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Abstract

The localisation of the interaction position of γ rays in scintillator detectors are of

interest for different applications such as nuclear medicine, astronomy, fundamen-

tal physics experiments and nuclear security. For instance, the localisation of the

interaction position of gamma rays in a detector can provide information about

reconstructing the actual source position such as the one used in Compton cameras

meant for nuclear security. The 3D scintillator detector described in this thesis

consists of a 50.44×50.44×50.44 mm3 cubic CsI:Tl crystal coupled, for the first

time, to six 8×8 SiPM arrays on all of the six faces of the crystal. 2D average and

single light maps were generated to visualise the interaction positions. The mea-

surements were also compared to Geant4 simulations and a simplistic geometrical

model, and both showed a reasonable agreement with each other. The interaction

position was successfully determined by using the light ratio method using both

experimental and simulation data. Covering all of the six sides of the detector

simplified the localisation and the 3D position reconstruction of the rays inter-

action inside the detector. All of the three coordinates were reconstructed using

the χ2 minimisation that uses the estimation based on the data of the simplistic

model. The position resolution was measured at the edges and the central region

of the detectors using the reconstructed data obtained from both these methods.

At the edges, the resolution was found to be 1.4 mm and 2.6 mm, whereas in the

central region, it was calculated to be 2.3 mm and 3.7 mm for the χ2 minimisation

and the light-sharing method respectively. The results obtained are exciting, and

the interaction positions can be reconstructed using the light-sharing measure-

ments obtained from all of the six arrays. Moreover, the position resolution can

be quantified by using the reconstructed events light distribution.
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Chapter 1

Introduction

This chapter briefly describes the use of scintillator detectors. The different

applications that benefit from these detectors have been mentioned in Section

1.1. In Section 1.2, the different position reconstruction methods that are used to

localise γ rays interactions inside the crystals volume are discussed. The research

motivation and thesis objectives have been stated in Section 1.3, and the thesis

outline has been presented in Section 1.4.
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1.1. Application of Scintillator Detectors

1.1 Application of Scintillator Detectors

The need for scintillator detectors is increasing in many fields such as nuclear

medicine, astronomy, nuclear physics research and nuclear security. In the medical

field, for instance, scintillator detectors are used in the devices meant for clinical

and small animal imaging procedures/techniques like Positron Emission Tomogra-

phy (PET) and Single Photon Emission Computed Tomography (SPECT). PET

is used to trace and localise the positrons that are produced from the radioactive

tracer admitted into a specific organ for diagnostic or therapeutic purposes. The

positrons then annihilate inside the targeted organ and produce two photons (each

with 511 keV energy) that then travel in opposite directions as shown in Figure

1.1. These photons are then detected by the detectors, and images of the organ of

interest get produced by reconstructing the line of response. PET and SPECT can

be used for identifying diseases such as soft tissue sarcoma [1] or central nervous

system’s infections such as the Lyme disease [2]. These techniques can also be used

for small animal imaging research such as imaging the brain metabolism process

in the diagnosis of Alzheimer’s disease [3].
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1.1. Application of Scintillator Detectors

Figure 1.1: Illustration of the working principle of a PET scanner where a positron-
emitting radioisotope is administrated to patients for conducting a brain scan. The
positron then annihilates to produce two 511 keV photons detected by the detectors
positioned around the a patients head. Reproduced from [4].

Pixelated scintillators such as lutetium-yttrium oxyorthosilicate (LYSO) cou-

pled to silicon photomultipliers are used for detecting γ rays and for localising the

source position [5]. Detectors based on LYSO scintillators in PET imaging systems

can also be used for brain PET scanners or can be integrated with other imaging

models such as Magnetic Resonance Imaging (MRI) [6] [7]. SPECT imaging sys-

tems use γ-ray-emitting isotopes that are administrated to a patient’s body. The

SPECT camera rotates around the patient’s body and reconstructs an image of

the γ-ray distribution. Scintillator detectors used in such systems must be dense,

produce a large number of photons for each single γ ray (higher light yield) and

have a short decay time. Nal(TI) scintillator detectors are widely used in SPECT

due to their low costs. These types of detectors, in large sizes, can be used for

an Anger camera imaging system used in SPECT [8]. Some studies have reported

on the characterisation and development of a phoswich detector using LYSO/YSO

or LYSO/GAGG scintillators [9]. These types of scintillators are more dense,
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1.1. Application of Scintillator Detectors

brighter and exhibit shorter decay times than Nal(TI) scintillators which increase

the SPECT detector sensitivity.

In the area of nuclear security, the need for monitoring and identifying haz-

ardous materials has motivated many studies to develop and characterise new

high-performance detectors for both γ rays and neutron detection systems. Comp-

ton Gamma cameras (CGC) are one of the many detection systems that can be

used for homeland security. These cameras have two types of detectors, a scat-

tering detector and an absorber detector as seen in Figure 1.2. For coincidence

events, a γ ray interacts with the first detector which is less dense and scatters

via the Compton scattering interaction to the second detector. The second detec-

tor is more dense and absorbs the photons via the photoelectric interaction. The

source position can then be reconstructed by knowing the position of the photons

interaction and the energies deposited in the detectors.

Figure 1.2: Illustration of the components and the working principle of a Compton
camera. The camera consists of a scattering detector and an absorber detector
separated by a known distance (blue cuboids). The position of the source can
be reconstructed by several surface cones (green cones) that are constructed by
using both the scattered and absorbed events energies E1 and E2 respectively.
Reproduced from [10].
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Although different types of detectors such as semiconductor detectors can

be used in the design of a Compton camera, the scintillator−based detectors are

relatively low in cost. They can also be manufactured in different sizes and shapes,

which is an attractive choice for small compact detectors that can be used for

handheld Compton camera devices [11] [12].

As mentioned earlier, the applications of scintillator detectors also include

astrophysical research. In the oil and gas industry, scintillator detectors play an

important role in measuring the formation of the soil surroundings. The mea-

surements obtained from the detectors can be used for identifying petrophysical

parameters, hydrocarbons and mineralogical structures depending on the type of

the detected radiation [13].

The time-of-Flight (TOF) and particle tracking measurements carried out for

nuclear experiments such as those related to the nuclear structure and particle

physics utilise different scintillator detectors in their detection systems [14]. These

include the use of plastic scintillators for beam counting systems and TOF mea-

surements [15] because of their fast decay time. In experiments where a moving

γ-ray source is detected at different positions and velocities, the measurements

suffer from the Doppler effect. This causes a broadness in the spectra, which de-

grades the energy resolution. The use of a position sensitive scintillator detector

can correct for such an effect using an event-by-event analysis [16].

In this project, the detector that has been developed is based on a CsI:Tl

scintillator which is low in cost, high in density and slightly hygroscopic. It is

broadly used in nuclear safety and nuclear medicine applications [17] [18]. It is

also used in imaging instruments such as γ-ray Compton cameras for measuring

angular and directional resolutions that are, in turn, used for reconstructing the

actual source position [19] [20].
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1.2 Position Reconstruction Methods

There are many radiation detectors that are used for position- sensitivity measure-

ments. The detectors used for such measurements include silicon-strip detectors

for detecting charged particles [21] or germanium-tracking-array detectors that

can be utilised for γ- ray tracking for in-beam nuclear experiments [22]. Given the

need for simplifying the designs of a radiation detection system for many different

applications, including those where position-sensitivity measurements are crucial,

many researchers have utilised scintillator detectors. For example, High-purity

Germanium (HPGe) detectors require to be cooled down using liquid nitrogen to

reduce the noise that can affect the energy resolution.

Segmented scintillator detectors such as those used in some Compton camera

systems provide 2D- and 3D-interaction position images [23] [24]. However, the

use of such detectors increases the complexity and cost of designing them. An

alternative approach that can overcome these limitations is the use of a monolithic

scintillator detector [25] [26].

There are several position reconstruction methods that have been reported

over the years that utilise monolithic scintillator detectors. The early methods

such as the centroid and Anger logic approaches were developed for 2D position

reconstruction [27] [28]. The use of such algorithms were limited to localising the

interaction position on the X and Y axes with no Depth of Interaction Information

(DOI). Moreover, the abilities of these methods to reconstruct the interaction

positions were degraded at the edges of the detector. The alternative methods

that were developed integrated the third dimension (z) which represents the size

of the scintillator volume and interactions along that axis.

In general, the process of extracting 3D interaction position information can

be carried out by measuring the scintillation light distribution that is detected

by the photodetectors. Although several different fields benefit from the DOI

reconstruction techniques, the majority of the literature published on this subject
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focuses on the medical imaging field (e.g. PET) [29] [30]. A double-sided readout

can be used for extracting the DOI information by building lookup tables that

relate the light distribution detected inside the crystal by the photosensors to the

scintillation position [31].

Estimating DOI can also be achieved by using the analytical fit models for

localising event-by-event γ-ray interactions such as the one described in [32], which

implements the inverse square law and an exponential factor. This model was later

modified by adding the intensity of the scintillation light reflected inside the detec-

tor [33]. The algorithms based on machine learning such as the Artificial Neural

Network (ANN) [34], Gradient Tree Boosting (GTB) [35] and Deep Neural Net-

works (DNNs) [36] are considered new algorithms for 3D position reconstruction.

However, these algorithms require long training periods to obtain information such

as that related to the interaction position.

These other approaches compare the distribution of an unknown light gen-

erated inside the crystal to predefined light distributions at different positions to

reconstruct the DOI coordinates. This can be carried out by fitting the light dis-

tribution with different statistical methods such as the Chi-square method (χ2)

[37] and Maximum Likelihood (ML) [38]. Although these methods reacquire long

and time-consuming measurements for constructing the reference points, the fit-

ting process does not depend on predictions such as the analytical approach. The

former approach extracts the DOI positions by utilising practical information pro-

vided by light distribution such as the width of the distribution.

The reconstruction of the 3D coordinates of the γ-ray interactions inside the

crystal and the estimation of the position resolution depend on the size, type of

the scintillator crystal, detector configuration and the methodologies applied. For

instance, the best position resolution measured for a 50×50×30 mm3 thick crystal

using the K-Nearest Neighbours (K-NN) method was found to be 4.5 mm FWHM

at 662 keV in the x and y direction [39]. For DOI measurements (z-coordinates),

1.9 mm and 2 mm position resolutions were obtained using 42×42×10 mm3 LSO
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and 50×50×4 mm3 LaBr3 scintillators [40] [41]. Looking at thicker crystals, In

Ref [42], the DOI resolution for a 50×50×20 mm3 LYSO scintillator was found to

be 5 mm. This indicates that localising the depth of the γ-ray interactions inside

the crystal degrades as the thickness of the crystal increases.
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1.3 Motivation and Objectives of the Thesis

The information obtained from the DOI is important for solving some of the lim-

itations of the detection systems. One such limitation is the Parallax error which

affects both the sensitivity of the detectors used, for instance, in small animal

PET imaging systems [43] and their spatial resolutions. The localisation of the

DOI for charge-coupled detectors that are used for γ-ray cameras improve the spa-

tial resolution that is affected by the scintillator’s thckness. [44]. Such limitations

have motivated the current research to focus on building and characterising a new

position-sensitive detector. Moreover, the need for cost-effective, small-in-size and

less time-consuming 3D reconstructing methods drive future research and develop-

ments in improving position-sensitive monolithic detectors. The aim of this thesis

is to construct a position-sensitive monolithic detector using a low-cost inorganic

scintillator. The goal is also to characterize the detectors sensitivity performance

by implementing 3D position reconstruction methods that can be used for different

applications.

In summary, the objectives of this thesis are to:

• Construct and characterise new position-sensitive scintillator detectors for

γ-ray detection.

• Testing different position reconstruction methods to locate γ-ray interactions

inside the detector volume.

• Develop a simulation and an analytical model for estimating the scintllation

light distribution in the monolithic scintillator.
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1.4 Outline of the Thesis

Chapter 2 describes the interaction of γ rays with matter, the different types of

scintillators and the scintillation processes. The optical phenomena that describe

the behaviuor of the light generated inside the scintillator and the different po-

hotodetectors that are used to detect the light have also been discussed in this

chapter. Further, this chapter details how scintillator detectors operate along

with providing a brief description on digital signal processing. In Chapter 3, the

experimental set up for both the detectors has been described. Measurements

and calculations on energy and position resolution have also been detailed in this

chapter, and the methods of 3D position reconstruction have been described. The

modelling of the 1D and 3D using the Geant4 simulation models has been pre-

sented and explained. Chapter 4 presents the results obtained from the detector

measurements and the simulation models. In Chapter 5, the results are discussed

and explained. The conclusion deriving from the project and suggestions for future

research have been stated in Chapter 6.

.

.
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Chapter 2

Theory and background

In this chapter, Section 2.1 discusses the theory and background of the mech-

anism of γ-ray interactions with matter. In Section 2.2 the different types of

scintillators and their different scintillation processes have been discussed. The

behaviour of the generated light inside the scintillator and the different mecha-

nisms that occur at the boundaries have been discussed in Section 2.3, whereas in

Section 2.4 the different photo-detectors that are used for detecting scintillation

light have been discussed and reviewed. Finally, in Section 2.5 a brief description

of how the scintillator detectors operate and an example of digital signal processing

have been discussed.
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2.1 γ Rays Interaction with Matter

Although there are several mechanisms for interaction of γ rays with matter, the

three most common interactions are photoelectric absorption, Compton scatter-

ing and pair production. The photoelectric absorption dominates at low energies

(=<200 keV), and it is proportional to the atomic number Z5. When a photon

interacts with a bound atomic electron, it transfers all of its energy to the freed

electron which escapes its orbit as illustrated in Figure 2.1. As a result of this

transformation, a photoelectron (PE) is produced, and its kinetic energy is given

by:

Ee = Eγ − Eb (2.1)

where Ee is the electron’s kinetic energy produced, Eγ is the energy of the incident

photon and Eb is the binding energy between the electron and the nucleus.

Figure 2.1: Illustration of the photoelectric effect mechanism where an incoming
photon knocks out an orbital electron from the K shell, and the orbital electron
becomes a photoelectron. Reproduced from [45].

At higher energies (200 keV to 1.5 Mev), the Compton scattering (CS) mech-

anism dominates and is independent of the atomic number. The incident photon
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2.1. γ Rays Interaction with Matter

interacts with an electron and partially transfers its energy to that electron. (Fig-

ure 2.2). The photon is then scattered from its original trajectory by an angle

where both the energy deposited and the scattered photon can be linked by the

following equation:

E ′γ =
Eγ

(1 + Eγ
mec2

)(1− cos θ)
(2.2)

where

• E ′γ: Energy scattered γ ray

• Eγ: Energy incident γ ray

• mec
2: Rest mass of electron

• θ: Scattering angle of the photon with E ′γ energy

e

E`Ƴ

Incident photon

Recoil electron (-)

Target electron 
at rest

e

Scattered photon

θ

EƳ
ɸ

Figure 2.2: Illustration of the Compton scattering mechanism where an incoming
photon knocks out an electron assumed to be at rest, which scatters with a portion
of the incident photon energy.
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In the cases of the above interactions, the incident photon interacts with an

orbital electron of the atom. However, when the γ-ray energy exceeds 1.022 MeV,

pair production occurs when the photon interacts with the electric field of the

nucleus producing a pair of an electron and positron as shown in Figure 2.3. The

kinetic energy of the electron Ee− and positron Ee+ that is produced is equal to

the difference between the energy of the incoming photon Eγ and is equivalent to

the energy of two electron masses as shown in the following equation:

Ee+ + Ee− = Eγ − 1.022[MeV ] (2.3)

Figure 2.3: Illustration of the pair production mechanism where an incoming pho-
ton with high energy (Eγ ≥ 1.022 MeV) interacts with a nucleus and loses all of its
energy in the process. This is followed by the creation of two particles, a positron
and an electron.
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2.2 Scintillators

Scintillators can be found in different shapes, sizes and material types. When a γ

ray interacts with a scintillator, one of the three methods mentioned above take

place, and some of this energy is converted into visible or near UV range photons.

This mechanism is known as the scintillation process, and the number of photons

produced is proportional to the energy deposited in the crystal by the γ rays.

There are two types of scintillators, organic and inorganic, and they have different

scintillation processes, sensitivity and detection efficiency.

Organic scintillators are aromatic hydrocarbons that can be found in the forms

of crystals, solid, liquids and plastics [46]. Figure 2.4 illustrates the scintillation

mechanism when a particle interacts with an organic material.

Figure 2.4: Illustration of scintillation process for organic scintillators. In the
singlet state labelled (S), the absorbed energy excites the molecules to the upper
levels. The de-excited atoms from S10 to S0 emit fluorescent light. The decay
process that occurs between the triplet and singlet (T1 to S0) levels produce phos-
phorescence light, which can be distinguished by its longer wavelength and longer
time of decay. Reproduced from [47]
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When a particle passes through the crystal, the atoms of the molecules are

excited from the S0 ground level to the higher levels. In some cases where the

frequencies are less than 1013 or 1014 Hz, an electron in the triplet state decays

back to the T1 state through a radiationless transition. They can then transit to

the ground S0 and produce the excess energy in the form of optical photons in

the singlet state. Molecules that are excited from the triplet states can produce

fluorescence or phosphorescence lights where the later can be identified by its longer

wavelength. Depending on the emission time if the re-emission of the photons is

from 10−9 S to 10−6 S, the process is called fluorescence. But if the re-emission

is between 10−3 S and 100 S for transitions from T1 to S0 the process is called

phosphorescence. The non-radioactive decay process can occur for transitions that

take place between S1 to S0 for emission times between 10−7 S and 10−5 S. Other

processes such as inter-system crossing, vibrational relaxation, internal conversion

and light absorption occur for time emissions that are 6 10−6 S.

Organic scintillators show fast decay time compared to inorganic scintillators,

but due to their lower density and atomic numbers, more material is needed to

stop high energy γ rays (up to 15 cm thickness).

Inorganic scintillators are high in density, light yield and atomic number (Z)

compared to the organic scintillator. The scintillation process in this type of crys-

tals does not depend on the molecules energy transition between different energy

states but on the characteristics of the electron band structure of the crystal [46].

Figure 2.5 illustrates the scintillation process when an incoming particle interacts

with an inorganic scintillator and scatters an e− with high kinetic energy. As this

e− slows down via energy loss, it transfers energy to the crystal and excites more

electrons in the process. As the electrons fall back to the valance to recombine with

a hole, visible light is emitted. When an electron propagates through the crystal,

it may be absorbed or captured depending on the purity of the material. Most

inorganic crystals are doped with activators that introduce sites of impurities in

the crystal lattice. These sites are important to produce optical photons, resulting
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from the de-excited electron in the visible spectrum from such sites [47].

Valence band          h      e      e e e e e e e

Conducting band 

Excited electron (e)
Energy gap 

Activation 
excitation sites 

Scintillation 
light 

Activation ground site

Figure 2.5: Illustration of inorganic scintillation process. An electron is excited by
an incoming photon and propagates through the material. The excited electron
then moves to the conduction band, and if combined with a hole, it transits to the
ground site. During this transition, if the pair passes through one of the activation
excitation sites, then photons are emitted in the visible light range.

One drawback of this type of material is that some of the inorganic scintillators

used are hygroscopic and have to be managed in a sealed tight enclosure. Table

2.1 illustrates different types of scintillators and their properties.

Table 2.1: Types and properties of five different scintillators.

Scintillator CsI:Tl CsI:Na CeBr3 LYSO:Ce LaBr3:Ce

Density, g/cm3 4.51 4.51 5.2 7.1 5.1

Light yield, ph/Mev 54000 41000 60000 32000 63000

Hygroscopic slightly yes yes no yes

Decay time, ns 1000 630 17 40 16

Refractive Index 1.79 1.84 2.09 1.81 1.9

Typical cost for 1×1×1 inch, £ 300 300 2000 2000 3000
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Another important property of scintillators the scintillation emission spectrum

intensity that varies depending on the type of the scintillator used and also on the

type of impurities added to the crystal. Figure 2.6 illustrates the emission intensity

as a function of the wavelength for different inorganic scintillators and two types

of photo-detectors. This type of spectra provide important information that helps

to ensure that the wavelengths of the photon lights generated inside the crystal

match with the wavelengths detected by the chosen photo-detector.

Figure 2.6: The image illustrates the emission intensities vs. the wavelengths
for three different inorganic scintillators as well as the Quantum Efficiency as a
function of wavelength for two photo-detectors. Reproduced from [48].

2.3 Optical Phenomena

The scintillation photons that are emitted following the γ-ray interaction with the

scintillator can go through different processes which are the following:

• Reflection: This is the phenomenon that depends on the type of the surface
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that the light reflects from. Mirror-like surfaces show that:

θ1 = θ2 (2.4)

where θ1 is the angle of the incident ray that is measured between the ray

and a line normal to the surface that intersects the surface at the same point

as the ray, and θ2 is the angle of the reflected ray that is measured from the

reflected ray to the surface normal. The latter mechanism is known as the

specular reflection, and the light rays that reflect from a rough surface and

scatter in all directions are known as diffusive reflection. This is illustrated

in Figure 2.7.

Figure 2.7: Diagram showing light reflections mechanism, absorbed and transmit-
ted from a surface. The incident photon can be reflected from the surface in dif-
ferent directions (Diffusive reflection) or reflected in the same direction (Specular
reflection). It can also be absorbed or transmitted out of the material. Reproduced
from [49].

• Refraction: This is the change of direction when the speed of the photons

changes as they travel from one medium to another as shown in Figure 2.8.

This phenomenon can be explained quantitatively by using Snell’s law as

follows:
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n1

n2

=
sin θ2

sin θ1

(2.5)

where θ1, θ2 are the incidence angle and refraction angle respectively. The

angle of incidence is measured between the incidence angle ray and the nor-

mal line (a perpendicular line to the surface at the point of incident). The

refraction angle is the angle the refracted ray makes with the normal line.

The n symbol is known as the refractive index that is given by:

n =
c

v
(2.6)

where c is the speed of light in vacuum and v is the speed of light in material.

Reflection and transmission of light at an interface can also be described by

Fresnel’s law. The law is used to calculate the power of the light reflected or

transmitted for both parallel (‖) and perpendicular (⊥) to the plane of inci-

dence. The description of the wave’s geometrical orientation is known as the

polarisation state. There are two states which are the S polarization which

describes the wave’s electrical field that is normal to the plane’s polarisation

and the P polarisation that represents the polarisation of the electrical field

in the plane of incidence. They can be estimated using reflection (ρ) and

transmission (τ) coefficients with the help of the following expressions:

ρ‖ = −sin(θi − θt)
sin(θi + θt)

(2.7)

ρ⊥ =
tan(θi − θt)
tan(θi + θt)

(2.8)

τ‖ =
2n1 cos θi

n2 cos θi + n1 cos θt
(2.9)

τ⊥ =
2n1 cos θi

n1 cos θi + n2 cos θt
(2.10)
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The angles of the reflected and transmitted light at an interface boundary

are given by θi and θt respectively. The power of the reflected (R) and

transmitted (T) lights for both (‖) and (⊥) polarisation can be calculated

using the following equations:

R =| ρ2 | (2.11)

T =

[
(n2 cos(θt))

(n1 cos(θi))

]
t2 (2.12)

Figure 2.8: Illustration of light refracting at an interface between two media of
different refractive indexes (n) and n2 > n1. When light travels from medium 1
to medium 2 with an angle, it changes its direction and speed, and the angle of
refraction (θ2) is less than the angle of incidence (θ1).

• Total internal reflection: This optical phenomenon depends on the critical

angle that can be calculated based on Equation 2.6 by selecting the refracting

angle to be 90◦ :

sin θc =
n2

n1
(2.13)

where θc is the critical angle, and there are two conditions for it to occur:

– The optical photons that are only considered for this process are those

that travel from a medium having higher density to a less dense medium.

– θi must be larger than the θc.
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Figure 2.9 shows an example of the different light behaviour that can occur

when photons reach a boundary between two media (glass and air).

Figure 2.9: Illustration of light passing from one medium to another with different
refraction indexes and densities (glass to air). The first diagram (left) the incident
angle (i) is smaller than the critical angle (c), whereas (middle) i = c and (right)
occurs when i > c.

2.4 Photo-detector

2.4.1 Photomultiplier

One of the most commonly utilised photo-sensors in many applications is the

Photomultiplier Tube (PMT). The PMT is a vacuum tube that consists of a pho-

tocathode, multiple dynodes and an anode and they are all encapsulated inside an

evacuated glass vessel. The optical photons pass through the input glass window

and hit the cathode. This excites the cathode electrons, and photoelectrons are

produced, but they are not enough to produce a current flow through the tube.

To overcome this issue a focusing electrode is used to direct the photoelectrons to

the first dynode were they are accelerated due to the presence of the electric field.

At each dynode the photoelectrons are multiplied, and they continue to produce

more secondary photoelectrons until they are detected at the anode to output the

current. Figure 2.10 illustrates the components and the basic working principle of

a PMT.
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Figure 2.10: A diagram illustrating the components and the basic working principle
of photomultipliers. Reproduced from [50].

Although PMTs provide high gain, large detection area, good signal-to-noise

ratio and low dark current [51], they suffer from low quantum efficiency (QE) and

high operating voltage, and they are sensitive to electromagnetic fields [52].

2.4.2 Semiconductor-based Photo-detectors

2.4.2.1 Photodiodes

A photodiode is a semiconductor that consists of two doped junctions known as

p and n that form a depletion region as shown in Figure 2.11. If a photon strikes

the photodiode and is absorbed in the depletion region, a pair of electron-holes is

created. The presence of an electric field in the depletion region moves the holes

towards the cathode, and the electrons towards the anode. As a result, a current
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is produced which is proportional to the number of photons detected.

Figure 2.11: A simple diagram illustrating a photodiode’s internal structure and
its circuit symbol. p+ and n+ represent the doped junctions and the area be-
tween labeled as (n) is the depletion region where electrons-holes are generated.
Reproduced from [53].

Other types of photodiodes include PIN photodiods and Avalanche Photo-

Diodes (APD). The operational principles of both are similar to the photodiode,

but they are more sensitive and provide faster response time. The PIN photodi-

ode provides a larger depletion area by applying an extra undoped semiconductor

layer which, as a result, increases the active area. One drawback is that the sig-

nals produced by the PIN photodiode are not amplified, and the detection of low

energy photons becomes more difficult. APDs were developed to overcome this

issue by applying a high external voltage which increases the velocity of the elec-

trons towards the depletion region. This increases the number of pairs produced

in the region and causes an avalanche of sorts. Due to this process, the signals are

applied, and they allow for low number of photons to be detected.

APDs are small in size, insensitive to magnetic fields and provide a higher

quantum efficiency but lower gain compared to PMTs. Moreover, temperature

and reverse bias must be controlled when using APDs where these two factors can

lead to fluctuation in the gain [54].
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2.4.2.2 Silicon Photomultipliers

With the development of new photo-sensors over the past few years, Silicon Pho-

tomultipliers (SiPMs) have shown promising results as an alternative sensor to

PMTs. SiPMs are semiconductors that have the same high gain as PMTs but

require a lower voltage to operate.

Figure 2.12: Schematic structure of an SiPM micro-cell which shows the com-
ponents and layers of dope combinations. The silicon (Si) resistor controls the
current flow for resetting the bias and SiO2 provides electrical and some optical
isolation. The Guard ring provides a uniform electrical field across the pn junction
area. Reproduced from [55].

SiPMs consist of individual Geiger Avalanche Photodiodes (G-APD) known

as micro-cells that are connected in parallel as shown in Figures 2.13 and 2.14.

The G-APD are APDs operate in Geiger-mode above the breakdown voltage, and

their operating voltage can be given by:

Vbias = Vbr + ∆V (2.14)

where Vbr is the breakdown voltage which is the minimum voltage required

to generate a high-enough electric field for G-APD to avalanche. The ∆V is the

applied overvoltage above the Vbr. This gives rise to the gain, and the electric
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2.4. Photo-detector

field which excites the electrons and holes and the avalanche process occur, and

the G-APD discharges. The current continues to flow throughout the G-APDs as

long as the bias voltage is above the breakdown voltage. A quenching resistor is

added in the series along with the G-APDs as shown in Figure 2.14. This is done

to control the flow and allow enough time for the G-APDs to recharge and reset

the bias.

Figure 2.13: An example of an SiPM that consists of 10µm micro-cells. Repro-
duced from [56].

Figure 2.14: Illustration of the equivalent electric circuit of an array of summed
micro-cells and the quenching resistors that control the current flow. Reproduced
from [57].
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The parameters that evaluate the performance of an SiPM can be summarised

as follows:

• The gain which depends on the number of charges released for each photo-

electron produced.

• Dark count rate (noise) produces measurable pulses that arise from thermally

excited electrons and are effected by the temperature and the size of the

active area.

• Optical cross talk is another source of noise that can affect the accuracy

of real pulses measurements. When a G-APD is discharged, this can cause

another discharge in one of its neighbouring G-APDs.

• Afterpulsing occurs when a discharged current is captured in the silicon

lattice and re-released and recorded. The time of the delay of afterpulses

characterises the level of impact on the measurements.

The performance of an SiPM is also evaluated by its Photon Detection Effi-

ciency (PDE). This is an important parameter that defines the sensitivity of the

SiPM to detect photons and includes the insensitive areas that are located between

the micro-cells. However, the number of photons that interact with micro-cells are

not equal to the number of avalanches produced. This is why the PDE parameter

is used to calculate the percentage of light detected by the SiPM, and it is given

as :

ε = QE × εG ×
Apixels
Atotal

(2.15)

where QE is the Quantum Efficiency which measures the probability of converting

a photon to photo-electrons, εG is the probability of an electron-hole pair to be

created and an avalanche being induced in the micro-cell, and
Apixels
Atotal

is known as

the fill factor and represents the ratio between the active and the total area of the
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SiPMs. Figure 2.15 shows an example of the effect of two overvoltage values on the

PDE curve. This indicates that the G-APD efficiency increases by increasing the

overvoltage bias which, as a result, provides higher PDE values. However, Figure

2.15 also shows that the PDE depends on the photons wavelengths that interact

with the SiPMs and that at wavelengths approximately higher than 450 nm, a

decrease in the PDE can be observed. The SiPM’s compactness, insensitivity to

magnetic fields and the fact that it could come in different sizes makes it an ideal

choice for light photon detection in many fields [58].

Figure 2.15: PDE vs. wavelength for two different overvoltages where the 5.0 V
(solid black line) shows higher PDE compared to 2.5 V (dashed line). Reproduced
from [57].

2.5 Scintillator Detectors for γ ray Detection and

Digital Pulse Processing

γ-ray scintillator detectors consist of a dense scintillator that can stop the γ rays

and the energy deposited by each interaction is converted into optical photons as

mentioned in Section 2.2. The produced photons then travel through the scinti-
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lator until they reach the photo-detector to be detected and are converted into

electrical signals that are proportional to the energy that the γ-ray photon de-

posited in the detector. The signals that are produced are often weak and need to

be amplified before further processing using a preamplifier. However, the signals

that are produced can also be noisy, and a shaping amplifier is needed to filter the

signals which later produce semi-Gaussian shaped pulses within a reduced band-

width that can be processed and digitised. Figure 2.16 shows an example of signal

processing chain that can be used for spectroscopy measurements.

Figure 2.16: A diagram showing the digital accusation system following an ana-
log electronic chain. The raw signals produced from the detector are amplified
using the preamplifier, and the shaping amplifier filters out the noise. The signals
produced are semi-Gaussian shaped, and they can be measured by an Analog to
Digital Converter (ADC). Reproduced from [59].

As mentioned before the number of the photons detected are proportional to

the energy deposited by the incident photon, and it can be calculated using:

Nph = Eγ × LY × PDE (2.16)

where Eγ is the energy deposited in the scintillator, LY represents the light

yield, i.e. the number of scintillation photons produced per MeV and PDE gives

the percentage of photons that are detected by the photosensor.

Another important property of such a system is the percentage energy reso-

lution that can be defined by the following ratio :
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2.5. Scintillator Detectors for γ ray Detection and Digital Pulse Processing

(
∆E

E
) =

FWHM

H0

× 100 (2.17)

where FWHM represents the full width half maximum of the peak and H0 is

the centroid position of the full energy peak as shown in Figure 2.17.

Figure 2.17: An illustration of a spectroscopic system energy resolution definition.
The resolution is calculated using the ratio between the FWHM and the centroid
position of the peak (H0). Reproduced from [60]

However, there are different factors that must be taken into account when

calculating energy resolution that can affect the performance of the system. The

calculation can be expressed as follows: [61]:

(
∆E

E
)2 = (δint)

2 + (δp)
2 + (δst)

2 (2.18)

where

• δint is the intrinsic resolution that expresses the contribution of the non-

proportionality of the scintillator.
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• δp is the transfer resolution that represents how many photons successfully

reach the photosensor.

• δst are the statistical fluctuations that are a result of the photosensor’s char-

acteristics such as the PDE and scintillation light fluctuations.

δst is directly affected by the number of photons detected Nph and can be

expressed as follows:

δst =
√
Nph (2.19)

This indicates that increasing the number of photons improves the statistical fluc-

tuation which contributes to improving the energy resolution of the detector. This

can be improved, for instance, by wrapping the detector with a reflective ma-

terial (excluding the areas where the scintillator and the photosensor are joined

together). As a result, photons that escape the crystal can be reflected back and

detected.
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Chapter 3

Methodology

Chapter 3 presents the processes carried out for designing and fabricating a

6×6×76.2 mm CsI:Tl long crystal coupled to two 6×6 mm2 SiPMs at both ends

(1D detector) and a 50.44×50.44×50.44 mm3 cuboid CsI:Tl crystal coupled to six

8×8 SiPM arrays (3D detector). This chapter also details the experimental setup,

including the scanning table, electronics and data acquisition system. The related

energy, position resolution measurements and 3D position reconstruction methods

have also been discussed. Finally, the Geant4 simulation model and modelling of

the 1D and 3D detectors have been introduced in this chapter.
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3.1. Experimental set up and Measurements

3.1 Experimental set up and Measurements

3.1.1 1D CsI:Tl Detector

3.1.1.1 Detector Configuration

A 6×6×76.2 mm2 CsI:Tl crystal manufactured by Hilger crystals was used. The

properties of the crystal are presented in Table 3.1.

Table 3.1: Properties of a CsI:Tl scintillator

Density, g/cm2 4.51

Light yield,ph/MeV 54000

Decay time, ns 1000

Refractive Index 1.79

Wavelength of peak emission, nm 540

Two 6×6 mm2 C-type silicon photomultipliers manufactured by SensL were

then optically coupled using a silicon optical grease (EJ550) at both extremities

of the crystal. The crystal and the SiPMs surfaces were cleaned using isopropanol

and lint-free tissues. This type of SiPM consists of 60035 micro-cells, and each

micro-cell is 35 µm in size [62].

The crystal was wrapped with three different wrapping materials for both

energy and position resolution measurements. Figure 3.1 shows an example of the

three different wrapping materials PTFE, a black tape and a highly reflective 3M

Enhanced Specular Reflector (ESR) sheet that were used in this test. For the

PTFE, eight layers were used on all sides of the detector’s surfaces excluding the

surfaces with the SiPMs. To secure the SiPMs position, the whole detector was

covered with the tape, and the same procedure was done with the black tape.
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3.1. Experimental set up and Measurements

Figure 3.1: Examples of different wrapping materials used for the 1D scintillator
detector (PTFE, 3M ESR sheet and Black tape).

The 3M ESR sheets were less flexible than the other materials, which made

it hard to bend it around the detector which led to scratching symmetrical lines

on the surface of the sheets using a CO2 laser cutter. The 3M ESR sheets were

placed under the focused laser beam, programmed to move in the y direction and

burn four equal rectangular shapes. This process made the 3M ESR sheets more

flexible to be bent and handled. The sheets were then placed on each of the faces

of the crystal; the PTFE tape was used to secure the 3M ESR sheets. and both the

SiPMs on the scintillator’s surface. The detectors were wrapped with an aluminum

foil to shield them from ambient light.

3.1.1.2 Measurements and Data Acquisition Systems

The energy calibration measurements were carried out using 137Cs and 153Eu

sources. The signals from both SiPMs were summed together and connected to an

Ortec amplifier model 571. The amplified signals were then connected to a Multi-

channel Analyser (MCA) and energy spectra were recorded for each detector. The

energy resolution (∆E
E

) was obtained using Equation 2.17.

γ rays interaction positions were measured by taping the detector to a plastic

holder to stabilise its movement during the experiment. It was then mounted

on an xy linear drive placed inside a scanning table built at the nuclear physics

laboratory at the University of York as shown in Figure 3.2.
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(a)

(b)

Figure 3.2: (a) Illustration of the experimental setup for the 1D detector which
is placed on a plastic holder (red). The holder along with the detector was then
placed and stabilised on an xy linear drive for the xy measurements scan and (b)
a schematic drawing showing where the source is located.

A 137Cs source with an activity of 370 MBq is positioned at the top of the

cabinet above the detector and is housed in a tungsten collimator 1 mm hole and

further surrounded by lead. At the end of the collimator, a safety shutter is placed

that shields the source when the door of the cabinet is opened. The detector

was placed 74 mm from the exit of the collimator and was moved in 5 mm steps

along the x direction of the scintillator for fifteen positions, and each position was

irradiated for five minutes.
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To record the signals from each SiPM, they were split and connected to a

sixteen channel CAEN Model V1730B digitizer where only two channels were used.

The signals connected to the CAEN V1730B were digitized and controlled by a

console application called WaveDump where trigger levels, offsets and the trace

length of the recorded pulse can be pre-programmed. Figure 3.3 depicts a sketch

of the experimental set up and the Data Acquisition system (DAQ), and Figure

3.4 shows an example of a recorded signal before data processing. The following

parameters were preset:

• Trigger level 2070 mV.

• Offset set: 0.

• Recording length : 2100 samples = 31.5 µs.

• Post Trigger : 80%.

Figure 3.3: Schematic diagram showing both the SiPMs connected to a power
supply and to a 16 channel CAEN V1730B digitiser. The signals were displayed
on a Terktronix oscilloscope for monitoring.
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Figure 3.4: An example of a signal recorded using a CAEN Model V1730B digitiser.
The image shows the signal recorded after applying the parameters to select the
correct accusation window.

This type of signal acquisition has some advantages over analog processing.

The advantages are that trigger level, post-trigger and sampling rate can be pre-

programmed to select the accusation window. Further, the information stored can

be processed without being affected by changes such as in the temperature and

additional noise that can affect the data output.

For the beam position measurements, each detector was moved in 10 mm

steps along the x and y direction to build a 2D profile of the detector (Appendix

Figure A.1). The count rates for each position were recorded, for this provides a

clear indication of when the detector is within the beam profile. The electronics

noise level was measured without the source and found to be < 2 mV. The light

ratio distribution measured at both SiPMs, at each position, was calculated using

the following equation:

r =
SiPM0

(SiPM0 + SiPM1)
(3.1)

where SiPM0 and SiPM1 are the amplitudes of the signals from each of the
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SiPMs. The light ratio distribution was then fitted with a Gaussian function to

obtain the centroid and FWHM for each position. Each light ratio distribution

was then plotted against each interaction position and was fitted with a linear

fit (see Section 4.1 for the illustration). This calibration procedure allowed for

measuring the interaction position from the signals measured at the two SiPMs.

To calculate the average position resolution, the average FWHM and the gradient

obtained from the linear fit were used as follows:

X =
FWHM

g
(3.2)

where X is the measured position resolution, g is the gradient value obtained

from the linear fit and the FWHM is the full width half maximum of the ratio

light distribution and can be calculated as follows:

FWHM = 2.355× σ (3.3)

where σ is the standard deviation that measures the variation of the distribution.

However, the position resolution that is measured does not take into account the

beam divergence due to the thickness, diameter and length of the collimator to

the detector. As a result, the size of the beam spot (BSP) hitting the detector

is broadened and the BSP FWHM is found to be 2 mm and the actual position

resolution (R) calculated using the following equation:

R =
√
X2 −BSP 2 (3.4)

The BSP was calculated based on the geometry of the collimator and by

knowing the length and diameter of the collimator (90 mm, 1 mm). The divergence

of the beam was found to be 0.318◦. This allowed an easy and suitable approach

to calculate the BSP at different distances of the source. The results of the three
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detector configurations were collected, and they have been compared in Section

4.1.

3.1.2 3D Cubic Detector

3.1.2.1 Detector Configuration

Two detectors were utilised for this setup. They have been defined as the main

detector and the coincidence detector. The main detector was constructed from

a 50.44×50.44×50.44 mm3 cubic CsI:Tl crystal with the same properties as those

presented in Table 3.1. The faces of the crystal were covered with six 8×8 SiPM

arrays of SensL J-type and each SiPM array consisted of 6.13×6.13 mm2 pixels

with a total area of 50.44×50.44×50.44 mm3 as shown in Figure 3.5. This type of

SiPM provides two Samtec 80-way connectors, type QTE040-03-F-D-A connectors

[63] that can be connected to the preamplifiers boards (made at the University of

York), which can be used to sum up the output of all 64 pixels and can also amplify

the individual signals (Appendix Figure A.2).
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(a)

(b)

Figure 3.5: (a) An image of the cubic CsI:Tl being measured.(b) An image of one
of the 8×8 SiPM array that is coupled to one of the crystals faces for photons
detection.

The surfaces of the SiPM arrays were cleaned with isopropanol, and each

SiPM was placed into a socket of a 3D plastic structure as shown in Figure 3.6 to

cover all of the faces of the cube. To light couple the arrays to the crystal’s surface,

a silicon optical grease (EJ550) was spread as evenly as possible on the surface

of each array. The CsI:Tl was then placed into the first half of the 3D structure,

and it was checked that the three faces of the crystals were totally covered by the

arrays and then the second half was used to cover the remaining faces. A PTFE

tape was then used to hold the structure and to ensure that the SiPM arrays are

positioned correctly.
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(a) (b)

(c)

Figure 3.6: (a) The image shows two plastic 3D holders, each holding 3 8×8 SiPM
arrays. (b) The image shows how the arrays are inserted inside the plastic holder.
(c) The image shows the final detector configuration where all of the faces of the
cubic scintillator are covered with the arrays and then wrapped with a black tape.

Figure 3.6 shows the 3D detector at various stages during the assembly. The

arrays were then connected to preamplifiers boards that were made at the Uni-

versity of York and were mounted on the same xy linear drive placed inside the

scanning table cabinet. The position of the 1 mm collimated source provided

a pencil-like beam of γ rays that hit the main detector at well-defined x and y

positions. Defining the third coordinate (z) required the use of a second indepen-

dent detector (coincidence). This detector consisted of a 50.44×50.44×25.44 mm3

CsI:Tl crystal and a single SiPM array of the same type as those used for the
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main detector. The crystal and the array surfaces were cleaned using the same

procedure as the one used for the main detector. The array was coupled at the top

of the cuboid crystal using a silicon optical grease (EJ550) and then wrapped with

a PTFE tape. The detector was then placed on a manually adjustable vertical

stage behind a horizontal 4.5 mm slit collimator made of lead and copper, and the

spot size obtained from such a slit was found to be 3.5 mm. Figure 3.7 shows the

experimental setup and the positions of the main and coincidence detector inside

the cabinet.

(a)

(b)

Figure 3.7: Experimental set up (a) Front image (b) top image where the main
detector is placed at the left of the collimator and under the source. At the left
of the slit collimator the coincidence detector is positioned to detect all Compton
scattered rays events with a 90◦ scattering angle.
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3.1.2.2 Data Acquisition Systems

The γ rays that interact with the scintillator may be absorbed (Photoelectric

absorption) or scattered (Compton scattered) once or multiple times as shown in

Figure 3.8. In the present experiment, the coincidence detector was used to select

the events that go through the slit collimator after scattering at an angle of 90◦

from the main detector. A schematic sketch of the setup is shown in Figure 3.9,

which shows an example of a coincidence event and the dimensions and distances

of the different components. The angular coverage in the vertical direction without

the energy cut was found to be 90◦± 3, and the uncertainty depth was found to

be ± 7 mm.

(c)(b)(a)

Figure 3.8: Illustration of the different γ-ray interaction mechanisms in a mono-
lithic scintillator. (a) shows multiple Compton scattered events before exiting the
detector. (b) shows one 90◦ Compton scattered event exiting the detector and (c)
shows where the event deposits all of its energy (photoelectric absorption) and no
Compton scattering events.
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Figure 3.9: A schematic diagram of a left-handed coordinate system showing the
collimated source hitting the middle of the main detector and scattering at 90◦.
The scattered γ ray then passes through the slit clollimator and is detected in
the coincidence detector. The diagram also shows the dimensions of each of the
components of the experiment and the distances between them.

Optical photons that were generated inside the main detector were detected

by the six SiPM arrays which convert them to electrical signals. These signals

are then read out by the preamplifeir boards attached at the back of each array.

Each board outputs the 64 channels of the array into groups of 16, amplifies the

individual pixel signals with x10 gain (but without shaping filter). A sum of all

of the 64 channels of the array were connected to a separate output for triggering

and energy calibration measurements. Both the individual and the sum signals

were sent to the FEBEX3b boards that were placed inside a crate. FEBEX3b is a

16 channel, 50 MHz (ADC) with a resolution of 14-bit [64]. It was equipped with

Field Programmable Gate Arrays (FPGAs) that determine the pulse height of the

incoming signal using a moving-average filter with user-defined parameters. An

example of the FEBEX3b card components is shown in Figure 3.10.
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Figure 3.10: A schematic sketch of an individual FBEX3B card component. The
FPGA is the main component used for defining the detected signal’s height.

The crate powered up the boards for signal processing and was connected to

the Exploder which managed the triggers and communicated with the FEBEX

crate via a ribbon cable [65] to the SFP module. The SFP module was connected

to the crate via a peripheral component interconnect express (PCIe) connector

which connected the crate to the external world.

The Multichannel Branch System (MBS) developed at the GSI center that

contains a PEXOR (reads the signals sent from the FEBEX3b) and a TRIXOR

(manages the triggers sent from the Exploder) was also used and operated using

an external computer [66]. Figure 3.11 shows parts of the DAQ system used in

this experiment. The triggering condition is generated in the Nuclear Instrument

Module (NIM).
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Figure 3.11: An image of the scanning table station and the DAQ system used for
recording the events. The crates were used to power up 25 FEBEX3b cards and
the SPF module. The NIM module provided the triggering condition and the SPF
module.

The triggering signals were generated in the Expolder module and sent to the

Febex cards. The Exploder module was connected to an SFP module via a ribbon

cable at the crate side and the TRIXOR card at the PC end which managed the

triggered signals sent by the Exploder. Data sent from the Febex cards were read

out by the PEXOR card that was connected via an optical fiber cable to the SFP

module.

In total, 25 Febex3b modules were used to readout the 6x64 = 384 pixel

channels as well as the sum and coincidence signals. The DAQ system was triggered

by summing all of the six signals from each SiPM array into one total signal from

the detector. The signal was then sent to a Timing Filter Amplifier (TFA) and

was then converted to a logical signal using a timing discriminator. A sketch of

the trigger logic applied for this setup is shown in Figure 3.12
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Figure 3.12: A sketch of the external trigger logic was applied to the 6-sided
readout. The corresponding summed SiPMs outputs from each of the preamplifier
cards are seen.

3.1.2.3 Measurements

The energy resolution for both the detectors was investigated using 137Cs and

153Eu sources. The measurements were carried out individually for each of the

detectors and without the coincidence condition. The detectors energy resolutions

were calculated using the Equation 2.17 and compared.

γ-rays interaction position measurements were carried out by moving the main

detector to various x and y positions. The depth of the γ-rays interaction inside

the main detector were defined by adjusting the height of the side slit collimator

using the vertical stage. Hence, the position of the a 90◦ Compton scattered γ-rays

interaction could be known in all of the three dimensions. By using Equation 2.2

it was found that for a coincident event the deposited energy in the main detector

was 374 keV and that of the scattered γ rays was 288 keV, and a total of 27

positions were irradiated. The measurements acquisition time was between 1 to

3 days depending on how far the interaction position was from the coincidence
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detector which affected the number of counts recorded. The measurement time

was also effected by the stability of the DAQ system, which sometimes crashed, so

no counts were recorded, and had it to be restarted.

3.1.2.4 3D Position Reconstruction Methods

The γrays interaction positions were estimated by employing different reconstruc-

tion methods. First, 2D average and single event light maps were generated from

experimental and simulation data and from a geometric simplistic model. The 2D

light maps that were generated showed the number of photons that were being

detected by each SiPM array at each face of the cube. The simplistic model (SM)

is a function that was developed using the solid-angle (Ω) coverage of a rectangular

pixel relative to the interaction point and the solid angle. Figure 3.5 illustrates

the parameters that were used for calculating the Ω, and in such a case it can be

calculated by using the following equation [67]:

Figure 3.13: A sketch showing the parameters used for calculating the Solid angle
Ω. The source position is given by the S, and d represents the source distance from
the photo-detector. The a and b symbols represent the horizontal and vertical
coordinates of the photo-detector.

Ω = arctan
ab

d
√
a2 + b2 + d2

(3.5)
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where a and b are the length and width of the photodetector and d is the distance

between the source location and the photodetctor. The proposed SM model esti-

mated the number of photons that were detected by each SiPM of the six arrays at

different interaction positions including the solid angle effect. This effect describes

the relationship between the origins of the interaction position and the photons

measured by the pixels and can be calculated by:

SM =
36

(4× π × r2
1 × r2

2)×Np× PDE)
(3.6)

where r1 is the distance between the interaction point and any pixel of the array.

The r2 is the term that adjusts for the incident angles of the photons hitting the

SiPMs located further away from the source location and Np is the number of

photons produced for each γ-ray interaction and the PDE of the arrays.

Position reconstruction is performed by two different approaches:

• Light ratio method.

• The χ2 minimisation method.

For the light ratio method, the light ratio of opposite arrays obtained from the

average signals for both experimental and simulation data using Equation 3.1

were used, and the results were compared as shown in Section 4.2. The same

method was applied for the pixels with the highest number of photons detected

at opposite SiPM arrays (experimental data). The 3D reconstruction was carried

out by processing 100 events for different interaction positions, and x, y and z

coordinates were obtained through the light ratio of the maximum pixel located

at opposite SiPMs.

The Chi-square minimisation (χ2) test was applied, which is, in general, an

estimation of how much the data and a model match. The following equation was

applied:
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χ2 =
∑ (O − E)2

(σ)2
(3.7)

where O is the observed data (the normalised signal amplitude in each pixel), E

is the expected data, which can be obtained from the signal amplitude estimated

from the simulation data or the normalised signal amplitude from the geometric

simplistic model, and (σ)2 is the weighted uncertainties in the individual points

(variance). In this case, it corresponds to
√
Np. The χ2 method was used to

extract the x, y and z coordinates for 100 events that reproduce the experimental

light distribution well where the interaction position for which the estimator is

minimal was taken as the determined position.

The position resolution was estimated measuring the Root Mean Square (RMS)

the light distribution obtained from both 3D reconstruction methods. Both meth-

ods were used to obtain the interaction positions at various interaction sites using

the coincident data (restricted in x, y and z) and pencil beam (restricted in x and

y) measurements. The two methods were compared by looking at the shape of the

light distributions for each of the reconstructed interaction coordinates at different

interaction positions and their position resolution values in terms of RMS.
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3.2 Geant4

3.2.1 Introduction to Geant4 and its Applications

Geant4 is a Monte Carlo object-oriented computational tool based on C++ lan-

guage that can simulate particles propagating through a material and it covers

a wide range of energies, materials and different types of particles. Moreover, it

performs some key functions such as defining complicated geometries, tracking

and visualising that can be used in designing or optimising radiation detectors

[68]. The 1D and 3D detectors were simulated using the GEANT4 toolkit (ver-

sion 4.10.1), incorporating optical photon transportation. The physics models and

optical properties were tested and validated by comparing them with the data

reported in [69]. The same models were then modified to simulate the detectors

presented in this thesis to compare the output with the experimental data. In

this project, the aim of using such a simulation code was to construct a working

model that can be used for predicting the interaction positions inside the crystal

for different type of scintillators.

3.2.2 General Overview of Geant4

Certain key parameters that are included in the Geant4 framework as packages

include:

• Material package is used to define the materials properties such as type of

scintillator, density and its light yield. Some of this information can be found

stored within its library, and if not possible, the user can specify their own

list of component properties.

• Geometry package is used to construct geometrical structures for both simple

and complex volume shapes. This is carried out by defining the components
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and the positioning of logical volumes in respect to the mother volume.

The defined volumes can also be duplicated or subtracted depending on the

structure’s design.

• The physics process is where the interaction of particles with matter can be

defined, where Geant4 covers a wide range of processes including electromag-

netic interactions and hadronic physics for high- energy research.

Other packages include a primary generator that allows the user to select

the type, energy and position of the source or sources of interest. The particle’s

propagation through matter can be tracked, and its behaviour can be predicted

depending on the user’s specifications [70].

3.2.3 Modeling Scintillator Detectors Using Geant4

As described in 3.2.2, Geant4 has many packages that can be used for modelling

detectors and comparing their outputs with experimental data. To achieve this

goal, the many parameters included in these packages have to be configured before

running the simulation.

The first step was to define the mother volume dimensions where they repre-

sent the outside environment that the detector is placed in. All physical processes

and the detectors components were placed within the mother logic. In other words,

any process that occurred outside the mother logic was ignored.

Secondly, the detector’s shape and size must be defined with respect to the

mother logic. The properties of the detector material such as the scintillator’s

density, doping type and the number of elements can be selected from the ma-

terials category in the GEANT4 library or determined by defining new elements

depending on the user’s choice.
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The modelling of a scintillator detector must include the optical-photons pro-

cess that was generated from the γ-ray interactions with the scintillator. When

these optical photons meet an interface, they go through different interactions as

described in 2.3. Information such as the scintillators refractive index, absorption

length and the scintillation process for both fast and slow decay components were

some of the key properties to implement in the code.

Several types of the particles were also carefully added to the physics list, for

instance, γ rays, electrons and positrons. Moreover, different scattering process

could be enabled such as Compton scattering. On the other hand, the physical

volume dealt with the positioning and ensuring that all of the components were

within the mother volume.

The third step dealt with the type, energy and position of the radiation source,

and it could also be placed inside the detector depending on the user’s require-

ments. There are two types of particle sources, the G4ParticleGun and the Genral

Particle Source for modelling both simple and more complex sources.

Finally, the surface properties that the different components of the scintilla-

tor detectors were constructed of had to be carefully implemented in the simu-

lation code. This ccould be achieved by selecting the model method (UNIFIED,

GLISUR), type of the boundary which can be between two dielectric materials

or dielectric-metal and the surface finishing which controlled the smoothness of

the surface [71]. To detect the optical photons, the boundary between the photo-

sensor and the scintillator material type was defined as a dielectric-metal which

can absorb or reflect photons. The user also had an option to select between two

dielectric surfaces that allow the optical photons to be absorbed, reflected and

refracted as when defining between a scintillator and a wrapping material (PTFE,

paint and black tape).

As mentioned above, UNIFIED and GLISUR are the two models that control

how the optical photons interact with different types of the surface finishing. The

53



3.2. Geant4

GLISUR model provides only polish and ground finishes and allows the user to

control the roughness of the surface between 0 and 1 where 1 represents a fully pol-

ished surface, and optical photons reflect from the boundary according to Snell’s

law. If the user selects polish number < 1, this increases the roughness of the

surface, and the optical photons get reflected according to the Lambertian Distri-

bution. The UNIFIED model describes the physical processes that optical pho-

tons undergo between two dielectric materials. Moreover, it provides more surface

finishes such as GroundBackPainted, PolishedBackPainted, GroundFrontPainted,

PolishedFrontPainted, ground and polish, which allow to simulate different reflec-

tion processes (Lambertian, Specular Spicke, Specular Lobe and Backscatter). To

control the roughness of the crystal surface in the UNIFIED model, a parameter

known as SigmaAalpha (σα) must be set and chosen, and zero corresponds to a

fully polished smooth surface. This parameter introduces random microfacets with

a Gaussian distribution which σ is defined as the width of that distribution [72].
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3.3 Modelling 1 and 3D Detectors using Geant4

3.3.1 1D CsI:Tl Detector

As described in 3.2.3 there are several parameters that must be predefined that are

based on the experimental setup, materials and components. Figure 3.14b shows

the detector’s design and a schematic sketch of the detector’s components.

(a)

CsI:Tl RI= 
1.79

PTFE 
RI=1.3

Air 
RI=1.0027

SiPM1 SiPM0 

Gamma–ray source

(b)

Figure 3.14: (a) shows the photon light (blue) propagating through the 1D scin-
tillator detector model, and the yellow and white represent the SiPMs and the
PTFE wrap respectively. (b) Shows the refractive index values of the materials
used that are configured in the simulation code.
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The CsI:Tl was designed as a 6×6×76.2 mm3 bar and placed inside an air

filled box that represented the outer atmosphere, and two 6× 6 mm2 epoxies were

defined and placed at each of the long ends of the crystal. The whole detector

was then placed inside another box that mimicked the PTFE wrapping material

used in the experiment such that a small gap remained between the crystal and

PTFE, which can be defined as air. Some of the parameters used are summarised

in Table 3.2.

Table 3.2: Properties of the the CsI:Tl detector components as defined in the
simulation.

CsI:Tl Density, g/cm3 4.51

Light yield, ph/Mev 54000

CsI:Tl Refractive Index 1.79

Air Refractive Index 1.0027

PTFE Refractive Index 1.3

Epoxy Refractive Index 1.59

Optical photons behaviour at the interfaces between the components of the

detector were also taken into account in the simulation. This included defining

the model, type and finish of the surface. For example, the interface between the

CsI:Tl and PTFE tape was defined as UNIFIED because the boundary was located

between two dielectric surfaces. GroundBackPainted was selected for the surface

finishing which defined it as a diffusive coating [72]. The (σα) is a parameter that

controls the roughness of the surface provided by the UNIFIED model as discussed

in 3.2.3. Table 3.3 shows each model, type, finish and (σα) value used in modelling

this detector. A 662 keV γ ray emitted from a 137Cs source was modeled using the

G4ParticleGun and the number of particles fired was set to be 10000. The shape

of the gun was chosen to be circle to mimic the 1 mm collimated beam. The source

was moved in 5 mm steps along the x-axis (Figure 3.2 shows the coordinates of

the system), and a total of fifteen positions were irradiated. Information such as

the number of optical photons that reach the photodetectors, the energy of the γ
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ray deposited in CsI:Tl crystal and the mechanism of the interaction (PE and CS)

were stored in two hit classes for analysis.

Table 3.3: Type and surface finish of each interfaces between two different com-
ponents defined in the simulations.

Boundry Model Type Finish σα

Crystal/PTFE UNIFIED dielectric-dielectric GroundBackPainted 0.02

Crystal/Epoxy GLISUR dielectric-metal Ground -

Epoxy/PTFE UNIFIED dielectric-dielectric GroundBackPainted 0.02

3.3.2 3D CsI:Tl Detector

In this model, the same physics list and optical photons properties model developed

in 3.3.1 was used. This intensive simulation was undertaken on the Viking Cluster

[73], which is a high performance computer facility provided by the University of

York. The simulated model geometry is shown in Figure 3.15 which was set to

mimic the experimental set up described in 3.1.2.1. As for the 1D detector, a 137Cs

source was modelled using the G4ParticleGun as the γ-ray source with an energy

of 662 keV, and the number of γ rays fired was set to be 1010.

To obtain the 3D coordinates of each single γ-ray interaction, the main de-

tector was programmed to move in the x and y direction relative to the γ-ray

source, which was at 0, 0. The coincidence detector along with the collimator were

moved in the z direction to obtain the depth of the interaction point inside the

main detector as in the case of the experiment. The only events recorded were

the coincidence events generated from the γ rays that scattered into the coinci-

dence detector and deposited the expected energy of about 288 keV. In addition,

optical photons generated from such events were recorded, and as a result, the

computational time and the disk space improved drastically.
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Figure 3.15: Simulated setup with dimensions comparable to the experimental
setup. From left to right: coincidence detector with a single SiPM array (green-
yellow) on the top surface of the crystal (blue), lead slit collimator (turquoise) and
main detector with an SiPM array on each side. The γ rays from the 137Cs source
are illuminating the main detector from the top.

The simulation was performed for eighty-one positions spread over the entire

detector volume. Two Hit classes were used, the crystalHit and the SiPMHit;

the former recorded the energy that the coincidence events deposited in the main

crystal, and the latter recorded the light photons detected by each SiPM. The

SiPMHit class also recorded the type of interaction, number of interactions, coor-

dinates of the interactions (x,y and z) and the number of the SiPM that detected

the photons, which was defined as the SiPM id.
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Chapter 4

Results

Chapter 4 presents the results obtained from both the 1D and 3D detectors.

Section 4.1 presents the 1D detector experimental and simulation results for the

experimental set up shown in Figure 3.2. In particular, it presents the energy reso-

lution and the position resolution obtained using the light ratio method from both

experimental and simulation model data. Section 4.2 presents the energy and posi-

tion resolution results obtained for the 3D detector obtained from the experimental

setup shown in Figure 3.7. The position reconstruction was achieved through the

straightforward light-ratio method discussed in Section 3.1 and through the more

sophisticated χ2 minimisation method discussed in Section 3.1, which compared,

on an event-by-event basis, the experimental 2D light maps of each SiPM array

with those obtained by the models (Geant4 simulations and simplistic geometrical

model).
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4.1 1D Detector Results

4.1.1 Experimental Results

4.1.1.1 Energy Measurements

Three energy calibration measurements were carried out for the same detector

using three different wrapping materials PTFE, Black tape and a highly retro-

reflective 3M ESR sheet. The measurements were carried out using 137Cs and

152Eu sources. Figure 4.1 shows some of the different photo-peaks expected from

both sources for all three detectors.

The average energy resolution values were calculated using Equation 2.17

for the three configurations and are summarised in Table 4.1. The average energy

resolution for the 662 keV peak was obtained by calculating the energy resolution at

each interaction position and dividing it by the number of positions (15 interaction

positions). As expected from the three different wrapping materials, the black

tape exhibited the worst energy resolution, which can simply be explained by

looking at Equation 2.18. The equation shows that (δint)
2, (δp)

2 and (δst)
2 affect

the detectors energy resolution. However, for the three measurements the same

crystal and SiPMs were used and, therefore, the effect of the terms one and two

remain the same. This leaves (δst)
2, which depends on the number of photons that

the SiPMs detect. In the case of black tape wrapping, the number of photons that

were detected are lower than the photons detected by the PTFE and the 3M ESR

configurations, as the black tape does not reflect back the photons that escape

from sides of the detector.
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(a)

(b)

(c)

Figure 4.1: Energy spectrum obtained from 137Cs and 152Eu sources by a
6×6×76.2 mm3 1D detector (see Figure 3.2 for detectors configuration). (a) Shows
the PTFE-wrapped detector, (b) black-tape-wrapped detector and (c) the 3M-
ESR-wrapped detector.
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Table 4.1: Type of the wrapping material and the average energy resolution cal-
culated for each material.

Wrapping material Average energy resolution

PTFE 7.3±0.1%

Black Tape 14.3±0.2%

3M ESR sheets 6.8±0.2%

4.1.1.2 Position Sensitivity Measurement Methods

The position resolution measurements were carried out for the 1D detector config-

uration as described in Section 3.1.1.2 (Figure 3.2). Figure 4.2 shows a comparison

of the total light detected by summing the two SiPMs and the spectrum measured

at one end of the crystal bar for 15 γ ray interaction positions. For the summed

(SiPM0+SiPM1) spectrum a shift in the light detected near the SiPM (black and

red labelled peaks) is shown . This shift can be attributed to the increase in the

number of photons being reflected at the crystal edges.

It also shows that the change in light collection for different interaction po-

sitions was more evident when measuring the light that reaches one SiPM (see

Appendix Figure A.4 and A.5 for the black and 3M ESR wrapped detectors).
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Figure 4.2: An example of the spectra measured at one end of the PTFE
wrapped crystal (SiPM0, top) and the light measured by summing both SiPMs
(SiPM0+SiPM 1, bottom) at different illumination interaction points along the
long-axis of the 1D detector. The different colours represent the different interac-
tion points.

Figure 4.3 illustrates the light ratio collected at one end of the crystal (SiPM0)

for the three different wrapping materials as a function of the interaction position.

It shows that the amount of light collected by SiPM0 varied more strongly with

illumination positions compered to the other two wrapped detectors. Hence the

same crystal and SiPMs were used for all of the three tests, and the main effect

observed on the fraction of the light detected that came from the type of the

wrapping material.
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Figure 4.3: The light ratio of the two opposite SiPMs as a function of the γ-ray
interaction position for black tape (red), PTFE (blue) and 3M ESR sheet (green).
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Figure 4.4: The Position resolution calculated at different interaction position for
(blue) the 3M ESR, (orange) black tape and (black) is the PTFE wrapped detector.

Table 4.2 shows the average position resolution, average FWHM and aver-

age g values obtained for all three detectors. Although the g value of the black

tape configuration was found to be 1.5 times larger than the PTFE detector, the

FWHM was found to be 4 times larger than the latter, which slightly worsened
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the position resolution. This means that the black tape has a strong dependency

on the interaction position which provides a higher g value, but due to the low

number of light collected, a slightly worse position resolution is measured.

Table 4.2: Different types of wrapping and the corresponding position resolution
obtained the light-ratio distribution and the gradient from the linear fit.

Wrapping material Average position resolution Average FWHM Average g

PTFE 7.0 mm ± 2.9 mm 0.01 0.003 mm

Black Tape 8.7 mm ± 3.6 mm 0.04 0.05 mm

3M ESR sheets 40.5 mm ± 18 mm 0.02 0.0 mm

Figure 4.4 shows the position resolution calculated at different irradiation

positions along the crystal long-axis using Equation 3.2 for all three detectors. The

3M-ESR-wrapped version was expected to provide a similar outcome as the PTFE

detector with a small g value and a good position resolution. However, it showed

the worst position resolution out of the remaining two detectors. By looking at

Figure 4.3, it can be seen that the light ratio collected by SiPM0 for the 3M-

ESR-wrapped detector remained almost constant at all of the fifteen illumination

points. Several attempts were carried out to correct this, including cutting the

sheets separately to cover each face of the crystal, force bending the sheets around

the crystal and, finally, using a laser cutter to etch the surface of the sheets to

allow them to bend easier. All of the above techniques gave the same insensitivity

and poor position resolution. It remains unclear whether this is due to bad light

coupling of the SiPM or whether the specular reflection of the 3M ESR film is

behind this observation.
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4.1.2 Simulation Results

The PTFE-wrapped detector was modelled as described in Section 3.3, and Equa-

tion 3.1 was used to calculate the ratio of the signal detected in the SiPMs. Figure

4.5 shows the light ratio distribution detected for SiPM as a function of the po-

sition. As expected at position 38.1 mm, which corresponds to the middle of the

crystal, both SiPMs detected 50% of the light emitted from the γ ray interactions.

The light ratio distribution of an SiPM also showed a decrease as the interaction

of the γ rays position moved further away from this SiPM.
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Figure 4.5: The light ratio is plotted as a function of the γ-ray interaction position
for the simulated 1D PTFE-wrapped detector. The light ratio is shown for both
SiPM0 (red) and SiPM1 (blue).

Figure 4.6 shows a comparison between the light ratio measured at SiPM0 for

both experimental and simulation data. The figure illustrates that the ratio of the

total signal measured experimentally and calculated using the Geant4 model at one

end of the crystal (SiPM0) shows a strong position dependency. This dependence

shows that the distance between the interaction positions and SiPMs has a strong

influence on the light-sharing mechanism. The light ratio distribution for both the

methods showed good agreement, excluding interaction positions near the edges.

The difference of the light ratio distribution at the edges may be caused by the

66



4.1. 1D Detector Results

difference in the number of the reflected photons, calculated by the simulation and

measured experimentally.
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Figure 4.6: A comparison between the experimental (blue) and the simulated (red)
data for the 1D PTFE-wrapped detector (Figure 3.2 shows the detectors configu-
ration). The image illustrates the light ratio detected at SiPM0 as a function of γ
ray interaction position.

Equation 3.2 was used to predict the position resolution value that can be

obtained from such a configuration. The FWHM of the light ratio distribution

at each position was measured using a Gaussian fit, and g was found from the

linear fit of the light ratio. The simulation model predicts a position resolution of

5.3 mm ± 2.3 mm, which is close but somewhat better than the position resolution

measured experimentally and given in Table 4.2.

The surface finishing type is one of the parameters that affect the interac-

tion position estimation as has been reported [74]. In their study they compared

the light ratio distribution for two surface finishing types (ground, polish) for a

15 mm thick CsI:Tl crystal at different interaction depths, and they reported that

ground finish improved the estimation of the γ rays interaction depth position.

To understand the effect of the surface treatment on the gradient of the linear

fit, an investigation using the GLISUR mode in Geant4 that defines the surface

treatment as polished or ground was performed. Different slope values (g) were
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calculated for a 97% reflective PTFE-wrapping using a number of different sur-

face polishes (10-100%). The polish percentage parameter defines the roughness

of crystal surface, and by increasing the percentage, the roughness of the crystal

surface decreases till the surface becomes 100% fully polished. Figure 4.7 shows

that the g value degrades exponentially by increasing the percentage of the sur-

face polish. This exponential decrease is influenced by changing the surface from

a diffusive (ground surface) to a more specular surface (polished surface) which

changes the angle of the reflected light from reflecting in multiple directions to a

singular predictable angle as shown in Figure 2.7 in Section 2.3. This also gives

a preliminary prediction of what range of g values one expects when calculating

the position resolution using Equation 3.2. An important note is that the gradient

varies depending on the reflectivity of the wrapping material.

Figure 4.7: Simulated slope value (g) as a function of surface polish (%) (crystal
surface treatment). The slope was calculated by applying a linear fit at different
positions for a PTFE wrapping material with 97% reflectivity.

This effect was further tested using the UNIFIED mode in Geant4 simula-

tions. As mentioned before, the σα parameter was available in this mode to set

the roughness of the surface, and two values were explored (0.02, 0.2) for the same

97% reflective PTFE-wrapped detector as shown in Figure 4.8. The former repre-
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sents a nearly polished surface (blue line) and the later refers to a ground surface

(red line). As expected, the light ratio distribution obtained from both simulated

models showed that there was a position dependency. However, the model with

the smaller σα value provided a lower variation of the ratio of the total signal

detected compered to the model where the σα = 0.2. The latter model showed

that by increasing the roughness of the surface, a steeper slop can be obtained.

The g values were found to be 0.003 and 0.0069 for σα of 0.02 and 0.2 re-

spectively, and the light ratio detected at one of the extremities increased approx-

imately by 18% when the σα was increased. Both models the GLISUR (Figure

4.7) and the UNIFIED (Figure 4.8) agree that by increasing the roughness of the

crystal surface the expected g value increases. However, with the UNIFIED model,

the experimental PTFE gradient (0.003 mm) was very well reproduced.

Figure 4.8: The simulated light ratio obtains as a function of the γ-ray interaction
position at one end of the crystal (SiPM0) for two different σα values of the UNI-
FIED model. The blue line represents the data obtained for σα= 0.02 (polished),
and the red line represents σα=0.2 (rough).
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Equation 3.2 was used, and it was found that an average of 5.3 ± 2.3 mm

position resolution can be achieved using this model. The model also showed that

by increasing the roughness of the surface (σα = 0.2 m−1) a 2.3 ±, a 1 mm position

resolution could be achieved.

4.2 3D Detector Results

4.2.1 Experimental Results

This subsection presents the results obtained from the cubic CsI:Tl crystal, which

was read by six SiPM arrays. This was referred to as the main detector, while the

auxiliary detector that was used for the coincidence measurements was referred

to as the coincidence detector. Details of the experimental setup are in Section

3.1. The first results that were presented were the average 2D light maps from

each SiPM array collected during pencil runs where no coincidence condition was

applied. Then, the results of both average and single-event 2D light maps were

shown for the coincidence measurements which constrained the interactions in the

3 dimensions.

4.2.1.1 Energy Measurements

The energy calibration measurements were carried out separately for each detector.

Figure 4.9 shows that the coincidence detector identified almost double the number

of photo-peaks compared to what the main detector could resolve. The main reason

for this probably originated in the different number of SiPM pixels of the main

detector (with the total number being 384) compared to that of the coincidence

detector (64 pixels) and the corresponding contribution from the dark counts. A

further reason could be a gain mismatch between the six different SiPM arrays

of the main detector. The energy resolution for the main detector was found to
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be 9.0% at 662 keV. The energy resolution expected from a CsI:Tl scintillator is

about 7%, but this can vary depending on, for instancee, the size of the crystal

and the wrapping material. The gain mismatch found between the six arrays could

also have contributed to the energy resolution measured, and by correcting this

mismatch the energy resolution may improve. As the main objective of this project

was to explore the position sensitivity, this modest energy resolution of the main

detector was not investigated further.

Figure 4.9: Energy spectrum of the main (left) and coincidence (right) detectors.
The photopeaks of some of the lines of the137Cs and 152Eu source are marked.

4.2.1.2 Experimental Average Light Maps

The measurements were carried out at various x, y, and z positions by utilising the

Compton Scattering coincidence method described in Section 3.1 to characterise

the main detector in terms of reconstructing the γ-ray interaction position.

4.2.1.3 Average Light Maps of Pencil Beam Runs

The average light maps showed, for each pixel, the sum of the signals collected

for that pixel from all events, divided by the number of events. The following

2D average light maps showed average light distribution recorded without the

coincidence condition, i.e. for the pencil beam runs. The light maps were produced

by selecting the photons that originated from the γ rays that deposited their full
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energy (662 keV) in the main detector. This caused the first γ-ray interaction

to lie along the direction defined by the pencil beam (i.e. the well-known x, y

position), while the z position was not confined. However, the mean free path of

662 keV in CsI:Tl crystal was found to be around 2.5 cm, which means that the

first γ-rays interaction was highly likely to occur at z positions that were near the

γ rays entrance point. Figure 4.10 shows average light maps obtained from γ-rays

interactions when the source is shining from the top side and in the middle of the

crystal, which corresponds to x and y = 25 mm.

Figure 4.10: Average light maps for position x = y = 25 mm of the source for all
six SiPM arrays of the main detector from the pencil beam runs. The colour scale
axis represents the average value at the ADC.

The top and bottom SiPM arrays are labelled as SiPM 2 and 1 respectively.

Both arrays show that the detected photons were distributed at the expected

position in this case the center of the crystal. The left and right (SiPMs 5 and 6)

arrays show the y and z coordinates of the photons detected (Figure 3.9 depicts

the coordinates). The y coordinate is in agreement with the y obtained from SiPM

1 and 2, which shows that the source is hitting the detector in the middle. With

the z coordinate which represents the depth of the crystal, the trend was different.
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The intensity of the photons detected was found to be higher at small z values,

and it decreased for the larger values, thus, demonstrating that more interactions

occur close to the entrance of the surface. Thus, both SiPM 5 and 6 arrays showed

the expected light distributions for this pencil beam run.

SiPMs 3 and 4, which are placed at the front and back of the crystal faces

respectively, show the light distribution in the x and z directions (Figure 3.9 shows

the coordinates). As expected, the light distribution is higher at the central region

for the x values and continuously decreases for the z values as seen for the left and

right arrays. However, SiPMs 3 and 4 were found to be less clear than SiPMs 5 and

6. The suggested reason for this is that the optical grease was less at the top region

of the SiPM arrays, and with time, it moved towards the bottom. This agrees

with what was observed in the 2D average light maps where the light distribution

detected at SiPM 3 and SiPM 4 are more clear at large z values (towards the

bottom). The effect of the unevenly coupled SiPMs become more prominent when

the number of the detected photons at the pixels are low. To overcome such an

effect a gain-matching calibration can be performed.

This gain-matching was carried out relative to SiPM5 and SiPM6 where the

light maps were obtained from both arrays as shown in Figure 4.10, and they

showed that the expected light distribution, when using the pencil beam runs,

have no bias on coincidence geometry. For example, γ rays that enter from the

top-middle of the detector should induce the same light distribution on all of the

four SiPMs that are placed on the sides (front, right, back and left). This is also

the case for the pencil beam runs where symmetry was used to gain-match SiPM

3 and SiPM 4 relative to the other two arrays. An example of such gain-matching

performed for SiPM 3, 4 and 6 at xyz = 25 mm is shown in Figure 4.11 where the

γ rays can be seen entering from the top-middle of the detector and should induce

the same light distribution on all of the four SiPMs that are placed on the sides

(front, right, back and left).
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The gain-matching was applied to each pixel of the arrays using SiPM5 (z and

y) as the reference for the gain values. It became clear that by applying such a

correction the lightmap distribution was more evident compared to the non gain-

matched case shown in Figure 4.10. As mentioned before because there were no

coincidence conditions applied, and due to the strong attenuation of the γ rays

in the CsI:Tl crystal, the intensity of the interactions was maximum, and thus,

the photons were detected at the upper region of the detector. This gain-match

correction was applied to all of the experimental data measured and presented in

Section 4.2.
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Figure 4.11: The raw experimental average light maps for SiPM 3, 4 and 6 are
shown in the left column. The gain corrections obtained and applied to SiPM 3, 4
and 6 are shown in the middle column and the final obtained gain-matched light
maps are shown in the right column of the figure. The light maps obtained are for
pencil beam runs with the source illuminating at the middle of the detector x =
y = 25 mm.

4.2.1.4 Average Light Maps with the Coincidence Condition

In the following description, the events that were recorded by using the coincidence

condition are presented. The sets of coincidence position measurements together

with the total events (total number of all events) and coincidence events (number
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of events that scatter inside the main detector with a 90◦ angle) and that are

recorded by the DAQ system are listed in Table 4.3. The x, y and z columns

represent different γray interaction positions in all of the three coordinates. It is

clear from the table that the number of the coincidence events decrease as the

interactions take place further away from the slit collimator (x,y and z = 5 mm

near the collimator’s side).

Table 4.3: Number of coincidence and recorded events for several x, y and z
positions are summarised here. x, y and z positions are given in mm

x y z #recorded events error (±) #coincidence events error (±) percentage(%)

5 5 5 16205 127 1700 41 10.5

5 25 5 18687 137 2284 48 12.2

5 45 5 32163 179 3910 63 12.2

25 5 5 28608 169 1190 35 4.2

25 25 5 24742 157 966 31 3.9

25 45 5 30527 174 1186 34 3.9

25 25 25 32364 180 1023 32 3.2

45 5 5 36271 190 1085 33 3.0

45 25 5 26815 164 849 29 3.2

45 45 5 43132 208 1342 36 3.1

45 45 45 16106 127 273 17 1.7

For this setup, only those events with the expected energy deposition of

about 374 keV in the main detector and the remaining 288 keV in the coinci-

dence detector-based on the Compton formula were taken into account. Figure

4.12 illustrates the energies of the two detectors plotted against each other when

x, y and z are equal to 25 mm. The events that are within the red cut were used

to extract the interaction position.
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Figure 4.12: (Top) The detected energy in the coincidence detector vs. the detected
energy in the main detector for position x = y = z = 25 mm. The cut on the
coincidence events is shown with a red circle, which represents the events that
scatter inside the main detector with a 90◦ angle. (Bottom) sketch showing the
setup and indicating at which position the main detector was hit.

Although the energy sharing corresponding to the 90◦ scattering coincidence

events is visible in Figure 4.12, other coincidence events with lower energy depo-

sition in the coincidence detector were also detected. In Figure 4.12 where x, y

and z = 25 mm, the red cut contains information about the scattered coincidence

events inside the main detector with a 90◦ angle by applying a 2D gate.

Figure 4.13 shows 2D average light maps for all 6 SiPM arrays for x ,y and

z at 25 mm. Comparing this to the light maps shown in Figure 4.10, an overall

enhancement was observed for all 6 SiPM arrays except for SiPM 4, which is

attributed mainly to the non-uniform light coupling. Although the collimator

should limit the interactions to those that take place at x, y and z = 25 mm,

SiPM 2 shows a more narrow light distribution compared to the opposite array
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(SiPM 1). This is a result of the γ rays entering from the top side (SiPM 2)

and causing interactions near the top of the crystal that still manage to reach the

coincidence detector. As a result, there will always be some interaction that occurs

above this point, enhances the average light maps seen by SiPM 2 and diffuses the

light maps seen by SiPM 1. Looking at SiPM 3, 4, 5 and 6, the light distribution

detected is not as narrow as SiPM 2.

The 2D light maps can also be used to resolve multi-hit events that occur as

the γ rays escape towards the coincidence detector. As shown in Figure 4.12, the

coincidence detector is placed towards the left side of these light maps (large x

pixel number), so a γ ray manages to reach the coincidence detector or scatters

through this part of the detector. This can also partially explain the enhancement

observed for larger x pixel numbers.
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Figure 4.13: Average light maps after gain-matching applied for position x = y =
z = 25 mm for all SiPM arrays of the main detector with the coincidence condition
for the trigger and an energy cut on the coincidence events. Pixels coloured yellow
represent the highest number of photons detected, whereas the blue coloured pixels
denote the lowest number.
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Another position is presented where x = 5 mm, y = 45 mm and z = 5 mm.

As shown in Figure 4.14, the interactions occur near the detector corner that is

close to the collimator (larger x values). The energy correlation plot between the

two detectors is cleaner compared to the energy correlation plot shown in Figure

4.12. Moreover, the red cut contains more evident coincidence events detected

at the energy ranges selected. This can be attributed to the fact that the γ rays

travel a minimum distance through the detector volume minimising any secondary

scattering.
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Figure 4.14: (left) Detected energy in the coincidence detector vs. detected energy
in the main detector for position x = 5, y = 45, z = 5 mm. The cut on the
coincidence events is pictured with a red circle. (Right) Sketch showing the position
at which the main detector was hit.

Figure 4.15 shows the 2D light maps obtained from the above interaction

position. It shows that the arrays near the interaction sites (SiPM 2, 4 and 5) see

much higher light intensities and show much narrower light distribution compared

to SiPM 1, 3 and 6 which are located further away from the interaction site and

opposite to this corner. However, the information about the interaction position

can still be resolved from the latter SiPM arrays. The light distribution seen by

pixels 8, 8 and 1 (x,y,z) for SiPMs 2, 4 and 5 respectively were found to be 2-3

times higher than the blue plateaus.
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Figure 4.15: Average light maps for position x = 5, y = 45 and z = 5 mm for all
SiPM arrays of the main detector with the coincidence condition (gain-matching
correction applied) for the trigger and an energy cut on the coincidence events.

4.2.1.5 Single Events Interactions Light Maps with the Coincidence

Condition

In Figure 4.16, the aim was to examine the event-by-event light distribution from

a single γ-ray interaction at x = 5, y = 45 mm and z = 5 mm (at one of the

detector top corners) inside the crystal with the coincidence restriction applied.

This location corresponds to locations in front of SiPM arrays 2, 4 and 5. By

comparing these individual events light maps with the average light maps, it is

clear that the former are much more sparse. For events near the surfaces of the

detector, where the SiPMs are located, there is indeed a very prominent signal

induced at the SiPM pixels nearby. Such signals can often be more than 20 times

higher than the signals detected by the rest of the SiPM pixels. As a result,

identifying the position interaction became relatively obvious.

Looking at pixels 8, 8 and 1 (x,x,z) for SiPMs 2, 4 and 5 respectively, the

light distribution was found to be 30-40 times higher (red coloured) than the blue

plateaus. The opposite SiPM arrays 1, 3 and 6 also detected photons, and the

number of photons detected were less than the number of photons detected by the
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other three arrays. The light maps also showed that more than one hit can be

visualised, for instance, the signals detected by SiPM 6 array. This indicates that

the 2D light maps obtained from such configuration provide a visualisation tool

that can be used for detecting multiple hits inside the detector.
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Figure 4.16: The light maps obtained for a single event at position x = 5, y =
45 mm and z = 5 mm for all SiPM arrays of the main detector with the coincidence
condition after gain-matching correction was applied for the trigger and an energy
cut on the coincidence events.

Interactions that are located further inside the detector (i.e. x, y and z =

25 mm) became less obvious and harder to distinguish as the scintillation light was

shared between more pixels, as seen in Figure 4.17. In the selected event shown in

Figure 4.17, SiPMs 3, 4 and 5 show multiple pixels with high intensity which may

have been caused by a second γ ray’s hit. In these plots, The threshold is at about

1000 ADC channels, which corresponds to 9-11 photons (for interactions near the

top, front and left arrays) and 4-5 photons (for interactions near the bottom, back

and right arrays).
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Figure 4.17: The light maps after gain-matching was applied were obtained for
a single event at position x = y = z = 25 mm for all SiPM arrays of the main
detector with the coincidence condition for the trigger and an energy cut on the
coincidence events. SiPM 3, 4 and 5 show more than one γ ray’s hit.

4.2.2 Simulation Results

Table 4.4 illustrates the interaction positions simulated in this work, which are

spread over the entire detector volume. For each position, the γ rays were simu-

lated, and the total number of the coincidence events that managed to go through

the side collimator and be detected at the coincidence detector are also shown in

Table 4.4.

By comparing the number of coincidence events shown in Table 4.3 and Table

4.4, it can be understood that both show a correlation between the number of

recorded events and the locations of the interactions. Moreover, the further the

incident or scattered γ rays have to travel through the crystal, the more likely

they are to scatter again or be absorbed, and hence, the coincidence percentage

reduces in these cases. Figure 4.18 shows the number of single coincidence events

recorded at different interaction positions (Appendix Table A.6 has more details)

throughout the main detector. Again, as seen in the experiment, it is clear that

there is a correlation between the number of single coincidence events and the
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length of the path that the γ rays travel through the detector volume before being

scattered to the coincidence detector.

Table 4.4: Number of coincidence events for a total number of 1010 simulated
events at different x, y and z coordinates. x, y and z are in mm.

x y z #coincidence events

5 5 5 539,912

5 5 25 364,898

5 5 45 193,629

5 25 5 546,728

5 25 25 379,302

5 25 45 204,152

5 45 5 540,025

5 45 25 365,084

5 45 45 193,416

25 5 5 136,165

25 5 25 115,775

25 5 45 73,731

25 25 5 138,602

25 25 25 125,977

25 25 45 83,024

25 45 5 136,059

25 45 25 116,026

25 45 45 73,764

45 5 5 35,050

45 5 25 37,000

45 5 45 28,174

45 25 5 33,276

45 25 25 37,966

45 25 45 30,951

45 45 5 34,793

45 45 25 36,877

45 45 45 28,058
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Figure 4.18: The image illustrates the number of simulated single scattering coinci-
dence events recorded at different positions. It also shows that the longer the path
traversed by a γ ray through the main detector before being detected at the co-
incidence detector for different x+z coordinates, the fewer were single coincidence
events that were recorded.

The energy sharing (2D-gated events) between the main and the coincidence

detector were also examined for three different positions x, y and z = 5 mm,

x, y and z = 25 mm and x, y and z = 45 mm as shown in Figure 4.19. The

three plots show the 90◦ Compton scattered events which are represented by the

“blob”, and as seen in the experimental results, other scattered events were also

visible around the desired region. Moreover, looking at the plots from top to

bottom the more material, the γ rays have to traverse through the main detector

before interacting or escaping to the coincidence detector the less well-defined

this Compton scattered events “blob” becomes. The bottom image shows two

“blobs” at different energies, which indicates that there a second set of Compton

scattered events. The simulated coincidence energy for the second “blob” was

found to be around 297 keV, which is within the angular coverage measured from

the experimental set up using the coincidence technique .
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Figure 4.19: Energy deposited in the coincidence detector vs. energy deposited in
the main detector for simulations of the position x, y and z = 5 mm (top), x, y and
z = 25 mm (middle), and x, y and z = 45 mm (bottom). For interactions at x, y
and z = 45 mm, the Compton scattered events “blob” becomes less well-defined.
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In Figure 4.20, the average light maps for the position x, z = 5 mm and y

= 45 mm (simulation coordinates x = 0 mm, z = -20 mm and y = -20 mm)

were examined and compared with the average light maps shown in Figure 4.15

(experimental results). Similarly, light maps that were a product of a single γ-ray

interaction were also examined as shown in Figure 4.21 and were compared with

Figure 4.16 obtained from the experimental results. Both simulated average and

single light maps for different interaction positions are in good agreement with

the light maps obtained from the experimental results. As speculated from the

experimental results, the average light maps obtained from SiPM 2, 4 and 6, which

are closer to the collimator show a more localised interaction position compared

to the average light maps obtained from the opposite SiPM arrays.
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Figure 4.20: Simulated average light maps for all SiPM arrays of the main detector.
The detector was hit at x = 5 mm, y = 45 mm and z = 5 mm (simulation
coordinates x = 0 mm, z = -20 mm and y = -20 mm). Photons are represented in
the colour code.
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Figure 4.21: Simulated single-event light maps for all SiPM arrays of the main
detector. The detector was hit on the back, left and top corner (position x =
5 mm, y = 45 mm and z = 5 mm). Photons are represented in the colour code.

4.2.3 Simplistic Model Results

In this simplistic geometric model, the light sharing between the SiPMs pixels

was studied based on the solid-angle coverage of the pixel relative to the interac-

tion point (distance r and angle between interaction and pixel). As mentioned in

Section 3.1, Equation 3.6 was developed, which not only depends on the distances

between the interaction position and the pixel location, but also takes into account

other factors such as the number of photons that the scintillator yields and the

fraction of light that the photo-detector can detect (PDE), and it adjusts for the

non-perpendicular incident angles that impinge the pixels. The γ-rays interaction

for x, y and z = 25 mm and x, z = 5 mm and y = 45 mm are shown in Figures

4.22a and 4.22b respectively, and the light maps generated certainly captured the

dominant effect. The light maps generated by such a simplistic model were com-

pared with both experimental and simulation results, and they showed that the

light maps from interactions that occur in the middle and at the corner of the

detector can be reproduced with this model and that this trend is the same as in

the experimental and simulation light maps.
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Figure 4.22: The images illustrate light maps generated from a single event inter-
action using the Simplistic Model for (a) position x, y and z = 25 mm and (b) for
x = 5 mm y = 45 mm and z = 5 mm.

4.2.4 Experimental vs. Simulation and Simplistic Models

Results

Figure 4.23 illustrates a comparison between the average number of photons de-

tected by each SiPM, either experimentally or calculated from the simulation or
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the simplistic model. The interaction position coordinates x, y and z were set at

5 mm for all three methods. In each case, the top. front and left SiPM arrays

detect a higher number of photons compared to the other opposite three arrays.

This too relates to the distance that the photons have to travel inside the crystal

to be detected, and in this case, the position of interaction is closer to the arrays

as shown in Figure 4.23. The figure also shows that the minimum average number

of photons detected experimentally are between 4-5. On the other hand, the min-

imum number of average photons predicted by the simulation and the simplistic

model was approximately 1. This discrepancy may be a result of SiPM satura-

tion, or it may be affected by the ADC range which, is not added to the models.

Both simulation and simplistic models predicted a larger difference between the

maximum pixels than was observed in the experimental data. Despite the differ-

ences described above, the general trends in the experimental light distribution

are reasonably well reproduced by both the models.

Figure 4.23: The images show the number of photons detected at each pixel of the
six 8×8 SiPM arrays obtained from the simulation (blue), experimental (red) and
simplistic (green) models data for position x, y and z =5. Images at the top show
the arrays that are near the interaction position. The images at the bottom show
the arrays that are far away from the interaction position.
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4.2.5 Position Reconstruction Methods

The light ratio method presented in Section 3.1 was used for the 3D detector for

localising the γ-rays interaction positions by measuring the light ratio detected by

the opposite SiPMs arrays using Equation 3.1. Figure 4.24 shows the simulated

light ratio distribution detected by the opposite SiPM arrays at three different

locations in the detector volume (left, middle and right). As a result of this

method, the simulation indicated that there is a correlation between the interaction

position and the estimated light ratio. As shown in the figure below, the Geant4

simulation model worked well in reconstructing the interaction positions using the

ratio method. This adds to the confidence that the model’s predictions can be

used for reconstructing interaction positions.
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Figure 4.24: Simulation: z (left), y (middle) and x (right) position determined from
the ratio of the light deposited in the two opposite SiPM arrays. The distributions
are shown for the three positions as follows: interaction at x, y and z = 5 mm
(blue), x, y and z = 25 mm (red) and x, y and z = 45 mm (green).

The same method was applied to the experimental data at two different in-

teraction positions (x, y and z = 25 mm and x = 5 mm, y = 45 mm and z =

5 mm), and the results are shown in Figure 4.25. A discrepancy between the ex-

periment and simulation was observed when using this method to reconstruct the

interaction position. The light ratio method using the experimental measurements

showed that there is a very weak dependency on where the γ-rays interaction po-
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sition in the detector occurs. From a and b in Figure 4.25, it can be seen that the

light ratio distribution measured at the different interaction sites is not sensitive

to the interaction position, and thus, the position of interaction cannot be resolved

when using such a method. For example, it was expected that an interaction at

x, y and z = 5 mm would show that the bottom, front and left arrays detect

a higher light fraction compared to the top, back and right arrays as in the case

of the simulation model in Figure 4.24 (blue labeled). However, the light ratio

measured by the three SiPM pairs is the same, and no change was observed. It

is important to note here that there are some factors that accompany the exper-

imental measurements that were not added to the simulated model such as the

dark current and threshold effect. These factors can affect the comparison.
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Figure 4.25: The light ratio distribution calculated from the total signal from the
opposite SiPM arrays at (a) x = y = z = 25 mm and (b) x = 5 mm, y = 45 mm
and z = 5 mm for z (top/bottom SiPMs), y (back/front SiPMs) and x (right/left
SiPMs).

Due to this observed discrepancy, an alternative approach was adopted by

taking the ratio of the individual pixels with the maximum detected light at op-

posite SiPM arrays. The outcome of this approach was successful, and the light

ratio distribution using only the SiPMs pixels with the maximum light was found

to be sensitive to the interaction position as shown in Figure 4.26.
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Figure 4.26: The light ratio distribution calculated from a single pixel from oppo-
site SiPM arrays (a) at x = y = z = 25 mm and (b) at x = 5 mm, y = 45 mm
and z = 5 mm. z (top/bottom SiPM max pixel), y (back/front SiPM max pixel)
and x (right/left SiPM max pixel).

By applying light ratio method, using the pixels with maximum light in op-

posite SiPMs, it is possible to reconstruct the coordinates across the two opposite

SiPMs. Moreover, by using the position of each maximum-light pixel on a given

SiPM, the other two coordinates can also be reconstructed. Hence, from every pair

of SiPMs one can extract all of the three coordinates. This is shown in the last

three columns of Figures 4.27 and 4.28. Later a more sophisticated method was

also applied, which entailed employing a χ2 minimisation between the experimen-

tal and the predicted light maps as presented in Section 3.1. The output of the
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minimisation delivers the calculated x, y and z that matches best the experimental

light maps. These three estimated coordinates are presented in the left column of

Figures 4.27 and 4.28. The 2D projections for both the methods show that the

interactions in the z direction spread slightly more than the interactions in the x

and y directions. Figure 3.9 in Section 3.1 shows that position measurements in

the z direction are restricted by a second slit collimator (4.5 mm wide). This is

not the case for the measurements in the x and y directions. This may explain the

slightly wider 2D projections seen in Figures 4.27 and 4.28 for interactions along

the z axis.

In Figure 4.27 100 events were processed at x, y and z= 25 mm, and by

comparing both the methods, the χ2 minimisation provided a more well-defined

and narrower distribution for all of the three coordinates as shown in Figure 4.27a.

In fact, the 1D projected positions from each method in Figure 4.27b show that

for the x and y coordinates, the χ2 minimisation provided a more Gaussian-like

distribution, which was not observed while using the light ratio method. Looking at

the top/bottom ratio in Figure 4.27a, a good position resolution in the z dimension

can be achieved, but the resolution is poor in the x and y dimensions. Similarly,

the front/back ratio works for the y but not for the x and z dimensions, whereas

the left/right ratio works for the x but not for the y and z dimensions. This

was expected as the light ratio method searches for the ratio of the most intense

pixels in each of the pair’s specific dimensions. On the other hand, the other two

coordinates were calculated from the maximum light coordinates pixels.
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Figure 4.27: Event-by-event position reconstruction for the x,y and z = 25 mm
position using the coordinates obtained from each of the pairs of SiPMs. The left
column is the χ2 minimisation method using the simplistic model. The next three
columns are the coordinates obtained from each pair of SiPMs. SiPM top/bottom,
front/back and lift/right were obtained through the light ratio of the maximum
pixel on opposite SiPMs.
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4.2. 3D Detector Results

The same methods were used for the 3D position reconstruction at x = 5 mm,

y = 45 mm and z = 5 mm as shown in Figure 4.28. Again, the χ2 minimisation

provided a more narrow distribution compared to the light ratio method. This also

shows that the interactions that are close to the edge of the detector are better

reconstructed than interactions that occur far away from the coincidence detector

(interactions further inside the detector volume) as shown in Figure 4.27. This

can be attributed to the fact that interactions close to the edges take into account

the position of the pixels with the maximum light intensity, which improves the

reconstruction of the 3D interaction position. This can also be linked to the solid

angle coverage where the closer the interactions are to the pixels the higher the

solid angle coverage becomes, which increases the number of photons detected.

Figure 4.29 shows the reconstructed events for a γ ray pencil beam entering at

x = 45 mm and y = 5 mm. The capability of the two methods to reconstruct the

interaction position using the pencil runs data was tested where no coincidence

condition was applied. The x and y coordinates are well reconstructed at the

expected position throughout the depth of the crystal. The results show that the

z coordinate spans almost throughout the entire crystal depth as expected from

the pencil beam runs 2D lightmaps shown in Figure 4.10. It is important to note

that the γ-ray attenuation length in CsI:Tl crystal is about 2.5 cm, which means

most of the interactions occur at the top layer of the entrance, which explains the

exponential attenuation observed.
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Figure 4.28: Event-by-event position reconstruction for the x,y and z = 5 mm and
x = 5 mm, y = 45 mm and z = 5 mm positions using the coordinates obtained
from each pair of SiPMs. The left column is the χ2 minimisation method using the
simplistic model. The next three columns are the coordinates obtained from each
opposite SiPM pairs. SiPM top/bottom, front/back and lift/right are obtained
through the light ratio of the maximum pixel on opposite SiPMs.
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Figure 4.29: Event-by-event position reconstruction for a γ-ray pencil beam enter-
ing the crystal at x = 45 mm and y = 5 mm and interacting at any depth (any z)
with different reconstruction methods. The left column is the minimisation using
the simplistic model. The next three columns are the coordinates obtained from
each opposite SiPM pairs, i.e. SiPM top/bottom, front/back and lift/right through
light ratio of the maximum pixel on opposite SiPMs and through its position on
the SiPM.
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The position resolution was quantified by measuring the RMS width of light

distribution for each of the reconstructed coordinates. Table 4.5 summarises the

position resolution that is obtained when using the above methods at different in-

teraction positions. The position resolution for χ2 minimisation method was calcu-

lated to be 1.4 mm and 2.3 mm RMS at edges and the central region of the crystal

respectively. The position resolution for the same regions when using the light

ratio method was found to be 2.6 mm and 3.7 mm RMS respectively. Although

the χ2 minimisation method provided a better position resolution throughout the

crystal volume, both the methods were in good agreement in identifying that the

interactions near the edges of the detector are more trivial than the interactions

that occur in the central region of the detector volume.

Table 4.5: Indicative position resolution values obtained by measuring the RMS
of the light distribution for each of the reconstructed coordinates. The resolution
was measured for both the χ2 minimisation and the light ratio methods light
distribution at different interaction positions.

Interaction position χ2 minimisation RMS Light ratio RMS

Edges of the crystal 1.4 mm 2.6 mm

Center of the crystal 2.3 mm 3.7 mm

For both the light ratio and the χ2 minimisation method, an offset of 1 and

2 mm at the edges and central region of the detector are observed for the re-

constructed positions. In the case of the light ratio method, the positions were

reconstructed based on the assumption that there is a linear relationship between

the light ratio collected and the position of interaction. However, as seen in the 1D

detector, there are other factors that can affect the position such as the polishing

of the crystal’s surface and the wrapping material used, and this may cause the

said deviation. For the χ2 minimisation method, the offset simply shows that the

modelling is not perfect, but it can still reconstruct the actual position vary well.

This is so because the values of the offset are well within the position resolution

of both the light ratio and the χ2 minimisation methods, which provide simple
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analytical position reconstruction methods that can be used to reconstruct the

γ-rays interaction position inside the detector.
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Chapter 5

Discussion

This chapter discuses the results obtained from the 1D and 3D detectors. In Sec-

tion 5.1, the experimental and simulation model results for the 1D detector have

been examined, compared and explained. In Section 5.2 the 3D detector perfor-

mance has been discussed. Both the simulation and simplistic models outcomes

have also been discussed. Further, 3D position reconstruction methods and the

position resolution values obtained from these methods have been reviewed.

101
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5.1 1D Detector

The results shown in Section 4.1 were obtained from a 1D CsI:Tl detector wrapped

with three different materials for energy and position resolution measurements.

The aim of this experiment was to understand the effect of the wrapping materials

on the detectors performance, testing the accuracy and alignment of the scanning

table station for the position resolution measurements and exploiting the light ratio

method for reconstructing the γ-ray interaction positions along the long axis.

The results of the energy resolution for the three different wrapping scenarios

(black tape, PTFE and 3M ESR sheet) showed that the black tape provided the

worst energy resolution of 14.3 ± 0.2 % at 662 keV compared to the other two

materials. This was expected, as black tape is an absorptive material meaning

that the optical photons that escape the faces of the crystal and reach the black

tape are absorbed and only those photons that exit forwards and backwards of

the crystal are detected. As a result, a degradation in the energy resolution due

to statistical fluctuation was observed. In the other two scenarios where PTFE

and 3M ESR were used, the opposite effect was observed and energy resolutions

of 7.3 ± 0.1 % and 6.8 ± 0.2 % respectively were measured. The improvement of

the energy resolution can be attributed to the increase in the number of photons

reflected back into the crystal which reduced the statistical fluctuation. In Ref

[75], two different wrapping materials were compared, a reflective material and

an absorptive material for a 50 × 50 × 30 mm3 cubic LaBr3:Ce detector. They

found that the average energy resolution measured for the absorptive wrapped

detector ranged from 8-16% depending on the interaction position compared to

an averaged relative energy resolution of a 3.8 ± 0.04% for the reflective wrapped

detector. This shows that reflective material provides better energy resolution

than an absorptive material which agrees with the findings of the work presented

in this thesis.
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The third wrapping material, which was a highly reflective 3M ESR sheet,

showed a slightly better energy resolution. This material has a reflectivity of > 98

for wavelengths > 400 nm. and the majority of the emission spectrum from CsI:Tl

is above this limit, it was expected that this wrapping material will perform well.

The average position resolution for the three different wrappings were also

evaluated by using the light ratio detected at each SiPM placed at the two ends

of the 1D crystal. Figure 4.2 demonstrates that there is a correlation between

the γ-rays interaction position and the number of photons reaching each SiPM

(PTFE-wrapped detector). In Figure 4.3, the PTFE-wrapped and black-tape-

wrapping materials used for the same detector showed that the light ratio varies

as a function of the interaction position. However, the light ratio measured by

the 3M-ESR-wrapped detector showed no dependence on the interaction position.

It was unclear whether this bad resolution was caused by bad light coupling of

the SiPM or whether the reason was the specular reflection of the 3M-ESR-sheet.

All of the different wrapping techniques that were applied too did not improve

the position resolution. The black-tape-wrapped detector produced the largest

variation in the light ratio, as a function of interaction position. The PTFE-

wrapped detector showed less variation in the light ratio measured at the different

interaction positions, which may be caused by the high degree of diffusive reflection

at the faces of the crystal [75].

The average position resolution obtained from the three differently wrapped

detectors were compared, and it was expected that the black-tape-wrapped detec-

tor would provide the best position resolution value according to Refs [75] [76].

However, in the measurements presented here, an average position resolution of

7.0 mm ± 2.9 mm was achieved with the PTFE-wrapped detector compared to

8.7 mm ± 3.6 mm for the black-tape-wrapped detector. From Equation 3.2 it

was found that a good position resolution value can be achieved by a narrow

light ratio distribution (low FWHM value) and a steep line fit, which provides

higher gradient (g) values. By considering these two parameters for all of the
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three wrapped detectors, the g value was found to be 0.005 mm and 0.003 mm

for the PTFE- and black-tape-wrapped detectors, whereas the FWHM was found

to be 0.01 and 0.04 respectively. Although the slope of the black tape was higher

than that of the PTFE slope, the less light detected by the former worsened the

FWHM. This contributed to the slightly enhanced position resolution achieved by

the PTFE-wrapped detector. The g value obtained from the linear fit for the 3M-

ESR-wrapped detector was negligible, which lead to the worst position resolution

measured among the other two detectors.

The PTFE-wrapped detector was modelled using the Geant4 simulation as

shown in 4.1. In Figure 4.6, the simulation model showed that the light ratio varied

depending on the interaction position and was in good agreement with the exper-

imental data. However, the simulation model provided a finer position resolution

of 5.3 ± 2.3 mm compared to the 7.0 mm ± 2.9 mm measured experimentally.

Although the detectors components, surface treatments and the scintillator prop-

erties were implemented in the code, some factors that could affect the position

resolution measurements experimentally were not included in the code such as

electronics noise. However, both the experiment-related and the simulation data

showed that using the light sharing method for a 1D CsI:Tl double-sided read-out

detector can also be used for reconstructing the γ-rays interaction position along

the detectors long-axis.

Simulation was also used to examine the effect of roughened crystal surfaces on

the position resolution. The faces of the CsI:Tl crystal used for the 1D detectors

configuration were not roughened which increased the chance of photons being

trapped and reflected back into the crystals where the incident angle equalled

the reflected angle as shown in Figure 2.8. Several studies were carried out to

investigate the effect of surface roughening finishes on the position resolution, and

it was reported that improvements can be achieved in the position resolution using

such methods [77, 78]. One such study showed that by using the bonds-etching

method at the four sides of the crystal, the position resolution improved from
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9.1 mm to 3.4 mm. Another group compared different crystal dimensions for

two different roughening techniques. The saw cut and then mechanically etched

the surfaces. They found that by increasing the depth of the roughening on the

scintillator surface, an average position resolution of approximately 1.6 mm can

be achieved [79]. However, their findings varied depending on the scintillator’s

cross-section and showed that the best position resolution can be obtained when

using a small cross-sectional crystal.

This concept was tested using the PTFE-wrapped simulated detector by

changing the smoothness of the crystal surface using the GLISUR model. The

CsI:Tl scintillator surface roughening treatment was evaluated for its effect on the

gradient of the light ratio distribution. It was found that the more the crystal’s

surface was roughened (changing the percentage of the polish), the g increased.

As mentioned before, to obtain a good position resolution when using Equation

3.2, a high g value and a small FWHM value is required. Hence, based on the

simulation findings, it can be said that using a roughed surface crystal wrapped

with diffusive material enhances the gradient value, which, by default, enhances

the position resolution.

A PTFE-wrapped detector with a roughened surface was modelled to compare

its position resolution with a fully polished detector. Based on the simulation, the

crystal with the roughened surface (σα= 0.2) provided a 2.3 ± 1 mm position

resolution which outperformed the 5.3 mm ± 2.3 mm position resolution obtained

when using a fully polished crystal (σα=0.02). This enhancement can be attributed

to the increase in the gradient value where 0.003 and 0.05 mm values were obtained

for the polished and the roughened crystal surface respectively.

The 1D detector provided a good estimation when measuring position resolu-

tion using the light sharing method. For both energy and position resolution mea-

surements, the PTFE wrapped detector provided better performance compared to

the other two detectors. The simulated model showed good agreement with the

experimental position resolution measurements as shown in 4.1. This shows that
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the model can be used for estimating the γ-rays interaction positions, and its flexi-

bility for modifications can be used for modelling and optimising different detector

models. As shown in 4.1 the PTFE-modelled detector showed that roughening the

crystal surface improved the position resolution by the same factor reported in [77]

and gave a lot of confidence that the simulation model reproduces the improve-

ment in the position resolution. Although the PTFE-roughened surface detector

provided a better position resolution value, an experimental validation is required

to find the best surface-roughening technique.

The 1D experimental tests and simulation model have helped in the designing

and modelling of the 3D detector. The simple configuration of the 1D detector

has provided an understanding of the effects of the wrapping material on both

energy and position resolution. It has also provided a basic understanding about

the light sharing method that was used for 3D position-reconstruction for γ-rays

interactions in the 3D detector.

5.2 3D Detector

The use of a monolithic 3D cubic detector for resolving the γ -ays interaction

position inside a CsI:Tl crystal was tested using different reconstruction methods.

By summing the signals from all of the faces, the detector measured a modest

energy resolution of 9.0% at 662 keV. In Figure 4.9, not all photopeaks are resolved

compared to the coincidence detector. For the coincidence detector, only one

SiPM array is attached to one face of the crystal, and the remaining faces are

wrapped with PTFE, which increases the number of photons reflected back to

the crystal-minimising statistical fluctuations. In the main detector case, all of

the faces of the crystal are covered with SiPM arrays, and the photons that are

generated are shared between all six arrays which adds contribution from the dark

counts and possible gain mismatch between different SiPM arrays. The photons

generated inside the crystal are distributed across a large number of pixels and the
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total energy signal from each array is read out and processed individually which

introduces a larger noise contribution that degrades the energy resolution.

Figure 4.10 depicting the distribution of the average light across the six ar-

rays show that the information about the x and y position of interaction can be

resolved when using the pencil beam runs. In these runs, no coincidence condition

was applied meaning that the γ rays DOI are not constrained and the average

light distribution spreads along the z axis. However, these runs provided valuable

preliminary information regarding the detectors functionality and was also used

to correct for any gain mismatch between the pixels.

A symmetrical light distribution was expected to be detected by all 4 SiPM

arrays placed at the sides of the crystal for γ rays entering from the top-middle of

the detector. However, a variation was observed in the number of the photons de-

tected at each pixel of the six arrays, which may be caused by an unevenly spread

optical grease applied between the SiPM arrays and the crystal. This can also be

a result of the read-out mechanism where, in this study, each pixel was read-out

and processed individually, which may lead to gain variation. However, by imple-

menting a gain-matching factor, this effect was minimised, and the localisation of

the interaction position becomes more evident.

Looking at both the average and single events and the light maps that were

obtained from the experimental measurements and the simulation model, it is

observed that the light maps provide a good 3D estimation of the interaction

position when using such a detector configuration. The maps also show that the

number of events vary depending on how far the interaction position is from the

SiPM array. Table 4.3 and 4.4 present the number of coincidence events obtained

from both experimental and the simulation data and show that the number of

coincidence events that reach the coincidence detector decrease as the interaction

position is further inside the crystal volume. This can be explained with reference

to the distance that the γ rays have to propagate through the crystal volume

before being absorbed or undergoing multiple interactions, which can degrade the
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number of photons generated while reaching the SiPM arrays.

As each γ-ray interaction position within the crystal can be approximated

as a point-like source of photons, the solid angle covered by each pixel can be

used to estimate the number of photons detected at the SiPMs, and this can

provide information about the x, y and z interaction position coordinates [33].

The developed simplistic model which was based on calculating the solid angle

coverage at different interaction positions showed that the closer the interaction

location is to one of the arrays, the higher is the solid angle coverage, which

increases the number of photons detected. Both the simplistic and simulation

models were in agreement with the experimental data. However, the simplistic and

the simulation model showed higher number of photons from events taking place

close to the SiPM arrays, compared to the experimental data. This discrepancy can

be attributed to the fact that some factors such as the dark count that affects the

detection process is not included in the models. The comparison also shows that

the minimum number of photons that can be measured experimentally is 4-5 or

9-11 photons (depending on which array is close to the interaction site) due to the

preset threshold, which is not applied to the models allowing them to detect lower

values. Another important factor that must be taken into account is the photons

behaviour at the boundaries between the media such as the one between the crystal

and the SiPM arrays. As discussed in Section 2.3, the photons that travel between

two different media with different refractive indexes may not all be transmitted

but can be reflected, refracted or undergo total internal reflection depending on

the incident angle. These interactions were included in the simulation model but

were not included in the simplistic model, which may explain the slight difference

between the two models concerning the number of photons detected.

In terms of 3D reconstruction, a χ2 minimisation and the light ratio methods

were tested, and their outcomes were compared. As mentioned in Section 5.1,

the light ratio method depends on the signals detected by opposite SiPM arrays.

This was first examined by the simulation model, which showed that the average
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light ratio detected by SiPM arrays depends on the γ-rays interaction positions

as shown in Figure 4.24. However, this dependency was not observed when im-

plementing the same method on the experimental data as shown in Figure 4.25.

As mentioned before, in Section 2.2, the CsI:Tl crystal has a slow decay time re-

quiring the use of long integration time, making the detector system more prone

to the SiPMs dark counts that are integrated together with the actual photons,

which causes a discrepancy between the simulation model and the experimental

data. To overcome this problem, the light ratio between two pixels that detect the

maximum light and are located at opposite SiPM arrays are used to reconstruct

the 3D interaction position, which provides a good interaction position estimation

as shown in Figure 4.26.

To compare both the χ2 minimisation and the light ratio methods, an event-by

event-position reconstruction was carried out for all three coordinates by processing

100 events from each run. In general, the two reconstruction routines proved

to be effective and simple methods for reconstructing 3D position interactions in

monolithic crystals. For the χ2 minimisation method, the minimisation process was

executed by using the simplistic model data, which showed that it can reproduce

the actual γ-rays interaction position. However, it is important to note that it

is essential to implement the correct detector dimensions and configuration to

accurately mimic the actual detector response. Further improvements also require

including photons that reflect back from the crystal surfaces and dark counts and

setting minimum thresholds equal to the thresholds values of the experimental

data. However, the effect of this is expected to be of secondary order compared to

the solid angle effect which is already taken into account. The former effect can

vary depending on temperature and the electronics used which can be adjusted

and controlled. For the solid angle effect the coverage depends on the distance

between the interaction position and the position of the pixel.

As mentioned in Section 4.2, the χ2 minimisation method showed a more

confined distribution compared to the light ratio method as shown in Figures 4.27
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and 4.28. In fact, the same outcome is also observed when using the pencil beam

measurements (no coincidence condition applied) as shown in Figure 4.29. This

can be explained by the number of pixels that are used for each calculation method,

where for the latter the light ratio is taken from two pixels with maximum light

detected located in opposite SiPM arrays. The χ2 minimisation uses signals that

are detected by up to 384 pixels. Looking at the z coordinates for the non-pencil

beams, a wider span was observed compared to the x and y coordinates, which

may be an effect that arises from the side collimator. The side collimator was used

for defining the depth of the interaction in the crystal volume as shown in Figure

3.9. As the width of the side collimator was measured to be 4.5 mm, there is a

high probability of multiple scattered events that pass through the side collimator

and reach the coincidence detector. This also explains the increase in the width

of the reconstructed light distribution obtained along the detector’s z axis.

The position resolution for both the methods were quantitatively compared,

and it was found that the values differ depending on the interaction position.

Interactions that occurred near the edges of the crystals were found to be 1.4 and

2 mm RMS for the χ2 minimisation and the light ratio methods respectively. On

the other hand, interactions that occured at the central region of the detector

were found to be 2.3 and 3.7 mm RMS respectively. From both the reconstruction

methods, the best position resolution was obtained for interaction was the one that

was near the SiPM arrays. This was expected, and it shows the same trend that

was observed in the 2D light maps obtained from the experimental, simulation and

simplistic models. The light ratio method provided the worst position resolution

which attributes to the wider reconstructed light distribution when using such a

method.

As mentioned in Section 1.2, there are many studies on 3D interaction posi-

tion reconstruction methods that can be extracted from monolithic crystals, which

provide different position sensitivities. These methods can vary from using differ-

ent fitting methods to artificial intelligence (AI) such as neural network using
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experimental or simulation data [80] [81]. Moreover, the use of different crystals,

photo-detectors and configurations makes it difficult to carry out a comparison

between these approaches. For example, in [69], an ANN was used to extract the

3D interaction position coordinates by examining the light ratio detected by indi-

vidual SiPM pixels divided by the total signal of the whole array for two different

types of scintillator detectors. They reported that for a 356 keV γ ray, an average

position resolution of 2.9 mm for x and y coordinates and 5.2 mm FWHM for z

coordinates can be achieved for a CeBr3 crystal coupled to an array of 4×4 mm2

SiPM 25×25×10 mm3 when using such method. They also measured the position

resolution of a 28×28 LaBr3:Ce based detector with the same thickness of the

CeBr3 scintillator and found it to be 8.0 mm FWHM for x and y coordinates,

whereas for the z coordinate, the position resolution was 11.0 mm FWHM. An-

other group measured the average position resolution for a 33×33×10 mm3 GAGG

(Ce) crystal coupled to an 8×8 SiPM array. They reported that a 1.7 mm FWHM

for the x, y coordinates and 2.5 mm FWHM for the z coordinate can be achieved

using the convolutions neural network (CNN) algorithm [82].

To our knowledge, to this date, this is the first device to use a six-sided

SiPM-based read-out 50.44×50.44×50.44 mm3 cubic CsI:Tl crystal for extracting

3D γ-rays interaction position information. One advantage of covering all six

sides of the cuboid CsI:Tl crystal with SiPM arrays was that with the use of such

simple and quick reconstruction methods, the γ-rays interaction positions in all

three dimensions were located. Another advantage is the absence of a reflective

material that may reflect back any photons that escape the crystal which improves

the energy resolution but can worsen the position resolution [75]. The use of black

paint on some of the surfaces or an absorptive material were suggested by other

groups to improve the position resolution measurements [75, 83]. However, such

approaches degrade the energy resolution of the detector, as the photons are being

absorbed by the black tape. This shows that there is a trade-off between the

energy and the position resolution that must be taken into account when choosing

the type of the wrapping material.
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Although the position-reconstruction methods used for this research focused

on searching single hits per event, the use of a six-sided readout system pro-

vided some redundancy in the sense that the same coordinate can be measured in

three different independent ways and correlations between the different position-

reconstruction methods show the possibility that this could be used for identifying

multi-hit events. On the other hand, two-hit identification can be achieved by

visually inspecting the SiPM arrays light maps as shown in Figure 4.17.

The developed 3D detector has shown that it can identify and resolve γ-

rays interaction positions for both average- and single-interaction positions. The

identification of the single-interaction events are of great interest when designing a

Compton imaging device that can be used in the medical field, for nuclear security

and in astronomy for localising the source position [84] [85] [86]. Both the Geant4

simulation and the simplistic model showed to be in good agreement with the

experimental data which indicated that they can be used as reference grids and

can be easily modified to explore and design future detection systems. Besides,

the light-hit pattern of detected by the SiPM arrays, the light ratio method and

the χ2 analysis minimisation method also seem to be rather sensitive. Given that

the position-reconstruction algorithms agree quantitatively with the experiment

and provide simple and effective methods for position-resolution calculations, these

methods can replace the experimental measurements, and this would save precious

experiment-measurement time.
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Chapter 6

Conclusion and outlook

In summary, two types of CsI:Tl detectors for γ-ray detection were developed

and tested for position determination measurements. The 6×6×76.2 mm CsI:Tl

polished crystal coupled to 6×6 mm2 SiPM at both extremities was tested for both

energy and position resolution using three different types of wrapping materials. Of

the three configurations, the 3M ESR coating exhibited the best energy resolution

due to the increase in the statistical resolution that arises from the increased

number of reflected photons. The position resolutions were obtained using the light

sharing method, and it was found that there is a strong correlation between the

interaction position and the light ratio that was detected. However, this correlation

is directly affected by the type of the wrapping material. The position resolution

was calculated for all three different wrapped detectors using the gradient from the

linear fit line and the FWHM of the light ratio distribution. For the PTFE and

black-tape-wrapped detectors, the position resolutions were found to be 7.0 mm ±

2.9 mm and 8.7 mm ± 3.6 mm respectively. For the 3M-ESR-wrapped detector,

the interaction positions were not determined as there was no variation in the

light ratio measured at the different interaction sites along the detector’s x-axis.

To achieve a good position resolution for such a detector’s configuration, a narrow

light ratio distribution (FWHM) and a high gradient value (g) are required. To
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show a proof-of-concept of these two parameters the PTFE wrapped detector (with

polished surfaces) was simulated using Geant4, and the model provided a 5.3 ±

2.3 mm average position resolution. The model also showed that by increasing

the roughness of the crystal’s surface, the position resolution can be improved.

Approximately a 2 mm position resolution was achieved for a σα = 0.2 m−1, which

improved the gradient value from 0.003 mm for the polished surface to 0.05 mm

for the unpolished surface.

The 3D detector, consisting of a 50.44×50.44×50.44 mm3 cubic CsI:Tl crys-

tal coupled to six 8×8 SiPMs arrays, was developed to be used for reconstructing

the 3D γ-rays interaction positions inside the crystal volume using different re-

construction methods. The use of the 6-sided read-out showed that the 3D γ-rays

interaction positions at different sites of the crystal can be simply resolved from the

2D light maps obtained from the single-hit events. Moreover, the Geant4 simula-

tion and the developed Simplistic model provided similar results and showed high

accuracy in localising the γ-rays interaction positions inside the detector volume.

The χ2 minimisation and the light ratio methods worked well in reconstruct-

ing the γ-rays interaction positions in all of the three coordinates. Both methods

showed that their is a correlation between the position of interaction and the re-

constructed light distribution. The position-resolution was obtained by measuring

the RMS of the σ of the light distribution. It was found to be 1.4 mm RMS for

the χ2 minimisation and 2 mm RMS for the light ratio method at the edges of

the detector. On the other hand, 2.6 and 3.7 mm RMS position resolutions were

measured in the central region of the detector using the χ2 minimisation and light

ratio methods respectively. While it is definitely possible to improve upon this

result, both, in terms of a more sophisticated post-processing and an improved

experimental setup, we do not anticipate a drastic improvement in the position-

reconstruction itself. Nevertheless, the reconstruction will become more robust

and straight forward.
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In this work, the benefits of using such a configuration and a proof-of-concept

of the models developed and the 3D reconstructing methods implemented have

been described. Overall, the results are exciting, and the project has shown that

the concept of position-reconstruction using both the methods for a six-sided read-

out monolithic crystal is achievable. It has also provided quantitative information

on the obtainable position resolution and extended the corresponding simulation

and the simplistic model that can be used reliably to explore and design future

detection systems. Such a detector can be used in many applications where the

main goal is to localise the actual position of the source. For example, in nuclear

security, this technology can deliver a compact and robust device with a very large

field-of-view for a Compton Gamma Camera. In nuclear physics experiments, such

a device can be of interest for Doppler-broadening corrections where it offers at

least three independent ways to measure the same coordinate.

Following this work, there certainly is room for more testing and improve-

ments. In particular, using other crystal materials that exhibit faster decay times

for shorter integration time, which makes it less prone to SiPM dark counts and of-

fers better energy resolution for more selective multiple scattering analysis. Other

improvements include cooling of the detector to reduce SiPM dark counts, min-

imising the width of the side collimator, adding additional coincidence detectors

(at different angles) to increase statistics and getting better databases and using a

new, dedicated ASIC read-out system that allows to set the single pixel threshold

even lower than the current level of 4-5 photons. The Geant4 simulation data

can be used to construct a grid to optimise the position-reconstruction methods,

which can then be used for a linear combination of more than one interaction to be

implemented in the minimisation process. The light maps that were presented in

this work are very suitable and can be used for Machine learning and AI methods

for 3D position-reconstruction calculations.
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Ricardo Colom, F Mateo, JM Monzó, Néstor Ferrando, et al. Depth of in-
teraction detection for γ-ray imaging. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and As-
sociated Equipment, 600(3):624–634, 2009.

[41] R Pani, S Nourbakhsh, P Pani, P Bennati, R Pellegrini, MN Cinti, R Scafé,
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Figure A.1: Images illustrating the 2D profiles obtained to find the beam position
for the 1D detector in (a) the y and (b) the x axis. The detector was moved in
10 mm steps and the count rates were measured at different interaction positions
and recorded
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Figure A.2: Circuit Diagram for 64 way SiPM Pre-Amplifier and Summing Am-
plifier
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Figure A.3: Illustration of an 8×8 J-series array by Sensl. The diagram also shows
the dimensions of each component of the array (front, side and back). Adapted
from [63]
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Figure A.4: An example of the spectra measured at one end of the black tape
wrapped detector crystal (SiPM0,top) and the light measured by summing both
SiPMs (SiPM0+SiPM1, bottom) at different illumination interaction points along
the long-axis of the 1D detector. The different colours represent the different
interaction point.
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Figure A.5: An example of the spectra measured at one end of the 3M ESR
wrapped detector crystal (SiPM0,top) and the light measured by summing both
SiPMs (SiPM0+SiPM1, bottom)at different illumination interaction points along
the long-axis of the 1D detector.The different colours represent the different inter-
action point
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Figure A.6: Number/Percentage of single coincidence events in the simulation. A
longer path through the detector (x+z) leads to more multiple scattering events.
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