photodetector.

The scintillator and photodetector were constructed and positioned within

the World volume. For modularity and clarity, material properties | including

optical properties and associated material property tables | were managed in

a separate, custom Materials class, rather than being directly de�ned within

DetectorConstruction. This approach separates material de�nitions from the

construction and placement of the detector volumes, enhancing modularity and

clarity in the simulation setup.

The three constructed volumes in Geant4 are shown in Figure 3.1, while a

redrawn version focusing on the EJ-276 scintillator and photodetector is shown in

Figure 3.2, highlighting the volumes and axes.

The World volume was de�ned with air as the constituent material. This material

was sourced from the NIST database, which provides accurate material properties,

including density and refractive index, without requiring the user to explicitly specify

them (Geant4 Collaboration, 2023). The use of air for the World volume is typical
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Figure 3.1: A cuboid volume of a 10 cm3 EJ-276 plastic scintillator, with the

photodetector shown in solid red and coupled by air to one side of the scintillator

volume. Both the scintillator and the photodetector are placed inside the world

volume, often referred to as the 'mother' volume.
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Figure 3.2: Redrawn cuboid volume of a 10 cm3 EJ-276 plastic scintillator, showing

the photodetector in solid red. This �gure highlights the axes and dimensions of the

scintillator and photodetector volumes and is redrawn from Figure 3.1

.
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in simulations where the surrounding environment is assumed to be empty or non-

interacting.

Table 3.1: Material properties of EJ-276 plastic scintillator used as input to the

EJ-276 G4MaterialPropertiesTable.

Material Property EJ-276

Scintillation Yield 8600/MeV

H atoms per cm3 (�10 22) 4.53

C atoms per cm3 (�10 22) 4.89

Density 1.096 g/cm3

3.1.1 EJ-276 Plastic Scintillator

EJ-276 is a PSD-capable plastic scintillator developed by Eljen Technologies,

composed primarily of hydrogen and carbon.

Figure 3.3 shows experimentally measured time-dependent EJ-276 pulses, il-

lustrating the characteristic pulse shapes resulting from neutron and gamma

interactions in the detector using an Americium-Beryllium (AmBe) source. The

�gure presents the average neutron- and gamma-induced pulses after photodetection

with a silicon photomultiplier (SiPM) and subsequent signal processing. These

pulses therefore re
ect the combined e�ects of scintillation light emission, the

photodetector response, electronic noise, and serve as an example of the typical

experimental pulse shapes produced by EJ-276.

As stated in Section 2.5.1, when PSD is performed using the Charge Comparison

Method (CCM), the result is a two-dimensional histogram in which the PSD

parameter (Qlong =Qshort ) is plotted against energy. An example of such a histogram

for experimental measurements with EJ-276 is shown in Figure 3.4 (Boxer et al.,

2023).
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Figure 3.3: Average measured neutron and gamma pulse shapes in EJ-276

corresponding to a 100 keVee interaction, obtained using an AmBe source. Image

reproduced from (Boxer et al., 2023).
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Figure 3.4: Pulse shape discrimination (PSD) values as a function of electron-

equivalent energy for events above 90 keVee in EJ-276 using an AmBe mixed source.

Image reproduced from (Boxer et al., 2023).

The EJ-276 scintillator material was constructed in a custom Materials class,

based on the constituent elements and properties provided in the Eljen Technologies

data sheet (Eljen-Technology, 2017), reproduced in Appendix 9.1. Portions of the

implementation were adapted from (Hubbard, Paul J Sellin, and Lotay, 2020)

to construct both the EJ-276 material and its optical properties. The resulting

parameters are summarised in Table 3.1, with the full EJ-276 material de�nition

given in Appendix 9.2.

The optical properties used for all Geant4 simulations with EJ-276 are listed

in Table 3.2. Instead of adopting the gamma and neutron decay time constants

provided by the manufacturer, the simulations employed experimentally determined

values reported by Iwanowska-Hanke et al., 2014 for EJ-299-34 | the predecessor

to EJ-276. These values include relative intensity data for each decay component,

enabling more accurate pulse shape modelling within the simulation framework.

The EJ-276 emission spectrum is shown in Figure 3.5. Wavelengths were

converted to photon energy (eV) as required by Geant4 (Erik Dietz-Laursonn,

2016), and tabulated along with along with corresponding light outputs in the

G4MaterialPropertiesTable.
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Table 3.2: Optical properties of EJ-276 plastic scintillator used in the EJ-276

G4MaterialPropertiesTable.

Optical Property EJ-276

Scintillation Yield 8600/MeV

Refractive Index 1.58

Absorption Length 3.8 m

Rise Time 0.9 ns

Birk's Constant 0.126 mm/MeV

Decay Time Constants (gamma excitation) 4.3 ns, 18 ns, 140 ns

Relative Intensity (gamma) 74%, 14%, 12%

Decay Time Constants (neutron excitation) 4.5 ns, 20 ns, 170 ns

Relative Intensity (neutron) 58%, 18%, 24%

Figure 3.5: Emission spectrum for EJ-276 plastic scintillator.
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Certain optical properties | speci�cally the refractive index, bulk absorption

length, and rise time | were unavailable from the Eljen Technologies data sheet or

published literature and rise time is deactivated by default in Geant4. Consequently,

values were sourced from the EJ-200 plastic scintillator data sheet (Eljen Technology,

2023), owing to its compositional similarity to EJ-276. It should be noted that,

while EJ-200 does not exhibit PSD capabilities, its bulk absorption properties

were considered su�ciently comparable for this purpose. To account for quenching

e�ects, Birk's Constant was set to 0:127 mm=MeV a standard value used for plastic

scintillators (Torrisi, 2000).

The absorption length is the mean free path for absorption: the average distance

an optical photon will travel before being absorbed in the material. Absorption

length is wavelength dependent and therefore in Geant4 it is de�ned as dependent

on the emission spectrum of the scintillator.

Both the EJ-276 scintillator and the photodetector volumes were designated

as G4SensitiveDetector's within the DetectorConstruction class to record hits

and collect relevant data. Sensitive detectors were preferred over primitive scorers

as they allow multiple quantities | such as time and energy | to be recorded for

each event. The photodetector was modelled as a simple detecting region composed

of borosilicate glass, a material commonly used in photomultiplier tube (PMT)

windows (Knoll, 2000).

For all simulations, the G4GeneralParticleSource (GPS) was employed as

the primary particle generator. GPS was chosen over G4ParticleGun because it

enables the modelling of complex particle sources, providing greater 
exibility over

parameters such as particle type, energy, and position. The particle source (1 MeV

neutrons or gamma-rays) was located at co-ordinates X = 0 mm, Y = 25 mm, and

Z = 0 mm for all Geant4 simulations.

A Random Number Generator (RNG) was implemented in the simulation's

main() program and seeded with a unique value each time the simulation was

run. The RanecuEngine, a pseudo-random number generator, was selected for this
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purpose. Seeding was based on the system time, ensuring the random number

sequence di�ered between simulation runs. This variability was essential, as it

prevented simulations from producing identical results in di�erent runs, thereby

avoiding determinism and enabling a more accurate statistical representation of the

stochastic processes involved in photon production and transport.

Detector hits were handled by custom sensitive detector classes. Data collected

were stored in histograms for immediate visualisation and analysis using the built-in

ROOT interface via the G4AnalysisManager class (Brun and Rademakers, 1997). In

parallel, data were saved as ASCII �les to ensure maximum 
exibility in subsequent

data analysis using MATLAB. A custom Analysis class managed data collection

and processing, with the G4AnalysisManager used for histogramming and �le

output at the end of each event.

Throughout this thesis, the term \Gaussian-like" is used to describe the shapes

of certain simulated neutron- and gamma-induced pulses. For clarity, this refers

to the overall shape of the pulses, which visually resemble a Gaussian distribution,

without implying a strict analytical or mathematical Gaussian �t.

3.2 Scintillator Geometry and Length

Geant4 simulations were performed to investigate how variations in the geometrical

shape and length of an EJ-276 plastic scintillation detector a�ect the neutron- and

gamma-induced pulse shapes. Three geometries were considered | cuboid, cylinder,

and slab | as these are commonly employed in plastic scintillator designs. These

simulated geometries are shown in Figure 3.6.

In all simulations, two dimensions were held constant while the length along the

Z-axis was systematically varied. For each geometry, the photodetector face was

matched to the corresponding scintillator face to ensure consistent optical coupling.

Scintillator lengths of 50 mm, 100 mm, 200 mm, 400 mm, 1000 mm, and 2000 mm

were simulated, with 1000 events generated for each particle type.
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Figure 3.6: From left to right, cuboid, cylinder, and slab geometries, with the

photodetector highlighted in red.

Photon arrival times at the photodetector surface were recorded using the

GlobalTime() method of the photodetector's sensitive detector class, which registers

the time at which each photon reaches the photodetector relative to the start of the

event. This distribution represents the resulting light pulses after scintillation and

optical photon transport through the detector volume.

Simulations were executed in batch mode using a custom macro �le, enabling

systematic variation of scintillator length while collecting data in both histogram and

ASCII formats. The recorded times incorporate the intrinsic scintillation emission

time, governed by the scintillator's decay time constants, as well as the optical

photon transit time through the scintillator. No additional timing corrections were

applied.

To simplify the simulations and ensure that only a single variable was altered per

run, an isotropic 1 MeV point source of either neutrons or gamma rays was used.

This energy was selected because it is characteristic of emissions from radioactive

sources and nuclear reactions involving gamma and neutron radiation. Separate

simulation runs were conducted for each particle type. A binning resolution of 0.5

nanoseconds (ns) was employed to capture subtle di�erences in pulse shapes between

gamma rays and neutrons, as well as variations arising from changes in scintillator

geometry.

No explicit optical surfaces were de�ned in these simulations to isolate the e�ects
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of geometrical shape and length on neutron- and gamma-induced pulse shapes.

Re
ective coatings and wrapping, which are known to in
uence scintillation pulse

characteristics, were deliberately excluded at this stage. In the absence of explicitly

de�ned optical surfaces, Geant4 defaults to a perfectly polished surface with a

dielectric dielectric interface. Under this con�guration, optical photon interactions

| such as re
ection and refraction | are governed solely by Snell's Law and the

Fresnel equations, which depend on the refractive indices of the adjacent materials.

Surface roughness, boundary absorption, and di�use scattering are not considered

unless explicitly modelled (Khodaei et al., 2023).

Consequently, absorption at medium boundaries does not occur, and pho-

tons propagate through materials until they are absorbed in the bulk (as de-

�ned by the material's attenuation length via the ABSLENGTH property in the

G4MaterialPropertiesTable) or reach a G4SensitiveDetector. Only specular

(mirror-like) re
ection is possible under the default model. The Fresnel equations

determine the probability of re
ection versus transmission at an interface, based

on the angle of incidence and the refractive indices of the two materials. Without

the explicit speci�cation of an optical surface in Geant4, phenomena such as di�use

re
ection, boundary absorption, or micro-facet scattering, cannot occur.

To perform pulse shape discrimination (PSD) on the simulated data, a large

number of pulses needed to be generated for each particle type. Due to the

computationally intensive nature of optical photon generation and transport in

Geant4, the High-End Computing Cluster (HEC) at Lancaster University was

utilised (Mike Pacey, 2023). A total of 1000 pulses were generated for each particle

type, balancing the need for statistical robustness with the computational resources

available.

The simulated data were collected in ASCII format and subsequently combined

and analysed using a bespoke MATLAB script to produce gamma/neutron pulse

shape plots. In these plots, the X-axis represents the photon arrival time in

nanoseconds, while the Y -axis shows the amplitude, corresponding to the photon
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count per time bin.

For each geometry and scintillator length, the gamma and neutron pulse data

were �rst summed to average out random 
uctuations and then normalised using

MATLAB's normalize(..., 'range') function. This process linearly scaled each

pulse shape to the range [0,1], ensuring that all pulses shared a common amplitude

scale and could be directly compared in shape. The normalisation preserved key

temporal characteristics | such as the rise time, decay times, and peak position |

that are crucial for e�ective pulse shape discrimination (PSD). Consequently, this

approach allowed for a shape-based comparison independent of amplitude, which

naturally varies between neutron and gamma-ray interactions due to their di�ering

interaction mechanisms within the scintillator material. Additionally, all pulses were

aligned by their respective peak positions to facilitate direct temporal comparison.

The bespoke MATLAB script was used to sum individual pulses, but also to

apply the Charge Comparison Method (CCM) for pulse shape discrimination (PSD)

using the simulated pulses. Numerical integration was performed using MATLAB's

trapz function, which calculates integrals based on the trapezoid rule. This method

approximates the area under a curve by dividing it into trapezoidal segments and

summing their areas.

The long integral was de�ned as the total area under the normalised pulse,

representing the full integral of the summed simulated pulse.

The short integral value was selected based on the time point at which the

di�erence between the normalised neutron and gamma pulses was greatest | that

is, where the separation between the two pulse shapes was largest, with the neutron

pulse exceeding the gamma pulse. This was determined using the summed, noise-

free, normalised pulses obtained from the HEC.

To identify the optimal short integral point, a point-by-point di�erence was

computed between the normalised summed gamma and neutron pulses. A negative

value in this di�erence indicates that the neutron pulse is larger than the gamma

at that moment in time. The �rst minimum of this di�erence curve | where the
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Figure 3.7: Di�erence curve used to determine optimal short integral values. In this

case, for the 50 mm slab scintillator.

neutron pulse is most dominant relative to the gamma | was selected as the short

integral for pulse shape discrimination (PSD) calculations. An example of this

di�erence curve is shown in Figure 3.7.

3.3 Optical Surfaces

To evaluate the impact of di�erent optical surface types , wrappings, and �nishes

on the neutron- and gamma-induced light pulse shapes from an EJ-276 plastic

scintillation detector, and to assess the subsequent pulse shape discrimination

(PSD) performance, a series of simulations were performed using Geant4. In these

simulations, various G4OpticalSurface properties were applied to the scintillator

volume, while all other parameters were held constant. The surfaces modelled were

chosen to replicate re
ectors and surface �nishes commonly used in scintillation

detectors.

The re
ector materials simulated were: Te
on, EJ-510 re
ective paint, Alu-

minium foil, and Enhanced Specular Re
ector (ESR) �lm. The UNIFIED surface

model was employed for all surfaces, with the surface type set as G4SkinSurface,

which is typically used to model volumes coated or wrapped with a re
ector material.

For Te
on, two di�erent surface �nishes were explored: groundbackpainted and
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polishedbackpainted. In the groundbackpainted con�guration, the scintil-

lator surface is rough, resulting in predominantly di�use re
ections, while the

polishedbackpaintedcon�guration assumes a smooth surface, leading to more

specular re
ections.

The speci�c simulation parameters applied to each re
ector type are summarised

in Table 3.3. When backpainted surfaces are de�ned using the UNIFIED model

in Geant4, the simulation implicitly assumes the presence of a thin air gap between

the scintillator surface and the re
ective wrapping. This virtual gap represents the

physical separation that occurs when no optical coupling (e.g.: optical grease) is

used. Consequently, for re
ector con�gurations that involve wrapping around the

scintillator, the refractive index of the air gap must be explicitly de�ned to accurately

model photon interactions at the interface.

The photocathode was modelled with a G4OpticalSurface with 100% e�ciency

for photon detection. This is an idealised assumption in order to investigate the

e�ects of varying di�erent detector parameters in the simulations undertaken. The

optical surface de�ned for the photodetector is shown in Appendix 9.2

3.4 Simulating Photodetector Noise

In experimental scintillation detector systems, output signals are a�ected by several

sources of photodetector noise, which can degrade signal quality and consequently

impact the pulse shape discrimination (PSD) performance of the detector. To assess

the in
uence of these noise sources on PSD performance, photodetector noise was

modelled using MATLAB (version 2023b).

Two primary types of noise were modelled: shot noise, which is signal-dependent

and scales with the pulse amplitude, and Gaussian noise, which is signal-independent

and represents a �xed background contribution. These noise types re
ect the

dominant noise sources in photomultiplier tubes (PMTs): Gaussian noise represents

noise sources such as dark noise, while shot noise arises from the discrete, statistical
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nature of electric charge; it is present in any system in which current 
ows and

is characterised by a Poisson distribution, as detailed in Section 2.4.2. These

noise components were implemented using a custom MATLAB script, provided in

Appendix 9.4.

The simulated noise was applied to previously collected neutron and gamma

pulse shape data collected from the geometrical and optical surface simulations.

Shot noise was added to each sample of a pulse, with amplitude proportional to

the square root of the signal, to model its signal dependent nature. Gaussian noise

was added by drawing a random value for each sample from a normal distribution

with mean zero and a �xed standard deviation, representing signal-independent

background 
uctuations such as PMT noise. Although the noise values di�er for

each sample, the typical magnitude of 
uctuations is determined by the chosen

standard deviation

The Gaussian noise levels investigated, de�ned as the standard deviation of the

Gaussian distribution, were: 2 � 102, 4 � 10 2, 8 � 10 2, 1 � 10 3, and 2 � 10 3. For

each Gaussian noise level, shot noise was also included, resulting in a combined

contribution of Gaussian noise and shot noise. Shot noise was included in all cases

because it represents a fundamental, unavoidable component of electronic systems

and therefore re
ects the realistic operating conditions of a photomultiplier.

Figure 3.8 shows how this combination of two noise types (shot noise plus

Gaussian noise with a noise level of 1 � 103) a�ects the average Geant4-simulated

pulse shapes for neutron- and gamma-induced pulses in a slab scintillator with

dimensions 20 mm � 50 mm � 400 mm.
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Figure 3.8: Average neutron and gamma pulse shapes a�ected by combined shot

and Gaussian noise, with a Gaussian noise level of 1 � 103, for a slab scintillator

geometry.
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Scintillator Geometry and Length

This chapter presents results from Geant4 simulations evaluating how variations

in the geometry and length of an EJ-276 plastic scintillator a�ect the shapes of

light pulses generated by 1 MeV neutron and gamma-ray interactions, and how

these changes in
uence pulse shape discrimination (PSD) performance across the

geometries studied. To isolate geometrical e�ects, only one dimension of the

scintillator | along the Z-axis | was varied at a time, while the photodetector

size (G4SensitiveDetector) was kept constant across all con�gurations.

No explicit optical surface was de�ned in these simulations. Consequently,

Geant4 applied its default boundary handling at the interfaces, treating them

as perfectly polished dielectric-dielectric boundaries, with photon re
ection and

transmission governed by the Fresnel equations.

The simulated light pulses represent the arrival time distributions of scintillation

photons at the photodetector surface. These distributions characterise the pulse

shapes following scintillation emission and photon transport through the scintillator,

but prior to conversion and signal ampli�cation by a photodetector, and before

the in
uence of readout electronics. Each pulse shape shown is the sum of 1000

independent simulation runs, with 1000 primary particles (either neutrons or gamma

rays) simulated per run.

In each case, the peak amplitude corresponds to the maximum number of
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scintillation photons detected per time bin at the photodetector surface. To enable

comparison, the pulses were normalised so that their peak amplitude was 1, allowing

analysis of their temporal shapes independent of amplitude. Furthermore, the

pulses were temporally aligned at their respective peak positions to facilitate direct

comparison of their shapes.

The particle source (1 MeV neutrons or gamma rays emitted isotropically) was

located at co-ordinates X = 0 mm, Y = 25 mm, and Z = 0 mm for all Geant4

simulations, placing it on the top surface of the scintillator.

4.1 Slab Geometry

This section presents simulation results evaluating the impact of increasing the

scintillator length along the Z-axis for an EJ-276 plastic scintillator with a slab

geometry. The dimensions along the X- and Y -axes were �xed at 20 mm

and 50 mm, respectively, while the photodetector volume was held constant at

20 mm � 50 mm � 5 mm. The study investigates how changes in Z-axis length

in
uence the shape of scintillation light pulses generated by neutron and gamma-ray

interactions and explores the resulting implications for pulse shape discrimination

(PSD) performance.

Figure 4.1 shows the summed light pulses obtained for varying Z-axis lengths

ranging from 50 mm to 200 mm, prior to normalisation and temporal alignment.

As the scintillator length increases, notable changes in pulse shape are observed.

Neutron-induced pulses consistently exhibit lower peak amplitudes | a result of

quenching e�ects | and show a delayed onset compared to gamma-ray-induced

pulses. This delay arises from the di�ering interaction mechanisms: gamma rays

primarily interact via prompt Compton scattering, whereas neutrons undergo slower

nuclear recoil interactions, as discussed in Section 2.2.2.

The highest peak amplitude occurs for the 50 mm slab, while the lowest peak

amplitude occurs for the 200 mm slab.
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Figure 4.1: Summed simulated light pulses from neutron (dotted) and gamma-ray

(solid) interactions in an EJ-276 plastic scintillator with slab geometry. Scintillator

lengths along the Z-axis range from 50 mm to 200 mm. Each pulse shape represents

the sum of 1000 pulses before normalisation and temporal alignment. The Y -axis

shows amplitude, corresponding to photon counts per time bin, while the X-axis

represents photon arrival time.
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Figure 4.2: Summed simulated light pulses from neutron (dotted) and gamma-ray

(solid) interactions in an EJ-276 plastic scintillator with slab geometry. Scintillator

lengths along the Z-axis range from 50 mm to 200 mm. Each pulse shape represents

the sum of 1000 pulses, normalised to a peak amplitude of 1 and aligned at their

peaks.

For the 50 mm slab, the gamma-induced pulse reaches a peak amplitude of

5:15 � 10 7 photons at 7:25 ns, while the corresponding neutron-induced pulse peaks

at 4:61 � 10 7 photons at 9:25 ns. In contrast, for the 200 mm slab, the gamma-

induced pulse peaks at a reduced amplitude of 2:23 � 107 photons at 7:25 ns, and

the neutron-induced pulse at 1:65 � 107 photons at 9:25 ns.

The total number of detected scintillation photons (i.e., the integral of each

pulse) also decreases with increasing scintillator length. For gamma-induced pulses,

the total photon count drops from 1:37 � 109 at 50 mm, to 6:48 � 108 at 200 mm.

For neutron-induced pulses, it decreases from 1:47 � 109 to 5:74 � 10 8 over the same

length range.

Figure 4.2 shows the same light pulses, following temporal alignment and

normalisation. For all slab lengths, both neutron- and gamma-induced pulses have a
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Figure 4.3: Summed simulated light pulses from neutron (dotted) and gamma-ray

(solid) interactions in an EJ-276 plastic scintillator with slab geometry. Scintillator

lengths along the Z-axis range from 400 mm to 2000 mm. Each pulse shape

represents the sum of 1000 individual pulses, prior to normalisation and temporal

alignment.

smooth, Gaussian-like shape, with clear temporal separation | particularly evident

in the decay tails, the crucial feature for pulse shape discrimination (PSD) using the

Charge Comparison Method (CCM).

Figure 4.3 presents the summed light pulses obtained for varying Z-axis lengths,

ranging from 400 mm to 2000 mm, prior to temporal alignment and normalisation.

At these larger dimensions, clear distinctions between neutron- and gamma-induced

pulses remain visible in both timing and amplitude. Speci�cally, neutron-induced

pulses continue to exhibit lower peak amplitudes and a delayed onset relative to the

gamma-induced pulses. The trend of decreasing maximum photon counts at the

photodetector with increasing scintillator length | �rst observed in Figure 4.1 |

continues at these larger slab lengths: the highest peak amplitude is observed for

the 400 mm slab, while the 2000 mm slab exhibits the lowest.
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Figure 4.4: Summed simulated light pulses from neutron (dotted) and gamma-ray

(solid) interactions in an EJ-276 plastic scintillator with slab geometry. Scintillator

lengths along the Z-axis range from 400 mm to 2000 mm. Each pulse shape

represents the sum of 1000 pulses, following normalisation and temporal alignment.

For the 400 mm slab, the gamma-induced pulse peaks at 1:36 � 107 photons at

6:25 ns, while the neutron-induced pulse peaks at 9:75 � 106 photons at 9:25 ns. In

comparison, for the 2000 mm slab, the gamma-induced pulse peaks at 6:25 � 106

photons at 9:75 ns, and the neutron-induced pulse at 4:13 �106 photons at 11:25 ns.

The total number of detected scintillation photons continues to decline with

increasing scintillator length. For gamma-induced pulses, the total photon count

drops from 3:86 � 108 at 400 mm to 1:04 � 108 at 2000 mm. For neutron-induced

pulses, it decreases from 3:35 � 108 to 9:00 � 10 7 over the same length range.

Figure 4.4 shows the normalised and temporally aligned simulated light pulses

for scintillator lengths ranging from 400 mm to 2000 mm. Beginning at 400 mm,

deviations from the smooth, Gaussian-like pulse shapes observed at shorter lengths

become apparent. At this length, artefacts are most noticeable in the rising edge

and peak of the gamma-induced pulse.
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Chapter 4. Scintillator Geometry and Length

Figure 4.5: Peak amplitude (maximum number of photons detected per time bin)

of simulated light pulses as a function of scintillator slab length, for lengths ranging

from 50 mm to 2000 mm. Results are shown for neutron (blue){ and gamma-ray

(red){induced pulses.

As the scintillator length increases, the distortion becomes more pronounced.

By 1000 mm, signi�cant shape changes are evident, including the emergence of

secondary peaks | at 14:75 ns for the gamma-induced pulse and 13:75 ns for

the neutron-induced pulse. Despite these distortions, temporal separation between

neutron- and gamma-induced pulses remains distinct.

At 2000 mm, these e�ects intensify: clearly de�ned secondary peaks emerge

at 26:25 ns (gamma) and 25:75 ns (neutron). Although the pulse shapes are

signi�cantly altered, temporal separation is still maintained. Additionally, for

both the 1000 mm and 2000 mm slabs, the pulses exhibit narrower widths and

steeper rising edges, resulting in sharper and faster initial peaks. The Gaussian-like

appearance is completely lost at these longer slab lengths.

Figure 4.5 illustrates the variation in peak amplitude as a function of scintillator

length along the Z-axis for slab geometries ranging from 50 mm to 2000 mm.
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4.1. Slab Geometry

Figure 4.6: Integral (total number of detected photons) versus length for simulated

light pulses in a slab geometry, for lengths ranging from 50 mm to 2000 mm. Results

are shown for neutron (blue){ and gamma-ray (red){induced pulses.

Correspondingly, Figure 4.6 depicts the variation in the integral value as a function

of scintillator length.

Table 4.1 presents the integrals, peak amplitudes, and neutron-to-gamma ratios

for these slab lengths.

Figure 4.7 presents the pulse shape discrimination (PSD) performance of an EJ-

276 plastic scintillation detector with slab geometry, for varying Z-axis lengths from

50 mm to 2000 mm. Each subplot shows the PSD parameter | de�ned as the ratio

of the long integral to the short integral | as a function of the long integral for

simulated neutron and gamma-ray pulses. These results correspond to simulations

performed without noise and thus represent idealised PSD plots.

Neutron-induced pulses consistently exhibit higher PSD values than those

induced by gamma rays, re
ecting a more pronounced decay tail component. This

behaviour is expected, given the distinct interaction mechanisms of neutrons within

the scintillator, which result in a greater proportion of delayed 
uorescence compared
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4.2. Cylindrical Geometry

Figure 4.7: PSD parameter distributions for neutron and gamma-ray pulses in an

EJ-276 slab scintillator for various Z-axis lengths (50 mm to 2000 mm), simulated

without noise. The PSD parameter is de�ned as the ratio of long to short integrals.

to gamma-ray interactions. The range of the long integrals for both distributions

decreases with increasing slab length, attributable to the reduced light collection

e�ciency (LCE) summarised in Table 4.1.

Clear separation between the neutron and gamma-ray PSD distributions is

observed across all scintillator slab lengths. For slabs shorter than 400 mm, both

distributions exhibit limited variability in their PSD parameters. At a slab length of

1000 mm, the PSD values increase to � 0.84 for neutrons and � 0.78 for gamma rays.

At 2000 mm, these values decrease to � 0.71 and � 0.61, respectively. Nevertheless,

the distributions remain fully separated at all lengths, with no visible overlap.

4.2 Cylindrical Geometry

This section presents simulation results investigating the e�ect of increasing the

scintillator length along the Z-axis for an EJ-276 plastic scintillator with cylindrical
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Chapter 4. Scintillator Geometry and Length

geometry. In all simulations, the diameter of the cylinder was �xed at 50 mm,

and the photodetector volume was held constant with a diameter of 400 mm and a

thickness of 5 mm.

Figure 4.8: Summed simulated light pulses from neutron (dotted) and gamma-

ray (solid) interactions in an EJ-276 plastic scintillator with cylinder geometry.

Scintillator lengths along the Z-axis range from 50 mm to 200 mm. Each pulse shape

represents the sum of 1000 individual pulses, prior to normalisation and temporal

alignment.

Figure 4.8 shows the summed light pulses obtained for Z-axis lengths ranging

from 50 mm to 200 mm, prior to normalisation and temporal alignment. Similar

trends to the slab geometry are observed, with neutron-induced pulses showing

reduced peak amplitudes and delayed onsets. The peak amplitude decreases as the

cylinder length increases, with the 50 mm cylinder producing the highest and the

200 mm cylinder the lowest.

For the 50 mm cylinder, the gamma-induced pulse reaches a peak amplitude of

8:08�10 7 photons at 7:75 ns, while the neutron-induced pulse peaks at an amplitude

of 6:61 � 10 7 photons at 9:75 ns. For the 200 mm cylinder, the gamma-ray-induced
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4.2. Cylindrical Geometry

Figure 4.9: Summed simulated light pulses from neutron (dotted) and gamma-

ray (solid) interactions in an EJ-276 plastic scintillator with cylinder geometry.

Scintillator lengths along the Z-axis range from 50 mm to 200 mm. Each pulse

shape represents the sum of 1000 individual pulses, following normalisation and

temporal alignment.

pulse reaches a peak amplitude of 3:50 � 107 photons at 7:25 ns, while the neutron-

induced pulse peaks at an amplitude of 2:21 � 107 photons at 10:25 ns.

The total number of detected scintillation photons also shows a decline. For

gamma-induced pulses, the total photon count drops from 2:18 � 109 at 50 mm to

1:06 � 10 9 at 200 mm. For neutron-induced pulses, it decreases from 2:13 � 109 to

8:04 � 10 8 over the same length range.

Figure 4.9 shows the same pulse shapes following temporal alignment and

normalisation. Across all scintillator lengths, clear distinctions remain between

neutron- and gamma-induced pulses. In all cases, the pulse shapes are smooth

and exhibit an approximately Gaussian-like appearance, consistent with the trend

observed for the slab geometry. A broadening of the pulse width is again evident as

the scintillator length increases along the Z-axis.
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Figure 4.10: Summed simulated light pulses from neutron (dotted) and gamma-

ray (solid) interactions in an EJ-276 plastic scintillator with cylinder geometry.

Scintillator lengths along the Z-axis range from 400 mm to 2000 mm. Each pulse

shape represents the sum of 1000 individual pulses, prior to normalisation and

temporal alignment.
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4.2. Cylindrical Geometry

Figure 4.10 presents the summed light pulses obtained for Z-axis lengths ranging

from 400 mm to 2000 mm, prior to temporal alignment and normalisation. As with

shorter scintillator lengths, neutron-induced pulses exhibit lower peak amplitudes

and delayed onset relative to the gamma-induced pulses. The highest peak

amplitude is observed for the 400 mm cylinder, and the lowest for the 2000 mm

cylinder.

For the 400 mm, the gamma-ray-induced pulse reaches a peak amplitude of

2:80 � 10 7 photons at a time of 6:25 ns, while the neutron-induced pulse peaks at

an amplitude of 1:25 � 107 photons at 9:75 ns. For the 2000 mm scintillator, the

gamma-induced pulse reaches a peak amplitude of 8:75 � 106 photons at 10:25 ns,

while the neutron-induced pulse peaks at an amplitude of 4:70 � 106 photons at

12:25 ns.

For gamma-induced pulses, the total photon count drops from 6:22 � 108 at

400 mm to 1:58 � 108 at 2000 mm. For neutron-induced pulses, it decreases from

2:13 � 10 9 to 8:04 � 10 8 over the same length range.

Figure 4.11 presents the temporally aligned and normalised pulses for the

cylindrical geometry. For the 400 mm cylinder, some distortion remains at the

peak of the gamma-induced pulse, though it is less severe than that observed for the

slab geometry. The neutron-induced pulse for this length retains a smooth shape

with minimal peak distortion.

At scintillator lengths of 1000 mm and 2000 mm, more signi�cant changes in

pulse shape are observed. Secondary peaks emerge in the gamma-induced pulses at

14:75 ns for 1000 mm and 26:25 ns for 2000 mm. For the neutron-induced pulses, a

secondary peak is observed at 25:25 ns for the 2000 mm cylinder, although it is less

distinct. These features are consistent with changes in pulse shape also observed in

the slab geometry at equivalent lengths.

Figure 4.12 illustrates the variation in peak amplitude as a function of scintillator

length along the Z-axis for cylindrical geometries ranging from 50 to 2000 mm.

Correspondingly, Figure 4.13 depicts the variation in the integral value as a function
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Chapter 4. Scintillator Geometry and Length

Figure 4.11: Summed simulated light pulses from neutron (dotted lines) and

gamma-ray (solid lines) interactions in an EJ-276 plastic scintillator with cylindrical

geometry, for Z-axis lengths ranging from 400 mm to 2000 mm. Each pulse shape

represents the sum of 1000 individual pulses, following temporal alignment and

normalisation.
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4.2. Cylindrical Geometry

Figure 4.12: Peak amplitude of simulated light pulses as a function of cylindrical

length, for lengths ranging from 50 mm to 2000 mm. Results are shown for neutron

(blue)- and gamma-ray (red)-induced pulses.

Figure 4.13: Integral versus length for simulated light pulses in a cylindrical

geometry, for lengths ranging from 50 to 2000 mm. Results are shown for neutron

(blue){ and gamma-ray (red){induced pulses.
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Chapter 4. Scintillator Geometry and Length

Figure 4.14: PSD parameter distributions for neutron (blue) and gamma-ray (red)

pulses in an EJ-276 cylindrical scintillator for various Z-axis lengths (50{2000 mm),

simulated without noise. The PSD parameter is de�ned as the ratio of long to short

integrals.

of scintillator length.

Table 4.2 shows that as the length of the cylindrical geometry increases from

50 mm to 2000 mm, both the peak amplitudes and integrated photon counts of

gamma- and neutron-induced pulses decrease.

Figure 4.14 presents the pulse shape discrimination (PSD) performance of an

EJ-276 plastic scintillation detector with cylindrical geometry for varying Z-axis

lengths ranging from 50 mm to 2000 mm. Each subplot shows the PSD parameter

(long integral/short integral) as a function of the long integral for simulated neutron

(blue) and gamma-ray (red) pulses, shown in the absence of simulated noise.

As with Figure 4.7, neutron-induced pulses exhibit higher PSD parameter values

than gamma-ray-induced pulses, with clear separation between the two distributions,

observed across all cylinder lengths. For cylinders shorter than 400 mm, the PSD

values for both neutrons and gamma-rays show limited variability. As the scintillator
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Chapter 4. Scintillator Geometry and Length

Figure 4.15: Summed simulated light pulses from neutron (dotted) and gamma-

ray (solid) interactions in an EJ-276 plastic scintillator with cuboid geometry.

Scintillator lengths along the Z-axis range from 50 mm to 200 mm. Each pulse shape

represents the sum of 1000 pulses, prior to normalisation and temporal alignment.

length increases to 400 mm and 1000 mm, the PSD values for both particle types

increases. However, at 2000 mm, the PSD values decrease slightly for both neutrons

and gamma-rays, following a similar trend to that observed for the slab geometry.

This geometry also shares with the slab the trend of decreasing range in the long

integral as scintillator length increases, consistent with the data summarised in Table

4.2 for the integrals and peak amplitudes.

4.3 Cuboid Geometry

This section presents simulation results investigating the e�ect of increasing the

scintillator length along the Z-axis for an EJ-276 plastic scintillator with cuboid

geometry. In all simulations, the dimensions along the X- and Y -axes were �xed at

50 mm, and the photodetector volume was maintained at 50 mm � 50 mm � 5 mm.
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4.3. Cuboid Geometry

Figure 4.15 displays the summed light pulses for cuboid scintillators with Z-

axis lengths ranging from 50 mm to 200 mm, prior to normalisation and temporal

alignment. Consistent with the trends observed for the slab and cylindrical

geometries, neutron-induced pulses exhibit lower peak amplitudes and a delayed

onset compared to gamma-induced pulses. The highest peak amplitude is observed

for the 50 mm cuboid, while the 200 mm cuboid yields the lowest, indicating a

reduction in early-arriving photons with increasing scintillator length, which was

also observed for the slab and cylindrical geometries.

For the 50 mm cuboid, the gamma-induced pulse reaches a peak amplitude of

7:69 � 10 7 photons at time 6:75 ns, while the neutron-induced pulse peaks at an

amplitude of 5:44 � 107 photons at time 9:25 ns.

For gamma-induced pulses, the total photon count drops from 2:01 � 109 at

50 mm to 1:06 � 109 at 200 mm. For neutron-induced pulses, it decreases from

1:72 � 10 9 to 6:08 � 10 8 over the same length range.

Figure 4.16 presents the temporally aligned and normalised pulse shapes for

cuboid scintillators with Z-axis lengths from 50 mm to 200 mm. Across all lengths,

clear di�erences are observed between neutron- and gamma-induced pulses. The

pulse shapes exhibit smooth, approximately Gaussian-like pro�les, consistent with

the behaviour noted for the slab and cylindrical geometries. A broadening of the

pulse width is also evident with increasing length along the Z-axis.

Figure 4.17 presents the summed light pulses obtained for Z-axis lengths ranging

from 400 mm to 2000 mm, prior to temporal alignment and normalisation. Neutron

pulses continue to exhibit lower peak amplitudes than gamma pulses, along with a

delayed onset. The highest peak amplitude is observed for the 400 mm cuboid and

the lowest for the 2000 mm cuboid.

For the 400 mm cuboid, the gamma-induced pulse reaches a peak amplitude

of 2:23 � 10 7 photons at time 6:25 ns, while the neutron-induced pulse peaks at

an amplitude of 1:13 � 107 photons at time 9:75 ns. For the 2000 mm cuboid, the

gamma-induced pulse reaches a peak amplitude of 1:03�107 photons at time 9:75 ns,
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Chapter 4. Scintillator Geometry and Length

Figure 4.16: Summed simulated light pulses from neutron (dotted) and gamma-

ray (solid) interactions in an EJ-276 plastic scintillator with cuboid geometry.

Scintillator lengths along the Z-axis range from 50 mm to 200 mm. Each pulse shape

represents the sum of 1000 pulses, following normalisation and temporal alignment.
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4.3. Cuboid Geometry

Figure 4.17: Summed simulated light pulses from neutron (dotted) and gamma-

ray (solid) interactions in an EJ-276 plastic scintillator with cuboid geometry.

Scintillator lengths along the Z-axis range from 400 mm to 2000 mm. Each

pulse shape represents the sum of 1000 pulses, prior to normalisation and temporal

alignment.
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Figure 4.18: Summed simulated light pulses from neutron (dotted) and gamma-

ray (solid) interactions in an EJ-276 plastic scintillator with cuboid geometry.

Scintillator lengths along the Z-axis range from 400 mm to 2000 mm. Each pulse

shape represents the sum of 1000 pulses, following normalisation and temporal

alignment.

while the neutron-induced pulse peaks at an amplitude of 4:76�106 photons at time

11:75 ns.

For gamma-induced pulses, the total photon count drops from 6:38 � 108 at

400 mm to 1:71 � 108 at 2000 mm. For neutron-induced pulses, it decreases from

4:00 � 10 8 to 1:10 � 10 8 over the same length range.

Figure 4.18 presents the temporally aligned and normalised pulses for the cuboid

geometry For the 400 mm there is distortion in the peaks of the neutron- and gamma-

induced pulses.

At lengths of 1000 mm and 2000 mm, signi�cant changes in pulse shape are

evident, consistent with the trends observed in the slab and cylindrical geometries.

Secondary peaks appear in the gamma-induced pulses at 13:25 ns for the 1000 mm

cuboid and 24:75 ns for the 2000 mm cuboid. For the neutron-induced pulses, the
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4.3. Cuboid Geometry

Figure 4.19: Peak amplitude of simulated light pulses as a function of cuboid length,

for lengths ranging from 50 mm to 2000 mm. Results are shown for neutron (blue)-

and gamma-ray (red)-induced pulses.

distortion manifests as a broad shoulder rather than a distinct secondary peak.

Figure 4.19 illustrates the variation in peak amplitude as a function of scintillator

length along the Z-axis for cuboid geometries ranging from 50 mm to 2000 mm.

Correspondingly, Figure 4.20 depicts the variation in the integral value as a function

of scintillator length.

Table 4.3 presents the integrals, peak amplitudes, and neutron-to-gamma ratios

for these cuboid lengths.

Figure 4.21 shows the pulse shape discrimination (PSD) performance of an EJ-

276 plastic scintillation detector with cuboid geometry for varying Z-axis lengths

ranging from 50 mm to 2000 mm. Each subplot shows the PSD parameter (long

integral/short integral) as a function of the long integral for simulated neutron (blue)

and gamma-ray (red) pulses, shown in the absence of simulated noise.

As with Figures 4.7 and 4.14, neutron-induced pulses exhibit consistently

higher PSD parameter values than gamma-ray-induced pulses, with clear separation
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Figure 4.20: Integral versus length for simulated light pulses in a cuboid geometry,

for lengths ranging from 50 to 2000 mm. Results are shown for neutron (blue){ and

gamma-ray (red){induced pulses.

between the two distributions observed across all cuboid lengths. The trend of

increasing PSD parameter values with scintillator length | followed by a drop at

2000 mm | is also present in this geometry. Additionally, the decreasing range

in the long integral with increasing scintillator length persists, consistent with the

pulse integral values summarised in Table 4.3.

Work by Hubbard, Paul J Sellin, and Lotay, 2020 showed that the artefacts

| described as 'bumps' | in the pulse shapes for large-sized scintillators of

di�erent geometries was due to the initial emission direction of scintillation

photons. To further examine this e�ect in the Geant4 simulations presented

in the previous sections, heat maps were generated showing the initial emission

direction of scintillation photons in both a 50 mm � 50 mm � 50 mm and a

50 mm � 50 mm � 2000 mm cuboid, respectively. These are shown in Figures 4.22

and 4.24, respectively. The gamma-induced pulse shapes corresponding to these

heat maps are shown in Figures 4.23 and 4.25 for the two cuboids.
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Figure 4.21: PSD parameter distributions for neutron (blue) and gamma-ray (red)

pulses in an EJ-276 cuboid scintillator for various Z-axis lengths (50 mm to

2000 mm), simulated without noise. The PSD parameter is de�ned as the ratio

of long to short integrals.
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4.3. Cuboid Geometry

Figure 4.22: Heat map showing initial photon emission angle, �, as a function of

arrival time at the photodetector for a 50 mm cuboid scintillator, with scintillation

photons generated from incident 1 MeV gamma-rays.

Figure 4.23: Gamma-induced pulse shape for 50 mm � 50 mm � 50 mm EJ-276

cuboid scintillator.
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Figure 4.24: Heat map showing initial photon emission angle, �, as a function of

arrival time at the photodetector for a 2000 mm cuboid scintillator, with scintillation

photons generated from incident 1 MeV gamma-rays.

Figure 4.25: Gamma-induced pulse shape for 50 mm � 50 mm � 2000 mm EJ-276

cuboid scintillator.
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4.3. Cuboid Geometry

The X-axis is the arrival time of scintillation photons at the photodetector, while

the Y -axis shows cos(�), where � is the emission direction angle of the scintillation

photons relative to the detector axis. Thus, where cos(�) = +1 corresponds

to photons initially emitted toward the photodetector surface and cos(�) = �1

corresponds to photons initially emitted away from the photodetector surface.

Figure 4.24 helps explain both the secondary peak artefact observed in Figure

4.25 and the results presented in this chapter. The secondary peak appears at

approximately 20{30 ns, which coincides with the arrival time of scintillation

photons that were initially emitted away from the photodetector (i.e. those with an

initial emission angle near cos(�) � �1). These photons traverse a longer optical

path through the scintillator | often involving one or more re
ections | before

eventually reaching the photodetector. The corresponding increase in path length

delays their arrival, giving rise to the secondary peak in the simulated pulse shape.

In contrast, the heat map shows that photons initially emitted toward the

photodetector (i.e. those with cos(�) � �1 arrive at approximately 5 ns. This early-

arriving component corresponds to the rising edge in Figure 4.25. The rising edge

is comparatively slower than that of the 50 mm � 50 mm � 50 mm cuboid, because

photons in the elongated 2000 mm geometry must on average travel a signi�cantly

longer distance before detection. In the smaller, shown in Figure 4.23, the photon

transit times are short, resulting in an almost instantaneous rising edge.
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Chapter 5

Optical Surfaces

This chapter presents the results of simulations investigating how variations in the

optical surface of an EJ-276 plastic scintillator a�ect the generated pulse shapes

resulting from neutron- and gamma-ray interactions within the scintillator volume.

Unless otherwise speci�ed, the scintillator was a cuboid with �xed dimensions of

50 mm � 50 mm � 50 mm cuboid, and the photodetector dimensions were also held

constant at 50 mm � 50 mm � 5 mm.

Except in cases where no explicit optical surface was de�ned | referred to as

the "Default Surface" in this work | the UNIFIED optical model was used. In

each simulation, the de�ned optical surface was applied exclusively to the EJ-276

scintillator volume.

In contrast to the previous geometrical simulations, an additional optical

surface (de�ned using G4OpticalSurface) was applied to the photodetector volume

to simulate the photocathode surface. This surface was assigned �xed optical

parameters and remained unchanged throughout the simulations presented in this

chapter. Furthermore, no absorption was assumed at the interface between the

scintillator and the photodetector; this was implemented by setting the optical

surface e�ciency of the photodetector to zero in its surface de�nition.

As in the geometrical simulations, the gamma-ray or neutron source was

positioned at co-ordinates X = 0 mm, Y = 25 mm, and Z = 0 mm, placing it
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on the top surface of the scintillator. The source emitted particles isotropically,

with an energy of 1 MeV for both neutrons and gamma-rays.

5.1 Te
on Wrapping

Figure 5.1: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated Te
on

groundbackpainted (GBP) optical surface. Each pulse shape represents the sum

of 1000 individual pulses, prior to normalisation and temporal alignment.

Figure 5.1 shows the summed simulated light pulses obtained using a Te
on-

de�ned optical surface with a groundbackpainted (GBP) �nish. In this simulation,

the surface re
ectivity was set to 98%, and the surface roughness parameter (�� )

was 0.2°, representing a Te
on-wrapped scintillator with a moderately rough surface.

The material type was dielectric-dielectric. The gamma-induced pulse reaches a peak

amplitude of 1:05 � 108 photons at 7:75 ns, while the neutron-induced pulse peaks

at 7:52 � 10 7 photons at 9:75 ns.

The total number of detected photons is 2:49 � 109 for gamma-ray events and
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Figure 5.2: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated Te
on

groundbackpainted optical surface. Each pulse shape represents the sum of 1000

individual pulses, following normalisation and temporal alignment.

2:15 � 10 9 for neutron events.

Figure 5.2 shows the same pulses after normalisation and temporal alignment.

A clear temporal separation between the neutron- and gamma-induced pulses is

observed. Both pulse shapes exhibit smooth, Gaussian-like shapes, free from

distortions or artefacts.

Figure 5.3 compares the Te
on groundbackpainted (GBP) optical surface with

Geant4's Default Surface The Te
on con�guration produces higher peak amplitudes

for both gamma- and neutron-induced interactions. However, the gamma pulse

reaches its peak at 7:75 ns and the neutron pulse at 9:75 ns whereas for the Default

Surface, these occur slightly earlier | at 6:75 ns for the gamma and 9:25 ns for the

neutron.

Figure 5.4 shows the same pulses after normalisation and temporal alignment.

For the same scintillator geometry, the Te
on groundbackpainted surface results
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5.1. Te
on Wrapping

Figure 5.3: Comparison of summed light pulses generated using the simulated Te
on

groundbackpainted (GBP) optical surface and Geant4's Default Surface (without

an explicitly de�ned surface), prior to normalisation and temporal alignment.

Figure 5.4: Comparison of summed light pulses generated using the simulated Te
on

groundbackpainted (GBP) optical surface and Geant4's Default Surface (without

an explicitly de�ned surface), after normalisation and temporal alignment.
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Figure 5.5: Summed simulated light pulses from neutron and gamma-ray

interactions in a 50 mm � 50 mm � 1000 mm EJ-276 plastic scintillator with a

simulated Te
on groundbackpainted (GBP) optical surface. Each pulse shape

represents the sum of 1000 individual pulses, following normalisation and temporal

alignment.

in faster pulse decay for both gamma- and neutron-induced interactions.

Figure 5.5 shows the normalised and temporally aligned pulse shapes for a cuboid

with a Z-axis length of 1000 mm. Unlike the 1000 mm cuboid used in the geometrical

simulations, these neutron and gamma-induced pulse shapes do not exhibit the

secondary peaks in the decay tail observed for the cuboid geometry with Default

Surface, for the same scintillator length. Although broadened due to the increased

length, the pulses remain smooth, Gaussian-like, and free of artefacts or distortions.

Figure 5.6 shows the pulse shape discrimination (PSD) performance of an EJ-

276 plastic scintillation detector with a Te
on groundbackpainted (GBP) surface.

Each subplot shows the PSD parameter (long integral/short integral) as a function

of the long integral for simulated neutron (blue) and gamma-ray (red) pulses, shown

in the absence of simulated noise.
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5.1. Te
on Wrapping

Figure 5.6: PSD parameter distributions for neutron and gamma-ray pulses in an

EJ-276 cuboid scintillator with a Te
on groundbackpainted optical surface. The

PSD parameter is de�ned as the ratio of long to short integrals.

As observed in Figure 4.21, there is clear separation between the neutron and

gamma-ray PSD parameter distributions. This separation is also evident for the

same cuboid length when a Te
on groundbackpainted (GBP) surface is applied to

the scintillator. In this case, the distributions are narrower, and the long integral

values are shifted to higher ranges for both particle types, attributable to the

improved light collection e�ciency provided by the Te
on GBP surface. Gamma-ray

events cluster around a PSD parameter of approximately 0.45, while neutron events

cluster near 0.56. The neutron distribution exhibits slightly greater vertical spread

in PSD parameter values compared to the gamma distribution.

Figure 5.7 shows the summed light pulses obtained from simulations using a

Te
on optical surface with a polishedbackpainted (PBP) �nish. As with the

Te
on groundbackpainted (GBP) surface, the surface re
ectivity was set to 98%,

however, in this case no surface roughness parameter was speci�ed. The material

type was dielectric-dielectric. Instead, the optical surface was de�ned using a

133



Chapter 5. Optical Surfaces

Figure 5.7: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated Te
on

polishedbackpainted optical surface. Each pulse shape represents the sum of

1000 individual pulses, prior to normalisation and temporal alignment.
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5.1. Te
on Wrapping

Figure 5.8: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated Te
on

polishedbackpainted (PBP) optical surface. Each pulse shape represents the sum

of 1000 individual pulses, following normalisation and temporal alignment.

specular lobe component of 0.5 and a specular spike component of 0.2, representing

a semi-specular polished Te
on-wrapped scintillator.

Under these conditions, both the gamma- and neutron-induced pulses exhibit

smooth, Gaussian-like shapes, free from noticeable distortions or artefacts. The

gamma-induced pulse reaches a peak amplitude of 1:07 � 108 photons at 7:25 ns,

while the neutron-induced pulse peaks at 7:54 � 108 photons at 9:75 ns.

The total number of detected photons is 2:34 � 109 for gamma-ray events and

2:01 � 10 9 for neutron events.

Figure 5.8 shows the same pulses following normalisation and temporal align-

ment. The neutron- and gamma-induced pulses show clear temporal separation,

particularly in the decay tails.

Figure 5.9 compares the response of the polished Te
on-wrapped surface, with

Geant4's Default Surface. As observed in Figure 5.1, the polished Te
on surface
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Figure 5.9: Comparison of summed light pulses generated using the Te
on

polishedbackpainted (PBP) optical surface and Geant4's Default Surface (without

an explicitly de�ned surface), prior to normalisation and temporal alignment.

exhibits improved light collection e�ciency (LCE) compared to the Default Surface.

Figure 5.10 presents the pulses after normalisation and temporal alignment.

It can be observed that the pulse shapes associated with the Default Surface are

broader than those associated with the Te
on PBP surface, indicating slower photon

collection at the photodetector.

Figure 5.11 presents normalised and temporally aligned simulated light pulses

obtained from simulations of a cuboid scintillator 50 mm � 50 mm � 1000 mm

with a Te
on polishedbackpainted (PBP) surface. Similar to the pulses shown

in Figure 5.5, these neutron- and gamma-induced pulse shapes do not exhibit the

secondary peaks in the decay tail observed in Figure 4.18 for the same scintillator

length. Although the pulses are broadened due to the increased scintillator length,

they remain smooth, Gaussian-like, and free of distortions or artefacts.

Figure 5.12 illustrates the pulse shape discrimination (PSD) performance of

an EJ-276 plastic scintillation detector with a simulated Te
on wrapping having
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5.1. Te
on Wrapping

Figure 5.10: Comparison of summed light pulses generated using the simulated

Te
on polishedbackpainted (PBP) optical surface and Geant4's Default Surface

(without an explicitly de�ned surface), following normalisation and temporal

alignment.
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Figure 5.11: Summed simulated light pulses from neutron and gamma-ray

interactions in a 50 mm � 50 mm � 1000 mm EJ-276 plastic scintillator with a

simulated Te
on polishedbackpainted (PBP) optical surface. Each pulse shape

represents the sum of 1000 individual pulses, following normalisation and temporal

alignment.
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5.2. EJ-510 Re
ective Paint

Figure 5.12: PSD parameter distributions for neutron and gamma-ray pulses in an

EJ-276 cuboid scintillator with a Te
on polishedbackpainted optical surface. The

PSD parameter is de�ned as the ratio of long to short integrals.

a polishedbackpainted (PBP) �nish. Each subplot depicts the PSD parameter

(long integral/short integral) plotted against the long integral for simulated neutron

(blue) and gamma-ray (red) pulses, in the absence of any simulated noise.

For this idealised, noise-free case, the neutron and gamma plumes are distinctly

well separated with limited variability in PSD parameter for both distributions. The

gamma plume is centred around a PSD parameter of �0.45 and the neutron plume

near �0.55.

5.2 EJ-510 Re
ective Paint

Figure 5.13 presents the summed simulated light pulses obtained using an optical

surface designed to emulate the optical properties of EJ-510 re
ective paint. In this

con�guration, the surface was assigned a re
ectivity of 97%, a roughness parameter

of 0.2°, and a material type of dielectric-metal. No values were speci�ed for the
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Figure 5.13: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated EJ-510

groundfrontpainted (GFP) optical surface. Each pulse shape represents the sum

of 1000 individual pulses, prior to normalisation and temporal alignment.
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5.2. EJ-510 Re
ective Paint

Figure 5.14: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated EJ-510

groundfrontpainted optical surface. Each pulse shape represents the sum of 1000

individual pulses, following normalisation and temporal alignment.

specular lobe or specular spike components, as the surface was intended to represent

a fully di�use re
ector. The optical surface �nish applied was groundfrontpainted

(GFP).

Under these conditions, the gamma-induced pulse reaches a peak amplitude

7:61 � 10 7 photons at 5:25 ns, while the neutron-induced pulse peaks at 5:81 � 107

photons at 7:25 ns.

Figure 5.14 shows the same pulses when normalised and temporally aligned. The

neutron- and gamma-induced pulses show clear temporal separation, particularly in

the decay tail.

Figure 5.15 presents a comparison of the summed light pulses obtained using

the EJ-510 groundfrontpainted (GFP) optical surface and those generated with

Geant4's Default Surface.

Figure 5.16 shows the normalised and temporally aligned pulses obtained from
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Figure 5.15: Comparison of summed light pulses generated using the simulated

EJ-510 groundfrontpainted (GBP) optical surface and Geant4's Default Surface

(without an explicitly de�ned surface), prior to normalisation and temporal

alignment.
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5.2. EJ-510 Re
ective Paint

Figure 5.16: Comparison of summed light pulses generated using the simulated

EJ-510 groundfrontpainted (GFP) optical surface and Geant4's Default Surface

(without an explicitly de�ned surface), following normalisation and temporal

alignment.
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Figure 5.17: Summed simulated light pulses from neutron and gamma-ray

interactions in a 50 mm � 50 mm � 1000 mm EJ-276 plastic scintillator with a

simulated EJ-510 groundfrontpainted (GFP) optical surface. Each pulse shape

represents the sum of 1000 individual pulses, following normalisation and temporal

alignment.

the EJ-510 painted scintillator and the Default Surface. A substantial reduction

in pulse width is observed for both gamma- and neutron-induced pulses in the

EJ-510 con�guration compared to the Default Surface, indicating improved timing

characteristics.

Figure 5.17 presents normalised and temporally aligned simulated light pulses

obtained from simulations of a cuboid scintillator (50 mm�50 mm�1000 mm) with

an EJ-510 re
ective paint surface. Similar to pulses shown in Figures 5.5 and 5.11,

these neutron- and gamma-induced pulse shapes do not exhibit secondary peaks

in the decay tail observed in Figure 4.18. Though broadened due to the longer

scintillator length, they remain smooth, Gaussian-like, and free of distortions.

Figure 5.18 shows the pulse shape discrimination (PSD) performance of an EJ-

276 plastic scintillation detector with a simulated EJ-510 re
ective paint having a
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Figure 5.18: PSD parameter distributions for neutron and gamma-ray pulses in an

EJ-276 cuboid scintillator with a simulated EJ-510 groundfrontpainted optical

surface. The PSD parameter is de�ned as the ratio of long to short integrals

groundbackpainted (GBP) �nish. Each subplot depicts the PSD parameter (long

integral/short integral) plotted against the long integral for simulated neutron (blue)

and gamma-ray (red) pulses, shown without any simulated noise.

For this idealised, noise-free case, the neutron and gamma plumes are distinctly

well separated with limited variability in PSD parameter for both distributions. The

gamma plume is centred around a PSD parameter of � 0:45 and the neutron plume

near � 0:56.

5.3 Aluminium Foil

Figure 5.19 illustrates the summed light pulses obtained from simulations using an

aluminium foil optical surface with a polishedbackpainted (PBP) �nish. The

surface re
ectivity was set to 95%, with a dielectric-dielectric material type. Since

this surface represents an idealised specular re
ector, no surface roughness parameter
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Figure 5.19: Summed simulated light pulses from neutron and gamma-ray

interactions in an EJ-276 plastic scintillator with a simulated aluminium foil

polishedbackpainted (PBP) optical surface. Each pulse shape represents the sum

of 1000 individual pulses, prior to normalisation and temporal alignment.
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5.3. Aluminium Foil

Figure 5.20: Summed simulated light pulses from neutron and gamma-ray

interactions in an EJ-276 plastic scintillator with a simulated aluminium foil

polishedbackpainted (PBP) optical surface. Each pulse shape represents the sum

of 1000 individual pulses, following normalisation and temporal alignment.

was de�ned. The specular lobe and specular spike parameters were set to 0 and 1,

respectively.

The gamma-induced pulse reaches a peak amplitude of 9:51 � 107 photons at

6:75 ns, while the neutron-induced pulse peaks at 6:69�107 photons at 8:75 ns. The

total number of detected photons is 2:51 � 109 for gamma-ray events and 2:15 � 109

for neutron events.

Figure 5.20 presents the normalised and temporally aligned pulses, which

exhibit smooth, approximately Gaussian-like shapes with no noticeable artefacts

or distortions.

Figure 5.21 presents a comparison of summed light pulses generated using the

aluminium foil polishedbackpainted (PBP) optical surface and those obtained

with Geant4's Default Surface. The neutron- and gamma-induced pulse shapes for

the aluminium foil surface exhibit higher peak amplitudes compared to those from
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Figure 5.21: Comparison of summed light pulses generated using the simulated

aluminium foil polishedbackpainted (PBP) optical surface and Geant4's Default

Surface (without an explicitly de�ned surface), prior to normalisation and temporal

alignment.
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5.3. Aluminium Foil

Figure 5.22: Comparison of summed light pulses generated using the Aluminium foil

polishedbackpainted (PBP) optical surface and Geant4's Default Surface (without

an explicitly de�ned surface), following normalisation and temporal alignment.

the Default Surface.

Figure 5.22 presents the same pulses following normalisation and temporal

alignment. Notably, the Default Surface exhibits a faster pulse decay than the

aluminium foil wrapped scintillator. Furthermore, the aluminium foil surface

displays a higher peak amplitude.

Figure 5.23 presents normalised and temporally aligned simulated summed light

pulses from a cuboid scintillator (50 mm � 50 mm � 1000 mm) with a simulated

aluminium foil polishedbackpainted (PBP) surface. In contrast to the results for

the simulated Te
on and EJ-510 surfaces, the light pulses for the aluminium surface

exhibits artefacts at the pulse peaks, which are more pronounced in the gamma-

induced pulse. There is also subtle distortion in the decay tail of the pulses; however,

good separation between neutron- and gamma-induced pulses is maintained.

Figure 5.24 shows the pulse shape discrimination (PSD) performance of an

EJ-276 plastic scintillation detector with a simulated aluminium foil having a
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Figure 5.23: Summed simulated light pulses from neutron and gamma-ray

interactions in a 50 mm � 50 mm � 1000 mm EJ-276 plastic scintillator with a

simulated aluminium foil polishedbackpainted (PBP) optical surface. Each pulse

shape represents the sum of 1000 individual pulses, following normalisation and

temporal alignment.
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5.4. Enhanced Specular Re
ector (ESR) Film

Figure 5.24: PSD parameter distributions for neutron and gamma-ray pulses in

an EJ-276 cuboid scintillator with an aluminium foil polishedbackpainted (PBP)

optical surface. The PSD parameter is de�ned as the ratio of long to short integrals.

polishedbackpainted (PBP) �nish. Each subplot depicts the PSD parameter (long

integral/short integral) plotted against the long integral for simulated neutron (blue)

and gamma-ray (red) pulses, shown in the absence of simulated noise.

For this idealised, noise-free case, the neutron and gamma plumes are distinctly

well separated with limited variability in PSD parameter for both distributions. The

gamma plume is centred around a PSD parameter of � 0:57 and the neutron plume

near � 0:66.

5.4 Enhanced Specular Re
ector (ESR) Film

Figure 5.25 shows the summed simulated light pulses obtained using an optical

surface modelled to replicate the optical properties of an Enhanced Specular

Re
ector (ESR) �lm. The surface was assigned a re
ectivity of 98% and a material

type of dielectric-dielectric. No surface roughness parameter was de�ned for this
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Figure 5.25: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated ESR �lm

polishedfrontpainted (PBP) optical surface. Each pulse shape represents the

sum of 1000 individual pulses, prior to normalisation and temporal alignment.
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5.4. Enhanced Specular Re
ector (ESR) Film

Figure 5.26: Summed simulated light pulses from neutron and gamma-

ray interactions in an EJ-276 plastic scintillator with a simulated ESR �lm

polishedfrontpainted (PBP) optical surface. Each pulse shape represents the

sum of 1000 individual pulses, following normalisation and temporal alignment.

con�guration. To represent a highly specular, polished �lm wrapped around the

scintillator, the specular lobe and specular spike components were set to 1 and 0,

respectively. The optical �nish applied was polishedbackpainted (PBP).

For this con�guration, the gamma-induced pulse reaches a peak amplitude of

1:16 � 10 8 photons at 7:75 ns, while the neutron-induced pulse peaks at 8:26 � 107

photons at 10:25 ns.

The total number of detected photons is 3:16 � 109 for gamma-ray events and

2:72 � 10 9 for neutron events.

Figure 5.26 shows the same pulses after normalisation and temporal alignment.

Clear separation is observed between neutron- and gamma-induced pulses, with both

pulses exhibiting smooth, Gaussian-like shapes which are free from distortions and

artefacts.

Figure 5.27 presents a comparison between the simulated light pulses generated
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