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Abstract

The introduction of an attenuating medium into a photon beam serves
both to reduce the intensity of the primary beam and to create secondary
radiation due to scatter. When retracted missing tissue compensators are
employed to compensate for irreqular surface contour or internal
inhomogeneities, they are often fabricated without regard to the scattered
radiation that they introduce into the system. Experimental evaluation of a
retracted compensator designed for use with an anthropomorphic phantom

reveals an inability to provide true compensation.

The study of a mathematically describable conical geometry has clearly
demonstrated the need for improved compensator design. Experimental
results obtained with this geometry can be reproduced with good
agreement, by theoretical caiculations based on primary and first order
scattered radiation. This method of analysis may be extended to predict the
shape of a compensator which will produce an optimized dose distribution at
a given depth in a phantom. An optimized compensator was constructed
based on these theoretical considerations and excellent agreement was
observed between theory and experiment. Dramatic improvement in

restoration of bolus dose is obtained with this optimized compensator.

Finally, an anthropomorphic phantom of the neck region has been
constructed and the performance of a compensator designed according to
current clinical methods for this geometry has been evaluated. The
performance of an optimized compensator specific to this geometry is

presented and good agreement between theoretical predictions and



experimental results(data) is observed. Dramatic improvement in bolus dose
restoration over that obtained with the clinically designed compensator is

realized.
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Chapter 1
Introduction
Anyone who has been seriously engaged in scientific work of any kind
realizes that over the entrance to the gates of the temple of science are
written the words: Ye must have faith. It is a quality which the scientist cannot

dispense with.

Max Plank



| INTRODUCTION

1.1 Rationale and Introduction to the Study

Radiotherapy stands as one of the three major modalities employed in
cancer treatment today. The other forms of treatment are surgery and
chemotherapy. Of those patients presently surviving five or more years after
treatment for cancer, 65% survive due mainly to surgical treatment, 25%
mainly due to radiation treatment, 9% are mainly due to the slow growth of
their tumors, and 1% are mainly due to chemotherapy. There are also many
cases when optimal treatment is achieved with a combination of two and

sometimes all three of these modalities.

The successful treatment of cancer with radiation involves an attempt to
achieve the highest probability of cure while at the same time realizing the
lowest probability of radiation-induced complicetions. It is always preferable
therefore, in radiotherapy involving the application of external beams, to
arrange the radiation beams in such a manner as to deliver a high dose to
the tumor site while at the same time delivering as low a dose to surrounding
healthy tissue. It has been well documented that the high degree of tumor
control desired "can only be achieved with a very high accuracy in dose
delivery"[1.1]. Clinical experience has shown that as little a difference as
10% lies between a dose that will do significant damage to a tumor without
damaging the surrounding healthy tissue and one that will[1.2]. The ICRU
(International Commission on Radiation Units and Measurements) further

concludes that "the available evidence for certain types of tumors points to



the need for an accuracy of £5% in the delivery of an absorbed dose to a
target volume if the eradication of the primary tumor is sought"[1.3).

It is therefore necessary to determine, as accurately as possible, the dose
which wili be delivered to various regions of the body. In order to achieve the
highest degree of tumor control the dose received across the tumor volume
should be uniform so as not to underdose any malignant tissue. The
uniformity of the beam within the patient can be altered by a number of
factors including the patient's external surface contour. In the case of highly
irregular surface areas, most notably the head and neck regions, the
distortion of the beam can be most acute.

One method of compensating for an irregular surface contour is to fill in
the "missing tissue" with a unit density(tissue equivalent) material, called
bolus. This simple procedure eliminates any distortion of the beam due to
surface contour, by presenting the incident beam with a flat surface. This
solution has one major drawback, which is the loss of skin sparing. Skin
sparing, which is a distinct advantage of the use of high energy photon
beams, is lost due to the relocation of the build up region of the beam above
the patient's skin rather than below it as is the case with open field treatment.
Retraction of the bolus, or tissue compensating material, away from the
patient surface results in partial restoration of this desired skin sparing effect.
In general, the greater the distance of retraction, the greater the degree of
restoration of skin sparing. Such retracted missing tissue compegnsators find
common use in many centers and may be constructed of near unit density
materials, such as wax, or of materials of higher density, such as lead(with

corresponding geomaetric reduction).



The retraction process not only reduces skin dose, as mentioned above,
but it also alters the dose at any given depth within the bzdy, The dose
alteration is manifest as a dose reduction in comparison to that delivered
under identical conditions with bolus and aiso the introduction of a dose
nonuniformity not present with bolus. Both the dose reduction and dose
nonuniformity introduced by the retraction process is due mainly to

alterations in primary and first order scatter dose.

In this work both the reduction in dose and nonuniformity in dose
introduced by the retraction process are investigated. These effects are
modeled theoretically and the theoretical machinery thus developed is used
to predict the shape of an optimized compensator which will e'iminate these

two effects, thus accurately reproducing the bolus dose distribution.

This study is organized into both experimental and theoretical sections.
Initially the reduction and nonuniformity in dose accompanying the use of a
number of retracted missing tissue compensators is examined
experimentally. A theoretical model based on primary and first order
scattered radiation is then developed to model the experimental
arrangements examined. Finally, the theoretical mode! is used to determine
the shape of an optimized compensator and the optimized compensator thus
constructed is examined experimentally. Introductory material, necessary for

completeness, is reviewed in Chapter 1.



1.2 Interaction of Radiation with Matter
1.2.1 Photon Interactions

Photons may interact with matter in a variety of ways. These interactions
may be classified according to the particle with which the photon interacts
and the type of interaction which takes place. These interactions are
presented in Table 1.1 according to this classification. This table is adapted
from Hubble[1.4). Of these, only coherent scattering, the photoelectric effect,
compton scattering, and pair and triplet production are of importance in the
energy range employed in this work. The importance of the other interaction
mechanisms listed in this energy range(0-15MV) is negligible. Of these other
mechanisms, only the photonuclear reactions (¥,n) and (Y.p) for which the
cross scetion oy @ Z need mention. These consist of the absorption of an
incident photon by a nucleus and the subsequent emission of a neutron or
proton by the nucleus. This process is characterized by a broad peak(or
"giant resonance”) in its cross section centered about 24MeV for low Z nuclei
and decreasing to about 12MeV for high Z nuclei. For lead, which was used
in this work, the threshold energy for (Y,n) and (V,p) are 7.4MeV and 8.0MeV
respectively and the cross section peak occurs at 13.6MeV with peak width
at half maximum of 3.8MeV. The value of Gy at this peak is 0.5b(0.5X10-24
cm?2) and as such constitutes only about 2.7% of the total attenuation cross
section of lead at this energy. This photon energy occurs only as one
component of the 15MV spectrum of photon energies ranging from about 0
to 15MeV with a mean energy of about SMeV and hence the contribution to
the total cross section due to this interaction may be safely ignored. The total

attenuation cross section is the sum of all cross sections contributing at this



Type of Interaction

Interaction
with
Absorption Elastic Inelastic
(coherent) (incoherent)
Atomic Photoelectric Rayleigh Compton
electrons sffect scattering scattering
Phot | Elastic Nuclear
Nucleons 0 or:yc ear nuclear resonance
reactions scattering scattering
Electric field Pair and
lchaged | Trper | Donck
particles production
Photomeson
Mesons production

Table 1.1 Photon interactions with matter.




energy. The contributions to photon attenuation resulting from the other
processes in Table 1.1 are either zero or negligible for the energies
considered here(0-15MeV).

The process of coherent(or Rayleigh) scattering is depicted in Figure
1.01. Here an X-ray is incident upon an atom but does not result in the
excitation or ionization of the atom. The photon is scattered by the bound
electrons of the atom and the scattered photon exits without a loss of energy.

The differential cross section for coherent scattering is given by

a0
oo _(1 + cos¥6)[F(q,2)]? (1)

where s = 2.81794X10-15 m(the classical electron radius) and F(q,2) is the
atomic form factor. The square of this atomic farm factor gives the probability
that the Z electrons of the interacting atom will receive a recoil momentum q
without the absorption of energy. This process occurs mainly for low energy
photons interacting with high Z atoms and the resulting scattered photons
are strongly forward peaked. Thus coherent scattering serves to diverge the

incident X-ray beam.

When a photon undergoes a photoelectric interaction with an atom, as
shown in Figure 1.02, the photon is completely absorbed by the atom and its
energy is imparted to one of the atom's bound electrons. This electron is

thus ejected from the atom with an energy
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Figure 1.01 Coherent (or Rayleigh) scattering in which an incident photon is
scattered without a change in energy.



Figure 1.02 The photoelectric effect. An incident photon is absorbed by an
atom resulting in the ejection of a bound electron.



E=hv-Ep {1.2}

where hv is the energy of the incident photon and Ep is the binding energy of
the electron in the atom. The excited atom thus created returns to ground
state via emission of fluorescent radiation and Auger electrons. Thus a
photoelectric interaction can only occur if the energy of the incident
photon(hv) is greater than the binding energy of the electron to be ejected.
The photoelectric cross section, t , is a decreasing function of incident
photon energy with discontinuities existing at the binding energies of
different electron shells as shown in Figure 1.03 [1.5]. The photoelectric
cross section is also an increasing function of binding energy with
approximately 80% of photoelectric interactions involving the k-shell

electrons. The atomic photoelectric cross section varies approximately as

AR
(hvP (1.3}
for low energies, and
2°
Ta Oy {1.4}

for high energies.

Compton scattering is an inelastic interaction between an incident photon
and what is considered to be a loosely bound(ie: virtually free) electron at
rest in which the incident photon imparts some of its energy to the electron,
resulting in a scattered photon of reduced energy, and an electron set in

motion with some finite energy, as shown in Figure 1.04. To a first

10



11

1009

104
=
N\
E
S
Q

> l.0-
-~
[~
2
.U
«
G

& 0.1
(8]
.U
<
Py
|S
Q
v

8 -

2 0.01

£
a.
w
w
[1e]
=

0.001 -

0.0001 T T T T
1 10 100 1000 10000

Photon Energy (keV)

Figure 1.03 Photoelectric cross sections for water and lead showing the
discontinuities at the binding energies of different electron shells.



Scattered
Photon

Incident Photon hv

6
S §

Recoil E
Electron

Figure 1.04 Compton scattering.

12



13

approximation the binding energy is taken to be negligible in camparison to

the energy, hv, of the incident photon and the interaction is treated as being

elastic. Thus the incident photon, of energy hv, is scattered through an angle

8, with energy hv', and a recoil electron is ejected at an angle ¢, with energy

E. Applying conservation of energy and momentum to this situation yields

the following relations between angle and energy for the scattered photon

and recoil electron.

where

and

{1.7)

' 1
hv hv(1 +a(1 -cose)) {1.5}

E-hv[ af1-cos6) }

[ 1+0{1-cos6) {1.6)

o= __hL
m.ce

m. = rest mass of electron

cotd =(1 +a)tan(g)

Maximum energy transfer occurs when 8 =180" and ¢=0". This condition

yields

1+2a {1.8}



" ahv—1
"V rin h"1+2m {1.9}

The compton electron may be scattered at any angle from 0" to 180° and
the differential cross section 05(9) giving the probability of a photon being
scattered at an angle 6 into the solid angle dQ per elactron is given by the
Klein-Nishina cross section formula [1.6]

2(1-cos6f I
0)=(de) - 8¢ [__1__ {40520+
o5(9) ( ¥ 1+a{1-cos8)

dQly 2m2cs|1+0{1-cos6)]
{1.10}

The angular distribution of scattered photons and recoil electrons are

ilustrated in Figures 1.05 [1.7] and 1.06 [1.8] respectively.

For low incident photon energies the binding of the electron must be
taken into account. The momentum, q, imparted to the electron in Figure

1.04 is

q? hvp +(hv’)2 -ZDé'-th-:cose

c? c2 {1.11}

and since binding effects will be important when small amounts of
momentum are imparted to the electron, the approximation hv-hv=0 can be

made, and {1.11} becomes

Q2= 2—2;’—2 (1-cose)

or {1.12}
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Q2= ﬂ(-gg)-z{lz-ﬁ -cose)]
qszglsin(g) (1.13)

and

Using this approximation, Heisenberg and Bewilogua have generated a
multiplicative correction factor, called the "incoherent scattering function”
8(hv.8,2), for the Kiein-Nishina differential cross section farmula which takes
into account the binding of the atomic electrons. This correction factor,
S(hv,G,Z), gives the probability "that any energy absorption whatsoever
results when a photon of frequency v is scattered through an angle 6 and
transfers a momentum p = hvasin(8/2)c to the electrons of an atom with
atomic number 2"[1.9]. Thus the modified Klein-Nishina cross section, called

the incoherent scattering cross section, is given by

(ad%)am =S(hv,6, Zxad%)e e

The main effect of this binding correction is to decrease the differential
cross section at low incident photon energies as shown in Figure 1.07.
Calculated compton energy and angular distributions along with the Klein-
Nishina cross sections for incident photon energies from 10keV to 500MeV
have been published in graphical form by Nelms in the NBS circular 542,
1953(1.10].

At energies greater than 2m.c2, an incident photon may interact with a

nucleus and be convenrted into an electron-positron pair. This process is

referred to as pair production. The interaction of a photon with an electron to
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produce an electron-positron pair is referred to as triplet production and has
a threshold energy of 4m.c2. The atomic cross section, na, for pair production

is found to be roughly proportional to 22-

na 0 28 (1.15}

Values of pair and triplet production cross sections have been tabulated by
Hubble in NSRDS-NBS 29[1.11].

At any given incident photon energy some or all of the above mentioned
interaction processes may be taking place according to their relative
probabilities. In the energy range of interest in this work(0-15MeV), all
processes except coherent scattering, photoelectric effect, compton
scattering, and pair and triplet production may be safely ignored. The total
photon cross section at any given energy is the sum of the cross sections of
each individual interaction taking place at that energy. Thus for the energy
range employed in this work the total photon cross saction, K may be

expressed as
H=0COH+T+GOINC+T {1.16}

The relative significance of the three processes(photoelectric, compton,
and pair) which transfer energy from the X-ray beam to the attenuating
medium are illustrated in Figure 1.08. From Figure 1.08 [1.12] the compton
interaction is seen to be dominant over a wide spectrum of energy for media

of low atomic number. The total photon cross section along with the
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individual interaction cross sections of which it is composed are shown in
Figure 1.09 [1.13] and 1.10 [1.14] for water and lead respectively.

1.2.2 Electron Interactions

Electrons and positrons generated by the photoelectric effect, compton
scattering, and pair production transfer their energy to the medium which
they transit by way of collisions with the electrons and nuclei of the medium
and thus undergo scattering. The main energy loss mechanism for electrons
is that of electron-electron(or electron-positron) interactions, but the
contribution to electron scatter from these interactions is small in comparison

to the scatter resulting from electron-nucleus collisions.

The classical scattering of an electron of velocity v by a nucleus of atomic

number Z is given by the Rutherford formula

do) (L F(2etf 1B
dQJs \4nee) \2mev2] sin4(6/2) {(1.17}

where m i5 the rest mass of the electron, v is the velocity of the electron, 6 is
the angle of scatter, and B is v/c, where ¢ is the speed of light. This analysis
does not take into account the screening of the nuclear charge nor electron
spin. A more accurate cross section, in the form of an infinite series, which
takes into account electron spin but not electronic screening was derived by
Mott[1.15] and is accurate for low Z elements. Other cross sections have

been derived which take screening into account according to different
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considerations.The scattering due to electron-electron interactions differ
from those of electron-nucleus interactions only in their dependence on Z.
Electron-nucleus scattering is proportional to Z2 while electron-electron

scattering is proportional to Z.

Electrons and positrons undergo both elastic and inelastic collisions with
the electrons of the medium in which they interact. The incident electrons
and positrons impart a portion of their energy to the electrons of the medium
in each collision process. Depending on whether the energy imparted by the
incident electron or positron is greater than or less than the binding energy
of the recipient electron either ionization or excitation will occur. If the
binding energy is negligible compared to the energy imparted then the
collision is considered to be elastic. If the binding energy is a significant
portion of the energy imparted then the collision is considered to be
inelastic. The electrons ejected from the atom in the elastic collisions are
called 6 -rays and may have energies up to half that of the incident electron
and up to the entire amount of the incident positron's energy. These 8-rays
impan their energy to the medium in the same manner as does the incident
electron or positron. While the elastic collision has the potential for far
greater energy loss by the incident electron or positron, the inelastic collision
has a far greater probability of occurrence and it is by inelastic interactions

that incident electrons and positrons lose the majority of their energy.

The incident electrons and positrons also undergo both elastic and
inelastic collisions with the nuclei of the medium. The energy lost in an
elastic interaction with a nucleus is much smaller than that lost in collisions

with electrons due to the large difference in the mass of the electron/positron

24



and that of the nucleus. Thus in spite of the fact that elastic scattering by a
nucleus is more probable than scattering by electrons(nuclear scattering
being proportional to Z2 while electronic scattering is proportional to Z) the
contribution to energy loss by elastic nuclear scattering can be ignored.
Inelastic scattering, on the other hand, results in significant energy loss. The
collision is inelastic due to the creation of a bremsstrahlung photon in the

process.

The predominance of inelastic electron-electron interactions as the
collisional energy loss(to the medium) mechanism for electrons and
positrons gives rise to the concept of continuous slowing down of the
incident electron or positron by means of an infinite number of infinitasimal
energy losses along its track. In reality the incident electron or positron
undergoes a large number of small but finite energy losses along with a few
large energy losses(d-rays) along its track. In this regard an expression for
the mean elactron-electron collisional energy loss per unit path length
dE/dx, or linear "Stopping Power" Scol. has been derived. Often written in
terms of the mass stopping power, (S/P)col, this relativistic quantum

mechanical expression, originally due to Bethe[1.16), is
) - 8- &
dX col oV2

(EZ(E+2m°°2) +{1- Ba)+1+152{2m C2+m.c4)in2
2m.c2f? (E+m.c2)?

{1.17}

where v = velocity of the electron

25



B=vic

M. = rest mass of the electron

E = relativistic energy of the electron

| = the mean excitation energy of the medium
N. = Avogadro's number

3 = the density correction factor

Values of the mean excitation energy and stopping power for the elements
and a number of compounds have been tabulated by Berger and

Seltzer[1.17].

The photon generated when an electron or positron undergoes an elastic
collision with a nucleus is called bremsstrahlung. The differential cross

section for this process is given approximately by

dorag 1 E+moc2l( 1
aQ =137 (m°°2)BZZ( )(hv {1.18)

where M. = rest mass of the electron
hv = energy of bremsstrahlung photon generated
E = electron relativistic energy

B = a slowly varying function of Z and E

One may define a radiative stopping power for this process as

{1.19}
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and one obtains, approximately,
Sraq a0 Z%E {1.20}

The approximate relative magnitudes of Srag and Sgol are given by

(Bl __E2
‘5) =1600m.c?

PJcol {1.21}

The total stopping power for a medium may be obtained by adding the

collisional and radiative stopping powers

J‘(dx TOT l(dx ool l(dx rad

(%)TOT - (%)col * (%)rad

The positron loses its energy by ionization and excitation and

{1.22}

bremsstrahlung as does an electron. Since it is an antiparticle, however, the
positron will eventually be captured by an electron in the medium and will
undergo annihilation with that electron. This process is more probable for
low energy positrons than for high energy positrons. Annihilation with a free

electron requires the creation of two photons in order to conserve

-

momentum and their combined energy must be 22m.c2.
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The statistical nature of the scattering and energy loss processes dictate
that there will be a distribution of depths of penetration in the medium over
which the incident monoenergetic electrons will have lost all of their energy.
As well there will be a distribution of energies which the electrons will
possess at any given depth. This energy distribution is referred to as energy
straggling and the distribution of penetration depths is referred to as range
straggling. Thus there is no well defined range of electrons in a medium. It is,
however, convenient to define a mean range, or continuous-siowing-down -
approximation(csda) range, based on the assumption of continuous energy

loss given by the total stopping power. This mean range is then

{1.23}

1.3 Radiation Sources
1.3.1 Cobalt-60 Radiation

Photons produced by the decay of radioactive isotopes are an important
source of radiation used in medicine. In 1951 high activity Cobalt-60 sources
were produced in a Canadian nuclear reactor and the first radiotherapy unit,
employing Cobalt-60 as its source, was constructed in Saskatchewan.
Cobalt-60, with a half life of 5.26 years, is produced by neutron activation of
naturally occuring Cobalt-59. The decay scheme of is shown in Figure 1.11.

Cobalt-60 decays with a probability of 99.88% by beta decay with a
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Figure 1.11 The decay scheme of Cobalt-60.
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maximum energy of 0.315MaV to form an excited state of Nickel-60. This
excited state of Nickel-60 decays rapidly by emission of two photons of
energies 1.1732 and 1.3325MaV respectively in cascade. Cobalt-60 also
decays with a probability of 0.12% by beta decay with a maximum energy of
1.4847MaV to form the lower excited state of Nickel-60 which then rapidly
decays by the emission of a 1.3325MeV photon. The two photons of
energies 1.1732 and 1.3325MeV, with relative intensities of 99.88 and 100
respectively, provide the radiation used in Cobalt-60 therapy and can be

treated as a single photon of 1.25MeV.

The Cobalt-60 source is encapsulated in two stainless steel welded
containers which are surrounded by a high Z shielding material, such as
tungsten, on all sides except for the window through which the photons are
to be emitted. The source is placed near the centre of a lead-filled steel
container which serves as the head of the treatment device. To provide the
photon beam for treatment, the source is positioned inside the head at an
opening which serves as a radiation port to volumes external to the head.
The beam size is determined by a set of collimators which form the end of
the radiation port. The field thus produced will have an attendant penumbra

due in pan to the small but finite size of the source.
1.3.2 Medical Linear Accelerators
The major components of a modern linear accelerator(linac) are shown in

Figure 1.12 [1.18]. In this structure microwaves are employed to accelerate

electrons to high energies. The accelerated electrons are directed onto a
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target whare they produce Bremsstrahlung photons which are used in

radictherapy.

The microwave powear supply consists of either a magnetron or a klystron.
Klystrons can produce higher microwave power outputs than can
magnetrons and as a result magnetrons are usually found only on lower
power linear accelerators. The microwave power generated by either the
magnetron or klystron is transported by means of a wave guide to the
accelerator structure. This acts as a microwave resonant cavity which
provides the environment wherain electrons may be accelerated to high
energies by means of their interaction with microwaves. The bending
magnet redirects the electrons, emergent from the accelerator structure,
towards the target for X-ray production. The electrons enter the treatment
head where they are incident upon the target, thus producing X-rays. The

rest of the treatment head contains beam modifying and monitoring devices.

The principle components of a typical treatment head are illustrated in
Figure 1.13. The beam of high energy electrons produced in the accelerator
structure is redirected by the bending magnet toward a high Z target, such as
tungsten, thus producing bremsstrahlung photons. These bremsstrahlung
photons are highly forward peaked and a flattening filter is placed in the
beam to produce relatively uniform cross sectional intensity. This flattening
filter tends to either harden or soften the beam as photons of energies
greater than or less than about 3MeV will be attenuated to a greater extent
than these photons. A low Z material is placed under the target to serve as

an electron absorber which removes electrons scattered from the target.
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Figure 1.13 The principle components of a treatment head.
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A multiplate ion chamber is also placed in the beam. This allows
monitoring of the integral dose, dose rate, and field symmetry which are
important parameters affecting the accurate delivery of dose to a patient. A
thin field light mirror is placed in the beam as shown which allows an off axis

light source to optically illuminate a surface placed in the field of the beam.

A fixed primary collimator serves to limit the maximum figld size at a given
distance from the source(target). The field size is further defined by an
adjustable secondary collimator system. The secondary collimator position
is calibrated in terms of the field defined at a fixed source to surface
distance(SSD). The edge of the field is defined to be that location from the
central axis of the beam where the absorbed dose in a water phantom falls

to 50% of the dose along the central beam axis.

1.4 Dosimetry

1.4.1 Basic Concepts

A very important quantity in radiotherapy is the absorbed dose. It is

defined as the energy absorbed per unit mass of absorbing medium.

Absorbed dose : D = AEap
am {1.24]

The Sl unit for absorbed dose is the gray(Gy) and is defined as
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1Gy = 1J/ kg {1.25)

As an X-ray photon transits a medium it interacts with matter transferring a
portion of its energy to an electron or an electron-positron pair created by
pair or triplet production. These charged particles in turn lose their energy as
they travel outward from tha point of interaction. The energy transferred to
the medium at the interaction site is not necessarily equal to the energy
absorbed at that point. For this reason a quantity, called kerma, has been
defined as the mean energy transferred per photon to electrons(or positrons)

per unit mass.

kerma: K = AEy
Am {1.26)

If a beam of photons of fluence @ is incident upon a thin slab of material of

thickness Ax then the kerma will be
K= q;(&)‘g‘
prY (1.27)

The word kerma is an acronym for Kinetic Energy Released in the Medium.

If one has the condition where equal amounts of energy are carried into
and out of a small volume by the charged particles set in motion by photons,
such that the energy absorbed by the medium in this small volume from
these charged particles is equal to the energy transferred from photons to

charged particles in this volume, then electronic equilibrium is said to exist in
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this volume. In such regions where electronic eqdilibrium exists the

absorbed dose is equal to the kerma and one has

D=K= d:(%)‘é{, (1.28)

If a fraction f of the energy transferred by a photon is reradiated as
bremsstrahiung then one may define the mean energy absorbed by the

medium per photon as

Ean=(1-f) Ey
{1.29}

and {1.28} becomes

D= sz"%)a (1.30}

1.4.2 lonization Based Dosimetry
1.4.2.1 Standard Air Chamber

lonization based dosimetry involves the calculation of the absorbed dose
in a volume based on the measurement of the ionization produced by
radiation in that volume. The primary ionization based dosimeter is calied a
standard air chamber. In a standard air chamber, as shown in Figure 1.14, a

narrow X-ray beam passes through the centre of the dovice. A large
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potential difference is maintained across the upper and lower collection
plates and serves to remove ions produced in the volume V and also reduce
recombination of these ions, such that they may be collected by these plates.
Guard electrodes on either side of the lower collection plate minimize edge
effects associated with the collection field. The upper and lower collection
plates are separated by a distance greater than twice the range of any
secondary electrons generated in order that only ions produced by the
secondary electrons will be collected. The dimensions of the chamber
required for the existence of electronic equilibrium are such that photon
attenuation becomes significant for photon energies above 3MeV and hence
standard air chambers are not employed for energies above 3MeV, and are

typically limited to energies not above 0.5MeV.

Assuming complete collection of all ions produced, one may define a
quantity X, called exposure, as the amount of charge dQ per unit mass,

generated in mass dm

dm {1.31}

when all of the secondary electrons generated by photons in mass dm of air
have been brought to rest. The unit of exposure is the roentgen, R, and is

defined as

1R = 2.58X10"4 C/kg of air {1.32}
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It is found experimentally that the average energy required to produce a
single ionization in a gas is constant over a large range of gas pressures
and electron energies and hence one may determine the absorbed dose at
a point from the exposure measured at that point. For air the average

energy, W, required to produce one ionization is
W = 33.85 eV perion pair = 33.85 J/Coulomb  {1.33}

Thus the absorbed dose in air is

Dy = wﬂ%:-:%) = WairXair {1.34)

where the mass of the air is determined from a knowledge of the density of

air in the measuring volume V.

1.4.2.2 Practical lon Chambers

Standard air chambers are used for calibration in standards labs while
much smaller "air-wall” ion chambers are used for routine radiation
measurements. Such an air-wall ion chamber consists of a small air filled
cavity containing a central electrode and bounded by an outer electrode.
Surrounding the cavity is a wall of material with X-ray absorption and
scattering properties very similar to that of air but of a much higher density.

The high density of the wall allows electronic equilibrium to be established
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around the cavity in much smaller dimensions than that of the standard air

chamber. Special compositions of plastic usually serve as the wall material.

By careful choice of parameters, the "air-wall" chamber can be
constructed such that its response to photon energies is very close to that of
the standard air chambaer. One may thus calibrate an air-wall chamber
according to a standard air chamber to produce an exposure calibration
factor Nx(E). This calibration factor may then be used to determine the
exposure X measured by the air-wall chamber in terms of the charge q

collected by the chamber electrodes.

X = Nx(E) f(q) {1.35}

where E is the energy of the photons being measured and f(q) represents
the meter reading of the device which measures the charge collected. Build-
up caps may be added to the outside of the air-wall to extend the use of the

chamber to higher energies.

1.4.2.3 Solid State Detectors

The basic underlying principle of semiconductor detectors is the same as
that of ionization chambers: the production of the equivalent of ion pairs by
radiation transiting the material of the detector. A simplified semiconductor
detector consists of a block of semiconductor material across which exists an
electric potential. This potential may arise from conditions within the

semiconductor itself or be applied externally. An externally applied potential
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may also be used to enhance the internally arising potential of the
semiconductor. By means of this potential the ionization produced in the
semiconductor is converted into an electrical signal which may be amplified
and analyzed by suitable electronic equipment. Of available semiconductor
materials, silicon is the predominant material used in charged paricle
detection, while germanium is the predominant material of ion-drifted

detectors, which are employed in X-ray spectroscopy.

1.4.2.4 Thermoluminescent Dosimetry (TLD)

A thermoluminescent material is one in which many of the electrons, or
their hole counterparts, which are produced by the passage of ionizing
radiation through the material, while at a normal operating temperature,
become trapped at lattice imperfection sites(traps) in the material. A
thermoluminescent material suitable for dosimetry purposes is one in which
the probability that these trapped electrons or holes will remain trapped is
high if the material remains at or below the specific operating temperature,
but, upon raising the temperature of the material the probability of electron or
hole escape increases. Those electrons or holes which escape their lattice
traps return to stable energy states in the lattice by emission of visible light.
This emitted light may be measured and can be plotted as a function of the
temperature of the material. The resulting "glow curve" will exhibit one or
more peaks which correspond to the different energies of the traps in the
lattice. By means of suitable calibration the absorbed dose of the material

may then be determined as a function of the total light emitted in part or all of
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the glow curve, or the relative height of one or more of the particular peaks in

the curve.

1.5 General Introduction and
Review of Previous Work on Compensaiors

When radiation is used for therapeutic purposes it is most often desirable
to deliver a high and homogeneous dose to a specific volume(such as a
tumor volume) in the body while at the same time delivering as low a dose
as possible to surrounding volumes. In cases where these surrounding
volumes include organs of high sensitivity to radiation this is of extreme
importance. The response of tissue in the target(high dose) volume is
dependent upon the absorbed dose distribution realized in that volume. It
has been shown by Brahme that "high tumor control rates can only be
achieved with a very high accuracy in dose delivery"...."An absolutely
necessary prerequisite for precise radiation therapy.... is therefore a high
accuracy in the delivery of absorbed dose to the target volume'[1.19]. As a
natural consequence of the requirement for accuracy is the need for dose
uniformity in the target volume so that the degree of tumor control achieved
in @ high dose region of the volume is not negated by inadequate contro!
realized in a low dose region. Indeed, when "normal tissue complications
are a problem complete tumor contro! cannot be achieved without severe
complications unless the dosimetric uncertainties are very small. Uniform
and precise dose delivery is therefore one of the cornerstones of accurate

radiation therapy'[1.19]. Brahme further concludes that for good tumor



control to be achieved, dose variations over the target volume should be
less than § percent and in some cases as small as 3 percent.

One factor which contributes to a non-uniform dose distribution at depth in
a patient or phantom is a non-flat, or irregular surface topology. The
distortion in the dose distribution resulting from a non-flat patient surface
contour can be quite acute in regions of high surface irregularity such as the
head and neck, where treatment of the lower head, the neck, and the upper
thorax may be given. A very simple method of eliminating the dose distortion
arising from patient surface topology consists of filling in the "missing tissue"
in the air gaps with a tissue like material(called bolus) as illustrated in Figure
1.15. The bolus material presents a flat surface normal to the incident
radiation beam and thus the dose heterogeneity due to irreqular surface

topology is eliminated.

The use of bolus to eliminate the distortions in absorbed dose due to
irregular patient surface topology is both simple and elegant, but suffers from
a major drawback when used in high energy photon radiotherapy treatment.
This drawback is the loss of skin sparing: the delivery of a low dose to the
outer layers of skin relative to the high dose delivered to deeper lying
volumes. This skin sparing effect has been shown to be clinically
desirable[1.20] in most cases, indeed the clinical benefits of this skin sparing
effect are "undesirable only when the region to be treated includes the skin

or superficial tissue"[1.21].

This effect may be seen by considering an X-ray beam incident normal to

the flat surface of a homogeneous phantom as shown in Figure 1.16. A plot
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Figure 1.16 An X-ray beam incident normal to the surface of a
homogeneous phantom.
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of absorbed dose as a function of depth along the central beam axis under
these conditions is shown in Figure 1.17. Such plots are characterized by a
dose which initially increases rapidly from a low(but finite) value at zero
depth to a maximum at a particular depth and subsequently decreases in an
almost expgeneritial manner as depth is increased further. The depth at which
the maximum dose occurs is referred to as dmax. The region between the
phantom surface and dmax is referred to as the "build up" region as it
corresponds to the region in which the absorbed dose is building up to its
maximum value at dmax. The existence of this build up region results in the
skin sparing effect as the outer lying volumes of skin are spared from
receiving a high dose and is of distinct advantage when high energy

photons are used to treat tumors underlying the skin surface.

The usa of bolus to overcome the distortions introduced by patient surface
contour results in the loss of the skin sparing effect, as the build up region
now occurs within the bolus material rather than under the skin surface. As a
result @ much higher surface dose is delivered to the patient's outer skin

than without the use of bolus.

Partial restoration of the skin sparing effect may be achieved by retraction
of the balus away from the patient surface in the direction of the beam. Such
retracted bolus is referred to as a retracted missing tissue compensator. The
restoration of partial skin sparing associated with compensator retraction is
the result of the introduction of an air gap between the compensator and
patient surface. This air gap reestablishes the existence of a build up region
below the patient's skin thus reintroducing the skin sparing effect. The

restoration of skin sparing is only partial, due to a surface dose resulting
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Figure 1.17 A plot of dose as a function of depth for the geometry of Figure
1.16.
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from scattered electrons and low energy photons originating from within the
compensator. Since the fluence of scatterad electrons and photons from the
compensator incident on the patient surface decreases with increasing
retraction distance, the degree to which skin sparing is restored increases as

retraction distance is increased.

While the retraction of the compensator produces a desired reduction in
skin surface dose it also introduces a complication in determination of dose
at depths below the patient's surface. The complication introduced is as
follows: the dose at any given depth is altered by the retraction process from
that which would be observed with the use of bolus. The alteration produced
varies in a complc - manner according to a large number of variables
including retraction distance and measurement depth. As will be seen in the
work presented here, dose nonuniformity can also be introduced at depth by

the retraction process if compensators are not designed correctly.

The use of tissue compensators was first proposed in 1959 by Ellis[1.22]
and since that time numerous papers have appeared on the subject. Tissue
compensators have been used to compensate for irregular patient surface
contour{1.23, 1.24, 1.25, 1.26], variations in scatter and SSD for large
fields[1.27], oblique incidence of the beam([1.28], and internal body
heterogeneities [1.29, 1.30]. Compensators have been used to correct for

one or more of these effects at one time.

The alteration in dose at depth introduced by compensator retraction is
due to change of scattered radiation. It is fairly simple to design a

compensator to correct for missing primary attenuation resulting from surface
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topology and internai heterogeneities, but compensation for deviations in
scattered radiation is a much more difficult task. The dose at a given point in
the body resulting from scattered radiation is dependent, in a complicated
fashion, upon a number of factors: including the primary photon spectrum;
the densities of the different materials in the body; the depth and position of
the point in the body; and the size of the beam. Construction of a
compensator to provide correct compensation at all points in the body is thus
an impossibility. The need to take into account scatter in the design of
compensators has long been recognized and many papers have appeared
with regard to this matter. To date the contribution to dose due to scatter has
been deait with in terms of empirically determined effective attenuation
coefficients and thickness ratios. These effective attenuation coefficients and
thickness ratios are measured with either square or circular fields using flat
slabs of attenuator material. In order to apply these parameters to a real
situation they must be measured over a wide range of experimental
geometries, as their magnitude is dependent upon an number of
experimental factors including attenuator thickness, distance of
measurement point from the central beam axis, and measurement depth. In
particular the value of the effective attenuation coefficient to be used
"decreases drastically as field size increases"[1.31]. The case is well
summed up by Leung et al as they cor:clude that the effective attenuation
coefficient "is dependent on the experimental setup and thus the simulation
of treatment conditions for its measurement is very important”[1.32]. In any
case such parameters indicate the average amount of scatter for these fields
from idealized(flat) compensator geometries but they do not take into

account the varying scatter conditions which exist in an irregular geometry.
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Varying degrees of compensation have been reported experimentally.
These range from satisfactory compensation where "the compensated
profile is uniform within +3.5% over the entire field"[1.33] to unsatisfactory
compensation where "the ratio of the dose at mid-axilla to that at the center
is worse with compensation than without"[1.34]. Compensation at a
particular depth creates errors at other depths which, in some cases, can be
substantial. Wilks and Casebow have shown that for a Cobalt-6C beam with
a field size of 12X12cm2 at 100cm SSD, correct compensation at a depth of
Scm below a water phantom surface results in errors of up to 3% for depths

up to 8cm and errors of up to 10% for depths up to 15cm[1.35).

A number of materials have been used in the construction of
compensators including wax, acrylic, gypsum and various metals. Of these,
lead seems to be the most popular material. The vertical dimensions of a
compensator constructed of a non-unit density material must be scaled
appropriately according to the ratio of that material's linear attenuation

coefficient to that of tissue.

Three main techniques are employed in the design and fabrication of
tissue compensators: (i) fabrication based on a particular method of surface
topography measurement; (ii) fabrication based on the dose distribution
obtained upon irradiating a film by passing the beam through the patient; (iii)
and fabrication based on the density distribution information of the body
obtained by methods of CT scanning. Surface measurement techniques
were the first to be employed and of these methods a mechanical rod box
was the first to be used to map the surface topography of the area to be

irradiated[1.36, 1.37, 1.38]. A modified version of this technique is presently
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employed at the Cross Cancer Institute. Non-mechanical surface measuring
techniques have been developed using photogrammetry[1.39, 1.40, 1.41,
1.42, 1.43, 1.44]. These techniques determine the surface contour from
photographs taken of the patient at several angles. Such surface
measurement techniques suffer from two drawbacks. First, such techniques,
due to their very nature, do not yield information regarding internal tissue
inhomogeneities, and secondly, the surface contour of a patient may change
under treatment conditions, eg. such as if a patient is turned over for anterior
and posterior parallel opposed fields. In such a case body parts display a
tendency to migrate downward in each position thus shifting the surface

topography.

The design of compensators from portal films is extensively reported in
the literature[1.45, 1.46, 1.47, 1.48, 1.49]. In this technique port films are
scanned to determine the density encountered by each primary ray path
through the volume to be irradiated. These densities are then used to
compensate midline doses for paralle! opposed fields. The limitation of such
a technique is the inability to distinguish the positions of varying density

along any single ray path.

Finally, compensator design based on density distribution information
provided by CT scans is potentially the most accurate method due to the
large volume of information that CT scans are capable of providing. These
possibilities have been explored by a few authors[1.50, 1.51] but this
technique suffers from the drawbacks of high cost and the limited availability

of CT scanners and CT scan time.
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As true or correct compensation is achieved at only one depth(due
primarily to scattering) errors in compensation will occur for all other depths
in any particular arrangement. These arrors have been investigated for wax
compensators by Jackson[1.52] who has concluded that "large retraction
distances, while reducing skin contamination, may lead to serious depth
dose errors unless the wax is thin....If the error is thought to be excessive it
may be reduced by the choice of a smaller retracting distance, though at the
expense of increased skin dose. The technique is evidently most suitable for
small fields where adequate skin protection can be achieved with a small
retracting distance and the consequent depth dose errors are also small.
With large fields it may be possible to compromise between skin dose and
depth dose errors by reducing the retraction distance, but in certain
instances it may well be concluded, especially if the wax is thick, that the

errors are unacceptable”[1.52).

Until recently the majority of published work on compensators had been
carried out for Cobalt-60 energies while very littie has been reported
concerning higher energies. Jackson[1.52] has examined both Cobalt-60
and 4MV energies and in the past few years more work with higher energies
has been reported[1.53, 1.54, 1.55, 1.56, 1.57] but as recently as 1985
Huang et al states that "published quantitative information about scattered

photons from beam-modifying filters is lacking"[1.58].

The magnitude of the modification of the dose at a specific point in a
phantom, which results from the introduction of a compensator into the beam
between the source and phantom, is dependent upon a number of factors.

The work of Jackson[1.52] with flat slab geometries has been extended by
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the author[1.59] to higher energy photon beams and high atomic number
compensator materials. The results of this investigation revealed this dose
modification to be a complicated function of retraction distance, field size,
depth of target volume, compensator thickness, compensator material, and
energy of the incident X-ray beam. The potential for significant errors in
delivered dose has been amply demonstrated in the case of these idealized
flat slab geometries and such results suggest that even greater errors could

occur with @ morae clinically relevant surface geometry.

As a preliminary investigation of a clinically relevant geometry, an
anthropomorphic phantom, along with its corresponding retracted missing
tissue compensator of the type which would find use in actual clinical
treatment in this institution, was constructed. This phantom, shown in Figures
1.18 and 1.19, was constructed of layers of wax, with its surface contour
defined by the immobilization shell of a patient who received treatment in the
supraclavicular region. Channels were carved into the wax at the layer
boundaries to allow for the placement of p-type measurement diodes. A wax
retracted missing tissue compensator was constructed for this phantom
using the methods employed in the construction of compensators for actual
clinical use. Specifically, those methods required the replacement of missing
attenuation along primary ray paths in accordance with patient surface
geometry. The phantom was irradiated with 6MV photons both in the

compensated and uncompensated configurations.

Representative of the results obtained are those for layers 4 and
7(Figures 1.20 and 1.21), which are 8.5cm and 14cm respectively below the
100cm SSD point marked on the phantom(Figure 1.18). The points of
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4 104% 1037%
S 110% 1287%
6 116% 118%
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9 115% 1182
10 1065 114%
mean 108.4%2 + 5.7%3 112.7 + 9.8%

Figure 1.20 Measurements at layer #4 located 8.5cm below 100cm SSD.
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Figure 1.21 Measurements at layer #7 located 14cm below 100cm SSD.



measurement are indicated by the numbered dots. All measurements are

normalized with respect to point #2 for the purpose of comparison.

As expected, the uncompensated irradiation produced a large variation in
measured dose across each measurement plane. Plane #4 exhibited a
standard deviation of 9.8% in dose with individual deviations as large as
28%. The standard deviation in dose for plane #7 was 13.5% with individual

variations as large as 41% observed.

With the introduction of a retracted missing tissue compensator into the
beam one would ideally expect to measure relatively flat dose distributions
at each layer boundary, corresponding to those obtained in a homogeneous
phantom having a flat surface. The standard deviation in measured dose
observed in the case of compensated irradiation is indeed reduced from that
in the uncompensated irradiation to 5.7% and 8.3% for layers 4 and 7
respectively, but individual dose deviations of as much as 16% and 26% for
layers 4 and 7 respectively are still seen. The use of a compensator
designed to compensate for missing primary attenuation only(hereafter
referred to as a geometric compensator) is thus seen to improve dose
uniformity over that obtained with uncompensated irradiation, but the

performance achieved is clearly seen to be less than optimum.

The results obtained with this anthropomorphic geometry clearly
demonstrate the need for improvement in tissue compensator design. The
mathematical complexity of such an anthropomorphic geometry is, however,
not readily amenable to analytical analysis. Therefore, in order to study

further the dose distribution resulting from the use of a retracted missing
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lissue compensator, the conical geometry described in the sections

following was constructed.



Chapter 2

Experimental Results with Conical Compensators

When you can measure what you are speaking about and express it in
numbers, you know something about it; but when you cannot measure it,
when you cannot expre ;s it in numbers, your knowledge is of a meager and
unsatisfactory kind; it may be the beginning of knowledge, but you have
scarcely, in your thoughts, advanced to the stage of science, what ever the
matter be.

William Thomson
Lord Kelvin
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Il EXPERIMENTAL RESULTS WITH CONICAL COMPENSATORS

2.1 Experimental Parameters

The results of the flat slab investigations previously discussed have
proven instructive with regard to the dose perturbation associated with
retracted tissue compensators. By the very nature of the problem which
compensators are intended to overcome(ie. irregular surface contours), flat
slab geometries can, however, hardly be said to be realistic end points in the
investigation. Stepping immediately to a fully anthropomorphic geometry is,
however, unwise as the level of complexity introduced. by such a surface
topology serves only to increase the difficulty of both the experimentatl and
theoretical analysis. As an intermediate between these two extremes the
conical geometry depicted in Figures 2.01 and 2.02 was chosen for
investigation. This geometry combines ma:hiematical simplicity with similarity
to the more tortuous anatomical regions, such as the head and neck and
supraclavicular regions, where retracted tissue compensators are often

employed.

As shown in Figure 2.02 the experimental arrangement of the conical
geometry consists of three main components. The contour for which
compensation is required is created by a thin conical shell of plexiglass
which serves to define a conical surface depression in a water tank. The
latter, open at the top, serves as the phantom. The electron density of water
is 3.343X1023 gl cm=3. Cones machined from polystyrens, Aluminum, and

lead serve as retracted compensators for the surface depression created by
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the conical pléxiglass shell. The material used in compensator construction
is an approximately tissué edui\)élent obaque white polystyrene which has
an electron density of 3.50X1023 el cm-3 and a mass density of 1.08 g cm-3.
The polystyrene used is derived from clear polystyrene(CgHg)n by the
addition of a fine particulate filler of titanium dioxide(TiO2) (3.7% by weight)
which improves the tissue equivalence of polystyrene for low energy
photons(E(Y) < 0.1 MeV) and high energy photons(E(Y) > 10 MeV)[2.1]. The
aluminum and lead used in compensator construction have electron
densities of 7.832X1023 el em3 and 2.707X1024 gl cm** and mass
densities of 2.699 g cm3 and 11.36 g cm*3 raspactively.

Beih the thin conical shell and the retracted conical compensators were
held in place by a rigid sunport mechanism which ensured good geometric
alignment. The physical dimensions of this arrangement are shown in Figure
2.02. The axis of both the compensator cone and surface depression cone
are aligned with the central beam axis. The surface depression cone has a
depth at apex of 15.020.1 cm and a diameter at base of 16.0£0.1 cm. The
polystyrene compensator cone was designed as a geometric compensator
to provide the same attenuation along primary ray paths as would exist with
bolus, and thus compensates only for the missing primary attenuation
introduced by the surface depression cone. This is the design philosophy
underlying the vast majority of retracted missing tissue compensators. Such
compensators are constructed by geometrically reducing the missing bolus
in the lateral dimensions as required by beam divergence. For this reason
compensators which are constructed according to this design shall be
referred to as geometric compensators throughout this work. This geometric

polystyrene compensator has a height at apex of 15.0£0.1 c¢cm and a
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diameter at bésve_ of 9.0%0.1 cm in accordance with bggm divergence. Using
an effective photon energy of 1.25MeV for Cobalt-60 photons, 2Mev for 6MV
photons, and 5MeV for 15MV photons, then at Cobalt-60 K = 0.0639 cm-?
for polystyrene and K = 0.0633 cm*1 for water, while at 15MV K = 0.0302
em-1 for polystyrene and Kk = 0.0303 cm"! for water. Thus over the range of
energies employed in this investigation(Cobalt-60 to 15MV) the attenuation
along the maximum primary path length(15cm) in both the geometric
pdlystyrene compensator cone and the cone of missing water does not differ
appreciably and this polystyrene cone acts as a geometric compensator at

each of the three primary photon energies used.

The attenuation properties of both aluminum and lead make it impossible
to construct a single cone of either material which will act as a geomstric
compensator over the energy range used. The sizes of the aluminum and
lead cones were thus chosen to yield geometric compensation at the single
energy corresponding to Cobalt-60 photons. The aluminum cone has a
height at apex of 6.4t0.1 ¢cm and the lead cone has a height at apex of
1.44%0.1 cm. Both aluminum and lead cones have a diameter at base of
9.0%0.1 cm.

Based on considerations of primary attenuation only, compensation with
the geometric polystyrene cone should yield a dose distribution which
deviates from the bolus dose distribution by not more than +0.90% at Cobalt-
60, +0.36% at 6MV, and -0.19% at 15MV. Similarly the aluminum cone
compensJated dose distribution should not deviate from the bolus dose
distribution by more than -0.12% at Cobalt-60, +0.70% at 6MV, and +3.54%

at 15MV. Deviation from bolus dose with the lead cone compensator should
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not exceed +0.04% at Cobalt-60 and +0.01% at 6MV. At 15MV, however, the
lead cone dose distribution based on primary attenuation along the
maximum primary ray path is expected to deviate from the bolus dose

distribution by as much as 21%.

A second polystyrene compensator cone, which yielded incorrect
compensation, was also employed mainly for later comparisons between
theory and experiment. This incorrect cone has a height at apex of 15.0£0.1

cm and a diameter at base of 7.0£0.1 cm.

Measurements were taken by scanning a p-type diode along the X-
axis(Y=0) at 5 different depths below the water phantom surface. The depths
of measurement are 8.0, 12.0, 15.0, 17.0, and 21.0 cm below the water
surface. The bolus configuration was achieved by removing the
compensator from the beam and filling the surface cone with water to the

level of the water outside the cone.

In order to demonstrate the dose perturbation resulting from the
uncompensated conical surface depression, measurements were also taken
with the compensator removed from the beam and the surface cone unfilled.
Since the aim of employing retracted missing tissue compensators is the
restoration of the holus dose distribution which would resuit from the use of
bolus, compensator performance is judged by comparison with bolus dose.
Therefore, measurements obtained in both the compepsated and
uncompensated configurations are expressed as a percentage of the
measurements in the bolus arrangement. The beam field size was set at

16X16 cm2 at 100cm SSD throughout.
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Experimental uncertainties in the relative dose measurements are
inherently difficult to ascertain a priori. Therefore uncertainties in all dose
measurements were determined by making each measurement a number of
times and determining the standard deviation of these measurements. The
standard deviations thus determined were found to be consistent over a
large number of determinations performed on different days. Propagation of
error was determined using the formulas for limit error. All length
measurements were performed to an accuracy of £ 1mm or better, and this is

taken as the error in such measurements unless stated otherwise.

2.1.2 Radiation Sources

2.1.2.1 Cobalt-60

The source of the Cobalt-60 X-rays employed in this work is an AECL
Theratron 780 Cobalt 60 teletherapy unit with an SAD(source-to-axis-
distance) of 80cm. The Cobalt-60 source is exposed by means of a source
drawer which is opaerated by compressed air. The actual source employed is
a 1.75cm diameter standard source which had an activity of 7934 curies of
Cobalt-60 and provided an exposure rate of 131.7 roentgens per minute at

one meter when measured September 25, 1987.



2.1.2.2 6MV

The source of the 6MV X-rays employed in this work is @ 6MV Siemens
Mevatron 67 medical linear accelerator with an SAD of 100cm. This
accelerator uses a standing.wave system which provides an electron beam
of 3Imm diameter with energies up to 6MeV. This electron beam is bent
through 270° to strike a tungsten target and the X-ray field produced is
flattened by a brass flattening filter. The primary collimator provides a
maximum field size of 35X35 cm2 at the isocentre. With an electron beam
energy of 6MeV the X-rays produced form a spectrum with ranges in energy
from a few keV up to 6MaV and is thus referred to as a 6MV X-ray beam. The
energy of the 6MV beam is defined as providing a depth dose of (67£2)%
when measured at 10cm depth in water for a 10X10 ¢m?2 figld defined at the
water surface at 100cm SSD. The depth of maximum dose is 1.5%0.2 cm as
measured in water for a 10X10 cm?@ field at 100cm SSD. The effective

energy of the 6MV beam is approximately 2MeV.

The waveguide is powered by a 2MW(peak) magnetron operating at a
frequency of 2.998GHz. The waveguide operates in a pulsed mode and

delivers a constant 200 cGy per minute.
2.1.2.3 15MV
The source of 15MV X-rays employed in this work is a 15MV Siemens

Mevatron XX medical linear accelerator with an SAD of 100cm. This

accelerator employs a standing wave waveguide which provides an electron
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beam of less than 3mm diameter with energies up to 18MeV. This electron
beam is deflected through 270° to strike a tungsten target and the X-ray field
produced is flattened by a stainless steel flattening filter. The primary
collimator provides a maximum field size of 40X40 ¢cm2 at 100cm from the
target(100cm SSD). This accelerator provides an X-ray beam of 15MV X-
rays which is comprised of a spectrum of X-rays ranging in energy from a
few keV up to 15MeV. The energy of the 15MV beam is defined as providing
a depth dose of (77£2)% when measured at 10cm depth in water for a
10X10 cm? figld defined at the water surface at 100cm SSD. The depth of
maximum dose is 3.0%0.2 cm as measured in water for a 10X10 cm? field at
100cm SSD. The effective energy of the 16MV beam is approximately
5MeV.

The waveguide is powered by a 7MW(peak) klystron operating at a
frequency of 2.998GHz. The waveguide operates in a pulsed mode and

delivers a constant dose rate of 300cGy per minute.

2.1.3 DOSIMETRY DEVICES

All measurements, unless otherwise stated, within the water phantom
were carried out with the right angle p-type measurement diode depicted in
Figure 2.03. Doping of the p-type silicon in the p-region is about 1.5X1015
boron atoms cm=3 while in the n-region is is about 1018 phosphorous atoms
cm-3. The silicon crystal itself measures 2.5X2.5X0.4 mm3 with an effective
ionization measurement volume of 0.3mm3. The céntre of the effective

measurement volume is approximately 0.5mm below the outer diode
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Figure 2.3 Design of the p-type right angle silicon detector.
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surface. Important physical characteristics of this diode are listed in Table
2.1[2.2).

This p-type diode was operated in short circuit mode(zero bias) in
conjunction with either a DPD-5 electrometer or an RFA-7 electrometer.
Numaerous cross checks demonstrated no appreciable difference in readings

between the two electrometers.

When diodes are employed in radiation measurement the question of
energy dependence on the part of the diode with respect to an ion chamber
inevitably arises. The manufactures specifications on the right angle diode
used here indicate just such an energy dependence at energies below
0.3MaV. According to the data supplied by the manufacturer(Figure 2.04)
[2.3] this anergy dependence is, however, insignificant over the energy

range involved in this work.

As this energy dependence is most evident at low energies the response
of the measurement diode was compared with that of an ion chamber for
photon beams with maximum energies ranging from 75keV to 250keV. The
ion chamber employed in this set of measurements was a Capintec PR - 06¢
air equivalent plastic Farmer Replacement ionization chamber with an
effective volume of 0.6ml. The chamber has an inner diameter of 7mm and a
length of 22mm and an air equivalent plastic wall of 50mg cm-2 thickness.
This ion chamber was used in conjunction with a Capintec Model 192 Digital
exposure meter which supplied a collection voltage of 300 volts to the probe.
The results are shown in Figure 2.05. Diode response is expressed as a

percent ratio of the ion chamber reading and is normalized to 100% for



Atomic number 14
Density 2.3x103kg m3
lonization volume 0.3mm 8
p doping 1.5X10" boron atoms em™
n daping 10' 8phosphoms atoms cm’3
Resistivity 10 ohm cm’”
Capacitance 10 pF
W 3.6eV
Mobility (electrons) 103cm? v s
Life time (electrons) 5x10°6 s
B Diffusion length 9X108m
Depletion layer 5X10 m
Conductivity 10°® (ohm) -1
Radiation sensitivity 220 nC Gy !

Measuring point

0.4-0.6 mm below surface

Table 2.1 Important physical characteristics of the
semiconductor detector.
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photons with peak energy of 250 keV. As Figure 2.05 clearly shows, there is
a marked energy dependence of the diode with respect to the ion chamber
at these low energies.

The equivalent energies of these photon beams range from about 25keV
to about 85keV for the photon beams with maximum energies of 75keV and
250keV respectively, and thus are well below the lowast primary photon
energy used in this investigation. In order to determine the presence of any
energy dependence at higher energies relevant to this investigation, a scan
was made in water with both the measurement diode and a small
submersible ion chamber with Cobalt-60 photons. The field size, as defined
at the water surface, was 16X16cm2 at 100cm SSD.This scan was made at
a depth of 17cm below the flat surface of water in a water tank. The ion
chamber used for these measurements is 8 PTW N23333 Farmer Type
ionization chamber with an effective volume of 0.1ml. The chamber has a
diameter of 3.5mm and a length of 12.0mm and an acrylic/dag wall of 0.053¢g
cm-2 thickness This ion chamber was operated at a collection voltage of 300

volts in conjunction with the RFA electrometer.

The scan(diode vs ion chamber) is presented in Figure 2.06. In Figure
2.06 both the ion chamber and diode readings are normalized to 100% at
mid scan which corresponds to the central axis of the beam. Over the entire
field, including the penumbral regions, the diode and ion chamber
responses are equal within experimental error. The manufacturers
specifications are thus verified and the diode is seen to provide the same

response(within experimental error) as does the ion chamber for photon
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energies relevant to this work. The diode is preferred over the ion chamber

for use in the water tank for its ease of use and greater spatial resolution.

2.2 Experimental Results

In order to test the performance of geometric compensators, three such
compensators,each of a different material and designed for use with Cobalt-
60 photons, were examined. Of these three, only the polystyrene cone
qualifies as a geometric compensator at all three photon energies
employed. The dose distributions produced by the aluminum and lead
cones at 6MV and 15MV were used to examine the result of compensators
constructed according to primary attenuation considerations only for
compensator materials of densities greater than unity. Also examined was
the dose distribution produced in the uncompensated configuration for all
three energies and all depths. As the polystyrene compensator cone
provides geometric compensation at all energies investigated it is referred to

throughout in the graphs as the "geometric cone".
These distributions, expressed as a percentage of the bolus dose
distribution, are presented in Figures 2.07 through 2.286.
2.3. Analysis and discussion of Results
The perturbations (or changes from bolus dose) in dose at depth

introduced by the uncompensated surface depression cone and the degree

of compensation for this perturbation provided by the polystyrene, aluminum,
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Figure 2.14 Compensated dose as a % of bolus dose for the lead cone at
12cm depth (measured) (a) Cobalt-60, (b) MV, (c) 15MV.
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96
<
o4 «
92 o
<
90
80 «
<
86 -
[
84 4

% of bolus dose

87

82 o I
80 MR AL AEAS A SIS 20 S 0E Bntn 502 S s Sa4e S0 a0 Sn e 2h AR S0 an o0 e ou o |
-1110-9-8-7-6-5-4-3-2-101 2 3 4 6§ 6 7 8 9 1011
(a) Cobalt-60 X-sxis (em)
100
o ¥I3igg 215111
s1 ¥ i i i
$ i1 gil
| ¥ II
e 071 3 1 i i
% gII II II III
2 g5 13
° .
LY
75 i
MMM S S SR S AR AR A0SR B G Sqh S oh magn SRAE om0 n e o sm oy an . oo oo
-1110-9-8-7-6-5-4-3.2-10 1 2 2 4 6§ 6 7 8 9 1011
(b) 6MV X-axis (cm)
197 1832 IIT
I
g5 4 L4 I![III! I!IIIIII L §
fry! ; £ I71
e 90+ X 1
$ 5] ot
. 7 r ¥
E 80:
. 75 e
(-} o
&£ 704
65
1 X
so v Ty v i LEER SR o v v T v 1 LA S | . Sl | LR SR LERAR I
1110-9-8-7-6-5-4-3-2.10 1 2 3 4 56 7 8 9 1011
(c) 15MV X-axis (cm)

Figure 2.16 Compensated dose as a % of bolus dose for the geometric
cone at 15cm depth (measured) (a) Cobalt-60, (b) 6MV, (c) 15MV.



94

92

00 «

8

86

,
31

82 +
4
80 4

% of holus dose

!

P i
! i i I
i

78

(a) Cobalt-60

100 1

95

L

90 4

85
4
80 o

o

75

% of bolus dose

AEE B e o

T LA
-1110-9-8-7-6-5-4-3-2-10 1 2

I3
I III
p 4 41 1
III

A BB A e g ML SRS S0 An S080 aman sn

X-axls (cm)

iny

70

(b) 6MV

100 -
95 i![
90 4
85 -
80
75 3
70
65
60 4

% of bolus dose

vy vy
-1110-9-8-7-6-5-4-3-2.10

"l""""""""'T'V
12 3 4 567 89 1011
X-axis (cm)

T T T

551

(c) 1sMV

Figure 2.17 Com

M § LERAE SR ZRAR §
-1110-9-8-7-6.5-4-3-2.1 ¢

- v ) guan |

MRS SN B AR S an S s g mn on o g LA Sm g S o an
5 6 7 8 9 1011

v
1 2 3 4
X-axis (cm)

ML

i

88

pensated dose as a % of bolus dose for the aluminum
cone at 15cm depth (measured) (a) Cobalt-60, (b) 6MV, (c) 15MV.



89

III 'ty i

<

5
i
83 4 {
11 II
II
III

% of bolus doss

81 <
791‘I
74 it

75

g MR SR SRS SRS S AN S SR Sh s Snan an o o

M LA § L L MR § LS SRR LA B §
-1110-9-8 -7-6 -5 -4 -3-2-10 1 2 3 4 85 6 7 8 9 1011
(a) Cobalt-60 X-axis (cm)

96
92
88 -
“iu
80 <
76 =
72 4
68
) 3

64 "*1'1‘1"'1'1'v‘v't'v'v 7"""V|j("'7f"‘f‘

-1110-9-8 -7-6-5.4.3.2-.1 0 1 2 2 4 5 6 7 89 101
(b) 6MV X-axls (em)

% of bolus dose

1

100 4
95 o iy 13
0 Yry? "!, ,!" Tyzz
85
80 4
75 4 3 .
70 4 z z

65 x x

60 b S 4

55
50 1 x
45 4

% of bolus dose

v - ——y

LR IR SR SR |
4 5§ 6 7 8 9 1011

v LA B f L e LI ARAR BRAR | 1

LI R § A ¥
-1110-9-8 -7 -6-5.4-3 -2-10 1t 2 3
(c) 15MV X-axils (cm)

Figure 2.18 Compensated dose as a % of bolus dose for the lead cone at
15cm depth (measured) (a) Cobalt-60, (b) 6MV, (c) 15MV.



200-'
1901
1801
170 =
160 -
150:
140:
130:

% of bolus dose

B

110-5
100

wuu®

90

80

YTy

-1110-9 -8 .
(a) Cobalt-60

175 =
165 =

<
155 <
145 <

4
135 -
125 5
116

105

% of bolus dose

™

‘G
7 -

6 -

v

LA Ty
3 4 5 6 7

Ty revry v

§-4.3-2-10 1t 2
X-axls (cm)

Ty
8 9 1011

L
#v'v’v

:
S5 §

-1110-9 -8 .

(b) 6MV

145
135 4
125

116

% of bolus dose

105

9s o x
px3 ¥

LA

7-6-

v L) LML AR S

3-2-10 1 2
X-axis {cm)

L LM
5 -4.

85

3
1110-9 -8 -
(c) 15MV

Figure 2.19 Uncompensated dose as a %

L T
7-6-

LA L L LORa}
6 7 8.9 1

011

LEEMER § LR S LR EDEE SRR SEAGE SIS S gl {

$§-4.-3-2-10 12 3 &
X-axis (cm)

of bolus dose at 17cm depth

(measured) (a) Cobalt-60, (b) 6MV, (c) 15MV.



91

97 5

95

@y

"1y

87 ~,I
{

% of bolus dose

85 Fr =TT T SEARRRS R no on B R

-1110-9-8-7-6-5-4-3-2-10 1 2 3 4 § 6 7 8 9 1011
(a) Cobalt-60 X-axis (em)

a8 =

% of bolus dose

i

R DS PRS2 A A/A A A A ao e as 05 0 a0 an.an 2 am an)
(b) 6MV X-axis (em)

99 ~

*1 i i

- {Hy it

6. H H

] HI IH

S 'y

f {
o] IIHIII i

Ty vy vy oYY LN SER A | T v LARRLSR BN AR S an a2 LJ L LA SRR § LR
-1110-9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 89 1011
(c) 15MV X-axis (em)

% of bolus dose

Figure 2.20 Compensated dose as a % of bolus dose for the geometric
cone at 17cm depth (measured) (a) Cobalt-60, (b) MV, (c) 15MV.



92

85

0 H
m-: II IHII

1
BB IIIII IIIII
-l Iimﬂ

LRSS A AR RS AR RS AS A e e ae an o s So T

% of bolus dose

(a) Cobalt- Go X-axis (cm)

96 «

92

w] 1 : q
i IIilmlfﬂ 8

% of bolus dose

(b) 6MV X-axis (cm)

97 1
a5

93

i i
| ] IHII{ IIIHI i
o 11 IIIII IIIII H
I !
it

% of bolus dose

89 4

87 o

85 'rﬁ""Y""V"r""'i'Y'V'l"v*ﬁr VVVVVVV

(c) 15MV X-axis (cm)

Figure 2.21 Compensated dose as a % of bolus dose for the aluminum
cone at 17cm depth (measured) (a) Cobalt-60, (b) 6MV, (c) 15MV.



% of Holus dose

82 +

80 J

(a) Cobalt-60

94 ~
92 +

4
€0
88 -

<
86
84
82 <
80 4
78 o

% ot bolus dose

9
'I
P>~

ML BME 5080 s
-1110-9-8-7-.6-5-4 .3

83

M SR S S a8 o

™
5§ 6 7 8 9 1011

AAMEILIEE B §

Ty
-2-10 1 2 3 ¢4
X-axis (em)

Ii;

76
-11

(b) 6MV

% of bolus dose

v

ML

T T
o011

L4

91

""" LR AR 1 ""'*"T'V""'U LR B B
10-9-8-.7-6-5-4-3-2.10 1 2 3 4 5 6 7
X-axis (em)

{c) 15MV

'''''''''''''''''''''''''''''''

X-axis (cm)

Figure 2.22 Compensated dose as a % of bolus dose for the lead cone at
17cm depth (measured) (a) Cobalt-60, (b) 6MV, (c) 15MV.



% of bolus dose

200
190
180
170
160
180
140
130
120
110

94

100 $55-+
L
-1110-

(a) Cobalt-60

(b) 6MV

(c) 15MV

Figure 2.23 Uncompensated dose as a %

% of bolus dose

% of bolus dose

175 =
165 o
185
145
135 o
125

<
116 +

105 «
y=

-
v

 J
Y

Y
9-8-7-6

AA ERAR S |

-5-4-3-2-10 1

LR

2
X-gxis (em)

YT

T
3

95 vy

-1110-9-8-7 -6 -5

145 «
135:
125:
115 <

105

LALLM

z
irt"

A § ™

LML IR |

4-3-2-1

Tyrvy vy
o1 2 3 4
X-axis (ecm)

95 vy
-1110-

Y

AR S i o o g

L] L4
9-8-7-6-5-4-3-2-10 1

T T v MR S § A

2 3 4
X-axis (cm)

LALLM
5 6

of bolus dose at 21cm depth

(measured) (a) Cobalt-60, (b) 6MV, (c) 15MvV.



97
1

<
* 89 «

as
87

(a) Cobalt-60

98 =

% of holus d

(b) 6MV

a -«
- 94
o 4
2 9349
9

92 o

91

{c) 15MV

941
Q3
92 4

96
Q4 «

92 +

"""""""""""""" ML DA A BN S SR S0 SR AN B AN Sduh AN SNAED SNLM |

10-9-8-7-6-5-4-3-2-10 1 2 3 ¢ 5 6 7 8 9 1011

X-axis (cm)

'''''''''' MELINMELJRAE 2 S0 A0 00 S0 U0 00 BR A S A S n S0 m o ¢ LRI Snan |

X-axis {em)

95

Figure 2.24 Compensated dose as a % of bolus dose for the geometric
cone at 21cm depth (measured) (a) Cobalt-60, (b) 6MV, (c) 15MV.



96

8288¢
—e—y
ey
vy
—e—dq
—o—q
—
———y
——yq
—a—y

(g
:::}III HHHHHIHH
:::: |

b
85 Ml LM A 2 I R S0 SR S A0 B AR SR AN S0An S0 4n on o oo on |

% of bolus dose

(a) Cobalt-60 X-sxls (cm)

96
85

92

I
o I IIH

0

of bolus dose

%

2]

(7]
t———y

88
87 er‘V'T*l'! UL A A S B S AN SMSL B SR S M R

(b) 6MV X-axls (cm)

97 =

IHHH

] Iy
TR
R

a0

" it

e S S e A e e s e s e e e o L e G
-1110-9-8-7-6-5-4-3-2-10 t 2 3 4 56 7 8 9 1011

(c) 15MV X-axis (cm)

% of bolus dose

Figure 2.25 Compensated dose as a % of bolus dose for the aluminum
cone at 21cm depth (measured) (a) Cobalit-€0, (b) 6MV, (c) 15MV.



92 1
o1
90
89 -
88 4
87 -
86
85

% of bolus dose

97

84 IY'!*’Y'V'Y'V V"'V'V"*I"""'l'l'l "T’-'L
-1110-9-8-7-6-6-4-3-2-101 2 3 4 56 7 8 9 1011
(a) Cobalt-60 : X-axls (em)

Q4 =

<
92 <

<
0
8 «
86 «
84 4
82

% of bolus dose

91

1

80

(b) 6MV

96 -
92 -

L
88 4
84-
80

% of bolus dose

76 o
72 4

vy
-1110-

LA B A Ba an § LA 4 LA 2R S0 220 SR RS) S5S0 SRR Anan an e
7-6-5-4-3-2-10 1
X-sxis (cm)

L]

vy
9.8-

68

ML

(c) 15MvV

MRS I N SR B as anan sn 2 2 on 2 o a

rTrrrrrrervyrr—rm
-1110-9-8-7-.6-5-4-3-.2.10 12 3 4 56 7 89 1011

X-axis (cm)

Figure 2.26 Compensated dose as a % of bolus dose for the lead cone at
21cm depth (measured) (a) Cobait-60, (b) 6MV, (c) 15MV.



o8

and lead compensator cones are revealed for the five different depths for

each photon energy in Figures 2.07 through 2.26. While the degree of

perturbation and subsequent degree of compensation varies from one

situation to another, the following general observations apply:

a) Uncompensated dose distributions

i)

Large perturbations from bolus dose are introduced at all
depths and energies by the surface depression cone.
Departures from bolus dose introduced by the surface cone are
greatest for Cobalit-60, least for 15MV, and intermediate for
6MV photons at a given depth and location along the line of
measurement. At the centre of the field at 17cm depth with
Cobalt-60 photons the uncompensated dose is 100% greater
than the bolus dose, while at the same location with 15MV
photons the uncompensated dose is 40% greater than bolus
dose. 6MV photons yield an uncompensated dose of about

71% greater than the bolus dose at this same location.

b) Compansated dose distributions

i)

Dramatic reductions in the differences from bolus dose at all
depths and all energies are achieved with the use of each of
the three compensators. At the field centre, at 17cm depth, with
Cobalt-60 photons the +100% uncompensated perturbation is
reduced to -13.5% with the polystyrene geometric cone while
at the same location, with 15MV photons, the +40%
uncompensated perturbation is reduced to -9% with the same
compensator.

Ideally, the use of a compensator should yield graphs at a
particular depth which present flat lines at 100%, ie: a situation
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in which the compensator accurately restores the bolus dose
distribution at all points at that depth. The measurements taken
in the compensated configurations show clearly that at no
depth or energy is ideal compensation achieved with any of the
compensators used. In all cases the compensated dose is less
than the bolus dose across the entire field of measurement.

In all cases the degree of restoration of bolus dose achieved by
these compensators is non-uniform across the entire field of
measurement. For Cobalt-60 photons at 17cm depth the
compensated dose varies from a minimum of 4% below bolus
dose near the field edges to a maximum of 13.5% below bolus
dose at the centre of the field. For 15MV photons at the same
depth with the same compensator the compensated dose
varies from a minimum of 2% below bolus dose near the field
edges to a maximum of 9% below bolus dose at the centre of
the field.

In all cases the maximum departure from bolus dose observed
for compensated irradiation is greater than that predicted on
the basis of primary attenuation considerations only. These
maximum departures(both experimental and predicted) are
listed in Table 2.2 for ease of comparison.

In all cases the observed compensated dose distributions are
inadequate and demonstrate the need for improved tissue
compensator design.

The greatest degree of restoration of bolus dose with geometric
compensators is achieved with polystyrene, the least is

achieved with lead, and intermediate restoration is achieved



_ Primary Photon Energy
Compensator Depth Cobalt-60 6MV 15MV
(cm) predicted|measured| predictedimeasured| predicted|measured
9 +0.9% | 13.0% | +0.4% | 13.5% | 0.2% | 21.6%
12 +0.9% | 15.0% | +0.4% | 14.0% | 0.2% | 19.5%
P%fy%':‘yfgri,‘; 15 +0.9% | 19.0% | +0.4% | 24.0% | 0.2% | 37.0%
17 +0.9% | 13.56% | +0.4% | 12.5% | 0.2% | 9.0%
21 +0.9%| 10.0% | +0.4% | 9.5% | 0.2% | 6.5%
9 0.1% | 16.5% | +0.7% | 17.0% | +3.5% | 25.5%
12 0.1% | 18.0% | +0.7% | 17.5% | +3.5% | 24.0%
Aluminum 15 0.1% | 19.5% | +0.7%| 27.0% | +3.5% | 41.0%
17 0.1% | 15.0% | +0.7%| 14.0% | +3.5% | 14.0%
21 0.1% | 11.5% | 40.7%] 11.0% | +3.5% | 11.0%
9 +0.04%( 21.0% | +0.01%| 23.0% | 21.0% | 34.5%
12 +0.04%( 22.0% | +0.01%| 24.0% | 21.0% | 35.5%
Lead 15 +0.04%] 23.5% | +0.01%| 35.0% | 21.0% | 51.0%
17 +0.04%| 18.5% | +0.01%| 22.0% | 21.0% | 30.0%
21 +0.04%| 14.0% | +0.01%| 18.5% | 21.0% | 29.0%

-

100

Table 2.2 Maximum departure from bolus dose in the conical geometry.

Comparison between that

primary attenuation only a

predicted on the basis of replacement of missing
nd that observed experimentally.
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with aluminum. Thus if geometric compensators are to be
employed clinically, as they often are, then the use of near unit
density materials for their construction is recommended and
the use of higher.density materials is not recommended. In
panicular, the use of lead is to be avoided.



Chapter 3
Theoretical Analysis
For hypothesis ought ... to explain the properties of :hings and not attempt to
predetermine them except in so far as they can be an aid to experiments.

Isaac Newton
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Il THEORETICAL ANALYSIS
3.1 Rationale and Introduction

The first step towards the rigorous design of improved tissue
compensators is the development of analytic machinery which will
accurately model the experimental results already obtained. Such a
theoretical model should not be restricted in its applicability to a limited set of
special cases but rather have as wide a scope as possible. In order to
achieve this the analysis should make minimum use of ad hoc measured
"effective” coefficients and functions. When pressed for a rigorous
explanation of a physical phenomenon it is most desirable to produce an
argument based on the fundamental physical laws which are applicable to
that situation. Thus this model should maxinize its use of the fundamental
physical laws governing the interactions of radiation with matter such as are
relevant to the scope of applicability contemplated. Inherent to any
theoretical analysis of a physical situation is a set of assumptions or
simplifications which serve either as starting points for the analysis or
constraints upon the derivations involved. They serve the purposes of
simplifying the calculations involved and keeping clear the focus upon the
concepts of primary importance. These assumj-ions and simplifications

should be clearly stated whenever and wherever they are invoked.

In an arrangement employing a retracied tissue compensator the dose to

any point in a phantom may be divided into three components: (1) the dose
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due to primary radiation, (2) the dose due t o scattered radiation originating
from within the phantom, (3) and the dose due to scattered rad‘iét‘ion
originating from within the compensator. Of these three, the dose due to
primary radiation is most often the predominant component. The
experimentél results shown in Chapter 2 with compensators designed to
account only for missing primary attenuation would seem to bear out such
an assumption as they indeed yield a good first approximation to the
complete restoration of the desired bolus dose distribution. However, the
obvious deficiencies in the observed results clearly demonstrate that
scattered radiation originating in both the phantom and compensator must
therefore be taken into account if the degree of optimization achieved is to

be further improved.

3.2 THE ANALYTIC MODEL

The total dose D, at a point P in a phantom, such as is shown in Figure

3.01, can be decomposéd as

| .
ij j=0,1,2.- {3.01}

where D;; is the component of dose at P due to photons which have
scattered "i" times in the phantom and "j" times in the compensator prior to

interacting at P.
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For Cobalt-GO radlatnon at a depth of 10cm in water wuth a 10cm raduus
field, 93% of the total dose is accounted for by the dose due to pnmary and
singly scattered radiation[3.1]. Calculation of dose due to scatter of higher
than first order, while possible (Monte Carlo calculations), rapidly becomes
intractable both in terms of complexity and calculation time. One is thus lead
to attempt an analysis based on zero and first drder scatter only and this is
the first assumption made in this analytical model. Then, equation 3.1
reduces to

D = Doo + D10 + Dot {3.2)

or, for the sake of clarity

D=Dg+Dp+Dc {3.3}

where Do = dose due to primary radiation, D, = dose due to first order scatter
originating within the phantom, and D, = dose due to first order scatter

originating within the compensator.

The decay of Cobalt-60 produces photons which may be regarded as
monoenergetic with an énergy of 1.25MeV. It is well known that the photon
output from a Cobalt-60 treatment unit consists of more than the primary
decay photons. A low energy contamination component arising from scatter
both from within the source itself and from the collimator system is also
present. This scatter component has been measured by Scrimger and

Cormack[3.2] and can be characterized by 250keV photons which contribute
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approximately 10% of the intensity of the primary output of such a unit. For
the purposes of énélysis this contamination combonent will be ignored and
the output from the Cobalt-60 teletherapy unit used in this work will be
considered as consisting of monoenergetic photons of energy 1.25MeV.

As was mentioned previously, the photon output of a linac consists of a
spectrum of energies ranging from some minimum value up to a spacific
maximum value, with the beam produced being characterized according to
this maximum photon energy. A contamination component arising from
scatter produced by the collimation system and other devices in the
treatment head of the accelerator is also present. While such a beam is far
from monoenergetic, there exist photons of a single energy which possess
the same linear attenuation characteristics in water as does this beam. This
single energy is referred to as the equivalent energy of the spectrum beam.
For a 6MV photon beam the equivalent energy is 2MeV and for a 15MV
beam the equivalent energy is 5MeV. In order to simplify the analysis the
beams produced by the 6MV and 15MV accelerators used in this work will
be treated as if they consist of monoenergetic photons of energies 2MeV

and SMeV respectively.

With the above assumption, consider the case in which the compensatorQ
phantom arrangement shown in Figure 3.01 is irradiated with
monoenergetic photons of energy Eo(MeV). If electronic equilibrium exists at

point P, the dose due to primary photons at P is
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['a‘+|az+|c+|p]2 {3.4)

Do(r) = ¢o 0-Ha(Eolar+lag) @-HdEo)le e-u..(Eo)l,{P«pﬂ)E (EE'R

where ®o = photon number per unit solid angle(photons sr™'); Ha(Eo), He(Eo),
Kp(Eo) = linear attenuation coefficients(cm=1) at photon energy E, for air,

compensator material, and phantom material respectively; !+, = the total
primary path langth through air(cm); . and lp = primary path lengths through
compensator and phantom respectively(cm); (Me/P)e, = mass energy
absorption coefficient at E, for the phantom material(cm?g); r=compensator

retractionA distance(cm); and dA =infinitesimal area element at P(cm?).

As discussed in Chapter 1, the only interactions of photons with matter
which need to be considered in this work(due to the energy range of primary
photons employed) are coherent scattering, photoelectric effect, Compton
scattering, and pair and triplet production. The cross sections for these
interactions in the four materials(water, polystyrene, aluminum, and lead)
used in this study are shown in Tables 3.1 and 3.2. At the primary photon
energy of 1.25MeV the compton interaction cross section is orders of
magnitude greater than the other interaction cross sections for water,
polystyrene, and aluminum. One thus need only consider the Compton
interaction as a scattering mechanism for polystyrene, water, and aluminum
at this energy. In lead at 1.25MeV the compton interaction cross section is
almost 3000 times greater than the pair production cross section and thus
one may safely ignore pair production in lead at this energy. Coherent

scattering in lead at this energy is some 26 times less likely than compton
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Interaction Cross Section

Material (barns)
GCOH GINC Tphoto Tpar
Water 0.00098 | 1.365 0.00009 | 0.00018
Polystyrene 0.00046 1.061 _— | 0.00009
Aluminum 4 5041 2.456 0.0007 0.0003
Lead 0.5875 15.40 3.087 0.0055

Table 3.1 Interaction cross sections for the materials water, polystyrene,
aluminum, and lead at photon anergy of 1.25MeV
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Interaction Cross Section
bar
Material (barns)
OCOH aINC Tphoto Rpar
Water 0.00009 0.600 —_— 0.06558
Polystyrene _ 0.4663 —_— 0.03876
Aluminum | 4 5003 1.080 0.0001 0.1918
Lead 0.0373 6.805 0.4096 7.288

Table 3.2 Interaction cross sections for the materials water, polystyrene,
aluminum, and lead at photon anergy of 5.0MeV



scattering and one may also safely ignore coherent scattering in lead at this
energy. Compton scattering is, however, less than 4 times as likely as
photoelectric interactions in lead at 1.25MeV. A 1MeV electron produced by
a photoelectric interaction has a range of lass than 1mm in lead and less
than 4.5 mm in water and can thus be safely ignored for the measurement
depths involved in this study. A 1.25 MeV incident photon compton scattered
through 40° has an energy of 800 keV and has an attenuation coefficient in
lead of 0.0872 cm2 g-1. A K shell characteristic photon with an energy of
88keV resulting from a photoelectric interaction has an attenuation
coefficient which is more than 20 times greater than the above 800keV
compton scattered photon and thus characteristic radiation resulting from

photoelectric interactions in lead may be safely ignored.

At a photon energy of 5MeV the coherent and photoelectric cross sections
are again insignificant in comparison with the compton cross sections for
water, polystyrene, and aluminum. The compton cross sections for water and
polystyrene are approximately 1O times as great as that for pair production.
The maximum energy of either the positron or electron created in pair
production by a SMeV photon is approximately 4MeV. Electrons and
positrons with an energy of 5MeV have a range in both water and
polystyrene of about 2.5cm and hence their contribution to the dose at the
depths under consideration in this work may be safely ignored. The energy
distribution between positrons and electrons created in pair production is, to
a fairly good first approximation equal [3.3]. This, combined with the rather
tortuous path of electrons(and positrons) having these initial energies, make

it reasonable to assume that Bremsstrahlung photons created by these pair
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electrons and positrons will have an isotropic angular distribution. The
Bremsstrahlung yield for a 4MeV electron in water or polystyrene is
approximaiely 0.0149 and hence a 4MeV electron in either material will
radiate approximately 60keV of its energy away in the form of
Bremsstrahlung photons. A 5MeV incident photon compton scattered
through 40° has an energy of approximately 1.5MeV which has an
attenuation coefficient in water of 0.0575 cm@ g-1. A Bremsstrahlung photon
of 60keV has an attenuation coefficient of 0.2046 cm2 g*! in water. These
factors combined would suggest that the dose due to Bremsstrahlung
photohs associated with pair production in water and polystyrene may be
saiely ignored at SMeV. Examination of Table 3.2 shows that similar
arguments may be made for disregarding pair production in aluminum at
5MeV.

For lead, with 5MeV incident photons, the coherent cross section is more
than 180 times smaller than the compton cross section and coherent
scattering may be safely ignored. The photoelectric cross section for lead at
this energy is more than 16 times smaller than the compton cross section
and, folliowing arguments similar to those made above for 1.25MeV incident
photons, the contribution due to the photoselactric effect may also be safely
disregarded at SMaV in lead. The pair production cross section in lead at
SMeV is, howaever, greater than that of the compton cross section. Following
arguments similar to those presented for water and polystyrene one may
also safely disregard the dose directly due to electrons and positrons
created by the pair production process. The Bremsstrahlung yield in lead is

considerably higher than that in water for electrons(positrons) at any given
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electron(positron) energy and one may not be justified in disregarding the
dose due to Bremsstrahlung photons generated in lead by pair production
electrons and positrons. For the sake of simplifying calculations the
Bremsstrahlung dose due to pair production in lead with 15MV photons will
be disregarded, the validity(or lack thereof) of this assumption will be born

out by comparisen between theory and measurement.

Following the above arguements, the assumption will be made that only
Compton scattering need be considered. The dose dDc(r) at P due to single

scattering from volume element dV. in the compensator is then

dD¢(r) = @ _dA_E @-Ha(Eo)lay @HelEo)ly ( aag ) Pec dlve _dA_;
Iar*"m o [|02+|32+|P]
(3.5}

OBy @1a(Erllny @-olEo [Hen) Ey
X b2 @a(Enly @10(E . )E‘ ot
where electronic equilibrium is again assumed at point P and 9d6/0Q = the
differential Compton scattering cross-section(cm2 e-1sr-1): pec= electron
density of compensator medium(e cm-3);dl, .= linear dimension(cm) along '::1
of compensator scattering volume element dV. ; and Es= energy of single

scattered photons at angle 8 from.dV, (MeV).

Similarly, the dose dDy(r) at P due to single scattering from volume element

dVp in the phantorn is
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dD(r) = Do —GA  grnlEaievia) @uEaliarunlEoliy (a%) Pep dlvp
¢

[l ++la+lp,)
GA e ften) Eg
[|;2]2 w‘ > )Ea dA (3.6}

where Pep= electron density of phantom material(e cm3), dlvp= linear
dimension(cm) along ey of phantom scattering volume element dVp ; and
Ez= energy of single scattered photon at angle ¢ from phantom volume
dVp(MeV).

The total first scatter dose to point P is then

D(r) = Do(r) +f dDe(r) + f dDp(r) = Do(r) + De(r) + Dp(r)
Ve % (3.7)

where Ve and Vp are the volumes of the compensator and phantom

respectively.

The ratio R(r) of the dose in the retracted compensator geometry to that

with bolus at point P is thus

D(r=0) {3.8)



3.3 Analytic Results

A computer program was written to evaluate numerically the integrals of
equation 3.7. This program was in turr used to calculate R(r) for the
exparimental geometries detailed in Chapter 2. This program, called CONE,
was written in Fontran-77 to run on the VMS operating system of a VAX
11/780 computer. In this program both the phantom and compensator
volumes are divided up into interaction volume elements, or voxels, of size
0.5X0.5X0.5 cm3. The centre of each voxe! serves as the interaction site of
that volume element. That is to say that for the purpose of simplification each
interaction occurring within the volume element, whether it be scattering or
dose deposition, is regarded as occurring at the centre of that voxel as if at
the moment of interaction the entire mass of the volume element were
suddenly collapsed into an infinitesimal sphere at the centre of the voxel. In
reality, photons incident upon such a finite voxel from an external point
source would have differing interaction path lengths through the mass and
the scattered photons produced in this volume element and directed towards
another voxel would possess a spectrum of scattering angles and energies.
This "trick" of regarding interactions in a small but nevertheless finite volume
as interactions at a point greatly simplifies calculations as questions of
differing interaction path lengths in the volume, differing scattering angles
and energies, and orientation of the volume element with regard to both the
external point source of incident photons and the volume to which scattered
photons are directed are circumvented. The degree of agreement achieved
between measurement and calculation would seem to justify this as a

reasonable simplification.
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Voxals eligible for scattering and, in the phantom, deposition of both

primary and scattered dose are determined by the size of the field and the

geometry of the physical setup. The intensity of the X-ray beams used
experimentally is not constant over the entire area of the beam. In an attempt
to model this as well as the penumbral regions of the beam, scans of the
beams were made in air with a diode. These measurements were made for
field sizes of 5X5, 10X10, 15X15, 20X20,and 25X25 ¢cm?2 at 100cm SSD for
each beam quality. The intensity profiles measured along each axis in the
plane normal to the central axis of the beam are modeled by Fermi functions
of the form

P(x) =

. (po
1+ exn(lx'rﬂ)
—Exz" {3.9)

where @ = photoh number per unit solid angle along the central beam axis
(x=0, y=0) srl; x =the distance(cm) along the X-axis at 100cm SSD; fsx =
field size in the X direction(cm); and a, = a parameter chosen to give the best
fit between {3.9} and the experimental in air intensity profile along the X-axis

for each particular field size(cm).

The photon number per unit solid angle at any point (x,y) on a plane
normal to the beam at 100cm SSD is taken to be the product of two such

Fermi functions
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(b(xvy) = - L

®-

Tedsxll 1
1+ expni;%‘;_) 1+ exD(,y'aﬂz )

X y

{3.10}

where fsy = field size in the ¥ direction(cm), and ay = a parameter chosen to
give the best fit between the last term in {3.10} and the experimental in air

intensity profile along the Y-axis at a particular field size.

Field sizes intermediate between the ones measured are estimated by
linear interpolation of the parameters a, and ay (between the values

determined to give the best fit at the field sizes measured).

Using this analytical mode! and its implementation in the program CONE,
calculations of compensated dose as a percentage of bolus dose were
performed for the experimental geometries detailed in Chapter 2. The
incorrect polystyrene compensator cone described in Chapter 2 was also
modeled in order to further test the accuracy of this method of analysis. The
results of these calculations are presented in comparison with the measured
results for each geometry in Figures 3.02 through 3.21. The nomenclature
throughout these figures for the geometric polystyrene compensator and the
aluminum and lead compensators is the same as that employed in Chapter
2. The incorrect polystyrene cone is referred to throughout in the graphs as

the "7cm cone".
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Figure 3.13 Compensated dose as a % of bolus dose for the 7cm cone at
15cm depth (comparison between measurement and calculation)

(a) Cobalt-60, (b) 6MV, (c) 15MV.
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3.4 Analysis and Discussion of Results

The degree of agreement between theory and experiment is different for

each situation, but the following general observations apply:

1) Polystyrene geometric compensator
a) Cobait-60
i) at all depths theory agrees with experiment within experimental
error except within and beyond the penumbral regions of the
beam. In these regions electronic equilibrium does not exist.
b) BMV
i) at depths of 17cm and 21cm theory agrees with experiment
within experi.mental arror except within and beyond the penumbral
regions of the beam.
ii) at depths of 9cm, 12cm, and 15¢cm the same observations as
detailed for 17cm and 21cm depths apply, with the following
exceptions:
- at 15cm depth there is a large disagreement between theory
and experiment at the point directly below the surface cone
tip(x=0). Here theory overpredicts experiment by more than 7%.
- at 9cm and 12cm depths theory overpredicts experiment near
the surface cone edges. At 12cm depth the overprediction is just
over 1% while at 9cm the overprediction is aimost 3%.
- these overpredictions occur in the regions near the surface cone

where electronic equilibrium dose not exist.



139

c) 16MV
i) atdepths of 17cm and 21cm theory agrees with experiment
within experimental error except within and beyond the penumbral
regions of the beam. In these regions electronic equilibrium does
not exist.
i) atdepths of 9cm, 12cm, and 15cm the same observations as
detailed for depths of 17cm and 21¢cm apply with the following
exception: in regions nearest the surface cone disagreement is
observed as theory overpredicts experiment. These regions of
disagreement coincide with regions where electronic equilibrium
does not exist.

2) Incorrect polystyrene compensator
a) Cobalt-60
i) at all depths theory agrees with experiment within experimental

error except near the fieid edges, within and beyond the
penumbral regions. The disagreement seen near the field edges
is in all cases manifested as an overprediction by theory.

b) 6MV

i) at 17cm and 21cm depths theory agrees with experiment within

experimental error except near the field edges,and within and
beyond the penumbral regions.
ii) atdepths of 9cm, 12cm, and 15cm the same observations as
detailed for depths of 17cm and 21cm apply with the following
exception: in regions nearest the surface cone disagreement is

observed as theory overpredicts experiment. These regions of
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disagreement coincide with regions where electronic equilibrium
does not exist.

3) Aluminum cone
a) Cobalt-60

i) at depths of 9cm, 12cm, and 17cm theory agrees with
experiment within exparimental error except within and beyond
the penumbral regions of the beam. In these regions elactronic
equilibrium does not exist.

i) at depths of 15cm and 21cm the same observations detailed for
9cm,12cm, and 17cm apply, with the following exception: at these
two depths(15cm and 21cm) disagreement between theory and
expariment is observed near the field edges as well. This
disagreement is manifest as an overprediction by theory.

b) 6MV

i) at depths of 17cm and 21cm theory agrees with experiment
within experimental error except near, within, and beyond the
penumbral regions of the beam. Disagreement for regions near
the field edges is manifest as an overprediction by theory.

ii) atdepths of 12cm and 15cm the observations detailed for 17cm
and 21cm depths apply, with the following exception: in regions
nearest the surface cone disagreement is observed as theory
overpredicts experiment. These regions coincide with regions
where electronic equilibrium doas not exist.
iii) at 9cm depth agreement between theory and experimeht is not
observed over the entire field of measurement. This disagreement

is manifest for all regions except the penumbral regions as an over
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prediction by theory as compared to experiment. This
overpradiction is groétest for those regions nearest the surface
coné and also those regions beyond the penumbral regions of the
beam where, in both cases, electronic equilibrium does not exist.

c) 15MV

i) at depths of 17cm and 21cm theory agrees with experiment
within experimental error except near, within, and beyond the
penumbral regions of the beam. Disagreement for regions near
the field edges is manifest as an overprediction by theory.

ii) atdepths of 12cm and 15cm the observations detailed for 17cm
and 21cm depths apply, with the following exception: in regions
nearest the surface cone disagreement is observed as theory
overpredicts experiment. These regions coincide with regions
where elactronic equilibrium dose not exist.
iii) at 9cm depth agreement between theory and experiment exists
at only a few points near the field edge. At all other points theory
overpredicts experiment. The degree of disagreement is greatest
for those regions nearest the surface cone and also those beyond
the penumbral regions of the beam where, in both cases,
elactronic equilibrium dose not exist.

4) Lead cone
a) Cobalt-60

i) at all depths except 21cm disagreement between theory and
experiment is seen over the entire field of measurement except for
points beyond the penumbral regions of the beam at 15cm and

17cm depths. For all regions within the primary(inside the field
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edges) and penumbral regions of the beam this disagreement is
manifest as an overprediction by theory.

ii) at 21crﬁ debth the séme observatiohs detailed for 9, 12, 15, and
17cm depths apply, with the following exception: near the centre of
the scan(-3cm to +3cm) agreement between theory and
experiment exists.
iii) at all depths the degree of overprediction by theory is greatest
within the penumbral regions of the beam.
b) 6MV
i) at all depths for all points within the primary and penumbral
regions of the beam disagreement between theory and
experiment exists. This disagreement is manifest as an
overprediction by theory as compared to experiment.
c) 15MV
i) at 21cm depth agreement exists between theory and
experimant only over a small region (-2.5cm to +2.5cm) near the
central beam axis. At all other points within the primary and
penumbral regions of the beam theory overpredicts measurement.
ii) at 17cm depth disagreement between theory and measurement
is observed over the entire field of measurement. At all points
theory overpredicts experiment.
iif) at 12cm and 15¢cm depths agreement between theory and
experiment exists within experimental error for a number of points
within the primary region of the beam. Disagreement is observed
within regions near, within, and bavond the penumbral regions of

the beam. Disagreement is also seen for points nearest the



surface cone. The disagreement between theory and experiment
for points nearest the surface cone and near the field edge is
manifest as overprediction by theory. The region nearest the
surface cone coincides with a region in which electronic
equiiibrium does not exist.

iv) at9cm depth agreement axists at only a few points near the field
odge. Disagreemant within the primary region of the beam is
manifest by overprediction by theory. The degree of overprediction
in this region is greatest for points nearest the surface cone where

alectronic equilibrium does not exist.

The general disagreament between theory and experiment observed with
the lead compensator cone is, in part, due to the assumption of
monoenergetic primary photons used in the theoretical model presented.
The total attenuation for both water and lead are presented in Figures 1.9
and 1.10 respectively. The assumption of a monoenergetic primary photon
beam used in the theoretical mode! is dua to the fact that for water and other
tissue equivalent materials the linear attenuation properties of the linac
spectrum photon beams can be reproduced by monoenergetic photon
beams of an appropriate "effective” energy. For Cobalit-60 photon beams the
low energy contaminant component previously discussed was disregarded
for the purposes of simplification in order to preserve the monoenergetic
beam assumptions of the model. Observations of the total attenuation for
water and lead presented in Figures 1.9 and 1.10 clearly show that the total
attenuation for lead varies in a manner quite different from that of water. This

being the case then, one should expect a monoenergetic photon beam to
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poOssess a qmorent "effective energy" in lead than in water or other near unit
density material like polystyrane.

In an attempt to more accurately model the lead compensator geometries
the éontinuous spectrums of the 6MV and 156MV photon beams were
modeled by a discrate number of spectral ernergies. The spec'tral
distributions of the 6MV and 15MV photon beams used in this work have
been determined by Mackie[3.4] and are presented in Figures 3.22 and 3.23
respectively. The 6MV beam was represented by the five speciral energies:
1MeV, 2MeV, 3MeV, 4MaV, and 5MeV with relative weights of 0.3730,
0.2516, 0.1842, 0.1261, and 0.06566 respectively. The 15MV beam was
approximated by the seven spactral energies: 1MeV, 3MaV, 5MeV, 7MeV,
gMeV, 11MaV, and 13MeV with relative weights of 0.2410, 0.1880, 0.1566,
0.13735, 0.1181, 0.0988, and 0.0650 respectively. The Cobalt-60 beam was
modeled by a beam with two spectral components of energies 1.25MeV and
250keV with relative weights of 0.95 and 0.05 respectively. The results
obtained for the lead compensator cone geometries using these spectral
component beams are prasented in Figures 3.24 thru 3.28.
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Figure 3.23 Spectral distribution of the 15MV photon beam.
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Figure 3.24 Compensated dose as a % of bolus dose for the lead cone at
9cm depth (comparison between measurement and calculation with

spectrum (a) Cobalt-60, (b) 6MV, (c) 15MV.
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As with the calculations invoiving monoenergetic beams, the degree of
agreement between theory and experiment evidenced by the spectrum
calculations is different for each situation, but the following general
observations apply
a) Cobalt-60 A

i) atall depths the degree of agreement between theory and
experiment is improved over that achieved with the monoenergetic
calculations.

ii) at21cm depth the improvement achieved with the spectrum |
calculations is marginal. The region of agreement is extended from
the -2.5 to +2.5cm region with the monoenergetic calculations to a -
4.0 to +4.0 region with the spectrum calculations.

b) 6MV
i) at all depths the degree of agreement between theory and
experiment is improved over that achieved with the monoenergetic
calculations.

ii) although improved, at depths of 9¢cm and 12cm agreement within
experimental error is not achieved at any point over the entire field of
measurement. Disagreement is greatest within those regions nearest
to the surface cone where electronic equilibrium dose not exist.

iif) at 15cm depth agreement is achieved over a limited portion of the

field. Agreement is not achieved within regions nearest the surface
cone, near the field edges, and within and beyond the penumbral

regions of the beam. Theory again overpredicts for regions near the



field edge and nearest the surface cone where electronic equilibrium
does not exist.

iv) at 17cm and 21cm depths agreement is achieved except for regions
near the field edge and within and beyond the penumbral regions.
Theory overpredicts near the field edges.

c) 15MV

i) at all depths the degree of agreement between theory and
experiment is improved over that achieved with the monoenergetic
calculations.

ii) at 8cm, 12cm, and 15cm depths agreement within experimental error
is achieved except within regions nearest the surface cone and within
and beyond the penumbral regions of the beam.

iii) at 17cm and 21cm depths agreement exists between theory and
experiment except for regions near the field edges and within and
beyond the penumbral regions of the beam. Theory overpredicts near

the field edges.

Collectively these graphs, Figures 3.02 through 3.21 and 3.24 through
3.28 reveal both the strengths and weaknesses of the theoretical approach
taken to model the experimental ggometries examined. With the exception of
the lead cone geometries, the monoenergetic primary photon model
achieved agreement, within experimental error, over large portions of the
field of measurement for a wide range of depths and energies. Regions
where theory fails to achieve agreement are those near the field edges,
within and beyond the penumbral regions, and near the surface cone in

regions where electronic equilibrium does not exist.
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Failure to achieve agreement in regions beyond the penumbra is not of
great importance since even though the relative disagreement between
theory and experiment can be substantial, the absolute dose in this region is
minimal and thus the absolute disagreement is also smalil.

Disagreement between theory and experiment in the penumbral regions
and regions nearest the surface cone where electronic equilibrium does not
exist are to be expected and arise from the assumption of electronic
equilibrium implicit in the theoretical model. This is born out by the
observation that the disagreement observed in these regions is always
manifest as an overprediction by theory. This serves as a major limitation of
the theoretical approach and can only be overcome by the inclusion of

electron transport into the model.

The overpredictions observed near the field edges for some geometries
are most likely due to the way in which the penumbral characteristics of the
primary photon beams were represented. As discussed earlier, the intensity
profile of the primary beam was determined from experimental in-air
measurements of the beam intensity. These greatly reduce the contribution
of scattered radiation to the measurement(in comparison to that which would
be observed in an in water measurement) but does not eliminate scatter
completely as scatter generated from the surrounding air and the collimators
is always present. This scatter contribution is not critical near the centre of
the beam but leads to an overestimation of the srimary beam intensity within
the penumbral region. This overprediction results from the fact that in reality

the primary and scatter dose gradients differ greatly in this region as the
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scatter contribution is increasing relative to that of the primary. This produces
a broadening of the panumbral region and a subsequent artificially high
primary intensity prediction in this region. The increased primary in the
penumbral regions, in the calculation predicts a greater scatter contribution
to adjacent volumes, resulting in overpredictions near the field edges. The
field size used in this experiment was intermediate to those employed to
determine the above intensity profiles and hence the field characteristics for
this field were determined according to the method of interpolation already
discussed. This may also have contributed to the overpredictions seen near

the field edges.

It has been shown that the mean energy of an X-ray beam produced by a
linac is not constant across the entire area of the field[3.5]. In particular, it
decreases as the distance from the central axis is increased. The results of

Mohan, et al [3.5] would suggest that near the field edges in these
experiments the mean energy of the 6MV beam has decreased by = 5% and

the mean energy of the 15MV beam has decreased by = 10%. Examination
of the linear attenuation properties of polystyrene, aluminum, and lead
shows that such an energy degradation with increasing distance form the
central beam axis would result in increased attenuation along ray paths
directed toward the field edges. This effect would also result in an
overprediction on the part of theory near the field edges as the fields used in

the model were monoenergetic.

The results obtained with the lead compensator geometries demonstrate

the limitations of the monoenergetic primary photon beam assumption when
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Iead(and presumably other high Z materials) are used in 6omp9nsator
construction. A greater degree of agreement is achieved by resortihg to a
polyenaergetic beam approach but the degree of improvement achieved is
less than desirable. This may indicate the need to take into account the
contribution due to Bremsstrahlung photons generated in the lead
compensators.

In ganeral, tha degree of agreement between the theoretical pfedictions
made in this thesis and exparimant is quite good, considering the number of
simplitying assumptions incorporated into the theoretical model. Inclusion of
second order scattering, photon interactions other than compton scattering,
and slectron transport would undoubtedly increase the accuracy of the
model presented but the potential gain would seem unwarranted in view of
the level of the added complexity which would be introduced. Agreement
between theory and experiment is seen to be greatest with polystyrene
compensators, poorest with lead compensators, and intermediate with
aluminum compensators. From this observation one might conclude that ihe
theoretical approach used here best describes compensators constructed
from near unit density materials. This, combined with the observation
concérning lead geometric compensators expressed at the end of Chapter
2, would suggest that lead is the least desirable material for compensator

construction.
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Chapter 4

Optimized Compensators

But the years of anxious saarching in the dark, with their intense longing,
their alterations of confidence and exhaustion, and the final emergence into
the light - only those who have experienced it can understand that.

Einstein
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IV OPTIMIZED COMPENSATORS
4.1 Theoretical Considerations

The results obtained in Chapter 3 with the theoretical model demonstrate
the utility of this approach based on conqi\deration of only zero and first order
scatter. With the good agreement obtained between theory and expariment
using polystyrene compensators, it is natural to extend the theoretical model
to predict the shape of an optimized compensator which will accurately
restore the desired bolus dose distribution.

As a starting point consider equation 3.3, for the dose at point P within a

phantom, rewritten as

D =Dg gHBa b + Dp + D¢ {4.1)

where Dg is now the primary dose at P with no compensator in the beam,
and le=primary path length through the compensator with surface z=f(x.y) as
shown in Figure 4.01. With the optimized compensator of Figure 4.01

equation 4.1 becomes
D = Dy eHelEo) L 4 Dp + De (4.2}

where le=the primary path length through the optimized compensator with

surface 2=g(x.y).

Dividing {4.1} by {4.2} one obtains
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2=f(x,y) z=g(x,y

(@) (b)

-

Figure 4.01 Compensation with (a) a geometric compensator, (b) an
optimized compensator.
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D. Do e-He(Eo)le . Dp D,
D DO GNG(EU) Ic"'Dp"’Dc Doeuc(EO) |°+Dp+ DC DQGI»L-EO) 'c+ Dp+Dc
{4.3}

Assuming that the predominant change in dose at P in going from the
original compansator 2=f(x,y) to the optimized compensator 2=g(x,y) is that
due to the change in primary dose, and that in both cases the primary
component is predominant, one may drop the last 2 terms of equation 4.3

and write it to fifst order as

_D_ Do e-#elEo) fe
D Do Q-Hc(Eo) k {4.4)

Equation 4.4 may be also written as

R(r) = DoerelBll - o En at
Do e#e(Eo) e {4.5)

where lc = lc + Ale, since D’= bolus dose. Thus to first order

Alg = - - In(R(r))

He(Eo) {4.6)

Equation 4.6 may be applied iteratively to define the desired optimizing

compensator surface z=g(x,y) .



4.2 Results and Analysis

Using this approach, it was determined, after two iterations, that a
polystyrene compensator cone of 12.26cm he_ight and 8.9cm diameter would
produce a dosé distribution very close to the desired bolus dose distribution
at a depth of 17cm with Cobalt-60 photons. Figure 4.02 shows both the
theoretically predicted and experimentally measured dose distribution
produced by this optimized compensator. Excellent agreement is seen to
exist between theory and experiment and the desired bolus dose distribution
is reproduced to within experimental error over 85% of the fisld area.
Agreement to within £ 1.7% is achieved over the entire area of the field
except within penumbral regions. The degree of improvement obtained with
this optimized compensator is further seen in Figure 4.03 in which the
experimental results cotained with this optimized compensator are
compared with the experimental results obtained with the geometric
polystyrene compensator at this depth. For the latter arrangement the
maximum deviation from bolus dose at 17cm depth with Cobalt-60 photons
is -13.5% and occurs directly below the tip of the surface cone while the
minimum deviation from bolus dose is about -4% and occurs at the field
edge. In the optimized compensator geometry the maximum deviation from
bolus dose seen with the geometric compensator directly beneath the
surface cone tip is reduced to zero and the minimum deviation from bolus
dose at the field edges is reduced to -1.5%. The overall improvement in
restoration of bolus dose achieved with the optimized compensator is

dramatic as Figure 4.03 clearly shows.
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Figure 4.02 Compensated dose as a % of bolus dose for the optimized
compensator at 17cm depth with Ccbalt-60 photons (comparison between

measurement and calculation).
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Although this optimized compensator is designed for 17cm depth with
Cobalt-60 bhoton_s. if is of interest to investigéte the degree of combensation
provided ai other depths with Cobalt-60 photons. To this end, the dose
distributions obtained with this optimized compensator at depths of 9, 12, 15,
and 21icm are compared to the dose distributions obtained with the
geometric polystyrene compensator at these same depths with Cobalt-60
photons in Figures 4.04 thru 4.07. At 9cm depth the maximum deviation from
bolus dose within the primary field, which occurs near the surface cone is
reduced from -13% with the geometric compensator to -6.5% with the
optimized compensator. The minimum deviation from bolus dose at this
depth occurs at the field edge and is reduced from -4.5% with the geometric
compensator to -2.0% with the optimized compensator. This dramatic
improvement in the restoration of bolus dose achieved with the use of the
optimized compensator occurs at all depths with Cobalt-60 photons. The

improvements achieved are clearly evident in Figures 4.04 through 4.07.

Although the compensator which is designed to provide optimum
compensation at 17cm depth with Cobalt-60 photons is not the correct
geometry to provide optimum compensation at other energies, it can be
employed to further test the predictive power of the theoretical model
presented hare. In the discussion and figures to follow, this compensator
will, for the sake of brevity, be referred to as the 1226 cone. Using this 1226
cone with 6MV and 15MV photon beams at all experimental depths, the

theoretical and experimental dose distributions presented in Figures 4.08

~.

through 4.12 were obtained. Figures 4.11(a) and 4.11(b) show the results‘

obtained with 6MY and 15MV photons at 17cm depth respectively.
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Figure 5.02 The anthropomorphic phantom - anterior view.
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Agréement between theory and experiment(within experimental error) is
seen to exist oVer 60% of the primary field at both 6MV and 15MV. As in the
case with Cobalt-60, the discrepancies between theory and experiment are
greatest nesar the field edges. Within the fisld edges(primary field) the
maximum absolute discrepancies seen for these two geometries are no

greater than 1.5% at 6MV and 1% at 15MV.

As was seen in the comparisons presented in Chapter 3, discrepancies
exist nearest the surface cone at depths of 9cm, 12e¢m, and 15cm for both
energies. These discrepancies are manifest as overpredictions by theory in
accordance with tha inability of the theoretical model to correctly handle
situations in which electronic disequilibrium exists. Discrepancies are also
seen at all depths for both energies within and beyond the penumbral

regions of the beam.

Overall, the extent of agreement between theory and measurement seen
in Figures 4.08 through 4.12 is very good. The maximum absolute
disagreement between theory and experiment within the primary field is
found nearest the field edges and even in the worst cases is less than 2%.
These results add further weight to the evidence provided in Chapter two of
the validity of the theoretical model to both accurately model experimental
compensator geometries, and to predict the shape of a compensator which
will provide optimum compensation at a designated depth and improved

compensation at all other depths. .

This data(both theoretical and experimental) also reveals a most

interesting volume effect, which has been observed by others. Examination

174



of Figures 4.03 through 4.07(and 4.08 through 4.12) reveals that the
accurate restoration of bolus dose at a designated depth provided through
use of an optimized compensator results in volumes above this designated
depth being undercompensated while volumes beneath the designated
depth are overcompensated. This volume effect which is produced through
use of an optimized compensator may be of important clinical relevance. In
any case this volume effect does not negate the dramatic improvements

produced at all depths through the use of an optimized compensator.



Chapter §
An Anthropomorphic Geometry
As far as the laws of mathematics refer to reality, they are not certain; and as
far as they are certain, they do not refer to reality.

Einstein
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V An Anthropomorphic Geometry

5.1 Experimental Parametars

In actual clinical use compensators are required to deal with the irreqular
surface of real patients. To investigate the applicability of the analytic
machinery developed in Chapters 3 and 4 to a clinically relevant geometry
an anthropomorphic phantom of the neck region was constructed. This
anthropomorphic phantom, shown in Figures 5.01 and 5.02, was constructed
of horizontal layers of paraffin wax. The surface contour of this phantom was
defined by an immobilization shell specific to the head and neck region.

Paraffin was also used to create the bolus geometry shown in Figure 5.03.

Paraffin (C3sH74), which has a mass density of 0.905 g cm3 and an
electron density of 3.806X1023 e cm=3, was chosen for its near unit density,
its ease of use in construction, and its availability in pure form. Both the
phantom and its corresponding bolus were constructed by pouring molten
paraffin into appropriate molds and allowing it to solidify. A wax geometric
missing tissue compensator was also constructed for this geometry using a

rod box of the type first described by Watkins[5.1].

Dosimetry was provided by TLD in the form of Lithium Fluoride chips.
Small holes were carved along the axes at each layer boundary in the
phantom to accommodate these dosimeters. The location of the points of

measurement are indicated in Figure 5.04. The phantom was irradiated with
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Figure 5.01 The anthropomorphic phantom - side view.
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Figure 5.03 The anthropomorphic phantom with bolus.
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Figure 5.04 Location of the measurement points
at each layer in the anthropomorphic phantom.



6MV photons both in the compensated, uncompensated, and bolus

configurations with the central beam axis normal to the horizontal layers.

The highest point on the phantom, corresponding to the chin, was set at
100cm SSD which served to define the bolus surface. The depth of each
measurement layer is indicated in the principal axis cross section of the
phantom-bolus arrangement shown in Figure 5.05. As was the case in the
conical geomaetry, uncertainties in all dose measurements were determined
by making each measurement a number of times and determining the
standard deviation of these measurements. Propagation of error was

determined according to the formulas for limit error.
5.2 Experimental Results

Measurements obtained at each layer boundary in both the
uncompensated and compensated configurations are expressed as a

percentage of bolus dose and are presented in Figures 5.06 through 5.15.

Figures 5.06 through 5.15 reveal large deviations from bolus dose in the
uncompensated dose distributions. Maximum deviations from bolus dose are
seen to range from +16% to +28% without compensation. All compensated
dose measurements are less than those with bolus, with the deviation
varying from point to point at each layer. At no point of measurement is the
desired bolus dose restored. At some points the absolute deviation from

bolus dose is in fact greater with compensation than without.
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Figure 5.05 Cross sectional view of the anthropomorphic
phantom-bolus configuration.
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The mean deviations from bolus dose along the axes at each layer are
presented in Table §.1. Signed deviations indicate that all values were gither
greater than (+) or less than (-) bolus dose while unsigned values are
absolute deviations as measurements both greater than and less than bolus
dose were recorded along that axis. Along the X-axis the mean deviation
from bolus dose is smaller with compensation for layers 4 and 5 while for
layers 1,2, and 3 the mean deviation is larger with compensation than
without. Examination of Figures 5.06 through 5.15 and Table 5.1 clearly
indicates that the degree of compensation achieved with a geometric
compensator specific to this geometry leaves much to be desired and the

need for improvement is obvious.
5.3 Optimized Compensation

The thearetical approach developed in Chapter 3 has shown its ability to
accurately model the dose distributions experimentally observed for a
mathematically describable geometry. In Chapter 4 the theorstical model
was used to predict the shape of 2 compensator which would provide
optimum compensation for the mathematical geometry of Chapter 3. The

accuracy of this prediction was experimentally verified.

To test the model's clinical usefulness the geometry routines of the
program CONE were rewritten to handle irreqular surfaces. The new
program created, calied IRREG, was applied to this anthropomorphic
phantom and, as in the case with the conical geometry, after two iterations,
produced a predicted shape for a compensator which would restore the

bolus dose distribution at layer 3. Thickness profiles along the Y-axis for
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both the geometric and optimized compensators are shown in Figure 5.16 for
purposes of comparison. As can be seen from Figure 5.16, no simple
relationship exists between the geometric and optimized geometries. This
optimized compensator was constructed of paraffin wax. The experimental
results obtained with this optimized compensator are presented, in

comparison with theoretically predictions, in Figures 5.17 through 5.21.

At layer 3 the optimized compensator accurately restores the desired
bolus dose distribution within experimental error (x2%)over 70% of the field
area.Restoration to within 3.5% is achieved over the entire area of the field
with theory and experiment agreeing within experimental error at all points of
measurement. At the other debths. below and above layer 3, agreement
within experimental error is seen to exist between theory and e_xperimen't
except for a few points within and beyond the penumbral regions of the
beam. Again, it is seen that depths above the plane of optimization receive
doses lower than with bolus while depths below the optimization depth
receive doses greater than with bolus. This effect is a desirable as it acts
counter to the natural increased attenuation of the beam with increasing
depth and thus enhances the dose uniformity achieved in a volume
surrounding the plane of optimization. Comparison with the results obtained
using the geometric compensator specific to this geometry clearly
demonstrates the utility of this approach to the design of effective tissue
compensators which achieve the goals for which they were originally

intended.
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Conclusions

The most incomprr:hansible thing about the world is that it is
comprehensible.

Einstein |
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VI Conclusions

The exparimental investigation of regular mathematically describable
geometries has shown geometric compensators to be a good first
approximation toward the restoration of bolus dose distribution. It has,
however, also provided ample proof of the need for improvement in
compensator design. The theoretical analysis presented in this thesis has
provided a means by which compensators, which will accurately produce a
desired dose distribution at a given depth both in regular and irregular
geometries, may be designed. It is hoped that this work will contribute to the
furtherance of quantitative analysis of beam modifying devices'and

improved clinical results when compensators are used.
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