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Abstract

The localisation of the interaction position of 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 mm? cubic CsL:TI 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 2 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 2 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 brie y describes the use of scintillator detectors. The di erent
applications that benet from these detectors have been mentioned in Section
1.1. In Section 1.2, the di erent position reconstruction methods that are used to
localise 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.



1.1. Application of Scintillator Detectors

1.1 Application of Scintillator Detectors

The need for scintillator detectors is increasing in many elds such as nuclear
medicine, astronomy, nuclear physics research and nuclear security. In the medical
eld, 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 speci c 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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Figure 1.1: lllustration 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 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 -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 -ray distribution. Scintillator detectors used in such systems must be dense,
produce a large number of photons for each singleray (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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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 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 ray interacts with the rst 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: lllustration 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 and E, respectively.
Reproduced from [10].
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Although di erent types of detectors such as semiconductor detectors can
be used in the design of a Compton camera, the scintillatobased detectors are
relatively low in cost. They can also be manufactured in di erent 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 di erent 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

-ray source is detected at di erent positions and velocities, the measurements
su er from the Doppler e ect. 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 e ect using an event-by-event analysis [16].

In this project, the detector that has been developed is based on a Csl: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-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 - ray tracking for in-beam nuclear experiments [22]. Given the
need for simplifying the designs of a radiation detection system for many di erent
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 a ect 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 dierent elds benet from the DOI

reconstruction techniques, the majority of the literature published on this subject
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focuses on the medical imaging eld (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 t models for
localising event-by-event -ray interactions such as the one described in [32], which
implements the inverse square law and an exponential factor. This model was later
modi ed by adding the intensity of the scintillation light re ected inside the detec-
tor [33]. The algorithms based on machine learning such as the Arti cial 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 prede ned light distributions at di erent positions to
reconstruct the DOI coordinates. This can be carried out by tting the light dis-
tribution with di erent statistical methods such as the Chi-square method ( ?)
[37] and Maximum Likelihood (ML) [38]. Although these methods reacquire long
and time-consuming measurements for constructing the reference points, the t-
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 -ray interactions inside the
crystal and the estimation of the position resolution depend on the size, type of
the scintillator crystal, detector con guration and the methodologies applied. For
instance, the best position resolution measured for a 560 30 mn? 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 DOl measurements (z-coordinates),

1.9 mm and 2 mm position resolutions were obtained using 422 10 mn¥ LSO

v
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and 50 50 4 mm® LaBr; scintillators [40] [41]. Looking at thicker crystals, In
Ref [42], the DOI resolution for a 50 50 20 mn? LYSO scintillator was found to
be 5 mm. This indicates that localising the depth of the -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
a ects both the sensitivity of the detectors used, for instance, in small animal
PET imaging systems [43] and their spatial resolutions. The localisation of the
DOl for charge-coupled detectors that are used for-ray cameras improve the spa-
tial resolution that is a ected 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-e ective, 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 di erent

applications.

In summary, the objectives of this thesis are to:

" Construct and characterise new position-sensitive scintillator detectors for

-ray detection.

" Testing di erent position reconstruction methods to locate -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 rays with matter, the di erent types of
scintillators and the scintillation processes. The optical phenomena that describe
the behaviuor of the light generated inside the scintillator and the di erent 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 -ray interactions with matter. In Section 2.2 the dierent types of
scintillators and their di erent scintillation processes have been discussed. The
behaviour of the generated light inside the scintillator and the di erent mecha-
nisms that occur at the boundaries have been discussed in Section 2.3, whereas in
Section 2.4 the di erent 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 Rays Interaction with Matter

Although there are several mechanisms for interaction of 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 2. 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=E Ep (2.1)

whereE. is the electron's kinetic energy produced; is the energy of the incident

photon and Ey, is the binding energy between the electron and the nucleus.

Figure 2.1: lllustration of the photoelectric e ect 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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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®= =

@+ £, cos)

MeC?

(2.2)

where

" E° Energy scattered ray
" E : Energy incident ray
meC%>: Rest mass of electron

. Scattering angle of the photon withE® energy

Figure 2.2: lllustration 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.

13
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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 -ray energy exceeds 1.022 MeV,
pair production occurs when the photon interacts with the electric eld of the
nucleus producing a pair of an electron and positron as shown in Figure 2.3. The
kinetic energy of the electronE, and positron E.. that is produced is equal to
the di erence between the energy of the incoming photoR and is equivalent to

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

Ee, + Ee = E  1:022MeV] (2.3)

Figure 2.3: lllustration of the pair production mechanism where an incoming pho-
ton with high energy E 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.

14



2.2. Scintillators

2.2 Scintillators

Scintillators can be found in di erent shapes, sizes and material types. When a
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 rays.
There are two types of scintillators, organic and inorganic, and they have di erent

scintillation processes, sensitivity and detection e ciency.

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 patrticle interacts with an organic material.

Figure 2.4: lllustration 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 § to S; emit uorescent light. The decay
process that occurs between the triplet and singlet (Tto Sp) 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 § ground level to the higher levels. In some cases where the
frequencies are less than ¥ or 10 Hz, an electron in the triplet state decays
back to the T, state through a radiationless transition. They can then transit to
the ground § 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
uorescence or phosphorescence lights where the later can be identi ed by its longer
wavelength. Depending on the emission time if the re-emission of the photons is
from 10 ® S to 10 ¢ S, the process is called uorescence. But if the re-emission
is between 10° S and 100 S for transitions from T to S, the process is called
phosphorescence. The non-radioactive decay process can occur for transitions that
take place between Sto S, for emission times between 10 S and 10° S. Other
processes such as inter-system crossing, vibrational relaxation, internal conversion

and light absorption occur for time emissions that aré 10 © 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 rays (up to 15 cm thickness).

Inorganic scintillators are high in density, light yield and atomic number (2)
compared to the organic scintillator. The scintillation process in this type of crys-
tals does not depend on the molecules energy transition between di erent 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 ane 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].

Figure 2.5: lllustration 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 di erent types of scintillators and their properties.

Table 2.1: Types and properties of ve di erent scintillators.

Scintillator Csl:TI Csl:Na CeBr; LYSO:Ce LaBr;:Ce
Density, g/cm?® 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 costforl 1 1inch, $ 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 di erent 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 di erent inorganic scintillators as well as the Quantum E ciency as a
function of wavelength for two photo-detectors. Reproduced from [48].

2.3 Optical Phenomena

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

scintillator can go through di erent processes which are the following:

" Re ection: This is the phenomenon that depends on the type of the surface

18
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that the light re ects from. Mirror-like surfaces show that:

1= 2 (2.4)

where ; 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 , is the angle of the re ected ray that is measured from the
re ected ray to the surface normal. The latter mechanism is known as the
specular re ection, and the light rays that re ect from a rough surface and
scatter in all directions are known as di usive re ection. This is illustrated

in Figure 2.7.

Figure 2.7: Diagram showing light re ections mechanism, absorbed and transmit-
ted from a surface. The incident photon can be re ected from the surface in dif-
ferent directions (Di usive re ection) or re ected in the same direction (Specular
re ection). 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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ny _ sin ,

N, sin ;

(2.5)

where ,, , 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:

>
I
<lo

(2.6)

wherec s the speed of light in vacuum and is the speed of light in material.

Re ection 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 re ected or
transmitted for both parallel (k) 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 eld that is normal to the plane's polarisation
and the P polarisation that represents the polarisation of the electrical eld
in the plane of incidence. They can be estimated using re ection X and

transmission () coe cients with the help of the following expressions:

) *
k= n, cozsnilforiicos ¢ (2.9)
, = 2N COS (2.10)

N1 COS ; + N, COS
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The angles of the re ected and transmitted light at an interface boundary
are given by ; and . respectively. The power of the re ected (R) and
transmitted (T) lights for both ( k) and (?) polarisation can be calculated

using the following equations:

R=j 2j (2.11)

(n2cos(v)) .,

(nycos(i)) (212)

Figure 2.8: lllustration of light refracting at an interface between two media of
di erent refractive indexes (n) and n, > n;. When light travels from medium 1
to medium 2 with an angle, it changes its direction and speed, and the angle of
refraction ( ;) is less than the angle of incidence {).
" Total internal re ection: 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 = :_i (2.13)

where . 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.

{ i must be larger than the ..
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Figure 2.9 shows an example of the di erent light behaviour that can occur

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

Figure 2.9: lllustration of light passing from one medium to another with di erent
refraction indexes and densities (glass to air). The rst diagram (left) the incident
angle (i) is smaller than the critical angle (c), whereas (middle) i = ¢ 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 ow through the tube.
To overcome this issue a focusing electrode is used to direct the photoelectrons to
the rst dynode were they are accelerated due to the presence of the electric eld.
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 su er from low quantum e ciency (QE) and

high operating voltage, and they are sensitive to electromagnetic elds [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 eld 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 ampli ed, and the detection of low
energy photons becomes more di cult. 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 elds and provide a higher
guantum e ciency but lower gain compared to PMTs. Moreover, temperature
and reverse bias must be controlled when using APDs where these two factors can

lead to uctuation 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 ow for resetting the bias and SiQ provides electrical and some optical
isolation. The Guard ring provides a uniform electrical eld across then 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:

Voias = Vor +  V (2.14)

where V,, is the breakdown voltage which is the minimum voltage required
to generate a high-enough electric eld for G-APD to avalanche. The V is the

applied overvoltage above thév,. This gives rise to the gain, and the electric
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eld which excites the electrons and holes and the avalanche process occur, and
the G-APD discharges. The current continues to ow 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 ow 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 1@ micro-cells. Repro-
duced from [56].

Figure 2.14: lllustration of the equivalent electric circuit of an array of summed
micro-cells and the quenching resistors that control the current ow. 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 e ected by the temperature and the size of the

active area.

Optical cross talk is another source of noise that can a ect 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 E -
ciency (PDE). This is an important parameter that de nes 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 .

A.
=QE o -2 (2.15)

whereQE is the Quantum E ciency which measures the probability of converting
a photon to photo-electrons, g is the probability of an electron-hole pair to be
created and an avalanche being induced in the micro-cell, ang=- is known as

total

the Il 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 e ect of two overvoltage values on the
PDE curve. This indicates that the G-APD e ciency 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 elds and the fact that it could come in di erent sizes makes it an ideal

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

Figure 2.15: PDE vs. wavelength for two di erent 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 ray Detection and
Digital Pulse Processing
-ray scintillator detectors consist of a dense scintillator that can stop the 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 -ray photon de-
posited in the detector. The signals that are produced are often weak and need to
be ampli ed before further processing using a preampli er. However, the signals
that are produced can also be noisy, and a shaping ampli er is needed to Iter 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 ampli ed
using the preampli er, and the shaping ampli er Iters 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:

Non=E LY PDE (2.16)

whereE is the energy deposited in the scintillatorLY 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 de ned by the following ratio :
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) = 100 (2.17)

where FWHM represents the full width half maximum of the peak andHg 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 de nition.
The resolution is calculated using the ratio between the FWHM and the centroid
position of the peak (H). Reproduced from [60]

However, there are di erent factors that must be taken into account when
calculating energy resolution that can a ect the performance of the system. The

calculation can be expressed as follows: [61]:

(1= (P () (218)

where

" int IS the intrinsic resolution that expresses the contribution of the non-

proportionality of the scintillator.
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p IS the transfer resolution that represents how many photons successfully

reach the photosensor.

<t are the statistical uctuations that are a result of the photosensor's char-

acteristics such as the PDE and scintillation light uctuations.

st Is directly a ected by the number of photons detectedN,, and can be

expressed as follows:

s= Npp (2.19)

This indicates that increasing the number of photons improves the statistical uc-
tuation which contributes to improving the energy resolution of the detector. This
can be improved, for instance, by wrapping the detector with a re ective ma-
terial (excluding the areas where the scintillator and the photosensor are joined
together). As a result, photons that escape the crystal can be re ected 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 Csl:Tl long crystal coupled to two 6 6 mn? SiPMs at both ends
(1D detector) and a 50.44 50.44 50.44 mn? cuboid Csl: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

3.1.1 1D CslI:Tl Detector
3.1.1.1 Detector Con guration

A6 6 76.2 mnt Csl: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 Csl:Tl scintillator

Density, g/cm? 451
Light yield,ph/MeV 54000

Decay time, ns 1000

Refractive Index 1.79

Wavelength of peak emission, nm 540

Two 6 6 mm? 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 m in size [62].

The crystal was wrapped with three di erent wrapping materials for both
energy and position resolution measurements. Figure 3.1 shows an example of the
three di erent wrapping materials PTFE, a black tape and a highly re ective 3M
Enhanced Specular Re ector (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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Figure 3.1: Examples of di erent wrapping materials used for the 1D scintillator
detector (PTFE, 3M ESR sheet and Black tape).

The 3M ESR sheets were less exible 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 GQaser 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
exible 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’Cs and '53Eu
sources. The signals from both SiPMs were summed together and connected to an
Ortec ampli er model 571. The ampli ed signals were then connected to a Multi-
channel Analyser (MCA) and energy spectra were recorded for each detector. The

energy resolution %) was obtained using Equation 2.17.

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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(@)

(b)

Figure 3.2: (a) lllustration 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 fteen positions, and each position was

irradiated for ve 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, o sets 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.
" O set set: 0.
" Recording length : 2100 samples = 31.5s.

~

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.

36



3.1. Experimental set up and Measurements

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 a ected by changes such as in the temperature and

additional noise that can a ect 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 pro le 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 pro le. The electronics
noise level was measured without the source and found to ke2 mV. The light
ratio distribution measured at both SiPMs, at each position, was calculated using

the following equation:

~ SiPMO
~ (SIiPMO+ SiPM 1)

r (3.1)

where SiPMO and SiPM1 are the amplitudes of the signals from each of the
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SiPMs. The light ratio distribution was then tted 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 tted with a linear
t (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 t were used as follows:

_ FWHM
g

X (3.2)
where X is the measured position resolution, g is the gradient value obtained
from the linear t and the FWHM is the full width half maximum of the ratio

light distribution and can be calculated as follows:

FWHM =2:355 (3.3)

where 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="XZ BSp? (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 di erent distances of the source. The results of the three
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detector con gurations were collected, and they have been compared in Section
4.1.

3.1.2 3D Cubic Detector

3.1.2.1 Detector Con guration

Two detectors were utilised for this setup. They have been de ned as the main
detector and the coincidence detector. The main detector was constructed from
a 50.44 50.44 50.44 mn? cubic Csl:Tl crystal with the same properties as those
presented in Table 3.1. The faces of the crystal were covered with six 8 SiPM
arrays of SensL J-type and each SiPM array consisted of 6.18.13 mnt pixels
with a total area of 50.44 50.44 50.44 mn? 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 preampli ers 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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