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Abstract 

 

Numerous external beam radiotherapy innovations have emerged, and these are biased to linear 

accelerators. A very few computational studies have been undertaken concerning these in cobalt-

60 teletherapy. The influence of the lower energy and penetration of a cobalt-60 beam compared 

with linear accelerator beams in negligible for intensity-modulated radiotherapy. Recent 

innovations include the incorporation of magnetic resonance imaging guidance in cobalt-60 

units. 

  

The aim of this research was to investigate source head fluence modulation in cobalt-60 

teletherapy by using a three-dimensional physical compensator and secondary collimator jaw 

motion. This was validated by Monte Carlo simulations of three different source diameters. The 

Oncentra treatment planning system was used to develop three hypothetical plans by secondary 

collimator jaw motion. A design was made of a three-dimensional physical compensator. 

 

A clinical MDS Nordion Equinox 80 cobalt-60 teletherapy unit was used to acquire conventional 

water phantom beam characteristics. Central-axis depth dose curves and off-axis lateral beam 

profiles were generated from the water phantom scans. Fluence modulation experiments were 

executed at 5.0 cm depth in a PTW universal IMRT verification phantom using calibrated 

GafChromic EBT2 and RTQA2-1010 film batches.  Gafchromic EBT2 film was used to sample 

intensity maps generated by secondary collimator jaw motion, yet GafChromic RTQA2-1010 

film sampled maps from the three-dimensional physical compensator. The SSDs used were 75.0 

cm and 74.3 cm for the GafChromic EBT2 and GafChromic RTQA2-1010 film measurements, 

respectively. Isodose contour printouts imported in DICOM format from the treatment planning 

system were used to generate the corresponding lateral beam profiles. A two-dimensional 

gamma index analysis was coded to compare EBT2 film measurements with DICOM data. This 

analysis was also used to verify film measurements versus Monte Carlo simulations. 

 

Lateral beam profiles generated from water phantom measurements were also used to establish 

source head fluence modulation on the film measurements. The source head fluence of a cobalt-

60 teletherapy beam could be modulated by secondary collimator jaw motion and using a three-
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dimensional physical compensator. Sharply-defined beamlets similar to those of linear 

accelerators could be produced by a shift to smaller source diameters. Radiochromic film was a 

viable tool for verifying the dose distributions in intensity-modulated cobalt-60 teletherapy 

beams. 

 

There is thus a potential to modulate the source head fluence of a cobalt-60 beam by using 

secondary collimator jaw motion and a three-dimensional physical compensator. The Monte N-

Particle eXtended radiation transport code can be a viable tool for the treatment planning of the 

anticipated fluence maps in cobalt-60 teletherapy. 
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CHAPTER 1           INTRODUCTION 

 

1.1 The History of Radiation Therapy 

 

The 1895 discovery of X-rays by Wilhelm Conrad Roentgen was succeeded by a wide range of 

discoveries of other forms of ionising radiation [1 – 4]. Antoine Henri Becquerel, for example, 

discovered radioactivity in 1896 [1, 3, 4]. During the same year, Emil Grubbe utilised X-rays for 

the treatment of breast cancer [1 – 3]. Two years later, Marie and Pierre Curie discovered radium 

(Ra) and polonium (Po) [1, 3, 4]. Were it not for such great discoveries, the sole option for the 

treatment of cancer was by surgical resection [1 – 3]. The potential of ionising radiation for the 

diagnosis and treatment of cancer was exploited, and innovations in computers and equipment 

facilitated three-dimensional treatment planning and delivery [1, 3]. 

 

The evolution of radiology can be categorised into four phases [2]. The first phase spanned the 

period of 1896 to the late 1920s, and it saw the discovery of gamma rays and the atomic structure 

[2, 4]. This phase also saw the diagnostic and therapeutic applications of ionising radiation, 

though there was insufficient knowledge on the physical characteristics and biological effects 

thereof [2]. The second phase spanned the period from the late 1920s to World War II, and it is 

known as the orthovoltage era [2 – 4]. It saw great advances in radiation physics and 

engineering, and there was better comprehension of subatomic particles and their role in 

radiology [2]. The third phase was characterised by the use of cobalt-60 (Co-60) teletherapy 

units and megavoltage (MV) linear accelerators in the 1950s, and it is called the megavoltage era 

[2 – 4]. It saw vast improvements in radiation medicine [2]. The fourth phase gave birth to the 

first proton therapy facility in the mid 1980s. 

 

The incidence of cancer generally accounts for about 25% of all mortalities globally [4]. Cancer 

manifests as cellular malformations that tend to metastasize to other body sites [5, 6]. 

Radiotherapy (RT) is a treatment option that employs high-energy ionising radiation to kill 

malformed cells and shrink tumours [7, 8]. It is administered either externally or internally to the 

cancer site [8, 9]. In external beam radiotherapy (EBRT), a radiation beam is aimed distally from 

the cancer site using teletherapy units [8 – 11]. In internal beam radiotherapy (IBRT), a radiation 
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source is implanted on or near the cancer site [8, 9]. Brachytherapy, for example, is a form of 

IBRT that utilises sealed radioactive seeds, ribbons, or capsules inserted through a catheter or an 

applicator into the cancer site.  

 

1.1.1 Cobalt-60 teletherapy 

 

Cobalt-60 teletherapy employs a radioactive source at distances of about 80 – 100 cm from the 

target [12, 13].  It was developed and widely used in Canada in the early 1950s [14 – 16]. Cobalt 

(Co) is a natural element with an atomic number of 27 [17]. Its only stable isotope has an atomic 

mass number of 59 (Co-59). Its longest-lived isotope has an atomic mass number of 60 (Co-60), 

and it decays with a half-life of about 5.27 years. Other unstable isotopes thereof are: Co-57, 

with a half-life of about 271.8 days; and Co-56, with a half-life of about 77.27 days. Co-60 is the 

most viable isotope in EBRT by virtue of its long life, predictable production nature, and 

superior specific activity [14, 17, 18].  

 

A typical Co-60 unit comprises of the source housing, a gantry structure, a patient support 

assembly, and a control console [13, 16]. The gantry is mounted isocentrically to allow full 

rotation, and it is manufactured in fixed source-to-axis distances (SAD) of 80 cm and 100 cm 

[12, 16]. The source housing is shielded with steel or lead, and it has an automated mechanism 

for the beam-on and beam-off positions [12, 13]. Techniques employed to switch the source 

between the beam-on and beam-off positions are a sliding drawer and a rotating cylinder, and 

dose delivery to the cancer site is through primary and secondary timers [13, 19]. A primary 

collimator delineates a fixed maximum symmetric square field on a coronal plane at the SAD, 

and secondary collimator leaves are used to define variable symmetric and asymmetric 

rectangular and square fields on the same plane at the SAD [13]. Laser light systems fitted in the 

treatment room help to visually locate the isocenter position. A typical source is a capsule, with a 

diameter in the range of 1 – 2 cm and a height of about 2.5 cm [12 – 14].  

 

Figure 1.1 is a diagram of a typical Co-60 teletherapy machine source head [20]. 
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Figure 1.1 Axial view of a typical Co-60 teletherapy machine source head at zero gantry angle 

[20]. 

                                                       

Co-60 is an artificial radioisotope of cobalt that is produced by neutron bombardment of Co-59 

in a reactor [13, 16, 17, 19]. Its synthesis is summarised by the following chemical equation: 

 

     Coγ) (n, Co 60

27

59

27                                              (1.1) 

 

where the gamma (γ) ray arises from the difference in binding energies of Co-59 and Co-60. The 

Co-60 source decays to an excited state of nickel-60 (*Ni-60) by emitting a beta particle, and the 

*Ni-60 then reaches its ground state by emitting two gamma ray photons with discrete energies 

Divergent γ beam 
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Thumb screw 

Fixed shutter block 
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Shielding shutter block 

Co-60 source 

Source drawer 
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of about 1.17 MeV and 1.33 MeV [12, 16, 17]. This two-stage decay process is represented by 

the following equation pair: 

 

     
MeV) γ(1.25NiNi

βNiCo

60

28

*60

28

0

1

*60

28

60

27



 
                                     (1.2) 

 

The 1.25 MeV γ that appears in the above equation pair constitutes the useful treatment beam in 

Co-60 teletherapy, and it averages the two discrete photons emitted during the de-excitation of 

*Ni-60 [13, 17, 21]. Initial source activities have magnitudes of the order of 5 – 10 kCi, which 

are equivalent to 185 – 370 TBq and result in dose rates of about 100 – 200 cGy/min at 80 cm 

SAD [12, 13]. The air kerma rate free in air is approximated by equation (1.3) below: 

 

     
2

AKR
airair

d

Γ
A)K(                                              (1.3) 

 

where A is the source activity, AKR  is the specific air kerma rate constant with a value of about 

112 h)GBq(mμGy 309   , and d is the distance from the source to a point of interest along the 

beam central axis in air [13]. 

 

1.1.2 Advanced radiation oncology 

 

Advanced radiation oncology practices comprise of more precise and sophisticated techniques in 

radiotherapy. In EBRT, these include: intensity-modulated radiotherapy (IMRT), stereotactic 

body radiation therapy (SBRT), helical tomotherapy (HT), image-guided radiotherapy (IGRT), 

three-dimensional conformal radiation therapy (3D CRT), and intensity-modulated arc therapy 

(IMAT) [22 – 27]. The implementation of such complex techniques requires various 

technological advances such as computing, and radiation delivery paralleled with imaging [22, 

28 – 30]. 

 

In 3D CRT, treatment is planned and delivered on the basis of three-dimensional (3D) image 

data, and individual treatment fields are shaped to conform to the target [30, 31]. 3D CRT 



5 

 

delivers homogeneous radiation doses to cancerous tissue volumes with minimal irradiations of 

adjacent normal tissue structures [30 – 32]. It offers a considerable therapeutic gain to patients 

who are to receive a potentially curing therapy [30]. 3D CRT was a crucial step towards the birth 

of IMRT. It employs various design and delivery protocols and procedures to ensure a safe and 

accurate treatment outcome. The series of steps involved in 3D CRT include [30, 31, 33]: 

 

o Patient assessment and choice of treatment regime. 

o Consistent patient immobilisation prior and throughout the whole procedure. 

o Use of 3D medical imaging for target volume definition. 

o Use of 3D treatment planning systems (TPS) beam orientations design and beam eye views 

(BEV) displays. 

o Computations of 3D dose distributions to the planning target volume (PTV) and organ at risk 

volume (ORV). 

o Evaluations of the dose plans and radiobiological effects via dose volume histograms (DVHs), 

tumor control probabilities (TCPs), and normal tissue complication probabilities  (NTCPs). 

o Transfer of treatment planning data to the main delivery system. 

o Patient positioning, beam placement and dosimetry verifications. 

o Treatment outcome verification measurements. 

 

3D CRT gained popularity when component technologies such as: computed tomography (CT) 

simulators, 3D dose calculation capabilities, digitally-reconstructed radiographs (DRRs), DVHs, 

and beam shaping with multileaf collimators (MLCs), emerged [30, 33]. A conformal high dose 

to the cancer volume was thus feasible, and it was accompanied by decreases in acute and late 

morbidity and improved tumor cure. 3D imaging capabilities such as: CT, magnetic resonance 

imaging (MRI), and ultrasound; and various functional imaging techniques, facilitate the 

accurate delineation of treatment volumes. 3D CRT also requires reproducible immobilisation 

with: thermoplastic masks that have bite block fixation, alpha cradles, vacuum lock fixation 

devices, and so on. There has to be a 3D TPS for patient data acquisition, as well as dose 

calculation and information display for the effective planning of a 3D CRT procedure. The most 

conducive treatment machine for implementing 3D CRT is a computer-controlled teletherapy 

unit fitted with MLC and an electronic portal imaging device (EPID). Low-melting-point alloy 



6 

 

blocks and port films can be used in place of MLC and EPID, respectively [30]. A record and 

verification system (RVS) ensures that the planned conformal dose is delivered as prescribed. 

Data transfer from the imaging facilities to the TPS and treatment delivery system (TDS) is by 

means of an electronic network [30, 33].  

 

IMRT delivers conformal radiation doses in varied beam intensities to cancerous tissue volumes 

[30, 34 – 36]. It enables the irradiation of concave cancer volumes that are in the vicinity of 

critical structures [30, 36]. It is commonly delivered with linear accelerators that are fitted with 

MLCs for the definition of radiation beamlets [30, 34 – 36]. The MLCs consist of pairs of 

rectangular tungsten alloy leaves of the same size that are aligned in opposite pairs [34]. The 

following series of steps are involved during an IMRT procedure [30, 36]: 

 

o Patient assessment and decision making on the basis of the nature of the cancer volume. 

o Patient immobilisation. 

o Delineation of the PTV and ORV via CT and other 3D imaging data. 

o Development of an optimised inverse treatment plan that is compliant to the target volume's 

dose requirements and the dose limitations to the surrounding healthy tissues. 

o  MLC leaf sequencing. 

o Patient-specific TPS dose verification measurements. 

o Patient setup verification. 

o Treatment delivery. 

o Consistent treatment plan reproduction per treatment session, and on a daily and field-by-field 

basis. 

o Consistent patient setup and target localisation per treatment session  and radiation field. 

 

Intensity maps are delivered either statically or dynamically [30, 34 – 37]. In static IMRT, which 

is also known as step-and-shoot IMRT, the MLC leaves remain stationary per field segment and 

they are readjusted to modify the radiation field from one portal to the next. However, in 

dynamic IMRT, which is also known as closing- or sliding-window, the MLC leaves move 

rapidly and continuously across the radiation field for every portal. Both dynamic and static 

IMRT are executed with a fixed gantry angle per port [34, 36]. In static IMRT, the RVS also 
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controls the turning on and off of irradiation [34]. IMRT can also be implemented with physical 

compensators, and this can compensate for the lack of MLC technology [30]. 

 

Another MLC-based IMRT approach employs simultaneous gantry, dose rate and MLC leaf 

position variations per exposure, and is known as intensity-modulated arc therapy (IMAT) [34 – 

36]. IMAT thus delivers dynamic IMRT fields by linac gantry rotation [38 – 42]. It employs 

inverse TPS software algorithms that optimise dose delivery to the desired treatment outcome 

[30, 34, 36]. The same hardware used for conventional IMRT is employed, and the patient couch 

remains stationary per irradiation [42]. MLC shape, gantry rotation speed and/or dose rate are 

manipulated for overall dose conformity [38 – 40, 42]. These are varied simultaneously per 

treatment session, which is made possible by a specialised progressive sampling algorithm [42].  

 

Amongst other advantages, IMAT delivery is relatively fast [39 – 41]. One or two continuous 

gantry arcs are utilised, and hence there are reduced treatment times leading to less vulnerability 

to intra-fraction organ motions in some targets [38, 41, 42]. IMAT also offers improved 

workload efficiency by dose delivery in fewer MUs [39 – 42]. This further minimises MLC leaf 

leakage and scatter dose. Improved treatment time and MU efficiencies are achieved in parallel 

with optimum target coverage and normal tissue sparing. The gantry speed, MLC aperture, and 

dose rate all transition smoothly between consecutive control points [38]. One drawback of 

IMAT, nonetheless, is the bulky quantity of data and effort expended during the treatment 

planning and validation process. Continuous gantry motion also adds a burden with regards to 

the relationship between control-point machine parameters. IMAT was initially implemented 

with a constant gantry speed and dose rate, and the therapy unit used was a linear accelerator 

fitted with MLC capability [39]. Its TPS utilises a concept of control points, which are beam 

directions along the arc of machine parameter control [38, 42]. Machine parameters are either 

kept constant or interpolated in some fashion between the control points [38].  
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1.2 Problem Statement 

 

The potential of Co-60 teletherapy in advanced radiation oncology mode with Monte Carlo dose 

planning and verification has not been probed for the past few decades, even though it may offer 

similar advantages as linear accelerators [13, 30, 44]. A few advanced radiation treatment 

planning studies have been done for Co-60 teletherapy, although this modality involves a high-

energy photon beam [44, 45]. IMRT with Co-60 teletherapy can be suitable for complex 

superficial anatomic sites, and it can minimise the incidence of radiation toxicity in proximal 

ORVs [29, 46]. Integrating technologies like MLC in
 
Co-60 teletherapy units can facilitate 

automated treatment [13, 44]. It is therefore important for medical physicists to consider the role 

of Co-60 teletherapy in advanced technologies like IMRT [45, 47].  

 

Many treatment planning systems do not effectively model the lateral beam degradation that 

occurs at depth with the small radiation beamlets from linear accelerator IMRT [48, 49]. These 

beamlets result in the loss of lateral electron equilibrium for the higher energy linear accelerator 

photon beams. The implementation of IMRT with Co-60 teletherapy units might mitigate this 

effect due to the wider beam penumbra and shorter ranges of secondary electrons at depth. 

Intensity-modulated Co-60 teletherapy beams are immune to the neutron contamination 

characteristic of photon energies ≥ 8 MeV [48]. The smaller sizes of current IMRT beamlets 

pose a greater uncertainty in the accuracy of clinical dosimetry owing to the lack of charged 

particle equilibrium conditions at depth [49]. IMRT with Co-60 teletherapy beams using modern 

Monte Carlo dose planning therefore might yield greater dosimetric accuracy. 

 

1.3 Research Goal and Objectives 

 

1.3.1 Goal 

 

The goal of this work was to dosimetrically and computationally investigate the modulation of a 

Co-60 teletherapy source head fluence via standard collimation and 3D physical compensators, 

and to validate the results by comparisons with MCNPX simulations and conventional TPS data. 
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1.3.2 Objectives 

 

The objectives of this research project were to: 

 

(i) Carry out water phantom measurements to characterise a cobalt-60 teletherapy beam, and use 

MATLAB to generate central-axis depth dose curves and off-axes lateral beam profiles. 

 

(ii) Develop models for source head fluence modulation in Co-60 teletherapy by conventional 

jaw motions using the Oncentra 4.3 treatment planning. 

 

(iii) Fabricate a three-dimensional (3D) physical beam compensator and use it to modulate the 

fluence of a Co-60 teletherapy beam by a once-off or fractionated exposure. 

 

(iv) Irradiate self-processing radiochromic film in a PTW universal IMRT verification phantom 

to verify the treatment planning system data and measure the intensity map generated by the 3D 

physical compensator. 

 

(v)  Carry out Monte Carlo (MC) simulations to verify the fluence maps generated by secondary 

collimator jaw motions and with a 3D physical compensator a gamma evaluation.  
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CHAPTER 2          LITERATURE REVIEW 

 

2.1 The Physics of Photon Interactions with Matter 

 

Photons used in EBRT are X-rays and gamma (γ) rays from kilovoltage units, linear accelerators, 

and cobalt-60 teletherapy units [13]. Both belong to the electromagnetic spectrum, though they 

differ in production modes [13, 50]. Gamma-rays result from nuclear disintegrations, yet X-rays 

are produced external to the nucleus [13, 51]. High-energy photon beams are used to treat deep-

seated cancers, yet low- and medium-energy photon beams are used for surface and superficial 

lesions [13]. X- and γ-rays possess intrinsic energies that are imparted to matter upon impact 

[52]. They are either absorbed or scattered in media, a phenomenon called attenuation [52, 53]. 

Their energies are transferred to media by ionisation and excitation via secondary charged 

particles [51 – 53]. Four principal interaction processes exist, and these are: Rayleigh scattering, 

Compton scattering, photoelectric absorption, or pair production [51 – 54]. Figure 2.1 shows 

how the probabilities of photoelectric absorption, the Compton effect, and pair production vary 

with the material density and incident photon energy [52]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Dependence of three interaction processes on medium atomic number and photon 

energy [52]. 
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2.1.1 Raleigh scattering 

 

Raleigh scattering is also called coherent scattering because it sees an incident photon being 

scattered elastically by a bound inner atomic shell electron [13, 55]. The photon does not lose 

energy and it is scattered at a very small angle [13, 53, 54]. The electron reradiates at the same 

energy and frequency as the incident photon, which has the same wavelength as the scattered 

photon [53, 54]. This process does not contribute to the energy transfer coefficient of a medium, 

but rather affects its attenuation coefficient. If E is the incident photon's energy and Z is the 

scattering medium's atomic number, the probability of Raleigh scattering varies as [13]: 

 

     
2

2

R
E

Z
σ                                                    (2.1) 

 

where σR is the atomic attenuation coefficient of the medium for Raleigh scattering. Raleigh 

scattering is insignificant in tissue and tissue equivalent media due to their low Z, and it 

contributes less to their total attenuation coefficient [13, 53].  

 

2.1.2 Photoelectric absorption 

 

This is a process whereby a photon interacts with matter and transfers its energy to a tightly-

bound atomic shell electron, which is ejected at a high velocity [13, 51– 55]. The photoelectron 

has a relatively short range in the interaction medium, which makes it to deposit energy at close 

proximity to the interaction site [51, 56]. Energy transfer from the incident photon to the medium 

is a two-step process, that is, photoelectric absorption followed by energy deposition by the 

photoelectron [56].  This interaction process is more realised if the binding energy of the ejected 

atomic shell electron is slightly less than the incident photon's energy [13, 53, 56]. A portion of 

the incident photon's energy is used to overcome the electron's binding energy and remove it 

from the atom, whilst another portion is transferred to the photoelectron's kinetic energy [53, 56, 

57]. A vacancy is created at the ejected electron's atomic shell, and another electron migrates 

from its shell to fill this gap [52, 56]. The latter electron's migration results in a drop in its 

energy, which is emitted as a characteristic X-ray. The characteristic X-ray is also called 
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fluorescent radiation since it is created by another photon of higher energy [51, 56]. The 

probability of photoelectric absorption varies with the: energy of the incident photon, ejected 

electron's binding energy, and the atomic number of the interaction medium [56]. It is 

approximated by [13, 51, 53, 56]: 

 

     
3

4

E

Z
τ                                                     (2.2) 

 

where τ is the photoelectric atomic attenuation coefficient [13, 51, 53, 56]. This interaction 

process thus dominates with heavy atoms and low-energy photons [51, 53, 54, 56, 57]. Figure 

2.2 illustrates the photoelectric absorption process at atomic scale [57]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Photoelectric absorption of an incident photon with energy E to liberate an electron 

with kinetic energy Ek [57]. 

 

The incident photon energy E, the ejected electron's binding energy Eb and its kinetic energy Ek 

are related through [13, 51 – 53, 57]: 

 

     bk EEE                                                  (2.3) 

 

The average energy transferred 
PE

trK )E( from a photon with energy hυ to a K-shell orbital electron 

whose binding energy is Eb (K) ˂ hυ is given by [13]: 

Incident photon, E 

Ejected electron, Ek 

Fluorescent radiation 
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     )K(EPh)E( bKK

PE

trK                                        (2.4) 

 

where h is the universal Planck's constant, υ is the incident photon's frequency, PK is the fraction 

of all photoelectric interactions that occur in the K-shell, and ωK is the fluorescent yield for the 

K-shell [13]. The value of PK varies from 1.0 for low atomic number Z to 0.8 for high Z. 

 

2.1.3 Compton effect 

 

The Compton effect is also called incoherent scattering because a photon incident on matter is 

scattered inelastically by a free outer atomic shell electron at a characteristic angle [13, 51, 53, 

55, 56]. The scattering electron is free in essence of the much greater incident photon's energy 

[13, 51, 53, 56]. The photon is scattered through some angle θ, and the electron recoils through 

an angle ϕ with respect to the incident photon [13, 51, 56, 57]. The probability of this interaction 

process varies as [55]: 

 

     
E

Z
σ C                                                     (2.5) 

 

where σC is the Compton atomic attenuation coefficient. Figure 2.3 is an atomic view of 

Compton scattering [13, 53, 55, 56]. 

 

 

 

 

 

 

 

 

 

Figure 2.3 Compton scatter between a photon and a medium's orbital electron. 
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In the diagram: E denotes the incident photon's energy, p is the incident photon's momentum, Ee 

denotes the electron's recoil energy, pe is the electron's recoil momentum, E' is the Compton-

scattered photon's energy, and p' is the Compton-scattered photon's momentum [13, 53, 55, 56]. 

 

The wavelength of the incident photon changes according to: 

 

     θ) cos(1λλ'λΔλ C                                        (2.6) 

 

where C  is the Compton-shift wavelength, λ is the incident photon's wavelength, and 

λ' is the wavelength of the Compton-scattered photon [13, 51]. This equation shows that the 

change in wavelength between the incident and scattered photons is mainly determined by the 

angle of scatter [51]. A low-energy long-wavelength photon loses a smaller portion of its energy 

than a high-energy short-wavelength photon for the same scattering angle. This is pivotal in 

high-energy photon EBRT, particularly in shielding design [13, 51, 53, 56]. The Compton-shift 

wavelength is given by: 

 

     


A0.024
cm

h
λ

e

C                                           (2.7) 

 

where h is the universal Planck's constant, me is the electron mass, and c is the speed of light in a 

vacuum [13, 51]. Energy and momentum are conserved during this interaction, and hence [13, 

51, 56]: 

 

     eEEE                                                  (2.8) 

 

The conservation of momentum in the x-direction yields: 

 

     xe,xx ppp                                                 (2.9) 
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where px is the x-component of the incident photon's momentum, p'x is the x-component of the 

scattered photon's momentum, and pe,x is the x-component of the recoil electron's momentum. As 

seen in Figure 2.3, these can be expressed as: 

 

     
c

hυ

λ

h
p x                                                (2.10) 

 

where υ is the frequency of the incident photon. 

 

     





 cos
c

h
cos

h
p x                                        (2.11) 

 

where υ' is the frequency of the scattered photon. 

 

      cosvmp eex,e                                            (2.12) 

 

where ve is the electron's classical velocity. From equations (2.10) – (2.12), it follows that 

conservation of momentum in the x-direction yields: 

 

     


 cosvmcos
c

h

c

hv
ee                                      (2.13) 

 

Conservation of momentum in the y-direction yields: 

 

     y,eyy ppp                                                (2.14) 

 

where py is the y-component of the incident photon's momentum, p'y is the y-component of the 

scattered photon's momentum, and pe,y is the y-component of the recoil electron's momentum 

[13, 51, 56]. Based on Figure 2.3, these vector components can be expressed as: 

 

     0p y                                                     (2.15) 
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     





 sin
c

vh
sin

h
p y                                      (2.16) 

 

      sinvmp eey,e                                             (2.17) 

 

Merging equations (2.15) – (2.17) into equation (2.14) yields: 

 

     


 sinvmsin
c

h
0 ee                                       (2.18) 

 

The relativistic energy of the recoil electron is given by: 

 

     
2

o

2

ee cmcmE                                             (2.19) 

 

where mo is the recoil electron's rest mass. It can be expressed in terms of the actual mass as [13, 

51, 56]: 

 

     o

2

2

e

o

e m

c

v
1
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

                                          (2.20) 

 

where γ is the gamma factor, which is the reciprocal of the square root expression. Equation 

(2.19) thus becomes: 

 

     
2

o

2

o

2

oe cm)1(cmcmE                                  (2.21) 

 

The conservation of energy equation thus becomes: 

 

     
2

oe cm)1(vhhv            EEE                            (2.22) 

 

Solving equations (2.13), (2.18), and (2.22) simultaneously yields [51, 53, 56]: 
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This shows that the energy of the scattered photon depends on the energy of the incident photon 

and the scattering angle [51, 56]. Compton scattering is thus insignificant at low photon energies 

[53]. The electron recoil and photon scattering angles are related through [13, 51]: 
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                                      (2.24) 

 

This shows that the electron recoil angle ϕ ranges from 0
o
 for θ = 180

o
, which is backscattering, 

to 90
o
 for θ = 0

o
, which is forward scattering. The recoil electron is of crucial importance in 

EBRT dosimetry since it is the vehicle of energy transfer to the scattering medium [51]. Equation 

(2.23) also shows that the energies of back scattered and orthogonally scattered photons are [13]: 
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There is greater energy transfer when photon scattering occurs perpendicular to the incident 

photon direction, as well as at higher incident photon energies. 

 

2.1.4 Pair production 

 

The pair productions process sees the disappearance of an incident photon in matter and the 

production of an electron-positron pair with a combined kinetic energy of 
2

ocm2hv   in a 
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nuclear Coulomb field [13, 51, 55, 56]. Energy is transformed into mass with a threshold of 

MeV 02.1cm2 2

o  , below which pair production does not occur [13, 51, 56]. The electron-

positron pair possesses sufficient energy to cause further ionisations in the interaction medium 

[55]. The positron exhausts its energy in the medium and annihilates with an electron to produce 

two 511 keV γ-ray photons in coincidence. An analogous process to pair production can occur 

closer to an orbital electron with a threshold of 2

ocm4 , and this is called triplet production
 
[13, 

51]. The probability of pair production increases rapidly above 1.02 MeV, and its atomic 

attenuation coefficient varies as: 

 

     2

a Z                                                   (2.27) 

 

where Z is the atomic number of the absorber. Hence pair production is more pronounced in high 

Z materials such as lead, a property which is crucial in shielding design considerations [56]. 

 

2.2 The Physics of Radiation Therapy Photon Beam Dosimetry 

 

Rigorous dosimetry and quality control in EBRT are essential to ensure good treatment precision 

and accuracy of dose planning [13, 58 – 60]. EBRT dosimetry requires various specifications of 

the treatment beam at points of interest. It is concerned with a quantitative determination of 

energy deposition in a medium by an ionising radiation beam. 

 

2.2.1 Basic EBRT dosimetry quantities and units 

 

Photon-related dosimetric quantities of interest in EBRT include: photon fluence, photon fluence 

rate, energy fluence, energy fluence rate, kinetic energy released per unit mass (kerma), and 

absorbed dose [13, 58 – 60].  

 

The photon fluence is the number of photons that pass through a particular cross-sectional area 

of an imaginary sphere, and it is denoted by Φ [13, 58]. It is given by 
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dA

dN
                                                   (2.28) 

 

where dN is the number of photons incident on a sphere of cross-sectional area dA. The SI unit 

of Φ is per square meter (m
-2

) .The use of a spherical area ensures that dA is crossed orthogonal 

to the photon's trajectory, and hence a directional independence of Φ. This is of particular 

importance since most EBRT photons are emitted isotropically from their sources. In reality, 

nonetheless, the photon fluence may be planar and direction-dependent [13]. 

 

Another dosimetric quantity of interest in EBRT is the energy fluence, which is the total energy 

carried by the photons that pass through an imaginary sphere per cross-sectional area [13, 55]. It 

is given by [13, 58]: 

 

     
dA

dE
                                                   (2.29) 

 

where dE is the radiant energy of photons incident on a sphere of cross-sectional area dA. The SI 

unit of Ψ is the joule per square meter (J m
-2

). Energy fluence and photon fluence are related 

through the equation:  

 

     EE
dA

dN
                                             (2.30) 

 

where E is the energy per photon and dN is the change in number of photons of energy E. 

 

The photon fluence rate, which is denoted by   is the change in photon fluence with time. It is 

given by: 

 

     
dt

d
                                                   (2.31) 
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where dΦ is the change in photon fluence per time interval dt. The SI unit of   is per square 

meter per second (m
-2

 s
-1

). 

 

The energy fluence rate is also called the photon beam's intensity denoted by   and it is a 

change in energy fluence per unit time [13, 58]. It is given by: 

 

     
dt

d
                                                  (2.32) 

 

where dΨ is the change in energy fluence per time interval dt. The SI unit of  is the watt per 

square meter or joule per square meter per second (W m
-2

 or J m
-2

 s
-1

). This quantity also 

correlates well to EBRT photon beams delivered in varied dose rates. 

 

Both the photon fluence and energy fluence apply relevantly to monoenergetic beams such as 

Co-60 teletherapy beams [13]. The photon and energy fluence rates are conducive descriptors for 

EBRT photons that originate from spontaneously disintegrated sources, and those delivered by 

varied dose rates. 

 

Kerma is an acronym for kinetic energy released per unit mass, and it is a stochastic quantity that 

applies to indirectly ionising radiation [13, 58, 60]. In this context, it is the mean energy imparted 

by photons to secondary charged particles like electrons in a medium. Energy transfer from 

photons to a medium is a two-stage process; it is first transferred to secondary charged particles 

by interactions like Compton scatter, and then the charged particles liberate their energies to the 

medium by excitations and ionisations. Kerma is thus defined by: 

 

     
dm

Ed
K tr                                                  (2.33) 

where trEd  is the mean energy transferred from photons to secondary charged particles per unit 

mass dm of the medium. For monoenergetic photons, the air kerma in air at some point from the 

source relates to the energy and particle fluences through: 
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where airtr )(   is the mass-energy transfer coefficient for air at photon energy E. The air kerma 

in air comprises of collision and radiative components, making it expressible as [13, 60]: 

 

     radcol KKK                                               (2.35) 

 

where Kcol and Krad are the collision and radiative components, respectively. Kcol relates to the 

energy and particle fluences as follows: 
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where airab )(   is the mass-energy absorption coefficient for air at photon energy E [13, 58, 

60]. The mass-energy absorption and transfer coefficients are related through: 
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where g  is the radiative fraction [13, 60]. It is prominent for high Z materials and photon 

energies in excess of 1 MeV [13]. 

 

Photon energy is deposited mainly by secondary charged particles in a medium, and the absorbed 

dose (Dmed) is the mean of this energy per unit mass dm of the medium [13, 58 – 60]. With an SI 

unit called the Gray (Gy), Dmed is given by: 
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where medcol )S(   is the mean collisional stopping power of the medium for that photon beam 

quality. 

 

Another dosimetric quantity of interest in relation to photon beams is the exposure in air, which 

is denoted by X [13].  It is related to the collision air kerma in air ( airair,col )K( ) through: 

 

     
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airair,col                                         (2.39) 

 

where 33.97eV)eW( air   is the mean energy that induces an ion pair in dry air
 
. A common unit 

of X is the roentgen (R), and its SI unit is the coulomb per kilogram (C/kg). These two units 

relate as: kg/C1058.2R 1 4 . The collision air kerma in air is thus expressed as: 
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2.2.2 Cavity theory 

 

A dosimeter is a radiation-sensitive device introduced into a medium to measure Dmed [13, 58, 

60]. Its sensitive volume generally has a different composition from the medium. Dmed is related 

to the dose deposited in the dosimeter's sensitive volume by the cavity theory. This theory 

delineates small, intermediate, or large dosimeter cavities according to the ranges of secondary 

charged particles in them. A dosimeter's cavity, for example, is said to be small if the ranges of 

the particles are larger than the cavity's dimensions. The three main cavity theories that were 

devised for EBRT dosimeters are: the Bragg-Gray and Spenser-Attix theories for small 

dosimeter cavities, and the Burlin theory for intermediate cavities. 

 

The Bragg-Gray cavity theory operates under the following two conditions: 
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o The dosimeter's cavity must be small compared to the ranges of secondary charged particles, 

and its presence must not perturb the charged particle fluence in the surrounding medium. 

o The absorbed dose in the dosimeter's cavity must strictly arise from the secondary charged 

particles crossing it, and hence photon interactions in the cavity are negligible. 

 

Radiative photons may escape from the volume of interest in a medium, which may result in the 

secondary charged particles expending their energies on the spot [13, 60]. As a consequence, 

there would be charged particle equilibrium (CPE), a condition in which Dmed is related to the 

electron fluence in the medium through the relationship: 
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where Φmed is the electron fluence in the volume of interest of the medium and medcol )S(   is the 

unrestricted mass collision stopping power of the medium at the charged particle energy. 

Slowing down of secondary electrons in a medium induces a primary fluence spectrum that has 

energies in the range Ek – 0 for a starting kinetic energy Ek [13]. This fluence spectrum is 

denoted by E,med  [13, 60]. In the presence of E,med , Dmed is given by: 
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Under these conditions, the ratio of absorbed doses between two adjacent media is given by: 
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where 
1med,2med)(  and 

1med,2medcol )S(   are ratios of the electron fluences and mean collisional 

stopping powers for the media. The first condition of the Bragg-Gray cavity theory implies that 
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1)(
1med,2med  , and the ratio of absorbed doses in the dosimeter's cavity to the surrounding 

medium is given by [13, 58, 60]: 

 

     

med,cav

col

med

cav S

D

D















                                           (2.44) 

 

where med,cavcol )S(   is the ratio of the unrestricted mass collisional stopping powers of the cavity 

material to the surrounding medium. In reality, the presence of a cavity in a medium perturbs the 

secondary charged particle fluence, and a correction has to be made to account for it [13]. The 

second condition of the Bragg-Gray cavity theory requires that all secondary charged particles 

that deposit dose in the dosimeter's cavity should arise from the surrounding medium and 

completely cross the cavity. Unrestricted mass collision stopping powers in equation (2.44) 

ensure that there is no production of secondary charged particles, or delta electrons, in the 

dosimeter's cavity and the surrounding medium.  

 

The Bragg-Gray cavity theory does not account for secondary delta electrons created by hard 

collisions in the dosimeter's cavity during the retardation of primary electrons [13, 60]. The 

Spencer-Attix cavity theory accounts for those delta electrons that have sufficient energies to 

yield further ionisations in the dosimeter's cavity. Some of these electrons may have adequate 

energies to escape from the cavity, thereby imparting their energies to the surrounding medium. 

There is thus reduced energy deposition in the cavity, which in turn affects the stopping power 

ratios that appear in equation (2.44). The Spencer-Attix cavity theory applies the Bragg-Gray 

cavity theory to both primary ionising particles and delta electrons. It subdivides the delta 

electron fluence into two based on a user-defined threshold energy Δ. Secondary electrons with 

kinetic energies Ek < Δ are considered to be slow, such that they deposit their energies locally. 

Those with kinetic energies Ek ≥ Δ are considered to be fast electrons, such that they contribute 

meaningfully to the overall spectrum. The overall spectrum thus has threshold energies in the 

range Δ – Eko, where Eko is the initial kinetic energy of the electrons induced by photons. The 

Spencer-Attix cavity theory assigns the kinetic energy Ek of a fast-moving electron to the range 

Δ – 2Δ.  Energy deposition in the dosimeter's cavity is a product of the restricted collision 
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stopping power  )E(L k
 and the fast electron fluence ee

kE,med

 . Electrons with energies of Δ 

cross the cavity, such that Δ is the energy of an electron with a range equal to the mean chord 

length across the cavity [13, 60]. Dmed and Dcav relate through: 

 

     cav,medcavmed SDD                                             (2.45) 

 

where cav,medS  is the ratio of the mean restricted mass collision stopping powers of the medium to 

the cavity [13, 60]. This ratio is specified in terms of the medium's electron fluence spectrum, 

which is denoted by )E( k

ee

kE,med

 , as: 
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where medTE  and cavTE  are track end terms that account for part of the energy deposited by 

electrons with initial kinetic energies Δ ≤ Ek < 2Δ [13, 60]. These electrons can lose their 

energies to a level < Δ, which may result in residual energy deposition on the spot and their 

disappearance from the spectrum. The track end terms are given by: 
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where the quotients are unrestricted mass collision stopping powers. These stopping powers are 

allowed because the maximum energy transfer for an electron with energy less than 2Δ is less 

than Δ. 
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The Burlin theory extends the Bragg-Gray and Spencer-Attix theories to intermediate dosimeter 

cavities [13, 76, 77]. Such cavities are neither too large nor small than the range of secondary 

charged particles produced by photons in their surroundings. This theory introduces a large limit 

to the Spencer-Attix formalism via some weighting. The dose to the cavity relates to the dose in 

the surrounding medium through: 
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where 0d   for large cavities and 1d   for small cavities, med,cavs  is the mean restricted mass 

collision stopping power ratio of the cavity to the medium, and med,caven )(   is the mean mass-

energy absorption coefficient ratio of the cavity to the medium. The Burlin theory applies under 

the following conditions: 

 

o Both the cavity and medium materials must be homogeneous. 

o The incident photon field must be uniform throughout the cavity and medium. 

o CPE must exist for all points in the cavity and medium that are at distances greater than the 

maximum electron range from the cavity wall. 

o There must be a balance between the equilibrium spectra of secondary electrons generated in 

the cavity and medium. 

 

The Burlin theory requires that the weighting parameter d be computed from [13]: 
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where β accounts for change in particle fluence through a cavity of maximum dimension L. The 

difference expression that appears in parenthesis in equation (2.49) is thus given by: 
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The Burlin cavity theory correlates well with solid-state detectors that are subjected to high-

energy photon beams [61, 62].  

 

2.2.3 Dosimeters used for EBRT photon beams 

 

A dosimeter consists of a sensitive volume composed of a particular material and around the 

volume is a wall of a different material. The sensitive volume is a cavity that is filled with a 

medium. The medium is often gaseous to allow relatively simple electrical conductivity. An 

ionisation chamber is designed such that the medium that constitutes the wall of its cavity is 

adapted to the situation in which it is to be used. 

 

Most commonly used is a gas cylindrical and free-air ion chambers. It is also called a thimble. Its 

structural components are shown in Figure 2.4 below. 

 

 

 

 

 

 

 

Figure 2.4 Basic structure of a cylindrical gas-filled ionisation chamber [13, 58, 60]. 

 

A typical thimble chamber has an internal length of about 25 mm and an inner diameter of 7 mm, 

which yields an active sensitive volume of about 0.6 cubic centimetres (cm
3
). Its cavity 

constitutes of a central collecting electrode, and the cavity wall makes up a conducting outer 

electrode. The central electrode is isolated from the outer electrode for minimal leakage 

currents.. A low Z material is used for the outer electrode. A guard electrode is used to minimise 

leakage currents.  

T
o
 e

le
ct

ro
m

et
er

 
Central electrode 

Outer electrode Insulator 

Dural Graphite Gas-filled cavity 



28 

 

Dmed measurements with a thimble chamber require a temperature and pressure correction to 

account for changes in the mass of its sensitive volume's gas [13, 58, 60, 63]. An electrometer is 

also required to read out the amount of charge collected. A build-up cap that has a mass 

thickness of about 0.5 g/cm
2
 is required during the calibration of the thimble chamber. Incident 

photons ionise the gas molecules inside its sensitive volume, which results in the formation of 

ion pairs that comprise of free electrons and cations. The transportation of charges from the 

chamber's sensitive volume to the electrometer for readout is accomplished by keeping the outer 

electrode at a higher potential than the central electrode. 

 

A free-air ion chamber consists of two walls, one serving as an entry window and polarity 

electrode and other being a collecting electrode, back wall, and guard ring [13, 60, 63]. The 

collecting electrode is an insulator coated with a conducting graphite layer. A free-ion chamber 

is suitable for measurements in electron beams of energies less than 10 MeV [13]. It can also be 

used for surface dose measurements, and depth dose measurements in build-up regions of photon 

beams. Figure 2.5 shows a free-air ion chamber [63]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Simple schematic of a free-air ionisation chamber that was designed for dose 

measurements in low-energy X-ray beams [63]. 
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Incident photons induce ion pairs in the chamber's sensitive volume upon interaction [13, 63]. 

Electrons or cations migrate towards the collecting electrode, depending on its polarity. Charge 

collected is read out by an electrometer, which is connected to the dosimeter. 

 

Film also plays a crucial role in EBRT dosimetry, in which case radiographic and radiochromic 

films are used [13, 61, 64]. Radiographic films serve various purposes in diagnostic radiology, 

EBRT, and radiation protection [13]. They are utilised as: radiation detectors, relative 

dosimeters, image display devices, and storage media. They comprise of a thin plastic base that 

is emulsified with radiosensitive silver bromide (AgBr) grains in a gelatin suspension. The silver 

halide grains are ionised upon exposure to light and ionising radiation. Radiochromic film, 

however, consist of two polyester plastic layers which sandwich a radiosensitive dye material 

that is polymerised upon exposure to ionising radiation [13, 61, 64]. Light transmission through 

film is measured in terms of optical density (OD) in absorbance units (AU)
 
[13]. The transmitted 

light intensity I relates to the incident light intensity Io and OD through: 

 

     
OD

o 10II                                                (2.52) 

 

Film offers an excellent two-dimensional (2D) spatial resolution, which makes it conducive to 

depict information on the spatial distribution or intensity map of incident photons [13]. Film that 

has not been exposed to ionising radiation possesses some background OD called fog (ODf). The 

net OD of exposed film is obtained by deducting ODf from the OD of post-irradiation film. 

Unlike radiochromic film, radiographic film has a limited radiation dose range and some energy 

dependence at low photon energies [13, 64]. Just like diodes, its response is directionally 

dependent [64]. GafChromic film is the most commonly used radiochromic film [13, 61, 64]. It 

comprises of a tissue-equivalent dye material that changes colour upon exposure to ionising 

radiation. Furthermore, it is relatively insensitive to light, self-developing, as well as energy and 

dose rate independent. The change in its OD is proportional to the absorbed dose for doses in the 

range of 0.1 – 1.0 cGy [13, 61]. It has a very high spatial resolution and it offers superb accuracy 

in regions of high dose gradients. Its excellent agreement with the results of MC simulations is 

well established [64]. 
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2.3 Monte Carlo Simulations using MCNP-X 

 

MC simulations employ statistical sampling of data and analysis of outputs to give an estimate of 

a given quantity [65, 66]. MCNPX is amongst the most widely used radiation transport codes for 

a variety of particles over a wide range of energies [65 – 70]. Its origin traces to the Los Alamos 

National Laboratory (LANL), and it was intended for various applications including: 

 

o Design of accelerator spallation targets. 

o Investigation of accelerator isotope production. 

o Research on accelerator-driven energy sources. 

o Research on accelerator-based imaging technologies. 

o Research on charged particle detection. 

o Design of shielding for accelerator facilities. 

o Research on accelerator component and neighbourhood activation. 

o Research on EBRT dosimetry, including neutrons. 

o Solutions to medical physics problems, including EBRT with neutrons and protons. 

o Research on cosmic-ray background radiation and spacecraft and aircraft shielding design. 

 

Various alphanumeric symbols, or particle designators, are used to identify source and secondary 

particles in a simulation [67 – 69]. These include the ones outlined in Table 2.1. 

 

Table 2.1: Some numeric and alphabetic symbols for various particles commonly encountered in 

the MCNPX radiation transport simulation package 

Name of Particle Numeric Identifier Alphabetic Identifier 

Photon 2 p 

Electron 3 e 

Positron -3 -e 

Neutron 1 n 

Antineutron -1 -n 

Deuteron 31 d 

Triton 32 t 
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Heavy Ion 35 # 

Proton 9 h 

Antiproton -9 -h 

Muon
-
 (μ

-
) 4 | 

Anti-muon
-
 (μ

+
) -4 -| 

Pion
+
 (π

+
) 20 / 

Pion
-
 (π

-
) -20 -/ 

 

In addition to these particle designators, special units are used for simulated quantities. These are 

summarised in Table 2.2.  

 

Table 2.2: Quantities that simulated with MCNPX and their MCPX and SI units 

Simulated Quantity MCNPX Unit SI Unit 

Length cm 10
-2

 m 

Energy MeV 1.602 × 10
-13

 J 

Time shakes 10
-8

 s 

Temperature MeV (kT) 1.2 × 10
10

 kelvin 

Atom Density Atoms/barn-cm 10
30

 atoms/m
3
 

Mass Density g/cm
3
 10

3
 kg/m

3
 

Cross Section 

Heating Number 

barns 

MeV/collision 

10
-28

 m
2
 

1.602 × 10
-13

 J/collision 

 

2.3.1 Creating an MCNPX input file 

 

An input file name must be specified in the MCNPX execution line in order to run a simulation, 

and it is assigned an appropriate keyword with an extension mnemonic INP [67 – 69]. The INP 

file name is either inherent in the code or user-supplied. A user-supplied INP file must have all 

the information required to run a simulation, and it takes the following form:  

 

Message block 

Blank line delimiter 
Optional 
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Title card 

Cell cards block (block 1) 

Blank line delimiter 

Surface cards block (block 2) 

Blank line delimiter 

Data cards block (block 3) 

Blank line terminator 

 

A card is an input line constituting no more than 80 characters [67 – 69]. Cell cards define 

regions of space that may be finite or infinite and void or filled with matter. With entries 

commencing within the first five columns, a cell card comprises of the following variables in that 

order: 

 

     CelNum   CelMatNum   CelMatDen    CelGeom                   (2.53) 

 

where CelNum is the cell number, CelMatNum is the cell material number, CelMatDen is the cell 

material density, and CelGeom is the geometric orientation of the cell in relation to one or more 

problem surfaces. CelNum and CelMatNum are positive integer values, CelMatDen can be a 

positive or negative floating-point number, and CelGeom can be expressed in terms of one or 

more problem surfaces. Furthermore, CelMatDen is positive for atom density and negative for 

mass density. 

 

Surfaces can be expressed in terms of points, equations, and macrobodies, which are inherent in 

the MCNPX radiation transport code. To specify a surface with an equation, numerical entries 

must be made for the equation's constants. An equation for an infinite cylinder of radius R with 

axis parallel to the z-axis and passing through the point )0,y,x(  is given by [67 – 69]: 

 

     222 R)yy()xx()z,y,x(f                                  (2.54) 

 

Optional 
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where x , y , and R are specified as numerical constants in a surface card. With entries initiated 

within the first five columns, an equation-based surface card generally takes the following form 

and order: 

 

     SurfNum    SurfTyp   EqNumConst                            (2.55) 

 

where SurfNum is a surface number, SurfTyp is a surface type, and EqNumConst are numerical 

entries for the surface equation constants.The input card for the infinite cylinder specified by 

equation (2.54), for example, would take the form: 

 

     1   C/Z   x    y    R 

 

if it is the first problem surface. A finite cylinder with a particular radius, height, and centre of 

base is generally specified by a macrobody of the following form: 

 

     SurfNum   RCC    BasCent    HeightVec   Rad                  (2.56) 

 

where SurfNum is a surface number, RCC is a mnemonic for a right circular cylinder, BasCent 

are the coordinates of the cylinder's centre of base, HeightVec is the cylinder's height vector, and 

Rad is its radius in centimetres. A surface card for a cylinder of radius R that has its axis parallel 

to the z-axis, and with a centre of base ( x , y , z ) and a height h, for example, would be specified 

as follows: 

 

     2    RCC   x   y   z    0  0  h    R 

 

if it is the second problem surface. A surface card for a plane can be specified in terms of three 

coordinates in the following manner: 

 

     SurfNum   P   Coord1   Coord2   Coord3                 (2.57) 
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where SurfNum is a surface number, P is a mnemonic for a plane, Coord1 is a coordinate triplet 

for the first point on the plane, Coord2 is a coordinate triplet for the second point on the plane, 

and Coord3 is a coordinate triplet for the third point on the plane. The surface card for a plane on 

which lies the points (x1, y1, z1), (x2, y2, z2), and (x3, y3, z3), for example, would take the 

following form:  

 

     3    P    x1  y1  z1    x2  y2  z2    x3  y3  z3 

 

if it is the third problem surface. An equation for an infinite plane that orthogonally intercepts the 

x-axis at x = I is generally given by: 

 

     0Ix                                                   (2.58) 

 

A surface card for such a plane is specified as follows: 

 

    4     PX    I 

 

if it is the fourth problem surface [67 – 69]. There are numerous other surface descriptions 

specified in tables of the MCNPX user manual [68].  

 

Having specified a particular surface, a cell can make a positive or negative sense with respect to 

it [67 – 69]. A void cell has a CelMatNum value of zero, and CelMatDen is omitted. There has to 

be a corresponding material card in the data card block of the MCNPX input file for a nonvoid 

cell. A material generally takes the following form: 

 

     mNum    zaid1   frac1   zaid2    frac2 . . .                       (2.59) 

 

where mNum is an m-prefixed material number, zaid1 is an identifier for the first constituent 

element in the material, frac1 is a weight or atomic fraction of the first constituent element, and 

so forth. The element identifier is right-to-left entered in the form ZZZAAA, were ZZZ and 

AAA are three-digit entries for the atomic and atomic mass numbers, respectively. The form 
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taken by an element identifier in a particular input file depends on the type of particles being 

tracked. Hydrogen-1 ( 0

1

1 H ), for example, has an identifier of 1000 for photon transport and 1001 

for neutron transport
 
[71]. Zeroes to the left of a nonzero digit in an element identifier are 

insignificant if they are not preceded by a non-zero digit [67 – 69, 71]. Atomic or weight 

fractions (fraci) are specified either as unnormalised integral or normalised floating-point 

numbers. Weight fractions and atomic fractions assume negative and positive values, 

respectively. Since water is composed of two-thirds hydrogen and one-third oxygen, its 

specification for the transport of neutrons, for example, takes the form: 

 

     m1   1001   0.666657  $ 67 % hydrogen, normalised atomic fraction 

          16008   0.333343 $ 33 % oxygen, normalised atomic fraction 

 

if it is the first problem material, and 1001 and 16008 are identifiers for hydrogen and oxygen, 

respectively.  

 

Also specified in the data card block of the MCNPX input file are: the primary and secondary 

particles to be transported, the physics governing particle transport, the physics models to be 

invoked, a definition of the source or sources of primary particles, a specification of the type of 

output desired from the simulation, and a means of variance reduction in the simulation results 

[67 – 69]. A MODE card is used to account for the primary and secondary particles being 

simulated. With its entries commenced within the first five columns, it generally takes the form: 

 

     MODE      <pl>1  . . . <pl>i                                  (2.60) 

 

where <pl> is a numeric or alphabetic entry for the type of particle. Since the photons, for 

example, induce electrons as secondary outputs upon interactions with a medium, a MODE card 

for their transport takes the form: 

 

     MODE    p    e 
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It is crucial to be knowledgeable on the type of physics governing the interactions of the particles 

given in the MODE card with all material media specified in the problem. This is catered for by 

particle physics options cards, which are denoted by PHYS: <pl> [67, 68]. An options card for 

the physics photon interactions generally takes the form: 

 

     PHYS: P   emcpf   ides    nocoh   ispn   nodop                 (2.61) 

 

where emcpf is the upper energy cutoff, ides controls the creation of photon-induced electrons or 

bremsstrahlung photons, nocoh turns on or off coherent scattering, ispn controls photonuclear 

interactions, and nodop switches on or off the broadening of Doppler energy. By default: emcpf 

= 100 MeV, ides = 0 turns on electrons or bremsstrahlung, nocoh = 0 turns on coherent 

scattering, ispn = 0 turns off photonuclear interactions, and nodop = 1 disables the broadening of 

Doppler energy. A PHYS: <pl> also serves to minimise variance in the desired simulation 

results. 

 

Physics models cards control physics treatments for the Bertini, ISABEL, CEM03, INCL4, and 

FLUKA options [68]. There are five of them denoted by: LCA, LCB, LCC, LEA, and LEB [68]. 

The LCA card is in charge of the Bertini, ISABEL, CEM03, and INCL4 models [68]. It 

generally takes the following form and order: 

 

     LCA  ielas  ipreq  iexisa  ichoic  jcoul  nexite  npidk  noact  icem ilaq  (2.62) 

 

where ielas is for elastic scattering, ipreq is for the pre-equilibrium model, iexisa is for the model 

to be used, ichoic assumes four integer values for the ISABEL intranuclear cascade model, jcoul 

is in charge of the Coulomb barrier to incident charged particles, nexite deduces the de-excitation 

energy from nuclear recoil energy, npidk controls the interactions of π mesons, noact controls the 

particle transport options, icem is for the choice of alternative physics models, and ilaq is for the 

selection of light ion and nucleon physics modules [68]. 

 

The LCB card generally takes the following form and order: 
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     LCB  flenb1  flenb2  flenb3  flenb4  flenb5  flenb6  ctofe  flim0      (2.63) 

 

where the variables flenb1 – flenb6 are for choice of a model in terms of the threshold kinetic 

energy, ctofe is the kinetic energy cutoff for particle escape, and flim0 is the maximum allowed 

correction for mass-energy balancing during the cascade phase. Hence, the LCB card is meant to 

control the choice of physics module on the basis of kinetic energy.  

 

The LCC card is meant to control the INCL4 and ABLA fission-evaporation models [68]. It 

generally takes the following form and order: 

 

     LCC    stincl   v0incl                                      (2.64) 

 

where stincl is the rescaling factor for a cascade, and v0incl defines the potential depth.  

 

The LEA card is meant to control the evaporation, Fermi-breakup, level-density, and fission 

models. It generally takes the following form and order: 

 

     LEA  ipht  icc  nobalc  nobale  ifbrk  ilvden  ievap  nofis            (2.65) 

 

where ipht is for the creation of de-excitation photons, icc is for the level of photon physics, 

nobalc controls mass-energy balancing during a cascade, nobale controls mass-energy balancing 

during evaporation, ifbrk defines the Fermi-breakup model's nuclide range, ilvden is for the 

choice of a level-density model, ievap is for the choice of a fission-evaporation model, and nofis 

enables or disables fission [68].  

 

The LEB card is meant to control the level-density input options that are required to implement 

the high-energy transport code (HETC) [68]. It generally takes the following form and order: 

 

     LEB   yzere   bzere   yzero   bzero                            (2.66) 
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where yzere defines a Y0 parameter in the level-density formula for atomic numbers Z ≤ 70, 

bzere specifies a B0 parameter in the level-density formula for atomic numbers Z ≤ 70, yzero 

defines a Y0 parameter in the level-density formula for atomic numbers Z ≥ 71 and all fission 

fragments, and bzero depicts a B0 parameter in the level-density formula for atomic numbers Z ≥ 

71 and all fission fragments. 

 

The particles that are transported in a given simulation originate from a source, which has to be 

specified in the data card block of an MCNPX input file [67, 68]. Four types of sources that are 

of interest in the MCNPX radiation transport code are: the general source, a criticality source, a 

surface source, and a user-specified source. Input cards for the general, criticality and surface 

sources are denoted by SDEF, KCODE, and SSR, respectively. The SDEF card generally takes 

the following form and order: 

 

     SDEF      KEYWORD=value(s)  . . .                           (2.67) 

 

where the equals sign (=) sign is an optional assignment operator that can be defaulted by a blank 

space, and KEYWORD is a source definition variable, whose values may be discrete, 

distributions or functions of other variables. The most commonly used general source definition 

variables are: CEL, SUR, ERG, TME, DIR, VEC, NRM, POS, RAD, EXT, AXS, X, Y, Z, CCC, 

ARA, WGT, TR, EFF, and PAR. CEL is the cell or union of cells that enclose the source, SUR is 

the surface or boundary on which a surface source lies, ERG is the energy or distribution of 

energies of the source particles, TME is the time of particle emission by the source in shakes, 

values of DIR are the cosines of the angles between VEC and the direction of particle emission, 

VEC is a reference vector for DIR, NRM is the sign of the source surface normal, POS is 

reference position for source particle sampling, RAD is the radial distance from POS or AXS, 

EXT is the distance from POS along AXS for a volume source or the cosine of the angle from 

AXS for a surface source, AXS is a reference vector for EXT and RAD, X is the x-coordinate of 

the reference source sampling position, Y is the y-coordinate of the reference source sampling 

position, Z is the z-coordinate thereof, CCC is a cookie-cutter source cell, ARA is the area of a 

plane surface source for point-detector contributions, WGT is the emitted particle's weight, TR is 

the source transformation number corresponding to a TR card number, EFF is the efficiency 
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rejection criterion for positional source sampling, and PAR is the type of particle or particles that 

are emitted by the source. A point isotropic cobal-60 source that is located at the origin and has a 

distribution of two discrete energies is defined as [67]: 

 

SDEF    POS=0  0  0    ERG=d1    PAR=p        $ position, energy and particle type 

SI1  L   1.17   1.33                            $ two discrete energies   

SP1    0.50    0.50                           $ frequency of each energy photon 

 

A monoenergetic parallelepiped isotropic cobalt-60 source that is centred at the origin and has 20 

cm × 30 cm × 40 cm dimensions, for example, is assigned the following variables [67]:  

 

SDEF  PAR=p  ERG=1.25  X=d1  Y=d2  Z=d3   $  source particle, energy, and extents 

SI1  -10 10                              $  source extent in the x-direction 

SP1   0  1                              $  uniform x-extent sampling probability 

SI2  -15 15                             $  source extent in the y-direction 

SP2   0  1                              $  uniform y-extent sampling probability 

SI3  -20 20                             $  z-extent of source dimensions 

SP3   0  1                              $  uniform z-extent sampling probability 

 

An isotropic cylindrical cobalt-60 source that is centred at the origin, and has its axis along the z-

axis and a diameter and height of 1.5 cm and 3 cm, respectively, is specified as follows [67, 68]:  

 

SDEF  PAR=p  ERG=d1   POS=0  0  0     AXS=0  0  1   RAD=d2   EXT=d3      

SI1   L  1.17   1.33            $ Two discrete γ-ray spectra at 1.17 MeV and 1.33 MeV 

SP1       0.50   0.50           $ Two discrete energies sampled at equal probabilities 

SI2       0     0.75           $ Radius of cylinder which defines a diameter of 1.5 cm 

SP2      -21    1             $  Uniform radial sampling 

SI3      -1.5    1.5           $ Axial range of cylinder which defines a height of 3 cm 

SP3      -21    0             $ Constant axial sampling 

 

A spherical isotropic cobalt-60 source of radius of 1 cm and centred at the origin is specified as: 
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SDEF   PAR=p  ERG=d1  POS=0  0  0  RAD=d2  $ Source energy, centre, and radius  

SI1   L  1.17   1.33   $ Two discrete γ emissions of 1.17 MeV and 1.33 MeV 

SP1   0.50  0.50       $ Equal frequency of sampling for the two discrete energies 

SI2   0   1          $ Radial sampling range for sphere 

SP2   -21  2         $ Power-two law weighting for uniform radial sampling 

 

Once the source, problem geometry, and other information have been specified in the MCNPX 

input file, the type of information to be extracted from the simulation must be specified. This is 

made possible by the use of tally cards, which generally take the following form: 

 

     Fn:<pl>   option                                           (2.68) 

 

where F is a mandatory tally card prefix, n is a tally number < 999, <pl> is a designator of the 

type of particle for which tally information is to be extracted, and options are the tally bins over 

surfaces, cells, or points of the problem geometry. The most important tallies are summarised in 

Table 2.3. 

 

Table 2.3: A summary of the most important tally types in an MCNPX calculation [67, 68] 

Tally Mnemonic Tally Description Fn Unit *Fn Unit 

F1:<pl> Surface- integrated current Particles MeV 

F2:<pl> Surface-averaged flux Particles/cm
2
 MeV/cm

2
 

F4:<pl> Cell-averaged flux Particles/cm
2
 MeV/cm

2
 

F5a:N or F5a:P Flux at a point of ring detector Particles/cm
2
 MeV/cm

2
 

F6:<pl> Cell-averaged energy deposition MeV/g Jerks/g 

+F6 Collision heating MeV/g N/A 

F7:N Cell-averaged fission energy deposition MeV/g Jerks/g 

F8:<pl> Energy distribution of pulses created by 

radiation within a detector 

Pulses MeV 

+F8:<pl> Deposition Coulomb N/A 
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Allowed tally numbers are 1, 2, 4, 5, 6, 7 and 8, and their increments in steps of 10 [67, 68]. 

Tally types 1, 2, 4, and 5 are also called weight tallies, and flagging their cards with an asterisk 

(*) multiplies weight by energy. Tallies 6, 7, and 8 are called energy deposition tallies, and 

flagging an F6 or F7 tally card with * converts their units from MeV/g to jerks/g. Flagging an F8 

tally card with * converts it to an energy-deposition tally. 

 

An F1 tally captures the weight of a particle that crosses a specified surface and gives the output 

as the sum of such weights [67, 68]. For surface energy and angular distributions of particles 

given by )E,,ΩΦ()E,,( ΩrΩrJ  , F1 tallies are defined as follows [67]: 

 

      


4
S

EA
)E,,(ddEdA1F ΩrJn                                  (2.69) 

 

      


4
S

EA
),E,(EddEdA1F* ΩrJn                               (2.70) 

 

where n  is the outward surface normal at Sr . In the MCNPX input file, they take the form [68]: 

 

        T . . . s   ss    ) . . .ss(     ). . . ss(   s      pl:1F k7654321                  (2.71) 

 

where is  is the i
th

 problem surface, ) . . . ss( kj  is a union of surfaces j – k, <pl> is a designator of 

the particle type meant for the tally, and T sums the tally bins.  

 

A particle of weight W that crosses a surface of cross-sectional area A at an angle θ with respect 

to the surface normal contributes AsecW   to the flux [67]. An F2 tally sums the contributions 

made by several such particles and prints the results in the MCNPX output file. If )Ω,E,r( is 

the energy and angular distribution of the particle fluence, F2 tallies are defined as follows: 

 

      



4

S

A E

),E,r(ddEdA
A

1
2F                                  (2.72) 
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       



A E 4

S ),E,r(EddEdA
A

1
2F*                                (2.73) 

 

In the MCNPX input file, they generally take the form [67, 68]: 

 

        T . . . s   ss    ) . . .ss(     ). . . ss(   s      pl:2F k7654321                 (2.74) 

 

where <pl> is a designator of the particle type, 
is  is the i

th
 surface to be tallied, ) . . . ss( kj  is a 

union of surfaces j – k to be tallied, and T averages all tally bins. 

 

A particle of weight W with energy E that traverses a track-length segment Ttr in a cell of 

volume V contributes VWTtr  to the cell average flux [67]. An F4 tally sums the contributions 

made by several such particles and reports the results in the MCNPX output file. If ),E,r(   is 

the energy and angular distribution of the particle fluence, F4 tallies are defined as: 

 

      



4V E

),E,r(ddEdV
V

1
4F                                  (2.75) 

 

       

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V E 4

),E,r(EddEdV
V

1
4F*                                (2.76) 

 

In the MCNPX input file, these tallies generally take the following form [67, 68]: 

 

         T . . . c    c)    c . . . c)     (c . . . c    (cc     pl:4F k7654321               (2.77) 

 

where <pl> is a designator of the type particle involved, ic  is the i
th

 problem cell, ) . . . cc( kj  is a 

union of cells j – k, and T averages all tally bins. 

 

Point and ring detector tallies employ next event estimators to minimise variance in tally results 

[67, 68]. A next event estimator is a deterministic estimate of the contributions to a tally per 
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source particle and collision event. A homogeneous medium is conducive for such estimates 

since it yields isotropic scatter for all collision events [67]. The contribution to a point or ring 

detector that is made by a particle of energy E and weight W emitted from an isotropic source at 

some distance r from the detector is given by: 

 

     )r)E(exp(
r4

W
2




                                        (2.78) 

 

where )E(  is the homogeneous medium's linear attenuation coefficient for a particle of energy 

E, and 41  per steradian is the spherical angular distribution of the source emissions. If a 

collision occurs at a distance r from a detector point and makes a score after a scattering angle 

S  such that the collided particle has a net energy E, the contribution made to the detector point 

fluence is given by: 

 

     )r)E(exp(
r)E(

),E(W
2

S 



                                    (2.79) 

 

where ),E( S  is the homogeneous medium's linear attenuation coefficient per steradian, and 

)E(),E( S   is the probability of particle scatter per steradian at that angle. In the MCNPX 

input file, a point detector tally card generally takes the form: 

 

     [ND]     ro   z   y      x.  .  .    ro   z  y        xpl:F5 nnnn1111               (2.80) 

 

where <pl> is a designator of the primary particle type, )z,y,x( iii  is the i
th

 detector point, +roi 

and –roi are the radii of a sphere of exclusion to the i
th

 detector point in cm and mean free paths, 

respectively, and ND averts the separate printing of direct contributions to the detector.  

 

A ring detector tally card generally takes the following form: 

 

     [ND]       ro    r    ao   .  .  .   ro   r    ao      pl:F5a nnn111               (2.81) 
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where a is the letter X, Y, or Z for an axis orthogonal to and central to the ring detector plane, 

<pl> is a designator of the scoring particle type, aoi is the distance from the origin to the i
th

 

detector plane along the a-axis, ri is the radius of the i
th

 ring detector in cm, 
iro  and 

iro  are 

the radii of the sphere of exclusion at any sampled detector point in cm and mean free paths, 

respectively, and ND inhibits the separate printing of direct contributions to the tally score [67, 

68]. 

 

A cell-averaged energy deposition tally card, which accounts for any type of particle enrolled in 

the MODE card, generally takes the following form: 

 

         T . . . c    c)    c . . . c)     (c . . . c    (cc     pl:6F k7654321               (2.82) 

 

where <pl> designates a scoring particle type, 
ic  is the i

th
 problem cell, ) . . . cc( kj  is a union of 

the j
th

 – k
th

 cells, and T averages the contributions made by all tally bins.  

 

A collision heating tally, which accounts for energy deposition by all particles being transported, 

takes the following form: 

 

         T . . . c    c)    c . . . c)     (c . . . c    (cc    6F k7654321                   (2.83) 

 

where the input arguments are as described for an F6 tally. 

 

A pulse-height tally, which accounts for the energy distribution of pulses induced by radiation in 

a detector, takes the following form [68]: 

 

         T . . . c    c)    c . . . c)     (c . . . c    (cc     pl:8F k7654321               (2.84) 

 

where <pl> is a photon or electron identifier, and the other input parameters are as defined for F6 

and +F6 tallies. 
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2.3.2 Error analysis for MCNPX tally results 

 

A major challenge in an MCNPX simulation is to minimise the computing effort and get the 

desirable tally results with reasonable relative errors [67]. EBRT simulations require a great 

many particle histories to establish convergence in the tally results. Certain tactics have to be 

applied to minimise the relative errors or variances in the tally results [67, 68]. One such 

approach is to simplify the model geometry and enforce particle physics options. A part of the 

problem's geometry that is far from and is of little significance to the tally scores must be 

ignored. An MCNPX simulation can also be modified to make certain events less significant or 

probable, and this is called non-analogue simulation. 

 

The i
th

 particle history must contribute a desirable score xi to the desired tally output [67]. A 

particle history, nonetheless, does make a zero tally score if the particle or its secondary outputs 

do not reach the tally region. There may also be an extremely large score if the tracked particle 

does not interact en route the tally region. The likelihood of any particle history to make some 

tally score )dxx(xx i   is denoted by dx)x(p , where )x(p  is the particle's probability 

distribution function (PDF). The mean expectation value of the tally score for that history is 

given by: 

 

     



0

dx)x(xpx                                             (2.85) 

 

MCNPX generates a plot of )x(p  and then calculates the mean score of N particle histories to 

compute x  [67]. The mean score is generally given by: 

 

     



N

1i

ix
N

1
x                                                (2.86) 

 

The strong law of large numbers requires that xx   for N . The variance in the tally 

score is thus given by: 
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     22

2N

1i

i

2 xx)xx(
1N

1
S 


 



                                 (2.87) 

 

where 2x  is the mean of the squares of individual tally scores. It is given by: 

     



N

1i

2

i

2 x
N

1
x                                               (2.88) 

 

2x  is the square of the mean of individual tally scores for the particle histories run. The variance 

of the mean score of all particle histories is given by: 

 

     
22

x S
N

1
S                                                  (2.89) 

 

where S is the standard deviation on the tally results and xS  is the standard error [67]. Equation 

(2.89) agrees with the central limit theorem. This theorem requires that several simulations of an 

equal number of large particle histories should yield an equally distributed variation of the means 

x  about their true mean x  with a variance 2

xS . One of the major objectives of an MCNPX 

calculation is to reduce the variance of the mean 2

xS . Variance reduction techniques modify a 

simulation such that )x(p  yields fewer zero tally scores and closely approximates the true mean 

x . An estimate of the mean becomes more precise if )x(p  is more concentrated about x . 

 

Another statistically significant quantity that is calculated in an MCNPX simulation is called the 

relative error, which is denoted by R. It is given by: 

 

     
x

S
R x                                                   (2.90) 

 

which is a ratio of the standard error to the mean. A small possible value of R obtained from as 

fewer particle histories possible is desirable. MCNPX tally results are acceptable if 1.0R  , with 
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the condition that R < 0.05 for point and ring detectors. Substituting equation (2.89) to the square 

of equation (2.90) yields: 

 

     
2

2

2

2

x2

xN

S

x

S
R                                              (2.91) 

which shows that 2
1

NR


 . The value of R can thus be minimised by increasing the number of 

particle histories. 

 

Another statistically significant quantity is called the figure of merit (FOM). It is given by: 

 

     
TR

1
FOM

2
                                               (2.92) 

 

where T is the overall simulation time. This shows that NFOM  since 
12 NR   [67]. Since 

NT  , the FOM should be reasonably uniform towards the latter stages of a simulation. A 

larger FOM is preferred in different MCNPX simulations that have the same tally objective. This 

is because less simulation time would be expended to achieve an acceptable value of R. 

 

An estimate of R depicts information on the precision of x , which correlates well with the 

variance of the variance (VOV) [67]. The VOV is given by: 
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where  2

x

2 SS  is the variance of 2

xS . The VOV accounts for third and fourth moments of a tally 

distribution, and it is more vulnerable to large score fluctuations than R. High scoring but 

infrequent events must be properly sampled, and the VOV is a good tally reliability index. 
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2.3.3 Variance reduction techniques for MCNPX tallies 

 

A reliable FOM correlates well with reduced computation time, and it is achieved by simplified 

geometry and particle physics [67].  

 

One of the truncation techniques used to minimise the variance in tally results employs a CUT 

card in the MCNPX input file [67, 68]. This card imposes a threshold energy, time, and weight 

for particle survival. Written in the data card block of the MCNPX input file, it generally takes 

the form: 

 

     swtm       wc      wc      e       t      pl:CUT 21                         (2.94) 

 

where <pl> designates the type of particle, t is the upper time cut-off in shakes, e is the lower 

energy cut-off is MeV, wc1 and wc2 are the particle weight cut-offs such that roulette is played to 

restore the weight to wc1 if it goes below wc2 and analogue capture is invoked if wc1 = wc2 = 0, 

and swtm is the minimum source weight. History cut-offs can also be invoked on a cell-by-cell 

basis by the use of an ELPT card in the MCNPX input file. This card generally takes the 

following form: 

 

     .   .   .   x   .   .   .     x      x       pl:ELPT j21                           (2.95) 

 

where <pl> designates the particle type, and xj is the lower energy cut-off for the survival of the 

particle in cell j. The number of entries in this card must be the same as the number of cells in the 

problem. ELPT and CUT cards are collectively known as problem cut-off cards. They are of 

great significance in energy deposition tallies where they offset contributions from low-energy 

particles. 

 

The physics involved in the random walk of a particle in a simulation can be simplified by using 

particle physics options cards in the MCNPX input file. These cards assign a unique set of 

parameters to each particle type. They generally take the following form: 
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     options       pl:PHYS                                        (2.96) 

 

where <pl> designates the particle type, and options is a set of parameters for energy cut-offs and 

physics treatments. An electron PHYS: <pl> card generally takes the following form [68]: 

 

   efac  numb  enum  rnok   xnum  bnum  istrg   ibad   iphot   ides   maxe  E:PHYS     (2.97) 

 

where emax is an upper energy cut-off, ides controls the production of electrons by photons, 

iphot controls the production of photons by electrons, ibad controls the Bremsstrahlung angular 

distribution, istrg controls electron energy loss straggling, bnum controls bremsstrahlung photon 

production, xnum controls the electron-induced X-ray production, rnok controls the production 

of knock-on electrons, enum controls photon-induced production of secondary outputs, numb 

controls the production of Bremsstrahlung, and efac controls stopping power energy spacing 

[68]. PHYS: <pl> cards are also a truncation technique of tally variance reduction [67]. 

 

Two other truncation techniques of minimising the variance in tally results make use of particle 

histories and computer simulation time cut-offs [67, 68]. These are enforced by the use of NPS 

and CTME cards in the MCNPX input file. The NPS and CTME cards take the following general 

forms: 

 

     npsmg        npp        NPS                                       (2.98) 

 

     me         tCTME                                             (2.99) 

 

where npp is the maximum number of source particle histories to be run, npsmg is the number of 

source particle histories that make direct contributions to a radiography grid, and tme is the 

maximum computer simulation time in minute. A value of 1npsmg   is sufficient for a 

monoenergetic isotropic point source or a monodirectional monoenergetic surface source [67]. 

The value of tme has a default of ∞, which implies a prolonged simulation run for the 

convergence of tally results [67, 68]. For a continue-run, tme takes effect relative to the 
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beginning of the run rather than being cumulative [68]. In case both the NPS and CTME cards 

are used in the MCNPX input file, the simulation is terminated at the first met criterion [67, 68]. 

 

An alternative to the truncation techniques of tally variance reduction is non-analogue 

simulations, which force more particles to make tally scores without altering the overall result 

[67]. Non-analogue simulations assign a weight to a particle that gets reduced near the tally 

region, and the average weight of particles in the tally region becomes the same as in a true 

analogue simulation. In these simulations, a particle's weight is multiplied by a factor of m1  for 

an event whose likelihood is m to avoid a bias in the expected tally results. Non-analogue 

simulations are classified into three, namely: population control, modified sampling, and 

partially deterministic [67, 68]. Population control artificially modifies the number of tracked 

particles in space or energy regions that are significant or insignificant to a tally. It is executed by 

any of: geometry splitting and Russian roulette, energy splitting or roulette, weight cut-off and 

weight windows. 

 

Geometry splitting and Russian roulette are activated by the use of cell importance cards in the 

cell or data card blocks of an MCNPX input file [67, 68]. Cell importances for the tracked 

particles are entered towards the end of cell card in the following form: 

 

     xpl:IMP                                               (2.100) 

 

where <pl> designates a particle for which the geometry splitting and Russian roulette are to be 

played, and x is the particle's importance in that cell. In the data card block, cell importance cards 

generally take the following form: 

 

    .  .  .  x   .   .   .   x       x        pl:IMP j21                              (2.101) 

 

where <pl> designates a particle for which an importance is assigned, and xj is that particle's 

importance in cell j. All particles that feature in the MODE card have default importances of 1 in 

nonvoid cells. Greater importances are assigned to cells that are at close proximity to a tally 

region than those that are farther away. A zero importance, which is also assigned to a void cell, 
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is used to terminate a particle's history in a given cell. For a particle that moves from a cell where 

it has an importance of I1 to a cell where its importance is I2, its track is rouletted or split by a 

factor of I2/I1. If, for example, 75.2II 12  , the particle's track is split into 3 with a 75% chance 

and into 2 with a probability of 25%. A ratio of 6.0II 12  , on the other hand, means that a 

particle's track is terminated with a 40% chance and enabled with a probability of 60%. The 

weights of particles that survived a split or roulette are adjusted to offset a bias in the tally results 

[67, 68]. The following, for example, is an importance card entered in the data card block of the 

MCNPX input file: 

 

    R20       1      0      M2      2      1    N:IMP   

 

This input card assigns a neutron importance of 1 to the first cell, an importance for neutrons of 2 

to the second cell, a neutron importance of 4 to the third cell, a zero neutron importance to the 

fourth cell, and a neutron importance of 1 for cells 5 – 25. A neutron track is thus split into 

224II 23   in travelling from cell 2 to 3, and each new track carries half the original weight 

[67, 68]. In moving from cell 3 to cell 2, nonetheless, a neutron track is terminated with a 

probability of 50% and it is pursued at twice the original weight. 

 

Population control adjusts the weights of particles as they accelerate or decelerate and traverse 

various cells of the problem geometry. Lower and upper weight bounds are assigned per cell in 

such a way that the upper bound is a multiple of the lower bound. If a particle's weight exceeds 

the upper bound, its track is split to accommodate its daughters within the weight window. If a 

particle's weight falls below the lower bound, roulette is played to increases it to within the 

weight window or until its track is terminated. Weight windows offer the following benefits: 

 

o They equalise the weights of scoring particles by assigning smaller windows to more 

significant regions. 

o They minimise tally variance in space and energy. 

o They scrutinise on the weight of a particle prior to taking the appropriate action. 

o They utilise absolute bounds, much to the benefit for point and ring detector tallies. 

o They apply to both surfaces and collision sites. 
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o They are sensitive to particle weight fluctuations caused by other tally biasing techniques. 

o They can be turned on in large cells by assigning a zero lower weight bound. 

o They are automatically generated in a simulation. 

o They work concurrently with other techniques. 

 

Weight windows are activated by using WWE, WWN, and WWP cards concurrently with weight 

windows generation and weight windows generation energies cards [67, 68]. A weight windows 

generation card generally takes the following form: 

 

     egct i        j     j     j     j             wi      iWWG                             (2.102) 

 

where it is the tally number, ic is the reference source cell, wg is the lower weight window bound, 

j is an unused placeholder to be jumped over, and ie is for the type of bins to be enacted in the 

weight windows generation energies card. Energy bins are generated if 0ie  , and time bins are 

created if 1i e  . The weight windows generation energies card for 0ie   takes the following 

form: 

 

     j21 e   .  .  .  e         e       pl:WWGE                                (2.103) 

 

where <pl> designates the particle involved, ei is the upper energy bound for the i
th

 window 

group, and j is an integer ≤ 15. The WWG card for 1i e   takes the following form: 

 

     j21    t   .  .  .       tt         pl:WWGT                               (2.104) 

 

where <pl> designates the particle involved, ti is the upper time bound for the i
th

 window group, 

and j is an integer ≤ 15. 

 

Used concurrently with the WWG and WWGE cards are the: weight window parameters card, 

cell-based weight window bounds card, weight window energies card, and weight window times 

card. The weight window parameters card takes the following form: 
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        wu2J    mtime switchn       mwheremxspln      wsurvn       wupn pl:WWP     (2.105) 

 

where <pl> designates the particle type, wupn decides on roulette or split, wsurvn determines the 

new survival weight for a rouletted particle, mxspln determines the degree of split or roulette for 

a particle, mwhere locates the particle's weight determination position, switchn determines the 

locations of lower weight bounds, mtime decides on energy or time dependent weight windows, J 

is an unused placeholder to be jumped over, and wu is the maximum lower weight bound [68]. 

 

Cell-card and data-card block cell-based weight windows cards take the following respective 

forms [67, 68]: 

 

     
iwpl:WWNi                                            (2.106) 

 

      . .  .    w.   .   .          w      wpl:WWNi
jii2i1                          (2.107) 

 

where <pl> designates the particle type, i is a time or energy index, wi decides how the weight 

window game is played in the i
th

 cell, and wij determines how the game is played in cell j [68]. If 

the value of wi is greater than 0, it becomes the lower bound for the energy interval )e,e( i1i  or 

time interval )t,t( i1i . The weight window game is not played if 0w i  , and a particle is killed 

in cell i if 1w i  . The same applies to the wij entries of the data card block. 

 

The weight window energies card takes the form [67, 68]: 

 

     ji21 e  .   .    .  e   .   .    .     e        e      pl:WWE                        (2.108) 

 

where j is an integer ≤ 99, <pl> designates the particle type, ei is the upper energy bound for the 

i
th

 window, and ei – 1 is a lower energy bound for the i
th

 window [68]. Hence )e,e(e i1i  for the 

i
th 

window. 
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The weight window times card takes the following form [68]: 

 

     ji21    t.    .    .       t.     .    .             t       tpl:WWT                      (2.109) 

 

where <pl> designates the particle type, j is an integer ≤ 99, ti is the i
th

 window upper time 

bound, and ti – 1 is the i
th

 window lower time bound. The time is thus )t,t(t i1i  for the i
th

 

window. 

 

Modified sampling techniques include: exponential transform, implicit capture, forced collisions, 

bremsstrahlung biasing, source energy and direction biasing, and neutron-induced photon biasing 

[67, 68]. The exponential transform employs EXT and VECT cards, and it artificially changes 

the distances between collisions in preferred directions. It forces particles to the tally region by 

adjusting their total cross sections. In the cell and data card blocks of the MCNPX input file, the 

EXT card takes the following forms: 

 

     apl:EXT                                               (2.110) 

 

      .  .  .  a  .  .  .  a       a       a       pl:EXT j321                         (2.111) 

 

where <pl> is a particle designator, and a and aj are vectors representing the preferred particle 

directions in the cells. These vectors take the following forms: 

 

     QVma                                                   (2.112) 

 

     QVma j                                                  (2.113) 

 

where Q is the magnitude of the tracked particle’s translation, Vm is a vector for the direction of 

translation, and m denotes an integer related to the VECT card entry. The exponential transform 

technique is most convenient for an exponentially distributed particle flux [68]. It modifies the 

total cross section of the tracked particle, denoted t , according to: 
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     )p1(t

*

t                                              (2.114) 

 

where *

tΣ  is the new cross section, tΣ  is the original cross section, p is a stretch or translation 

parameter, and μ  is the cosine of the angle between the original and translation directions. The 

translation parameter is expressed in one of the following three ways [68]: 

 

o If 0p  , then 0Q   and the exponential transform is not enacted. 

o If 1p0  , then pQ   and a constant translation parameter is utilised. 

o If tap  , where a  is the cross section for capture, then SQ  . 

 

The VECT card, which works concurrently with the EXT card, takes the following form [68]: 

 

     .  .  .    z   y Vn   x.  .  .     z   yVm    x      VECT nnnmmm
                  (2.115) 

 

where m and n are unique integral indices for vectors Vm and Vn, respectively, and the triplets 

)z,y,x( mmm  and )z,y,x( nnn  are the vector dimensions. 

 

Forced collisions are activated by using an FCL card in the MCNPX input file [67, 68]. The cell 

and data card forms of the FCL card are as follows: 

 

    xpl:FCL                                               (2.116) 

 

    .     .    .  .    x   .   .      x    xx     pl:FCL j321                         (2.117) 

 

where <pl> designates the particle type, and x and xj are forced collision control parameters for 

the cells. Forced collisions are restricted to particles that enter a cell and survive weight cut-off 

or weight window games if x or xj > 0 [68]. Otherwise, forced collisions are restricted solely to 

particles that enter the cell if x or xj < 0. Forced collisions do not occur if x or xj = 0. 
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Energy and direction biasing are enabled via the SDEF card. In addition to the source probability 

option, a source biasing option is specified with the source information. Particle transport is thus 

executed in preferred weights, energies, and directions. A source biasing card takes the following 

forms: 

 

     
k1 b   .   .   .  b     option    SBn                                        (2.118) 

 

     b      a      fSBn                                                 (2.119) 

 

where b1 . . . bk are source-biased probabilities, n is a distribution number between 1 and 999, f 

has values of 21 and 31 for power and exponential laws, respectively, and option takes on values 

of C, D, V and W [67, 68]. If Doption  , the b values become bin biases; if Coption  , the b 

values become cumulative bin biases; if Voption  , the b values become cell biases that are 

proportionate with the cell volume ( kb ); and if Woption  , the b values become mixed source 

particle intensities [68]. The SB card provides a probability distribution for sampling that 

deviates from the true probability specified on the SP card. It biases the sampling of a source 

variable for improved tally convergence rates, and the weights of source particles are modified to 

compensate for the bias. 

 

With a proper implementation of variance reduction techniques, good tally results must pass the 

following ten statistical checks [67]: 

 

o Their means must exhibit random fluctuations with the number of particle histories for the 

latter half of the simulation. 

o Their relative errors must be less than 0.1, or 0.05 for point and ring detectors. 

o Their relative errors must decrease monotonically with the number of particle histories for the 

latter half of the simulation. 

o With N being the number of particle histories, the relative errors must decrease in proportion 

with N1  for the latter half of the simulation. 

o Their VOV must be less than 0.1, irrespective of the tally type. 
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o Their VOV must be monotonically decreasing for the latter half of the simulation. 

o Their VOV must decrease in proportion to N1 , where N is the number of particle histories, 

for the latter half of the simulation. 

o Their FOM must remain statistically uniform during the latter half of the simulation. 

o There must be no monotonic up or down trends in their FOM during the latter half of the 

simulation. 

o The slope of the corresponding PDF for the largest 201 scoring events of the simulation must 

be greater than 3. 
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CHAPTER 3           MATERIALS AND METHODS 

 

3.1 Equipment Used 

 

Measurements were carried out on a clinical MDS Nordion Equinox 80 Co-60 teletherapy unit at 

Charlotte Maxeke Johannesburg Academic Hospital. This unit had a 1.5 cm diameter source 

delivering an output of 67.7 cGy/min ± 5.0% in a 10 cm × 10 cm square field at 80 cm SAD at 

the depth of maximum dose on the 1
st
 September 2015. Figure 3.1 shows a picture of this Co-60 

teletherapy machine. 

 

 

Figure 3.1 Clinical MDS Nordion Equinox 80 Co-60 teletherapy unit at Charlotte Maxeke 

Johannesburg Academic Hospital. 

 

A 0.125 cc PTW 31010 Semiflex thimble chamber and a TANDEM dual channel electrometer 

(PTW, Freiburg, Germany)that had been interfaced with the PTW MEPHYSTO software were 

Hand pendant 

Source housing and head 

Patient couch 
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used for central-axis depth dose and off-axis ratio measurements in a PTW MP3 phantom (PTW, 

Freiburg, Germany) filled with deionised water. A calibrated Lufft OPUS 20 device was utilised 

to correct for changes in the thimble chamber's response with temperature and pressure. Figure 

3.2 shows a picture of the PTW MP3 phantom tank beneath the Co-60 teletherapy source head. 

 

 

Figure 3.2 An automated PTW MP3 water phantom tank at Charlotte Maxeke Johannesburg 

Academic Hospital. 

 

The first set of fluence measurements were taken with GafChromic EBT2 film at 5.0 cm depth in 

a PTW universal IMRT verification phantom. The second set of fluence measurements were 

taken with GafChromic RTQA2-1010 film at 5cm depth in the PTW universal IMRT verification 

phantom. Dose rate constancy checks were made with the 0.125 cc thimble chamber that was 

positioned along the beam central axis at 1.0 cm beneath the film plane. A PTW Unidose E 

electrometer (10001) was used. Additional acrylic slabs were used with the IMRT phantom for 

backscatter, and a 5.0 cm thick acrylic layer was used for build-up. Figure 3.3 shows the 

geometric setup that was used for the film dosimetry measurements. 

Co-60 source head 

Acrylic wall 

Hand pendant 

Ionisation chamber holder 
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Figure 3.3 IMRT film dosimetry apparatus used at Charlotte Maxeke Johannesburg Academic 

Hospital. 

 

3.2 Water Phantom Measurements 

  

Percentage depth dose was measured at 70 cm SSD in field sizes of 5 cm × 5 cm, 10 cm × 10 

cm, 15 cm × 15 cm, and 20 cm × 20 cm, symmetric about the axial and sagittal planes. Scan data 

were normalised to the dose in a 10 cm × 10 cm field at 10 cm depth. The results were then 

tabulated in MEPHYSTO file format. Percentage-depth dose (PDD) curves were then generated 

with MATLAB from the MEPHYSTO file data. Off-axis ratios were measured by water 

phantom scans in symmetric field sizes of 5 cm × 5 cm, 10 cm × 10 cm, 15 cm × 15 cm, and 20 

cm × 20 cm. The off-axis data were normalised to the dose in a 10 cm × 10 cm field at 10 cm 

depth in water. The normalised data were then tabulated in MEPHYSTO file format and used to 

generate the corresponding lateral beam profiles. 

  

Equinox 80 Co-60 unit source head 

5 cm thick acrylic phantom slab 

Film plane at 5 cm depth 

To 0.125 cc thimble chamber 

Buildup acrylic slabs 
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3.3 IMRT Film Dosimetry Measurements 

 

The first set of IMRT dosimetry measurements were initiated by calibrating GafChromic EBT 2 

film at 5.0 cm depth in a PTW universal IMRT verification phantom (PTW, Freiburg, Germany). 

A single batch of 14 inch × 17 inch (35.6 cm × 43.2 cm) film was used. Two film sheets were cut 

into eight sub-strips and stored in the same box for uniformities in OD response [72]. One of the 

eight sub-strips was retained as an un-irradiated control. The other seven sub-strips were exposed 

in a 10 cm × 10 cm square field at 5.0 cm depth in the IMRT phantom to respective doses in the 

range of 5 – 330 cGy. Seven nonzero dose calibration points were thus established by varying 

the exposure times. A 0.125 cc PTW semiflex thimble chamber was positioned along the beam 

central axis at 1.0 cm beneath the film plane to monitor for dose rate constancy. The IMRT 

phantom cross hairs were aligned with the treatment room laser lights, and each film sub-strip 

was marked and fixed to the phantom with tape to localise the isocenter. A calibrated Lufft 

OPUS 20 device was used for temperature, pressure, and humidity readings, which were crucial 

for post-irradiation film dosimetry [72, 73]. 

 

All eight sub-strips were properly handled with gloves to make sure that there was no fingerprint 

influence on ODnet, and it was stored for 48 hours in a radiation-free environment [72, 73]. An 

Epson Expression 10000 XL flatbed colour scanner with a resolution of 72 dpi and a 48-bit RGB 

colour scheme was used to acquire images of all eight post-storage post-irradiation film sub-

strips in TIFF format. Scan acquisitions were made in the film coating direction to minimise 

polarisation effects [72]. Scans were acquired via the PTW FilmScan software, which was 

interfaced with the Epson Expression 10000 XL flatbed colour scanner. Five OD lookup tables 

were generated with the PTW FilmCal software by sampling the film image isocenter pixels five 

times per dose point. Five OD values were thus sampled for each of the eight dose points, and 

their means ( OD ) were computed prior to net optical densities (ODnet). The OD  value generated 

from the control film sub-strip served as a background reading (ODb) that was deducted from 

every other nonzero dose point to deduce the corresponding ODnet. A plot of ODnet versus 

delivered dose was made with MATLAB for all eight dose points, and this served as the 

calibration for the film batch used. Subsequent film dosimetry measurements were then made 

relative to the calibration curve generated in this way. 
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3.4 Treatment Planning System and Physical Compensator Models 

 

Version 4.3 of the Oncentra treatment planning system was used to generate three hypothetical 

cobalt-60 teletherapy IMRT ports based on a series of secondary collimator jaw openings. The 

first plan involved the delivery of a sequence of five segments of square fields that were 

symmetric about the axial and sagittal planes. The second plan involved a single-port delivery of 

a sequence of five segments of rectangular fields that were asymmetric about the axial and 

sagittal planes. The third plan made use of a single-port segmented delivery of rectangular fields 

that were symmetric about the axial and sagittal planes. The three plans were calculated to 

deliver isocenter dose prescriptions of 276 cGy, 275 cGy, and 283 cGy, respectively. Together 

with their respective isodose contour maps, the three plans were exported to a RVS in digital 

imaging and communications in medicine (DICOM) file format. Figures 3.4 – 3.6 are the 

intensity maps for the three ports, respectively. 

 

 

Figure 3.4 Intensity map prescribed by the Oncentra 4.3 TPS for the first cobalt-60 teletherapy 

IMRT plan. The isodose contour lines shown in this picture, decrease in steps of 5% from 100% 

at the center to 5% at the beam periphery.  
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Figure 3.5 Intensity map prescribed by the Oncentra 4.3 TPS for the first cobalt-60 teletherapy 

IMRT plan. The same beam intensity-level normalisation criterion as in the first plan was used. 

 

 

Figure 3.6 Intensity map prescribed by the Oncentra 4.3 TPS for the third cobalt-60 teletherapy 

IMRT plan. The isodose contour lines shown in this picture are normalised to 100% at the 

isocenter, and decrease in steps of 5% to the beam periphery. 
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Three GafChromic EBT2 film sub-strips were then irradiated according to each of the above 

three plans to verify the data imported in DICOM format from the treatment planning system. An 

unused film from the calibrated batch was cut into four sub-strips, and one of the four film sub-

strips was used for background subtraction whilst the other three were irradiated according to 

each of the three TPS prescriptions. A 0.125 cc PTW semiflex thimble chamber was positioned 

along the beam central axis at 1.0 cm beneath the film plane for dose rate constancy checks. 

  

Table A.2 shows that the five fractions delivered by the first TPS prescription involved isocenter 

doses for each segment of 50 cGy, 53 cGy, 56 cGy, 58 cGy, and 60 cGy, respectively. The 

clinical output factor (OF) chart outlined in Table A.1 was used to calculate the actual exposure 

times for all sub-fields. The Lagrange linear extrapolation technique was used for the OF of the 

smallest field as follows: 

 

     
45

OFOF

35

OFOF 4535









                                        (3.1) 

 

where OF3, OF4, and OF5 are the output factors for 3 cm × 3 cm, 4 cm × 4 cm, and 5 cm × 5 cm 

fields, respectively, and the numerators are the differences in their edge lengths. For a prescribed 

isocenter dose Dpr and a machine dose rate output D , the exposure time for the field size utilised 

was calculated in as follows: 

  

     OF
D

D
X

pr

tme 


                                             (3.2) 

 

Individual fractions of the dose prescription plans were delivered in their respective calculated 

exposure times, and the post-irradiation films were stored in a radiation-free environment for 48 

hours. Images of post-storage post-irradiation films were acquired with an Epson Expression 

10000 XL flatbed colour scanner via the FilmScan computer software. The same 72 dpi 

resolution and 48-bit RGB colour scheme used for film calibration measurements were invoked. 

Acquired images were saved in the same computer folder in TIFF format. The PTW Verisoft 

computer package was then used to generate beam profile data from the saved images. With the 
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unexposed film used as a correction image, the PTW Verisoft software was used to generate 

ODnet data into five lookup tables per dose prescription plan. The ODnet values were sampled at 

various positions in the x-direction and they were processed into averages of five lookup table 

values per x-axis position. Off-axis ratios were then generated by normalising the point-averaged 

ODnet data to the isocenter pixel value. A calibrated Lufft OPUS 20 device was used to monitor 

temperature and pressure, and the ODnet data were tabulated in the same computer folder. These 

data were later retrieved to generate lateral beam profiles in the x-direction with MATLAB. The 

film calibration curve was used to verify the authenticity of the actually delivered isocenter 

doses. The generated lateral beam profiles were merged with those from the treatment planning 

system for gamma index evaluations. 

 

Table A.3 shows that the five fractions of the second TPS prescription involved subfields that 

delivered isocenter doses of 54 cGy, 54 cGy, 54 cGy, 54 cGy, and 58 cGy, respectively. Prior to 

computing the OF and exposure time per fraction, equivalent square fields were calculated 

according to the area/perimeter ratio concept as follows:  

 

     
b)(a

2ab
x eq


                                                (3.3) 

 

where xeq is the equivalent square dimension, and a and b are the rectangular field dimensions. 

The respective OF values were deduced by Lagrange interpolation from table A.1 prior to the 

exposure times. 

 

Table A.4 shows that the third TPS prescription involved five subfields that delivered isocenter 

doses of 53 cGy, 55 cGy, 57 cGy, 59 cGy, and 60 cGy, respectively. 

 

A physical compensator was manually designed and constructed to yield five intensity levels, 

and it comprised of eight lead (Pb) strips that were affixed to a 6 mm thick acrylic accessory 

holding plate. Four different thicknesses of lead were used, and they were symmetrically 

positioned about the axial plane in the x-direction. A 2 cm × 10 cm central gap was allowed to 

determine the transmission of the plate. A 1 mm thick 10 cm × 4 cm lead strip, a 2 mm thick 10 
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cm × 3 cm lead strip, a 3 mm thick 10 cm × 2 cm lead strip, and a 5 mm thick 10 cm × 1 cm lead 

strip were sequentially embedded one on top of another to achieve net thicknesses of 1 mm, 3 

mm, 6 mm, and 11 mm, respectively. Figure 3.7 is a coronal view of the physical compensator 

used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Coronal view of the three-dimensional physical compensator designed and used for 

the second set of measurements that were taken with GafChromic RTQA2-1010 film. 

 

The second set of IMRT film dosimetry measurements were made with a three-dimensional 

physical compensator at the machine source head. They were initialised by calibrating a batch of 

GafChromic RTQA2-1010 films to eight dose points that were in the range of 0 – 400 cGy, and 

more calibration points were sampled at lower doses. The same procedure used during the 

calibration of GafChromic EBT2 film for the first set of measurements was adhered to prior to 

exposure of film from the same batch in the presence of a 3D physical compensator at the 

machine source head.  

1
 c

m
 

1
 c

m
 

1
 c

m
 

1
 c

m
 

1 mm 

3 mm 

6 mm 

11 mm 

1
0
 c

m
 

1
 c

m
 

1
 c

m
 

1
 c

m
 

1
 c

m
 

2
 c

m
 

y 

x 

25.6 cm 

2
2
.0

 c
m

 

6 mm thick acrylic slab 

1
0
0
 %

 t
ra

n
sm

is
si

o
n
 g

ap
 



67 

 

With a gantry angle of zero, the physical compensator was placed in the accessory holder on a 

horizontal plane at a distance of about 56 cm from the source. Two sheets from the calibrated 

batch of GafChromic RTQA2-1010 film were then exposed to prescribed isocenter doses of 

104.3 cGy and 203.0 cGy, consecutively, in a 14 cm × 14 cm field that was symmetric about the 

axial and sagittal planes at 80 cm SAD. Two consecutive irradiations of the calibrated 

GafChromic RTQA2-1010 films were made to deliver the prescribed doses with a 14 cm × 14 

cm symmetric field. A calibrated Lufft OPUS 20 device was used to monitor the treatment room 

temperature and pressure during both irradiation procedures. The films were handled, stored, and 

processed in the same manner as in the first set of fluence measurements. 

 

3.5 Monte Carlo IMRT Simulation Calculations 

 

Monte Carlo simulations were executed with version 2.7.0 of the Monte Carlo N-Particle 

eXtended (MCNPX) radiation transport code for the first and second IMRT film measurements. 

They were executed with a Samsung laptop computer running on a Celeron(R) Dual-Core central 

processing unit (CPU) and a 32-bit Windows 7 operating system. Three source diameters of 1.0 

cm, 1.5 cm and 2.0 cm were simulated for both the GafChromic EBT2 and RTQA2-1010 film 

measurements to evaluate the effect of source diameter on the IMRT fluence maps. One tactic 

employed to establish convergence in simulations outcomes was to vary the computer simulation 

times with the source diameters. Computer times employed ranged between 18 and 30 hours. A 

source capsule of height 2.0 cm was approximated in all simulations and a lead shield was 

introduced around and above it. Primary collimation was approximated by a 10 cm long air-filled 

truncated square prism that defined a maximum 35 cm × 35 cm symmetric field at 80 cm SAD. 

Inclined planes were utilised to define truncated square prisms for both primary and secondary 

collimators. Lead shielding around the primary collimator was initiated by a 10 cm long 

truncated circular cone whose radii were also adjusted with source diameter, and major shielding 

was enforced by a introducing a 10 cm long right-circular cylinder of radius 20 cm around the 

primary shielding cone. 

 

The interior of the treatment room was approximated by a 300 cm × 300 cm × 220 cm air-filled 

cuboid, and the bunker exit compartment was mimicked by a 300 cm × 100 cm × 220 cm cuboid. 
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The walls, roof and floor of the bunker were simulated by 40 cm thick ordinary concrete layers. 

The exterior of the bunker was rendered void and assigned zero importances for both photons 

and electrons in a bid to evade potential particle losses that might arise due to geometry errors. 

Forced photon collisions were invoked in certain regions of the problem geometry, and these 

included the top and bottom IMRT phantom slabs and the primary and secondary collimator 

apertures. Relevant options for photon and electron physics were switched on and off to optimise 

convergence in the simulations outcomes. Point-averaged photon fluxes were sampled at several 

locations in the same direction on the desired plane by using a point-detector tally per MCNPX 

input file. To further catalyse the convergence of the desired results, contributions to the detector 

scores were restricted to certain regions of the problem geometry like the source and collimator 

apertures. 

 

3.5.1 Lead compensator IMRT 

 

A 31 cm long air-filled truncated square prism that defined a 14 cm × 14 cm symmetric square 

field at 80 cm SAD was used to define secondary collimation and beam divergence. A tungsten 

shield was introduced around the secondary collimation by a 30 cm × 30 cm × 31 cm cuboid in 

the MCNPX input file. A Lucite accessory holding plate fitted with thin rectangular lead strips 

mimicked the design of the 3D physical compensator depicted in Figure 3.7, and it was 

positioned at 56 cm from the source. A Lucite-filled 40 cm × 40 cm × 5 cm cuboid was used to 

simulate the build-up slab of the universal IMRT verification phantom, and a 40 cm × 40 cm × 

15.7 cm cuboid resembled the backscatter slab. Simulations were run for 18 hours, 20 hours, and 

24 hours for the source diameters of 2.0 cm, 1.5 cm, and 1.0 cm, respectively, establish a quick 

convergence of the simulation outcomes. 

 

Input files for the 1.0 cm, 1.5 cm, and 2.0 cm source diameters were executed consecutively, and 

the tally outputs were tabulated and normalised to the isocenter per source diameter. Version X-

27E of the MCNPX Visual Editor (vised X_24E) was also used to ascertain geometric accuracy 

per simulated source diameter. The problem geometry could thus be viewed in the coronal, 

sagittal, and axial planes about any point. Table 3.1 is a sample input file for the simulation of a 

1.0 cm source diameter. 



69 

 

Table 3.1 MCNPX input file for the 24-hour compensator IMRT simulation of a source diameter 

of 1.0 cm 

Physical Compensator Co-60 IMRT in a 14 cm x 14 cm Field and 1.0 cm Source Diameter 

1     1 -0.001205 -1  $ Air-filled source capsule 

2     3   -19.3 1 -2  $ Tungsten source capsule lining 

3     2  -11.35 2 -3  $ Lead shield to source capsule 

4     3   -19.3 -4 22 $ Tungsten to the right of primary collimator 

5     2  -11.35 4 -5  $ Major lead shield around primary collimator 

6     4   -1.19 -6  $ Lucite in top phantom slab 

7     4   -1.19 -7  $ Lucite in buildup phantom slab 

8     3   -19.3 -8 9  $ Tungsten in secondary collimator 

9     3   -19.3 -8 10  $ Tungsten in secondary collimator 

10     3   -19.3 -8 -9 -10 11  $ Tungsten in secondary collimator 

11     3   -19.3 -8 -9 -10 12  $ Tungsten in secondary collimator 

12     1 -0.001205 -8 -9 -10 -11 -12 $ Air between secondary collimator block 

13     4   -1.19 -13  $ Lucite in applicator slab 

14     2  -11.35 -14  $ Lead in 1 mm thick compensator strip 

15     2  -11.35 -15  $ Lead in 2 mm thick compensator strip 

16     2  -11.35 -16  $ Lead in 3 mm thick compensator strip 

17     2  -11.35 -17  $ Lead in 5 mm thick compensator strip 

18     2  -11.35 -18  $ Lead in 1 mm thick compensator strip 

19     2  -11.35 -19  $ Lead in 2 mm thick compensator strip 

20     2  -11.35 -20  $ Lead in 3 mm thick compensator strip 

21     2  -11.35 -21  $ Lead in 5 mm thick compensator strip 

22     1 -0.001205 3 4 5 6 7 8 13 14 15 16 17 18 19 20 21 27 -28 -33 35 -38 39 $ Air-filled room 

23     1 -0.001205 -4 -22 -23 -24 -25  $ Air-filled primary collimator 

24     3   -19.3 -4 23  $ Tungsten to the left of primary collimator 

25     3   -19.3 -4 24  $ Tungsten in front of primary collimator 

26     3   -19.3 -4 25  $ Tungsten behind primary collimator  

27     5    -2.3 26 -31 -37 38 -32 36  $ Concrete bunker roof 

28     5    -2.3 -39 40 26 -31 -32 36  $ Concrete bunker floor 
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29     5    -2.3 26 -29 -32 33 -38 39  $ Concrete treatment room front wall 

30     5    -2.3 26 -29 -35 36 -38 39  $ Concrete treatment room rear wall 

31     5    -2.3 26 -27 -33 35 -38 39  $ Concrete treatment room left wall 

32     5    -2.3 28 -29 -33 34 -38 39  $ Concrete treatment room right wall 

33     5    -2.3 29 -31 -35 36 -38 39  $ Concrete bunker rear exit wall 

34     5    -2.3 30 -31 -32 35 -38 39  $ Concrete bunker right exit wall 

35     0         -26  $ Void left of bunker 

36     0         31  $ Void right of bunker 

37     0         32  $ Void front of bunker 

38     0         -36  $ Void behind bunker 

39     0         37  $ Void above bunker roof 

40     0         -40  $ Void beneath bunker floor 

41     1 -0.001205 29 -30 -33 35 -38 39  $ Air-filled treatment room exit 

42     1 -0.001205 28 -29 -34 35 -38 39  $ Air-filled bunker exit comp 

43     1 -0.001205 29 -30 -32 33 -38 39  $ Air-filled bunker exit 

  

1       rcc 0 0 240 0 0 2 0.5  $ Source capsule cylinder of radius 0.5 cm 

2       rcc 0 0 240 0 0 2.5 1.5  $ Source capsule outer wall cylinder of radius 1.5 cm 

3       rcc 0 0 240 0 0 15 25  $ Source capsule major shield cylinder of radius 25 cm 

4       trc 0 0 230 0 0 10 3.71 0.71 $ Primary collimator minor shield circular cone 

5       rcc 0 0 230 0 0 10 20  $ Major primary collimator shield cylinder 

6       rpp -20 20 -20 20 160.7 165.7  $ Top phantom slab cuboid 

7       rpp -20 20 -20 20 145 160.7  $ Bottom phantom slab cuboid 

8       rpp -15 15 -15 15 196 227  $ Secondary collimator block pair cuboid 

9          p 0.5 0 240 7 0 160 7 1 160  $ Right secondary collimator plane 

10         p -0.5 0 240 -7 0 160 -7 1 160  $ Left secondary collimator plane 

11         p 0 0.5 240 0 7 160 1 7 160  $ Front secondary collimator plane 

12         p 0 -0.5 240 0 -7 160 1 -7 160  $ Rear secondary collimator plane 

13       rpp -12.8 12.8 -11 11 183.4 184  $ Accessory holding slab cuboid 

14       rpp 1 5 -5 5 184 184.1  $ 4 cm wide, 1 mm thick comp strip 

15       rpp 2 5 -5 5 184.1 184.3  $ 3 cm wide, 2 mm thick comp strip 
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16       rpp 3 5 -5 5 184.3 184.6  $ 2 cm wide, 3 mm thick comp strip 

17       rpp 4 5 -5 5 184.6 185.1  $ 1 cm wide, 5 mm thick comp strip 

18       rpp -5 -1 -5 5 184 184.1  $ 4 cm wide, 1 mm thick comp strip 

19       rpp -5 -2 -5 5 184.1 184.3  $ 3 cm wide, 2 mm thick comp strip 

20       rpp -5 -3 -5 5 184.3 184.6  $ 2 cm wide, 3 mm thick comp strip 

21       rpp -5 -4 -5 5 184.6 185.1  $ 1cm wide, 5 mm thick comp strip 

22         p 0.5 0 240 17.5 0 160 17.5 1 160  $ Right primary collimator plane 

23         p -0.5 0 240 -17.5 0 160 -17.5 1 160 $ Left primary collimator plane  

24         p 0 0.5 240 0 17.5 160 1 17.5 160  $ Front primary collimator plane 

25         p 0 -0.5 240 0 -17.5 160 1 -17.5 160 $ Rear primary collimator plane 

26        px -190  $ Bunker outer wall plane 

27        px -150  $ Bunker inner wall plane 

28        px 150  $ Treatment room inner wall plane 

29        px 190  $ Bunker exit inner wall plane 

30        px 290  $ Bunker exit inner wall plane 

31        px 330  $ Bunker outer exit wall plane 

32        py 190  $ Bunker outer wall plane 

33        py 150  $ Bunker inner wall plane 

34        py -50  $ Treatment room exit wall plane 

35        py -150  $ Bunker inner wall plane 

36        py -190  $ Bunker outer wall plane 

37        pz 320  $ Outer bunker roof plane 

38        pz 280  $ Inner bunker roof plane 

39        pz 60  $ Inner bunker floor plane 

40        pz 20  $ Outer bunker floor plane  

 

mode p e $ Both gamma-ray photons and secondary electrons to be tracked 

m1 6000 0.000151 $ 0.02 % carbon in air 

      7000 0.784437 $ 78 % Nitrogen in air 

      8000 0.210750 $ 21 % Oxygen in air 

      18000 0.004671 $ 0.5 % Argon in air 



72 

 

m2 82000 1 $ Pure Lead metal 

m3 74000 1 $ Pure Tungsten metal 

m4 1000 0.533320 $ 53 % Hydrogen in Lucite 

      6000 0.333345 $ 33 % Carbon in Lucite 

   8000 0.133335 $ 13 % Oxygen in Lucite 

m5 1000 0.304245 $ 30 % Hydrogen in ordinary concrete 

      6000 0.002870 $ 0.3 % Carbon in ordinary concrete 

      8000 0.498628 $ 50 % Oxygen in ordinary concrete 

      11000 0.009179 $ 0.9 % Sodium in ordinary concrete 

      12000 0.000717 $ 0.07 % Magnesium in ordinary concrete 

      13000 0.010261 $ 1 % Aluminium in ordinary concrete 

      14000 0.150505 $ 15 % Silicon in ordinary concrete 

      19000 0.007114 $ 0.7 Potassium in ordinary concrete 

      20000 0.014882 $ 1.5 % Calcium in ordinary concrete 

      26000 0.001599 $ 0.2 % Iron in ordinary concrete 

imp:p 1 33r 0 5r 1 2r $ Non-zero photon importances in material-filled regions 

imp:e 1 33r 0 5r 1 2r $ Non-zero electron importances in material-filled regions 

fcl:p 0 4r -1 1r 0 3r -1 9r 0 -1 0 19r $ Forced photon collisions in cells of interest 

pd5 1 0 3r 1 1r 0 3r 1 11r 0 2r 1 5r 0 10r $ Detector contributions from cells of interest 

sdef par=p cel=1 pos=0 0 241 axs=0 0 -1 erg=d1 $ Source particle, cell, position, axis, energy      

      rad=d2 ext=d3 $ Source capsule radius and height                          

si1 L 1.17 1.33 $ Source discrete energy spectra                                 

sp1 D 1.00 1.00 $ Equal sampling frequency per energy                              

si2 0 0.50 $ Source capsule radius                                                

sp2 -21 1 $ Uniform radial source sampling 

si3 -1 1 $ Axial range of source capsule height                                  

sp3 -21 0 $ Constant source capsule radial sampling                              

phys:p 7j $ Default photon physics treatment                                     

phys:e 2j 1 1 j 0 2r 3 j $ Electron interaction physics treatment                

f5:p -9 0 160.7 0.5 -8 0 160.7 0.5 -7 0 160.7 0.5 -6 0 160.7 0.5 -5 0 160.7 0.5 $ Point detectors 

       -4 0 160.7 0.5 -3 0 160.7 0.5 -2 0 160.7 0.5 -1 0 160.7 0.5 0 0 160.7 0.5 $ Point detectors 
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       1 0 160.7 0.5 2 0 160.7 0.5 3 0 160.7 0.5 4 0 160.7 0.5 5 0 160.7 0.5 $ Point detectors    

       6 0 160.7 0.5 7 0 160.7 0.5 8 0 160.7 0.5 9 0 160.7 0.5 nd $ Point detectors               

Print $ All crucial output tables are to be printed                                                                             

ctme 1440 $ 1440 minutes or 24 hours computer time 

 

Average tally outputs for the simulated source diameters were normalised to the isocenter for 

gamma-index comparisons with GafChromic RTQA2-1010 film measurements. The net optical 

density readings from the GafChromic RTQA2-1010 film measurements were also normalised to 

the isocenter and stored in table C.1. Table C.2 was further used to record both the normalised 

film and corresponding simulations data. 

 

3.5.2 Co-60 IMRT by symmetric square jaw motions 

 

Separate input files were created to simulate this fluence sequence. These were generated for 

three source diameters and five field sizes involved. Each input file employed point detectors at 

several evenly-spaced off-axis positions on the film plane in the IMRT verification phantom. 

Different simulation times were used for the different source diameters to facilitate the 

convergence of the detector tally scores. All input files were executed with MCNPX 2.7.0 to 

sample point-averaged photon fluxes at the various off-axis positions on the film plane. Tally 

scores extracted from the resultant output files per source diameter were summed and normalised 

to the isocenter. The corresponding ODnet values from GafChromic EBT2 film measurements 

were normalised to the isocenter for the gamma index evaluation against the MCNPX tally 

output and DICOM printouts. The unnormalised measured ODnet data and the normalised 

simulations point-averaged photon fluxes and physical measurements ODnet data were exploited 

to generate lateral beam profiles with MATLAB. 

  

3.5.3 Co-60 IMRT by asymmetric rectangular jaw motions 

 

Fifteen input files were created to simulate this fluence sequence. These were generated for three 

source diameters and five field sizes involved. Each input file employed point detectors at 

several evenly-spaced off-axis positions on the film plane in the IMRT verification phantom. 
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Different simulation times were used for the different source diameters to facilitate the 

convergence of the detector tally scores. All input files were executed with MCNPX 2.7.0 to 

sample point-averaged photon fluxes at the various off-axis positions on the film plane. Tally 

scores extracted from the resultant output files per source diameter were summed and normalised 

to the isocenter. The corresponding ODnet values from GafChromic EBT2 film measurements 

were normalised to the isocenter for the gamma index evaluation against the MCNPX tally 

output and DICOM printouts. The un-normalised measured ODnet data and the normalised 

simulations point-averaged photon fluxes and physical measurements ODnet data were exploited 

to generate lateral beam profiles with MATLAB. 

 

3.5.4 Co-60 IMRT by symmetric rectangular jaw motions 

 

Fifteen input files were also created to simulate this fluence sequence. These input files differed 

from the above case in terms of the symmetries of the secondary collimation’s inclined planes 

about the axial and sagittal planes. Each input file employed point detectors at several evenly-

spaced off-axis positions on the film plane in the IMRT verification phantom. The same tactics 

as in previous two cases were employed to facilitate the convergence of the detector tally scores. 

Tally scores extracted from the resultant output files per source diameter were also processed in 

the same manner as in the previous two cases. 

 

3.6 Data Analysis of Measurements and Monte Carlo Simulations 

 

The DICOM isodose contour printouts shown in Figs. 3.4 – 3.6 were used to generate normalised 

lateral beam profiles corresponding to the Oncentra 4.3 TPS calculations. Together with the 

results of MCNPX simulations, these were then used as reference levels for a 2D gamma index 

analysis. 

 

A 2D gamma index analysis was coded with MATLAB using 5%, 5 mm and 3%, 3 mm criteria. 

In so doing, the following formula was employed
 
[74]: 
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where )D ,(x mm  is the gamma index value for the measurement position xm along the x-axis, 

Δd is the distance-to-agreement (DTA) tolerance of 3 mm or 5 mm, Δx is the distance between 

the measurement and corresponding TPS prescription or MCNPX point, ΔD is the dose 

difference (DD) tolerance of 3% or 5%, and ΔDx is the actual difference between the 

measurement and corresponding TPS prescription or MCNPX point. A point was assumed to 

have passed the gamma index test if 1  )D ,(x mm 
 
[74]. 
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CHAPTER 4    RESULTS AND DISCUSSIONS 

 

4.1 Standard Beam Data 

 

The conventional characteristics of the cobalt-60 beam were derived from central-axis and off-

axis measurements in a water phantom. They were used as a reference to IMRT measurements 

with GafChromic EBT2 and RTQA2-1010 films. 

 

4.1.1 Percentage depth-dose data 

 

Central-axis depth dose depositions by several open beams exhibited a maximum dose 

deposition depth (Dmax) of about 0.4 – 0.5 cm. The field size dependence of the magnitudes of 

the central axis depth dose depositions arises from collimator and in-phantom scatters. The 

curves were in agreement with published relative dose data [13]. Figure 4.1 is a plot of the 

central-axis depth ionisation curves for the four different field sizes measured in water.  
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Figure 4.1: Water phantom central-axis depth-dose variations taken for different field sizes in a 

Co-60 beam, and normalised to the dose delivered by a 10 cm square field at 10 cm depth. 
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4.1.2 Lateral beam profile data 

 

Open-beam off-axis profiles for various field sizes at depth in water were obtained, and these 

compared well with published data [13]. Furthermore, these served as a reference to the lateral 

beam profiles generated from film measurements and verified the feasibility of this study. Figure 

4.2 is a plot of the lateral beam profiles that were generated for symmetric field sizes of 5 cm × 5 

cm, 10 cm × 10 cm, 15 cm × 15 cm, and 20 cm × 20 cm at 10 cm depth in a water phantom set to 

70 cm SSD. 
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Figure 4.2: Lateral beam profiles for a clinical MDS Nordion equinox 80 unit Co-60 beams at 10 

cm depth in a water phantom. 

 

4.2 Intensity Modulated Beam Data 

 

The feasibility of modulating the source head fluence of a cobalt-60 beam using a three-

dimensional physical compensator and by secondary collimator jaw motions was investigated by 

GafChromic RTQA2-1010 and GafChromic EBT2 films, respectively. The lateral beam profiles 

generated from water phantom measurements were used as reference to the film measurements. 
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The lateral beam profiles generated from ODnet readouts of GafChromic RTQA2-1010 and 

GafChromic EBT2 films were analysed to establish beam intensity modulation versus water-

phantom data. Focus was on the central regions of the lateral beam profiles. Furthermore, 

DICOM file data for the beam intensity modulation by secondary collimator jaw motions were 

used concurrently with Monte Carlo simulations to validate the feasibility of this study. 

 

4.2.1 Film calibration 

 

Tabulated ODnet data that had been generated into five lookup tables were processed for ODnet at 

several dose points. Figure 4.3 is a plot of the calibration curves for the GafChromic EBT2 and 

RTQA2-1010 films used in this study [72, 73]. Standard errors associated with the calibration 

per film lot were not visible enough as error bars in the plots. 
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Figure 4.3: Calibration curves for the GafChromic EBT2 and RTQA2-1010 films used in this 

study. 
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RTQA2 raw is the calibration data for the RTQA2-1010 film lot, RTQA fit3 is its third-order 

polynomial curve fit, EBT2 raw is the calibration data for the EBT2 film lot, and EBT2 fit3 is the 

third-order polynomial curve fit to the EBT2 film calibration data [72, 73]. 

 

The equation of the calibration curve for the GafChromic EBT2 film lot was found to be: 

  

     118.33110.75D0.27806DD103.1896OD 234

net                   (4.1) 

 

where D is the delivered dose in cGy, and ODnet is the net optical density. The coefficient of 

determination for this third-order polynomial fit was found to be 0.9981 R 2  . 

 

The equation of the calibration curve for the GafChromic RTQA2-1010 film lot was found to be: 

 

     415.15D603.28D103347.6D10401.5OD 2235

net  
              (4.2) 

 

where D is again the delivered dose in cGy, and ODnet is the net optical density. The coefficient 

of determination for this third-order polynomial curve fitting was found to be 9983.0R 2  . 

 

4.2.2 Intensity modulation by secondary collimator jaw motions 

 

Automated tables generated with five calibration lookup tables of the GafChromic EBT2 film lot 

were used to read isocenter pixels of post-irradiation film images via the PTW Verisoft software. 

The image of the control film used during film calibration was used as a correction image during 

the ODnet readout procedures. ODnet readout tables were thus generated for various x-axis 

positions on the film plane, and they were retrieved in MEPHYSTO file format. 

 

The mean ODnet values for the various positions on the film plane were calculated as follows: 

 

     



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1i

i,netnet OD
5

1
OD                                          (4.3) 
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where ODnet, i is the net optical density retrieved from the i
th

 readout table for that x-axis point. 

 

Net optical densities for all sampled positions were thus reported in the form: 

 

     
netODnetnet SOD OD                                          (4.4) 

 

where 
netODS  is the standard error in the respective net optical density value. It was calculated as: 
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neti,netnetOD ODOD
)15(5

1
S                              (4.5) 

 

The ODnet values presented in the form of equation (4.4) were further processed into normalised 

forms using the equation below: 

 

The normalised forms and the associated standard errors of the net optical densities sampled for 

the various off-axis positions on GafChromic RTQA2-1010 film were as follows: 
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where oap net,OD  is mean net optical density sampled at an off-axis position, iso,netOD  is mean net 

optical density sampled for the isocenter, and 
iso net,ODS  and 

oap net,ODS  are the standard errors. 

 

Figure 4.4 is a normalised lateral beam profile plot of the results of MCNPX simulations, film 

measurements, and DICOM data for beam delivery in symmetric square fields. Measurement is 

the film data, MCNPX 2.0 cm is the Monte Carlo data for a 2.0 cm source diameter, MCNPX 1.5 

cm is the Monte Carlo data for a source diameter of 1.5 cm, MCNPX 1.0 cm is the Monte Carlo 
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data for a 1.0 cm source diameter, and TPS is the DICOM data from the treatment planning 

system. 
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Figure 4.4: Normalised lateral beam profiles for the delivery of segmented square fields that 

were symmetric about the isocenter. 

 

It was possible to create a hypothetical step-and-shoot beam port by symmetric square secondary 

collimator openings. Five intensity levels were achieved by deliveries of five successive square 

field segments of that were symmetric about the axial and sagittal planes. When MCNPX data of 

three source diameters were used to validate this study, a better agreement was found between 

film data and MCNPX simulations of a 1.5 cm diameter source. With standard errors accounted 

for, 50.0% and 85.7% gamma passing rates were found between film and MCNPX data for 3%, 

3 mm and 5%, 5 mm criteria, respectively. Ignoring standard errors, however, yielded gamma 

passing rates of 42.9% and 78.6% for 3%, 3 mm and 5%, 5 mm criteria, respectively. 

 

A sequence of rectangular field segments that were asymmetric about the axial and sagittal 

planes was also studied. There were only four significant high-intensity levels achieved with five 

such field segments in this study, which were ≥ 70.0%. The lateral beam profile plots of this 
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study exhibited perfect agreement between physical measurements and the output data of Monte 

Carlo simulations for a 1.5 cm diameter source. With standard errors taken into consideration, 

the gamma passing rates measurements and MCNPX simulations of a 1.5 cm diameter source 

were found to be 85.7% for both 3%, 3 mm and 5%, 5 mm criteria. When the standard errors 

were ignored, however, the gamma passing rates were found to be 78.6% and 85.7% for 3%, 3 

mm and 5%, 5 mm criteria, respectively. 

 

Figure 4.5 is a normalised lateral beam plot of the results of MCNPX simulations, EBT2 film 

measurements, and TPS data for the sequence of segmented asymmetric rectangular fields. 

Measurement is the film data, MCNPX 2.0 cm is the Monte Carlo data for a 2.0 cm diameter 

source, MCNPX 1.5 cm is the Monte Carlo data for a 1.5 cm diameter source, MCNPX 1.0 cm is 

the Monte Carlo data for a 1.0 cm diameter source, and TPS is the DICOM data extracted from 

the Oncentra 4.3 treatment planning system. 

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

X-Axis Position (cm)

N
o

rm
a
li

se
d

 D
o

se
 o

r 
P

a
rt

ic
le

 F
lu

x
 o

r 
N

e
t 

O
p

ti
c
a
l 

D
e
n

si
ty

 (
%

)

 

 

Measured data

TPS data

MCNPX 2.0 cm

MCNPX 1.5 cm

MCNPX 1.0 cm

 

Figure 4.5: Normalised lateral beam profiles for the delivery of segmented rectangular fields that 

were asymmetric about the isocenter. 
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It was also possible to modulate the fluence of a cobalt-60 beam by the successive deliveries of 

rectangular fields that were symmetric about the axial and sagittal planes. Five such fields in this 

study yielded five intensity levels. There was a good agreement between film data and MCNPX 

simulations of a 1.5 cm diameter source. With standard errors accounted for, the gamma passing 

rates between film and MCNPX simulations of a 1.5 cm diameter were found to be 100.0% for 

both 3%, 3 mm and 5%, 5 mm criteria. The gamma passing rates were also found to be 100.0% 

for both 3%, 3 mm and 5%, 5 mm criteria when the standard errors were ignored. 

 

Figure 4.6 is a normalised lateral beam profile plot of the results of Monte Carlo simulations, 

film measurements, and DICOM data in beam delivery by successive symmetric rectangular 

fields. Measurement is the film data, MCNPX 2.0 cm is the Monte Carlo data for a 2.0 cm 

diameter source, MCNPX 1.5 cm is the Monte Carlo data for a 1.5 cm diameter source, MCNPX 

1.0 cm is the Monte Carlo data for a 1.0 cm diameter source, and TPS is the DICOM data 

extracted from the Oncentra 4.3 treatment planning system. 
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Figure 4.6: Normalised lateral beam profiles for the delivery of segmented rectangular fields that 

were symmetric about the isocenter. 
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4.2.3 Intensity modulation with a physical beam compensator 

 

MEPHYSTO file-format ODnet data for GafChromic RTQA2-1010 film exposures with a 3D 

physical compensator were processed various off-axis positions on the film plane. Five ODnet 

readout tables were utilised per off-axis distance (OAD). The respective standard errors in ODnet 

(
netODS ) per OAD were computed based on the means of five ODnet values per OAD. Equations 

(4.3) – (4.5) were pivotal in accomplishing this, and the results of this study were processed with 

MATLAB. 

  

Figure 4.7 is a normalised lateral beam profile plot of MCNPX data and GafChromic RTQA2-

1010 ODnet data for the delivery of 104.3 cGy with the physical compensator. Measured 104.3 

cGy is the film-based data, MCNPX 2.0 cm is the 2.0 cm diameter simulated source data, 

MCNPX 1.5 cm is the 1.5 cm diameter simulated source data, and MCNPX 1.0 is the 1.0 cm 

diameter simulated source data. 
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Figure 4.7: Normalised lateral beam profiles for a measured physical compensator–modulated 

beam and corresponding simulations of 1.0 cm, 1.5 cm, and 2.0 cm source diameters. 
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The three-dimensional physical compensator utilised in this study could effectively modulate the 

cobalt-60 teletherapy source head fluence, irrespective of the delivered dose. Five beam intensity 

levels were achieved within the beam's field of view, with four thicknesses of lead traversed by 

the beam giving rise to four respective intensity levels. 

 

Figure 4.8 is a normalised lateral beam profile plot of MCNPX data and GafChromic RTQA2-

1010 ODnet data for the delivery of 203.0 cGy with the physical compensator. Meas 203.02 cGy 

is the film-based data, MCNPX 1.0 cm is the output data for the simulated 1.0 cm diameter 

source, MCNPX 1.5 cm is the output data for the simulated 1.5 cm diameter source, and 

MCNPX 2.0 is the output data for the simulated 2.0 cm diameter source. 
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Figure 4.8: Normalised lateral beam profiles for the irradiation of GafChromic RTQA2-1010 

film to an isocenter dose of 203.0 cGy in the presence of a 3D physical compensator, and the 

corresponding simulations of 1.0 cm, 1.5 cm, and 2.0 cm source diameters. 

 

Two different dose deliveries showed that such a 3D physical compensator could consistently 

modulate the source head fluence irrespective of the delivered dose. The same intensity levels 

were achieved for two different dose prescriptions, which depicts a potential of achieving 

modulated source head fluences with a three-dimensional physical compensator in both once-off 
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and compound exposures. With the accessory holder’s transmission factor accounted for, there 

was a 100% central beam intensity level,  which was followed by four other levels of about 97%, 

92%, 85%, and 55%, prior to a sharp dose fall-off, for the composite delivery of 104.3 cGy and 

203.0 cGy to the isocenter. The sharp dose fall-offs at the intensity-modulated beam peripheries 

are affirmative that a three-dimensional physical compensator can optimise normal tissue 

sparing, whilst channelling the desired beam intensities to the target. 

 

When used as a reference via two-dimensional gamma index evaluation criteria, results of Monte 

Carlo simulations of three different source diameters further verified the feasibility of this study. 

With standard errors taken into account for the 104.3 cGy isocenter dose delivery, 100.0% 

gamma passing rates were obtained for both 3%, 3 mm and 5%, 5 mm criteria when GafChromic 

RTQA2-1010 film measurements were compared with MCNPX simulations of a 1.5 cm 

diameter source. When the standard errors were ignored, however, the gamma passing rates of 

measurements versus the MCNPX simulations of a 1.5 cm diameter source declined to 80.6% 

and 88.6% for the 3%, 3 mm and 5%, 5 mm criteria, respectively. With standard errors taken into 

consideration for the 203.0 cGy isocenter dose delivery, the gamma passing rates were found to 

be 100.0% for both 3 mm, 3% and 5 mm, 5% criteria when GafChromic RTQA2-1010 film 

measurements were compared with MCNPX simulations of a 1.5 cm diameter source. Without 

consideration of the standard errors, though, the gamma passing rates declined to 85.7% and 

91.4% for the 3 mm, 3% and 5 mm, 5% criteria, respectively, when the MCNPX simulations of a 

1.5 cm diameter source were used as a reference to physical measurements. 

 

The lateral beam profiles generated from MCNPX simulations of a 1.0 cm diameter source 

showed that sharply-defined beam intensities that are comparable to linear accelerator beams can 

be obtained by a shift to smaller diameters. 

 

4.3 Accuracy of Radiochromic Film Dosimetry 

 

The accuracy of GafChromic EBT2 film for dose verification measurements in a cobalt-60 

teletherapy beam was established by comparing film measurements with the Oncentra 4.3 TPS 

prescriptions. Furthermore, the delivered doses on GafChromic RTQA2-1010 film were verified 
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from the corresponding ODnet values read on post-irradiation film after the second set of 

experimental measurements. 

 

A calibration curve developed for the GafChromic EBT2 film batch used for the first set of 

experiments for doses in the range 0 – 330 cGy exhibited three characteristic regions [72, 73]. 

The same was the case with the calibration curve developed for the GafChromic RTQA2-1010 

film batch, which was generated for doses in the range 0 – 400 cGy. Each curve exhibited an 

initial linear region, a middle sublinear portion, and a final linear region. The coefficients of 

determination calculated with MATLAB for the GafChromic EBT2 and GafChromic RTQA2-

1010 films showed 99.8% correlations between measured ODnet data and the delivered isocenter 

doses. There was a low dose response of GafChromic RTQA2-1010 film than GafChromic 

EBT2 film since the same dose delivered to RTQA2-1010 film yielded as smaller change in 

optical density than EBT2 film. 

 

4.3.1 Treatment planning system and calculated dose prescriptions  

 

GafChromic EBT2 film was found to be accurate within ± 5.0% when the isocenter dose 

prescriptions were verified from the ODnet readouts of film irradiated by three Oncentra 4.3 TPS 

prescriptions. 

 

The ODnet values read from isocenter pixels of images of films that had been irradiated according 

to the three plans outlined in Tables A.2, A.3, and A.4 were converted into dose by the respective 

solutions to equation (4.11). When equated to the read ODnet values and zeroed, equation (4.1) 

took the form: 

 

       0OD118.33110.75D0.27806DD0.00031896 net
23                (4.8) 

 

where ODnet is the net optical density reading from an isocenter pixel of the respective post-

irradiation film image, and D is the dose to be verified in cGy. 
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The ODnet values read from isocenter pixels of TIFF images of films that had been irradiated 

according to three Oncentra 4.3 TPS prescriptions mentioned above were found to be 15982.0 ± 

77.2, 16487.0 ± 6.0, and 16594.0 ± 126.1, respectively. The delivered doses corresponding to 

these ODnet values were calculated with MATLAB by executing the following set of commands: 

 

     )300),'67.15863D75.101D27806.0D00031896.0('inline(fzeroD 23
1       (4.9) 

 

     )300),'67.16368D75.101D27806.0D00031896.0('inline(fzeroD 23
2      (4.10) 

 

     )300),'67.16475D75.101D27806.0D00031896.0('inline(fzeroD 23
3      (4.11) 

 

where the delivered doses D1, D2, and D3 were found to be 268.5 ± 2.1 cGy, 285.2 ± 0.2 cGy, 

and 288.8 ± 1.4 cGy, respectively, with error propagations accounted for. 

 

Comparisons made by a C++ code between the calculated delivered doses and the corresponding 

Oncentra 4.3 prescribed doses showed minimal differences of 2.0%, 3.5%, and 1.5%, 

respectively. The fact that each plan was delivered in five segments shows that GafChromic 

EBT2 film can also be accurate in verifying cumulative dose delivery. Differences between 

calculated delivered doses and treatment planning system prescriptions can be minimised by 

maintaining the environmental conditions between film calibration, measurements, storage, and 

readouts. Accurate film alignment and isocenter localisation by fiducial marks, both during 

irradiation and acquisition of ODnet readings, can further optimise GafChromic EBT2 film 

accuracy. 

 

The GafChromic RTQA2-1010 film calibration equation (4.12) was zeroed to deduce the dose 

value based on the corresponding ODnet readings on post-irradiation films. The following 

MATLAB commands were thus executed to obtain estimates of the actually delivered doses 

based on the isocenter ODnet values of 2398.5 ± 134.9 and 3753.6 ± 78.2 recorded in Tables A.10 

and A.11 for the dose deliveries of 104.3 cGy and 203.02 cGy, respectively: 
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     )100),'1.2383D603.28D103347.6D10401.5('inlinefzero(D 2235

4      (4.12) 

 

     )200),'6.3753D603.28D103347.6D10401.5('inlinefzero(D 2235

5      (4.13) 

 

These yield isocenter dose values of 105.9 ± 12.2 cGy and 214.5 ± 17.3, which closely agreed by 

about 1.5% and 2.9% with the prescribed isocenter doses of 104.3 cGy and 203.0 cGy, 

respectively. GafChromic RTQA2-1010 was thus a viable tool for verifying the isocenter doses 

delivered by irradiations made with a 3D physical compensator at the machine source head. 

 

4.3.2 Intensity modulated planar fluence maps 

 

The accuracy of GafChromic EBT2 film in sampling the dose intensity map resulting from the 

irradiations by segmented secondary collimator jaw motions was established by comparison with 

TPS data. 

 

With standard errors taken into consideration to evaluate physical measurements versus TPS data 

via the normalised lateral beam profiles generated for the dose delivery by a sequence of square 

fields that were symmetric about the axial and sagittal planes, the gamma passing rates were 

found to be 64.3% and 78.6% for 3%, 3 mm and 5%, 5 mm criteria, respectively. With the 

standard errors ignored, however, the gamma passing rates were found to be 64.3% for both the 

3%, 3 mm and 5%, 5 mm evaluation criteria. 

 

With the standard errors considered to evaluate physical measurements versus TPS data via the 

normalised lateral beam profiles generated for the dose delivery by a sequence of rectangular 

fields that were asymmetric about the axial and sagittal planes, the gamma passing rates were 

found to be 85.7% for both 3%, 3 mm and 5%, 5 mm criteria. When the standard errors were 

ignored, however, the gamma passing rates were found to be 71.4% and 85.7% for the 3%, 3 mm 

and 5%, 5 mm criteria, respectively. 

  

Film measurements for the delivery of a sequence of rectangular fields that were symmetric 

about the axial and sagittal planes closely resembled TPS data. With standard errors considered 
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to evaluate physical measurements versus TPS data via the corresponding normalised lateral 

beam profiles, the gamma passing rates were found to be 100.0% for both 3%, 3 mm and 5%, 5 

mm criteria. When the standard errors were ignored, however, the gamma passing rates were 

found to be 92.9% and 100.0% for the 3%, 3 mm and 5%, 5 mm criteria, respectively.  

 

GafChromic EBT2 film studies were thus accurate to verify the planar dose distributions for all 

three TPS calculations. There was an overall accuracy of ± 5.0% dose difference and 5 mm 

distance-to-agreement in the use of GafChromic EBT2 film for the planar dosimetry. This was 

further verified by comparisons of the physical measurements with MCNPX simulations, whose 

results were in excellent agreement for the simulations of a 1.5 cm diameter source. 

 

The source head fluence of a cobalt-60 teletherapy beam can simply be modulated in a way that 

resembles step-and shoot technology by using sequential secondary collimator jaw motions or a 

three-dimensional physical compensator. Commercial vendors of TPS software can be pivotal in 

this regard by improving current inverse planning systems to predict more precise secondary 

collimator jaw positions that can yield any desired intensity pattern for any given clinical case. 

Furthermore, well established devices like automated or manual multileaf collimators should be 

integrated into cobalt-60 teletherapy units to achieve more complex beam intensities that 

conform to any tumour concavities. 

 

4.4 Monte Carlo IMRT Verification Calculations 

 

4.4.1 Lead compensator Co-60 IMRT 

 

Figure 4.9 shows an XZ side visualisation of the source head, physical compensator, and IMRT 

phantom simulation geometry obtained with the MCNPX visual editor. A 14 cm × 14 cm fixed 

symmetric square field at 80 cm SAD and 5.7 cm water-equivalent depth in a solid acrylic 

phantom was simulated. A capsule of 1.5 cm radius and 2.0 cm height is shown and a 14 cm × 

14 cm symmetric square field is defined at 80 cm SAD. X1 is a secondary collimator block that 

defines a minimum extent of -7 cm and X2 defines a maximum extent of +7 cm at 80 cm SAD. 

This was a perfect geometry that matched the actual setup of the associated experiment. The 
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Lucite accessory holder, physical compensator, and the IMRT verification phantom were closely 

approximated. It was thus ascertained that the simulation of this experiment would run smoothly 

without geometric errors and particle losses. Shielding to the source capsule and primary 

collimator was by means of lead. Tungsten was used for the secondary collimator blocks. 

Different colours depicted different material densities. 

 

 

 

 

Figure 4.9 Side view of the source head, physical compensator, accessory holder, and IMRT 

phantom.  

 

Figure 4.10 equivalently shows the side view of the simulation geometry, which was also created 

with the MCNPX visual editor. An axial view of a cylindrical source capsule of 1.5 cm diameter 

and 2.0 cm height is shown. The secondary collimator blocks defined a 14 cm × 14 cm 

symmetric square field at 80 cm SAD, and the SDD simulated was 74.3 cm. Lucite is another 

name of the solid acrylic material, and lead and tungsten are the materials for the primary 

collimator and source shield and the secondary collimator blocks. Y1 is a secondary collimator 
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block that defined a minimum extent of -7 cm of the field size simulated, and Y2 is a secondary 

collimator block that defined a maximum extent of +7 cm for the simulated field size. 

  

 

 

Figure 4.10 Simulated YZ view of the cobalt-60 therapy source head, accessory holder, and 

IMRT verification phantom.  

 

Figure 4.11 shows an XY view for the simulated cobalt-60 teletherapy bunker and its 

components about the problem point defined at (0, 0, 70). This view was also generated using the 

MCNPX visual editor. Also shown are the air-filled treatment room and bunker exit 

compartment, which comprise of ordinary concrete walls. The primary exit refers to the 

treatment room exit door and the secondary exit refers to the main bunker exit adjacent to the 

machine control console room. Depicted in this simulated design are 300 cm × 300 cm treatment 

room interior XY dimensions and 100 cm × 300 cm exit compartment interior XY dimensions. 

Both the primary and secondary exits are 100 cm wide, and the ordinary concrete walls are 40 

cm thick. The outside of the bunker is void, and hence the white colour. 
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Figure 4.11 Simulated XY view of the Co-60 teletherapy bunker about the point (0, 0, 70), which 

is 10 cm above the floor and 75 cm below the IMRT verification phantom.  

 

Figure 4.12 shows an XZ view of the bunker with the treatment unit and phantom above the 

origin, which was also created created using the MCNPX visual editor. Depicted is that the 

source is about 25 cm beneath the bunker roof, and the XZ dimensions of the air-filled treatment 

room and exit compartment are 300 cm × 220 cm and 100 cm × 220 cm, respectively. The walls 

of the bunker were composed of ordinary concrete, which is coloured red by material density. 
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Figure 4.12 Simulated XZ view of the bunker with the treatment unit, physical compensator, and 

IMRT phantom.  
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CHAPTER 5          CONCLUSIONS AND RECOMMENDATIONS 

 

The source head fluence of a cobalt-60 teletherapy beam can be effectively modulated by a once-

off or fractionated exposure with a 3D physical compensator at the machine source head. Point 

and planar dosimetry studies performed at 5.0 cm depth and 74.3 cm SSD in a PTW universal 

IMRT verification phantom using a calibrated batch of GafChromic RTQA2-1010 film showed 

that consistent intensity patterns could be obtained with a 3D physical compensator. Normalised 

lateral beam profiles that were generated with MATLAB for prescribed doses of 104.3 cGy and 

203.0 cGy exhibited similar intensity patterns and levels, though the percentage differences 

between the respective measured and calculated isocenter doses slightly varied. Using MCNPX 

simulations output data of three source diameters to validate this study on the basis of 3%, 3 mm 

and 5%, 5 mm gamma criteria, better agreement was established between normalised 

GafChromic RTQA2-1010 ODnet data and MCNPX simulations of a 1.5 cm diameter source. A 

proper combination of the physical compensator component thicknesses is thus pivotal in 

determining the delivered dose levels in a region of interest in media. 

  

There is a feasibility of modulating the source head fluence of a cobalt-60 teletherapy beam in a 

similar fashion to the step-and-shoot technology used with linear accelerators by using sequences 

of secondary collimator jaw openings. This was verified by GafChromic EBT2 film dosimetry 

studies at zero gantry angle at 5.0 cm depth and 75.0 cm SSD in a PTW universal IMRT 

verification phantom versus three prescriptions made with the Oncentra 4.3 TPS.  Preferential 

modulated source head fluences were achieved by sequences of square and rectangular field 

segments that were symmetric about the axial and sagittal planes. Such field segments were 

yielded dosimetric characteristics that are comparable to those of linear accelerator beams, more 

particularly in terms of the penumbral features of the resultant cobalt-60 teletherapy beams. It 

was further ascertained that GafChromic EBT2 film ODnet data could accurately verify the 

delivered doses even for the asymmetric field deliveries. Gamma index evaluations on the basis 

of 3%, 3 mm and 5%, 5 mm criteria, respectively, exhibited superior agreements between 

normalised GafChromic EBT2 film ODnet data and MCNPX simulations output data of a 1.5 cm 

diameter source. Furthermore, in using the same gamma index analysis criteria between 

GafChromic EBT2 film measurements and TPS prescriptions, good passing rates were obtained 
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for all cases investigated. There is a prospect for the resultant cobalt-60 teletherapy source head 

fluences obtained in this step-and-shoot analogy to span the entire PTV, and hence counteract the 

current penumbra-related dosimetric uncertainties. Vendors of TPS softwares should further 

strengthen the capabilities of predetermining secondary collimator jaw motion patterns that can 

yield the desirable intensity patterns and dose prescriptions. 

 

Results of GafChromic EBT2 and GafChromic RTQA2-1010 film measurements showed the 

viability of radiochromic film as a tool for both point and planar dosimetry in intensity-

modulated cobalt-60 teletherapy beams. 

 

Finally, this study shows that MCNPX can be a powerful tool for the Monte Carlo treatment 

planning of IMRT fields in cobalt-60 teletherapy. 
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APPENDIX A           PHYSICAL MEASUREMENTS DATA 

 

A.1 Cobalt-60 Teletherapy Unit Output Factor Chart 

 

Table A.1 Some output factors for practically feasible equivalent square fields and depths with 

the Co-60 teletherapy unit at Charlotte Maxeke Johannesburg Academic Hospital 

Depth 

(cm) 

  Equivalent Square Field Dimensions (cm) 

4 5 6 7 8 9 10 11 12 13 14 15 16 

                

1 1.09 1.07 1.06 1.04 1.03 1.02 1.01 1.00 0.99 0.98 0.97 0.97 0.96 

2 1.13 1.11 1.09 1.07 1.06 1.05 1.03 1.02 1.01 1.00 0.99 0.99 0.98 

3 1.18 1.15 1.13 1.11 1.09 1.08 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

4 1.24 1.21 1.18 1.16 1.14 1.12 1.10 1.09 1.08 1.06 1.05 1.04 1.03 

5 1.30 1.27 1.23 1.21 1.18 1.16 1.14 1.13 1.11 1.10 1.09 1.08 1.07 

6 1.38 1.34 1.30 1.27 1.24 1.22 1.19 1.17 1.16 1.14 1.13 1.12 1.11 

7 1.46 1.41 1.37 1.33 1.30 1.27 1.25 1.23 1.21 1.19 1.17 1.16 1.15 

8 1.54 1.49 1.45 1.40 1.37 1.34 1.31 1.29 1.26 1.24 1.23 1.21 1.20 

9 1.64 1.58 1.52 1.48 1.44 1.41 1.37 1.34 1.32 1.30 1.28 1.26 1.25 

10 1.75 1.67 1.62 1.56 1.52 1.48 1.44 1.42 1.39 1.36 1.34 1.32 1.30 

11 1.85 1.78 1.71 1.65 1.61 1.58 1.52 1.49 1.46 1.43 1.41 1.38 1.36 

12 1.97 1.89 1.82 1.75 1.70 1.65 1.60 1.57 1.53 1.50 1.47 1.45 1.43 

13 2.10 2.00 1.93 1.86 1.80 1.75 1.69 1.65 1.61 1.58 1.55 1.52 1.50 

14 2.23 2.13 2.05 1.96 1.90 1.85 1.79 1.74 1.70 1.67 1.63 1.60 1.58 

15 2.38 2.27 2.17 2.08 2.02 1.96 1.89 1.84 1.80 1.75 1.71 1.68 1.65 

16 2.52 2.40 2.31 2.21 2.14 2.07 2.00 1.94 1.89 1.85 1.80 1.77 1.74 

17 2.69 2.56 2.45 2.35 2.27 2.19 2.11 2.06 2.00 1.95 1.90 1.86 1.82 

18 2.85 2.72 2.60 2.48 2.39 2.32 2.24 2.17 2.11 2.06 2.01 1.96 1.92 

19 3.05 2.90 2.77 2.65 2.55 2.46 2.36 2.30 2.23 2.17 2.11 2.07 2.02 

20 3.24 3.09 2.94 2.82 2.72 2.62 2.52 2.44 2.37 2.30 2.24 2.18 2.14 

22 3.66 3.48 3.32 3.17 3.06 2.94 2.82 2.72 2.64 2.56 2.49 2.43 2.37 
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A.2 Cobalt-60 Teletherapy Oncentra IMRT Plan Prescriptions 

 

Table A.2 Main components of the Oncentra IMRT plan for cobalt-60 teletherapy in which 

fractional square fields that were symmetric about the isocenter on the film plane were used 

Beam AP 2 3 4 5 

Beam Number 1 2 3 4 5 

Treatment Unit Cobalt 1 Cobalt 1 Cobalt 1 Cobalt 1 Cobalt 1 

Radiation Type Isotope Isotope Isotope Isotope Isotope 

Energy 1.30 MV 1.30 MV 1.30 MV 1.30 MV 1.30 MV 

Fraction Group Number 1 1 1 1 1 

Number of Fractions 1 1 1 1 1 

MU or min / fraction 1.000 1.000 1.000 1.000 1.000 

Beam Width (cm) (FX) 10.0 (FX) 5.0 (FX) 3.0 (FX) 12.0 (FX) 8.0 

Beam Length (cm) (FY) 10.0 (FY) 5.0 (FY) 3.0 (FY) 12.0 (FY) 8.0 

X Jaw Position 1 (cm) (X1) -5.0 (X1) -2.5 (X1) -1.5 (X1) -6.0 (X1) -4.0 

X Jaw Position 2 (cm) (X2) 5.0 (X2) 2.5 (X2) 1.5 (X2) 6.0 (X2) 4.0 

Y Jaw Position 1 (cm) (Y1) -5.0 (Y1) -2.5 (Y1) -1.5 (Y1) -6.0 (Y1) -4.0 

Y Jaw Position 2 (cm) (Y2) 5.0 (Y2) 2.5 (Y2) 1.5 (Y2) 6.0 (Y2) 4.0 

Isocenter X (cm) -0.0 -0.0 -0.0 -0.0 -0.0 

Isocenter Y (cm) 0.0 0.0 0.0 0.0 0.0 

Isocenter Z (cm) 5.0 5.0 5.0 5.0 5.0 

SSD (cm) 75.0 75.0 75.0 75.0 75.0 

Depth of Isocenter (cm) 5.0 5.0 5.0 5.0 5.0 

Radiological Depth (cm) 5.6 5.6 5.6 5.6 5.6 

Algorithm PB PB PB PB PB 

Inhomogeneity Correction On On On On On 

Dose (Gy/Fraction) 0.58 0.53 0.50 0.60 0.56 

Dose Point Information 

Dose Point Label X (cm) Y (cm) Z (cm) Dose 

(Gy/Fraction) 

Total 

Dose (Gy) 

Iso [AP\2\3\4\5] -0.0 0.0 5.0 2.76 2.76 



107 

 

Table A.3 Main components of the Oncentra IMRT plan for cobalt-60 teletherapy in which 

fractional rectangular fields that were asymmetric about the isocenter plane were used 

Beam 2 1 3 4 5 

Beam Number 1 2 3 4 5 

Treatment Unit Cobalt 1 Cobalt 1 Cobalt 1 Cobalt 1 Cobalt 1 

Radiation Type Isotope Isotope Isotope Isotope Isotope 

Energy 1.30 MV 1.30 MV 1.30 MV 1.30 MV 1.30 MV 

Fraction Group Number 1 1 1 1 1 

Number of Fractions 1 1 1 1 1 

MU or min / fraction 1.000 1.000 1.000 1.000 1.000 

Beam Width (cm) (FX) 6.0 (FX) 6.0 (FX) 10.0 (FX) 10.0 (FX) 10.0 

Beam Length (cm) (FY) 10.0 (FY) 10.0 (FY) 6.0 (FY) 6.0 (FY) 10.0 

X Jaw Position 1 (cm) (X1) -5.0 (X1) -1.0 (X1) -5.0 (X1) -5.0 (X1) -5.0 

X Jaw Position 2 (cm) (X2) 1.0 (X2) 5.0 (X2) 5.0 (X2) 5.0 (X2) 5.0 

Y Jaw Position 1 (cm) (Y1) -5.0 (Y1) -5.0 (Y1) -1.0 (Y1) -5.0 (Y1) -5.0 

Y Jaw Position 2 (cm) (Y2) 5.0 (Y2) 5.0 (Y2) 5.0 (Y2) 1.0 (Y2) 5.0 

Isocenter X (cm) -0.0 -0.0 -0.0 -0.0 -0.0 

Isocenter Y (cm) 0.0 0.0 0.0 0.0 0.0 

Isocenter Z (cm) 5.0 5.0 5.0 5.0 5.0 

SSD (cm) 75.0 75.0 75.0 75.0 75.0 

Depth of Isocenter (cm) 5.0 5.0 5.0 5.0 5.0 

Radiological Depth (cm) 5.6 5.6 5.6 5.6 5.6 

Algorithm PB PB PB PB PB 

Inhomogeneity Correction On On On On On 

Dose (Gy/Fraction) 0.54 0.54 0.54 0.54 0.58 

Dose Point Information 

Dose Point Label X (cm) Y (cm) Z (cm) Dose 

(Gy/Fraction) 

Total 

Dose (Gy) 

Iso [AP\2\3\4\5] -0.0 0.0 5.0 2.75 2.75 
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Table A.4 Main components of the Oncentra IMRT plan for cobalt-60 teletherapy in which 

fractional rectangular fields that were symmetric about the isocenter on the film plane were used 

Beam AP 2 3 4 5 

Beam Number 1 2 3 4 5 

Treatment Unit Cobalt 1 Cobalt 1 Cobalt 1 Cobalt 1 Cobalt 1 

Radiation Type Isotope Isotope Isotope Isotope Isotope 

Energy 1.30 MV 1.30 MV 1.30 MV 1.30 MV 1.30 MV 

Fraction Group Number 1 1 1 1 1 

Number of Fractions 1 1 1 1 1 

MU or min / fraction 1.000 1.000 1.000 1.000 1.000 

Beam Width (cm) (FX) 10.0 (FX) 5.0 (FX) 3.0 (FX) 12.0 (FX) 8.0 

Beam Length (cm) (FY) 12.0 (FY) 12.0 (FY) 12.0 (FY) 12.0 (FY) 12.0 

X Jaw Position 1 (cm) (X1) -5.0 (X1) -2.5 (X1) -1.5 (X1) -6.0 (X1) -4.0 

X Jaw Position 2 (cm) (X2) 5.0 (X2) 2.5 (X2) 1.5 (X2) 6.0 (X2) 4.0 

Y Jaw Position 1 (cm) (Y1) -6.0 (Y1) -6.0 (Y1) -6.0 (Y1) -6.0 (Y1) -6.0 

Y Jaw Position 2 (cm) (Y2) 6.0 (Y2) 6.0 (Y2) 6.0 (Y2) 6.0 (Y2) 6.0 

Isocenter X (cm) -0.0 -0.0 -0.0 -0.0 -0.0 

Isocenter Y (cm) 0.0 0.0 0.0 0.0 0.0 

Isocenter Z (cm) 5.0 5.0 5.0 5.0 5.0 

SSD (cm) 75.0 75.0 75.0 75.0 75.0 

Depth of Isocenter (cm) 5.0 5.0 5.0 5.0 5.0 

Radiological Depth (cm) 5.6 5.6 5.6 5.6 5.6 

Algorithm PB PB PB PB PB 

Inhomogeneity Correction On On On On On 

Dose (Gy/Fraction) 0.59 0.55 0.53 0.60 0.57 

Dose Point Information 

Dose Point Label X (cm) Y (cm) Z (cm) Dose 

(Gy/Fraction) 

Total 

Dose (Gy) 

Iso [AP\2\3\4\5] -0.0 0.0 5.0 2.83 2.83 
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A.3 Results of GafChromic EBT2 and RTQA2-1010 Film Measurements 

 

A.3.1 Film calibration measurements 

 

Table A.5 The variation of optical density (OD) with delivered dose for GafChromic EBT2 film 

as measured at Charlotte Maxeke Johannesburg Academic Hospital 

Dose 

(cGy) 

OD1 

(AU) 

OD2 

(AU) 

OD3 

(AU) 

OD4 

(AU) 

OD5 

(AU) 

OD  

(AU) 

OD
S  

(AU) 

ODnet 

(AU) 

0.0 24414.4 24347.0 24386.0 24321.0 24365.9 24366.9 16.0 0.0 ± 22.6 

5.34 25258.1 25087.5 25221.1 25258.1 25221.1 25209.2 31.5 842.3 ± 35.3 

10.69 25607.4 25619.9 25569.7 25619.9 25608.1 25605.0 9.2 1238.1 ± 18.5 

21.97 26530.3 26539.7 26539.2 26518.7 26539.2 26533.4 4.1 2166.5 ± 16.5 

43.35 29339.5 29338.7 29323.1 29298.7 29335.3 29327.1 7.7 4960.2 ± 17.8 

87.30 31846.9 31920.8 31914.1 31900.8 31847.0 31885.9 16.2 7519.0 ± 22.8 

163.31 36640.8 36638.2 36640.8 36659.5 36614.1 36638.7 7.2 12271.8 ± 17.5 

326.03 42065.5 42082.8 42099.1 42089.4 42078.1 42083.0 5.6 17716.1 ± 17.0 

 

Table A.6 The variation of optical density (OD) with delivered dose for GafChromic RTQA2-

1010 film as measured at Charlotte Maxeke Johannesburg Academic Hospital 

Dose 

(cGy) 

OD1 

(AU) 

OD2 

(AU) 

OD3 

(AU) 

OD4 

(AU) 

OD5 

(AU) 

ODS  OD   (AU) netOD  (AU) 

0.0 53463.5 53993.7 53258.0 53675.5 53550.2 53588.2 ± 122.1 0.0 ± 172.7 

20.0 54048.9 54103.5 54074.3 54117.4 54077.3 54084.3 ± 12.0 496.1 ± 122.7 

40.0 54801.2 54817.2 54806.5 54801.2 54785.6 54802.3 ± 5.1 1214.1 ± 122.2 

80.0 55442.2 55435.5 55475.3 55434.2 55452.1 55447.9 ± 7.6 1859.7 ± 122.3 

160.0 56732.3 56710.3 56761.4 56732.8 56761.4 56739.6 ± 9.8 3151.4 ± 122.5 

240.0 57635.9 57634.7 57634.7 57636.8 57634.7 57635.4 ± 0.4 4047.2 ± 122.1  

300.0 57893.3 57920.2 57903.3 57903.3 57903.3 57904.7 ± 4.3 4316.5 ± 122.2 

400.0 58367.3 58371.3 58367.3 58371.3 58371.3 58369.7 ± 1.0 4781.5 ± 122.1 
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A.3.2 Film IMRT verification phantom measurements 

 

Table A.7 ODnet values for Co-60 IMRT by symmetric square jaw motions, measured with film 

in five calibration tables 

OAD 

 (mm) 

ODnet, 1  

(AU) 

ODnet, 2 

(AU) 

ODnet, 3 

(AU) 

ODnet, 4 

(AU) 

ODnet, 5 

(AU) 

net
OD   

(AU) 

netOD
S  

 (AU) 

-75.00 1711.2 1588.2 1618.6 1639.7 1565.5 1624.6 25.1 

-70.00 1895.2 1721 1752.8 1742.3 1721.2 1766.5 32.8 

-65.00 2882.5 2238.5 2551.3 2291.8 2037.7 2400.4 145.7 

-60.00 2682.3 3431.5 2944.7 3360.4 4320.1 3347.8 279.1 

-55.00 5888.7 5738.1 5243.3 5546 5659.2 5615.1 108.3 

-50.00 6842.4 7794 7421.7 7418.7 8352.4 7565.8 248.6 

-45.00 8832.3 9299.7 9107.6 9241 9767.3 9249.6 152.4 

-40.00 10100 10612 10488 10551 11289 10608 192.3 

-35.00 12577 12502 12412 12570 12091 12430 89.9 

-30.00 13242 12810 12911 12663 12513 12828 123.5 

-25.00 14225 13827 13916 13729 13358 13811 140.5 

-20.00 14852 14671 14667 14680 14502 14674 55.4 

-15.00 15680 15429 15629 15523 15003 15453 120.5 

-10.00 16149 15892 15921 15831 15965 15952 53.9 

-5.00 15848 15809 16138 15937 15859 15918 58.7 

0.00 15709 16172 15957 16001 16069 15982 77.2 

5.00 15560 15843 15551 15808 15714 15695 60.8 

10.00 15138 15612 15398 15525 15534 15441 83.2 

15.00 14347 14871 14525 14764 15197 14741 146.2 

20.00 13969 14160 13962 14190 14229 14102 56.8 

25.00 12739 13241 13162 13132 13740 13203 160.0 

30.00 12332 12544 12485 12227 12810 12480 99.7 

35.00 11521 12044 11747 12108 12228 11930 129.3 

40.00 10105 10604 10490 10549 11294 10608 192.5 
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Table A.7 ODnet values for Co-60 IMRT by symmetric square jaw motions, measured with film 

in five calibration tables (continued) 

45.00 8732.3 9399.7 9066.6 9243 9777.3 9243.8 173.5 

50.00 6742.4 7792 7411.7 7420.7 8362.4 7545.8 265.2 

55.00 4788.7 5738.1 5243.3 5546 6657.2 5594.7 310.2 

60.00 2614.5 3429.2 2940.8 3306.7 4318.1 3321.9 287.2 

65.00 1609.2 2037.9 1768.5 1805.4 2188.5 1881.9 102.8 

70.00 1895.2 1721 1752.8 1742.3 1721.2 1766.5 32.8 

75.00 1711.2 1785.5 1618.6 1639.7 1344.3 1619.9 74.9 

 

Table A.8 ODnet values for Co-60 IMRT by asymmetric rectangular jaw motions, measured with 

film in five calibration tables 

OAD 

 (mm) 

ODnet, 1 

(AU) 

ODnet, 2 

(AU) 

ODnet, 3 

(AU) 

ODnet, 4 

(AU) 

ODnet, 5 

(AU) 

net
OD  

(AU) 

netOD
S   

(AU) 

-75.00 1557.5 1556.1 1597.1 1489.1 1604.7 1560.9 20.5 

-70.00 1917.9 2030.2 1928.8 1923.4 1877.5 1935.6 25.3 

-65.00 2431.3 2556.9 2347.9 2529.8 2324.6 2438.1 46.7 

-60.00 3923.9 3924.6 3923.2 3979.6 3968.2 3943.9 12.4 

-55.00 4978.3 5676.8 5037.6 5793.2 4346.1 5166.4 262.5 

-50.00 11920.1 11870.2 11970.0 11680.9 12159.3 11920.1 77.3 

-45.00 12274.9 12290.4 12259.4 12473.7 12076.1 12274.9 63.1 

-40.00 12629.7 13068.0 12191.4 13265.0 11994.4 12629.7 244.1 

-35.00 12744.8 12697.8 12791.8 12792.5 12697.1 12744.8 21.2 

-30.00 12859.9 13201.7 12518.1 12649.3 13070.5 12859.9 127.0 

-25.00 13354.5 13134.7 13574.3 13857.4 12851.6 13354.5 173.6 

-20.00 13849.1 13573.4 14124.8 13638.7 14059.5 13849.1 109.7 

-15.00 15601.0 15776.0 15781.0 15820.0 15789.0 15753.0 38.9 

-10.00 15931.0 15818.0 15952.0 15819.0 16207.0 15945.4 71.0 

-5.00 16216.2 16584.3 15848.1 16356.4 16076.0 16216.2 124.6 

0.00 16487.0 16475.4 16498.6 16472 16502 16487.0 6.0 
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Table A.8 ODnet values for Co-60 IMRT by asymmetric rectangular jaw motions, measured with 

film in five calibration tables (continued) 

5.00 16216.2 16584.3 15848.1 16356.4 16076.0 16216.2 124.6 

10.00 15948.0 15801.0 15982.0 15789.0 16213.0 15947.0 76.9 

15.00 15298.0 15153.0 15202.0 15102.0 15387.0 15228.0 51.2 

20.00 13849.1 13573.4 14124.8 13638.7 14059.5 13849.1 109.7 

25.00 13354.5 13134.7 13574.3 13857.4 12851.6 13354.5 173.6 

30.00 12859.9 13201.7 12518.1 12649.3 13070.5 12859.9 127.0 

35.00 12744.8 12697.8 12791.8 12792.5 12697.1 12744.8 21.2 

40.00 12629.7 13068.0 12191.4 13265.0 11994.4 12629.7 244.1 

45.00 12274.9 12290.4 12259.4 12473.7 12076.1 12274.9 63.1 

50.00 11920.1 11870.2 11970.0 11680.9 12159.3 11920.1 77.3 

55.00 4981.4 5667.9 5042.8 5794.7 4351.5 5167.7 260.7 

60.00 3923.9 3924.6 3923.2 3979.6 3968.2 3943.9 12.4 

65.00 2451.5 2393.9 2557.4 2414.4 2585.4 2480.5 38.5 

70.00 2242.1 2274.7 2190.4 2097.3 2328.2 2226.5 39.3 

75.00 1557.5 1556.1 1597.1 1489.1 1604.7 1560.9 20.5 

 

Table A.9 ODnet values for Co-60 IMRT by symmetric rectangular jaw motions, measured with 

film in five calibration tables 

OAD 

 (mm) 

ODnet, 1  

(AU) 

ODnet, 2 

(AU) 

ODnet, 3 

(AU) 

ODnet, 4 

(AU) 

ODnet, 5 

(AU) 

net
OD   

(AU) 

netOD
S  

 (AU) 

-72.50 1897.7 2808.3 2509.1 2765.7 1620.5 2320.3 238.8 

-70.00 2854.2 2882.8 2825.6 2823.8 2884.6 2854.2 13.2 

-67.50 2861.3 3135.5 2587.1 2518.0 3204.6 2861.3 138.9 

-65.00 2209.4 3309 3067.9 3063 2692.6 2868.4 192.0 

-62.50 2592.9 3543.7 3290.4 3064.9 2893.0 3077.0 163.0 

-60.00 5310.1 5132.9 5487.3 5214.4 5405.8 5310.1 63.7 

-57.50 5094.3 5814.5 5609.5 5469.6 5056.2 5408.8 146.9 

-55.00 6387.2 7098.8 6885.1 6585.7 6427.6 6676.9 137.1 
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Table A.9 ODnet values for Co-60 IMRT by symmetric rectangular jaw motions, measured with 

film in five calibration tables (continued) 

-52.50 6898.8 7936.3 7700.2 7378.2 7337.9 7450.3 176.2 

-50.00 7956.8 8305.4 8581.6 7680.6 8130.1 8130.9 152.8 

-47.50 9345 9878.6 9570.6 9367.2 9014.3 9435.1 142.3 

-45.00 10181.0 10805.0 10424.0 10271.0 10055.0 10347.0 129.3 

-42.50 10414.0 10387.2 10962.0 9839.2 10400.6 10400.6 177.6 

-40.00 10958.0 9950.4 10597.0 10311.4 10454.2 10454.2 165.6 

-37.50 10702.4 11118.6 10706.2 11114.8 10910.5 10910.5 92.2 

-35.00 11698.0 11035.8 11118.0 11615.8 11366.9 11366.9 131.0 

-32.50 11771.5 11875.1 11462.0 12184.6 11823.3 11823.3 115.4 

-30.00 12215.0 12344.2 12693.0 11866.2 12279.6 12279.6 132.3 

-27.50 13213.0 14165.0 14006.0 13756.0 13469.0 13722.0 173.4 

-25.00 13587.0 14790.0 14524.0 14399.0 14195.0 14299.0 202.4 

-22.50 14344.0 15235.0 15106.0 14894.0 14608.0 14837.0 162.7 

-20.00 15301.0 15232.0 15453.0 15080.0 15266.5 15266.5 60.0 

-17.50 14944.0 16333.0 15943.0 15774.0 15687.0 15736.0 227.0 

-15.00 15527.0 16627.0 16504.0 16245.0 16009.0 16182.0 195.5 

-12.50 15707.0 17286.0 17020.0 16625.0 16683.0 16664.0 267.5 

-10.00 16418.0 16106.2 16083.0 16441.2 16262.1 16262.1 75.1 

-7.50 16361.1 16329.1 16345.1 16408.7 16281.5 16345.1 20.7 

-5.00 16497.1 16359.1 16316.2 16540.0 16428.1 16428.1 41.6 

-2.50 16452.7 16569.5 16448.9 16511.1 16573.3 16511.1 211.8 

0.00 16458.0 16594.0 16730.0 16969.0 16219.0 16594.0 126.1 

2.50 16372.5 16566.7 16469.6 16623.4 16315.8 16469.6 57.5 

5.00 16573.6 16116.6 16345.1 16465.4 16224.8 16345.1 81.7 

7.50 16514.5 15926.9 16220.7 16144.5 16296.9 16220.7 96.0 

10.00 16029.5 16162.9 16096.2 16136.4 16056.0 16096.2 24.6 

12.50 15921.5 15773.1 15847.3 15883.6 15811.0 15847.3 26.1 

15.00 15521.5 15598.4 15675.3 15404.5 15792.3 15598.4 66.0 

17.50 15053.5 15645.5 15167.4 15349.50 15531.6 15349.5 109.9 
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Table A.9 ODnet values for Co-60 IMRT by symmetric rectangular jaw motions, measured with 

film in five calibration tables (continued) 

20.00 15147.5 15053.5 15100.5 15402.7 14798.3 15100.5 96.7 

22.50 14420.7 14535.9 14478.3 14284.5 14672.1 14478.3 63.9 

25.00 13793.5 13918.5 13856.0 13665.7 14046.3 13856.0 63.3 

27.50 13152.8 13314.6 13233.7 13346.5 13120.9 13233.7 296.3 

30.00 12492.5 12730.3 12801.5 12611.4 12431.3 12611.4 69.6 

32.50 12358.7 11868.5 11803.7 12113.6 12423.5 12113.6 124.9 

35.00 11974.7 11256.9 11088.7 11615.8 12142.9 11615.8 201.7 

37.50 11521.7 11118.0 10714.3 11048.5 11187.5 11118.0 129.5 

40.00 10499.0 10741.4 10468.5 10620.2 10771.9 10620.2 61.4 

42.50 10362.0 9551.0 9816.7 9956.5 10096.3 9956.5 135.6 

45.00 9646.3 8939.1 9319.5 9292.7 9265.9 9292.7 112.1 

47.50 9150.5 8107.3 8727.6 8628.9 8530.2 8628.9 167.9 

50.00 8010.1 7920.1 7965.1 7785.7 8144.5 7965.1 58.5 

52.50 7583.2 7113.0 7522.9 7348.1 7173.3 7348.1 92.6 

55.00 6673.1 6788.9 6778.7 6731.0 6683.3 6731.0 23.7 

57.50 6195.6 6032.4 6114.0 6096.5 6131.5 6114.0 26.4 

60.00 5192.5 5801.5 5497.0 5528.8 5465.2 5497.0 96.8 

62.50 3996 5680.1 5036.7 4387.4 4974.3 4814.9 289.5 

65.00 2716.8 4542.5 3896 3458.9 3967 3716.2 303.6 

67.50 2074.9 3771.0 3547.8 3687.9 3078.3 3232.0 313.1 

70.00 1685.3 3568 3269.0 2878.6 2872.0 2854.6 320.1 

72.50 1897.7 2808.3 2509.1 2765.7 1620.5 2320.3 238.8 

 

Table A.10 ODnet values generated by irradiating GafChromic RTQA2-1010 film to an isocenter 

dose of 104.3 cGy in the presence of a 3D physical compensator at the machine source head 

OAD 

(cm) 

ODnet 1 

(AU) 

ODnet 2 

(AU) 

ODnet 3 

(AU) 

ODnet 4 

(AU) 

ODnet 5 

(AU) 
netODnet S  OD   

(AU) 

-8.5 529.4 414.6 585.7 477.7 511.0 503.7 ± 28.3 
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Table A.10 ODnet values generated by irradiating GafChromic RTQA2-1010 film to an isocenter 

dose of 104.3 cGy in the presence of a 3D physical compensator at the source head (continued) 

-8.0 627.8 491.6 694.5 566.4 605.9 597.2 ± 33.6 

-7.5 1008.4 789.8 1115.6 909.9 973.4 959.4 ± 53.9 

-7.0 1366.4 1070.1 1511.6 1232.9 1319.0 1300.0 ± 73.1 

-6.5 1411.8 1105.7 1561.8 1273.8 1362.8 1343.2 ± 75.5 

-6.0 1437.1 1125.4 1589.7 1296.6 1387.1 1367.2 ± 76.9 

-5.5 1588.3 1243.9 1757.1 1433.1 1533.1 1511.1 ± 85.0 

-5.0 1752.2 1372.2 1938.4 1580.9 1691.3 1667.0 ± 93.8 

-4.5 1916.1 1500.5 2119.6 1728.8 1849.5 1822.9 ± 102.5 

-4.0 2117.7 1658.5 2342.8 1910.7 2044.1 2014.8 ± 113.3 

-3.5 2168.1 1698.0 2398.5 1956.2 2092.8 2062.7 ± 116.0 

-3.0 2223.6 1741.4 2459.9 2006.3 2146.3 2115.5 ± 119.0 

-2.5 2268.9 1776.9 2510.1 2047.2 2190.2 2158.7 ± 121.4 

-2.0 2321.9 1818.4 2568.7 2095.0 2241.3 2209.1 ± 124.2 

-1.5 2395.0 1875.7 2649.6 2161.0 2311.8 2278.6 ± 128.2 

-1.0 2480.8 1942.8 2744.4 2238.3 2394.6 2360.2 ± 132.7 

-0.5 2495.9 1954.7 2761.1 2252.0 2409.2 2374.6 ± 133.5 

0.0 2521.1 1974.4 2789.0 2274.7 2433.5 2398.5 ± 134.9 

0.5 2495.9 1954.7 2761.1 2252.0 2409.2 2374.6 ± 133.5 

1.0 2480.8 1942.8 2744.4 2238.3 2394.6 2360.2 ± 132.7 

1.5 2395.0 1875.7 2649.6 2161.0 2311.8 2278.6 ± 128.2 

2.0 2321.9 1818.4 2568.7 2095.0 2241.3 2209.1 ± 124.2 

2.5 2268.9 1776.9 2510.1 2047.2 2190.2 2158.7 ± 121.4 

3.0 2223.6 1741.4 2459.9 2006.3 2146.3 2115.5 ± 119.0 

3.5 2168.1 1698.0 2398.5 1956.2 2092.8 2062.7 ± 116.0 

4.0 2117.7 1658.5 2342.8 1910.7 2044.1 2014.8 ± 113.3 

4.5 1916.1 1500.5 2119.6 1728.8 1849.5 1822.9 ± 102.5 

5.0 1752.2 1372.2 1938.4 1580.9 1691.3 1667.0 ± 93.8 

5.5 1588.3 1243.9 1757.1 1433.1 1533.1 1511.1 ± 85.0  

6.0 1437.1 1125.4 1589.7 1296.6 1387.1 1367.2 ± 76.9 
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Table A.10 ODnet values generated by irradiating GafChromic RTQA2-1010 film to an isocenter 

dose of 104.3 cGy in the presence of a 3D physical compensator at the source head (continued) 

6.5 1411.8 1105.7 1561.8 1273.8 1362.8 1343.2 ± 75.5 

7.0 1366.4 1070.1 1511.6 1232.9 1319.0 1300.0 ± 73.1 

7.5 1008.4 789.8 1115.6 909.9 973.4 959.4 ± 53.9 

8.0 627.8 491.6 694.5 566.4 605.9 597.2 ± 33.6 

8.5 529.4 414.6 585.7 477.7 511.0 503.7 ± 28.3 

 

Table A.11 ODnet values generated by irradiating GafChromic RTQA2-1010 film to an isocenter 

dose of 203.02 cGy in the presence of a 3D physical compensator at the machine source head 

OAD 

(cm) 

ODnet 1 

(AU) 

ODnet 2 

(AU) 

ODnet 3 

(AU) 

ODnet 4 

(AU) 

ODnet 5 

(AU) 
netODnet S  OD   

(AU) 

-8.5 793.1 784.2 844.8 743.7 775.5 788.3 ± 16.4 

-8.0 940.4 929.8 1001.7 881.8 919.5 934.6 ± 19.5 

-7.5 1510.6 1493.7 1609.2 1416.6 1477.1 1501.4 ± 31.3 

-7.0 2046.9 2024.0 2180.5 1919.5 2001.5 2034.5 ± 42.4 

-6.5 2114.9 2091.2 2252.9 1983.3 2068.0 2102.1 ± 43.8 

-6.0 2152.6 2128.6 2293.1 2018.7 2104.9 2139.6 ± 44.5 

-5.5 2379.2 2352.6 2534.5 2231.2 2326.5 2364.8 ± 49.2 

-5.0 2624.7 2595.3 2796.0 2461.4 2566.5 2608.8 ± 54.3 

-4.5 2870.2 2838.1 3057.5 2691.6 2806.5 2852.8 ± 59.4 

-4.0 3172.3 3136.8 3379.3 2974.9 3101.9 3153.0 ± 65.6 

-3.5 3247.8 3211.5 3459.8 3045.7 3175.8 3228.1 ± 67.2 

-3.0 3330.9 3293.7 3548.3 3123.6 3257.0 3310.7 ± 68.9 

-2.5 3398.9 3360.9 3620.7 3187.4 3323.5 3378.3 ± 70.3 

-2.0 3478.2 3439.3 3705.2 3261.8 3401.1 3457.1 ± 72.0 

-1.5 3587.7 3547.6 3821.8 3364.5 3508.1 3565.9 ± 74.2 

-1.0 3716.1 3674.6 3958.6 3484.9 3633.7 3693.6 ± 76.9 

-0.5 3738.8 3697.0 3982.8 3506.1 3655.9 3716.1 ± 77.4 

0.0 3776.5 3734.3 4023.0 3541.5 3692.8 3753.6 ± 78.2 

 



117 

 

Table A.11 ODnet values generated by irradiating GafChromic RTQA2-1010 film to an isocenter 

dose of 203.02 cGy in the presence of a 3D physical compensator at the source head (continued) 

0.5 3738.8 3697.0 3982.8 3506.1 3655.9 3716.1 ± 77.4 

1.0 3716.1 3674.6 3958.6 3484.9 3633.7 3693.6 ± 76.9 

1.5 3587.7 3547.6 3821.8 3364.5 3508.1 3565.9 ± 74.2 

2.0 3478.2 3439.3 3705.2 3261.8 3401.1 3457.1 ± 72.0 

2.5 3398.9 3360.9 3620.7 3187.4 3323.5 3378.3 ± 70.3 

3.0 3330.9 3293.7 3548.3 3123.6 3257.0 3310.7 ± 68.9 

3.5 3247.8 3211.5 3459.8 3045.7 3175.8 3228.1 ± 67.2 

4.0 3172.3 3136.8 3379.3 2974.9 3101.9 3153.0 ± 65.6 

4.5 2870.2 2838.1 3057.5 2691.6 2806.5 2852.8 ± 59.4 

5.0 2624.7 2595.3 2796.0 2461.4 2566.5 2608.8 ± 54.3 

5.5 2379.2 2352.6 2534.5 2231.2 2326.5 2364.8 ± 49.2 

6.0 2152.6 2128.6 2293.1 2018.7 2104.9 2139.6 ± 44.5 

6.5 2114.9 2091.2 2252.9 1983.3 2068.0 2102.1 ± 43.8 

7.0 2046.9 2024.0 2180.5 1919.5 2001.5 2034.5 ± 42.4 

7.5 1510.6 1493.7 1609.2 1416.6 1477.1 1501.4 ± 31.3 

8.0 940.4 929.8 1001.7 881.8 919.5 934.6 ± 19.5 

8.5 793.1 784.2 844.8 743.7 775.5 788.3 ± 16.4 

 

A.4 Results of Water Phantom Baseline Measurements 

 

A.4.1 Percentage depth-dose ionisation measurements 

 

Table A.12 Water phantom central-axis depth-dose data for different square fields normalised to 

the isocenter dose delivered by a 10 cm square field at 70 cm SSD and 10 cm depth 

Field Size 5 cm × 5 cm 10 cm × 10 cm 15 cm × 15 cm 20 cm × 20 cm 

Depth (mm) Normalised Depth Dose 

0.00 1.3757 1.5907 1.7981 1.9813 

1.00 1.4528 1.6593 1.8561 2.0285 

2.00 1.5658 1.7511 1.9251 2.0811 
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Table A.12 Water phantom central-axis depth-dose data for different square fields normalised to 

the isocenter dose delivered by a 10 cm square field at a 70 cm SSD and 80 cm SAD (continued) 

3.00 1.7685 1.8924 2.0267 2.1410 

4.00 1.8634 1.9922 2.0866 2.1610 

5.00 1.8815 2.0013 2.0847 2.1392 

6.00 1.8706 1.9940 2.0720 2.1247 

7.00 1.8634 1.9813 2.0630 2.1138 

8.00 1.8507 1.9741 2.0539 2.1065 

9.00 1.8416 1.9650 2.0448 2.0974 

10.00 1.8307 1.9559 2.0339 2.0884 

15.00 1.7772 1.9033 1.9868 2.0412 

20.00  1.7224 1.8507 1.9360 1.9904 

25.00 1.6634 1.7992 1.8833 1.9396 

30.00 1.6074 1.7469 1.8325 1.8888 

40.00 1.4936 1.6422 1.7280 1.7883 

50.00 1.3842 1.5373 1.6281 1.6874 

60.00 1.2793 1.4372 1.5281 1.5905 

70.00 1.1812 1.3410 1.4343 1.4963 

80.00 1.0888 1.2470 1.3425 1.4069 

90.00 1.0026 1.1601 1.2567 1.3214 

100.00 0.92226 1.0768 1.1746 1.2391 

110.00 0.84986 1.0008 1.0961 1.1612 

120.00 0.78146 0.92643 1.0228 1.0876 

130.00 0.71995 0.85948 0.95365 1.0182 

140.00 0.66135 0.79725 0.88906 0.95238 

150.00 0.60982 0.73828 0.82918 0.89069 

160.00 0.56011 0.68330 0.77076 0.83245 

170.00 0.51692 0.63413 0.71814 0.77820 

180.00 0.47537 0.58660 0.66734 0.72630 

190.00 0.43763 0.54359 0.62179 0.67786 

200.00 0.40298 0.50404 0.57807 0.63286 
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Table A.12 Water phantom central-axis depth-dose data for different square fields normalised to 

the isocenter dose delivered by a 10 cm square field at a 70 cm SSD and 80 cm SAD (continued) 

210.00 0.37141 0.46558 0.53761 0.59113 

220.00 0.34238 0.43255 0.50077 0.55121 

230.00 0.31516 0.39935 0.46539 0.51511 

240.00 0.29067 0.36996 0.43310 0.48027 

250.00 0.26817 0.34347 0.40262 0.44852 

 

A.4.2 Off-axis ratios measurements 

 

Table A.13 Water phantom lateral beam profile data for different square fields at 10 cm depth 

normalised to the isocenter dose delivered by a 10 cm square field at a 70 cm SSD 

5 cm × 5 cm Square Field 

Off-Axis Distance (mm) -55.00 -53.00 -51.00 -49.00 -47.00 

Normalised Dose 0.029393 0.032115 0.034655 0.038102 0.040643 

Off-Axis Distance (mm) -45.00 -43.00 -41.00 -39.00 -37.00 

Normalised Dose 0.044816 0.050622 0.057154 0.065863 0.075298 

Off-Axis Distance (mm) -35.00 -34.00 -33.00 -32.00 -31.00 

Normalised Dose 0.087091 0.093260 0.099429 0.10705 0.11757 

Off-Axis Distance (mm) -30.00 -29.00 -28.00 -27.00 -26.00 

Normalised Dose 0.13372 0.15894 0.19686 0.24785 0.30954 

Off-Axis Distance (mm) -25.00 -24.00 -23.00 -22.00 -21.00 

Normalised Dose 0.38483 0.46648 0.55067 0.63105 0.70707 

Off-Axis Distance (mm) -20.00 -19.00 -18.00 -17.00 -16.00 

Normalised Dose 0.77003 0.81993 0.85821 0.88125 0.89777 

Off-Axis Distance (mm) -15.00 -10.00 -5.00 0.00 5.00 

Normalised Dose 0.90357 0.92063 0.92426 0.92861 0.92625 

Off-Axis Distance (mm) 10.00 15.00 16.00 17.00 18.00 

Normalised Dose 0.92172 0.91391 0.91101 0.90702 0.90049 

Off-Axis Distance (mm) 19.00 20.00 21.00 22.00 23.00 

Normalised Dose 0.88924 0.87037 0.84007 0.79743 0.73719 
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Table A.13 Water phantom lateral beam profile data for different square fields at 10 cm depth 

normalised to the isocenter dose delivered by a 10 cm square field at a 70 cm SSD (continued) 

Off-Axis Distance (mm) 24.00 25.00 26.00 27.00 28.00 

Normalised Dose 0.66933 0.59041 0.50712 0.42421 0.34691 

Off-Axis Distance (mm) 29.00 30.00 31.00 32.00 33.00 

Normalised Dose 0.27996 0.22208 0.17963 0.14824 0.12701 

Off-Axis Distance (mm) 34.00 35.00 37.00 39.00 41.00 

Normalised Dose 0.11431 0.10560 0.091990 0.080378 0.070217 

Off-Axis Distance (mm) 43.00 45.00 47.00 49.00 51.00 

Normalised Dose 0.060964 0.053525 0.048444 0.043001 0.039554 

Off-Axis Distance (mm) 53.00 55.00    

Normalised Dose 0.035925 0.032841    

10 cm × 10 cm Square Field 

Off-Axis Distance (mm) -80.00 -78.00 -76.00 -74.00 -72.00 

Normalised Dose 0.06296 0.06677 0.071487 0.077112 0.082918 

Off-Axis Distance (mm) -70.00 -68.00 -66.00 -64.00 -62.00 

Normalised Dose 0.090901 0.099973 0.10941 0.11975 0.13154 

Off-Axis Distance (mm) -60.00 -59.00 -58.00 -57.00 -56.00 

Normalised Dose 0.14388 0.15132 0.15858 0.16711 0.176 

Off-Axis Distance (mm) -55.00 -54.00 -53.00 -52.00 -51.00 

Normalised Dose 0.18761 0.20521 0.23043 0.26726 0.31661 

Off-Axis Distance (mm) -50.00 -49.00 -48.00 -47.00 -46.00 

Normalised Dose 0.37957 0.45541 0.53942 0.63214 0.7185 

Off-Axis Distance (mm) -45.00 -44.00 -43.00 -42.00 -41.00 

Normalised Dose 0.80033 0.86638 0.91809 0.95655 0.98377 

Off-Axis Distance (mm) -40.00 -35.00 -30.00 -25.00 -20.00 

Normalised Dose 0.99937 1.0262 1.0415 1.0562 1.0638 

Off-Axis Distance (mm) -15.00 -10.00 -5.00 0.00 5.00 

Normalised Dose 1.0696 1.0739 1.0763 1.0761 1.0774 

Off-Axis Distance (mm) 10.00 15.00 20.00 25.00 30.00 

Normalised Dose 1.0750 1.0703 1.0690 1.0611 1.0485 
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Table A.13 Water phantom lateral beam profile data for different square fields at 10 cm depth 

normalised to the isocenter dose delivered by a 10 cm square field at a 70 cm SSD (continued) 

Off-Axis Distance (mm) 35.00 40.00 41.00 42.00 43.00 

Normalised Dose 1.0351 1.0195 1.0126 1.0070 1.0019 

Off-Axis Distance (mm) 44.00 45.00 46.00 47.00 48.00 

Normalised Dose 0.99647 0.98377 0.96617 0.93786 0.8974 

Off-Axis Distance (mm) 49.00 50.00 51.00 52.00 53.00 

Normalised Dose 0.84206 0.77457 0.69582 0.60855 0.52128 

Off-Axis Distance (mm) 54.00 55.00 56.00 57.00 58.00 

Normalised Dose 0.43546 0.36143 0.3001 0.25166 0.21737 

Off-Axis Distance (mm) 59.00 60.00 62.00 64.00 66.00 

Normalised Dose 0.19414 0.18108 0.16293 0.14769 0.13463 

Off-Axis Distance (mm) 68.00 70.00 72.00 74.00 76.00 

Normalised Dose 0.12356 0.11249 0.10215 0.092353 0.084914 

Off-Axis Distance (mm) 78.00 80.00    

Normalised Dose 0.078745 0.07312    

15 cm × 15 cm Square Field 

Off-Axis Distance (mm) -105.00 -103.00 -101.00 -99.00 -97.00 

Normalised Dose 0.091627 0.096889 0.10197 0.10832 0.11467 

Off-Axis Distance (mm) -95.00 -93.00 -91.00 -89.00 -87.00 

Normalised Dose 0.12283 0.131 0.14152 0.15332 0.16711 

Off-Axis Distance (mm) -85.00 -84.00 -83.00 -82.00 -81.00 

Normalised Dose 0.18289 0.19087 0.20049 0.2092 0.2219 

Off-Axis Distance (mm) -80.00 -79.00 -78.00 -77.00 -76.00 

Normalised Dose 0.24132 0.26944 0.30845 0.3607 0.42421 

Off-Axis Distance (mm) -75.00 -74.00 -73.00 -72.00 -71.00 

Normalised Dose 0.50041 0.58061 0.66661 0.74971 0.82973 

Off-Axis Distance (mm) -70.00 -69.00 -68.00 -67.00 -66.00 

Normalised Dose 0.89468 0.95093 0.99211 1.0204 1.0389 

Off-Axis Distance (mm) -65.00 -60.00 -55.00 -50.00 -45.00 

Normalised Dose 1.0496 1.0774 1.1015 1.1169 1.1333 
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Table A.13 Water phantom lateral beam profile data for different square fields at 10 cm depth 

normalised to the isocenter dose delivered by a 10 cm square field at a 70 cm SSD (continued) 

Off-Axis Distance (mm) -40.00 -35.00 -30.00 -25.00 -20.00 

Normalised Dose 1.1413 1.1540 1.1596 1.1665 1.1717 

Off-Axis Distance (mm) -15.00 -10.00 -5.00 0.00 5.00 

Normalised Dose 1.1741 1.1728 1.1741 1.1748 1.1757 

Off-Axis Distance (mm) 10.00 15.00 20.00 25.00 30.00 

Normalised Dose 1.1765 1.1746 1.1697 1.1681 1.1618 

Off-Axis Distance (mm) 35.00 40.00 45.00 50.00 55.00 

Normalised Dose 1.1554 1.1476 1.1360 1.1229 1.1073 

Off-Axis Distance (mm) 60.00 65.00 66.00 67.00 68.00 

Normalised Dose 1.0868 1.0640 1.0576 1.0531 1.0433 

Off-Axis Distance (mm) 69.00 70.00 71.00 72.00 73.00 

Normalised Dose 1.0299 1.0083 0.97488 0.9277 0.87091 

Off-Axis Distance (mm) 74.00 75.00 76.00 77.00 78.00 

Normalised Dose 0.79852 0.7176 0.63341 0.54867 0.46721 

Off-Axis Distance (mm) 79.00 80.00 81.00 82.00 83.00 

Normalised Dose 0.39826 0.33893 0.29393 0.25982 0.23678 

Off-Axis Distance (mm) 84.00 85.00 87.00 89.00 91.00 

Normalised Dose 0.21954 0.20847 0.19087 0.17491 0.15967 

Off-Axis Distance (mm) 93.00 95.00 97.00 99.00 101.00 

Normalised Dose 0.14678 0.13554 0.12628 0.11757 0.11068 

Off-Axis Distance (mm) 103.00 105.00    

Normalised Dose 0.10505 0.098703    

20 cm × 20 cm Square Field 

Off-Axis Distance (mm) -130.00 -128.00 -126.00 -124.00 -122.00 

Normalised Dose 0.11068 0.11612 0.12066 0.12773 0.13499 

Off-Axis Distance (mm) -120.00 -118.00 -116.00 -114.00 -112.00 

Normalised Dose 0.14279 0.15259 0.1633 0.17509 0.18888 

Off-Axis Distance (mm) -110.00 -109.00 -108.00 -107.00 -106.00 

Normalised Dose 0.20521 0.21374 0.22263 0.23315 0.24494 



123 

 

Table A.13 Water phantom lateral beam profile data for different square fields at 10 cm depth 

normalised to the isocenter dose delivered by a 10 cm square field at a 70 cm SSD (continued) 

Off-Axis Distance (mm) -105.00 -104.00 -103.00 -102.00 -101.00 

Normalised Dose 0.26563 0.2923 0.33077 0.38284 0.44689 

Off-Axis Distance (mm) -100.00 -99.00 -98.00 -97.00 -96.00 

Normalised Dose 0.52218 0.60401 0.68929 0.77221 0.84769 

Off-Axis Distance (mm) -95.00 -94.00 -93.00 -92.00 -91.00 

Normalised Dose 0.91627 0.96762 1.0092 1.0397 1.0578 

Off-Axis Distance (mm) -90.00 -85.00 -80.00 -75.00 -70.00 

Normalised Dose 1.0732 1.1037 1.1262 1.1462 1.1652 

Off-Axis Distance (mm) -65.00 -60.00 -55.00 -50.00 -45.00 

Normalised Dose 1.1785 1.1902 1.2004 1.2095 1.2180 

Off-Axis Distance (mm) -40.00 -35.00 -30.00 -25.00 -20.00 

Normalised Dose 1.2234 1.2296 1.2340 1.2367 1.2401 

Off-Axis Distance (mm) -15.00 -10.00 -5.00  0.00 5.00 

Normalised Dose 1.2410 1.2410 1.2418 1.2409 1.2445 

Off-Axis Distance (mm) 10.00 15.00 20.00 25.00 30.00 

Normalised Dose 1.2429 1.2405 1.2389 1.2378 1.2340 

Off-Axis Distance (mm) 35.00 40.00 45.00 50.00 55.00 

Normalised Dose 1.2289 1.2260 1.2187 1.2107 1.2002 

Off-Axis Distance (mm) 60.00 65.00 70.00 75.00 80.00 

Normalised Dose 1.1912 1.1777 1.1659 1.1491 1.1309 

Off-Axis Distance (mm) 85.00 90.00 91.00 92.00 93.00 

Normalised Dose 1.1090 1.0823 1.0768 1.0685 1.0589 

Off-Axis Distance (mm) 94.00 95.00  96.00 97.00 98.00 

Normalised Dose 1.0404 1.0146 0.97796 0.92952 0.86474 

Off-Axis Distance (mm) 99.00 100.00 101.00 102.00 103.00 

Normalised Dose 0.79199 0.70943 0.62561 0.54396 0.46957 

Off-Axis Distance (mm) 104.00 105.00 106.00 107.00 108.00 

Normalised Dose 0.40243 0.34673 0.30554 0.27597 0.25438 

Off-Axis Distance (mm) 109.00 110.00 112.00 114.00 116.00 
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Table A.13 Water phantom lateral beam profile data for different square fields at 10 cm depth 

normalised to the isocenter dose delivered by a 10 cm square field at a 70 cm SSD (continued) 

Normalised Dose 0.23914 0.22825 0.2112 0.19469 0.17944 

Off-Axis Distance (mm) 118.00 120.00 122.00 124.00 126.00 

Normalised Dose 0.16692 0.15386 0.14497 0.13735 0.13009 

Off-Axis Distance (mm) 128.00 130.00    

Normalised Dose 0.12302 0.1163    
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APPENDIX B           MONTE CARLO SIMULATIONS OUTPUT DATA 

 

B.1 Physical Compensator Beam Intensity Modulation 

 

Table B.1 Point-averaged particle fluxes and their isocenter normalisations generated in the 

presence of a physical compensator for three source diameters 

OAD 

(cm) 

Flux per Particle History (cm
-2

) Normalised Flux per History (%) 

 cm 1.0  φ1   cm 1.5  φ2   cm 2.0  φ3   cm 1.0  φ1   cm 1.5  φ2   cm 2.0  φ3   

-9.0 2.71338E-06 2.98112E-06 3.08206E-06 17.0 18.1 18.9 

-8.0 3.29327E-06 3.99380E-06 6.30053E-06 20.6 24.2 38.6 

-7.0 8.14863E-06 9.35382E-06 1.02080E-05 51.0 56.8 62.5 

-6.0 8.94256E-06 9.40889E-06 9.88109E-06 55.9 57.1 60.5 

-5.0 1.09976E-05 1.17976E-05 1.17030E-05 68.8 71.6 71.6 

-4.0 1.29695E-05 1.35715E-05 1.33453E-05 81.1 82.4 81.7 

-3.0 1.38551E-05 1.42987E-05 1.47533E-05 86.7 86.8 90.3 

-2.0 1.50170E-05 1.59025E-05 1.51562E-05 93.9 96.5 92.8 

-1.0 1.58086E-05 1.65582E-05 1.61219E-05 98.9 100.5 98.7 

0.0 1.59843E-05 1.64744E-05 1.63350E-05 100.0 100.0 100.0 

1.0 1.55970E-05 1.62138E-05 1.65993E-05 97.6 98.4 101.6 

2.0 1.52192E-05 1.51811E-05 1.54346E-05 95.2 92.1 94.5 

3.0 1.35627E-05 1.45319E-05 1.45970E-05 84.9 88.2 89.4 

4.0 1.33835E-05 1.38325E-05 1.35746E-05 83.7 84.0 83.1 

5.0 1.11121E-05 1.14447E-05 1.16337E-05 69.5 69.5 71.2 

6.0 9.00688E-06 9.39204E-06 9.54208E-06 56.3 57.0 58.4 

7.0 8.01319E-06 8.92448E-06 9.92916E-06 50.1 54.2 60.8 

8.0 3.20689E-06 4.10237E-06 6.35688E-06 20.1 24.9 38.9 

9.0 2.65612E-06 2.81134E-06 3.19221E-06 16.6 17.1 19.5 
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B.2 Oncentra TPS Prescribed Beam Intensity Modulation 

 

Table B.2 Fractional point-averaged flux tally scores for Co-60 IMRT radiation delivery by the 

symmetric square jaw motions prescribed in table A.2, with a source diameter of 2 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-9.0 2.75563E-06 8.68031E-07 4.53566E-07 5.13625E-06 1.77234E-06 

-8.0 5.08681E-06 1.27106E-06 5.66191E-07 8.55715E-06 2.32862E-06 

-7.0 8.38798E-06 1.47300E-06 8.09600E-07 1.26773E-05 4.33816E-06 

-6.0 1.26521E-05 2.41131E-06 1.02534E-06 1.57240E-05 7.86998E-06 

-5.0 1.52192E-05 5.41923E-06 1.88693E-06 1.64246E-05 1.17509E-05 

-4.0 1.57253E-05 8.94878E-06 4.72348E-06 1.60626E-05 1.40732E-05 

-3.0 1.59993E-05 1.20315E-05 8.60407E-06 1.55906E-05 1.44065E-05 

-2.0 1.65086E-05 1.25840E-05 1.14487E-05 1.61192E-05 1.50412E-05 

-1.0 1.62457E-05 1.32501E-05 1.24422E-05 1.67155E-05 1.53898E-05 

0.0 1.64795E-05 1.35827E-05 1.23898E-05 1.71552E-05 1.53658E-05 

1.0 1.57922E-05 1.36049E-05 1.23866E-05 1.71251E-05 1.48848E-05 

2.0 1.57356E-05 1.37331E-05 1.10358E-05 1.68024E-05 1.48836E-05 

3.0 1.50365E-05 1.21311E-05 8.56722E-06 1.71712E-05 1.52847E-05 

4.0 1.59896E-05 8.80066E-06 5.27906E-06 1.58776E-05 1.46021E-05 

5.0 1.56297E-05 5.40319E-06 1.94941E-06 1.62635E-05 1.11693E-05 

6.0 1.30016E-05 2.48485E-06 1.09562E-06 1.49413E-05 8.11948E-06 

7.0 7.94743E-06 1.40040E-06 7.96044E-07 1.22003E-05 4.66678E-06 

8.0 5.18743E-06 1.10561E-06 7.09406E-07 8.81184E-06 2.53606E-06 

9.0 3.16785E-06 9.65628E-07 5.42866E-07 4.98434E-06 2.05607E-06 

 

Table B.3 Fractional point-averaged flux tally scores for Co-60 IMRT radiation delivery by the 

symmetric square jaw motions prescribed in table A.2, with a source diameter of 1.5 cm. 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-7.0 2.58169E-06 7.72701E-07 3.43146E-07 5.19756E-06 1.89332E-06 
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Table B.3 Fractional point-averaged flux tally scores for Co-60 IMRT radiation delivery by the 

symmetric square jaw motions prescribed in table A.2, with a source diameter of 1.5 cm 

(continued) 

-6.0 4.64019E-06 9.79233E-07 4.69935E-07 1.41868E-05 2.41495E-06 

-5.0 1.36213E-05 1.28702E-06 5.83317E-07 1.52504E-05 4.31089E-06 

-4.0 1.45496E-05 1.88887E-06 7.28633E-07 1.60646E-05 1.28240E-05 

-3.0 1.50272E-05 8.28429E-06 1.17333E-06 1.62825E-05 1.38252E-05 

-2.0 1.54708E-05 1.24985E-05 7.45950E-06 1.66255E-05 1.42594E-05 

-1.0 1.55767E-05 1.26683E-05 1.15080E-05 1.63245E-05 1.46211E-05 

0.0 1.59353E-05 1.30099E-05 1.17331E-05 1.66024E-05 1.47040E-05 

1.0 1.54376E-05 1.27738E-05 1.11531E-05 1.61474E-05 1.47169E-05 

3.0 1.51563E-05 8.42532E-06 1.21503E-06 1.62516E-05 1.37733E-05 

4.0 1.45236E-05 2.18957E-06 7.49499E-07 1.61019E-05 1.30460E-05 

5.0 1.36653E-05 1.36159E-06 5.68391E-07 1.53852E-05 4.28864E-06 

6.0 5.03107E-06 1.11949E-06 4.00947E-07 1.36819E-05 2.33880E-06 

7.0 3.02536E-06 8.88162E-07 3.41656E-07 5.27856E-06 1.76479E-06 

 

Table B.4 Fractional point-averaged flux tally scores for Co-60 IMRT radiation delivery by the 

symmetric square jaw motions prescribed in table A.2, with a source diameter of 1 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-7.0 2.66205E-06 6.42940E-07 3.30170E-07 3.64486E-06 1.62673E-06 

-6.0 3.28011E-06 7.43533E-07 3.51003E-07 1.34554E-05 2.07418E-06 

-5.0 1.27525E-05 1.11153E-06 4.15385E-07 1.44598E-05 2.70533E-06 

-4.0 1.36584E-05 1.61288E-06 5.73302E-07 1.54228E-05 1.25407E-05 

-3.0 1.42426E-05 5.57148E-06 8.79064E-07 1.55201E-05 1.34340E-05 

-2.0 1.48839E-05 1.23209E-05 4.75111E-06 1.61153E-05 1.39366E-05 

-1.0 1.52420E-05 1.25451E-05 1.10230E-05 1.66395E-05 1.42838E-05 

0.0 1.53071E-05 1.26985E-05 1.11461E-05 1.67293E-05 1.43699E-05 

1.0 1.52397E-05 1.26623E-05 1.09310E-05 1.62042E-05 1.43512E-05 

2.0 1.53566E-05 1.23433E-05 4.78627E-06 1.60499E-05 1.38840E-05 
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Table B.4 Fractional point-averaged flux tally scores for Co-60 IMRT radiation delivery by the 

symmetric square jaw motions prescribed in table A.2, with a source diameter of 1 cm 

(continued) 

3.0 1.44216E-05 5.45614E-06 9.15562E-07 1.59614E-05 1.34359E-05 

4.0 1.38957E-05 1.52492E-06 5.91522E-07 1.55204E-05 1.24810E-05 

5.0 1.30390E-05 1.03972E-06 4.73502E-07 1.45717E-05 2.92623E-06 

6.0 3.20210E-06 8.40639E-07 2.99603E-07 1.31590E-05 2.09615E-06 

7.0 2.54720E-06 6.40480E-07 3.11957E-07 3.79196E-06 1.52632E-06 

 

Table B.5 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by asymmetric 

rectangular jaw motions prescribed in table A.3, with a source diameter of 2 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-8.0 2.07010E-06 9.90544E-07 1.74437E-06 1.72104E-06 2.46838E-06 

-7.0 2.70979E-06 1.09895E-06 2.18088E-06 2.23971E-06 3.08217E-06 

-6.0 6.80378E-06 1.31259E-06 6.03085E-06 6.08119E-06 7.13045E-06 

-5.0 1.36236E-05 1.64207E-06 1.27406E-05 1.26377E-05 1.38800E-05 

-4.0 1.40865E-05 2.04865E-06 1.30106E-05 1.33625E-05 1.47240E-05 

-3.0 1.42917E-05 2.67836E-06 1.37692E-05 1.38075E-05 1.52787E-05 

-2.0 1.88201E-05 7.04284E-06 1.44661E-05 1.43147E-05 1.60387E-05 

-1.0 1.47224E-05 1.37269E-05 1.44134E-05 1.44555E-05 1.60819E-05 

0.0 1.41716E-05 1.44273E-05 1.46101E-05 1.42624E-05 1.60009E-05 

1.0 1.37468E-05 1.45848E-05 1.43234E-05 1.41424E-05 1.59149E-05 

2.0 6.96975E-06 1.46541E-05 1.40466E-05 1.39582E-05 1.56574E-05 

3.0 2.55269E-06 1.43286E-05 1.38276E-05 1.37756E-05 1.53891E-05 

4.0 1.99425E-06 1.41502E-05 1.32959E-05 1.34102E-05 1.47728E-05 

5.0 1.74755E-06 1.33337E-05 1.28174E-05 1.28224E-05 1.38759E-05 

6.0 1.54670E-06 6.86165E-06 6.16488E-06 6.12092E-06 7.16537E-06 

7.0 1.17774E-06 2.74657E-06 2.09289E-06 2.02273E-06 2.91653E-06 

8.0 9.08570E-07 2.01937E-06 1.62797E-06 1.64453E-06 2.36681E-06 
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Table B.6 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by asymmetric 

rectangular jaw motions prescribed in table A.3, with a source diameter of 1.5 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-8.0 1.91517E-06 9.00944E-07 1.52781E-06 1.45222E-06 2.16426E-06 

-7.0 2.39650E-06 9.43824E-07 2.03663E-06 1.93218E-06 2.89669E-06 

-6.0 4.18616E-06 1.13320E-06 3.76800E-06 3.68816E-06 4.80706E-06 

-5.0 1.28516E-05 1.50105E-06 1.23807E-05 1.24590E-05 1.36636E-05 

-4.0 1.37158E-05 1.82317E-06 1.30400E-05 1.30143E-05 1.44773E-05 

-3.0 1.43141E-05 2.40796E-06 1.33625E-05 1.34528E-05 1.49037E-05 

-2.0 1.42721E-05 4.99383E-06 1.36598E-05 1.38296E-05 1.53240E-05 

-1.0 1.41902E-05 1.34773E-05 1.39227E-05 1.39276E-05 1.56550E-05 

0.0 1.41905E-05 1.45889E-05 1.42526E-05 1.41247E-05 1.58748E-05 

1.0 1.29179E-05 1.44993E-05 1.40369E-05 1.41469E-05 1.58357E-05 

2.0 4.45791E-06 1.48349E-05 1.37925E-05 1.38312E-05 1.54756E-05 

3.0 2.28229E-06 1.43978E-05 1.34623E-05 1.33550E-05 1.49995E-05 

4.0 1.77615E-06 1.38351E-05 1.29601E-05 1.30111E-05 1.44580E-05 

5.0 1.38283E-06 1.29576E-05 1.20178E-05 1.20904E-05 1.33048E-05 

6.0 1.21946E-06 4.55907E-06 3.99048E-06 4.18654E-06 5.20761E-06 

7.0 9.60706E-07 2.40782E-06 1.98567E-06 2.01847E-06 2.83247E-06 

8.0 7.75741E-07 1.89557E-06 1.43514E-06 1.63788E-06 2.30597E-06 

 

Table B.7 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by asymmetric 

rectangular jaw motions prescribed in table A.3, with a source diameter of 1 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-8.0 1.73030E-06 7.96201E-07 1.30847E-06 1.29780E-06 1.94252E-06 

-7.0 2.11422E-06 9.21619E-07 1.69367E-06 1.77453E-06 2.49237E-06 

-6.0 2.93805E-06 1.03234E-06 2.29095E-06 2.34587E-06 3.41895E-06 

-5.0 1.24646E-05 1.27543E-06 1.15338E-05 1.15687E-05 1.27748E-05 

-4.0 1.31084E-05 1.60639E-06 1.25707E-05 1.26219E-05 1.40840E-05 
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Table B.7 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by asymmetric 

rectangular jaw motions prescribed in table A.3, with a source diameter of 1 cm (continued) 

-3.0 1.35819E-05 2.12401E-06 1.31391E-05 1.31605E-05 1.47682E-05 

-2.0 1.39230E-05 3.08363E-06 1.32435E-05 1.32247E-05 1.49203E-05 

-1.0 1.39426E-05 1.27661E-05 1.33314E-05 1.34248E-05 1.51018E-05 

0.0 1.37041E-05 1.38887E-05 1.36306E-05 1.33682E-05 1.53392E-05 

1.0 1.26418E-05 1.40688E-05 1.36035E-05 1.36629E-05 1.54608E-05 

2.0 2.82977E-06 1.42111E-05 1.31338E-05 1.31248E-05 1.48877E-05 

3.0 2.11514E-06 1.44940E-05 1.31608E-05 1.31208E-05 1.47399E-05 

4.0 1.64111E-06 1.36095E-05 1.25931E-05 1.25803E-05 1.39646E-05 

5.0 1.34842E-06 1.23669E-05 1.18025E-05 1.19579E-05 1.30490E-05 

6.0 1.01655E-06 2.94703E-06 2.19157E-06 2.39849E-06 3.35223E-06 

7.0 8.25321E-07 2.10767E-06 1.66419E-06 1.63301E-06 2.43480E-06 

8.0 7.12191E-07 1.51654E-06 1.27143E-06 1.29508E-06 1.90570E-06 

 

Table B.8 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by symmetric 

rectangular jaw motions prescribed in table A.4, with a source diameter of 2 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-8.0 2.67693E-06 1.31751E-06 9.36997E-07 3.51555E-06 2.20513E-06 

-7.0 3.41961E-06 1.59381E-06 1.06313E-06 7.83546E-06 2.68686E-06 

-6.0 7.48402E-06 1.92064E-06 1.40498E-06 1.43838E-05 3.42305E-06 

-5.0 1.41746E-05 2.35317E-06 1.64014E-06 1.55912E-05 7.69051E-06 

-4.0 1.50052E-05 3.64394E-06 2.07877E-06 1.55637E-05 1.41132E-05 

-3.0 1.56571E-05 1.09394E-05 3.34278E-06 1.61345E-05 1.48380E-05 

-2.0 1.65522E-05 1.42557E-05 1.04148E-05 1.61878E-05 1.56860E-05 

-1.0 1.65857E-05 1.43590E-05 1.34332E-05 1.66031E-05 1.57367E-05 

0.0 1.64357E-05 1.48220E-05 1.33594E-05 1.70828E-05 1.61077E-05 

1.0 1.63867E-05 1.42004E-05 1.33782E-05 1.68216E-05 1.58547E-05 

2.0 1.61360E-05 1.39967E-05 1.01022E-05 1.64546E-05 1.56022E-05 

3.0 1.58381E-05 1.08550E-05 3.20593E-06 1.67340E-05 1.51659E-05 
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Table B.8 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by symmetric 

rectangular jaw motions prescribed in table A.4, with a source diameter of 2 cm (continued) 

4.0 1.51844E-05 3.83581E-06 1.90385E-06 1.61178E-05 1.38596E-05 

5.0 1.42593E-05 2.55872E-06 1.46317E-06 1.54620E-05 7.44979E-06 

6.0 7.56279E-06 1.98522E-06 1.32823E-06 1.49659E-05 3.49820E-06 

7.0 3.31033E-06 1.52849E-06 1.05704E-06 7.70429E-06 2.57104E-06 

8.0 2.76410E-06 1.26585E-06 8.34992E-07 3.59123E-06 2.07302E-06 

 

Table B.9 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by symmetric 

rectangular jaw motions prescribed in table A.4, with a source diameter of 1.5 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-8.0 2.33539E-06 1.24901E-06 8.33508E-07 3.34625E-06 1.88703E-06 

-7.0 3.20841E-06 1.41178E-06 9.84928E-07 5.35973E-06 2.24592E-06 

-6.0 5.14776E-06 1.65970E-06 1.09002E-06 1.39240E-05 2.77960E-06 

-5.0 1.40320E-05 2.07388E-06 1.42007E-06 1.51222E-05 5.07641E-06 

-4.0 1.47660E-05 2.83134E-06 1.80423E-06 1.51330E-05 1.37468E-05 

-3.0 1.52539E-05 9.23169E-06 2.60551E-06 1.59551E-05 1.41955E-05 

-2.0 1.57801E-05 1.39859E-05 9.11976E-06 1.63486E-05 1.52640E-05 

-1.0 1.61788E-05 1.42748E-05 1.30652E-05 1.65155E-05 1.52267E-05 

0.0 1.64821E-05 1.46462E-05 1.33021E-05 1.67936E-05 1.53663E-05 

1.0 1.62270E-05 1.37728E-05 1.29808E-05 1.67040E-05 1.53271E-05 

2.0 1.59290E-05 1.35858E-05 8.74112E-06 1.65908E-05 1.49442E-05 

3.0 1.53545E-05 9.57056E-06 2.39141E-06 1.63433E-05 1.48898E-05 

4.0 1.48610E-05 2.99204E-06 1.78614E-06 1.59255E-05 1.36072E-05 

5.0 1.36735E-05 2.26711E-06 1.42218E-06 1.51127E-05 4.82522E-06 

6.0 5.58941E-06 1.65763E-06 1.14343E-06 1.43411E-05 2.85837E-06 

7.0 3.16904E-06 1.45763E-06 1.01732E-06 5.04881E-06 2.32952E-06 

8.0 2.56891E-06 1.13073E-06 7.46700E-07 2.98679E-06 2.05301E-06 

 



132 

 

Table B.10 Fractional point-averaged flux tally scores for Co-60 IMRT delivery by symmetric 

rectangular jaw motions prescribed in table A.4, with a source diameter of 1 cm 

OAD 

(cm) 

1
Flux  (cm

-2
) 

2
Flux  (cm

-2
) 

3
Flux  (cm

-2
) 

4
Flux  (cm

-2
) 

5
Flux  (cm

-2
) 

-8.0 2.15678E-06 9.56067E-07 6.99555E-07 3.01635E-06 1.84829E-06 

-7.0 2.73967E-06 1.22351E-06 7.91813E-07 4.23662E-06 2.05101E-06 

-6.0 3.63947E-06 1.40925E-06 9.15311E-07 1.31726E-05 2.57745E-06 

-5.0 1.30329E-05 1.74979E-06 1.16226E-06 1.42929E-05 3.46662E-06 

-4.0 1.43694E-05 2.42815E-06 1.60762E-06 1.48125E-05 1.32407E-05 

-3.0 1.50095E-05 6.47217E-06 2.11331E-06 1.52217E-05 1.43074E-05 

-2.0 1.52414E-05 1.30532E-05 6.09046E-06 1.56898E-05 1.48784E-05 

-1.0 1.55126E-05 1.38012E-05 1.26364E-05 1.61536E-05 1.50467E-05 

0.0 1.57151E-05 1.39025E-05 1.27745E-05 1.61947E-05 1.51536E-05 

1.0 1.58608E-05 1.36542E-05 1.26433E-05 1.62673E-05 1.49605E-05 

2.0 1.53345E-05 1.34132E-05 5.95682E-06 1.63696E-05 1.48380E-05 

3.0 1.50992E-05 6.57033E-06 2.01348E-06 1.55534E-05 1.42760E-05 

4.0 1.43354E-05 2.53391E-06 1.53774E-06 1.51692E-05 1.32132E-05 

5.0 1.33010E-05 1.89061E-06 1.20203E-06 1.46855E-05 3.30926E-06 

6.0 3.63407E-06 1.51536E-06 9.55657E-07 1.34911E-05 2.54386E-06 

7.0 2.73224E-06 1.24411E-06 7.77459E-07 3.91012E-06 1.97548E-06 

8.0 2.15840E-06 9.57793E-07 7.12017E-07 2.97158E-06 1.56855E-06 
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APPENDIX C           SIMULATIONS VERSUS MEASUREMENTS DATA 

 

C.1 Physical Compensator Co-60 Beam Intensity Modulation 

 

Table C.1 Unnormalised and normalised 
netOD  data corresponding to the irradiations of two 

separate GafChromic RTQA2-1010 films in the presence of a physical compensator to isocenter 

doses of 104.3 cGy and 203.0 cGy, respectively 

OAD 

(cm) 

Unnormalised ODnet Normalised ODnet (%) 

104.3 cGy 203.0 cGy 104.3 cGy 203.0 cGy 

-8.5 503.7 ± 28.3 788.3 ± 16.4 21.0 ± 1.7 21.0 ± 0.6 

-8.0 597.2 ± 33.6 934.6 ± 19.5 24.9 ±  2.0 24.9 ± 0.7 

-7.5 959.4 ± 53.9 1501.4 ± 31.3 40.0 ± 3.2 40.0 ± 1.2 

-7.0 1300.0 ± 73.1 2034.5 ± 42.4 54.2 ± 4.3 54.2 ± 1.6 

-6.5 1343.2 ± 75.5 2102.1 ± 43.8 56.0 ± 4.5 56.0 ± 1.7 

-6.0 1367.2 ± 76.9 2139.6 ± 44.5 57.0 ± 4.5 57.0 ± 1.7 

-5.5 1511.1 ± 85.0 2364.8 ± 49.2 63.0 ± 5.0 63.0 ± 1.9 

-5.0 1667.0 ± 93.8 2608.8 ± 54.3 69.5 ± 5.5 69.5 ± 2.0 

-4.5 1822.9 ± 102.5 2852.8 ± 59.4 76.0 ± 6.0 76.0 ± 2.2 

-4.0 2014.8 ± 113.3 3153.0 ± 65.6 84.0 ± 6.7 84.0 ± 2.5 

-3.5 2062.7 ± 116.0 3228.1 ± 67.2 86.0 ± 6.8 86.0 ± 2.5 

-3.0 2115.5 ± 119.0 3310.7 ± 68.9 88.2 ± 7.0 88.2 ± 2.6 

-2.5 2158.7 ± 121.4 3378.3 ± 70.3 90.0 ± 7.2 90.0 ± 2.7 

-2.0 2209.1 ± 124.2 3457.1 ± 72.0 92.1 ± 7.3 92.1 ± 2.7 

-1.5 2278.6 ± 128.2 3565.9 ± 74.2 95.0 ± 7.6 95.0 ± 2.8 

-1.0 2360.2 ± 132.7 3693.6 ± 76.9 98.4 ± 7.8 98.4 ± 2.9 

-0.5 2374.6 ± 133.5 3716.1 ± 77.4 99.0 ± 7.9 99.0 ± 2.9 

0.0 2398.5 ± 134.9 3753.6 ± 78.2 100.0 ± 8.0 100.0 ± 2.9 

0.5 2374.6 ± 133.5 3716.1 ± 77.4 99.0 ± 7.9 99.0 ± 2.9 

1.0 2360.2 ± 132.7 3693.6 ± 76.9 98.4 ± 7.8 98.4 ± 2.9 

1.5 2278.6 ± 128.2 3565.9 ± 74.2 95.0 ± 7.6 95.0 ± 2.8 

2.0 2209.1 ± 124.2 3457.1 ± 72.0 92.1 ± 7.3 92.1 ± 2.7 
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Table C.1 Unnormalised and normalised 
netOD  data corresponding to the irradiations of two 

separate GafChromic RTQA2-1010 films in the presence of a physical compensator to isocenter 

doses of 104.3 cGy and 203.0 cGy, respectively (continued) 

2.5 2158.7 ± 121.4 3378.3 ± 70.3 90.0 ± 7.2 90.0 ± 2.7 

3.0 2115.5 ± 119.0 3310.7 ± 68.9 88.2 ± 7.0 88.2 ± 2.6 

3.5 2062.7 ± 116.0 3228.1 ± 67.2 86.0 ± 6.8 86.0 ± 2.5 

4.0 2014.8 ± 113.3 3153.0 ± 65.6 84.0 ± 6.7 84.0 ± 2.5 

4.5 1822.9 ± 102.5 2852.8 ± 59.4 76.0 ± 6.0 76.0 ± 2.2 

5.0 1667.0 ± 93.8 2608.8 ± 54.3 69.5 ± 5.5 69.5 ± 2.0 

5.5 1511.1 ± 85.0  2364.8 ± 49.2 63.0 ± 5.0 63.0 ± 1.9 

6.0 1367.2 ± 76.9 2139.6 ± 44.5 57.0 ± 4.5 57.0 ± 1.7 

6.5 1343.2 ± 75.5 2102.1 ± 43.8 56.0 ± 4.5 56.0 ± 1.7 

7.0 1300.0 ± 73.1 2034.5 ± 42.4 54.2 ± 4.3 54.2 ± 1.6 

7.5 959.4 ± 53.9 1501.4 ± 31.3 40.0 ± 3.2 40.0 ± 1.2 

8.0 597.2 ± 33.6 934.6 ± 19.5 24.9 ± 2.0 24.9 ± 0.7 

8.5 503.7 ± 28.3 788.3 ± 16.4 21.0 ± 1.7 21.0 ± 0.6 

 

Table C.2 Normalised netOD  data for two GafChromic RTQA2-1010 films irradiated in the 

presence of a physical compensator to isocenter doses of 104.3 cGy and 203.0 cGy,  and the 

corresponding MCNPX simulations output data for three source diameters 

OAD 

(cm) 

Normalised ODnet (%) Normalised Particle Flux (%) 

104.3 cGy 203.0 cGy cm 1.0  φ1   cm 1.5  φ2   cm 2.0  φ3   

-9.0 - - 17.0 18.1 18.9 

-8.5 21.0 ± 1.7 21.0 ± 0.6 - - - 

-8.0 24.9 ±  2.0 24.9 ± 0.7 20.6 24.2 38.6 

-7.5 40.0 ± 3.2 40.0 ± 1.2 - - - 

-7.0 54.2 ± 4.3 54.2 ± 1.6 51.0 56.8 62.5 

-6.5 56.0 ± 4.5 56.0 ± 1.7 - - - 

-6.0 57.0 ± 4.5 57.0 ± 1.7 55.9 57.1 60.5 

-5.5 63.0 ± 5.0 63.0 ± 1.9 - - - 
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Table C.2 Normalised 
netOD  data for two GafChromic RTQA2-1010 films irradiated in the 

presence of a physical compensator to isocenter doses of 104.3 cGy and 203.0 cGy,  and the 

corresponding MCNPX simulations output data for three source diameters (continued) 

-5.0 69.5 ± 5.5 69.5 ± 2.0 68.8 71.6 71.6 

-4.5 76.0 ± 6.0 76.0 ± 2.2 - - - 

-4.0 84.0 ± 6.7 84.0 ± 2.5 81.1 82.4 81.7 

-3.5 86.0 ± 6.8 86.0 ± 2.5 - - - 

-3.0 88.2 ± 7.0 88.2 ± 2.6 86.7 86.8 90.3 

-2.5 90.0 ± 7.2 90.0 ± 2.7 - - - 

-2.0 92.1 ± 7.3 92.1 ± 2.7 93.9 96.5 92.8 

-1.5 95.0 ± 7.6 95.0 ± 2.8 - - - 

-1.0 98.4 ± 7.8 98.4 ± 2.9 98.9 100.5 98.7 

-0.5 99.0 ± 7.9 99.0 ± 2.9 - - - 

0.0 100.0 ± 8.0 100.0 ± 2.9 100.0 100.0 100.0 

0.5 99.0 ± 7.9 99.0 ± 2.9 - - - 

1.0 98.4 ± 7.8 98.4 ± 2.9 97.6 98.4 101.6 

1.5 95.0 ± 7.6 95.0 ± 2.8 - - - 

2.0 92.1 ± 7.3 92.1 ± 2.7 95.2 92.1 94.5 

2.5 90.0 ± 7.2 90.0 ± 2.7 - - - 

3.0 88.2 ± 7.0 88.2 ± 2.6 84.9 88.2 89.4 

3.5 86.0 ± 6.8 86.0 ± 2.5 - - - 

4.0 84.0 ± 6.7 84.0 ± 2.5 83.7 84.0 83.1 

4.5 76.0 ± 6.0 76.0 ± 2.2 - - - 

5.0 69.5 ± 5.5 69.5 ± 2.0 69.5 69.5 71.2 

5.5 63.0 ± 5.0 63.0 ± 1.9 - - - 

6.0 57.0 ± 4.5 57.0 ± 1.7 56.3 57.0 58.4 

6.5 56.0 ± 4.5 56.0 ± 1.7 - - - 

7.0 54.2 ± 4.3 54.2 ± 1.6 50.1 54.2 60.8 

7.5 40.0 ± 3.2 40.0 ± 1.2 - - - 

8.0 24.9 ± 2.0 24.9 ± 0.7 20.1 24.9 38.9 
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Table C.2 Normalised 
netOD  data for two GafChromic RTQA2-1010 films irradiated in the 

presence of a physical compensator to isocenter doses of 104.3 cGy and 203.0 cGy,  and the 

corresponding MCNPX simulations output data for three source diameters (continued) 

8.5 21.0 ± 1.7 21.0 ± 0.6 - - - 

9.0 - - 16.6 17.1 19.5 

 

C.2 Oncentra TPS Co-60 Beam Intensity Modulation Field Patterns 

 

Table C.3 Normalised total point-averaged fluxes per off-axis point for an irradiation by a 2.0 cm 

diameter source when the Oncentra TPS symmetric square field patterns were delivered, and the 

corresponding netOD  values extracted from table A.7 also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-9.0 1.09858E-05 0.14653 - - 

-8.0 1.78098E-05 0.23755 - - 

-7.0 2.76860E-05 0.36928 1766.5 ± 32.8 11.1 ± 0.2 

-6.0 3.96847E-05 0.52932 3347.8 ± 279.1 20.9 ± 1.7 

-5.0 5.07009E-05 0.67626 7565.8 ± 248.6 47.3 ± 1.6 

-4.0 5.95334E-05 0.79406 10608 ± 192.3 66.4 ± 1.2 

-3.0 6.66320E-05 0.88875 12828 ± 123.5 80.3 ± 0.9 

-2.0 7.17017E-05 0.95637 14674 ± 55.4 91.8 ± 0.6 

-1.0 7.40433E-05 0.98760 15952 ± 53.9 99.8 ± 0.6 

0.0 7.49730E-05 1.00000 15982 ± 77.2 100.0 ± 0.7 

1.0 7.37936E-05 0.98427 15441 ± 83.2 96.6 ± 0.7 

2.0 7.21905E-05 0.96289 14102 ± 56.8 88.2 ± 0.6 

3.0 6.81907E-05 0.90954 12480 ± 99.7 78.1 ± 0.7 

4.0 6.05490E-05 0.80761 10608 ± 192.5 66.4 ± 1.2 

5.0 5.04151E-05 0.67244 7545.8 ± 265.2 47.2 ± 1.7 

6.0 3.96429E-05 0.52876 3321.9 ± 102.8 20.8 ± 0.7 
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Table C.3 Normalised total point-averaged fluxes per off-axis point for an irradiation by a 2.0 cm 

diameter source when the Oncentra TPS symmetric square field patterns were delivered, and the 

corresponding 
netOD  values extracted from table A.7 also normalised to the isocenter 

(continued) 

7.0 2.70110E-05 0.36028 1766.5 ± 32.8 11.1 ± 0.2 

8.0 1.83503E-05 0.24476 - - 

9.0 1.17168E-05 0.15628 - - 

 

Table C.4 Normalised total point-averaged fluxes per off-axis point for a 1.5 cm diameter source 

when the Oncentra TPS symmetric square fields were delivered, and the corresponding netOD  

values also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-7.0 1.07884E-05 0.14987 1766.5 ± 32.8 11.1 ± 0.2 

-6.0 2.26911E-05 0.31522 3347.8 ± 279.1 20.9 ± 1.7 

-5.0 3.50529E-05 0.48695 7565.8 ± 248.6 47.3 ± 1.6 

-4.0 4.60557E-05 0.63980 10608 ± 192.3 66.4 ± 1.2 

-3.0 5.45925E-05 0.75839 12828 ± 123.5 80.3 ± 0.9 

-2.0 6.63137E-05 0.92122 14674 ± 55.4 91.8 ± 0.6 

-1.0 7.06986E-05 0.98213 15952 ± 53.9 99.8 ± 0.6 

0.0 7.19847E-05 1.00000 15982 ± 77.2 100.0 ± 0.7 

1.0 7.02288E-05 0.97561 15441 ± 83.2 96.6 ± 0.7 

2.0 6.59746E-05 0.91651 14102 ± 56.8 88.2 ± 0.6 

3.0 5.48215E-05 0.76157 12480 ± 99.7 78.1 ± 0.7 

4.0 4.66106E-05 0.64751 10608 ± 192.5 66.4 ± 1.2 

5.0 3.52691E-05 0.48995 7545.8 ± 265.2 47.2 ± 1.7 

6.0 2.25722E-05 0.31357 3321.9 ± 102.8 20.8 ± 0.7 

7.0 1.12985E-05 0.15696 1766.5 ± 32.8 11.1 ± 0.2 
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Table C.5 Normalised total point-averaged fluxes per off-axis point for a 1.0 cm diameter source 

when the Oncentra TPS symmetric square fields were delivered, and the respective 
netOD  values 

also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-7.0 8.90675E-06 0.12678 1766.5 ± 32.8 11.1 ± 0.2 

-6.0 1.99042E-05 0.28333 3347.8 ± 279.1 20.9 ± 1.7 

-5.0 3.14445E-05 0.44760 7565.8 ± 248.6 47.3 ± 1.6 

-4.0 4.38081E-05 0.62359 10608 ± 192.3 66.4 ± 1.2 

-3.0 4.96472E-05 0.70671 12828 ± 123.5 80.3 ± 0.9 

-2.0 6.20078E-05 0.88266 14674 ± 55.4 91.8 ± 0.6 

-1.0 6.97334E-05 0.99263 15952 ± 53.9 99.8 ± 0.6 

0.0 7.02509E-05 1.00000 15982 ± 77.2 100.0 ± 0.7 

1.0 6.93884E-05 0.98772 15441 ± 83.2 96.6 ± 0.7 

2.0 6.24201E-05 0.88853 14102 ± 56.8 88.2 ± 0.6 

3.0 5.01906E-05 0.71445 12480 ± 99.7 78.1 ± 0.7 

4.0 4.40135E-05 0.62652 10608 ± 192.5 66.4 ± 1.2 

5.0 3.20502E-05 0.45622 7545.8 ± 265.2 47.2 ± 1.7 

6.0 1.95975E-05 0.27896 3321.9 ± 102.8 20.8 ± 0.7 

7.0 8.81792E-06 0.12552 1766.5 ± 32.8 11.1 ± 0.2 

 

Table C.6 Normalised total point-averaged fluxes per off-axis point for a 2.0 cm diameter source 

when the Oncentra TPS asymmetric rectangular fields were delivered, and the respective netOD  

values also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-8.0 8.99443E-06 0.12242 - - 

-7.0 1.13115E-05 0.15396 1935.6 ± 25.3 11.7 ± 0.2 

-6.0 2.73589E-05 0.37237 3943.9 ± 12.4 23.9 ± 0.1 
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Table C.6 Normalised total point-averaged fluxes per off-axis point for a 2.0 cm diameter source 

when the Oncentra TPS asymmetric rectangular fields were delivered, and the respective 
netOD  

values also normalised to the isocenter (continued) 

-5.0 5.45240E-05 0.74210 11920.1 ± 77.3 72.3 ± 0.5 

-4.0 5.72323E-05 0.77896 12629.0 ± 244.1 76.6 ± 1.5 

-3.0 5.98255E-05 0.81426 12859.9 ± 21.2 78.8 ± 0.1 

-2.0 7.06824E-05 0.96203 13849.1 ± 109.7 84.0 ± 0.7 

-1.0 7.34001E-05 0.99902 15945.4 ± 71.0 96.7 ± 0.4 

0.0 7.34723E-05 1.00000 16487.0 ± 6.0 100 ± 0.1 

1.0 7.27123E-05 0.98966 15947.0 ± 76.9 96.7 ± 0.4 

2.0 6.52861E-05 0.88858 13849.1 ± 109.7 84.0 ± 0.7 

3.0 5.98736E-05 0.81491 12859.9 ± 21.2 78.0 ± 0.1  

4.0 5.76234E-05 0.78429 12629.0 ± 244.1 76.6 ± 1.5 

5.0 5.45970E-05 0.74310 11920.1 ± 77.3 72.3 ± 0.5 

6.0 2.78595E-05 0.37918 3943.9 ± 12.4 23.9 ± 0.1 

7.0 1.09565E-05 0.14912 2226.5 ± 39.3 13.5 ± 0.2 

8.0 8.56725E-06 0.11661 - - 

 

Table C.7 Normalised total point-averaged fluxes per off-axis point for a 1.5 cm diameter source 

when the Oncentra TPS asymmetric rectangular fields were delivered, and the respective netOD  

values also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-8.0 7.96040E-06 0.10900 - - 

-7.0 1.02058E-05 0.13975 1935.6 ± 25.3 11.7 ± 0.2 

-6.0 1.75826E-05 0.24075 3943.9 ± 12.4 23.9 ± 0.1 

-5.0 5.28560E-05 0.72374 11920.1 ± 77.3 72.3 ± 0.5 

-4.0 5.60706E-05 0.76776 12629.0 ± 244.1 76.6 ± 1.5 

-3.0 5.84411E-05 0.80022 12859.9 ± 21.2 78.8 ± 0.1 
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Table C.7 Normalised total point-averaged fluxes per off-axis point for a 1.5 cm diameter source 

when the Oncentra TPS asymmetric rectangular fields were delivered, and the respective 
netOD  

values also normalised to the isocenter (continued) 

-2.0 6.20793E-05 0.85003 13849.1 ± 109.7 84.0 ± 0.7 

-1.0 7.11728E-05 0.97455 15945.4 ± 71.0 96.7 ± 0.4 

0.0 7.30315E-05 1.00000 16487.0 ± 6.0 100 ± 0.1 

1.0 7.14367E-05 0.97816 15947.0 ± 76.9 96.7 ± 0.4 

2.0 6.23921E-05 0.85432 13849.1 ± 109.7 84.0 ± 0.7 

3.0 5.84969E-05 0.80098 12859.9 ± 21.2 78.0 ± 0.1  

4.0 5.60405E-05 0.76735 12629.0 ± 244.1 76.6 ± 1.5 

5.0 5.17534E-05 0.70864 11920.1 ± 77.3 72.3 ± 0.5 

6.0 1.91632E-05 0.26240 3943.9 ± 12.4 23.9 ± 0.1 

7.0 1.02051E-05 0.13974 2226.5 ± 39.3 13.5 ± 0.2 

8.0 8.05030E-06 0.11023 - - 

 

Table C.8 Normalised total point-averaged fluxes per off-axis point for a 1.0 cm diameter source 

when the Oncentra TPS asymmetric rectangular fields were delivered, and the respective netOD  

values also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-8.0 7.07529E-06 0.10118 - - 

-7.0 8.99641E-06 0.12865 1935.6 ± 25.3 11.7 ± 0.2 

-6.0 1.20262E-05 0.17197 3943.9 ± 12.4 23.9 ± 0.1 

-5.0 4.96173E-05 0.70952 11920.1 ± 77.3 72.3 ± 0.5 

-4.0 5.39914E-05 0.77207 12629.0 ± 244.1 76.6 ± 1.5 

-3.0 5.67737E-05 0.81186 12859.9 ± 21.2 78.8 ± 0.1 

-2.0 5.83951E-05 0.83504 13849.1 ± 109.7 84.0 ± 0.7 

-1.0 6.85667E-05 0.98049 15945.4 ± 71.0 96.7 ± 0.4 

0.0 6.99308E-05 1.00000 16487.0 ± 6.0 100 ± 0.1 
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Table C.8 Normalised total point-averaged fluxes per off-axis point for a 1.0 cm diameter source 

when the Oncentra TPS asymmetric rectangular fields were delivered, and the respective 
netOD  

values also normalised to the isocenter (continued) 

1.0 6.94378E-05 0.99295 15947.0 ± 76.9 96.7 ± 0.4 

2.0 5.81872E-05 0.83207 13849.1 ± 109.7 84.0 ± 0.7 

3.0 5.76306E-05 0.82411 12859.9 ± 21.2 78.0 ± 0.1  

4.0 5.43886E-05 0.77775 12629.0 ± 244.1 76.6 ± 1.5 

5.0 5.05247E-05 0.72250 11920.1 ± 77.3 72.3 ± 0.5 

6.0 1.19059E-05 0.17025 3943.9 ± 12.4 23.9 ± 0.1 

7.0 8.66499E-06 0.12391 2226.5 ± 39.3 13.5 ± 0.2 

8.0 6.70094E-06 0.09582 - - 

 

Table C.9 Normalised total point-averaged fluxes per off-axis point for a 2.0 cm diameter source 

when the Oncentra TPS symmetric rectangular fields were delivered, and the respective netOD  

values also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-8.0 1.06521E-05 0.13690 - - 

-7.0 1.65989E-05 0.21333 2854.2 ± 13.2 17.2 ± 0.2 

-6.0 2.86165E-05 0.36779 5310.1 ± 63.7 32.0 ± 0.5 

-5.0 4.14496E-05 0.53272 8130.9 ± 152.8 49.0 ± 1.0 

-4.0 5.04048E-05 0.64781 10454.2 ± 165.6 63.0 ± 1.1 

-3.0 6.09118E-05 0.78285 12279.6 ± 132.3 74.0 ± 1.0 

-2.0 7.30965E-05 0.93945 15266.5 ± 60.0 92.0 ± 0.8 

-1.0 7.67177E-05 0.98599 16262.1 ± 75.1 98.0 ± 0.9 

0.0 7.78076E-05 1.00000 16594.0 ± 126.1 100.0 ± 1.1 

1.0 7.66416E-05 0.98501 16096.2 ± 24.6 97.0 ± 0.8 

2.0 7.22917E-05 0.92911 15100.5 ± 96.7 91.0 ± 0.9 

3.0 6.17989E-05 0.79425 12611.4 ± 69.6 76.0 ± 0.7 
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Table C.9 Normalised total point-averaged fluxes per off-axis point for a 2.0 cm diameter source 

when the Oncentra TPS symmetric rectangular fields were delivered, and the respective 
netOD  

values also normalised to the isocenter (continued) 

4.0 5.09015E-05 0.65420 10620.2 ± 61.4 64.0 ± 0.6 

5.0 4.11930E-05 0.52942 7965.1 ± 58.5 48.0 ± 0.5 

6.0 2.93403E-05 0.37709 5497.0 ± 96.8 33.1 ± 0.6 

7.0 1.61712E-05 0.20784 2854.6 ± 320.1 17.2 ± 1.9 

8.0 1.05292E-05 0.13532 - - 

 

Table C.10 Normalised total point-averaged fluxes per off-axis point for a 1.5 cm diameter 

source when the Oncentra TPS symmetric rectangular fields were delivered, and the respective 

netOD  values also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-8.0 9.65119E-06 0.12601 - - 

-7.0 1.32108E-05 0.17249 2854.2 ± 13.2 17.2 ± 0.2 

-6.0 2.46011E-05 0.32120 5310.1 ± 63.7 32.0 ± 0.5 

-5.0 3.77246E-05 0.49255 8130.9 ± 152.8 49.0 ± 1.0 

-4.0 4.82814E-05 0.63039 10454.2 ± 165.6 63.0 ± 1.1 

-3.0 5.72417E-05 0.74738 12279.6 ± 132.3 74.0 ± 1.0 

-2.0 7.04984E-05 0.92046 15266.5 ± 60.0 92.0 ± 0.8 

-1.0 7.52610E-05 0.98264 16262.1 ± 75.1 98.0 ± 0.9 

0.0 7.65903E-05 1.00000 16594.0 ± 126.1 100.0 ± 1.1 

1.0 7.50117E-05 0.97939 16096.2 ± 24.6 97.0 ± 0.8 

2.0 6.97909E-05 0.91122 15100.5 ± 96.7 91.0 ± 0.9 

3.0 5.85496E-05 0.76445 12611.4 ± 69.6 76.0 ± 0.7 

4.0 4.91719E-05 0.64201 10620.2 ± 61.4 64.0 ± 0.6 

5.0 3.73007E-05 0.48702 7965.1 ± 58.5 48.0 ± 0.5 

6.0 2.55899E-05 0.33411 5497.0 ± 96.8 33.1 ± 0.6 
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Table C.10 Normalised total point-averaged fluxes per off-axis point for a 1.5 cm diameter 

source when the Oncentra TPS symmetric rectangular fields were delivered, and the respective 

netOD  values also normalised to the isocenter (continued) 

7.0 1.30223E-05 0.17003 2854.6 ± 320.1 17.2 ± 1.9 

8.0 9.48614E-06 0.12386 - - 

 

Table C.11 Normalised total point-averaged fluxes per off-axis point for a 1.0 cm diameter 

source when the Oncentra TPS symmetric rectangular fields were delivered, and the respective 

netOD  values also normalised to the isocenter 

OAD (cm) 
i

iFlux  (cm
-2)

 Normalised 


i

iFlux  

netOD  (AU) Normalised 

netOD  (%) 

-8.0 8.67704E-06 0.11767 - - 

-7.0 1.10426E-05 0.14975 2854.2 ± 13.2 17.2 ± 0.2 

-6.0 2.17141E-05 0.29447 5310.1 ± 63.7 32.0 ± 0.5 

-5.0 3.37045E-05 0.45707 8130.9 ± 152.8 49.0 ± 1.0 

-4.0 4.64584E-05 0.63003 10454.2 ± 165.6 63.0 ± 1.1 

-3.0 5.31241E-05 0.72042 12279.6 ± 132.3 74.0 ± 1.0 

-2.0 6.49533E-05 0.88084 15266.5 ± 60.0 92.0 ± 0.8 

-1.0 7.31505E-05 0.99200 16262.1 ± 75.1 98.0 ± 0.9 

0.0 7.37404E-05 1.00000 16594.0 ± 126.1 100.0 ± 1.1 

1.0 7.33861E-05 0.99520 16096.2 ± 24.6 97.0 ± 0.8 

2.0 6.59121E-05 0.89384 15100.5 ± 96.7 91.0 ± 0.9 

3.0 5.35124E-05 0.72569 12611.4 ± 69.6 76.0 ± 0.7 

4.0 4.67894E-05 0.63452 10620.2 ± 61.4 64.0 ± 0.6 

5.0 3.43884E-05 0.46634 7965.1 ± 58.5 48.0 ± 0.5 

6.0 2.21400E-05 0.30024 5497.0 ± 96.8 33.1 ± 0.6 

7.0 1.06394E-05 0.14428 2854.6 ± 320.1 17.2 ± 1.9 

8.0 8.36834E-06 0.11348 - - 

  

 


