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ABSTRACT

The treatment head of the Clinac-18 medical linear accelerator was
modelled using the EGS4 Meonte Carle simulation package. Photon-energy
spectra for fields ranging from 2x2 cm? to 20x20 cm? in size were generated
and the primary and scatter spectra were analyzed separately. The generated
x-ray spectra were used in the calculation of the percent depth dose (PDD)
distributions for flattened and unflattened 10 MV x-ray beams in a water
phantom at a source-surface distance of 100 ¢cm for the various field sizes. The
agreement between calculated and measured depth doses is excellent.

Measurements of the dose in the build-up region show that the depth of
dose maximum (d,,,x) increases with increasing field size for fields up to
5x5 cm® for both the flattened and unflattened beams. As the field size is
increased beyond 5x5 em?, dy., decreases with increasing field size for the
flattened x-ray beam while remaining nearly constant for the unflattened
beam. Additionally, the surface dose of the flattened beam is found to ap-
proach that of the unflattened beam for large field sizes. Calculations show
that the decrease in d,4x as the field size is increased abc.e 5x5 cm2, and the
rapid increase in the surface dose for the flattened x-ray beam with increasing
ficld 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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RESUME

Un modéle de la téte de traitement du Clinac-18, accélérateur linéaire
médical, a été developpé utilisant le programme de simulation Monte Carlo
EGS4. Les spectres d’énergies de photen pour des champs de rayonnement
entre 2x2 em” et 20x20 cm? de dimension ont 6té générés et ce- spectres ont 646
classifiés en deux catégories: photons-primaires et photons-diffusés. Les
spectres primaires et diffusés obtenus pour chacune des dimensions du champ
de rayonnement ont été analysé séparément. Les spectres 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 'eau pour
une distance foyer-a-surface de 100 ¢m 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 region entre la surface
d’entrée et le point de dose maximale (dn,x) montrent que la profondeur de la
dose maximale augmente avec les dimensions du champ d’irradiation entre
2x2 cm® et 5x5 cm® que les faisceaux de rayons X soient compensés ou non.
Une augmentation des dimensions dv champ d’irradiation au-dela de 5x5 em®
enfraine une diminution de la profondeur de d,« pour les faisceaux compensés
tandis que la profondeur de d,.x pour les faisceaux non-compensés demeure
practiquement, inchangée. De plus, il a été établi que la dose a la surface de

Peau pour un faisceau compensé approche celui d'un faisceau non-compensé
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quand le champ d’irradiation est de 20x20 cm?. Les calculs démontrent que la
dégradation des faisceaux compensés, causée par des photons de basses énergies
engendrés dans le filtre compenasateur, explique la diminutiont de la profondeur de dmax

et Paugmentation rapide de la dose a la surface.
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THAPTER 1
INTRODUCTION

1. INTRODUCTION

Radiation therapy, also referred to as radiation oncology, radiotherapy,
or therapeutic radiology, is a clinical specialty which incorperates ionizing ra-
diation in the treatment of malignant disease. The aim of radiotherapy is to
deliver a precisely measured dose of radiation to a well-defined tumour volume
with a minimal amount of damage to the surrounding healthy tissue. Al-
though often considered a treatment modality for the palliation or prevention
of the symptoms of cancer, radivtherapy is now used as a means for curing the

disease by eradication of the tumour.

2. AN HISTORICAL PERSPECTIVE

A charged particle moving through a medium loses its kinelic energy
through collisional and radiative losses. The latter losses result in the pro-
duction of x rays and are referred to as bremsstrahlung meaning braking
radiation. The radiative power of bremsstrahlung radiation is proportional to
the square of the acceleration or deceleration of the charged particle.

The production of x-ray beams in low-pressure gas discharge tubes was
discovered by Roentgen in 1895 [1] and almost immediately afterwards the

biological effects of ionizing radiations were recognized. The first cure of can-




cer by radiation was reported in 1899, less than four years after Roentgen’s
discovery, 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 biological
effects of ionizing 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 coften irradiated by physicians who had very
poor understanding of the tool they were using [2]. However, many significant
advances were made during 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 of biological 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 1920s when Coutard
and Hautant presented evidence to the the International Congress of Oncology
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 difference which can be
maintained between the anode and the cathode, and with it the accelerated
particles altained 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 types of megavoltage x-ray generating machines were
developed for medical applications. With time, the electron linear accelerator
or linac, has proved to be the most convenient treatment machine and has be-
come the most popular radiation source in clinical use. Medical linear
accelerators are now capable of operating at several different energies and can
operate as electron or photon radiation sources.

During the past 40 years, linac technology has made tremendous ad-
vances, yet a large number of basic physics problems related to the clinical
radiatiocn beams remain unsolved. The objective of this thesis is to study some

of the physical properties of x-ray beams produced by medical linacs.

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 quantities which describes

the x-ray beam used for treatment of the patient is the percent depth dose. The




percent depth dose (PDD), in particular the region surrounding the depth of
maximum dose, the d,.,, region, of megavoltage x-ray beams, is a function of
both the beam energy and the field size. ¥For a given x-ray beam energy, it has
been found that the depth of d,,... below the surface of the phantom decreases
with increasing field size for typical radiotherapy fields, yet for field sizes
smaller than 5x5 cm?, the position of d,,,,. 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 considered relatively unimportant and
generally ignored in standard radiotherapy. However, it can have clinical con-
sequences in some specialized radiotherapy techniques such as in radiosurgery
(using very small 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.

Some of the first studies of the field size dependence of radiotherapy
beams were performed on cobalt-60 therapy units. As early as 1952, it was
noticed that d,,.. «ould be shifted with field sizes and that if the PDD curve
was normalized to the conventional d,,,. of 0.5 ¢cm, doses in excess of 100%
could be achieved in the build-up region when large field sizes were used [5].
The d,;0. shifts for cobalt-60 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 cm?, the location of dmax shifted towards the surface of the phantom as the
field size was increased. The only explanation for the shift in the position of
dmax Was that it was caused by scattered particles and that the amount of this
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 linear accelerators, it is necessary
that medical physicists uncover the nature and the cause of the contamination
inducing the changes in the percent depth dose. Some investigators suggested
that the contamination was due to low energy photons [11] while most others
believed that the contamination was from electrons [12,13]. At the present
time, it is gencrally accepted that the contamination which affects primarily
the dose build-up region is due to electrons.

The origin of the scattered electrons which increase the dose in the
build-up region and cause the shift in d,,.., toward the surface is still under
investigation. Some medical physicists believe that the contaminating elec-
trons are produced in the collimating jaws [14] while others believe that the
contaminants are produced in the flattening filter [12,13] and still others are
convinced that they originate in the air between the x-ray source and the pa-
tient [15].

Determining the amount and origin of the electron contamination from
these studies is complicated by the fact that not all of the studies were per-

formed 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. It
is conceivable that the results found at one energy may not apply to a machine
operating at a different energy. Just as importantly, individual linear acceler-
ator design can influence the contamination 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 well as for field
sizes used in general radiotherapy. They observed that d,,.,. was deepest for a
field size of 5x5 cm? for photon beam energies in the range from 6 MV to 18 MV.
Measurements of the dose in the build-up region for field sizes smaller than
10x10 em? 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 10x10 cm? 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 10x10 em? field clearly could
not accurately represent the physical reality of the experiment. For this rea-
son, we extended the study, aind attempted to accurately mode! the Clinac-18
linear accelerator treatment head 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 understanding of the

PDD dependence on field size for the Clinac-18, could be achieved.

4, THESIS ORGANIZATION

A brief description of some of the methods currently available for the
characterization of clinical x-ray beams is presented in the next 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
physics is suggested.

'The thesis is made up of two complementary sections: an experimental
section and a theoretical Monte Carlo section. Chapter 2 provides a discussion
of the apparatus necessary to complete the experimental portion of the thesis.
The operation of the Clinac-18 medical linear accelerator, the x-ray source for
the experimental measurements, is described in detail. Additionally,
Chapter 2 describes two different means for measuring the percent depth dose
and the detectors and tissue-equivaient phantoms required for each method.

In Chapter 3, the equipment used in the theoretical Monte Carlo calcu-
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.
Some of the methods used to accurately model the Clinac-18 treatment head in

a time-efficient manner are discussed.




5. CHARACTERIZING THE OUTPUT OF X-RAY MACHINES

Clinical x-ray beams have a continuous photon energy spectrum extend-
ing to the kinetic energy of the electrons which generate the photons in the
x-ray target. In an x-ray machine, the kinetic energy of the electrons is deter-
mined by the accelerating potential between the cathode and the anode. The
first x-ray machines were described by the nominal accelerating potential; in
other words, a beam of electrons accelerated by a potential difference of
100 keV would produce photons of between 0 keV and 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 alternating 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
beam and not only on the maximum photon energy present. Various tech-
niques have been developed to improve the characterizaiion of x-ray beam
properties, three of which (energy 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-

surement of the x-ray spectrum produced by electrons decelerated in a target




is difficult and limited by the measuring instruments. Direct measurement of
the photon spectra from low output x-ray machines such as a diagnostic x-ray
machine is possible with sodium iodide (Nal) scintillation spectrometers and
with germanium-lithium, or Ge(Li), semiconductor spectrometers. A photon
deposits its energy in these devices and an electric signal or "pulse” propor-
tional to the energy of the photon is produced. Each pulse is sorted according
to its size (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 are detected.

A spectrometer loses its sensitivity for a short period of time after every
detection event. This period, known as dead time, sets a limitation on the
number of events per unit time that the detector can count, hence the spec-
trometers are limited to a finite counting rate which cannot be exceeded [18].
In order to reduce the rate of photons reaching the spectrometer, the x-ray
beam is usually passed through a pinhole and measurements must be 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 separation required,
corrections to the measured spectrum must be made for the attenuation 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-scattered
at an angle of 90° by a foil of known material, and a subsequent reconstruction

of the original spectrum by application of the Klein-Nishina formula [19]. This
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method obviates the counting rate problem because the amount of radiation
scattered at such a large angle is approximately 10° 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 Compton-scatter method. It can be seen that the maximum photon
energy in each spectrum corresponds to the accelerating potential. The effect
of increasing the tube potential is to 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. Also, the one-to-one correspon-
dence between photon energy and output depends on the total absorption of
the photons incident on the device rendering spectroscopic measurements of
high energy photons impractical [20]. Consequently, medical physicists had to
rely on measurements of beam penetrability to characterize the output from

x-ray generating machines in the megavoltage range.
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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 describe the nature
of the radiation in terms of its ability to penetrate sorue material of a known
composition. One way of describing the beam is through half-value layer
measurements. The half-vale layer is defined as the thickness of a material
required to reduce the intensity of the x-ray beam to one half its original value
as measured by a device calibrated to read exposure in roentgens [20]. The
number of photons in the x-ray beam is attenuated exponentially in matter.
Since the attenuation coefficient is energy dependent, it is possible to calculate
the effective beam energy from measurement of the half-value layer of an 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 pelychromatic
x-ray beam. The effective energy of the spectrum is useful in energy 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) of megavoltage x-ray beams.

Another way of characterizing 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

-12 -




absorbed dose at any depth d to the absorbed dose at a reference point d,, along
the central axis of the beam. The setup required to perform a PDD measure-
ment is shown in Figure 1.2. For a given photon spectrum (Ahv), source-surface

distance (SSD), and field size (A) at SSD, the percent depth dose may be ex-
pressed as

D(d,A,8SD, hv) (1.1)
D(dy, A,SSD. hv) ' !

PDD(d, A,SSD, hv) = 100 X

where D is the dose at a given depth d. The reference point d, is usually taken
at the depth of maximum dose and referred to as d,,qy.

As shown in Figure 1.3, the PDD decreases with depth beyond the depth
of maximum dose (d,..;). There is an initial build-up of dose immediately be-
yond the phantom surface which becomes more pronounced as 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 d,... occurs very near the sur-
face of the phantom. For higher-energy x rays, however, d,,,, is located some
distance below the surface. The region contained between the surface and dpx
is referred to as the dose build-up region.

It is evident from Figure 1.3 that d,,.,, increases with an increasing en-
ergy and the beam becomes more penetrating, i.e., high-energy x-ray beams
deposit relatively more of their energy at a greater depth than do low-energy
ones. As well, x-ray beams are more penetrating with greater SSD because the
inverse-square dependence of the photon flux on depth in the phantom be-

comes relatively less important as the source is moved away from the surface.
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Intuitively, PDD should increase with the amount of scattering 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 scattering 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 d,,.,, , the dose deposited in the medium
decreases because of the photon attenuation in the medium.

The physics of the build-up region is best explained in terms of the ab-
sorbed dose and a quantity known as kerma (kinetic energy released in the
medium). The kerma is defined as the sum of initial kinetic energies of all the

charged ionizing particles liberated by uncharged ionizing particles (photons)
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Figure 1.3  Schematic illustration of typical PDD curves in water. Dpux 0ccurs

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 from the
surface and subsequent layers 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. Atthe same time, the
photon fluence decreases with depth, therefore the number of new electrons set
into motion also 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
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Figure 1.4  Schematic plot of absorbed dose and kerma as functions of depth 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.

8.3. Monte Carlo calculations

Parameters of clinical x-ray beams generally have to be measured, how-
ever, there exists a method, based on the first principles of physics, to calculate
quantities such as the percent depth dose. The method is referred to as the
Monte Carlo technique and can be used to calculate important x-ray beam
parameters. Computer programs which simulate the structure of the various
sources of clinical x-ray beams can be used for this purpose. The spectra sim-
ulated in this way can then be used to calculate measurable quantities such as
the half-value layer or the PDD in a medium. Agreement between calculated
data and measured data would imply that the calculated data is accurate, thus
the simulated particle spectrum could be 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 medical linear accelerators used in radiotherapy is too high to allow
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 Carle techniques can readily be used to 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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CHAPTER 2
MATERIALS AND METHODS:
HXPERIMENTAL TECHNIQUES

1. INTRODUCTION

The central-axis percent depth doses (PDD) of the Clinac-18 linear ac-
celerator were studied for various treatment field sizes with two different
techniques. The first technique employed a 3-dimensional isodose plotter with
p-type semiconductor radiation detectors to provide quick beam measure-
ments in water. The second technique, which proved more reliable but also
more time consuming, was used to study the dose build-up region in more
detail. This technique required a solid, tissue-equivalent phantom and an
end-window parallel-plate ionization chamber for beam measurements.

Before describing the measurement techniques in detail, a discussion of
the operation of the Clinac-18 is provided. Then, the tissue-equivalent 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.




2. RADIATION SOURCE

A Varian Associates Clinac-18 10 MV linear accelerator located in the
Radiation Oncology department of the Montreal General Hospital was used as
the radiation source for the experiments described in this thesis. Since its
installation in 1977, the linac has been used for conventional radiotherapy
and, after some minor adaptations in 1986, its use has been extended to
radiosurgery.

The main component of the Clinac-18 is a standing wave accelerator
waveguide, approximately 1.4 m in length, capable of accelerating electrons to
nearly the speed of light [1]. The linac has two operating modes, one of which
must be selected by the operator before each treatment: the electron mode or
the photon mode. In the electron 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 containing photon ener-
gies from 0 to 10 MeV.

The treatment head of the Clinac-18 is shown in Figure 2.1. It consists
of an achromatic 270° bending electromagnet, a retractable copper target, a
primary collimating cone, a carousel holding the photon flattening filter and
various electron beam scattering foils, a transmission ionization chamber, a
secondary collimating system, and two sets of collimating jaws which define

the radiation field with which 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 em
with the isocenter located 126 cm above the floor. Beams from two wall and
one ceiling lasers converge at a point exactly 100 em from the target and define
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 the radiation
beam from the creation of the radiofrequency signal through the acceleration
of electrons in the waveguide to the final shaping of the radiation beam in the
linac head. The beam forming component of the linac may be divided into two
sections: the electron accelerating section and the beam transport section. The
electron accelerating section is responsible for the creation of a high energy
(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 treatment.

2.1. Electron accelerating system

The electron accelerating section of the linac is made up of two essen-
tially separate systems: the radio frequency (RF) system and the accelerator
waveguide. The RF system is connected to the accelerator waveguide by a
waveguide filled with sulfur hexafluoride which passes through the rotary

joint linking the linac stand to the gantry.

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

microwave power at 2856 MHz which are used to accelerate the electrons in

.923.-




NV
achromatic X

electron
copper bending — 0o

= 1 :q roit
target f: J* magnet system | ! et
L ole_€nergy
: | slits
primary _
collimator g j%fx

beryllium window carousel
tiattening filter - - — — ———w, A

scattering foil

i ionization chambers

tungsten shield

collimators { gl s lead shield

@
tungsten jaws,
-

tray holder

isocentre

Figure 2.1 Schematic diagram of the Clinac-18 treatment head operating in

the photon mode.

-24.




I
|
E STAND GANTRY
|
!
MODULATOR : slectron '\é¢g¥€u ] \
CABINET |i| [ RFDRIVER g‘i" g
' e
i .[LLOADED WAVEGUIDE‘ BENDING
PULSED ‘E 1 - - MAGNET
POWER | [
suppLy | | |
i ﬂ L
i
| CIRCU- AFC
! LATOR } B system SYSTEM
l —prre
. T 7T 40
: __E_ " rotary h 1‘
! ey joint M [ A
t : { a1 l. ISOCENTRE
: o AXIS
1
ContROL |!| | || W
CONSOLE | ! z 1 %5
| lII_: 8? [ ] sultur hexafluoride
: 0 o Os rvn .
l > b WEW o Wl water
| v e
| <Q9
| s%all L
|
| L
|
|
. v - P .
\ \ \ ' \ ,
; \ % FLOOR k\ ‘i\\\ \\
D S\\\R\\\m\m\\@\ iy

Figure 2.2 Schematic diagram of a typical isocentric linear accelerator

| showing the important basic components [2].

- 925 -




the accelerating waveguide [1]. A piezoelectric crystal located in the RF driver
produces an RF signal which is then amplified to an output power level that is
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 sends 12 us signal bursts 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]. Itis made
up of two cavity resonators connected by a drift tube and is shown in Figure 2.3
[4]. The first cavity, called the "buncher" cavity, contains an electron gun and
is coupled to the low-level RF signal, Electrons are emitted by .he heated
cathode and are accelerated toward the anode by a static potential of ~100 kV.
At the same time, the RF signal excites oscillating currents in the cavity walls
causing alternate sides of the buncher grap 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,
the faster electrons overtake the slower electrons to form small 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 catcher, the bunched electrons are rapidly decelerated in a
retarding potential and radiate power at the frequency of the modulating RF
signal. If the catcher cavity is of correct size, large oscillating currents will be
generated within its walls. These currents induce large electric 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 of 5 kW to 30 kW.

low power
microwaves
o — — W
—> electron bunches —
/ \ amplified
| ~ < output
G___
cathode drift tube
buncher catcher
cavity cavity

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 which rotate electromagnetic fields [5]. 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 protect 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 rise to standing waves which oscillate in time. Fig-
ure 2.4 (a) [6] is a schematic representation of a waveguide with an array of
equally spaced discs, A/4 apart where A is the wavelength of the RF signal. The
arrows represent the direction of the electric fields of the forward and back-
ward reflected wave. The shaded box denotes the location of the electron in the
array after time T/4 where T is the pericd of the wave. In order to shorten the
length of the standing wave accelerator, the zero field cavities, referred to as

coupling 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 of 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 accelerated by
a static 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 triggered at the
same time as the RF driver and the klystron modulator. The grid allows 5 us
bursts of 60 Hz - 300 Hz pulsed electrons to enter the accelerating region. The
pulses are timed so that the electron bunches ride on successive peaks of the
RF wave and are subject to the maximum available accelcrating force of the
wave.

Finally, the electror beam emerges from the resonant cavities with a
kinetic energy of a discrete value between 6 MeV and 18 MeV and enters the
beam transport system which carries it either toward the target (in the photon
mode) or directly toward the beryllium exit window (in the electron mode). The
beryllium window serves to separate the vacuum region from the surrounding
environment. Beryllium is used as window material because of its low inter-

action cross section with both high energy photons and electrons.
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Figure 2.4
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(a) Schematic representation of a standing waveguide with equally
spaced discs, M4 apart. The arrows above the waveguide represent
travelling waves moving in opposite directions (indicated by the
black and white circles). The resulting electric fields inside the
accelerating 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 coupled standing waveguide

where the electrons experience a positive electric field at all 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 beam transport system into two sections is conve-
nient since the treatment of the electron beam emerging from the standing
waveguide is the same for both photon and electron modes, however, after 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 seclected

modality.

2.2.1. Electron beam bending magnet. After leaving the standing
waveguide, the electron beam encounters an achromatic 270° bending magnet
which changes the beam direction. The Varian Clinac-18 employs a symmet-
rical 270° three sector uniform pole gap achromatic bending magnet system
proposed by Brown [5,8] and depicted in Figure 2.1. It consists of three uni-
form field dipole sectors connected by magnetically shielded drift tubes. The
trajectories of the electrons through the system are symmetrical about the
plane of symmetry which makes an angle of 135° with the entrance beam. This
symmetry ensures that the properties of the electron beam exiting the bending
magnet system are exactly the same (to second order) as the electron beam
originally entering the system. A 270° 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 1 3% [1] from the nominal electron energy.

2.2.2, Ream 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 all directions and do not have a favourable energy
distribution. In order to create a beam of useful dimensions with an even 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 differ-
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 come 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 energy from 0 MeV to 10 MeV with a mean photon energy of approximately
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-18 linac to
absorb those photons which cannot be used to treat the patient and would
otherwise contribute to the photon contamina:ion in the treatment room. Only
a small cone of radiation is allowed to exit the linac head through the primary
collimator. The primary collimator, a tungsten block with a conically shaped
hole bored threugh 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 berylli-
um exit window is located at the end of the primary collimator opening and
simply acts as the vacuum region seal.

Lying just below the exit window is a carousel containing a photon beam
flattening filter and several electron beam scattering foils. In the photon mode
the carousel is rotated so that the photon beam passes through the nearly
conically-shaped flattening filter. 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 within + 3% of the central axis
dose over 80% of the longitudinal and transverse axes of a 10x10 cm? field at
an SSD of 100 cm and a depth of 10 cin [1]. The Clinac-18 located at the Mon-
treal General Hospital is equipped with a tungsten and iron alloy flattening
filter. More recent models of the Clinac-18 come with a copper flattening filter.

Beneath the carousel holding the flattening filter and the scattering

foils is a dual Kapton ionization chamber 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 well 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 moritor 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 cm? field, 100 monitor units
deliver a dose of 100 ¢Gy 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 to be delivered to the patient pricr to treatment, and
the linac automatically terminates the x-ray production once the integrated
dose read by the primary ion chamber reaches the specified level. In case of
primary ion chamber malfunction, the secondary chamber will terminate
treatment if its dose exceeds the stipulated primary chamber dose by
40 c¢Gy [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 fiiter and the ionization chambers create signifi-

cant amounts of scattered radiation which contribute to beam spreading. It is
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necessary, therefore, to redefine the photon beam. Secondary collimation of
the radiation field is accomplished 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 3535 cm>.

In order to permit treatment fields smaller than 35 cm across, another
collimating system is used. This adjustable collimating system is located be-
low the secondary collimators and is the iast component in the path of the
photon beam before impinging on the patient. It consists of two pairs of inde-
pendently movable tungsten jaws, one above the other and at right angles,
which traverse arcs approximately tangential to the radiation ficld [1]. The
tangential mounting of the collimating jaws allows 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 beam 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 cm. 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 SSD of 100 cm. The field defin-
ing light is reflected through the jaws by a mirror which is automatically
removed before the beam is switched on. These two devices enable the tech-
nologists to correctly position the patient in the radiation field for the

radiotherapy treatment.
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3. PHANTOM MATERIALS

Typically, dose distribution data are measured in a water phantom since
water closely approximates the radiation scattering and absorption properties
of soft tissue (the human body is composed of approximately 75% water by
weight). Additionally, water is readily available at any radiotherapy clinic and
has globally reproducible radiation properties, thus water has become the ra-
diaticn phantom standard. The AAPM protocol recommends that linac
calibration data be expressed in terms of the absorbed dose in water [9]. Since
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 phantom material, it must be
water or tissue equivalent, i.e., it must have the same mass density, electron
density, and effective atomic number as water. Since Compton scattering is
the most important interaction with tissue for megavoltage photon beams, the
condition of equivalent electron density between the phantom material and
water must be met.

The electron density (p.;) of a material may be calculated by using the
following equation:

Pel = Pruass ® Na ._i' (4 1)

where

7 Z,
Z:Za,o(z—) (4.2) ,

and pmags is the mass density of the material, N, is Avogadro’s number
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(6.023x10% atoms / g atom) and a, is the fraction by weight of the ith element
of atomic pumber Z, and atomic weight A,. Mayneord [10] has defined the

effective atomic number for low energies of any material in an analogous man-

ner to Equation 4.2:

1/294

Z = (Z a,Z? 94) (4.3)

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

electric effect mass-attenuation coefficient on atomic number.

4. DOSIMETRIC 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, Sweden) which
can be used as a three dimensional isodose plotter or as a two dimensional
radiographic film densitometer. The three dimensional isodose plotter consists
of a water-filled acrylic tank with dimensions of 63x60x61 cm” and a set of
p-type semiconductor detectors (Scanditronix, GR-p EC silicon photon field
detector), one of which can be positioned by remote-control anywhere within a
50x50x50 cm® scanning volume inside the water tank while the other is used
as a stationary reference detector. Since the output of a typical linac varies on
a shorl time scale, it is the relative signal between the two detectors that is of

interest to the medical physicist.
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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 program 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 silicon semiconductors designed specifically for use with photon beams
(11,12]. 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 mixture is optimized to give accurate depth dose
measurements over a wide range of photon energies [13]. However, the energy
cornpensation 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 of be-

3 and 0.3 mm® located at a water equivalent distance of

tween 0.2 mm
0.55 + 0.2 mm from the front of the detector surface. Although the detector
volume is small, the GR-p EC silicon 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 absorbed dose in the build-up region was remeasured in a polysty-
rene phantom and an end-window parallel plate ionization chamber. Polysty-
rene has an electron density of 3.24x10% electrons/g compared with water
having 3.34x10% electrons/g, and a mass density of 1.03 g/cm3 [14] and there-
fore can be thought of as water equivalent. While maintaining the SSD at
100 c¢m, 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. To ensure that x-ray backscattering effects
were correctly accounted for, at least 30 cm depth of phantom material was
used for each measurement. Moreover, the lateral dimensions of the polysty-
rene sheets measured 30 cm across to ensure that lateral electronic equilibri-
um was attained for all depths. All beam measurements were performed with
the output of the linac set at 30 MU so that a relative percent depth dose mea-

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 currents. The chamber has a polyethylene wall of only 2.5 mg/cm2
thickness. In order to collect the ions produced in the =ir contained in the
sensitive volume of the ionization chamber, a potential difference is applied
across the sensitive volume. The chamber was operated at electrode 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 Inc., Cleve-
land, Ohio).

Because of detector size limitations, the smalilest field size investigated
was 2x2 cm’. Percent depth dose measurements of the Clinac-18 were per-
formed with field sizes of 2x2 ecm?, 3x3 em?, 5x5 em?, 10x10 cm?, 15x15 cm?,
and 20x20 cm®. 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.
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CHAPTER 3
MATERIALS AND METHODS:
THEORETICAL CALCULATIONS

1. INTRODUCTION

A theoretical Monte Carlo calculation of the percent depth dose (PDD)
along the central axis of the beam was performed by writing a series of com-
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 head simulation and processed the data for use with the EGS4-supplied
DOSRZ dose scoring program.

All 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 run using Sun FORTRAN version 1.4.




2, MONTE CARLO CALCULATIONS

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 all Monte Carlo calculations is the detailed knowledge of
the probability distributions governing the problem at hand. First, a mathe-
matical model based on these probability distributions is formed, and then the
initial conditions describing the system are defined. By using computer gen-
erated pseudo-random numbers, the model is interrogated and, according 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 of these known prob-
ability distributions is used to determine each consecutive stage in the
evolution of the system and preserves the stochastic nature of the process. The
entire 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-
bility densities are correctly sampled and large numbers of histories simulat-
ed, information about average measurable macroscopic quantities as well as
immeasurable microscopic quantities can be obtained. In situations where the
calculated macroscopic quantities agree with measured data the validity of the
calculated microscopic quantities can be inferred.

Particle transport algorithms were originally developed for high energy
neutron and photon transport for nuclear power reactor applications [1], and

have later been modified to include lower energy photons as well as electrons.
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Monte Carlo techniques are currently 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 of new 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 te investigate
expe .irnentally.

In the context of radiotherapy physics and radiation dosimetry, Monte
Carlo calculations require the knowledge of the probability 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
well as difficult (or even 