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i\.BSTFtAC'I' 

The treatment head of the Clinac-1B medical li near accE!lerator was 

modelled using the EGS4 Monte Carlo simulation packagE!. Photon-enelrgy 

spectra for fields ranging from 2)(2 cm2 to 20x20 cm2 in size w,ere generated 

and the primary and scattcr spectra were analyzed separately. The generated 

x-r&y spectra were used in the calculation of the percent clepth dose (PDD) 

distributions fOl" flattened and unflattened 10 MV x-ray beams in a water 

phan tom at a source-surface distance of 100 cm for the various jfil~ld sizes. The 

agreement betwcen calculated and Ineasured depth doses is excellent. 

Measurerncnts of the dose in the build-up rE'gion show that the depth of 

dose maximum (dmax ) increases with increasin'g field size for fields up to 

5xEi cm2 for both the flattened and unflattened beams. As the field size is 

incl"eascd beyond 5x5 cm2
, dmax deereases with increasing field size foOr the 

flattencd x-ray beam while remaining nearly constant for the unflaUened 

beam. Additionally, the surface dose of the flattened beam is found to ap­

proaeh that of the unflattened bCaIn for large field sizes. Calculations show 

that the dccrease in dmax as the field size is increased abG ,e 5x5 cm2
) and the 

rapid increase in the surface dose for the flattened x-ray beam with increasing 

field size, are due to the degradation of the flattened-beam parameters caused 

by low-energy photons produced in the flattening filter . 
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• 

RÉSUMÉ 

Un modèle de la tête de traitement du Clinac-18, accéll'rùteur linéaire 

médical, a été developpé utilisant le programme de simulation Monte Carlo 

EGS4. Les spectres d'énergies de photon pour des champs de rayonnement 

entre 2x2 cm2 et 20x20 cm2 de dimension ont été générés et ce~ spectres ont été 

classifiés en deux catégories: photons-primaires et photons-diffusés. Les 

spectres primaires et diffusés obtenus pour chacune des dimensions du champ 

de rayonnement ont ~té analysé séparément. Les spectre~, de rayons X générés 

avec et sans filtre compensateur par le programme de simulation ont été 

utilisés dans les calculs de distribution de dose en profondeur dans l'eau pour 

une distance foyer-à-surface de 100 cm pour chaque grandeur de champ de 

traitement. L'accord entre les doses calculées et mesurées est excellent. 

Les résultats des mesures de la dose dans la rCbrÏon entre la surface 

d'entrée et le point de dose maximale (d max) montrent que la profondeur de la 

dose maximale augmente avec les dimensions du champ d'irradiation entre 

2x2 cm2 et 5><5 cm2 que les faisceaux de rayons X soient compensés ou non. 

Une augmentation des dimensions du champ d'irradiation au-delà de 5x5 cm2 

entraîne une diminution de la profondeur de dmax pour les faibccaux compensés 

tandis que la profondeur de dmax pour les faisceaux non-compensés demeure 

practiquement inchangée. De plus, il a été établi que la dose à la surface de 

l'eau pour un faisceau compensé approche celui d'un faisceau non-compensé 

- 11 -



quand le champ d'irradiation est de 20x20 cm2
• Les calculs démontrent que la 

• dégradation des faisceaux compensés, causée par des photons de basses énergies 

engendrés dans le filtre compenaateur, explique la diminutiont de la profondeur de dmax 

et l'augmentation rapide de la dose à la surface . 

• 
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1. INfRODUCTION 

(:~ID\PTER 1 
INTltOI)UC~TION 

l?adiation therapy, also referred to as radiation oncology, radiothcrapy, 

or thel'apeutic l'adiology, is a clinical spnciafty which incor-porates ionizing ra­

diation in the treatmf:mt of maHgnant diseal:m. The aim of radiothcmpy is to 

deliveJ' a precisely measured dose ofradi.ation to a well~defJined tumour volume 

wit.h a minimal amount of damage to t.he s\UrI'ounding healthy tissue. AI­

thou~~h often considerl~d a t.reatment modallity for the palliaUon or prevention 

of thE! Bymptoms of cancer, radiûtherapy is now used as a means for curing; the 

diseasEl by eradication of the tUITlour. 

2. AN HISTOHICAL PEUSPECTIVl~ 

A charged particle moving through a medium loses its kinctic cnergy 

through collisional and radiative losses. The laaer losses rcsult in the pro­

duction of x rays and are referred to as bremsstrahlung meaning bralûng 

radiatJlon. The radiative power ofbremsstrahlung radiation is proportional to 

the square of the acceleration or deceleration of th(~ rharg'cd particlc. 

The production of x-ray beams in low-pressure gas discharge tubes was 

discovm'ed by Roentgen in 1895 [1] and almost immediately afterwards the 

biological effects ofionizing radiations were recognized. 'rhc first cure of can-
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cel' by radiation was reportcd in 1899, less than four years after Roentgen's 

diBcovery, after which time radiation therapy underwent a difficult growth pe­

riod until the 1920's. In the infancy of radiotherapy, there was no dependable 

method for determining tissue dose, and even if there had been, the biologica! 

effects ofionizing radiation were not understood. Many physical and biological 

mistakes that proved to be fatal to the patient and detrimental to the radio­

therapy staff were made during this growth period. Cancers completely 

unsuited for radiotherapy were often irradiated by physicians who had very 

poor understanding of the tool they were using [2]. However, many significant 

advances were made du ring this period, although the techniques were incon­

sistent and often irreproducible. 

Initially, it was not possible to measure the output of x-ray generators, 

and x-ray doses were measured in terms ofbiological effects such as the degree 

of visible damage to the skin. The many adverse side-effects of radiotherapy 

were accepted at the time as unavoidable until the early 19208 when Coutard 

and Hautant presented evidence to the the International Congress ofOncology 

that advanced laryngeal cancer could be cured without treatment-induced 

complications [3]. After this revelation, radiotherapy was approached in a dif­

ferent manner and an effort was made to find optimum methods for treating 

cancer with radiation. 

The hot-cathode x-ray tube invented by Coolidge in 1913 superseded the 

gas-discharge tube used by Roentgen. A cathode-ray tube produces x rays by 

accelerating electrons in an electric field created by a potential difference be-
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tween two ·electrodes and then rapidly decelerating them in the anode. This 

technique was limited by the maximum potential difTerence which can be 

maintainedl betw(~en the anode and the cathode, and with it the accelerated 

particles aUained only a relatively low energy. It was soon discovered that 

higher energy x·ray beams had a greater penetrability in matter, and high ki­

lovoltage machines were sought by the medical community. Machines 

operating with up to 800 kV were installed in medical institutions as early as 

in 1932 [4]. 

Several different tYlleS ofmegavoltage x-ray generating machines were 

developed for medical applications. With time, the electron linear accelerator 

or linac, has proved to be th(~ most convenient treatment machine and has be­

come the most popular radiation source in clinical use. Medi(:al linear 

accelerators are now capable of operating at several difTerent energies and can 

operate as electron or photon radiation sources. 

During the pa st 40 years, linac technology has made tremendous ad­

vances, yet a large number of basic physics problems related to the clinical 

radiation beams remain unsolved. The objective of this thesis is to study sorne 

of the physical properties of x-ray beams produced by medicallinacs. 

3. THESIS MOTIVATION AND OBJECTIVES 

There are several ways in which to characterize an x-ray photon beam. 

In a radiotherapy clinic, one of the most essential quantiiies which describes 

the x-ray beam used for treatment of the patient is the percent depth dose. The 
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percent dcpth dose (PDD), in particular the region surrounding the dept.h of 

maximum dose, the dmar: region, of megavoltage x-ray beams, is a function of 

both the he am energy and the field size. For a given x-ray beam energy, it has 

been found that the depth of dmax below the surface of the phan tom decreases 

with increasing field size for typical radiotherapy fields, yet for field sizes 

smaller than 5x5 cm2
, the position of d rnax was observed to move further away 

from the surface with increasing field size. Until recently, the field size de­

pendence of the percent depth dose was considerer} relatively unimportant and 

generally ignored in standard radiotherapy. However, it can have clinical con­

sequences in sorne specialized radiotherapy techniques such as in radiosurgery 

(using very srnall field sizes) for the treatment of intracranial lesions, and in 

half-body and total-body irradiations (using very large field sizes) for the treat­

ment of generalized metastatic disease and leukemia, respectively. 

Sorne of the first studies of the field size dependence of radiotherapy 

beams were performed on cobalt-BD therapy units. As early as 1952, it was 

noticed that dl/UlX ~ould he shifted with field sizes and that if the PDD curve 

was normalizcd to the conventional dmax of 0.5 cm, doses in excess of 100% 

could be achieved in the huild-up region when large field sizes were used [5]. 

The dmcu shifts for cobalt-BD units have been confirmed by several other stud­

ies [6,7,8]. 

Observations of the field size dependence of the PDD curve were not 

limited only to cobalt-60 therapy machines. Several papers were published 

which described the change in the PDD curve with collimator opening for var-
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ious linear accelerators [9,10]. It was found that for field sizes larger than 

5x5 cm2
, the location ofdmax shifted towards the surface of the phantom as the 

field size was increased. The oruy explanation for the shi ft in the position of 

dmax was that it was caused by scattered particles and that the amount ofthis 

contamination scatter was related to the size of the collimator opening. 

In order to provide radiotherapists with the best possible dose deposi­

tion characteristics for photon beams from li",ear accelerators, it is nccessary 

that medical physicists uncover the nature and the cause of the contamination 

inducing the changes in the percent depth dose. Sorne investigators suggested 

that the contamination was due to low energy photons [11] while most others 

believed that the contamination was from electr..:ms [12,13], At thc present 

time, it is generally accepted that the contamination which affects primarily 

the dose build-up region is due io electrons. 

The origin of the scattered electrons which increase the dose in the 

build-up region and cause the shift in d max toward the surface is still undcl' 

investigation. Sorne medical physicists believe that the contaminating elee­

trons are produced in the collimating jaws [14] while others believc that the 

contaminants are produced in the flattening filter [12,13] and still oihers are 

convinced that they originate in the air between the x-ray source and the pa­

tient [15]. 

Determining the amount and origin orthe electron contamination from 

these studies is cornplicated by the faet that not aIl of the studies were per­

forrned using x-ray beams of the same energy, and those that were at similar 
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energies were often performed using linear accelerators of different makes. Ii 

is conceivable that the results round at one energy may not apply ta a machine 

operating at a different energy. Just as imporlantly, individuallinear acceler­

ator design can influence the cont:unination profile significantly enough that 

conclusions based on one machine are not necessarily applicable to other 

machines. 

In 1993, at the McGill Medical Physics Laboratory, Sixel and Podgorsak 

[16] studied the build-up region and the depth of maximum dose as a function 

of beam energy and field size for radiosurgical field sizes as weIl as for field 

sizes used in general radiotherapy. They obRerved that dma.c was deepest for a 

field size of5x5 cm2 for photon beam energies in t.he range from 6 MV t.o 18 MY. 

Measurements of the dos~ in the build-up region for field sizes smaller than 

IOx10 cm2 were confirmed by Monte Carlo calculations; however, at larger field 

sizes the calculated doses did not agree with measured data. The Monte Carlo 

calculations were performed using a photon energy spectrum for the Clinac-18 

linear accelerator [17] with the collimating jaws open to form a lOxlO cm2 field 

at the surface of the patient and did not include electron scatter. 

The Monte Carlo calculations of the PDD for various field sizes per­

formed using the photon energy spectrum for a lOx10 cm2 field clearly could 

not accurately represent the physical rea1ity of the experiment. For this rea­

son, we extended the study, &üd '.:tttempted to accurately model the Clinac-18 

linear accelerator treatment hl'ad and to simulate the output of the machine 

for the various field sizes with Monte Carlo calculations. The goal was that by 
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including the linear accelerator head configuration in the calculations, agree­

ment between theory and experiment, hence a detailed undcrstanding of the 

PDD dependence on field size for the Clinac-lB, could be achie'/ed. 

4. THESIS ORGANlZATION 

A brief description of sorne of the methods currently availablc for the 

characterization of clinical x-ray beams is presented in the ncxt section. The 

difficulties involved in the direct measurement of the x-ray spectrum and some 

indirect methods for describing the x-ray beam are explained. Finally, a theo­

retical means for calculating the x-ray spectrum from the first principles of 

physicG is suggested. 

'l'he thesis is made up of two complementary sections: an experiment.al 

section and a theoretical Monte Carlo section. Chapter? provides a discussion 

of the apparatus necessary to complete the experimental portion of the thesis. 

The operation of the Clinac-18 medicallinear accelerator, the x-ray source for 

the experimental measurements, is described in detail. A<I<li tionally, 

Chapter 2 describes two different means for meê::lsuring the percent dcpth dose 

and the detectors and tissue-equivaient phantoms require<l for each method. 

In Chapter 3, the equipment used in the theoretical Monte Carlo cal cu­

lations are discussed. A brief description of the EGS4 Monte Carlo computer 

code and the computer system used to run the EGS4 program is provided. 

Sorne of the methods used to accurately model the Clinac-lH treatment head in 

a time-efficient manner are disrussed . 
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5. CHARACTERIZING THE OUTPUT OF X-RAY MACHINES 

Clinical x-ray beams have a continuous photon energy spectrum extend~ 

ing to the kinctic energy of the electrons which generate the photons in the 

x-ray target. T n an x-ray machine, the kinetic energy of the electrons is deter­

mined by the accelerating potential between th.e cathode and the anode. The 

first x-ray machines were described by the nominal accelerating potE'ntial; in 

other words, a beam of electrons accelerated by a potential difference of 

100 keV would produce photons ofbetween 0 keVand 100 keV in energy, and 

the corresponding x-ray beam would be referred to as a "100 kV" beam for a 

constant voltage machine, or a "100 kVp" beam for an aIternating current 

machine. 

Although often used, the nominal accelerating potential is not a suffi­

cient index for the specification of radiation quality because x-ray beam 

properties depend on the total spectrum of photon energies comprising the 

bcam and not only on the maximum photon energy pre8ent. Various tech­

niques have heen developed to improve the characterizaii.on of x-ray beam 

properties, thrcc of which (encrgy spectrum, beam penetrability, and Monte 

Carlo calculations) are described below. 

5.1. Spectral measurement. 

Knowledge of the exact photon spectrum which comprises a given x-ray 

beam allows for a full characterization of the photon beam. However, the mea­

surcment of the x-ray spectrum produced by electrons decelerated in a target 
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is difficult and limited by the measuring instruments. Direct mcasurement of 

the photon spectra from low output x-ray machines such as a diagnostic x-ray 

machine is possible with sodium iodide (Nan scintillation spcctroll1l'tl'rs and 

with germanium-lithium, or Ge(Li), semiconductor spcctrometprs. A photon 

deposits its energy in these devices and an elcctric signal or "pulsl\" propor­

tional to the energy of the photon is produccd. Each pulse is sortl'd according 

to its si:!.e (energy) in a pulse-height analyzer and stored in an appropriate 

channel. The number of counts per channel indicates the number of photons 

with a given energy that aTe detected. 

A spectrometer loses its sensitivity for a short period of time after every 

detection event. This period, known as dead tlme, sets a limitation on the 

number of events pel' unit time that the detector can count, hence the spec­

trometers are limited to a finite counting rate which cannoi be exceeded [18J. 

In order to reduce the rate of photons reaching the ~pectrometer, the x-ray 

beam is usually passed through a pinhole and measurements must he made at 

a distance of 10 m from the x-ray source. Unfortunately, the small pinhole in­

troduces scatter artifacts, and because of the 10 m sc}..>uration required, 

correction::; to the measured spectrum must be made for the atLenuation in air 

of the photon beam. 

An indirect method for determining the spectrum of an x-ray beam exists 

which involves the measurement of the radiation which is Compton-scattcred 

at an angle of 90° by a foil ofknown material, and a subsequent reconstruction 

of the original spectrum by application of the Klein-Nishina formula r 191. This 
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method obviates the counting rate problem because the amount of radiation 

scattered at such a large angle is approximately 105 times less than the 

amount of the primary radiation incident on the foil. However, this method 

introduces several uncertainties which greatly degrade the resolution. 

Figure 1.1 shows a sketch of several typical spectra produced by the same di­

agnostic x-ray tube operated at various peak kilovolt potentials measured 

using the Comp1on-scatter method. It can be seen that the maximum photon 

energy in each spectrum corresponds 10 the accelerating potential. The effect 

of increasing the tube potential is 10 increase the average energy of the x-ray 

beam [19]. 

Such spectral measurements are not possible on a linear accelerator be­

cause the x-ray fluence produced is too high. AIso, the one-1o-one correspon­

dence between photon energy and output depends on the total absorption of 

the photons incident on the device rendering spectroscopie measurements of 

high energy photons impractical [20]. Consequently, medical physicists had to 

rely on measurements of beam penetrability 10 characterize the output from 

x-ray generating machines in the megavoltage range . 
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Figure 1.1 Typical photon energy spectra for a diagnostic x-ray tube operated 

at various peak tube potentials measured using the Compton-scatter 

method. The maximum photon energy corresponds to the peak 

kilovolt potential. 
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5.2. Penetrability measurements 

Since in radiation therapy, one is interested in the penetrability of the 

radiation beam into or through the patient, it is logical to de scribe the nature 

of the radiation in terms of its ability to penetrate some material of a known 

composition. One ",ay of describing the beam is through half-value layer 

measurements. The half-vale layer is defined as the thickn~ss of a material 

required to reduce the intensity of the x-ray beam to one half its original value 

as measured by a devic~ calibrated to read exposure in roentgens [20]. The 

number of photons in the x-ray beam is attenuated exponentially in matter. 

Sinee the attenuation coefficient is energy dependent, it is possible to calculate 

the effective beam energy from measurement of the half-value layer ofan x-ray 

beam. The effective beam energy is defined as the energy of a monoenergetic 

beam having the same half-value layer in the medium as the polychromatie 

x-ray beam. The effective energy of the spectrum is useful in ener~J regions 

where the attenuation coefficient changes rapidly with energy, particularly in 

regions below 2 MeV. Given that the photon beam energy produced by typical 

linear accelerators is above 2 MeV, and that the mass-attenuation coefficient 

and the photon energy do not have a one-to-one correspondence in this energy 

region [21], the half-value layer is not a good measure for beam quality (beam 

energy) ofmegavoltage x-ray heams. 

Another way of charaeterizing the x-ray beam is by measuring the cen­

tral axis dose distribution with depth in a phantom. The quantity percent 

depth dose (PDD) is defined as the quotient expressed as a percentage of the 
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the central axis of the beam. The set .... p required to perform a PDn measure-

ment is shown in Figure 1.2. For a given photon spectrum (hu), source-surface 

distance CSSD), and field size CA) at SSD, the percent depth dose may be ex-

pressed as 

PDD(d,A,SSD,hv) = 
D(d, A, SSD, hv) 

100 X -..:.....;.-----.:.,... 
D(do, A, SSD. hv) 

(1. 1) 

where D is the dose at a given depth d. The reference point do is usually taken 

at the depth of maximum dose and referred to as dmux• 

As shown in Figure 1.3, the PDn decreases with depth bcyond the depth 

of maximum dose (dnwx)' There is an initial build-up of dose immediately be-

yond the phantom surface which becomes more pronounced aH the energy of 

the beam is increased. In the case of orthovoltage machines (below 400 kV), 

the dose builds up to a maximum quickly and dnwx occurs very near the sur-

face of the phantom. For higher-energy x rays, however, d nUJx is located sorne 

distance below the surface. The region contained between the surface and dmax 

is referred to as t.he dose build-up region. 

It is evident from Figure 1.3 that dnuzx increases with an increasing en-

ergy and the beam becomes more penetrating, Le., high-energy x-ray bcams 

deposit relatively more of their energy at a greater depth than do low-cncrgy 

ones. As weIl, x-ray beams are more penetrating with greaterSSD because the 

inverse-square dependence of the photon flux on depth in the phan tom be-

• cornes relatively less important as the source is moved away from the surface . 
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Figure 1.2 Illustration of the setup required ta measure percent depth dose in 

a phantom. Percent. depth dose is (Dd 1 Ddo) X 100, where Dd is the 

dose at any depth d and Ddo is the dose referenced at the depth of 

maximum dose, dmnx , for a fixed source to sw·face distance (SSD) . 
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Intuitively, PDD should increase with the amount of scatteriI1lg material in the 

path of the beam, therefore, the PDD should increase with increasing field size. 

Since thE! size of the treatment beam, hence the area of scaUering material, 

increases geometrically with depth in the phantom, the relative scatter con-

tribution is greater with depth and more energy is deposited at larger 

distances from the surface. Beyond dmax , the dose depositeù in the medium 

decreases because of the photon attenuation in the medium. 

The physics of the build-up region is best explained in tel'ms of the ah·· 

sorbed dose and a quantity known as kerma <kinetic Qnergy released in the 

medjum). The kerma is defined as the sum of initial kinetic energ'ies ofall the 

charged ionizing part.icles liberated by uncharged ionizing particles (photons) 
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Schematic illustration of typical PDn curves in water. Dmux occurs 

at greater depths with increasing energy . 
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per unit mass of the medium. As the high-energy photon beam enters the pa-

tient or phantom, it causes the ejection of high-energy electrons froID the 

surface and subsequent layer~ of the medium. These electrons deposit their 

energy a significant distance away from the location of the initial interaction, 

thus the electron fluence and hence the dose absorbed by the medium contin-

uously increase with depth until they reach a maximum. At the same time, the 

photon fluence decreases with depth, therefore the number ofnew electrons set 

into motion aiso decreases with depth eventually leading to a decline in the 

absorbed dose with depth in the medium [22]. 

The difference between kerma and absorbed dose is represented graph-

ically in Figure 1.4. The relationship between the absorbed dose and kerma is 

Kerma -- _/ 
---~ 

-~~ 
i ----~~~Absorbed Dose 
1 --- .... __ 1 

1 -- --- • 
1 ~---::::-::~ 
1 --
1 --_, 

-----~ -
1 

Build-up 1 

R
. 1 

egIon 1 
1 
1 
1 

1 
1 
1 

1 
1 
1 

------+ 

depth in phantom 

Figw'e 1.4 Schematic plot of absorbed dose and kcrma as functions of tlepth in 

the phantom. 
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akin to the relationship between the activities of the daughter and parent in 

situations of secular equilibrium where the half-life of the daughter is much 

smaller than the half-life of the parent. 

5.3. Monte Carlo calculations 

Parameters of dinieal x-ray beams generally have to hp. measured, how­

ever, there exists a method, based on the first principles ofphysics, to calculate 

quantities such as the percent depth dose. The method is referred to as the 

Monte Carlo technique and can be usee! to caleulate important x-ray heam 

parameters. Computer programs which simulate the structure of the various 

sources of clinical x-ray heams can be used for this purpose. The spectra sim­

ulated in this way can then be used to calcu!ate measurable quantities such as 

the half-value layer or the PDD in a medium. Agreement betwcell calculated 

data and measured data would imply that the calculated dat.a is accurate, thus 

the simulated partic1e spectrum could he considered valid. 

In this manner, it is also possible to determine certain properties of the 

x-ray beam that could not be measured directly in the laboratory. Since the 

output of medicallinear accelerators used in radiotherapy is too high to aHow 

direct or indirect spectral measurements, Monte Carlo calculations are the 

only reliable way to determine and analyze the output spectra. The wealth of 

data produced by Monte Carlo techniques can readily be uscd ta improve linear 

accelerator design because with Monte Carlo techniques, one can manipulate 

and keep track of each particle separately, therefore, the complete history of 

the x-ray beam is available for scrutiny. 
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1. 

CHAPTER 2 

MATERIALS AND METHODS: 

EXPERIMENTAL TECHNIQUES 

INTRODUCTION 

The central~axis percent depth doses (PDD) of the Clinac~18 linear ac­

celerator were studied for various treatment field sizcs with two diffcrcnt 

techniques. The first technique employed a 3-dimensional isodosc piotter with 

p-type semiconductor radiation detectors to provide quick beam mcasure­

ments in water. The second technique, which proved more rcliable but also 

more time consuming, was used to study the dose build-up region in more 

detail. ':l'his technique required a solid, tissue-equivalent phantom and an 

end-window parallel-plate ionization chamber for beam measuremcnts. 

Before describing the measurement techniques in detait, a discussion of 

the operation of the Clinac-18 is provided. Then, the tissue-cquivalent phan­

toms used for beam measurements are described. Finally, the liquid- and 

solid-phantom beam characterization techniques along with a description of 

the radiation detertors used by each technique is given . 
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2 • RADIATION SOURCE 

A Varian Associates Clinae-18 10 MV linear aeeelerator locateù in the 

Radiation Oncology department of the Montreal General Hospital was usej as 

the radiation source for the experiments described in this thesis. Since its 

installation in 1977, the linae has been used for conventional radiotherapy 

and, after sorne minor adaptations in 1986, its use has been extended to 

radiosurgery. 

The main eomponent of the Clinac-18 is a standing wave aecelerator 

waveguide, approximately 1.4 min length, capable of accelerating electrons ta 

nearly the speed oflight [1]. The linae has two operating modes, one ofwhich 

must be selected by the operator before each treatment: the electron mode or 

the photon mode. In the elcdron mode, the linac produces electron beams 

ranging from 6 MeV to 18 MeV in kinetic energy while in the photon mode a 

fixed kinetic energy electron beam of 10 MeV is decelerated by a metal target 

having a thickness of approximately the electron range in the target material, 

to produce a 10 MV photon bremsstrahlung spectrum eontaining photon ener­

gies from 0 to 10 MeV. 

The treatment head of the CHnac-lB is shown in Figure 2.1. It consists 

of an achromatic 2700 bending eleetromagnet, a retractable copper target, a 

primary collimating cone, a carousel holding the photon flattening filter and 

various eleetron beam scattering foils, a transmission ionization ehamber. a 

seeondary collimating system, and two sets of eollimating jaws which define 

the radiation field with whieh the patient is treated. The entire head assembly 
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is mounted on a rotating gantry having a source-axis distance (SAD) of 100 cm 

with the isocenter located 126 cm above the floor. Beams from two wall and 

one ceiling lasers converge at a point exactly 100 cm from the target and dcfine 

the linac isocenter to within ± 1 mm. 

The main components of the linac are illustrated schematically in 

Figure 2.2 along with a brief description of the generation of t.he nHliation 

beam from the creation of thé i'adiofrequency signal throu~h the ac('p}('ration 

of electrons in the waveguide to the final shaping of the radiation lwum in the 

linae head. The beam forming component of the linac may hl' dividl'd into two 

sections: the electron accelerating section and the beam transport Rection. The 

electron accelerating section is responsible for the creation of a high encr~y 

(several MeV) electron pencil-beam, while the beam transport section trans­

forms the pencil-beam into either a clinical photon or a clinical electron 

radIation beam and directs the beam toward the patient for treatrncnt. 

2.1. Electron accelerating system 

The electron accelerating section of the linac is made up of two csscn­

tially separate systems: the radio frequency (RF) system and the accclcrator 

waveguide. The RF system is connected to the accelerator wavcguide by a 

waveguide filled with sulfur hexafluoride which passes through the rotary 

joint linking the linac stand to the gantry. 

2.1.1. RF system. The purpose of the RF system is to provide bursts of 

microwave power at 2856 MHz which are useà to accelerate the electrons in 
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Figure 2.1 Schematic diagram of the Clinac-18 treatment head operating in 

the photon mode . 
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Figure 2.2 Schematic diagram of a typical isocentric linear accelerator 

showing the important basic components [21 . 
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the accelerating waveguide [1]. A piezoelectric crystallocated in the RF driver 

produces an RF signal which is then amplified to an output power level that 'a 

programmed to one of two levels depending on the modality (photon or elec­

tron) selected. A modulator pulse-modulates the 2856 MHz RF signal 

produced in the RF driver and senda 12 ~s signal burRtS through the sulphur 

hexafluoride-filled waveguide to an RF power amplifier which also is triggered 

by the modulator. 

The RF power amplifier, the klystron, invented by the Varian brothers 

in 1937, operates in a fashion analogous to an electrical triode [3]. 1t is made 

up oftwo cavity resonatora connected by a drift tube and is shown in Figure 2.3 

[4]. The first cavity, called the "buncher" cavity, con tains an electron gun and 

is coupled to the low-level RF signal. Electrons are emitted b) "tIe heated 

cathode and are accelerated toward the anode bya static potential of -100 kV. 

At the same time, the RF signal excites oscillating currents in the cavity waHs 

causing alternate si des of the buncher frap to become first positive and then 

negative. Thus, an electric field appears across the buncher cavity at the RF 

frequency that, for half a cycle, speeds up the electrons flowing through the 

gap; during the other half of the cycle, the electric field is in the opposite di­

rection and slows down the electrons as they traverse the buncher. This effect 

is referred to as velocity modulation. 

As the velocity-modulated electron beam passes through the drift tube, 

th€: faster electrons overtake the slower electrons to form smaH bunches of 

electrons. The length of the drift tube is chosen such that these bunches of 
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electrons are completely formed before reaching the second cavity, the "catch-

er" cavity. In the catchE:lr, the bunched electrons are rapidly decelcrat.cd in a 

retarding potential and radiate power at the frequency of the modulating RF 

signal. If the catcher cavity is of con'ect size, large oscillating currents will be 

generated within its walls. These CUITent.s induce large elect.ric fields which 

oscillate at the RF frequency and are coupled to the output waveguide from the 

klystron. The low power microwave signal entering the klystron is thus great-

ly amplified: a klystron is capable of producing between 5 MW and 30 MW of 

peak RF power [4] and operates at an average power of5 kW to 30 kW. 

low power 
microwaves 
lVV1 

cathode 

buncher 
cavity 

electron bunches 

drift tube 

catcher 
cavity 

amplified 
output 

Figure 2.3 Schematic diagram of a simple two-cavity klystron RF amplifier . 
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The RF power signal is then passed on to the electron accelerating 

waveguide assembly through a circulator that serves two functions: it sets the 

klystron output level to that of the accelerator, and more importantly, it does 

not allow power reflected back from the waveguide to reach the klystron. A 

circulator is either a three or four port device incorporating ferrites, magnetic 

materials whieh rotate eleetromagnetie fields L5]. The Clinac-18 linac employs 

a four port circulator having the property that an RF signal incident in port 1 

is coupled into port 2 only; a signal from port 2 will be coupled into port 3 only, 

etc. In this manner, the circulator redirects the power reflected from the ac­

celerating waveguide into a high power water load to proteet the klystron from 

damage. 

2.1.2. Electron gun and standing waveguide accelerator. Most 

medical linacs employ a standing wave accelerating structure consisting of a 

series of coupled resonant cavities arranged so that at the end of travel the RF 

signal is reflected, giving riRe to standing waves which oscillate in time. Fig­

ure 2.4 (a) [6] is a f'chematic representation of a waveguide with an array of 

equally spaced dises, ÎJ4 apart where Â. is the wavelength of the RF signal. The 

arrows repre~ent the direction of the electric fields of the forward and back­

ward reflected wave. The shaded box denotes the location ofthe electron in the 

array after time T/4 where Tis the pericd of the wave. In order to shorten the 

length of the standing wave accelerat.or, the zero field cavities, referred to as 

cov.pling or bimodal cavities, are normally placed aside from the main 
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waveguide (Figure 2.4 (b». The Clinac-18 is equipped with such a side-coupled 

standing waveguide which was developed by Knapp et al [7]. 

At one end oÎ the accelerating waveguide is the electron gun. The elec­

tron gun is the source of electrons and injects them into the waveguide where 

they are bunched and accelerated in a manner similar to the klystron buncher 

cavity. Electrons are boiled off of the electron gun cathode and accelenlted by 

a statie electric field of between 5 keV and 25 keV, depending on the desired 

electron beam energy [1]. A grid located in the gun structure capable of pass­

ing or completely stopping the electron motion is used to control the> injection 

of the electrons into the accelerating waveguide. The grid is triggcrcd at the 

same time as the RF driver and the klystron modulator. The grid allows 5 f..ls 

bursts of 60 Hz - 300 Hz pulsed electrons t.o enter the accelerating rogion, The 

pulses are timed so that the electron bunches ride on st1cces~ive peaks of the 

RF wave and are subject to the ma.ximum available accekrating force of the 

wave. 

Finally, the electroJ"l beam emerges from the resonant cavities wi th a 

kinetic energy of a discrete value between 6 MeV and 18 MeV and enters the 

beam transport system which cames it eit.her toward the target (in the photon 

mode) or directly toward the berylliurn exit window (in the electron mode). The 

beryllium window serves to separate the vacuum region from the surrounding 

environment. Beryllium i8 used as window material because of its low inter­

action cross section with both high ener:nr photons and electrons . 
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Figure 2.4 (a) Schematic representation of a standing waveguide with equally 

spaced dises, ').)4 apart. The arrows above the waveguide l'epresent 

travelling waves moving in opposite directions (indicated by the 

black and white circles). The result.ing electric field& inside the 

accf'lerating waveguide are indicated at times 0, T/4, T/2 by the 

large arrows. The shaded boxes represent the position of the 

electrons in the waveguide. (b) Side cou pIed standing waveguide 

where the elcctrons experience a positive electric field at aIl times . • 
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2.2. Beam Transport Section 

The beam transport section consists of two systems: the electron beam 

bending magnet system for controlling the beam direction and the beam con­

ditioning system which renders the radiation beam acceptable for radiotherapy. 

The differentiation of the heam transport system into two sections is conve­

nient sinee the treatment of the electron beam emerging from the standing 

waveguide is the same for both photon and electron modes, howcvcr, arter the 

beam strikes the target (in the photon mode) or does not strike the target (in 

the electron mode) its treatment in the linac head is unique to the selectcd 

modality. 

2.2.1. Electron beam bending magnet. After leaving the standing 

waveguide, the electron beam encounters an achromatic 2700 hcnding magnct 

which changes the beam direction. The Varian CHnac-lB employs a symmct­

rical 27')0 three sector uniform pole gap achromatic hcnding magnct system 

proposed by Brown [5,8] and depictcd in Figure 2.1. It consists of thrce uni­

form field dipole sectors connected by magnetically shiclded drift tubes. The 

trajectories of the electrons through the system are symmetrical about the 

plane of symmetry whi:.:h makes an angle of 135() with the entrance beam. This 

symmetry ensures that the properties of the electron heam exiting the bending 

magnet system are exactly the same (to second order) as the electron beam 

originally entering the system. A 2700 bending magnet is used in favor of a 90° 

bending magnet because the former offers a more stable output and is 
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achromatic. The electron beam is simultaneously focussed onto an energy an­

alyzer slit located after the first dipole sector. The slit intercepts electrons 

which differ by more than ± 3% [1] from the nominal electron energy. 

2.2.2. Beam conditioning system. Neither the photon beam nor the 

electron beam emerging through the beryllium window is suitable for radio­

therapy without further conditioning. The bremsstrahlung photons produced 

in the target radiate in aIl directions and do not have a favourable energy 

distribution. In order to create a beam of useful dimensions with an ev en in­

tensity distribution throughout the entire radiation field, the beam must be 

collimated and flattened. Conversely, the electron pencil-beam, which is less 

than 3 mm in diameter at the exit window [1], is too narrow for general use in 

radiotherapy. The requirements for conditioning an electron beam are difrer­

ent from those for a photon beam. This thesis only deals with the photon beam 

thus only the photon mode will be discussed. 

In the photon mode, the 10 MeV electron beam strikes a 5 mm thick 

copper target and converts &ome of its kinetic energy into bremsstrahlung 

radiation. The resulting photon beam radiates energy in all directions but 

primarily in the forward direction, a characteristic of bremsstrahlung 

radiation. The 10 MeV electron beam produces a spectrum of photons ranging 

in energ'j from 0 MeV to 10 MeV with a me an photon energy ofapproximately 

2 MeV. The spectrum produced in an x-ray target by 10 MeV electrons is re­

ferred to as a 10 MV photon spectrum. 
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Tungsten and lead shielding plates are used in the Clinac-lB linac to 

absorb those photons which cannot he used to treat the patient and would 

otherwise contribute to the photon contamina~ion in the treatmcnt rOOIn. Only 

a small cone of radiation is allowed to exit the linac head through the p:-imary 

collimator. The primary collimator, a tungsten black with a conically shaped 

hole bored through its centre, defines the maximum diagonal dimension of the 

radiation field. It is mounted directly in front of the copper target in order to 

take advantage of the forward peaked bremsstrahlung radiation. The bcrylli­

um exit window is located at the end of the primary collimator opening and 

simply acts as the vacuum region se al. 

Lying just below the exit window is a carousel containing a photon beam 

flattening filter and several electron heam scattering foils. In the photon mode 

the carousel is rotated so that the photon beam passes through the nearly 

conically-shaped flattening fil ter. The flattening filter is thickest. along the 

central axis and therefore preferentially attenuates the photon beam along the 

axis. The result is a photon beam which produces a dose response curve in a 

tissue equivalent phantom which is uniform to withjn ± 3% of the central axis 

dose over 80% of the longitudinal and transverse axes of a lOxl0 cm2 field at 

an SSD of 100 cm and a depth of 10 cm [1]. The Clinac-18 located at the Mon­

treal General Hospital is equipped with a tungsten and iron alloy flattening 

fllter. More recent models of the CHnae-18 come with a copper flattening filter. 

Beneath the carousel holding the flattening filter and the scattering 

foils is a dual Kapton ionization chardber for measuring the integrated dose. 
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The ionization chamber is divided into two independent air-filled chambers 

that are sealed from the external environment to minimize the effects of tem­

perature and pressure. Kapton is used for the entrance, exit, and separation 

windows of the chambers as weB as for the four signal plates. 

The radiation beam ionizes the air in the chambers and produces a cur~ 

rent proportional to the exposure rate. The ionization current is then 

integrated and converted into dose monitor units by a logic circuit and the in­

tegrated dose is monitored by the Clinac-18 operating console. The ionization 

chambers are calibrated such that, for a 10x10 cm2 field, 100 monitor units 

deliver a dose of 100 cGy to the depth of maximum dose in a water phantom 

positioned 100 cm from the copper target. The operator sets a predetermined 

number of monitor units ta be delivered ta the patient prior to treatment, and 

the linae automatically terminates the x-ray production once the integrated 

dose read by the primary ion ehamber reaehes the specified level. In case of 

primary ion chamber malfunction, the secondary chamber will terminate 

treatment if its dose exceeds t.he stipulated primary chamber dose by 

40 cGy [1]. Both ionization chambers are interrogated to test the integrity of 

the logic circuits before each treatment. Should the Clinac-18 shut down be­

fore delivering the required integrated dose, the operator is alerted by an audio 

signal and the integrated dose up to the moment of shutdown is stored on the 

console. 

The photon flattening filter and the ionization chambers create signifi­

cant amounts of scattered radiation which contribute ta beam spreading. It is 
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necessary, therefore1 to redefine the photon beam. Secondary collimation of 

the radiation field is accompli shed with a pair of obelisk-shaped secondary 

collimators, the upper shield being composed of tungsten and the lower shield 

of lead. The secondary collimators define a maximum square treatment field 

of 35x35 cm2
. 

In order to permit treatment fields smaller than 35 cm across, another 

collimating system is used. This adjustable collimating system is locatcd he­

low the secondary collimators and is the iast component in the path of the 

photon beam before impinging on the patient. It condists of two pai rs of inde­

pendently movable tnngsten jaws, one above the other and at right angles, 

which traverse arcs approximately tangential to the radiation field [1]. The 

tangential mounting of the collimating jaws atlows for maximum field edge 

definition by reducing the geometrical beam penumbra. Each pair of tungsten 

jaws is coupled to permit rectangular fields centered on the heam axis ranging 

in length from 0 cm to 35 cm in both the X and Y directions. 

The jaw system contains a range finder which indicates the source (tar-· 

get) to surface distance (SSD) from 80 to 130 ~m. It also holds a field defining 

light designed to coincide with the actual radiation field to within ± 2 mm of' 

the 50% isodensity line on an x-ray film at an SSO of 100 cm. The field defin­

ing light i8 reflected through the jaws by a mirror which is automatically 

removed before the beam is switched on. These two devices enable the Lech­

nologists to correctly position the patient in the radiation field for the 

radiotherapy treatment. 
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Typieally, dose distribution data are measured in a water phantom sinee 

water closely approximates the radiation seattering and absorption properties 

of soft tissue (the human body is eomposed of approximately 75% water by 

weight). Additionally, water is readily available at any radiotherapy dînie and 

has globally reproducible radiation propertîes, thus water has 1:>eeome the ra-

diation phantom standard. The AAPM protocol recornmends that linae 

calibration data be expressed in terms of the absorbed dose in water [9]. Sinee 

most ionization chambers experience severe leakage effects when damp, they 

must be made waterproof. To circumvent this problem, solid dry phantoms 

have been developed. 

Ideally, for a given material to serve as phan tom material, it must he 

water or tissue equivalent, i.e., it must have the same mass density, electron 

density, and effective atornjc number as water. Since Compton scattering is 

the most important int.eraction with tissue for megavoltage photon beams, the 

condition of equivalent electron density between the phantom material and 

water must he met. 

The electron dcnsity (Pel) of a material may he calculated by using the 

following equation: 
Z 

Pel = Pma...s • Na • A (4.1) 

where 

z _ """ (ZI) - - L...Ja. -
A,' "A, 

(4.2) 

• and Pmnss is the mass density of the material, Na is Avogadro's number 
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(6.023xl023 atoms / g atom) and al is the fraction by weight of the ith element 

of atomÏc number Zr and atomic weight Ar. Mayneord [10] has defined the 

effective atomÏc numher for low energies of any material in an analogous man-

ner ta Equation 4.2: 

Z = (~aIZ;94) 
1/2 !)4 

This equation takes into account the roughly cubic dependence of the photo­

electric effect mass-attenuation coefficient on atomic number. 

4. DOSIMETRfC SYSTEMS 

4.1. 3-dimensional radiation field analyzer measurements 

The primary portion of the beam data acquisition was performed using 

a radiation field analyzer (RFA) (RFA-7, Therados, Uppsala, Swcdcn) which 

can be used as a three dimensional isodose piotter or as a two dimensional 

radiographie film densitometer. The three dimension al isodose pIotter consists 

of a water-filled acrylic tank with dimensions of 63x60x61 cm3 and a set of 

p-type semiconductor detectors (Scanditronix, GR-p EC silicon photon field 

detector), one ofwhich can he positioned by remote-control anywhere within a 

50x50x50 cm3 scanning volume inside the water tank while the other is used 

as a stationary reference detector. Since the output of a typicallinac varies on 

a short time seale, it is the relative signal between the two detectors that is of 

interest to the medical physicist . 

- 37 -



• 

• 

The semiconductor detector pair is connected in the photovoltaic mode 

to a high quality electrometer which digitizes the signal. The position of the 

remotely controlled detector and the relative signal strength are recorded by 

the control unit, an 80186, 16-bit processor. The beam data is stored as text on 

the computer hard disk and can be manipulated by any computer pro gram to 

calculate the required beam parameters. 

The detectors used for in-water dose measurements in the experiments 

outlined in this thesis were water-proofed (encapsulated), energy-compensated, 

p-type silic(Jn semi\!onductors designed specifically for use with photon beams 

[11,121. The detectors are backed by a tungsten and epoxy mixture which cap­

tures low energy photons thereby improving the energy response of the 

detectors. The density of the mixt;'lre is opljmized to give accurate depth dose 

measurements over a wide range of photon energies [13]. However, the energy 

compensation gives rise to directional dependence related to the radiation 

quality, thus it is extremely important that the detectors be correctly aligned 

for each measurement. 

Each semiconductor detector has a well-defined sensitive volume ofbe­

tween 0.2 mm3 and 0.3 mm3 located at a water equivalent distance of 

0.55 ± 0.2 mm from the front of the detector surface. Although the detector 

volume is small, the GR-p EC silkon detector has a signal to detector volume 

which is 18000 times greater than a typical ionization chamber, thus noise 

from the stem of the detector and the connecting cable is negligible [13]. The 

manufacturer of the semiconductor detectors claims that the encapsulation 
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permits dose measurements very close to the phantom surface and that the 

detector can be used for the determination of dose distributions not only at 

depths beyond the depth of maximum dose but also in the dose build-up region. 

In order to verify this claim, measurements in the dose build-up region ob­

tained with this detector were compared to results obtained with a solid 

phantom and an air ionization detector. 

4.2. Polystyrene and air ionization chamber measurements 

The absorhed dose in the build-up region was remeasured in a polysty­

rene phantom and an endawindow paralle} plate ionization chamber. Polysty­

rene has an electron density of 3.24xl023 electrons/g compared with water 

having 3.34x1023 electrons/g, and a mass density of 1.03 g/cm3 [14] and the re­

fore can be thought of as water equivalent. While maintaining the SSD at 

100 cm, thin sheets of polystyrene ranging in thickness from 0.6 mm to 3.2 mm 

were piled on top of the ionization chamber to measure the absorbed dose at 

various depths in the phantom. 1b ensure that x-ray backscattering effects 

were correctly accounted for, at least 30 cm depth of phantom mate rial was 

used for each measurement. Moreover, the lateral dimensions of the polysty­

rene sheets measured 30 cm across to ensure that lateral electronic equiIibri­

um was attained for aIl depths. AlI beam measurements were performed with 

the output of the linac set at 30 MU so that a relative percent depth dose mca­

surement could be made . 
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The Farmer end-window cylindrical parallel plate ionization chamber 

used for measurements in the dose build-up region has an electrode separation 

of 1.0 mm, a sensitive diameter of 3 mm and a diameter including the guard 

ring of 5.2 mm. The guard ring has two roles: it provides the ionization cham­

ber with a constant electric field strength throughout the sensitive volume of 

the detector and it ensures that the electrometer measures no chamber leak­

age cur-rents. The chamber has a polyethylene wall of only 2.5 mg/cm2 

thickness. In order to collect the ions produced in tht-J qir contained in the 

sensitive volume of the ionization chamber, a potential difference is applied 

across the sensitive volume. The chamber was operated at electl'ode polarizing 

potentials of -300 V and +300 V, and the average of the two measurements was 

taken. The amount of charge collected by the chamber electrodes was read 

with a Keithley Instruments 616 digital electrometer (Keithley Ine., Cleve­

land, Ohio). 

Because of detector size limitations, the smallest field size investigated 

was 2x2 cm2
, Percent depth dose measurements of the Clinac-18 were per­

formed with field sizes of 2x2 cm2
, 3x3 cm2

, 5x5 cm2
, 10xl0 cm2

, 15x15 cm2
, 

and 20x20 cm2
, Measurements were performed both with and without the 

presence of the flattening filter to investigate the influence of the flattening 

filter on the percent depth dose . 

- 40-



• 

• 

5 • REFERENCES 

1. Clinac-18 maintenance manual, volume 1, Varian Associates, Palo Alto, 

CaJifornia (1975). 

2. C.J. Karzmark, R.J. Morton: A primer on theorv and operation oflinear 

aceelerators in radiation therapy, U.S. Department of Health and Hu­

man Services, Food and Drug Administration, Bureau of Radiological 

Health, Maryland (1981). 

3. R.H. Varian, S.F. Varian: A high frequency oscillator and amplifiRr, Jour­

nal of Applied Physics 10, 321 (1939). 

4. s.e. Klevenhagen.: Physics of Electron Bearn Therapy, Medical Physics 

Handbook 13, Adam Hilger Ltd, England (1985). 

5. C.J. Karzmark, C.S. Nunan, E. Tanabe: Medical Electron Accelerators, 

MeGraw-Hill, Ine (1983). 

6. H.E. Johns, J.R. Cunningham: The Physics of Radiology, 4th edition, 

Charles C. 'rhomas, Springfield, Illinois (1983). 

7. E.A. Knapp, B.C. Knapp, J.M. Potter: Standing wave high energy linear 

accelerator structures, Rev. Sci. Instr. 39, 979 (1968). 

8. K.L. Brown, W.G. Turnbull: Achromatic magnetic beam deflection sys· 

tem, U.S. Patent 3 876 635, issued 1975. 

9. American Association ofPhysicists in Medicine, RTC Task Group 21: A 

protocol fo." the determination of absorbed dose from high energy photon 

and electron beams, Med. Phys. 10, 741 (1983) . 

- 41-



• 

• 

lU. W.V. Mayneord: The significance of the Rontgen, Acta Int. Union 

Against Ca:lcer 2, 271 (1937). 

11. G. Rikner: Characteristics of a selectively shielded p-si detector in BOCo 

and 8 and 16 MV Roentgen radiation, Acta. Radiol. Oncol. 24, 205 

(1985). 

12. G. Rikner, E. Grussel: Selective shielding of a p-si detector for quality 

independence. Acta. Radiol. Oncol. 24, 65 (1985). 

13. Scanditronix customer documentation: The energy compensated (fil­

teredJ GR-p EC detector for water phantom measurements in photon 

fields. Frank Barker Associates Inc., New Jersey. 

14. F.M. Khan: The Physics of Radiation Therapy, 2nd edition. Williams & 

Wilkins, Maryland, U.S.A. (1994) . 

- 42-



• 

• 

1. 

CHAPTER3 

MATERIALS AND METHODS: 

THEORETICAL CALCULATIONS 

IN'fRODUCTION 

A t.heoretical Monte Carlo calculation of the percent depth dose (PDD) 

along the central axis of the beam was performed by wriiing a series of corn-

puter programs incorporating the EGS4 Monte Carlo simulation code and 

integrating them together. The first stage in the simulation process involved 

the accurate modelling of the Clinac-18 treatment head for various field sizes. 

Then a program was written which analyzed the data generated by the treat­

ment he ad simulation and processed the data for use with the EGS4-supplied 

DOSRZ dose scoring pro gram. 

AU of the simulations were performed on a Sun SPARC 10 computer 

station with the SunOS 4.1.3 operating system. The EGS4 programs were 

written in the MORTRAN3 computer language which was converted into 

FORTRAN77 by a MORTRAN3 FORTRAN pre-compiler. The FORTRAN code 

was then compiled and ron using Sun FORTRAN version 1.4 . 
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2 . MONTE CARLO CALCULA1.'IONS 

Monte Carlo calculations (named after the famous city of chance) are 

calculations which are used to describe situations that are probabilistic in 

nature. Essential to aIl Monte Carlo calculations is the detailed knowledge of 

the probability distributions governing the problem at hand. First, a mathe-

matical model based on the se probabHity distributions is formed, and then the 

initial conditions describing the system are defined. By using computer gen· 

erated pscudo-random numbers, the model is int.errogated and, aceording to 

the response of the model, a new state is achieved. The system is allowed to 

evolve in this manner until one of a set of final conditions is met, at which 

stage the progress is terminated. The random sampling ofthese known prob­

ability distributions is used to determine each consecutive stage in the 

evolution ofthe system and preserves the stochastic nature of the process. The 

enUl'e set of events carrying the system from the initial state to the final state 

is called a history. If at each stage in the development of a history the proba­

hility densities are correctly sampled and large numbel's of histories simulat­

ed, information about average measurable macroscopic quantities as well as 

immeasurable microscopie quantities can be obtained. In situations where the 

calculated macroscopic quantities agree with measured data the validity of the 

calculated microscopie quantities can he inferred. 

Particle transport algorithms were originally developed for high energy 

neutron and photon transport for nuclear power reactor applicat.ions [1], and 

have later been modified ta include lower energy photons as well as electrons. 
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Monte Carlo techniques are cw"rently used by scientists in engineering, phys­

ics, chemistry, and biology. The success of Monte Carlo calculations in recent 

years in science and technology is attributable to increases in computer speed, 

decreases in computer costs, and the availability of general purpose Monte 

Carlo software packages. Such calculations serve as a means of testing the 

viability ofnew theories and new designs before their expensive and often time 

consuming physical implementation. Additionally, they can be used to study 

naturally-occurring phenomena which are too dangerous tu investigate 

exp€. :irnentally. 

In the context of radiotherapy physics and radiation dosimetry, Monte 

Carlo calculations require the knowledge of the prohability distributions gov­

erning individual interactions of electrons and photons in different materials 

in order to simulate the random trajectories of individual particles. The code 

may be used to simulate radiation transport through a linear accelerator head 

assembly and into a patient. By collecting data from several thousands of 

histories, measurable quantities, such as the dose absorbed in the patient as 

weIl as difficult (or even impr isible) to measure quantities such as eJectron 

contamination or component scatter contribution can be obtained. Moreover, 

since one is able to track each individual particle and each history is subjcct to 

the quantum laws ofprobability and is therefore unique, it is possible t.o obtain 

information about the statistical fluctuations particular tu the system studied . 
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A Monte Carlo code fol' use in medical physics has four primary 

components: 

(1) interacti.on cross-section data for photons and electrons 

(2) particle transport algorithms 

(3) geometry 

(4) simulation data analysis 

'rhe cross-section data and the particle transport algorithms are usually pro­

vided as part of the simulation package, while the geometry and data analysis 

routines are user-written. The cross-section data provides the information 

about the probabHity disb;butions that govern the interactions of photons and 

electrons ofvarious energies with the medium. Particle transport algorithms 

sample the cross-section data and select the partic1e step-size, the new particle 

direction, the amount of energy 10st to the medium during each step, etc., while 

complying with the laws of physics and the constraints set Forth by the user. 

The user can intluence the simulation by defining its geometry and by impos­

ing certain eut-off conditions in each of the regions in the geometry. Whenever 

a certain condition is met, the user chooses ta store sorne of the particle pa­

rametcrs for later evaluation. This is done through the data analysis 

subroutine. The methods for performing such simulations and data analyses 

vary depending on the particular Monte Carlo package used, the needs of the 

user, and on the user himself. 
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3 . EGS4 1 PEGS4 MONTE CARLO CODE SYSTEM 

Two popular electron transport approaches are available to medical 

physicists: ETRANS (Electron TRANSport) originally developed at the Na­

tional Bureau of Standards by Berger and Seltzer [2] and EGS (Electron­

Gamma Shower) originally developed at the Stanford Linear Acct'lcrator Cen­

tre (SLAC) by Ford and Nelson [3]. The Monte Carlo calculations discussed in 

this thesjs were performed using the most recent EGS computer code, the 

EGS4 system which is a coupled photon-electron Monte Carlo code developcd 

by W.R. Nelson, H. Hi raya ma, and D.W.O. Rogers ofSLAC [4] with the PI~GS4 

(Preprocessor for EGS4) ~ross-section preparation package. A brief discussion 

of the EGS4 / PEGS4 Monte Carlo system will be provided in this section. 

The EGS4 computer code package cornes complete with a MORTRAN3 

pre-compiler which converts MORTRAN3 computer code into FORTRAN77 

code. The package is programmed in the MORTRAN31anguage; however, the 

pre-compiler can be controlled by the programmer so that the user-wri tten 

sections of the code may be written in either FORTRAN or MORTHAN. The 

MORTRAN3 language was designed ~pecifically for use by EGS4 by Cook and 

Shustek of SLAC [5] to facilitate the programming of computer simulations 

and to make them easier to read. MORTRAN3 also provides the user with 

macro capability which allows the programmer to easily modify the existing 

code without introducing bugs to the main program . 
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3.1. PEGS4 

The most important compone nt of Monte Carlo calculations in medical 

physics is the interaction cross-section data, since it is the interaction cross­

sections which govern the outcome of every individual particle step. The EGS4 

code is capable of simulating the radiation transport of electrons, positrons, 

photons, and even pi-mesons in any element, compound, or mixture of ele­

ments [4]. The necessary cross-section data used by EGS4 is generated by the 

PEGS4 preparation package, a stand-alolle ~ r~processing code, from cross­

section tables of aIl the elements with atomic numbers ranging from 1 through 

100. The data were provided by Berger and Seltzer [6] and have since been 

adopted by the ICRU in their Report # 37 [7]. The PEGS4 preparation pack­

age constructs piecewise-lincar fits over a large number of energy intervals 

(PEGS4 has a dynamic energy range and is capable of provirung EGS4 with 

cross section data for pnergies as low as a few keVup to several thousand GeV) 

of the provided cross-section and branching ratio data and prepares the data 

specially fur use by EGS4. 

PEGS4, written in MORTRAN:3, requires the user to speci(y the medi­

um and the energy range for which the cross-section data is to be used and 

then prepares the data in a form wlùch can be used directly by EUS4 for rapid 

numerical manipulation. It is necessary to run PEGS4 only once for cach of 

the media data files required by EGS4. Once a medium file is created, provid­

ed its energ"j range is sufficiently large, that medium can be used in any EGS4 

simulation. 
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3.2. EGS4 

The EGS system of computer code is a general pUl'pose Montc Carlo 

package for the simulation of coupled electron and photon transport in an ar­

bitrary geometry for partic1es ranging in energy from a fcw keV through 

several TeV. The EGS code system introduced in 1978 (then called EGS3) was 

designed to simulate electromagnetic cascades from 0.1 MeV (photons) and 

1 MeV (electrons) up to a few thousand GeV in cnergy. In respom1e to public 

demand, SLAC implemented various changes to the original code, and cxtend­

ed the energy range ofelectrons down to 10 keV and of photons down to 1 keV 

to create an updated Monte CarIn code referred to as EGS4. 

As the electron traveis through a medium it losPR iLs energy through 

collision al or radiative processes. A collisionalloss occurs when the eleciron 

interacts with the atoms of the medium and leaves them in ionized or excited 

states. Ionizations are accompanied by ejected electrons. If the ejc\.· ~d elec­

tron has a sufficient energy, it will travel through the medium and causc 

further iunizatlons. An energetic ejected electron as such is referred to us a 

delta ray. If, however, the electron ejected by a collisional interaction iR not 

energetic, it will deposit aIl ofits kinetic energy locally. A radiative loss occurs 

when the high energy electron interacts with the nuclei ofthc medium result­

ing in the creation and emission of electromagnetic radiation. 

A cascade-shower includes the initial particle and aU of its progcny as it 

travels through the medium. During the course of a single shower several 

different processes occur in nature, and in order to accurately simulate the 
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physical sit.uation aIl ofthese processes must be taken into account. The EGS4 

code considers bremsstrahlung production, positron annihilation, Molière (e-e-) 

and Bhabha (e-e+) scattering, as weIl as continuous energy loss between suc­

cessive discrete interactions for electrons travelling through a medium, and 

Compton scattering, photoeffect and Rayleigh scattering for photons. 

3.2.1. Program structure and subroutines. The EGS4 package is 

divided into several interactive subroutines and block data with a flexible user 

interface which aHows the user fre~d' .n to customize sections of the computer 

code without having to alter other parts of the program. Most of the difficult 

physics algorithms are provided as p&.d of the EGS4 package; however, the 

EGS4 code system requires that the user write a controller program referred 

to as the EGR user code. A flow-chart orthe EGS4 structure is given in Figure 

3.1. The figure is divided into two sections, one representing the llser-written 

computer code and the othcr representing the routines supplied by the EGS4 

package. The two sections are very distinct from one another, allowing the 

user to use the EGS4 package with only a minimum knowledge of the complete 

code. In faet, it is possible to successfully use EGS4 without any understand­

ing of the physîcs or the computer programming involved in the simulation. 

The user code generally consists of a MAIN routine and the subroutines 

HOWFAR and AUSGAB and any other subroutines the user requires for the 

simulation. The purpose of the MAIN routine is to establish the various initial 

conditions and to provide for two necessary subroutine calls. The first sub-
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User control 
data (,r-infOrmatiO~,\ extracted .) Jromrwer 

MAIN_] l-~O~~~SGAB 
----I---------I/~ 

~~--T-C--'Hl.---.., l_SH~WE~1-{EI.E~TRONI PHOTON 
l_____ ___ __ __ _ t 

(;.~ia d~ta 
~EGS) 

(;~ock data 
~default) 

.r----- --- 1 

L_MSCAT 

.j------ l 
L_~~~~ 

.r------ - -\ 
LBREMS 

COMPT 1. 
PAIR 1 • 

i PHOTO 1. 

Figure 3.1 Flow chart of the EGS4 Monte Carlo code. The uscr-written 

sections of the code are distinct from the provided code. Taken from 

SLAC report 265 f81 . 
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routine called from the MAIN is the HATCH subroutine. HATCH reads the 

media data needed for the simulation that was created at an earlier time by 

PEGS4. The secor,d caB is to the SHOWER subroutine which initiates the 

actual particle transport. SHOWER decides which interaction will occur for 

either a photon, an etectron, or a positron, and then calls the appropriate sub­

routine which governs the particle transport. Arter the correct subroutine has 

been called, sub"outine UPHI is called which selects the particle's direction 

following an interaction. The calI to SHOWER can be repeated as many times 

as required by the user. 

Once the desired number of histories have been run: one must analyze 

and output any information gathered during the simulation. This is done at 

the end of the MAIN routine. Customarily, the simulation is di vided into sev­

erai batchcs where each batch is actually a complete simulation of a user­

specified number of histories, and the results of each batch are averaged and 

the statistical variance between the batches is calculated. This gives a mea­

sure of the statistical fluctuations of the system and of the error in the 

computed results. 

Whenever EGS4 wishes to transport a particle (via the PHOTON or 

ELECTRON subroutines), it randomly selects a mean free path distance to the 

next interaction. Then it cakulates the distance to the nearest boundary along 

the particle's direction. The actual distance that the particle is tl'ansported is 

equal to the smaller of the desired distance and the distance to the nearest 
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boundary. A particle is tracked in this manner until its energy faUs below a 

defined eut-off energy. 

'rhe various geometrical regions in the simulation and the medium that 

occupies each region as weil as the equations necessary to calcula te the dis­

tance to each of the region's bounding surfaces is programmed in the subrou­

tine HOWFAR. Each region has a weB defined size, composition, and density. 

Complex geometries can be represented in terms of blocks of simpler geome­

tries, such as planes, cones, cylinders, and spheres which simplify the 

programming of the experimental apparatus. In general, programming the 

exact geometry of the physical situation without the introduction of various 

simplifications proves to he an excessive burden on the run time of the simu­

lation, and scarcely increases its accuracy. For this reason, a number of 

geometry subprograms have been created for use within HOWFAR. It is the 

responsihility of the user to accurately model the geometry of the problcm, and 

at the same time to consider the computation time required for the interroga­

tion of the model by EGS4. The user also defines discard regwns, i.e., regions 

which lie heyond the scope of the simulation or which indicate that the partic1e 

has reached a region ofinterest. When a particle reaches a discard region, it iB 

flagged, and the user has a chance to score the particle's propertieH before they 

are removed from memory. 

The user scores and outputs information about the simulation via the 

user-written subroutine AUSGAB. By default, subroutine AUSGAB i8 called 

by the EGS4 pro gram each time one of the foBowing situations arises: 
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(1) a particle step is about to occur, 

(2) the particle is about to be discarded because its ener­

gy is below the eut-off energy, 

(3) the particle will be discarded because the user re­

quested it in HOWFAR, or 

(4) a photoelectric interaction has occurred and either: 

a) the energy of the incident photon was 

below the K-shell binding energy and 

will be discal'ded, or 

b) a fluorescent photon will be discarded 

with the K-shell binding energy. 

For each of the above circumstances, an argument is passed into the subrou­

tine which indicates the reason for which AUSGAB was called. This is a useful 

feature of the subroutine which aHows the user to score specific events. For 

instance, if one is interested in the number of times a given electron experi­

ences a photoelectric interaction in a medium, an event counter can be 

programmed into the AUSGAB subroutine which is incremented each tirne the 

subroutine is entered because of a photoelectric interaction. In addition to the 

above four default conditions, EGS4 aHows for another 20 different conditions 

to int(>rrogate the AUSGAB subroutine. These 20 conditions may be set by the 

user in the MAIN routine and allow for the scoring of almost any event. The 

non-default conditions are manually set because they are very job-specifie, and 

if AUSGAB were to be interrogated every time any of the possible situations 

arose, the simulation time would beeome astronomieal. 
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3.2.2. Variance reduction techniques. Variancp. reduction tech­

niques are programming techniques which reduce the time needed to calculate 

a particular result to within a given uncertainty [9]. Variance and computing 

time are related by the faet that in order to reduce the variation (error) in 

caiculated results, more histories must be run per simulation, thereby making 

the simulation more time-consumin? '3everal techniques that arc either 

electron- or photon-specifie are included in the EGS4 package. 

As an electron travels through a given geometrical region, it experiences 

severai thousands of interactions with the medium and must undergo a corre­

spondingly large number of transport steps. Each transport step requires that 

subroutine HO\\TFAR he called. It becomes very time-consuming if arter every 

step the distance to the nearest bounding surface is calculated. An alternative 

used by EGS4 is to determine the distance to the nearest buundary once and 

then to decrement this variable by the length of each transport step. It would 

be impossible for the particle to cross a bounding surface while the distance 

variable is greater than zero, therefore the geometry subroutines found in 

HOWF AR are not called. Ifthe distance variable hecomes equal to or less than 

zero, the geometry subroutines must be interrogatp.d and the distance variable 

is recalculated. For electrons, which experience very small step sizes, this 

technique greatly reduces the number oÏ times the HOWFAR subroutine is 

called and avoids unnecessary program run-time. 

The accuracy of aIl electron transport codes depends on the electron step 

sizes. In general, the shorter the step sizes the fewer the approximations and 
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the greater the accuracy. However, a reduction in the electron step sizes in­

curs a proportional increase in the number of calculations perforrned and thus 

a corresponding increase in the overall computing time. A second electron­

specifie variance reduction technique employed by EGS4 attempts to select the 

optimum electron step sizes to balance accuracy and computation time. The 

PRESTA transport algorithm (narameter reduced ~lectron-~tep ~ransport al­

gorithm) was developed by Bielajew and Rogers in 1986 [l0]. The PRESTA 

algorithm is capable of selecting the electron ste}) size depending on the loca­

tion of the particle and the composition of the transport medium. Far away 

from boundaries, PRESTA allows large electron steps to occur, while only 

smaH steps are permitted near boundaries or interfaces between merlia. This 

eliminates the probJem of selecting the electron step size by the user and en­

sures reliable results while saving computation time, Binee large steps can be 

used far away from boundary surfaces. 

In sorne instances, the probability ofa desired event is very low, con se­

quently the variance in the calculated results is very high. In order to ohtain 

results which are statistically valid, the number of occurrences of this event 

must be increased. One can either increase the total numher of histories to be 

run, or one can apply a particle splitting technique. For instance, if one is 

interested in the distribution of the electron contamination to within 2% error 

produced by a medicallinac, but the contamination constitutes less than 1% of 

the total numher of the total particle flux and the uncertainty in the measure­

went is ± 10%, then the occurrence of electrons must be increased by roughly 
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25 times, sinee the uncertainty is proportional to the inverse root of the nUffi­

ber of events. If the original simulation takes 1 day to complete, thcn to 

achieve 201') accuracy, the simulation must he run for 25 days, or each time an 

electron is produced with an energy above a given threshold it may be multi­

plied 25 times. The statistical significance ofeach of the 25 ncw elcctrons must 

then become 1/25th the significance of the original particle in arder for the 

overall probability of the occurrence of an electron to remain equal to 1. Each 

new electron is then treated as any other particle and the simulation continues 

onward from that point only now with 25 electrons to follow instead of only the 

1 electron. This technique will reduce the variance in the electron flux cnough 

to bring the error down to 2% v,'hile increasing the simulation time only by 

approximately 2.4%. 

4. THEORETICAL CALCULATIONS 

The process of simulating the dose deposition as a function of the depth 

in a tissue-equivalent phan tom must be divided into different sections for the 

simulation to be time-efficient. The division of the total simulation into small­

er subsections increases the ove ra II speed and flexibility of the computations. 

Consider that it takes 10 million electrons incident on the x-ray target to gen­

erate 15 thousand photons which reach the patient, taking 1 day of computer 

time to do it. It is necessary that 1 million photons enter the patient in order 

for the dose delivered to the patient to be calculated with an uncertainty of the 

arder off 5%. Thus, if the simulation of the CHnac-18 treatment head and the 
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simulation of the patient were combined into one pro gram, it would take 67 

million incident electrons to produce doses having uncertainties of ± 5% (this 

would take 67 days per simulation). 

The initial stage in tbe Monte Carlo calculations of the percent depth 

dose along the central axes ofvarious field sizes for the Clinac-lBlinac involves 

the modelling of the CHnac-lB itself. After designing a sufficient model to 

represent the CHnac-lB, calculations of the output spectra of particles and 

their energies for various field sizes are performed. Later, a spectral analysis 

program is used to analyze the data and prepare it for later use by the next 

stage of the simulation. The final step involves the simulation of the irradia­

tion of a wat.er phantom with the spectra from the various field sizes. This is 

aecomplished by sampling the spectral data in order to select each individual 

particle incident on the phan tom and then following the partic1es transport 

through the phantom and calculating the energy it deposits at each depth. 

4.1. Clinac-18 treatment head 

The actual dimensions of the CHnae-18 treatment head are provided 

courtesy ofVarian Oncology Systems [11]. The CHnae-l8 treatment head de­

sign is simplified and various cones, eylinders and planes are used to represent 

this simplified mode!. 

Figure 3.2 demonstrates how this simplification technique is applied to 

the aetual linae design. The figure shows a typical complex flattening filter 

shape and the simplified model used to represent it in the progz·am. The actual 
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flattening filter (Fig. 3.2 (a» can be represented in severaI ways. Figure 3.2 (h) 

shows the flattening filter modelled with a series of concentric cylinders piled 

one on top of the other. This method was regularly used in the past before an 

algorithm for the modelling of cones was developed. Presently, it is possible to 

mode} the same flattening filter with fewer sections and greater accuracy with 

a series of conical segments as shown in Figure 3.2 (c). 

The simulations of the CHnac-lB treatment head are pel'formed assum­

ing that a pencil he am of electrons each having a kinetic energy of exactly 

10 MeV is directly incident on a uniform density copper target. Both the pho­

tons produced in the target and the electrons escaping the target and ail of 

their progeny are followed until they exit the region of interest (if a particle 

scatters far enough laterally that the likelihood of it or any of its progeny 

reaching the primary field is small, it is discarded), until their encrgy drops 

below a eut-off energy (each material used in the simulation has a dinèrent eut 

off energy) or the particles cross the scoring plane (located 100 cm from the 

copper target). If a particle crosses the scoring plane, its energy, location, di­

rection, and the region where it was creatcd along with the region from which 

it last scattered is output to a file. In this way, the data can be manipulated 

and analyzed independently of the simulation at a later time hy the 

programmer. 

In order to increase the speed of the simulation and insure good count­

ing statistics, a few variance reduction techniques are used in the simulation . 

One technique used in the CHnac-lB treatment head simulation is electron 
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Figure 3.2 Schematic representation of the complex geometry of a typical 

flattening filer (a), and how it can he modelled with a series of 

simple geometric shapes. (h) The flattening filter is modelled using 

six concentric cylinders. (c) Three cones are used to model the 

flattening filter. Three cones provide a more accurate 

representation of the actual flattening filter geometry than do six 

cylinders . 

• 
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splitting. Whenever an electron is created, it is divided into 10 new electrons 

having 1/10th the statistical weight of the parent. particll'. Then each of the 10 

electrons is followcd separately from that location until it. is disearded. Sin('e 

the relative photon fluence is very high for most of the simulations, a time 

reduction technique is used to make the simulation nm faster without reduc­

ing the statistical aecuracy of the photon parameters. Prior to a photon 

reaching the collimating jaws, agame of Russian roulette is played. The com­

puter generates a random number between 0 and 1 and compares it to a 

predefined number (the survival probability). If the computer-generatcd ran­

dom number is less than the survival probability, the photon loses the garne 

and is discarded. If, however, the random number is greater than the survlvaJ 

probability, the photon wins and is allowed to continue. 'ru ensurc that the 

overall probability of a photon to cross this imaginary plane is equal to 100%, 

the surviving particles are given a weighting of 1/(survival probability). The 

survival probability should be large enough that the statistical fluctuations in 

the quantities earried by the photons are not significant in the final ealculated 

results. Due to programming difficulties which have sinee been resolved, the 

PRESTA eleetron transport algorithm was not implernented at this first stage 

of the Monte Carlo simulations. The eut-off energies for electrons were 

0.8 MeV in air, 1.0 MeV in the target and flattening filter, and 2.0 MeV in the 

tungsten and lead shielding . 
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4.2. Spectral analysis 

The data produced by the simulation of the Clinac-18 t.reatment head is 

analyzed by a completely independent program. This allows for greater flexi­

bility of the analysis program hecause the data can be analyzed in several 

different ways. 1t also aets as a time saving technique beeause analyses not 

considered at the time of the original simulation can be performed without re­

peating the entire simulation. If the data analysis were written as part of the 

simulation program, the simulation would have to be repeated for each new 

analysis. 

The spectral analysis program calculates the photon densities in differ­

ent annular regions centered on the beam axis and the corresponding photon 

energy distributions in each region. It also calculates the electron energy dis­

tribution of the entire radiation field. Electrons, unlike photons, cannot be 

analyzed according to region because their numbers are too low. Theoretically, 

eleetrons reaching the scoring plane will have undergone numerous scattering 

processes and will be evenly distributed across the treatment field, therefore, 

electl'on parameters of aIl the regions are grouped together. The calculated 

photon and electron distributions aet as the radiat.ion sources which are sam­

pied by the DOSRZ program for calculation of the dose deposited in a phantom 

for the different field sizes. 

The program also ealculates the average energy and the average direc­

tion cosine per annular region of the photons which reach the seoring plane, 

and the total eleetron contamination. A breakdown of the percentage and av-
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erage energy of the photons and electrons reaching the scoring plane that were 

created or scatterp.d in the primary collimator, the flattening filter, the ionizll­

tion chamber, the lead shield, the tungsten shield, the collimating jaws, or in 

the air between the x-ray target and the patient is also given by the analysis 

program. 

4.3. Calculating the dose in the phan tom 

The dose deposition in a water phantom is calculated using the DOSRZ 

cylindrical dose scoring' program supplied as a part of the EGS4 Monte Carlo 

package. The program was modified to inc1ude electron contaminat.ion as part 

of the initial particles set in motion in the phantom. Modifications wcrc also 

necessary to allow for the sampling of the energy dj stributions of the parlicles 

as a function of the particle's radial position. Incident particles are sampled 

from the probability distribution prepared by the spectral ana.lYflis program 

and then the particle charge is determined. If the particle is a photon, ils en­

ergy is determined by sampling the photon radially-dependt>Ilt cncrgy 

spectrum, otherwise the electron energy distribution is sam pIed. The incident 

particle is assumed to come directly from a point source locatcd in the x-ray 

target. The eut-off energies were chosen to be 0.030 MeV for photons and 

0.550 MeV for electrons (tota' energy). The number of incident particles waB 

selected to provide a smooth PDD curve in the phantom. 

The DOSRZ program takes advantage of cylindrical symmetry by di­

viding the phantom into several cylindrical regions and scoring interaction 
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events as a function only of the particle's radial distance from the central axis 

and its depth in t.he phantom. Its simple geometric structure allows for the 

efficient use of the PRESTA algorithm. For studies along the central axis of 

the beam, this approach is sufficicnt, however, near the edges of the field, the 

symmetry is broken and edge effects become important. Because this study is 

interested in the PDD curve along the central axis, the DOSRZ should provide 

reliable results for aH but the smallest of fields. 

The build-up regÏ.on is divided into 30 regions each having a depth of 

1 mm. Beyond the build-up region, the depths of each region are gradually 

incremented Lo 1 cm down to a depth of21 cm. The depth doses are calculated 

only in the region located around the central axis to save computation time. 

The results are output ta a file in the form of a two-dimensional array for later 

analysis . 
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1. 

CHAPTER4 

RESULTS AND DISCUSSION 

INTRODUCTION 

A computerized model of the CHnac-lB treatment head was uscd to cal­

culate the beam characteristics of the linae operating in thc 10 MV x-ray mode 

for various field sizes. The photon energy spectra produced by the CHnae-lB 

linear accelerator for each field size were ealculated, and the scatter contribu­

tion to each treatment beam was analyzed. The average photon cncrgy and 

the percent electron contamination as funetions of the field size were also 

investigated. 

The calculated photon energy spectra and the electron contamination 

data were used to provide the radiation source input for the EGS4-package 

DOSRZ dose-scoring routine which was used to calculate the percent depth 

dose (PDD) in water for each field. The Monte Carlo calculated PDD data are 

compared to measured PDD data in order to test the validity of the thcoretical 

mode!. Agreement between measured and calculated data irnplies that the 

calculated spectra are ace urate and is, therefore, critical tQ the acceptance of 

the calculated results. 

Percent depth doses for valious field sizes were measured with both 

soHd and liquid tissue-equivalent phantoms. A radiation field-analyzer with 
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senliconductor detectors was us,ed to measure the PDD in water to a depth of 

250 mm and a polystyrene phantom was used in conjunction with an end­

window parallel plate ionization ehamber to measure the dose deposition in 

the build-up region. The measured data are compared with results published 

by other researchers. 

2. MONl'E CARLO CALCULATIONS OF THE PHOTON SPECTRA 

The Monte Carlo calculations of the Clinac~18 photon spectra for 

square treatment fields ranging in size from 2x2 em2 to 20x20 cm2 were per­

formed by following the trajectories of particles produced by a pencil beam of 

monoenergetic 10 MeV electrons incident on a thin copper target as they sub­

sequently travelled through the various eomponents of the linae treatment 

head. The energy, position, direction, and charge along with other character­

istics of each particle that crossed the scoring plane at a source-surface 

distance (SSD) of 100 cm was stored for future analysis. 

The calculated photon speetra, produeed by the CHnae-l8 in its normal 

operational x-ray mode (with the flattening fllter), were used as the particle 

data for the DOSRZ program and are shawn in Figure 4.1 for field sizes rang­

ing from 2x~ cm2 to 20)<20 cm2
• AIl photons reaehing the scoring plane inside 

the treatment field as defined by the collimating jaws were included in the 

calculations of the photon spectra. The total x-ray beam spectrum is made up 

of two separatc components: the primary spectrum and the scatter spectrum. 

The primary photon beam is defined as the portion of the t.otal beam which has 
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not been scattered by any components of the treatment head, while any parti­

cIe which has jnteracted with any component of the treatment head (including 

Bir) other than the x-ray target makes up the scatter spectrum. The spectra 

shown in Figure 4.1 are normalized to 100 for the maximum in the spectrum of 

the primary photon beam for each field. In order to better view the scatter 

contribution for small fields, a magnification of 10 is applied to the scattered 

photon data for fields smaller than 15x15 cm2 in size. 

It is evident from Figure 4.1 that the primary and scatter components of 

the spectra depend on the field size, and that the ca1cuJated spectra become 

smoothpr with increasing field size as a result of an improvement in the count­

ing statistics. The increase in the scattered photon contribution to the x-ray 

beam is quite noticeable as the collimating jaws are opened. Scatter accounts 

for only 1.5% of the overall treatment beam for the 2x2 cm2 field as compared 

10 11.5% of the beam for the 20x20 cm2 field, implying that for smaH fields, 

most of the scatter produced in the treatment head is blocked by the collimat­

ing jaws. This result is not surprising since the amount of radiation passing 

through the opening in the collimating jaws is proportional to the solid angle 

of the opening as viewed by the photon source. The components of the treat­

ment head from which scatter is likely to arise are located away from the 

central axis (with the exception of the flattening filter and the ionization cham­

ber), thus th~ soliù angle made by the opening of the collimator jaws as viewed 

by such components ls smaH compared to that of the x-ray target. However, 

since the scaUer-causing components are located closer to the collimating jaws 
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than the x-ray targe t, the solid angle subtended by the collimatingjaw opening 

with respect to the scatter components increases faster with increasing jaw 

opening than does the solid angle with respect to the x-ray target. In other 

words, the scattered photon contribution to the total treatment beam is more 

sensitive to changes in the size of the collimatingjaws opening because oftheir 

proximity to the jaws. 

During the Monte Carlo simulation of the Clinac-18 treatment head, 

the treatment head compone nt in which each particle was created and the 

compone nt in which its last interaction occurred was recorded. An analysis of 

these two factors reveals the probability that a particular componcnt of the 

treatment head influences the scattered photon contamination rcaching the 

patient. If the probability that a particle is created in the jth component is C. 

and the probability that a particle is scattered last in that component is 8) thcn 

the total probability that a particle interacts with a given component is given 

by Pjwhere, 

PJ = CJ + SJ - CJ • SJ (tl. 1) 

A plot of the probability that a given component influences a photon reaching 

the scoring plane as a function of the field size is given in Figure 4.2 which 

shows that the flattening filter is the most significant scattcring componcnt in 

the linac treatment head; aIl other components arc bctwecn one and thrcc or­

ders of magnitude less significant. 

In Figure 4.3 (a), the primary beam photon spectra of Figure 4.1 which 

reach the scoring plane for the different field sizes are plotted together. The 
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primary photon spectrum becomes softer (less energetic) with increasing field 

size, indicating that as the field size increases the relative number of high-

energy photons making up the primary x-ray beam decreases. This can be 

explained by considering the shape of the x-ray flattening flIter. Since the 

flattening filter thickness decreases as one moves away from the central axis, 

the ability of the flattening fllter to attenuate the primary beam is lower at its 

periphery than at its centre. This means that fewer low-energy photons will be 

removed from the primary beam at wide angles with respect to the central 
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axis, hence more low-energy photons will make up the primary beam. As the 

field size is increased, the number of off-axis photons reaching the seo ring 

plane is increased along with a correspondingly higher relative contribution of 

low-energy photons. The net effect is to reduce the relative contribution of the 

high-energy photons in the primary beam, Le., the effective energy of the pho­

ton beam in off-axis directions is lower than that on the central axis. The same 

effect is not expected to occur in the unflattened beam, however, an impercep­

tible decrease in the relative contribution of high-energy photons to the 

unflattencd photon energy spectrum is expected due to the forward energy­

peaked nature of the bremsstrahlung scattering process in the x-ray target. 

The scattered photon spectra of Figure 4.1 for the different field sizes 

are plotted together in Figure 4.3 (b). In this plot, aH of the scatter contribu­

tions are shown with the sarne scale, making it evident that the amount of 

scatter increases with increasing field size. 

In order to simulate the x-ray beam of the CHnac-lB treatment head 

without the photon beam flattening filter, the original simulation program was 

modified slightly and the tungsten flattening filter of the original simulation 

was replaced by an air flattening filter, effectiv'3ly removing the flattening fil­

ter from the treatment head. The data calculated for the unflattened beam is 

tr~ated identically to the procedure outlined above for the flattened beam. 

Figure 4.4 shows the energy spectra of photons reaching the scoring plane 

when the flattening fiJter is replaced by air. Because the scatter contribution 

to the unflattened x-ray beam is very small, aIl graphs show the scatter 
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the amount of scatter present in the flattened beam is four times 

• greater than that of the unflattened heam. 
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eomponent magnified by a factor of ten. Again the pdmary photon speetra 

beeome smoother with increasing field size due to an improvemcnt in the 

eowlting statistics. The magnitude of the scatter contribution to the x-ray 

beam without the tlattening filt.er, although much less than the scatter contri­

bution with the flattening filter, also increases with increasing field size, as 

expected. 

In Figure 4.5 (a), the unflattened primary photon beam spectra of 

Figure 4.4 are plotted togüther. The prirnary photon beam does not bccome 

noticeably sotter with inereasing field size because the beam is equally aHen­

uated at every angle with respect to the central axis. The scatter contribution 

to the total x-ray beam, shown in Figtlre 4.5 (b), increases with increuBing field 

size; however, the amount of scatter is significantly reduced whon no flattening 

fil ter is present, and the scatter accounts for only 3.5% of the total treatment 

beam for the largest field of 20x20 cm2
• 

The influence of each treatment head eomponent on the x-ray beams 

produced wtthout the beam flattening filter, calculated according to 

Equation 4.1, is plotted in Figure 4.6 as a function of the field size. A compar­

ison with Figure 4.2 reveals that the relative contribution of oach component 

to the seatter profile is the same whether or not the flattening filt(,i' iH in place. 

There is, however, a noticeable increase in the influence of air-Hcattcred pho­

tons on the total beam which can be attributed to two efTedH. Firsily, the 

region previously occupied by the flattening filu:~r is now replaced hy aIr, hcnce 

there is a greater volume of air in which scatter is produced. Secondly, a 1arger 
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function of the field size for the unflattened 10 MV x-ray beam. 

number ofphotons which are scattered in the air above the flattening filter are 

able to reach the scoring plane as they are 110t attenuated in the filter when the 

filter 18 not present. 

The photon energy spectra produced in the Clinac-lB operatingwith and 

without the beam flattening filter in place are compared in Figure 4.7. 

Parts (a) and (b) show the primary photon energy spectra for a 2><2 cm2 field 

and a 20x20 cm2 field, respectively. In both cases, the flaU Bnee! primary beam 

• is harder than the unflattened primary beanl. There is a greater relative COll-
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2 2 primary photon beams for a 2x2 cm field (a) and a 20x20 cm field 

(b). In both cases, the flattened beam has a greater percentage of 

high-energy photons than the unflaltened beam. The scatter 

COI.!tribution for a 2)(2 cm2 field and a 20x20 cm2 field are Hhown in 

(c) and (d), respectively. The scatter comr,lOnent 'Jf the flattened 

beam is approximately four times greater than the scatter 

component of the unflattened beam. 
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tribution of high-energy photons in the flattened beam along with a smaller 

contribution of low-energy photons. For this reason the flattened hearn will he 

more penetrating than the unflattened beam for a given field size. In 

Figures 4.7 (c) and (d) the scattered photon contribution is shown for the 

2x2 cm2 and the 20x20 cm2 fields, respectively. It is important to note that for 

both field sizes the scatter contribu~ :on for the flattened he am is 4 times great­

el' than that for the unflattened bearn. This large amount of seatter in the 

flattened photon spectra at large field sizes degrades the quality of the x-ray 

beams because it greatly adds to the low-energy components of the beams. 

This will le ad to an increased dose in the build··up region as weIl as a lower 

depth of dose maximum (dmax) with increasing field size sinee low-energy pho­

tons are much less penetrating and more prone to large-angle scattering in 

water than are high-energy photons. 

The calculated mean photon energies of the flattened and unflaUened 

treatment beams as functions of the field size are shown in Figure 4.8. The 

me an photon energy was ealculated from the raw simulation data by intcgrat­

ing the total amount of energy carried by aIl of the photons forming the entire 

treatment beam and dividing by the total number of photons in th: beam. It ie 

evident that the average energies of both the primary and the total x-ray 

beams decrease with increasing field size for the flattened x-ray beam, while 

for the unflattened beam, the average photon energies decrease only slightly 

with an increase in the field size. The mean energies of the total x-ray beams 

decrease at a faster rate than the mean energies of the primary beams in both 
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situations. The reason for this is that the total beam includes low-energy 

scattered photons whose numbers increase with increasing field size. The 

large amount of low-energy scattered photons which contribute to the total 

x-ray beam for large fields leads to an increase in the dose in the build-up 

region which may be significant enough to cause a decrease in dmax• 

The electron contamination as a percentage of the total of the flattened 

and unflattened treatment beams are also calculated as functions of the treat-

ment field size and the influence of the flattening filter on the electron 

contamination is investigated. In Figure 4.9, the percent electron contamina-
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Figure 4.8 Mean energy of the primary and total x-ray beams as a function of 

the field size for the flattened and unflattened CUnac-18 10 MV 

x-raybeam. 

- 81-



• 

• 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
a 

• 

• 

5 

flattened beam 

-_ ..• - --- unflattened beam 

10 15 20 

Side of square field (cm) 

Figure 4.9 Percent electron contamination of the flattened and unflattened 

Clinac-18 10 MV x-ray beam as a function of the field size. The 

electron contamination with and withoul the flattemng filter are 

approximatply equal and increase with increasing field size. 

tion as a function of the field size for both the flattened and the unflattened 

beam are plotted. For the same field size the electron contribution is roughly 

equal for both the flattened and unflattened beams indicating that the fIat-

tening fi.lter is not a major source of electron contamination. Monte Carlo 

calculations show that for the Clinac-18 10 MV photon beam, 98% of ail elec-

trons reaching the scoring plane are produced somewhere in the air between 

the x-ray target and the patient. The magnitude orthe electron contamination 
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rises with field size and appears to approach a saturation point at a field size 

that is greater than the maximum field size of20x20 cm2 studied in this thesis. 

When the program for the simulation of the Clinac-18 treatment head 

was first written, programming difficulties precluded the implementation of 

the PRESTA electron transport algorithm. Consequently, the electron param­

eter data calculated for the various field sizes may come into question. Since 

then, the PRESTA algorithm has been imple ... lented and further investigation 

into the electron contamination of the x-ray beam will be pursued in order to 

confirm the electron data stated in this thesis. It is the beHef of the author, 

however, that the electron step sizes in the various media of the treatment 

head were chosen smaH enough so that the accuracy of the clectron data could 

be assured. 

The average energy of the electrons produced in the air was calculated 

to be approximately 2 MeV for both the flattened and the unflattened treat­

ment beam. Application of the Klein-Nishina formula [1] to the mean photon 

energy of the x~ray beam predicts that for 3 MeV photons (from Figure 4.8), 

the me an energy of the electrons set in motion in a Compton interact10n is 0.6 

times the incident photon energy or 1.8 MeV. This suggests that the majority 

of the electrons produced in air can be attributed to Compton interactions. A 

2 MeV electron has a range in water of 0.97 cm [2] and, while it is able to affect 

the surface ùose and the build-up region very near the phantom surface, it 

cannot affect the position of dmax which for a 10 MeV x-ray beam clearly lies 

beyond the range of 2 MeV electrons. 
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3 • MONTE CARLO DEPTH DOSE CALCULATIONS 

The ealculated photon energy spectra and the electron contamination 

data for the Clinae-18 operating both with (Fig. 4.1) and wit,hout (Fig. 4.4) the 

beam flattening filter for the various field sizes were used as the input spectra 

for the modified DOSRZ pro gram supplied by EGS4. The DOSRZ program is a 

routine whieh simulates a water phan tom for the calculation of percent dcpth 

doses. It samples the provided photon and electron spectral data for the vari­

ous treatment fields and performs Monte Carlo calculations of the particle 

transport in the medium. Separate Monte Carlo percent depth dose calcula­

tions in a water phantom were performed for field sizes in the range betwecn 

2x2 cm2 and 20x20 cm2 for both the flattened and the unflattened x-ray beams. 

The results of the PDD calculations for the various field sizes at 

SSD=100 cm with and without the beam flattening filter in place are plotted in 

Figure 4.10 Ca) and (b), respectively. Several trends are manifested in the 

figures. As the field size is increased, the calculatcd surface dose also 

increases. This is in agreement with the predictions based on the calculated 

scattered photon and the electron contribution to the treatment beam as fune­

tions of the field size: as the low-energy photon contribution and the electron 

contamination is increased, the dose at and near the surface should increase 

accordingly. 

The calculated PDD curves also display increased penetration into the 

phantom with larger field size. Observation of the tail of each curve reveals 

that the percent depth dose at a given depth below d rroax is highest for the 
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Figure 4.10 Monte Carlo calculated percent depth doses as functions of the 

treatment field size for the flattened (a) and the unflattened (b) 

Clinac-18 10 MV x-ray beam. The PDD increases with field size for 

• both the flattened and the unflattened x-ray beams. 
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20x20 cm2 field and lowest for the 2x2 cm2 field. The percent depth dose along 

the central axis has been observed to inereasp with beam area, rapidly flt first, 

and then mu ch more slowly as the area is further increased [21. This trend is 

observed experimentally for aU photon beams sinee it is due th(' amouni of 

scatter material in the path of the beam and not due to the beam itself [2,3]. 

The greater amount of phantom material for larger field sizes produccs more 

scattered radiation at depths below dmax• The inerease in the amount of seatter 

contributes to an inerease in the absorbed dose below dmnx for larger field 

sizes. The ealeulated PDDs for the flattened and unflattened x-ray beams 

demonstrate the initial rapid increase in PDD with field sizes up to the 

10x10 cm2 field followed by a more slowly increasing PDD as the field size is 

increased further. The PDDs for the 20x20 cm2 field is only slighily blrger 

than those for the 15x15 cm2 field. This is expected, since above field Hizes of 

15x15 em2
, the additional eleetrons which are produced at the field periphery 

in the phantom are not suffieiently energetie to reaeh the central axis and thus 

cannot contribute to the central axis percent depth dose. 

For each field size, the last data point of the Monte Carlo ealculated 

values is slightly lower than would be expected by extrapolation of the ealeu­

lated curve. This is due to an oversight in the modelling of the phan tom by the 

author. The phantom was assumed to be a 21 cm long water cylindcr for a1l 

calculations. Twenty eentimetres ofphantom material is not sufficicntiy deep 

to provide for the backseattered radiation which is present for ail 

measurements. The depth of the phantom material uscd for the Monte Carlo 
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simulations should have included the minimum amount of excess phantom 

material present for each experimental measurement (preferably 10 cm). The 

dose fall-off region located at the exit surface of the phantom is not large 

enough to have an effect on the accuracy of any but the last point of each curve 

and therefore does not invalidate the results of the simulations. 

4. DEPTH DOSE MEASUREMENTS 

A series of percent depth dose measurements in water at SSD= 100 cm 

for square fields ranging in size from 2x2 cm2 to 20x20 cm2 was made using 

the radiation field analyzer (RFA) discussed in Chapter 2. Measurements with 

the RFA were performed with the semiconductor detector beginning at a depth 

of 250 mm in the water and ending at a point somewhere above the surface of 

the water which is indicated by a discontinuity in the RFA-measured signal. 

Due to the effects of surface tension on the water surrounding the detector, the 

exact location of the water surface cannot be determined in this manner. Since 

the PDD is very sensitive ta the depth in the build-up region, this method of 

measurement is unreliable above dmax (the error to the PDD due to this effect 

is negligible beyond dmax). As weIl, it is uncertain how the silicon detector, 

which has a higher atomic number than water, performs in regions of elec­

tronic imbalance. For the reasons described above, measurements made with 

the RFA are considered valid only at depths beyond dmax and have an uncer­

taintyof less than 2% at depths greater t.han dmax• In the build-up region the 

PDDs were measured with an air ionization detector in a solid tissue­

equivalent phantom. 
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The percent depth dose measurements in the build-up region were made 

using a Farmer end-window cylindrical parallel plate ionization chamber in 

combination with a polystyrene phantom. The small sensitive volume of thc 

parallel plate detector permits accurate measuremcnts for small radiosurgical 

fields as well as for larger radiotherapy fields. This configuration providcs a 

uniquely defined surface where the origin can be assigned. Mcasurements 

made with the end-window ionization chamber were repeated once with the 

detector polarity at +300 V and once at -300 V. By taking the average rcading 

ofboth detector polarities, the effect. of Compton eurrent on the measurcd data 

was eliminated from the final result [4]. At least three measurements at every 

depth for each detector polariiy were taken. The uncertainty in each mca­

surement is the sum of the standard deviations of the measurements made in 

both polarities at each depth. 

A detailed look at the build-up region for the 3x3 cm2 field showing the 

Monte Carlo-calculated PDD data as well as those measured with the RB'A 

chambers and the parallel plate chamber is given in Figure 4.11. The calcu­

lated points closely follow the data measured with the end-window ionization 

chamber. In this region, while the end-window chamber data are smoothly 

varying, the RFA measurements become erratic as the phantom surface is 

approached. The error bars shown in this graph are typical of the errors in aB 

measurements and calculations, and are not repeated in the other figures for 

the sake of simplicity . 
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• By combining the data obtained using the end-window chamber in the 

build-up region with those obtained using the semiconductor detector at dmax 

and beyond, a complete set ofPDD data as a function of field size was gathered. 

The RFA-measured data and the end-window chamber data were joined at the 

d mnx determined by the end-windo\l/' chamber measurements. This was 

achieved by correcting the RFA-measured values for depth by setting their 

dmax depths equal to the dmax found with the parallel plate ionization chamber. 
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Figure 4.11 Detailed look of the build-up region for a 3x3 cm 2 field at 

88D=100 cm for the flattened x-ray beam. The Monte Carlo 

calculated results follow the parallel plate measured data to the 

phantom surface . 
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Comparisons of the complete measured pnD and the calculated data for 

the flattened x-J.·ay beams are plotted in Figure 4.12. 'The agreemt'nt of the 

calculated data with the measured ones is excellent for a11 field SiZl'S despite 

the constraint in the physical model for the phantom. In Table 4.1 the cal cu­

lated percent depth doses for the flattened beams are conlpared with the 

measured data at selected depths in the phantom. The Monte Carlo-calculated 

data for the unflattened x-ray beam Elre plotted with the measured unflatlened 

x-ray beam data in Figure 4.13. The calcnlated values for the unflattened 

beamE are compared with the measured values at variouH selccted depths in 

Table 4.2. Again, the calculated values are comparable to mcasured data and 

lend credibility to the theoretical model of the Clinac-18 treatment h('ud and 

the calculation method applied . 
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Figure 4.12 Measured and calculated percent depth doses for various field sizes 

for the flattened Clinac-18 10 MV x-ray beam . 

- 91-



• 

• 

CI) 
<Il 
o 

"t:I 

100 

20 

o 

80 

-5 60 c. 
CI) 

"t:I .. 
a:; 40 
i:! 
CI) 

Po. 

20 

o 

20 

o 

o 

o 

Depth in watcr (mm) 

50 100 150 200 

2x1 cm' 
(no filter) 

o 
--- RFA diode mrasured 

......... Parallel plate meastnd 

o Monte Carlo ca/cUÙJted 

--- RFA diode 

5x5 cm' 
(no filter) 

......... Parallel plaIe meastnd 

o Monte Carlo ca/cUÙJIPd 

--- RFA diode 

......... Parallel plate 

o Monte Carlo 

50 100 

15x15 cm' 
(no filter) 

150 200 

Depth In watcr (mm) 

250 

250 

100 

CI) 80 
rn 
o 

"t:I 

-E 60 
0.. 
CI) 

"t:I .. 
C 
CI) 40 
~ 
CI) 

Il. 

o 

20 . 

CI) 
rn o 
"0 

o 

HO 

-E 60 
0.. 
CI) 

'C .. 
~ 40 
~ 
CI) 

Il. 

CI) 
rn 
o 

"C 

20 

o 

80 

-E 60 
0.. 
CI) 

"C .. 
~ 40 
~ 
CI) 

Il. 

20 

o 
o 

Dcpth in wntcr (mm) 

50 100 
1 i i 

--- R~'A dlodr 

150 200 
'i il' 

3x3 cm' 
(no filter) 

....... . l'nrallel plaie nk'r~\I",~1 

o Monle Carlo cakl/lnwd 

lOxlO cm' 
(no filter) 

--- R~'t\ diode measl/œd 

......... l'urallel plaie metJSll/'foi 

o Manie Carlo calrI//Ii/J"t 

'l' r ri r, 

20x20 cm' 
(no filter) 

.---------- -----
--- RFA dIOde n,..a..uœol 

........ Parallel plate meosllll'fi 

o Monte Carlo calcula/III 

50 100 150 200 

Dcpth in watcr (mm) 

Figure 4.13 Measured and calculated percent depth doses for various field sizes 

for the unflattened Clinac-18 10 MV x-ray beam . 
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• Table 4.1 Compari80n of Monte Carlo calculated values (C) to measllred data (M) with 

the beam flattening filter in place. An end-window parallel plate ionization 

chamber was used in the build-up region. Beyond dmax• the siHcon diode RFA 

dctector i8 used. The depth dmax is taken as the measured depth of maximum 

dose. 

deptb 212 3x8 515 10110 15115 20120 

(mm) C M C M C M C M C M C M 

5 70.2 68.0 71.1 65.4 72.9 65.9 78.0 69.9 78.0 72.7 85.5 77.9 

dmax 99.2 100 98.5 100 100.4 100 100 100 99.8 100 99.3 100 

50 86.8 87.5 86.8 86.6 88.6 90.8 89.9 91.6 89.8 91.9 89.9 90.1 

100 67.0 66.3 66.8 68.5 69.3 70.7 73.5 73.6 72.7 74.1 73.9 73.6 

150 50.5 50.7 51.8 52.0 53.7 54.7 58.0 58.7 58.4 59.9 59.6 59.8 

200 38.3 38.7 39.1 40.0 41.0 42.2 44.4 46.3 45.6 48.0 47.2 48.3 

Table 4.2 Comparison of Monte Carlo calculated values (C) to measured data (M) 

without the beam flattening filter. An end-window paralIe] plate ionization 

chamber was used in the bui1d-up region. Beyond dmax• the silicon diode RFA 

detector is used. The depth dmax is taken as the measured depth of maximum 

dose. 

depth 21.2 313 515 10110 15115 20x20 

(mm) C M C M C M C M C M C M 

5 75.8 75.5 76.5 73.4 77.9 75.7 79.9 74.0 83.6 74.0 86.7 77.9 

dmax 100 100 100.2 100 99.5 100 99.5 100 99.6 100 99.7 100 

50 86.9 85.4 88.7 86.6 88.5 88.4 87.9 89.6 89.9 89.9 88.8 90.1 

100 66.1 63.2 66.3 64.8 68.4 66.8 71.3 69.1 72.0 70.3 71.6 70.5 

150 49.7 47.2 50.8 48.5 52.6 50.1 55.7 53.0 57.4 54.9 57.9 55.4 

200 37.6 35.6 38.0 36.4 39.9 38.1 42.1 40.4 44.3 42.5 44.0 41.7 

• 
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5 . MEASUREMENTS IN THE BUILD-UP REGION 

Special attent.ion is paid to the measurement of the dose in the build-up 

region because it is in this region that the percent depth dose is the most sen­

sitive to small changes in the radiation source. Small amounts of electron 

contamination as weIl as low-energy scattered photons can have large effccts 

on the surface dose delivered to the patient. These low-energy photons which 

are produced in the linac treatment head are sufficiently numerous to affect 

the position of dmax in the patient and merit further study. 

5.1. The surface dose 

An investigation of the doses delivered to the surface of the phantom as 

a function of the field size reveals that, as the field size is increased, the surface 

dose also increases. This increase in the surface dose with an increasing field 

size is due to a combination of two factors: (1) backscattered photons from the 

phan tom material and (2) electrons produced in air which deposit thcir encrgy 

directly at the phantom surface. High-energy photons interact with the medi­

um to produce high-energy electrons which, in order to conserve momentum, 

travel primarily in the forward direction slowly losing their encrgy in sccond­

ary collisions. Since the electron range in a medium is an incrcasing function 

of the kinetic energy, higher energy electrons deposit their encrgy at greater 

depths in the phan tom. Thus, a high-energy photon beam produces a lower 

surface dose than a low-energy beam [2,3,4]. Since the flattened 10 MY x-ray 

beam is more energetic than the unflattened beam, it is expected that the 
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surface dose for the flattened beam will be lower than that for the unflattened 

beam. The measured surface doses for the flattened and unflattened x-ray 

beams as functions of the field size are shown in Figure 4.14 where, as expect-

ed, the surface dose for the flattened beam is lower than for the unflattened 

beam for aIl field sizes. However, the rates of change of the surface doses with 

field size produced by the flattened and unflattened x-ray beams are different . 
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Figure 4.14 Measured surface dose as a function of the field size for the flattened 

and unflattened x-ray beams. Surface doses have been normalized to 

the dose at dmnx for each field size. The surface dose for the flattened 

x-ray beam is lower than for the unflattened beam, however, it 

increases at a greater rate with increasing field size . 
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The slope of the surface dose with field size for the flattened beam is greater 

than that for the unflattened beam. Observation of the calculated percent 

electron contamination for the flattened and unflattened x-ray beams 

(Figure 4.9) reveals that neither the differences in the surface dose nor the 

differences in the slopes of the surface dose as a function ofthe field size for the 

flattened and unflattened beams is due to the electron contamination Binee the 

electron contamination is roughly equal for flattened and unflattened beams. 

The only remaining possibility is that the photon spectrum is responsible for 

the difference in surface dose for the flattened and unflattened beams as weIl 

as the difference in the rate of change of the surface dose as a function of the 

field size. The higher surface dose delivered by the unflattened x-ray beam is 

consistent with the fact that the average calculated photon energy of the flat­

tened x-ray beam is significantly higher than that of the unflattened x-ray 

beam. As weIl, the average photon energy of t.he total flattened photon beam 

decreases at a much faster rate with increased field size than that of the un­

flattened beam. This is reflected in the greater change of the surface dose for 

the flattened x-ray beam with increased field size over the unflattened beam. 

5.2. The shift in dmax 

For each field size, the depths of maximum dose were found by fitting an 

interpolation function to the dose measurements made with the end-window 

ionization chambers and estimating the maximum of the curve. The estima­

tion of dmax was repeated 6 times and the me an of the 6 estimations was taken 
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Figure 4.15 Graph showing dmax in polystyrene as a function of the field size for 

the Clinac·18 linear accelerator for the flattened and unflattened 

x-ray treatment beams. With the flattening filter in place, the 
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• as the true d max• The depths of dmax in the polystyrene phantom produced by 

the Clinac-lB 10 MV x-ray beam both with and without the photon beam flat-

tening filter in place are shown in Figure 4.15 and tabulated in Table 4.3. For 

the flattened photon beam, dmax first increases with field size at small fields 

then reaches a maximum depth of23.3 ± 0.4 mm for fields around 5x5 cm2
, and 

then steadily decreases as the field size is further increased to large values. 

When the beam flattening fllter is rotated out of the path of the x-ray beam and 

the beam remains unfiltered, dmax increases with field size for radiosurgical 

fields, reaches a maximum depth of 21 mm for the 5x5 cm2 field but remains 

roughly constant as the field size is increased above 5x5 cm2
• 'rhese observa-

tions are in agreement with results reported by Sixel and Podgorsak [5] and 

Sixel [6] who also found that with the beam flattening filter in place, dmnx 

Table 4.3 Depth of maximum dose for the Clinac-18 with and without the flattening 

filter for various field sizes measured using a Farmer end-window parallel 

plate ionization chamber. 

Field Size 2x2 3x3 5x5 10x10 15x15 20x20 
(cmxcm) 

depth (fIIter) 
19.8 22.6 23.3 22.0 21.0 20.7 

(mm) 

depth (no fIIter) 
18.9 20.7 

(mm) 
21.0 20.6 20.7 20.3 

• 
- 98-



• 

• 

reaches a maximum value for a field size of 5x5 cm2
• For unflattened beams, 

Sixel reported a dmax increases with field size for small fields and a saturation 

dmax value for aIl fIelds ab ove 4x4 cm2
• Similar results were reported previ­

ously for x-ray beams of different energy by Arcovito et al [7]. 

In Chapter 2, a description of the dose deposition process was given 

which predicted that the depth of maximum dose should increase with an in­

creasing field size until reaching a saturation point after which dmax should 

remain constant and independent of the field size provided that the spectrum 

of incident particles is constant. The faet that the dmax for the flattened 10 MV 

x-ray beam reaches a maximum value and then decreases with increasing field 

Bize is inconsistent with the hypothesis that the x-ray spectrum of the 

Clinac-lB is independent of field size. When the flattening filter is removed 

From the path of the treatment beam, however, dmax changes according to the 

constant-beam hypothesis. The shift in dmax with field size was prechcted by 

the Monte Carlo ca!culations and verified experimentally. Given that the only 

difference between the flattened and the unflattened x-ray beams is the pres­

ence orthe photon flattening fllter, a conclusion may be reached that any field 

size dependence of the flattened x-ray beam must be caused by scatter from the 

flattening filter. This is consistent with the Monte Carlo calculated x-ray spec­

tra where it was shown that the flattening filter was responsible for neurly aIl 

of the low-energy scattered photons produced in the Clinac-lB treatment head . 
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1. SUMMARY 

CHAPTER5 

CONCLUSIONS 

Measurements of the central-axis percent depth dose (PDD) in tissue­

equivalent phantoms for the flattened and wlflattened clinical 10 MV x-ray 

beam produced by the Clinac-l8 linear accelerator were conducted for various 

field sizes ranging from small radio surgi cal fields to relatively large fields used 

in standard radiotherapy. A two-step Monte Carlo calculation of the percent 

depth dose deposition of the Clinae-l8 10 MV x-ray beam for the various 

treatment field sizes produced results which were in excellent agreement with 

measured data. Given that the PDD calculations are the result of the second 

stage of the simulation process and that they were based on the sprctral in­

formation calculated in the first stage of the simulation, the agreement 

between the calculated and the measured PDDs implies: (i) the correctness of 

the calculated spectral data, (ii) the usefulness of the EGS4 program in clinical 

dosimetry, and (iii) the adequacy of our particular model of the linac treatment 

head . 
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2 . SPECTRAL CALCULATIONS 

The Monte Carlo simulation of the Clinac-18 treatment head is an ex­

cellent means of characterizing the 10 MV x-ray treatment beam used in 

radiotherapy. The Monte Carlo method for determining the x-ray beam char-

acteristics is probably the most reliable and accurate method av ail able for 

extremely high-output modern linear accelerators. The Monte Carlo simula­

tions allow for the calculation of the particle spatial distributions und the 

complete photon-energy spectra for any configuration of the trcutrnent head. 

2.1. Photon energy spectra 

Th~ calculations of the flattened x-ray beam photon-energy spectra for 

field sizes rantng from 2x2 cm2 to 20x20 cm2 revealed that for small fields the 

treatment beam consists of only a very small amount of scattered radiation 

(1.5%), but as the field size is increased, the contribution of scattered radiation 

to the x-ray beam reaching the patient also increases amounting to 11.5% for 

the 20x20 cm2 field. An analysis of the influence of each of the treatment head 

components on the total treatment beam revealed that the flattening fil ter, 

which is used to improve the beam characteristics by producing an uniform 

dose deposition at a depth of 10 cm in the phantom, produces most of the scat­

tered photon contamination. The scattered photons created in the flattcning 

filter eventually lead to an undesirable increase in the surface dose to the pa­

tient, and attempts should be made to eliminate them from the treatment 

beam . 
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The primary-photon compone nt of the flattened beam remains relative­

ly unchanged as the field size is increased, however, the shape of the primary­

photon spectra is a function ofthe field size. It was found that the contribution 

ofhigh-energy photons to the primary beam decreases slightly with increasing 

field size clue to the conical shape of the flattening filter. Since the flattening 

filter is thinner at its periphery, it attenuates the portions of the x-ray beam 

that are further away from the axis less than it attenuates the beam passing 

through the central axis, therefore the x-ray mean energy of the total primary 

beam decreases with increasing field size. 

When the flaUening filter was omitted from the calculations, the scatter 

profile of the x-ray beam was improved remarkably: the amount of scatter in 

the unflattened treatment beam decreased ta 0.6% from 1.5% for the flattened 

beam for a 2x2 cm2 field. The contribution of scatter to the unflattened x-ray 

beam a180 increased as the field size was increased, yet even at fields as large 

as 20x20 cm2
, the calculated amount of scatter reached only 3.5% of the total 

treatment beam and was comparable to that for the smallest flattened beam. 

The unflattened primary photon-energy spectra did not change with field size; 

however, the removal of the flattening filter increased the quantity of low­

energy photons comprising the primary beam. The unflattened primary pho­

ton beam is mu ch less energetic than the flattened primary beam and 

therefore is a less penetrating beam. The lower energy photon beaIn produced 

without the flattening filter delivered a higher surface dose than the flattened 

treatment beam. 
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• 2.2. Electron contamination 

The Monte Carlo calculations showed that the electron contamination of 

the 10 MV x-ray beam was due primarily to electrons produced in the air be-

tween the x-ray source and the patient. Both the flattened and the unflaUened 

treatment beams produced similar amounts of electron contamination, there-

foret one can conclude that the flattening fiUer is not a factor in the production 

ofelectrons. Calculation of the mean electron energy rcvealed that most of the 

electrons reaching th!;> patient are not sufficiently energetic to reach the depth 

of maximum dose and, therefore, cannat affect the position of dm<lx in the phan-

tom, however, these electrons may still contribute significantly tn the surface 

dose. 

3. THE SURFACE DOSE 

Measurements of the percent depth dose in the build-up region con-

firmed that the surface dose increases as the field size is increased. For the 

flattened x-ray beam, the surface dose varies between 9% of the dmnx value for 

2 " the 2x2 cm to 29% for the 20x20 cm~ field. For the unflattened x-ray beam, 

2 2 the surface dose ranges from 17% to 30% for the 2x2 cm and the 20x20 cm 

fields, respectively. The surface dose of the unflattened treatment beam is 

higher than that of the flattened beam because the mean energy of the photons 

cornprising the primary beam i8 much lower than the mcan encrgy of the flat-

tened primary beam. 

Since the calculated primary photon-energy spectra for the flattcned 

• and the unflattened treatment beams were found to be indcpendent orthe field 
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• size, any change in the surface dose with changing field size must have been 

due to scatter contamination. The contaminating electrons contribute to the 

"urface dose and most likely are the cause of the increase in surface dose with 

field size for the unflaUened beam sinee the seattered photon contribution for 

this beam is quite low. Given that the calculated electron contamination ofthe 

flattened and unflaUened x-ray beams is approximately equal for each field 

size, the higher rate of increase in the surface dose with increasing field size 

must be attributed to low-energy scattered photons. The low-energy scattered 

photons produced in the x-ray flattening filter contribute a significant amount 

to the surface dose and to the dose in the build-up region. 

4. THE 8HIFT IN dmax 

For aU field sizes, the depth of maximum dose for the flattened x-ray 

beam was greater than that for the unflattened beam owing to the improved 

penetrability of the flattened beam. The measured dmax in the solid phantom 

for the flattened x-ray beam increases with increasing field size for field sizes 

2 2 2 between 2x2 cm and 5x5 cm. Around 5x5 cm dmax reaches a saturation 

2 value; dmax ranges from 19.8 mm for the 2x2 cm field to 23.3 mm for the 

5x5 cm2 field. As the field size is increased heyond 5x5 cm2
, dmax decreases 

steadily to a nearly asymptotic value of 20.7 mm for the 20x20 em2 field. For 

2 the unflattened x-ray boam dmax is at 18.9 mm depth for the 2x2 cm field, 

reaches a maximum value of 20.6 mm for a field of 5x5 cm2 and then remains 

• approximat.ely constant as the field size lncreases further . 
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The scattered photon contamination pr0duced in the flattening filter is 

the only possible explanation for the decrease in dmax as the field size is in­

creased beyond 5x5 cm2 for the flattened heam, as the majority of thc contam­

inating electrons are insufficiently energetic to penetrate as dt'cp as dmnx • 

There is only a minute observed shift in dmax for the unflattened x-ray beam for 

fields larger than 5x5 cm2 because the amount of scatter in the unflaUened 

beam Îs negligible, whereas the flattened beam becomes degraded so severely 

for larger fields that the dose in the huild-up region, including dmax and the 

dose at the phantom surface, approaches that of the unflattened heum. Clear­

ly, this is an undesirable effect and must he considered when designing a linac 

for radiation therapy . 
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5. FUTURE WORK 

This thesis represents a Monte Carlo and experimental study of clinical 

x-ray beams produced by a 10 MV Clinac-18 linear accelerator. 1~he effects on 

the x-ray beam of the various components comprising the linac head are in­

vestigated and sorne shortcomings of the existing design are identified. 

Additional work could concentrate on ways to improve the usefulness of the 

current clinieal 10 MY beam. An investigation of different target and flatten­

ing fllter materials and thicknesses should be made in order to optimize the 

primary component of the x-ray beam. As weB, the study should include an 

investigation of the scattered photon spectra produced by the different flat­

tening filter materials in the hopes of minimizing the scatter induced degra­

dation of the treatment beam. 

A worthy area for study would be into the redesigning of the linac to 

eliminate the need for a flattening filter altogether. By constantly moving the 

position where the electrons bombard the x-ray target, an x-ray beam of even 

intensity and uniform eharaeteristics could be produced. This type of linac 

would have to employ eleetron energies in excess of 10 MeV sinee the surface 

dose and the depth of dmax for the unflattened beam are not satisfactory. 

It would also seem practical to attempt to extend the evacuated region 

to include the entire linae treatment head up to the location of the ionization 

chamber. Such a design would reduce the electron contamination produced in 

air and improve the skin dose delivered to the patient. This redesign of the 

modern medicallinac would lead to an improved skin dose, a greater depth of 
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maximum dose, and increased penetrability of the treatment bewn into the 

patient, aIl of which would improve the treatment technique for the patient as 

weIl as the probability for curing the disease . 
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