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Abstract  

Quality assurance is a vital part of modern radiation therapy. This thesis deals with the 

development of a detector system for the quality assurance (QA) of modern external 

beam radiation therapy. The system consists of a plastic scintillator, a commercial 

camera and a computer. 

Different available organic scintillators were initially evaluated to select the most 

suitable scintillator for our design. Subsequently,  many optical artefacts in our 

prototype design were evaluated and possible correction methods were presented to 

reduce the impact of the optical artefacts. The basic characteristics of the system (e.g. 

the reproducibility and response to changes of dose) were assessed in a series of low 

energy x-rays and high energy proton irradiations. Photographs of the scintillation light 

distributions were acquired using the  detector system for low and high energy photons, 

electrons and protons and compared with the depth -dose curves measured with an 

ionisation chamber. During proton irradiation,  there was a reduction in the light 

intensity in the Bragg peak region because the protonsõ high linear energy transfer 

(LET) leads to quenching where less light is produced than expected. We developed an 

approach which used Birks equation to correct for the quenching  using the Monte Carlo 

code, Geant4. LET was modelled in Geant4 and was combined with the measured 

scintillation light to calculate Birksõ constant. We then used the derived value of Birks 

constant to correct the measured scintillation light distribution for quenching using 

Geant4.  
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The results show that the light output in creased linearly with the x-rays and proton 

dose with a correlation coefficient greater than 0.99. The system is stable and provides 

reproducible results to within 1%  in all type of radiation . Good agreements were 

obtained between the scintillation and the  ionisation chamber depth dose curves for 

both photon and electron beams if depth -scaling factor was considered for the depth 

dose for electrons. However, energy dependence was seen with low energy x -rays due 

to the mechanism of interaction at these energies depending on the materialõs mean 

atomic number. For protons, no energy and dose rate dependencies were observed for 

the dose rates and energies used in this work. The results show that Geant4 simulation 

offered an effective way to correct for quenching for any desired energy. The quenched 

simulated scintillation results are in good agreement with the measured scintillation 

results and with the variation in the position of the Bragg peak  is less than 0.7%.  

The results show that the system has the advantage of providing 2D visualisation of 

individual radiation fields and responded linearly to dose for low energy x -ray beam 

(50-100 kV) but suffers from energy dependency. The detector system provides 

acceptable depth dose curves for high energy photons and electron beams but could be 

enhanced if the optical  artefact is corrected for. In addition, we developed an effective 

way to correct for quenching during proton irradiation. The technique provides a 

convenient method for rapid, convenient, routine quality assurance for clinical proton 

beams. 
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1.1 Introduction   

Cancer is a threatening and potentially lethal disease affecting one in three people in 

the UK. The procedures used in efforts to treat cancer are surgery, chemotherapy, and 

radiation t herapy [1]. A cancer patient may be assigned to all three treatments or just 

one of them, depending on the stage and how much the disease has spread in the 

individualõs body. With the recent development and progression of many diagnostic 

modalities , including screening and imaging, more patients are expected to be eligible 

for loco-regional treatment includ ing surgery and /or radiation therapy. This is due to 

the fact that the cancer tumour is now more likely to be diagnosed in an early stage. 

This also has an impact in utilising a better physical conformation of the dose to the 

tumour, resulting in higher c ure rates and improved avoidance of the healthy tissues, 

thus enhancing patientsõ the quality of life [2]. In order to achieve the best possible 

results, radiation therapy dosimetry is necessary to determine the correct radiation dose 

for different radiation delivery machines and radiation delivery techniques with 

various equipment and techniques. The recent development of proton therapy delivery 

machines has encouraged many countries such as the UK and Saudi Arabia to look for 

other dosimeter systems, as not all dosimetric requirements can be fulfilled by a single 

dosimeter system [3]. In addition , there is ongoing research in radiation detecting 

materials and techniques to improve existing methods in dosimetry . One particular 

area of radiation therapy dosimetry, which is the concern of this thesis, is scintillation 

dosimetry.  The work presented in this thesis explains the development and the 

characterisation of plastic scintillator for dosimetry in radiation therapy.  
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1.2  Radiation therapy  

The key purpose behind radiation treatment is to deposit sufficie nt radiation in the 

tumour to damage the cancer cells and minimise radiation to the surrounding tissues in 

order to avoid any serious complications  resulting from treatment . Radiation can be 

delivered via several methods and can be external (i.e. radiotherapy or proton therapy ), 

or internal (i.e. brachytherapy).  

 

1.2.1 Radiotherapy  

Radiotherapy has been used to treat cancer using many delivery techniques such as 

conventional radiation therapy using two -dimensional (2D) beams of electrons or 

photons. A linear accelerator (Linac) is widely used to deliver high energy beams  in 

radiotherapy . A treatment plan is produced for each individual based on computed 

tomography (CT) images of the patient. Sometimes, if it is necessary to identify the 

position of the tumour more precisely, other diagnostic modalities could be used  to 

provide additional ôfunctionalõ information, such as positron emission tomography 

(PET) and magnetic resonance imaging (MRI) [4], [5].  

The gantry of the Linac as shown in Figure 1 has different collimators that allow 

modulation of the photon beam. Primary and secondary collimators shape the beam to 

create rectangular fields. Subsequently, the beam travels through the last collimator 

consisting of typically 120 individually controlled leaves , called the multi -leaf 

collimator (MLC) , for full modulation  of the shape of the treatment site during the 
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irradiation [6]. In addition, clinical research has led to the utilisation of more 

complicated radiation delivery techniques which have had a huge impact on reducing 

treatment time; examples of these techniques are intensity modulated radiation therapy 

(IMRT)  and volumetric modulated arc therapy (VMAT)  [7]. These techniques aim to 

deliver a dose distribution that conforms to the target volume, and minimise doses to 

surrounding normal tissues. Current developments of Linac s and the different 

techniques of treatment delivery enable improved dose conformity.  

 

 

Figure 1: Schematic drawing of components in the head of the linac and the MLC collimator 
image of Varian linacs [8] 

 

1.2.2 Proton therapy  

Proton beam therapy has become widely studied in recent years due to its high 

precision dose localisation performance compared to conventional radiotherapy . This is 

achieved by the Bragg peak effect, in which protons deposit most of their energy at the 

end of their path due to the resulting energy loss of the protons is inversely 
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proportional to the squared velocity of t he protons [9]. Figure 2 demonstrates how the 

protons lose their energy as they penetrate the medium [10]. In the protonsõ depth-dose 

curve, a sharp dose peak is known as the Bragg peak. 

 

 

Figure 2: The depth-dose distribution for 60 MeV proton beam measured by ionisation chamber 
in water at the Clatterbridge proton therapy facility  

 

In radiation therapy, protons can improve the conformity and uniformity of dose 

delivery, whereas photons deposit their energy within  absorbed material without 

causing direct chemical or biological damage. Instead, photons transfer their energy to 

secondary electrons that can cause chemical and biological damage [11], [12]. Therefore, 

protons are defined as direct ionising radiation whereas photons are defined as indirect 

ionising radiation  [13].  
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The available techniques to deliver the proton beams are either passive scattering 

beams or spot scanning beams [14]. In the passive scattering delivery technique, a 

scatterer is placed in the path of the initial pencil proton beam to broaden the beam 

(more commonly double  scatterers are used) and collimator s are required to provide 

uniform dose profile s (i.e. single Bragg peaks). Range modulator wheels or thicknesses 

are also employed in the beamline to form a spread out Bragg peak (SOBP) to 

appropriately cover a target volume. In spot scanning beams, magnets are used to 

deflect and steer the pristine pencil proton beam to scan the narrow beam across the 

patient . Two methods are commonly used in scanning protons which can be either 

single field uniform dose (SFUD) to deliver a uniform dose distribution to the target or 

intensity modulated proton therapy (IMPT) to deliver mul tiple fields of variable energy 

and intensity [15]. 

 However, no internationally accepted standards are available for dosimetry of 

proton beams. Many dosimeters have been reported for the use of clinical proton  

dosimetry such as ioni sation chambers and diodes [16], [17].  

 

1.2.3 The biological effect of different ioni sing radiation  

Different radiation types of the same energy can deposit different doses. The 

absorbed dose (D) in equation 1.1 is the most fundamental parameter in radiotherapy 

and gray (Gy) is the unit of absorbed dose (1 Gy= 6.24×1012 MeV/kg= 1  J/kg=100 rad). 

 
Ὀ

ὨὉ ὩὲὩὶὫώ

Ὠά άὥίί
           

Eq 1.1 
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In radiobiology and radiation protection, two quantities should be considered when 

defining the quality of an ioni sing radiation beam and the damage the radiation caused. 

These quantities are relative biological effectiveness (RBE) and linear energy transfer 

(LET). The definition of LET is the linear rate of energy absorption by the medium 

when a charged particle passes through the medium  [18]. 
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Eq 1.2 

 

 

Radiation of higher LET causes more biological damage. This means that higher LET 

results in a higher RBE. The RBE, describing the amount of dose from a test radiation 

source required to produces the same biological damage as a standard radiation source, 

is defined by the following ratio  [19]:  

2"%
Ὀ

Ὀ
 

 Eq 1.3 

 

 

where Ὀ  is an absorbed dose from standard radiation x which is usually 250 kV x -

ray and Ὀ  is the dose from radiation type R that produces the same amount of 

biological damage. RBE differs depending on the type of radiation and type of tissue. 

Figure 3 shows the relationship between RBE and LET [20]. 
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Figure 3: The relationship between LET and RBE [20] 

 

1.3  Radiation interaction with matter  

For the purposes of this thesis, it is worth mentioning some of the basic and 

predominant physical processes that occur when photons, electrons, and protons 

penetrate matter and their resulting impacts for radiation therapy . The interaction of 

photons, electrons, and prot ons is different within tissue. For example, the energy loss 

is higher in small increments  for an electron beam as it traverses tissue compared to a 

photon beam in radiotherapy.  
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1.3.1 Photons 

Attenuation of photons : an exponential law  (Eq 1.4) called the Lambert-Beer law 

describes the attenuation of  a photon beam intensity (I) passing through distance (ὼ) of 

a material . 

 
Ὅὼ ὍϽὩ  

Eq 1.4 

 

with ȋ denominating a material -dependent attenuation coefficient and incident 

intensity ( Io). Three main interactions lead to this behaviour:  

 

Photoelectric  effect : The most dominant attenuation mechanism for incident photons 

with low energies occurring with inner shell electrons  is the photoelectric effect. In this 

mechanism, the incident x-ray photon gives all its energy to one of the bound electrons 

which is then ejected from the atom as a photoelectron [21]. This allows measurement 

of the photon energy. The energy of the incident photon has to be greater or equal to 

the binding energy of the electron.  The kinetic energy (Ee-) of the electron is represented 

as follows: 

 
Ee- = hȌ - Eb 

Eq 1.5 

 

 

where (hȌ) represents the photon energy and Eb is the binding energy of the electron in 

its shell [22]. 
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Compton  scattering : When the incoming photon collides with an electron in the 

atom, an inelastic collision takes place in which the electron obtains energy and the 

scattered photon has energy less than that of the incoming photon . The energy of the 

incident photon must be large as compared to binding energy of the electron. The 

energy of the scattered photon hȌǖ in terms of the scattering angle ȇ is given by the 

following equation [22], [23]:  
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Eq 1.6 

 

 

where hȌ is the initial energy of x -rays and moc2 is the rest mass energy of the electron 

(0.511 MeV). The kinetic energy Ee of the electron after collision is given by:  

 
Ὁ Ὤὺ Ὤὺł 

Eq 1.7 

 

Pair production : The incident photon interacts with the Coulomb field of the nucleus 

of the absorbing material. This creates an electron-positron pair of the entire photon 

energy. This interaction requires  high energy photons with energy greater than 

2moc2=1.02 MeV [23]. When the positron comes into rest, it combines with an electron to 

produce two  511 keV annihilation radiation photons.  

The dominance of each interaction depends on energy (E) and the atomic number (Z) 

of the medium as shown in Figure 4. The dominant interaction mechanism at low 

energies in water  is the photoelectric effect, resulting in either a partial or complete 

transfer of energy from a photon to an electron. Table 1 illustrates the probability of 
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occurrence of each mechanism (i.e. the cross section) according to E and Z [24]. In a 

photon beam, a specific material can be described as tissue or water equivalent if  the 

average fractional amount of incident photon E transferred to kinetic energy of charged 

particles is equivalent to that of water or tissue . This is highly dependent on Z and E of 

the incident beam [25], [26].  

 

Figure 4: The impact of E and Z on the occurrence of the photoelectric effect, Compton effect and 
pair production [3]. 

 

 

 

 

 



1. Introduction and Literature Review 

 

28 

 

Table 1: The cross section of each mechanism varies with atomic number and photon energy 

[24] 

Mechanism Cross section (Ɑ) dependency Energy range in water  

Atomic number (Z)  Energy (E) 

Photoelectric  ᶿ ὤ ᶿὉ  1-30 keV 

Compton  independent  ᶿὪὉ 30 keV ð 20 MeV 

Pair production  ᶿ ὤ ᶿÌÎ Ὁ  above 20 MeV 

 

1.3.2 Electrons 

Coulomb electric fields surround ing atoms in the tissue interact with incoming 

electrons by four  prevailing  mechanisms, depending on the energy of the incident 

electrons as depicted in Figure 5. As an electron interacts with orbital electrons, some of 

the initial incident energy  of the electron is dissipated by depositing some of its energy 

in the medium which causes either ionisation or excitation depending primarily on the 

atomic number of the interaction medium . As a result, the atom may be ionised and 

eject the orbital electron (Figure 5a) or excite an electron to a higher energy level as seen 

in Figure 5b, causing the excess energy to be emitted as light or heat when the atom 

returns to its stable state [27]. Alternatively, t he incident electron shown in Figure 5c is 

suddenly deflected from its trajectory by the nuclear Coulomb field. Subsequently, 

electromagnetic radiation is emitted, called Bremsstrahlung or braking x -ray radiation. 

Another mechanism for electromagnetic radiation emission shown in Figure 5d occurs 

when the bombarding electrons have sufficient energy to eject an electron from the 
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inner shells of the atoms. An electron from a higher energy states then fills the vacancy 

in the lower atomic energy levels emitting characteristic x-ray photons [27]. For electron 

dosimetry, a specific material would  be water equivalent if it match ed the stopping 

power of water [26]. The energy loss of an electron beam in collisional interactions such 

as ionisation and excitation is proportional to the electron density ( Z/A ). It is 

proportional to the energy and Z2 in radiation losses interactions, as in Bremsstrahlung 

[27]. 

 

Figure 5: The mechanisms of electron interactions a) ionisation  b) excitation c) Bremsstrahlung 
photon production d) characteristic x-photon production  
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1.3.3 Protons 

Mechanisms for proton energy loss and scattering will be briefly explained to 

understand the protonsõ dose distribution when the protons travel through a medium. 

As a proton travels through matter, it loses its energy continuously because of Coulomb 

collisions (i.e. collisions between protons and electrons or protons and nuclei 

interacting through their own electric field) that cause ionisation or excitation of the 

matter, causing multiple Coulomb scattering.  The protons deposit energy in inverse 

proportion to the sq uare of their velocity. When they enter the tissue, their energy is 

relatively high , so they deposit little energy. As the y gradually slow, they increasingly 

deposit more energy and continue to slow, so that most of the energy of the proton is 

deposited at the end of its range.  

The stopping power or the mean energy loss by a charge particle per unit thickness (

dx

dE
- ) can be determined by using the Bethe-Bloch equation [28], [29]:  

 
 

Eq 1.8 

 

where C=4ȏĮNA(Avogadro number=6.022×1023 molĭ1)× re2 (electron radius= 2.8 fm)× 

me (electron mass= 511 keV)× c2 (speed of light)=0.307 MeVg-1 cm2, 
om  is the rest mass 

of the electron , bis relative particle velocity, (Ȍ/c), Emax is maximum energy 

transferred in a single collision, I indicates the excitation energy (eV), Ȃ is Lorentz factor 

((1-ȁ2)-2) and Z and A are the atomic number of the absorber and the atomic weight of 

the absorber respectively [30]. 
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The range of protons can be identified by integrating 
dx

dE
-  from 0 to E: 

 
Ὑ

ὨὉ

Ὠὼ
 ὨὉ 

Eq 1.9 

 

 

where E is the particle energy (MeV) and x is the path length (cm). However, not all 

protons that start with the same energy will have  precisely the same range due to 

statistical fluctuation s in the energy loss process [31], [32]. The mean range of the 

protons R in a medium can be defined as the depth in a medium after which  one half of 

protons have stopped and R corresponds to the distance at which the dose decreased to 

80% of the maximum, beyond the Bragg peak [14]. 

 

1.4  Quality assurance and dosimetry  in radiation therapy  

Quality assurance (QA) procedures aim to ensure that a treatment machine provides 

the desired level of accuracy by performing dose evaluation prior to treatment and 

comparing it to standard measurements. Optimisation is an essential element of 

advanced radiation therapy treatment techniques for achieving  positive outcomes from  

quality treatment. In actual radiation therapy treatments, QA of the dose is necessary as 

many individual beams with variable intensities and energies are used to target the 

tumour. This is achieved by the latest generation of treatment machines which can offer 

significant reductions in treatment times , with many radiation beams delivered to the 

tumour site in each treatment course. As a result of these complex beam delivery 

techniques, a high precision QA is required to ensure that the planned treatment dose 
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distribution matches the delivered dose distribution to avoid any possible errors and 

uncertainties (e.g. machine output fluctuations) in the treatment process that could 

affect the patient's health. In other words, real -time dosimeters with high spatial 

resolution, sensitivity and accuracy are necessary in order to achieve good results from 

treatment [33].  

Dosimetry  is the practice of measuring radiation do ses resulting from ionising 

radiation and modelling the particle interactions within the tissue  [34]. As previously 

mentioned, the interaction of photons with matter is indirect as they contribute to 

produce charged particles (e.g. electrons) and the electrons then do the ionisation along 

their tracks. However, charged particles produce the ionisation dir ectly as well as via 

secondary particles. The mechanism of radiation interaction with matter differs 

depending on the type of radiation . Hence, different detectors are recommended for 

use depending on the application and the type of radiation.  

 

1.4.1 Dosimeter requirements in radiation therapy  

Two main tasks in dosimetry for  external radiation therapy must be examined fully 

in order t o acquire accurate knowledge of: 

¶ Beam characterisation to measure the absorbed dose to water at a point 

¶ Determination of  dose in the patient 

 These tasks need a dosimeter which can accurately measure and characterise the 

incident radiation beam [35]. Although different dosimetry detectors are available, 

several issues should be considered when selecting a particular detector type and its 
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uses such as the energy range and radiation type. For example, external radiation 

therapy can be generally summarised as: 

¶ Kilovoltage therapy: x -rays range from  50 to 300 kV used in treating skin 

lesions up 2 cm depth such as Lentigo Maligna [36]. 

¶ Photon therapy: x-rays range from 4 MV to 25 MV  (e.g. used for prostate 

cancer treatment [37]) 

¶ Electron therapy: electrons range from 6 MeV to 20 MeV (e.g. to treat 

pancreatic cancer intraoperatively  [38]). 

¶ Proton therapy: protons  range from 30 MeV to 200 MeV (e.g. to treat ocular 

melanomas cancer [9]). 

The specific requirements of a dosimeter should be assessed to study its feasibility. 

These include tissue equivalence at the energy range used, resolution, efficiency, count 

rate performance, response time, pressure and temperature independence, ease of use, 

and cost. An important feature of any d etector is the linearity of dose response. In 

addition, the detector should be independent o f the dose rate [39]. No single dosimeter 

can meet all these requirements. However, in practice, after selecting the most suitable 

dosimeter for a particular application, corrections can be applied to tackle the specific 

limitation of the dosimeter.  

 

1.4.2 Current practice in the dosimetry of radiation therapy  

Ideally, the absorbed dose would be measured directly by a radiation detector  in 

radiation therapy . However, no single dosimeter fulfils the whole range of 
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requirements perfectly . Nowadays, most centres use different types of ionisation 

chambers for their reference dosimetry which are calibrated against an absolute 

dosimeter, which in turn is calibrated at a national standards laboratory. The aim of 

absolute dosimetry is to ensure consistency and reproducible results between different 

centres in a reference situation. The calibrated ionisation chamber can then measure the 

signals and convert them to the absorbed dose in the userõs beam. In radiotherapy, 

relative dosimetry is accurately determined by the use of a calibrated ionisation 

chamber placed in a standardised water phantom. Then, the depth dose distributions 

are exported as inputs to the treatment plan system, and a computer algorithm  can then 

estimate the depth dose distribution in each patientõs treatment plan. The QA of the 

treatment plan of the actual dose (i.e. in vivo dosimetry) is performed to ensure that the 

treatment planning software calculates the predicted dose correctly. Therefore, QA is 

an essential procedure necessary to provide adequate confidence between the 

prescribed dose and the delivered dose as well as to avoid any systemic errors during 

defining  the patient setup that may arise from any components of current radiation 

delivery machines, such as machine gantry or gantry stand or support  [39]. 

In order to safely deliver a radiation dose to a patient, the performance characteristics 

of the specific machine delivering the radiation must be monitored. Many QA 

examinations (daily, weekly, monthly, annual) of the beam parameters should also be 

performed.  

 



1. Introduction and Literature Review 

 

35 

 

1.4.3 The depth -dose distribution and off -axis dose profile  

Measuring percentage depth dose (PDD) and lateral or off -axis profiles at different 

energies and different field sizes is important to validate the machine output  and to 

provide data for the treatment planning system.  Thus, PDD distribution is important in 

radiotherapy because it helps to determine the absorbed dose in the patient at a specific 

depth. It is widely  obtained using an ionisation chamber or diodes placed in a standard 

water tank at various depths  in external radiotherapy QA . The PDD distribution s are 

normalised to the depth where 100% of the maximum dose (dmax) is deposited [20], [27]. 

The PDD can be calculated as follows:  

 
0$$ Äȟ!ȟ33$ȟ%
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Eq 1.10 

 

where 

¶ 0$$ Äȟ!ȟ33$ȟ% represents the percentage depth dose at depth (d) resulting 

from field size (A), source to surface distance (SSD) and radiation  energy (E) 

¶ $  is the absorbed dose at depth (d) 

¶ $  is the dose at the depth of maximum dose (dmax) 

PDD curves have a high dependency on field size and it is a very important 

dosimetry procedure to measure the off-axis profile of the dose. The larger the field size 

is, the greater the contribution from  scattered photons will be, increasing the dose along 

the central axis. 

In proton  therapy, a parallel -plate ionisation chamber is used to measure the depth 

dose in a water phantom. The depth-dose profile contains two regions: the plateau 

region, where the dose increases a little with depth and the Bragg peak region, where 
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the dose increases promptly to the maximum. In proton therapy , the practical range 

(Rp) is defined as the range of the 10% distal dose point of the maximum dose [40].  

Figure 6 shows the physical depth dose distributions for different types of radiation 

measured by either ionisation chamber measurements or the Monte Carlo calculation s.  

 

Figure 6: The measured or simulated depth dose distribution s for photons, electrons and 
protons (and practical range (Rp) in protons ) in water  obtained in this thesis 

 

Radiographic films are usually suggested to map the dose distribution  to extract the 

flatness and the symmetry information of the proton beam at different depths along the 

central axis.  
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1.4.4 Current approaches for radiation dosimetry  

As there are different treatment parameters to be checked, the choice of a detector 

system depends on the desired QA process. In radiation therapy, depth-dose curves 

and off-axis dose profiles are measured for QA and  are used to provide data for the 

treatment plan ; the treatment plan is produced based on the obtained measurement. 

Individual verification of dose calculations should then be checked with a detector 

system before delivering it to patients and then compared with a treatment planning 

system [10], [41]. The available detectors for QA of the dose for photons, electrons, and 

protons treatment will be discussed below.  

 

1.4.4.1 Point dos imetry  

The most commonly used dosimeters are ionisation chambers, diodes, and thermo-

luminescence dosimeters (TLD). 

Ionisation chambers are the gold standard detectors when it comes to evaluating the 

accuracy of dose measurement in radiotherapy. Many types of i onisation chambers are 

used in a variety of fields such as standards labs, radiation therapy, and diagnostic 

radiology. They can be precise and accurate in standard conditions with correction for 

temperature and pressure. In addition, they are simple to calibrate, have no dead time, 

and do not suffer from radiation damage. However, due to the shape of IMRT fields, 

and because of their small active volume, ionisation chambers will introduce dose 

determination uncertainty because of partial volume effects [10], [41]. 
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Diodes offer high sensitivity and immediate read -out. However,  uncertainties arise 

from energy dependence and dose rate effect and they also depend on the angles of 

incidence of the beam [10], [41]. In radiotherapy, many individual bea ms with variable 

intensities, energies, and positions are used. Therefore, an ionisation chamber or a semi-

conductor as a point detector would be insufficient and the dose distribution would 

have insufficient representation [42]. 

TLDs are used in both radiation ther apy and diagnostic rad iology. The main use of 

the TLD is for individual protection against radiation to estimate the ionising radiation 

exposure over a period of time. The advantages of TLDs are maintaining cumulative 

records and their  availability in many  different sizes and shapes. However, TLDs suffer 

from relatively low precision in daily clinical usage , resulting in high uncertainty on 

dose determination and they are not real time dosimeters [10], [41]. 

 

1.4.4.2 Array detectors  

The demands of a rapid dosimetric system, increased provision of information and 

fewer uncertainties have all had an impact on the development on dosimetric detector 

systems for QA of IMRT. Different two -dimensional (2D) dosimeter arrays composed of 

hundreds of detectors (e.g. diode and ion-chamber arrays) became commercially 

available to measure the variable dose distributions. Examples of the clinically used ion 

chambers detector arrays, as shown in Figure 7, are the 2D-ARRAY seven29 (PTW, 

Freiburg, Germany) and IC PROFILERÊ (Sun Nuclear Corporation, Melbourne, USA) 

which offer fast read-out [43], [44].  
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The complexity of IMRT delivery requires an accurate detector, since potential errors 

can cause health problems. Although they have many advantages, these arrays are 

made of non-tissue equivalent materials. In addition, the available systems of diode and 

ionisation chamber arrays for IMRT verification suffer from poor spatial resolution due 

to the separation between the chambers in the array. As discussed above, all these 

systems have inherent drawbacks and their function would be enhanced if they were 

developed to be water-equivalent and angular independent devices [45].  

 

 

Figure 7: Oblique view images of  a) The 2D Array Seven29 having 729 ionisation chambers (5 
mm x 5 mm grey squares in the image) in 27 × 27 cm2 b) The IC PROFILERÊ array having 251 

ionisation chambers in 32 × 32 cm2 

 

1.4.4.3 Film and flat panel detector s  

Radiographic and radiochromic  film s and electronic portal imaging devices (EPIDs) 

are available to measure the transmitted dose through the patient and can evaluate the 

dose across the whole field. Films have many applications as radiation detectors, 
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relative dosimeters and an archival medium as they are easy to use, quick, and cheap. 

In addition, they have high resolution and can record the dose distribution 

permanently. They are commonly used in dosimetry for radiotherapy, where the film is 

positioned in a phantom to estimate the 2D dose distribution  [46]. However, film 

processing and the procedure of data analysis decide the accuracy of the final result. As 

a result, it can be said that film dosimetry is not a real -time dosimeter. In addition, the 

dose response is considerably nonlinear, particularly if the beam is protons  [47].  

Electronic portal imaging devices ( EPIDs) are used mainly as image guided tool for 

pre-treatment verification of patientõs position. EPIDs can be used for QA 

measurements such as multi-leaves collimators (MLCs) movement [48]. However, 

because IMRT treatment verification requires high prec ision, in order to avoid any 

possible error which could affect the patientsõ health, EPIDs cannot be used for IMRT 

treatment verification. The reasons are due to the light scatter in the detector, which 

means that corrections are required  and the depth doses in EPIDs are not equivalent to 

the dose in water. Moreover, the response of such a system depends on the energy [49], 

[50]. 

 

1.4.4.4 Gel detector  

Another detector is dosimetric gel which may be used in radiotherapy in order to 

have better spatial resolution and tissue equivalence, based on radiation induced 

chemical changes in molecules. The gel itself is prepared in a laboratory and placed into 

a desired phantom, which is then irradiated. The read out of dose distribution is 

performed using an imaging modality (e.g. MRI). However, the main disadvantage of 
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gels as dosimeters is the difficulty inherent in preparing the polymer gels in the 

hospital as the gels are made from toxic constituents. In addition, gels require lengthy 

processing to manipulate the dose information [10], [41], [51]. 

 

1.4.4.5 Scintillation detector  

Scintillator  detectors are used in many ionising radiation -based imaging modalities. 

Recently, there has been an increase in research on characterising and evaluating 

scintillators for use as dosimeters for QA applications [33], [52]ð[55]. When a miniature  

plastic scintillating fibre  coupled to an optical fibre and attached to a photomultiplier 

tube was exposed to a photon beam, it exhibited high sensitivity, a linear dose 

response, a fast response to ionising radiation, and a low angular dependence [56], [57]. 

In addition, scintillators were also found to ha ve the best energy independence 

compared to other dosimeters used in radiotherapy , and were independent of pressure 

and temperature. However, the detector possessed some optical artefacts such as a 

Cerenkov signal generated in the optical fibre light guide . Cerenkov radiation occurs 

when a charged particle moves faster than light in a transparent medium [58], [59]. 

With the high demand of proton therapy worldwide, most of the detectors 

mentioned above are currently  being re-evaluated for use in proton beam dosimetry . 

Extensive research is ongoing in the proton therapy field that may lead to more 

complex delivery techniques requiring accurate dosimeter s. Table 2 compares the 

dosimetric properties of many detectors for  high energy photon beam radiotherapy  

[20], [27], [57], [60], [61]. Scintillators are shown to have excellent dosimetric properties 

for high energy photon beam s. 
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Table 2: Review of the above dosimeters evaluated in external photon therapy   

Dosimeter Ionisation  

chamber 

Diode TLD EBT Film  Scintillator  

Required voltage 

supply  × V V V V 

Dose response 
V V o V V 

Real time  or 

Instant readout  V V × × V 

Temperature 

in dependence o o o V O 

Insensitive to 

optical noise  V V V V × 

Energy 

in dependence V × o o V 

Dose rate 

in dependence V × o o V 

Usability  
V V V × V 

Level of dose 

accuracy (if 2% 

required)  

V V o o V 

Detector density 

(Ȑ) and Atomic 

number (Z eff ) 

High  High  High  Low  Low  

Real-time  
Yes Yes No No Yes 

V: good       o: adequate       ×: poor  
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1.5  The theory of scintillation   

 

1.5.1 Scintillation material   

Scintillators are materials that can act as detectors by emitting luminescence in a 

particular wavelength range when irradiated. The history of scintillation began when 

Wilhelm Rontgen witnessed the luminescent behaviour of crystals in the vicinity of his 

cathode ray tube during his discovery of x -rays in 1895 [62]. Scintillation light was 

observed as a coincidence when the x-ray tube was switched on. Luminescence is a 

broad term outlining the emission of radiation ð specifically  radiation in  visible or near-

visible light  spectrum [63]. 

Since then, scintillation detectors continued to be studied which led to  the production 

of the first inorganic scintillators, made of ZnS. Continuous research of different 

inorganic scintillators has led to the creation of many inorganic scintillators [64]. 

Although they have high light yield, inorganic scintillators have slow decay times. 

Eventually , an organic scintillator (crystalline anthracene  (C14H 10)) was discovered in 

1947. This organic scintillator has a faster response time and is measured in 

nanoseconds (ns) [65]. However, anthracene cannot be made in large crystals resulting 

in the need to develop more convenient types of organic scintillators, both plastics and 

liquid s [66], [67]. 

Scintillators have been applied widely in radiation detection . For example, they are 

used in portal imaging systems to improve patient placement and pre -treatment 

localisation in radiotherapy b y their sensitivity and rapid response  time [68]. 
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1.5.2 Mechanism of the organic scintillator  

The scintillation mechanism of the organic scintillator selected for  this study will be 

briefly explained. The base of an organic scintillator molecule is its carbon atoms that 

determine the electronic structure. The ground state configuration of the carbon is 

1s22s22p2 but the binding ground state configuration would be 1 s22s2p3 as it is 

considered that one of the 2s-electrons is excited into a 2p-state. In this configuration, 

carbon can accommodate four valence electron orbitals (i.e. one 2s and three 2p) of 

which a linear combination can contribute to every molecule orbital. To explain the 

luminescence procedure, consider benzene (C6H 6), which is  the base of a liquid 

scintillator , shown in Figure 8. Here, the carbons bonds would be formed in the s-

orbital with the H atoms and  in the p-orbitals with  C atoms by which the molecular ȏ-

orbitals  are formed [56]. 

 

Figure 8: Schematic description of the bond benzene molecule. The scintillation mechanism 
happens in the dashed lines indicating the delocalised ȏ-electrons between the carbon atoms 
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 The excitation and de-excitation of these delocalised ȏ-electrons is responsible for 

luminescence. The molecular structures of most organic scintillators have  a covalent 

bond that is formed by two electrons called the ȏ-electrons of the carbon-carbon bond. 

The energy level states of ȏ-electrons are shown in Figure 9 [69]. 

 

 

Figure 9: Electron energy levels of an organic molecule possessing a ȏ-electron 

 

Scintillation photons result from  radiation exposure, by which secondary electrons 

are produced. The energy of the electrons would be lost by ionising and exciting the 

molecules along their paths. In case of excitation, the emission of visible light can be 

caused by many luminescence processes that depend on the spin orientation of the 

excited electron, which separates the electronic states into singlet (anti-parallel 
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orientation) and triplet (parallel orientation) states. Prompt  fluorescence is the result of 

transitions in the energy level structure of a molecule. This emission of light occurs 

within ns and is the predominant process. Fluorescence occurs when the ground singlet 

(S0) state is excited to an excited singlet (S*) state, then the decay from the S* state to the 

S0 state results in the fluorescent emission of photons. At  the singlet level, the total spin 

of the electron level (±1/2) is equal to zero. In the process of fluorescence, the electron 

does not change its spin direction. Furthermore,  most of the deposited energy is wasted 

as non-radiative processes (e.g. vibration).  

Another type of luminescence caused by ioni sation of a ȏ-electron is 

phosphorescence, which is distinguished from fluorescence because of it s longer 

wavelength and a decay time of more than 10 microseconds (ȋs) [3]. Luminescence 

happens when the triplet state becomes excited (T1*) (spin equal to 1). This is caused by 

the molecule recombining with an electron trapped in a triplet state ; the decay from T1* 

to S0 transition is then referred to as phosphorescence [3].  

To maximise the timing precision, the desired luminance process is fluorescence 

where photons are produced within a short time window after the interaction of 

radiation. Therefore, scintillator developers  aim to reduce the probability of other 

luminance processes [70]. 

 

1.5.3 Ionisation q uenching effects in the scintillation processes  

The scintillator response is linked directly to ionisation generated by charged 

particles. Photons are uncharged particles but produce secondary electrons which cause 

indirect scintillation . A small fraction of the kinetic energy is emitted as fluorescent 
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light. The remaining energy is transferred mostly into vibrations or heat. Therefore, the 

scintillation efficiency , which is the conversion of the particle energy into fluorescence, 

depends on the scintillator type and the  type of charged particle causing the 

ionisation  [3].  

For an ideal dosimeter based on a scintillation material, the amount of fluorescent 

light should be proportional to the energy  (E) deposited: 

 Ὠὒ

Ὠὼ
ὒ Ͻ 

ὨὉ

Ὠὼ
 

Eq 1.11 

 

   

where L is the scintillation light, dE/dx is the energy loss and ὒ is the scintillation 

efficiency (i.e. number of photons per unit energy deposited). However, this is not the 

case if an organic scintillator is irradiated with charged particles with high LET like 

protons [71]. In this case, the light output is suppressed in a process known as 

quenching. This effect is well known and is described by Birks [72].  

Quenching effect is a short-lived process due to molecular damage and occurs when 

particles with  high LET such as protons produce a scintillation signal that is not directly 

proportional to the energy deposited by the interactions between the excited and 

ionised molecules produced along the particle track  [72], [73]. As protons slow down 

due to the energy loss (dE/dx), more energy is transferred to the medium as the LET 

increases. However, a greater proportion of energy is lost to interactions which do not 

emit light  (e.g. heat); hence, L is reduced in the single Bragg Peak and at the end of the 

SOBP. In equation 1.12, kB is Birks constant (with units mm MeV-1), which depends on 

the charged particle type and the scintillation material, and  ὒ [3], [74].  
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Eq 1.12 

 

 

Lighter particles such as electrons have lower LET and therefore produce more light 

output in an organic scintillator than heav ier particles (e.g. protons) of equal energy. 

Figure 10 illustrates the relation between the energy of the protons and luminescence 

[75], [76]. The non-linearity of the light output is most severe when protons have high 

LET at low energy.. 

 

 

Figure 10: The scintillation light response of a liquid  scintillator  (expressed in equivalent 
electron energy deposition) to different energies of proton beam [3]. 
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1.6 The development  of the detector system in radiation therapy  

Developments in scintillation material and high energy physics have led to 

significant improvements in radiation therapy and have led to a variety of applications 

in many areas of life science such as medical imaging. Different detector prototypes 

designed with different scintillation sizes , designs and materials (e.g. liquid) were used 

to examine the feasibility of a scintillator as a relative dosimeter in radiation therapy . 

Some of these experiments will be briefly described below. 

 

1.6.1 Experiments employing plastic scintillating fibres  

Early studies proposed using a point dosimeter containing a miniature scintillat or of 

a short length coupled to an optical fibre and then attached to a photomultiplier tube 

(PMT) [77], [78]. However, this system did not appear to be useful in complex 

radiotherapy due to the fact that it was a point detector and was rather slow. Although 

the system did have advantages for small field dosimetry, it  was not used in clinical 

settings. The reason for this was the relative ease of use of alternative point detectors 

such as ionisation chambers.  

Scintillation dosimetry in radiotherapy has been extended to 2D  by using a plastic 

scintillation detector (PSD) array to assess the dose distributions produced by photons 

[53]. Further  modifications of the design were applied to simulate roughly the same 

number of ionisation chambers in an array using 781 PSDs placed in a plane of a water-

equivalent phantom that is imaged by a camera as seen in Figure 11. It would be 
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feasible to have a system of PSDs for the dosimetry of photon beams [33]. The PSD 

system has excellent precision and accuracy, but a disadvantage in the system is its 

angular dependence and the accumulated signals in a megavoltage beam that suffer 

from excess noise (i.e. a Cerenkov signal generated in the optical fibre light guide ). The 

production of Cerenkov radiation occurs when a charged particle moves faster than 

light through a transparent medium  [58], [59].  

 

Figure 11: 3 mm long cylindrical scintillating fibres  inserted vertically into a plastic water slab 
and perpendicular to the detection plane  [33]. 

 

1.6.2 Experiments employing plastic scintillators  

An attempt was  made to employ a plastic scintillator by using a sheet of scintillator 

placed distally behind a slab of water equivalent material as seen in Figure 12, with the 

scintillation light measured using a charge-coupled device (CCD) camera [79]. The 

system was promising and accurate within 5% for a simple light distribution. However, 

further examination was required for complicated and complex light distribution (e.g. 

IMRT). The same setup was used in the IMRT plan verification and the results showed 

an acceptable agreement between the measured and the calculated dose distributions. 
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On the other hand, such a design was limited to a single 2D imaging plane that was 

perpendicular to the direction of the beam. Furthermore, another disadvantage of the 

system was that the sheet was only 5 mm thick and no depth dose distribution or any 

type of depth information could be measured directly. Due to the many radiation fields 

that are used in IMRT, the scintillation sheet could be missed during the irradia tion 

because the scintillation sheet was initially designed for a fixed source and did not 

account for movement of the MLCs during the irradiation [79], [80].  

 

Figure 12: The scintillation sheet detector [79] 

 

It is possible to improve the position of the plastic scintillator sheet, as can be seen in 

Figure 13. In the diagram, a mirror is used to reflect the scintillating photons into the 

camera. However, further development was required since the system was angular 

dependent and suffered from the production of Cerenkov light in th e whole volume of  

irradiated water [45]. 
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Figure 13: The IMRT dose verification system a) The phantom outer box with camera b) the 
inner mirror at 45° to the scintillator sheet [45]. 

 

1.6.3 Experiments employing liquid scintillators  

To avoid the systemõs angular dependence, a large tank field of liquid scintillator as 

shown in Figure 14 was tested for 2D dosimetry [42], [81]. The three main components 

of the detector include a scintillation medium, a light tight enclosure or optical fibres 

for light guidance, and a camera. The camera is placed a certain distance away to 

reduce the stray radiation effects and, captures images by which the scintillation light 

depth distributions were extracted . A comparison between the measured (i.e. the 

scintillation detector) and the expected (i.e. the ionisation chamber) depth-dose 

distributions was carr ied out to show the accuracy of the scintillation detector [82]. This 
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system required corrections because the wall of the container reflected some of the 

light,  which  added noise to the image [83].  

Overall, the response of a scintillator to megavoltage energy photons for dosimetric 

purposes was found to be in positive agreement with the reference measurements. In 

addition, the use of the system could potentially be quick and accurate. 

 

Figure 14: The LSD system (the z-direction  goes from the gantry to wards the tank ) [42] 

 

1.6.4 Scintillators in proton therapy  

The increased availability of proton beam therapy facilities in recent years has 

encouraged the investigation of scintillation detector systems. For instance, a liquid 

scintillator detector (LSD) system containing a 20 × 20 × 20 cm3 liquid scintillator and 

camera was used for scanning proton beams to obtain the scintillation light  

distributions . The result was then compared to ionisation chamber measurements [42]. 

The results showed a 40% reduction at the Bragg peak in the light depth distributions 

obtained by the LSD and the ionisation chamber due to the quenching effects in the 
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LSD and the optical properties of the imaging system. As a solution, a correction for  the 

quenching effect can be achieved via Monte Carlo simulations [81]. Several studies have 

used Birks equation to estimate Birks constant in order to calculate the quenching of the 

measured scintillation data [84]ð[86]. Another study investigated the proton range in 

IMPT. The LSD system showed itself to be a successful detector for beam range 

determination  [42]. Therefore, this system can be used as both a range and dose 

verification detector.  The use of the detector system based on a large scintillator could 

offer fast measurements, as shown in Figure 15. However , further investigation into 

proton beams should also be carried out. There are no successful camera-scintillator 

detector systems available commercially and such systems are still in the 

developmental stages. 

 

 

Figure 15: Scintillation image by which the data for depth-dose and off -axis profile 
measurements can be extracted, obtained by a BC-408 scintillator for a 60 MeV proton beam 

used in this thesis at the Clatterbridge Cancer Centre.  
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1.7  Thesis objective  

In thesis, a tissue equivalent detector system based on a large scintillation material is 

proposed. Through the research and study of relevant literature, it was found that a 

large plastic scintillator  which is  larger than the beam dimensions has not previously 

been used in external radiation therapy. The primary objective of this work is to 

investigate the potential use of imaging scintillation light in x -ray, electron, and proton 

beams as a general QA tool using a commercial camera. We are looking to achieve the 

following aims by the end of the research:  

¶ Evaluate the light output profiles  obtained by a detector system consisting of a 

plastic scintillator, camera, and computer . 

¶ Characterise the inherent artefacts in the detector system and provide a possible 

correction method to tackle each source of error.  

¶ Study the system characterisations (e.g. dose linearity, stability , dose rate 

dependency) by correlating the delivered doses and dose rates to the measured 

image intensities in scintillation light photographs  in both low and high energy 

beams.  

¶ Validat e the depth-dose curves of different radiation  obtained by the 

scintillation detector system  by comparing the measured scintillation light 

distribution to an expected depth dose curve. 

¶ For protons, there is expected to be a decrease in the light signal in the Bragg 

peak region as a result of a quenching effect. Therefore, a correction for 

quenching will  be obtained using a Monte Carlo  simulat ion. 
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1.8  Major results and novelty  

The overall aim of this project is to investigate the suitability of a camera-scintillator 

detector system for use in radiation therapy dosimetry. The possibility of using a 

standard commercial camera to image scintillation  light generated from x -rays, 

electron, and proton beams was investigated for fast QA measurement. The 

experimental work in this thesis is separated into five chapters: 

¶ At the beginning, we needed to decide which organic scintillator to purchase. 

In the chapter 2 of this thesis, the performance of two  different  scintillator types 

(liquid  and plastic) was evaluated, by analysing their  scintillation light output. 

It was found that liquid scintillator produced more artefacts than the plastic 

scintillator.  The accuracy of the measurements of the scintillation light 

distribution is affected by several optical artefacts which were  evaluated and 

potential correction methods were used to remove or mitigate these artefacts. 

¶ A l arge plastic scintillator was selected to be evaluated in low energy 

radiotherapy (chapter 3), in high energy radiotherapy (chapter 4) , and in proton 

therapy (chapter 5). To date and to our knowledge, large plastic scintillator s 

have not been used anywhere in the literature for QA in radiation therapy . 

¶ The use of specific phantom or detection material in low energy photon beam s 

(i.e. x-rays) requires validation to ensure the interaction mechanism is as similar 

as possible to water. The detector system can offer fast and easy measurement 

of the PDD required for QA of therapeutic x -rays, but large liquid or plastic 

scintillators have not been used before. It is not clear whether the scintillator is 

a suitable material, and if not, what the magnitude of errors  would be when  
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using the scintillator in low energy x -ray dosimetry.  With respect to 

measurements in an x-ray beam, it was found that the measurement obtained 

by the detector system showed a linear response to dose and provided 

reproducible results. However, the results did not match the PDD obtained by 

the ionisation chamber. In addition, Geant4 simulations revealed that that there 

was an overestimation of the scintillator PDD by 23% at very low energy (50 

kVp) , compared to water. This discrepancy was decreased by increasing the 

energy until it started to disappear, when a 150 kVp x-ray beam was used.  

¶ Chapter 4 presents evaluations of the developed prototype scintillation detector 

for use in clinical high energy photon and electron therapy. It discussed the 

scintillation light depth distributions and the off -axis light profiles compared to  

ionisation chamber measurements in water . The results indicated that the 

detector system is suitable for use for photon and electron beams and that the 

uncertainties could be reduced by correcting the optical artefacts.  

¶ The potential of using a large plastic scintillator in pro ton therapy for 

dosimetry was explored in chapter 5. A series of experiments was conducted 

using proton beams. The experiments were to investigate and validate the light 

distribution obtained by a camera. The experiment investigate d the response of 

the detector system to various dosimetric parameters, including the dose, dose 

rate dependency, energy dependency, and field size dependency. Excellent 

responses of the detector system were seen in various dosimetric parameters 

but a reduction in the scintillation light signal at the Bragg peak was observed 

compared to ionisation chamber due to a quenching effect. The results were 

presented in a poster at the NPL workshop in London òProton physics research 
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and implementation group (PPRIG), 2014ó and at the 8th Saudi Student 

Conference in London (see below A) .  

A. Investigation into the Feasibility of a CCD -scintillator Detector 

System for Dosimetry in Proton Therapy  

Mansour Almurayshid, Gary Royle, Jem Hebden, Adam Gibson 

¶ After demonstrating the limited applicability of the detector system in proton 

therapy in the previous chapter, we  attempted to correct for the quenching 

effect caused by high LET protons by using the Birks equation in chapter 6. The 

technique was shown to offer a convenient way to correct for quenching at any 

given energy. The results in chapter 5 and 6 were submitted for publication in 

Medical Physics (under review ) (see below B) and for conference proceeding in 

PTCOG 2016 (see below C).  

B. Evaluation of photography of a plastic scintillator for quality 

assurance in proton therapy  

Mansour Almurayshid, Yusuf Helo, Andrzej Kacperek, Jennifer Griffiths, 

Jem Hebden and Adam Gibson 

C. Feasibility of a plastic scintillator and commercial camera system for 

routine quality assurance in proton therapy  

Mansour Almurayshid, Yusuf Helo, Andrzej Kacperek, Jennifer Griffiths, 

Jem Hebden and Adam Gibson 
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CHAPTER 2   

2. OPTIMAL DESIGN OF A PHOTOGRAPHIC 

SCINTILLATION DETECTOR SYSTEM 
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2.1  Introduction  

In quality assurance (QA) tests, and especially for dosimetry in radiotherapy , each 

measured point used in depth distributions is usually assessed using acceptance criteria 

of 3% or 3 mm to quantify whether the dose difference between the measured and the 

anticipated values exceeds the pass/fail criterion [87], [88]. The QA producerõs 

challenge is to accurately meet the above agreement with current developments of 

different complex techniques of radiation treatment delivery and with increasing 

numbers of proton facilities worldwide . For example, dose verification for narrow 

beams used in scanned proton beam treatments would be a challenge. Ionisation 

chambers cannot measure complex 3D treatment fields. Although there is no widely  

accepted standard dosimeter for proton beams at present, the 2D arrays of many 

ionisation chambers can potentially  be used for proton dose verification, however, 

these arrays are limited by the number of ionisation chambers, the number of 

measurement depths, and the ionisation  chamber spacing [89], [90].  

Organic scintillators have many desired features. Particularly due to their water 

equivalency tested in high energy photon beams, many organic scintillators used as 

detection materials are increasingly being examined for dosimetric use in radiation 

therapy, which is required by treatment planning systems and for routine dosimetric 

verification p rior to treatment delivery  [33], [91], [92]. An organic scintillator can be 

plastic, liquid, or crystal. A wide variety of scintillators of each type is commercially 

available at present. Organic scintillators can be produced by dissolving primary 
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scintillating compounds (e.g. polyphenyl hydrocarbons) in a solvent , such as 

polystyrene, and then polymerising the solvent , as in the case of plastic scintillators [3]. 

A  common base of scintillating fibre is polystyrene or polyvinyltoluene for plastic 

scintillator s. Mineral oil can be used as a base for liquid scintillators. Liquid scintillators 

are often employed in neutron de tection application because of their  ability to produce 

distinguishable  signals between fast neutrons and gamma radiation [93]. Plastic 

scintillators have attractive features for some applications because they are robust and, 

durable, and there is no risk of leaks.  

The two main components of the scintillator detector system are the scintillator  

where the deposited photon energy is converted into light,  and the camera where the 

light is imaged and then subsequently analysed by computer. The scintillator can be 

either small (e.g. scintillation fibres to be arranged in 2D arrays ) or large (e.g. liquid or 

plastic scintillators ). Because the scintillation medium is the main component of the 

detector system, we have to select the optimal  scintillator  for  our detector system. Our 

choice of scintillator was a critical step in our final design. In addition, e valuating 

artefacts in the detector system and optical artefacts caused by the light propagating  

from the scintillator  to the camera is essential to accurately estimating  the scintillation 

light profiles.  

The aim of this chapter is to select a camera and optimal scintillator, examine many 

optical artefacts in our prototype design for radiation therapy dosimetry , and present 

possible correction methods to reduce the impact of optical artefacts. 
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2.2  Camera selection and characterisation  

Investigations into  the use of commercial cameras have been increasingly carried out  

in radiotherapy for the past ~20 years (e.g. in EPIDs for verification of patient 

positioning) [94], [95]. In addition, commercial cameras have been employed for  

photodetection in radiotherapy dosimetry , being used in dosimeters based on detecting 

scintillation and Cerenkov light [96]ð[98]. This is because they have become relatively 

inexpensive, provide fast read outs, and can be used to monitor a large field. In 

addition, they are stable and sensitive enough to monitor small doses [59], [99]. The 

performances of commercial complementary metal -oxide-semiconductor (CMOS), 

charge-coupled device (CCD), and intensified charge-coupled device (ICCD) cameras 

were examined in a clinical radiotherapy setting [96]ð[98], [100]. ICCD cameras proved 

to be viable specifically for real-time Cerenkov imaging  of tissue due to the low 

intensity of the photon signals with  ambient room lighting  but they were very 

expensive ($55k-$60k) [101]. By comparison, the commercial CMOS and CCD cameras 

have relative low costs of $600 and $3k, respectively, and provide fast and  stable results 

for QA applications  within ±1% . The CMOS camera provided higher frame rate per 

second (fps) and a better resolution image of 5184 × 3456 pixels compared to the CCD 

camera which had an array of 3326 × 2504 pixels [101]. A CMOS camera provided  

linear responses to the amount of energy incident on the sensor in the visible light 

range (400ð700 nm) [102]. The scintillation light yield is high and in the visible range, 

which corresponds with  the range to which commercial cameras are sensitive [75].  
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The camera in this work was selected because it was relatively cheap, convenient to 

use in a clinical environment , and provided raw file data with a high resolution  to 

avoid compression of the images and hence ensure the reproducibility of the results . 

The spatial resolution  is importan t to distinguish between intensities at closely  spaced 

points as it  increases as the pixels of the camera get smaller, hence increasing the array 

of pixels in the sensor. The D7100 was the most recent camera widely sold by Nikon in 

2013. Nikon cameras have been used recently to image optical light in radiotherapy 

dosimetry, and they demonstrated high sensitivity to light and provided reproducible 

results to within 1% [103]ð[106]. The intensity images of Cerenkov light emission and 

scintillation light acquired by the CMOS camera exhibited excellent linear dose 

agreement with the reference data for  photon  energies ranging from 6 to 18 MeV [98], 

[107].  

The camera used in this study  was a Nikon D7100 camera with a Nikon AF -S DX 

NIKKOR 35mm f/1.8G lens mounted on a tripod. The sensor matrix had one of the 

highest camera resolutions at the time of purchase with 6034 × 4024 pixels. It uses a 

CMOS sensor which has 6034 × 4024 pixels (2.4 cm × 1.6 cm) with a 4 ȋm pixel size and 

a 14-bit dynamic range. It was used in manual exposure control with a USB 2.0 

connection to transfer the image data to the computer. Continuous shooting speeds of 

up to 6 frames per second are possible. The raw format obtained by the camera is .nef 

(Nikon Electronic Format). The main advantage of acquiring images as raw .nef image 

files is òthat no in-camera processing for white balance, hue, tone and sharpening are 

applied to the NEF file; rather, those values are retained as instruction sets included in 

the fileó [108].  
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2.2.1 Camera linearity  

Because the sensitivity of the CMOS sensor is uniform over the spectrum of 380ð

760 nm [109], an easily available red light -emitting diode (LED) was used to study the 

linearity of the cameraõs sensor to the optical light. Because the relationship between 

the current and the light intensity of an LED is linear, currents ranging from 5 to 2 0 mA 

were applied to an LED. As the current through the LED increased, the intensity of the 

light emitted by the LE D increased and was measured by the lens-free camera to test 

the linearity of the cameraõs sensor itself. Three images were obtained for each current. 

A region of 50 × 50 pixels was selected in the middle of the image and was then 

averaged and combined to obtain a cumulative light intensity to be plotted against the 

corresponding current. The light output was found in Figure 16 to be directly 

proportional to the current , with a correlation coefficient of 0.99.  

 

Figure 16: Linearity of light intensity as a function of curren t measured by the camera. Error bars 
demonstrate the standard deviation and some of the error bars are smaller than the point size at 

certain points. 
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2.3  Selection of the scintillator for the detector system  

 

2.3.1 Introduction  

For photon beams, arrays of different numbers of scintillating fibres have been used 

previously  in the literature  for 2D dosim etry applications such as depth-dose 

measurements [111], [142], [143]. The active scintillating part of the fibre is  usually  1 cm 

long, which is coupled with a  non-scintillating fibre as a light guide to the camera. A 

disadvantage of using a prototype based on scintillating fibres was that the production 

of Cerenkov light emission in the optical fibre creates a serious noise factor [58]. The 

Cerenkov light emission in the optical fibres is a major noise source, and the magnitude 

of error in signal caused by Cerenkov is energy- and angle dependent. The cutting 

efficiency of the scintillating fibres affects the light signal  because it might be 

compressed during cutting procedure , and the mechanical difficulty of accurately 

coupling many scintillating fibres to optical fibres [110]. The scintillating signals from 

the fibres in array and the light collection efficiency is strongly dependent  on the 

diameter and the length of the fibres [110]. The length of the fibres should have the 

exact length required to ensure a uniform signal across the fibres in the array. This 

proved to be difficult to attain [111]. The construction process for manually building a 

single scintillat ing detector (i.e. a plastic scintillating fibre coupled to an optical fibre) 

takes more than 30 minutes [91]. Furthermore, the spatial resolution of the detector 

would not be better than that of instant ionisation chambers, if arranged in the array. 

The relative ease of use of alternative arrays, such as ionisation chamber arrays 
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discourages further investigation.  In addition, the optical fibres could scintillate  when 

the incident beam is formed of  protons [112].  

Large 3D volume detectors based on liquid scintillators have also been used [80]. 

They have been shown to provide fast and accurate results, and have high resolution 

for photon quality assurance in 3D volume [81]. Therefore, we decided to choose a large 

scintillator material , which could be a plastic or a liquid scintillator. The aim of this 

section is to choose a specific plastic scintillator and  liquid scintillator, to evaluate them 

experimentally and from the literature by analysing the light output , and then to select 

a suitable scintillator for our final prototype.  

 

2.3.2 Selection of the p lastic and liquid scintillators  

Organic scintillators including plastic and liquids  have promising advantages due to 

the simplicity  and low cost of fabrication , and they have short decay times (few ns), 

compared to inorganic scintillators,  which allow them to be attractive for fast timing 

measurements [113]. They are produced by different companies such as Saint-Gobain 

Crystal Corporation, (USA), Eljen Technology (USA), and N uclear Enterprises Limited 

(UK) . Different scintillators are produced for different applications by modifying the 

amount of organic compounds and adding material s to alter the probability of 

interaction (e.g. gadolinium  (Gd) can be added for neutron detection) [75], [76]. Many 

different scintillators are availa ble of for  each type, and their properties are shown in 

Table 3. 
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Table 3: Properties of different scintillators [75], [76], [114], [115] 

Type  

 
Scintillator material and  
commercial equivalents  

Light  
output  
percent 

anthracene 
% 

 
 

Emission 
peak (Ȋ), 

nm  

 
 

Decay 
constant  

ns 

 
 

Light  
attenuation  

length  
cm 

H : C 
atomic  
ratio  

 
 
 

Refractive  
index 

 
 
 

Density  
g cm-3 

Principal applications  
Research 

group  
 

Eljen  

 

Saint  
Gobain  NE 

P
la

s
tic

 

EJ-200 BC-408 Pilot F 64 425 

 
 

2.1 380 1.104 

 
 

1.58 

 
1.03 Best overall general properties, large, for gamma rays+ fast 

neutron+ charged particles 
 [45] 

EJ-204 BC-404 NE-104 68 408 

 
1.8 160 1.107 

 
 

1.58 

 
1.03 Good general properties, for < 100 keV x-rays+ alphas + 

betas 
  

EJ-208 BC-412 NE-110 60 434 

 
3.3 400 1.104 

 
1.58 

 
1.03 Good general properties, large, for fast neutrons + charged 

particles 
  

EJ-212 BC-400 NE-102A 65 423 

 
2.4 250 1.103 

 
1.58 

 
1.03 General purpose, thin films, for alpha+ beta+ >5 MeV 

gamma 
 [77], [86], 

[116] 

EJ-228 BC-418 Pilot U  67 391 

 
1.4 100 1.107 

 
1.58 

 
1.03 Ultra -fast timing, high pulse pair resolution , for use in small 

sizes 
  

EJ-240 BC-444 NE-115 41 435 

 
230 180 1.109 

 
1.58 

 
1.03 Long decay time, for heavy ion research, particle 

identification, low background counting  
  

EJ-260 BC-428 NE-103 36 490 

 
9.2 150 1.109 

 
1.58 

 
1.03 Green emitting scintillator    

 

L
iq

u
id

 

EJ-301 BC-501A NE-213 78 425 

 
3.2 

250 
1.212 

1.50 0.87 
Fast neutron-gamma discrimination    

EJ-305 BC-505 NE-224 80 425 

 
2.5 

150 
1.331 

1.50 
 

0.87 High light output, fast neutron and gamma rays   

EJ-313 BC-509 NE-226 20 425 

 
3.1 

 
100 0.0035 

1.37 
 

1.61 Hydrogen -free, neutron and gamma studies    

EJ-321L BC-517L NE-235L 39 425 

 
2 500 2.01 

1.47 
 

0.86 Mineral oil based, standard efficiency, large tanks, Fast 
neutron and gamma rays 

  

EJ-325 BC-519 NE-235C 60 425 

 
4 100 1.73 

1.49 
 

0.87 Mineral oil based, pulse shape discrimination, fast neutron 
and gamma discrimination, large tanks 
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EJ-331 BC-521 NE-323 60 425 

 
4 

 
400 1.31 

1.50 
 

0.89 Highest light output, neutron spectrometry (Gd loaded), 
neutrinos 

  

EJ-335 BC-525 NE-313 64 425 

 
3.8 

500 
1.57 

1.50 
 

0.88 Mineral oil based, large tanks, neutron spectrometry, long -
term chemical stability  

  

EJ-339 BC-523 
NE-321 

65 425 

 

3.7 
400 

1.67 
1.41 

 

0.98 Neutron spectrometry, pulse shape discrimination, thermal 
neutrons 

  

 
BC-531 

 
59 425 

 
3.5 

350 
1.63 

1.47 
 

0.87 Mineral oil based, fast neutron, cosmic [81]ð[83], [117] 
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The light output of a scintillator, which is a measure of its  ability  to effectively 

convert ionising radiation into visible light , is an essential feature to consider in any 

scintillator.  Light output  can be measured by the average number of photons per MeV 

of absorbed radiation or as relative to another scintillator such as anthracene (an 

organic crystal commonly used as the standard for scintillators ) [118]. Anthracene light 

output is approximately 50% of a high light output efficiency inorganic scintillator  of 

sodium iodide activated with thallium (NaI(Tl )) [119]. Other important features that 

need to be studied from Table 3 are the emission peak and the time profi le of the 

scintillation  light pulse  to be generated, which should be fast allow ing rejection of 

random events [120]. Each scintillator has a unique decay time. If a scintillator has a 

long decay time such as that in CsI(Tl) (inorganic scintillator ), having roughly 1000 ns, 

it would suffer from the afterglow artefact impacting the background, which will 

change from pre-irradiation to post -irradiation  for  subsequent irradiations [119]. An 

important consideration when designing plastic and liquid scintillators is minimising 

the attenuation of scintillation photons.  Therefore, light attenuation length is  an 

important parameter to ensure the scintillation light generated is not re-absorbed by the 

scintillator  itself. The scintillator  should have little self -absorption [121]. Another 

requirement for the scintillator in our design was that it had to be available in a large 

volume so as to accommodate the desired radiation beam. 

No commercially available scintillator can meet all requirements. Therefore, the  

enhancement of the performance of new scintillators is of continued interest in research 

[120]. One of the key parameters in selecting a suitable scintillator for this research was 

for it to have a good optical quality including a long attenuation length  and thus, good 
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light collection . This had to be combined with the effect of a fast response and a high 

light output . A particular scintillator of each type was chosen to be examined in a 

proton beam test to determine the best choice for the fabrication of the final prototype 

of the detector system.  

 

¶ The BC-525 liquid scintillator, made by Saint -Gobain Crystals Corporation , 

USA, was chosen based on its high light transmission path length , which is 

500 cm, to minimise the self-absorption of the scintillation light generated in the 

scintillator. In addition, it has long -term chemical stability and a refractive 

index of 1.50 similar to that of poly -methyl methacrylate (PMMA) container 

which allows a good coup ling efficiency of the scintillation light produced.  

 

¶ The plastic scintillator used is BC-408 by Saint-Gobain Crystals Corporation , 

USA. Two scintillators can be fabricated in large volumes instead of sheets or 

rods, namely BC-408 and BC-412. The former scintillator was chosen because it 

has long attenuation length (380 cm) and fast decay (2.1 ns). In addition, 

because the camera was to be used as a photo-detector, it was important to 

have the maximum light output near or in the visible light wavelength ran ge. 

The light emission peak was 425 nm. In addition, t he light yield emission of 

BC-408 was 64% that of anthracene. 
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2.3.3 Liquid  scintillator versus plastic scintillator  

We had the chance to visit the Clatterbridge Cancer Centre (i.e. more details of the 

proton experiments will be explained in chapter 5) . We decided to test the responses of 

large-volume scintillators being irradiated by a proton beam in order to obtain 

scintillation depth distributions.  

¶ The BC-525 liquid scintillator was prepared in t wo containers: one container 

was made of glass (4 cm × 4 cm × 4 cm) and the other container was made of 

PMMA (5 cm × 5 cm × 5 cm), which accommodated the range of a 60 MeV 

proton  beam of 3.09 g cm-2 and the field size of 2.5 cm2.  

¶ The plastic scintillator that we used was BC-408, which is the best general 

purpose scintillator , measuring 20 cm × 20 cm × 10 cm.  

These scintillators w ere positioned at the isocentre 7 cm from the nozzle of the proton 

source and aligned with the central axis of the proton beam, as shown in Figure 17. A 

60 MeV proton beam was utilised  and the camera was used, to acquire scintillation 

images during irradiation. The detector system was placed in complete darkness to 

avoid any contamination by unwanted background noise.  For future work , a light -tight 

container or box could potentially be used with  the whole detector system placed inside 

it to avoid the dark environment settings, allow ing reproducible placement of the 

camera and the scintillator. 
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Figure 17: The setup of the detector system based on the liquid scintillator or plastic scintillator . 

 

2.3.4 Results  

The comparison of the scintillation light distributions  obtained in liquid and plastic 

scintillator s is illustrated in Figure 18. Protons came from the left. The zero point is the 

boundary of the liquid scintillator container. The scintillator itself is in the plastic 

scintillator.  










































































































































































































































































































