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Abstract

Tissue compensators are a widely used raqiotherapy
technique 1intended to accommodate. 1arge changes 1in
npatient oontours. In'order to. preserve the ouild;up
characteristics of high energy beams, resulting in so.
called “skin sparing" these compensators are commonly

‘ retraeted away fnom the patientlsurfhce to a distance
which wiiiure-establish the open field buiidgup. curve.
-To acoommodate the change in'vgeometry the lateral

‘dimensions of the compensator are reduced whiie the

thickness along any ray. path vemains fixed

Removing the compensator from the surface .resuifs
in a progressive change in the dose received at points,
within the phantom, and the nature and magnitude of the
change 1s not readily predicted by simple analytical °

teehniques.“

. Experimental results for *°Co, 6MV, and 15MV photon
“beams aﬁe investigated, for field sizes from 5X5cm’ to
20X20cm?; for depths in phantom up to 13cm, and for
compensator materiais of poiystyrene and;iead. These are

compared ~ with ‘p;5g1e§]ons based wupon -scatter and

. attenuation. / T ' .

It is conciuded that in many cases the magnitude of -

'the resultant dose alteration is sufficient to warrant a



more accurate tr-eatmefqt than {is presently under‘takén.
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I _INTRODUCTION

-

: The discovery of x-rays dates back\ to 1895 ‘when
Wilhelm Rqentgen. while 1nvéstigating tLe propertfes of
e]ectr&ﬁs. discovergd that rays §ene;a%ed by a cathode
ray tube pfoducedﬂ- flqoﬁeécence in a
platinum-barium-cyanide screenflocated at some \distance
frém the tube. Roentgen wai_able to show that these
ra;s, which he called x-rays, _had great penetrating
poier through qatter.'%he first apparatus which ée11ab1y,
.produced - these‘x-rays was construqted'by Coolidge a few

years later. -

Hithiq a few years of their discovery, x-rays' were
beiﬁg employed in medical treatment. Amopg those first
Ep be treated with «x-rays were pat1ents/ with tumors
located oh; the surfacé of the skin. Other Eonditions
treated w%th radiation 1in the early i900's were
tuberculosis, chronic ear 1nfeqtfpns, peptic ulcers, and.
such skin diseases as ring worm, scabies, and eciema.
A1l of theée diseases were untreatJble by any other

method at'that.time.

Today radiotherapy stands as'ohe‘of the three major

modalities-enp1oyed fn cancer treatment, Varying_degree;~
. - —
of damage are exhibited by all cells upon._exposure . to

Jéadigtion. Thus 1in radiotherapy treatment it is always

/



preferable to arrqnge*thc radiation beams {in such a
manner’ that a high dose 1s delivered at the tumor site,
while at the same time as low a dose .as possible is
delivered elsewhere, so as to inflict maximum damage “Yo
the tueor wh1fe {nf11ct1ng .as 1ittle damage as s
poSs1b1e to the surrounding healthy tissue. Clinfcal
experience has shown that as little a diffe(ence‘as‘£10%
lies between a dose that wil]wdo stgpificant damage to a
tumoi\without damaging the surrounding tissue and one
that wil1(1). The ICRU concludeés that “the available
ev1dence for certa1n‘}ypes of tumors points to the qeed
for an accuraty of 5% in the delivery of an abpﬁ?f:;

dose to a target volume 1f the eradication of the

primary tumor fs sought".(2) ‘ -

It is therfore necessary to be able to determine as
accurately as possible the dose that‘w111 be de]ivered
to differeﬁt regions of ‘the% body resulting from
irradiation.  In doing so it 1s often desirable to have
the 1sodose %urves(contours of constant dose) wi%hin 2
patient una1tered by the patient's sdrface coutour. In
the case of highly irregular surface areas, most notably
the head and ngk regions, the problem of compensating

for patient contour can be most acute.

One method of solving this problem is to f{11 1n

the "missing tissue" with a unit density material,

\

Ny (

-



i . . 3
' . A

57ca11ed bo1us. -This 7procedure has the advantagev of

'[‘tpresent1ng the 1nc1dent beam with a flat surface This

"solution, however, has the disadvantage of the 1oss- of

¢

h,skin. sparing. ' Sk1n sparing, “which ‘1s4 a;particu1ar
‘advantage of high energy photon treatment 1s» lost due,
to the. occurance of %he bu11d up region within the bo]us
,materia] rather ‘than below the’ patient S, sk1n However,v
1f the bolus, 35}, tissue‘ compensatiﬁ% materia] 15'
retracted away from the. patient 5, surface, as eist shownL
i‘fn' Fig.#l, ‘then partfal skin sparing wi]] be restored

o

/ﬁThe" degree' to ~which ° sk1n ~sparing is restored is

o

'idependent upon ‘a number of factors,’one of which 1s ‘the”
“d1stance of retractiaﬁ B Such , retracted . tissue‘
comoensators can be constructed of> a» unit density.
naterdaT 'such as wanb o§éa materia] of higher density,

such as lead(with corresponding]y reduced thickness)

Retraction of the compensator material not ‘only

;ﬁa1ters the surface or skin dose, as mentioned above, but

'fiit a1so alters the dose at a given depth The alteration

of dose 'at depth' primarily due to a reduction 1nr
h»first order scattering and a1terat1on of the primary ray
'path o ' o " o
ol The 1nveStigatfon of‘both thelalteration'in Surface‘
~ dose and dose at depth resu1t1ng from th1s retraction

'5.process is the objective of this work The a1teration 1n

~
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dose was fnvestigated as a function of retraction
distance, field size, measurement depth, compensator
. thickness, compensator material, and energy of the x-ray '

beam,

This study has been organized into both.theoretica1
and'experimentaT sections. The theoretical section,
which covers the basic concepts of the 1d%eraction of

radiation with matter, the production of radfation ~for

Y

-rad*btherapy tréatment, and dosimétry, consists . of

; ‘Chaptéré I1 through lV while the'eiperimenta1 section is

. contained fin chapter V. Conclusions are preﬁedyed in

"Chapter'VI. “

b
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Il Interactions of Radiation with Matter S
- 2.1 Photon Interacttons |

3

2.1.1 Photoﬁ‘Attenuation
If a para11¢4 beam of X-rays 1; 1ncident upon a
thickngss of material‘the*f1uence of theAemerQe;t beam"
is found to be less than that of the incident beam. The
narrow parallel'ingidént begm‘of fluence ¢°.of Fig.#2
;wh{ch transits the slab of material of infinitesimal
thickness dx will be diminished in f1uence by an amount

d according to the re]ation

dd « -odx
or

do = -pddx [2';1]

The constant of proportionality, u; 1s,‘ca11éd the
11near attendation coefficient, and it represents the
fraction of energy removed from the beam per “unit path '

Iength. Rearrang1ng [2.1] one obtains

d_g__udx [202]
and upon integration [2.2] becomes
o= g™ - o [2.3]

3
oy . /

whére 9, is the initial beam fluence‘and ¢ the resul;aht

. - °
7 ‘ . - _‘\ \
v N

N 6.
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Figure $2. Attenuation of a narrow parallel beam b_y a

' \/{ . thin absorber.



_— N ' ~ coo T 8
‘ beam fiuence upon transiting a thickpess X of materiai'P- |
fThe thickness ,tr of absorber requfred to attenuate the
beam by a factor of-e is cailed the mean free path yof -
t‘the incident photons Such a thickness, or path 1ength
:'represents the »mean distance traversed by a photon in'
the absorber medium between successive interactions dand
- is ‘equal ;t’o the 1inverse of the linear at.t,enuati'o‘n",

'coefffcient,ufl,’ L :

o

| The decrease in fiuence of the beam fs the result
jof h_ removai of photons from the beam due;tO‘the‘
ﬁinteraction of a fraction of the photons of thg beam‘
mwith the matter through which the beam 15 passing. These
’interaction processes are statisticai in nature,and"'
*;hence Y] to is the- removai of photons fron: the 7beam.'}
fiThus 'the‘ Tinear 'attenuation coefficient v, is(for
. narrow beams) aiso the probabiiity of pboton interaction
’per unit path 1ength These interactions which remove
'photons from the beam can be classified into two general
categories. interactions/ which remove ’ photon ,»by
absorption"and interactions which remove a photon by
scattering it out of the incident beam.. Theseftwo types'
:iof interactions are iliustrated in- Fig #3

‘The above does not strictiy apply to'the"situation!
in which the beam is non- narrow, or broad The reasonp'

'for this, as iilustrated in Fig #4 is that some of the

Cg

SR

-

a

£l



Scattering

{ I

D

. ’ 7 .
. a . T » -
| ——t— | R |
o “Rbsorption ////// , | _ Detector / . -

.

%

<«
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scattered photons generated from a re1at1ve1y large area
. mayrbe scattered 1n such a manner as to be 1nc1dent upon
the detector. Thus the attenuation of the incident beam
as measured by the detector 1n the broad beam geometry
of Fig.#4 wib} be- less than that_ measured by the
detector 1in the narrow beam geometry of dFig #3.
Attenuation for broad ‘beam geometry will no longer be

,' strictly exponent1af but may be described by

¢ = dse "*B(x,A,d,hv) - [2.8]

where B is a modification factor, often refere® to as a

xj'buﬂd up" factor, which is a function of. absorber

/%hickness X, beam area A; distance of detector from the

absorber d, and incident beam ehergy hv.

An X-ray photon may interact " with the orbital
1e1eotrons, the Coulomb field of. the’nuc1eus, or the,
nucleus itself of an  atom. Thus the probability of
1nteraction w111 be proporfiona] to the number of
interaction sites and » - «* 7 pe proportional to the

.. density. of the -abs-rx: v+ {s often convenient to

expfess attenuation ixawsendenl of absorber density and

this. may be aChieved by 41+~ ng the 1inear attenuation
Vbcoefficient u by the density p of the absorber material
The attehuat1on coefficient w/p thus generated is called

f‘the mass attenuation coefficient. .;f the units of u are

-1

expressed in cm then the units of u/p are omzlg and

B »

10



/o thus specifies, the fraction by'which an incident
beam is reduced by a layer of absorber of thickness
,lg/cmz. Similakly .one may also define atomic and

electronic attenuation coefficients'resoective1y as

. A
2 O@

[2.5]

h =
n

.}
&) (4.

where A is the atomic"weight of 'tﬁé :absoroer, No is
Avodadrois number, and Z'is thé'effective atomic number
- of the absorber materiol. If the absorber is an element
then Z=Z, the atomic number of that element, whereas if
‘the ‘the absorber 1{is a compound then f fs a weighted
.average over the atomic numbers of the elements of which
the compound'is composed. Attenuation coefficients for a
large number of atomic numbers over la large range of
photon energies have .been tabulated and pub11shed by
Hubble(3) and the National Bureau of_Standaros(4).

An X-ray beam may be characterized in terms of its -
fluence,d , which is the number dN , of photons incident

normal to area dA
0= N | '  [2.6]
_With the concept of fluence, & , one may define

another quantity_terméd the scattering gross-section g,

i



Consider an G-ray beam of fluence ¢ {incident wupon a

target as depicted in ?19.#51 Of the N photons incident
upon area A of’ the target, dN photons are scattered
through an angle into the solid angle dq .ékd are
'detected 'by the detector. If there are n 1ndependént
interaction or scattering sites in the irradiated area A
then the number, dN, of photons scattered into the solid
angle dQ is given by B

-
- do
-aN Anaﬁ(e)dndxoe (2.7]
*
where a(8) (which has units of area) is the constant

of proportionality specifying the probability of a
photon being scattered thfough,an angle 8 into the solid

angle d2. One may also write o(8) as
' ' [2.8]
-g-g-(,e)dn = do(e)
and thus g%(e) " is called thg d1fferenf1a1 cross

section of the scattering event. Qﬁotons may be

scattered into any angle and h@ﬁce the probabt1ity of a

photon being scattered by the target may be obtained by
integrating the differential scattering cross section,

o(8) ., over all solid angles

1ot * dg(e)dn = §o(e)dn | ‘[2-91&

to obtain the total scattering cross section %ot

12



.

3
<

> >

-
F

4_ . A
v L Sl
. \\\\\

Figure #5. Scattering of dN photons through an angle of 6 into the
the solid angle dQ.



. 14
Thus the total number of photons “dNpor scattered )

out of the beam(assuming narrow beam geometry) is

dNoor = § dN = ¢n§o(e)dﬂ.= onor g [2.10]
. Now the number NTOT _of photoﬁs fncident on the
target 1is A ‘and hence the fractional  decrease(or

attenuation) ofgthe beam due to the target is

10T _ Mot _ » | [2.11]

o1 O £oT0T

dN
N

Thus if the scattering éftes are taken to be the atoms

in the target then "

=
]

ko)) =
>

ozl

. a°toT
or - [2.12]

0 - - - A
e’T0T ~ Ye N.Z

tf the scattering sites are taken to be the electrons. A
large number of cross sections are of the~orLer of 10f24
cm2 and thus cross sections are often given in terms of

barns(b), where

~

1 barn = 1b = 10724 ¢pm? [2.13]

2.1.2 Coherent Scattering

—

There are a number of different mechanisms by which

N
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photohs may fnteract witv ;ho‘matter through which they
pass. Each of tﬁq interactions serves to attenuate the
primary beam and in the process transfer a varying
amount of energy to mati;r. One such interaction which
transfers no energy to the dttenuating_medium is that of

Coherent scattering.

The process of coherent(or Rayletgh) scattéring is
depicted 1n Fig.#6. Here an X-ray photon is incident
ubon an atom but does ﬁot‘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 dtfferentiai\bross ,'

l
section for coherent scattering is given by ‘

do -

a’ﬁ .

[2.14]
COH a

ri 2 5 7)72
= % (1+c0s?8)[F(q,2)] -

-15

where r, = 2.81794X107 " m(the.classical electron radius)

and F(q,Z) is the atom1c form factor. The square of:this
atomic form factor gives the probability that the 2
electrons of fhe interacting atom will recieve a recoil
momentum q without the absorbtion of energy. This
interaction . occures .ﬁainly for low energy 'photons
1ntéract1ng with  high Z atoms and- the resulting
sc;ttered photons are strongly forward -peaked; Thus
coherent scattering Ser!gs'to diyerge the incident X-ray

4

beam.

15
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Another 1mportant 1nteract1on 1s the photoelectric

2.1.3 The Photoelectric Effect

© R ‘
- N,

‘effect. ‘ Nhen an X- ray photon undergoes a photoelectric

»\1nteract1on with .an atom,;as shown in F1gu#7, the photon'
. i . . : N [

: 1s conoletely‘absorbed by the atom end its energy is°®

L 1mparted toe one of the

atoms bound electrons. This

‘electron is thus eJected from the atom with an, energy

vE_ ='hv - E

where hv is the energy of
Mthe binding energy of
fexcited atom thus created

em1ssion« of fluorescent

*”Thus a photoelectric 1nteract10n can only occu; 1f the',)
energy of “the 1nc1dent photon(hV) 1s greater “than the

‘binding energy of the» electron . to be ejected " The

B

’

P .3

the incident photon and Eg s

the electron in the atom. The

returns-to* ground state via

radiation and Auger electrons

of 1ncident photon energy with dﬁscontlnuitleseexisting

Cat the bihdlng energles of d1fferent electron shells as '
~ shown in Fig.#8. The photoelectrlc cross sectln 1s als0 :

an increasing function

' approxlmately3 80%“ of

involving 'lthe ~'K-shell’

of vbfndlng energy with

~ photoelectric ‘1nteract1ons

'electrons; . The atomic

photOelectrjc'cross section variesvapprdglnately as

S 24
a® “(r®

2 _v-'[2.16]'

AT paas)

ov.photoelectrlc cross section T, is a decreasing function._,“‘
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for low energies, and

* for high energies.

2.1.4 Compton Scattering

'Compton' scattering is an inelastic 1nteract1§\
between an incident photon and what is considered to be
a 1oose1y bound(;e virtual]y free) electron at rest 1n
_ which' the 1ncident photon 1mparts some of 1ts energy to .
the electron, resu1t1ng in a scattered photon‘g£~r€36233“\\\
energy'd an electron set .in motion with some finite
. ‘energy, 25°shown in Fig.#9. | This is the most 1mportanf
interaction for the photon energies of 1nterest in this
work In a  first approximation the binding energy s
taken to be negligible in comparison to the energy, hv,
of the 1ncident photon and the interaction is treated as
heing-e]astic. Thus the<inc1dent photohn df}energy hv is
scattered at an ’angle'.e with energy hv'and a recoil
e1ec©ron is ejectede at ‘an ang1e ¢ with energx< E.
App1y1ngv'conservat10n df energy and momentum to this_
- sftuation y1e1ds the following relations between angle

and energy for the scattered photon and recoil electron.

" 1 | - [2.18]
AL o o)) v_ !



Incident Photon hv

Figure #9. Compton ‘Scatteri‘ng.‘

hv’

Scattered

Recoil
Electron
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22
E = hv a(l cos8)

[+q({T-cosb [?'19]
where . -

' o - hl\). | : ‘ .‘ o : ‘ a

. moci i . ‘ !
. : .
mo = rest mass of electron : g .
~and
. cotp = (Ha)ta'}(‘g)‘

[2.20]

Maximum energy transfer occures when 62180 and ésoi-

. This condition yields

2 T . . :
faxTMNTER ~.  2.21]
hv' = hy o3 - - [2.22]

min =~ ¥ T¥72q . Lé.ced

The compton e]ectron may be scattered at“any angle

from 0° to 180°and the differential cross section dgo
()
giving the probabi]ity of a photon befng scattered at an

- angle 6 1nto the solid angle dq per electron is g1ven by

oy

the Klein-Nishina cross section formula‘

dgo (1-cosp)?) [2.23]

. 1 Y2
aT(®) - 2mic? [1+a(1-cos§7] [“wsze*‘ﬁm

Now the energy of the scattered photon 1s given by
[2.18] and hence the differential COmpton photon energy

“scattering cross-section 1s then

\

\
\



[2.24]

d iy " 3 2._.‘Av‘2
-——(6) € 1 1+cos 26+ 9...(_1_;‘59367)_
- Zmo v 1+a(1 cose) 1+a(1-cose)

o*

and the d1fferent1a1 cross section specifying the energy

1mparted to the recofl electroh do -, 1s "given by
. '”3§4e)a
da - dc d o »

,3—463 = 50 = 3—46) o [2.25]
The angular qistribution cf scattered photons‘and rec011
electrons are illustrated 1n’ Fig.#10. and *Fig;#ll

respect1ve1y. .
A v

"For Tow 1nc1dent photon energies the binding of the

e1ectron must be taken 1nto account The momentum, q,

fmparted to the'electron in Fig.#9 is o
q? = (hv) + (hY_) _‘2hvhv cosd . L [2.26]

and.since binding effects will be important when small
amounts of momentdm are imparted to the electron' the

approximation hv-hv'~0 can be made, and [2.26] becomes
2(hv)

q® 2 (1- cose)
or 2 | | | [2.27]~
B ) | |
c ,
[ ]

and '
q 22“ 51n(6/2)\ S o [2.28]
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Figure #11. The angular distribution of ompton recoil
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Usiqplthis appgbximation, Héésenberg and  dew11ogua
héve generated a multiplicative 'correction' feptor.
called the “incoherent scattering function" S({hy, 6,2),
for.the Klein-Nishina differential Cross §ect10n formula
Qh1ch takes thb accdunt the binding of the atomic
electrons. This correction factbr, S{hv, 8,Z), gives the
probability "that any‘ energy absorbtion  whatsoeyger
results whén alphoton of frequency 1s{§cdttered by an

. N
angle and transfers a momentum ps hv2sin( 6/2)/c to the

electrons of an atom with atomic numbér z"(5). Thus”the-

modified Klein-Nishina cross section, called the

incoherent sCattering cross section, is given by

’

d o

. | o [2,29]
T g (8, = Sthy, 8,2) 2(e) '

‘The méinbéffect of this binding correction s to
decrease the differential 6ross §ection at low incident
photon pnergjes as shown in Fig.#12. Calculated Compton
energy and | angular distributions along. with the
Klein-Nishina cross sections for 1incident photons of
energy 10KeV to SQOMéV have been published in graphical
fprm by Nelms as an ﬁBS circular.(6) |

2.1.5 Pair and Triplet Production

At energies of greater than 2m,c® an “incident

photon méy fnteract with a nucleus and be converted into
! - \
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an electron-positron pair, Such an interaction s
referred to as pair production. The 1{interaction of a
photon with an-electron to produce an electron-posftron
pair is refered to as ‘triplet production and has' a

threshold incident photon energy of 4m,c? .

Thfs process may be understood by considering the

relativistic energy of a massive particle
E2 = p2c? + m3c* : _ [2.30]

The ene'rgy of this pafticle is then
E =% Jpzc2 + m3c* | : : [2.3i]
: )

Classicaly the nggative root 1s discarded as being
~ physically mganingless: but this s not the caﬁe' in
relativistic quanfum-mechanics as 1t has been shownvthat
‘negative énefgy states are required to form a complete
set of eigenfunctions for a given_observab}e. Thus the
energy states of a particle may be represénted as shown
in Fig.#13 so that a particle may have any energy from

. moc2 to + «and from amocz

to -« The assumption of Dirac
for this situation 1{s.that all of the negative energy
1evF1s,are filled at all points in spéce and hence, 1in
the\ case of electrons, a vacuum'con;ists of a sea of
electrons occupying all of the.negative energy . levels.

Such a picture suggests the possibility of raising an

& o,
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electron from a negative enerj;,/ﬁevel to a positive o

’R’

h
'4 .
By

.
3

5.\“‘i3

L
LI

energy level by the absorbtion of a photon of energy hv/ ”;?f

z‘Zmocz. Energy conservation xequiras the presence of i
third particle, such as a nucleys or an e\ectron(of
positive energy), 1in this excitation process. The
vacancy or hole created in the negative energy levels by

this excitatlion process is 1dentified as an antiparticle
, ) e

and thus, in the case of electrons, .the excitation.

process creates both an electron and a positron;_

A solution - of the time-dependent,
N [

equatfon for a free par;icle in one dimehs*:ﬁn may be

written as

¥, (x,t) = pe' (kx-uwt) [2.32]
where

E =%t
and - .

p = Hhk N
or

L ¥ xt) = pel /AN (Px-EL) [2.33]

For positive E this represents a particle moving in

the x direction according, to

px - et = constant . [2.34]

N

or, choosing the constants=0,
I’

.Schrodinger Wy

Y

o

¢

Jia
‘.

4
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) E-i] ' 3 | . : . . ' S .
= [EHe (e | | f2.35]

1For the hele or'antfphfticie with E" <0 one has

| '\y';(,x,t) _ el i/8) (px-E7t) o r2.361
'and [2 35] becomes’ ’

: Ll L 1Ly L

X [pj t=5 (Y o [2.371

<

4and thus the positron thus created may be considered as S
' either a particle of negat‘ve energy moving forward 1n'

,time or a part1c1e of p051t1ve energy mov1ng ba

.- time. o Consideration of the motion

antiparticle 1n" magnetic f1e1d 'requires Fﬁﬁ
‘antiparticle ,movjng backward in t1m0 have an oppos tej:\;w’
gharge'tolthat 5?- its comp]imentary partic]e movimg :
"forwardi'in time.‘ bThis situation may be representedf
,grapn1ca11y in: a Feynman diagram”as sﬂown in =

\

: ¥
Here the posit1ve ghergy
9,

Fig.#14.

rt1c1e(e1ectroh

forward in  time 1n the positive x d1rect on wh}Te the

_antiparticle ‘with. positive enerdyt
P

-min' the positiée X direction but baé%wards in time.y The

positron) a]so moves

o arrow ofgvﬂch particle points in the dtfe&tion of the

4 . ..

e v B _ : oot

part1c1es momentum.

“Pair produ;tion.méy}bgm‘représenten in a  F§ynman

° . ™ e
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vdiageam, as’ shown 1n-Fjg.#15, and be gimeh one of two

eqdivalent interpretations. . In the'first 1nterpretatidn‘

a,pheton is cdhverted, in the preseénce of another

particle(not shown), into ‘an e]ectron-poSitrOn patr. The
electron moves forward in time-‘with'positive energy’

‘while the positron also moves forward in time but with’

negative energy. In the second 1nterpretat10n a posftron

with ‘positive energy is moving backward 1n t1me in the-

positfvelx d1rect1on This pos1tron is scattered Wnto an;

e'lectron moving forward in time by an inciden@photo

The atomic cross sectfon v ol s fdr pair

@,

: 1s found to be roughly proportienal to Z2

“t2.38]

~ 72
mw-=
3 Zz

‘.\‘(
& ' o ‘~,

vglues of pair and triplet production cross . sections:

* have been tabulated by'Hubble in NSRDSaNBS,29,(7)

2.1.6 Other Interactions

Photons may undergo 1nteractions with'matter”'ether

W

than the four(coherent scattering,.photoe]ectr1c effect

compton scattering, Jand pair and trip]et production)

-

'1nterectioh§ discussed abeve.’but their 1mportance:f1n"

the q:gergy range employed in th1s work 1s negligib]e.

The possib\e photon 1nteract10ns with matter may be

.‘clessified according tdi-th particle -with”whichethe

t 33
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~~— photon interacts and the type of 1hteract10n.wh1ch_takes
place. These interactions are presented 1in table #1

according to this classiffcation. This table is adapted

‘from Hubble(8). - Of the interactions.listed, only the -

photonuclear reactions (Q.n) and (y,p) for which o=l

needs 'mentfon.; This fnteractidn consists - of the
absorbtion - of an 1dt1dent photon by a nucleus and the

‘subsequént~emission of a neutron or proton by the

huqt@us. ‘This 1hteract10n is charactérized by a broad”

‘peak(or “giaﬁt;resonance") in 1ts cross section centered
' abouf é4MeV-for 1qw 4 nuciei ahd decreasing to about
‘IZMeV for high 2 nucled. ';or lead, which was used in
this work the. threshhold energy for (y,n) and (Y,p) are
7 ¢hev and 8.0MeV respectively and the <cross section
peak occurs at~13.6MeV with peék width at half-maximum

of 3.8MeV. The value of o at this peak is 0.5b and as

' 'sych' constitutesb' on)y= about 2.7% of the total

atténuatioh cross section qf lead Qt‘this energy value,
This photon energy occurs-as only one componenf of the
15MV ‘spectrum of photon energies ranging from 0 to 15MeV
with mean  energy of- about 5MeV and hencgwhthe
contribution to the ¥0ta1 cross section due td‘ fﬁis
photqnuclear interaction may be‘ safely 1gnoreq} '*he
total attenuation cross section[islthe sum of all “cross

sections csnikihptiﬁg«at this energy. The contributions

to photon attenuation resulting.. from ~ the other

35



‘interaction

ﬂTpr‘of Interaction

production

with
Absorption Elastic Inelastic
‘ (coherent) (incoherent)
Atomic Photoe1ectr1c"Ray1éigh Compton
electrons effect scattering Scattering
~ C. * _ * ;
Nucleons Photonuciear Elastic Nuclear
"reactions nuclear resonance
.scattering scattering
. . _
Electric -~ -Pair and Delbruck
field of Triplet scattering
charged production - .
particles * -
Mesons Photomeson

* of special tnterest in this work

\

Table #lQ Photon interactions with mattei.

36



- 1interactions in table #1 are either zero or negligible

‘,fpr the ehergies considered herein(0-15MeV).

" 2.1.7 Relative Cross Sections

T

Af any gjven fncident photon energy a number or all

of the above mentiohed‘ﬁfn;eraction‘ procesées may be

<taking place according to their relative probabilities.
In the energy range of g;terést ~in  this work(O-léMeV)

all procesﬁ%é except coherent scattering,. photoelectric

effect, cOﬁpton sgqttering, and pair and triplet

production may be safely 1gnofed. The tofal‘photonﬁcrosé

section at any given energy is the sum of the cross )

seétiohs of each 1nd1vidua1 interaction taking place at
that energy. Thus for the energy fanges employed- in this
work the tota]'photon‘cross section,  , may be expressed

as- | o ‘

’+""r+.o. +. - [2.39]

H = 9ol inc

® -

The relative sfgmificance - of the three

interactions(photoelectric, compton; and pair) which

trahsfer eﬁergy from the X-ray beam to the 'attéguating

medium are  {llustrated 1in Fig.#16. From Fig.#16 the

Compton 1nteraeiion 1s seen to be dominant over a wide

spectrum of energy for mgdia of lTow atomic number. The

tota1 phbton'cross section along withk the 1nd1v1dua]
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*

interaction cross sections of which it is composed are
shown _1n*ﬁ‘l-:19.#_17w and  #18 for water  and lead

respectively.

2.2 EIectron Interactions

Electrons .and positrons generated by « the

| photoe1ectr1c effect, Compton scattering, and‘\ pair
production transfer their energy to the medium in which

they are produced by way of subsequent 1nter56t15ns with

-"the. electrons and nuclei of the medium and thus undergo

scattering, The main energy loss mechanism for eiectrons
“is. that of electron-electron{or "~ electron-positron)

Coulomb ‘interactions but electron scattering from such

interactions is small. Conversely, interactions with the

‘

fucleus result in/ little energy 1loss but pro&uce

1y

~significant scattering.

o

2.2.1 Interactions with Atomic E]ectrons

Electrons and positrons undergo both elastic and
inelastic collisions with the electrons of the medium in
which fhéy '1pteract. The incident electrons and

positrons-‘impart a portion of their energy to the

electrons of the medium in each colf?%ion interaction.’

Depending on whether the energy imparted by the incident

elécfron or positron 1is greater than or Vess than the

binding energy of ‘the recipient electron .either

39
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Figuré #17. Photon interaction cross sections for water.
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cur. If the binding

i

then the co11151?n is consider#d aﬁ elastic collision.
If the u1nd1ng' energy is-a significant portién of the
énergy imparted then the collision is cansidered to be
inelastic. -The electrons ejec ! rom the atom in .the
these collisions are calledid—rqys and may have energies
up to half that of the incident eléctron and up to the
entire amount of the incideﬁt positron's energy. These
6—fays impart their energy t "~ medium in tﬁe same
Mmanner as does the incident” tron bragositron. While
the elastic coli1sion has the potentialrfbfrfar greater
eneréy loss by the incident electron %n positron, the
inelastic 'collﬁsion has A far greafer pfobability of
'occufence and it s by 1inelastic collisions ithat

incident electrons and positrons lose - the majority of

their energy and deposite dose.

2.2.1.1 Moller Scattering

o

The scattering of an electron by an electron s
called Moller scattering and occurs by two processes as
depicted in the Feynman diagrams of Fig.4#19(a) and (b).

Both processes 1nyolve ‘the_ exchange of a spacelike

to the energy imparted

AY

o

42

virtual photon ,which transmi&s' only iomentum in the

center © of mass reference frame, between two

indistinguishable electrons and hence the maximum energy,

;)@:ﬂ-g -
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that the incident electron can impart to the other

" electron s half 1ts 1{ncident energy. Since the two

interacting particles are fdentical the determ{nation of
which particular process occured is impossible and hence
fhe amplitudes of the: wave functions describing each
process must be 'added 1n order to determine the tota1

cross section for Moller scattering -

2.2.1.2 Bhabha Scattering '

. - N .
The scattering of a Positroh "&Q‘ electron s

called Bhabha ‘scdptering ~and also occurs by two

[l S

- processes . as depicted‘win the Feynman diagrams of

Fig.#20(a) and (b). Here the two ifnteracting particles

are distinguishable by their charges but ‘the outcomes of'

the two processes are _indistinguishable and hence again
the sum of the amp]itudes of their individual wave
functions is required to determine ‘the ;correct Bhabha
scattering cross section. While the outcome of the two
processes are indistinguishable the processes are quite
different. The contribution to the total cross sj%}ion
from the process in iig.#zo(a). which 1{s cal]ed “the
photon exchange term, results from the exchange of a
spacelike virtual photon which; as in the case of Moller
scattering, transmits momentuﬁ only {in the center of
mass reference  frame while the contribution from the

process in Fig.#20(b), which 1s called the annthilation

’ G

4
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 to '7th 1arge' difﬁenence /1n the mass of the_'
;telectron/posttron and that of - a nucleus. Thus 1n>)sp1te”5
7<af: the fact that the elastic. scattering by a nuc]eus is
,,more ’ probab1e than scattering by e]ectr‘ons(nuclearTU‘i

s _ .
,scatter1ng being proportiona]/ Zﬁ while. electronic

o

'su1ts from the exchange of a time\ike v1rtua1

Y“hich transmits on1y energy

e T 2.2.2 Ihteracttonsiw1th‘the‘NucTeus

',‘el

Incident e1ectrons and positrons a1so undergo both

elastic and 1ne1ast1c c0111510ns with the nuc1e1 of the

9 ¢

medium. The? eriergy lost by’ 1nc1dent e1ectrons and o o

positrons in an elastic colIisiod with a nuc]eus is much

el -
sma]]er than that lost in col1isions w1th e1ectrons due'- :

i

/ .

scattering, is pr0portiona1 /to Z) the contribution to

enengyf -loss by e]astic Lnuclear scattering nr'be
E /

1gnofed. Inelastic scatteryng can, on the other hand,

/

result in significant energy losses. The co1lision 1s-

minelastic due to the creation of a Bremsstrahlung photen

V1n the collision process. f'”‘ o , R

«_}Butherford formula

.\" »0-

.'J‘ ; 2 . 2 ‘. ’, 2 l" ' ) 0
CAL L dogeye (1 ) [Ze2) _(1-8) . [2.4p]
S :35(9)7'[4neo] [ 2] . pR AR ,i?x

-

'

The class1ca1 scattering of an e1ectron of ve]oc1ty

v by a nuc]eus of atomic number Z 1s given by the

—

e
.

(2mev s1n“(6/2)

N . . B .‘ ‘
P . . s L . . SIS

& .
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where m. is the rest mass. of  the electron. v 1is  the

-

, Velocity of the e\ectron 8 s 'the angle of scatter, and
3 is. v/c wnere'c 1s”the speed of 11ght.‘ This ana]ysis :

‘does not take 1nto account the screening of the nué]ean
':f,charge By the atom{c electrons nor e1ectro% spin. A more;

accurate cross section “in  the form of an infinite

series, which takes 1nto account electron Spin 'but ‘not

e]ect@omic .screen1ng was, der1ved by Mott(9)h§?n3 is
'accurate for low Z elements. -Other cross sections - have

' been derived which'tfké screening into account according

S

to different considerations. The scattering cross

sections due to electron-electroff interactions differ

 from“those -of electron-nucleus Tnteracgions-/oniylﬂin

thefri dependence On L. Electron nucTeus scatterihg'is-

proport1ona1 to Z2 while electron~e1egtron scattering 1s'

The above cross sections concern sing]e scattering

events onlyq. but th probabi]ity of ~an electron

L TR o

.vundergoing' multﬂp]e def1ections, becomes iaﬁgeﬁ ttnf
.-kcomparison 'éag %hac-ofs_sfng1e scatteﬁ1n§\ when the"
) Wnteraction mednum becomes :?thién“.i ‘In  the case of
multiple vscatﬁering the_~ distribqtion= “of, angular’
deflections pro uces a Gaussian d;strfbugjon(if :energy
1ossesv-are neg’ected). N¢1Fhef tne“nultipie scatterfng‘
;Gaussian distribution\ cnoss 'section nor the sing]e

it SCatteringr crdss sections address the transk}ion region

i
!
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caiied‘piural scatt;:fhg. Plural. scattening‘ has' been
treated by q number of people,: such as Goudsmit and
Saunderson(lO) Moiiere(ll). and Snyder and Scott(lz)

these treatments the Moiiere theory has been used in the

EGSQ Monte Carlo modeling system used in this work. The

Moliere theory gives the angular distrib@ﬁion .as a

series~yof terms, of which the ffrst term is a Gaussian

.term, and is valid only for smaliAangie deflections. The

Moliere theory has been modified by Bethe(ll) to cover a-

iarger range of scattering angles.,

Q .
2.2.3 Stopping Power N

The predominance of d{nelastic electron-electron

' intenactions‘vas the collisional ~energy loss(to the

'medium) mechanism for e1ectrons and positrons gives. rise

to the approximation of continuous slowing down of ~the

tey

incident electron or positron by means of an infinite

number of infinitesima1 energy losses aiong its track.

\/
-In reality the incident e]ectron or positron undergoes a

1arge number of small. but finite energy losses aiong

551 o with a few 1arge energy 1osses(6 -rays) aiong its track.

JIn o this regard 'an" expression for - the  mean'

e}ectron eiectron col]isi@nal energy 1oss per unit path

é@th dE/dx,‘or 1inear $topbing Rower SCOL' has been .

derived Often written in germS”of the mass stopping

Fpower (S/p)COL ,-.this relativistic quan;um mechanice]

"
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expression, originally due to Bethe, is

LdE ST 2metN, Zfy EZ(E+2mec?) - (1-82)
P oL P v mict12 - [2.41]
. +.%_+ g B - (2Em°c + méc )1n2 ,f,G -

(E + myc?)? |

-,
¥

For positrons the mass stopping power {S'given By‘

+ ' Co ”Q} 2 ' N
S . 2me’N, Z[lﬁ'E (E + 2moc?) 21n[ E }

P mgvr A 2mo 212 meC2) - [Z-_‘&Z]
2
. [Ji-+ ﬁ[ E_ 4 ﬂ -1 S \
- gl2- 8 MeC2 + mec? myc? 3 moC
+2° B o2
| moc? mec2
‘3 o 3 '
1] E +1 -jL-+ 3 3 -ﬁﬂL E
_ 4imgc? mgc? mOCj 12 mg3c®
: e A
=+ 2
[moc : ' ®
where v = velocity of the electron or positron
e B = v/c )
m = rest mass of the e]ectron or positron
E = relativistic energy of the electron or
’ positron
I = the mean excitation energy of the medium
Avogadro's number

x
-]
[}

‘ A

6 = the density correction. factor

These expressions for @f(gﬂstOppihg power may also

be arrived at by meang‘thqir reSpective'chss sections.

,For‘e1e¢trqns,'[2.41jﬁmay be derived.by 1nte§rat1ng the

m—t

le]er cross seCtioh,with respect to energy from a lower
1imit determined by the mean excitation energy;‘l, to an
upper limit.of-E/Z,AFor'm.sitrons, [2.42] may be derived

¢
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by 1ntegrat1ng the Bhabhafcross section o%&r e'%imi]ar

energy range except that the upper energy 11m1t» becoms} -

M " -

E since a positron may deposit up to all of 1ts energy‘

ina collision. Values of the mean excitation energy and
stopping - power for the elements and a . number of

compounds  have been tabuIated by Berger and Seltzer(13)

The'energy dependence of the collfsional stopping

} power 1s shown in Fig.#21. The stopp1ng power 1is - seen to

: decrease with 1ncreesing energy for 1ow energies, then

go through a m1n1mum,‘and then increase with 1increasing

energy for high energies. The rise in Scm_rat high

energies is due to the dodination of the relatjv1st1cuV

terms at these energies. This reIatnvistic_rise 1s'w

.dampened by the oensity correction factor as shown. This
density effect results from the relativistic contraction
of the electric field of the electron along its line of
motion.‘ This compressed electric field serves to more

hignly polarize atoms and molecules near to the

electron's track and these poIar1zed atoms and molecules

in, turn screen more distant atoms and molecules from the

full fleld of the electR This results in lower energy

losses to the the moré distant atoms and molecules _and

hence 1lower SCOL' This effect-1s more pronounced for

44 and hence the name 'density effect'
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2.2.4 Bremsstrahlung

.. The photon generated_when an electron or positfon'
undergoes an {inelastic collision with a nucleus {s
. cal1gqﬁBrémss£rahiung. The differential cross section
for electrons and positrons for this process is given

approximately by

6o L@t 1 (200
Qpgg ~ 137 moc? E hv
where m, = rest mass of electron or positron
hv = energy of Bremsstrahlung photon generated
E = electron or positron relativistic energy -
B = &

a slowly varying functton of Z and E

One may define a radiative stopping po&# for this
~ , ‘
process as '

E ‘ .
de - | do [2.44]
, Ix = Srad J el hv d(hv)
rad 0
and one obtains, approximately,
. 2 ) . . . .
Spaq = 27E | [2.45)]

The approximate ratio of Sead and Sco, are given by

\

s N |

el

coL
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and this ratio for a number of materials 1is ";hoynv'fn

Fig.#22. The total stopping porer ForTﬁdmediﬂm may be

obtained by, ‘adding the collisional apd éradiatﬁve»‘

sfbpping powers | - \ T@
1 de . lde . 1dE |
‘”ﬁmr ‘pa_ p‘d'fr;ad [2.47]
s 28 )
- Pror P P rad

2.2.5 Positron Annfh11at10n

The pontron‘1oses its energy }by ifonfzation and
excitation and bremsstrahlung as does an-electron. Since
it 1s an antiparticle, however, the positron will
eventually be captured by an e1ectron in -the medfum and
will undergo ann1h11a§§%g w1th that electron. This
‘precess is more probable for 1ow energy positrons than
for . high energy positrons. This pr¥tess is depicted in

 the Feynman djagrams ole1g,#23l
S by ,
In Fig. ég%ga) an electron moving forward in time is

scattered byﬁ%wo photons into a positron moving backward

in times This s the case for a free positron

'ann1h1l£%1on with a free electron. Two photons are
required as thL product in ‘order to conserve

L
“momentum and their comb?ned energy must be 3»2m,c? . If

G

‘both the free - electron and the free.posi;ron qqnhbg‘

3
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considered to be at rest when undergoing annihilation
then two photons, each with hv ;moc’, will be produced
(travellfng in opposite directions. In Fig.#23(b) an
electron moving forward in time is scattered by a single
photon into a positron moving béckward fn time. This is
fhé casé of a positron annihi]ating:wjth an electron
that is tightly bound to a nucleus. “The one-photon
annihilation 1is 1in general much less probablé that the
two-phdton annihilation. At its greatest probability,
which occurs in high Z elements, the one-photon
annihilation occures 1less than 20% as often as doés

two-photon annihilation. Multiple photon(3 or more)

annihilation a1sb occur, but at a much lower probabiliqj

(1/370) than that of two-photon annihilation(14).

2;2.6 Electronic Range

'S

Consider a mohoenergetic beam of electrons incident
upon a flat siab of materfal. The statistical nature of
the 5cat£er1ng and energy loss p?ocesses' dictate that
there will be a distribution of depths in the absorber
ovefégpjch the 1n¢1dent electrons\w111 have lost all of
_thefr’ energy. . As well there will be a distribution of
energies which the electrons wi11 possess at any gtven

depth. This energy distributidn is referred to as energy

straggling and the distribution of penetiation depths‘is |

referred to as range stragglfng. Thus there 1s no well

%
5 Y
' [N “
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defined range of electrons in a mediqm. It 1s, howbver}

convenient . .to define a mean range, or

continuous-sIowing-down-approximation(csda) range, based
s : > 3

& ERE m&‘t"
on the assumption of cqntinuous energy loss given by the

tota? stopping power. This mean range {s then

Eo

R=% dE ‘ [2.48]
T0T
0
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1I1 The Production of Radiation /-\v/
for Modica] Use

3.1 Cogalt 60 Radiation .'

. . 9
Y-rays emitted in the decay of radioactive

isotopes 1s an 1mportant source of raeiation used in
medicine. Prior to 1951 the only isotope employed in the
production of radfation for medical use was Radium.
Radifum, as a source, suffered from the ¢two major
;drawbacks of producing very low irntensity radfation and

being prohibitively expensive. In 1951 high activity

60, . :
" Co sources were produced in a Cana$1an nuclear reactor

~ : 60
and the f1rst radiotherapy emponing Co as {1ts source,

was constructed in Saskatchewan Jﬁ Co with a half 11ife

of 5.26 years 1s produced by “neutron activation of

59Co. The decay scheme of

60

6OCo ‘is

—

naturally occuring

shown 1n Fig.#24= Co decays with a probability of

99.88% by emission of a “B' with a . maximum energy of
' 60

0.315MeV to form an .excdted state Of Ni. Thfs excitgd

state of &hi decays rap1d1y by emissi‘h of two y- rays

of energies 1. 1732 and 1.3325MeV respectively 1in

60

cascade. " Co also decays with a proba@?lity of 0. 121 by

emission of a 87 with a maximum energy of 1.4842Mev to

60N1 which then rapidly

forp the lower excited state of
decays by che emission of a 1.3325Mev y-ray. The . two

y-rays of energy 1.1732 and 1.3325MeV, with relative
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~ intensities of 99.88% and 100% respectively, Pv"°V1,de"the
ra‘di;‘afi‘o-n*used in GOQo'therapy' a"d_;»th'e-pair arje_iugua].]t? .

Ca

_treated as a singie,photon;of~1r25MeV."

4 . O
The, 60(:0 source is encapsu'latéd in twov stainiess,~
- ‘ steel weided conﬂtaine?wfﬁch are. surrounded by a high z
shieiding :mater'm *ch” as» tungsten,-.,‘on' aii sidesf
except for the window through which the Y- rays ar to be
,._"emitted The source is placed near the center. of a lead
'fiiied stee1 containen which serves as the head of At"hfe
,‘treatnient device To' provide the i -ray bgam ,'_fo,r
treatment the source is positioned insimthe head at an‘-
‘ opening which serves as '_,'a“ radiation port to volumes
%&% éxternal to the head’ “T’hree suchv met»hods‘ of | source}:.f .
i ' exposure""are ii'lustrated in Fig #25. In r‘ig.#ZSI(é‘,) »'the :':‘_ @@
"-$ource is positioned On a wheeT which ‘ma:-y be. rotated

: v'r 'throug‘h 80° , to‘ expose the source - In Fig. #"25(b) the v

‘A

.' source is stationarssand a wheei containing a portion of
_ithe port may be rotated’ through 90" to expose gthe
"&source. In Fig’#ZS(c) the sourcg is mounted on a drawer'w -

constructed of a"'g_g atpmic number materia1 which A

£

':siidef7. usuaHy by means of air ’ pressu‘@eg horizontaii“iﬂ
' €.

t expose the source.» The. beam size is determined by a

o W-""}'ﬁﬂ,‘&tﬁh =

ﬂet of co’liimators which Fo%g \’é‘pe %nﬁ of f”th.é radiation' ;
: l}». . “ A3 @ ' »
'-Lport °1 %ﬁ«td thus fiﬁpduﬂ!d &il have an att“endantj :

:penumbra due in paﬁ%}to tne?igﬁg} but‘finite size of the

o source. co e Gy
v T R A %4:

" .. . o . i .
s .
- : ' | iE~-
. A/V : DR . - R ¥ - » Ry
: ' . ; s ° ‘. . i L.
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3.24Medicai Linear Acce1erators

i}'.‘t_“-;l ol
\ R

§ 3.2.1 Major Components

The mdjor components of a modern linear accelerator

are shown in Fig #26 In this structurngicrowaves are

- employed to apcelerate electrons to high- energ1es* Them

accelerated e]ectrOns are directed onto a target where

they - produce '1‘Bremsstrah1ung "photonshryand the

| Breﬁ?strah]ung photons "§o Aproduced ~are used fin
. .

radiotherapy treatment.

-~

" The microwave power supply cong1sts of either* a

'magnetron or & k1ystron.;'K1ystrons"can produce highér

power outputs of midﬂpwaves than can magnetrons and as a

b

result magnetrons 'are usually found on lower energy |

11near acce]erators. The microwave power generated by

either thesmagnetron or k1ystron is transported by meanst
of a wave Vguide to'.j?e acce1eragpr structure" The

'aeceleratdr 'structure fs a microwave resonant ‘cavtt§*

)

_‘provides the»environment wherein electrons may' he
accelerated to high enangies' by ‘means ,off' the1r‘
h‘interaction with microwaves. The bending magnet def]ectsa

,'the electrons emergent from the ,acceleratorﬁjstructure‘

62

r'towards a target 1f X- ray production s desired.. The A

"}rest of the treatment head contains eam

':mon1tor1ng devices.
7 RRCER A

o/
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v

R R i ¢ “‘V‘
May v re sources of microwave radiation which
'fhave Y p‘l'”gjcylindrical geometry as shown in Fig.#27.

"\ The magnetrdﬁ)\consists of a cylindrical centrai cathode
separated from a clyindrical outer anode by‘a vacuum. - A
' constant magnetic field is applied norma\ to the plane
) geometry as shown ‘and a pulsed electric field is
.applied radially inward from anode to cathode. Eiecf}ons

g ated by thermionic emission from\\gpe cathode ahe

L 4

, ;ac&§1erated toward the’ anode and trave1 id'gpiral paths;

due to ahe applied magnetic fie]d The spira1 motion.of

1cthe electrons induces - oscii]ating charge‘ distributions
Ny .
_of microwave frequency in the poies of the anode. - 'Jh€se

. oscillating charge distributiops create the desirgd
S ¥
osci]lating e]ectric fields of microwq‘e ﬁrequency

“hetwaen the poles of the anode as shown -

v ®
' . .

The basic principles of a kly;trom are _shdwn'Ain

Flg.ees. T " Klystron of Fig.#28 consists g ewoix

hmicroane resonance cavitjes;connected byua’drift (tube.

7‘,E1ectrons emitted»hby' thermionic emjssiona'frOM ~ the

_”cathode are accelerated into the first microwave cavity,

‘calied the buncher;, tavity. a

. u 8, v .

- e o .
L N . . . {
AL o 2 .- ‘ : v

. i . B s oo - A e .
q : @ . PN . . B \

.

‘i,f"Tﬁhera encounter'
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~alternating electric fields created ég!t high stability
'1qw p&wér Imicrowave qurce which energjzes the cavity. |
The alternating electric- field enchuntered - by the

: - . . . N . ] L

electrons jnAth1§ cavity SerQe’to veldci‘i m&ﬂulate Lthe,

» M
P

electrons «prior to th!&r“entry into them&rﬁﬁt‘tdbe. In.

trave11ng frqm thé'buncher cavity to fhej 336hd' éavjty,
: . K ;"! T

called the catcher cavity, the -electfns will form

discrete bunches or groupé‘as the electrons with higher

velocities ‘“catch up" to those with. ¥gwer Veiqc1t1ekl'fﬁ,.

f Magnetic fields, not shown in Fig.#28, serve to focus =

and conf}ne the e1eq;rdn\[beams " as they traverse the .

length oftﬁ% k1ystron. Upoh.enterfng the catcher.cavity
the electron bunches createflaﬁgelihduced‘hhargeSvin the

Caéity wails .which, accordipg to Lenzs 13w, create
. - N ST
strong electric fields which act to retard the motion of

'_thefelectrons. Since the electrons arrf?e in the caicher' -

-

cavity in bunches(ie: pulsed)- the induced  evectrie-
fields °created  \betweeb “the cavity: walls .will be

oscillatory in nature ﬁith the saméﬁfhehuencyfof the low -

-

power microwéves“dsed to energize .the buncher tavity. A

-y

large portion of the kinetic‘fghergx of -the - electrons

4

”enferigg 1the_catéher,¢av1ty js:codvgrted'1nt67m1crowave

‘power . thus greatly amplifying the micrdﬁé#e power uséd(1 ,5‘

,to energize .the buncher cavity.< The bigctrons é;itigg.
the.catéher.‘gavity with gfeétly_ reddéed-{energy are
collected by the electron beam collector which serves as

<

'y

‘-



a dump to remove electrons from the system.

i

¢

/9.2.2.2 The Waveguide
@ .

The high power‘microwaves produced, by either the

magnetron or the:,kIystron ire tranSported atoﬂ “the

68

‘accé1erator structure ‘'by medns of a system of p1pes, {

gt

‘caiied the waveguide. These p1pes(0ften referred to “as

plumbing) are pressurized with an 1nsu1at1ng gas, su;h

as Freon or Sulphur hexaf1uor1de;”ﬁto increase the

dielectric strength of the gu1de and hen%ﬁ 1ncrease 1ts
power hand11ng capacity “The pressuqiied QVeguide 1s
separated from the evacuated magnetron or klystron and
evacuated acce1erator structure by ceramic or glass

windows which readi]y transm1t microuaves

hA]so included in the waveguide Mstructureb'is a

.. deVice called a circu]ator which acts‘as a u};rouav
diode.. The c1rcu1ator thgrefore ’lows tran§w\1$sdon of

“microwave power “in only one’ direction, from microwave

power source. to acce1erator structure, thus eliminating
J

feedback from theaaccelerator structure to the,magnetron'
’ - v » . . ’

or\klystron.‘

.
3.2.2.3 The Accelerator Structure
. A . > ki
The aéce1erator' structu!b er ' acce\erator
uavegutde, consists vf 1arge number of;evacvated

vl 0
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‘cylindrical microwave resonance cavities connected along

their central axis as shown in' Fig.#29. The operation of
each microwave resonance cavity in the structure fs the
Feverse of the catche”cavity in the klystron in that
mdcrowage‘enepgy in the cavity is convevted into kinetic

energy of electrons in the cavity.

o

There are twb'{kindS"of accelerator structures:
1in ave and standing ‘wave Both structores
accele*
1n-a’ma;ner s}mi]ar to thatzog the‘klystvonﬂ
: s

travel
ctrans which have been bunched into groups

4

The basic w“bmdmbiﬁf@?Wfifﬁ'Wia 'fEﬁvélling wave‘

accelerator awe 11iustrated»fn Fig.#29. Microwavesuenter-

the first cavity ﬁrom the waWeguide and propagate . along

the erlength of the waveguide, setting up- alternatinp

edectric fields 1ns1de the resonance cavitfes, and' are

prevent' reflection. ™ A group(bdnch)of electrons.  fis

injected into the first cavi'ty when thf electric field

!

vvelocitydveloc1ty of energy flow) of the microwawes in

each cavity 1s ' matched to the. velocity of the

accelerating electrons in that cavity then the group of -

veIectrons 1n the fire_/ cavity wtl\ enter the second
-

ncav1ty half a cycle 1ater, as in ng#ZQ(b). and again be

Y

is as shown 1n,Fﬂ .#29(a) and is accelerated. 1f the -
3

4 .

» absorbed 1n a load at the end of the waveguide éb\,

size of each- cavity fs chosen such’e that the group ‘

69
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~",node

(&)

accelerated. After ano?

a1t cycle the - group of

elgctrons 1in tha secg avdty.win enter the third

cavity,Fig. #29(c). and' further accelerated. This,,,

-

process 1is repeated as- the group of electrons Ts -

accelerated along the length of the waveguide.

The basic principles of/ a standing wave acceierator
are {1lustrated in Fig.#30. As was the _case with the
-travelling wave accelerator, microwaves enter thewfirst
cavity from the waveguide and propagate “the Tength of
t%e’ waveguide. Uniike the traveihing wave structure,
however, the microwaves L o 2 reflected at the end of the
waveguide .“to propagate . back idown the length of the

' waveguide, thus creating standing waves. ‘The nodes and

ant odes -of the eiectric field of ‘these - ‘standing waves
will occur 1in distinct cavities in the waveguide.. This
allows .the removal  of 'th{. nodes, which provide no -

acceieration from ‘the electron beam path by mdving the

- -

contﬂ A ‘ys caiied’side coupled and permits greater

4‘ and performance. Reflection of . the microwaves rather

© than’ absorption by a 1oad at the end of the w&veguide

also results in greater energy efficiency Most presen&

-

LS

f‘ex‘bi11t¥ and yoptimizatiqn i waveguide construgcﬂgﬁﬁwﬁ‘b

day acceierator structures, {ncluding those used at the <

Cross Cancer Institute, are of the standing wave type. -

VEs

1

fa ities ofoaxis as is. shown in Fig.#30. Such a -
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Again consider an eiectron group inJected into the‘

i first cavity of a standing waveguide when the eiectric

‘iieid is as shown in Fig #30(a) Under these conditions

 the electron group will be acceierated If ‘the cavity'

[
sizes are chosen _such that the phase ve]ocity of the

standing wave matches the velocity of the electron qroup?

73

a' it is‘gcceierated over: the iengfh of the waveguideb‘

then the eiectron group- will enter the §econd cavityn

“half a cyc]e later, as’ shown in Fig. #30#&). and again be

accelerated After another half cycie the electron group -

wili enter the thiwd chamber, as in ,Fig,#30(c),v and -

-again‘vbea accelerated. ‘This process is repeated as the
electron group is accelerated along the Tength - of the
'waveguide;- - PR S , : .
C SN R R
, s s y

3.ZL2.4 The Bending MagneF
. ; ‘

It is often d&sirable to direct t$ , eiectron ’beam~'

from the accelerator structure perpend cuiar to the axfs

' of_theeacceierator This may beoachieved by bending the-

eiectron beam through 90 by means of 2 magnetic fieid

“but it is more often bent through 270 by an- achromatic -

-:;,bending magnet as shown in Fig #31. ‘The reason behind
use of. the 270 achromatic bending magnet 1ﬁ%s the

finite veiocity distribution of the electrons in the

eiectron group emerging from the acceierator. The radius

of curvature r of an eiectron with total energy E ,in»:as

~
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*>\a11 electrons to a single point wher T

.

unifoem magnetic field B is given by S

Thus a col]imated beam of electrons with a finite energy

distribution w111 ‘emerge divergent upon being‘ bent

m.c .fE‘jz 3 e L JE p '
= A

through 90°by a Untform magnetic field. 'Such a divergent },-"

beam would requ1re a. Targer than desired target size

resulting 1n a larger than desired beam penumbra andv

give rise to a spectrum of x-ray energies.

>

An achromatic bend1ng magnet provides a so1ut10n tor“a

this prob]em by generating a magnetic field which .

1ncreapes as a function of’ radial-distance'from the

f centeﬁ of the magnetic f1e1d Thus electrons entering

i'this 'fier with higher than average energy wi]l have af'

1arger than average radius of curvature where they w111~1.'

. be subject to a greater bending force.‘ E1ectrons uith

lower than average energy w111 experience the Opposite

effect. The net effect, as shown 1n F1

placed to provide a sma11 phqtbn Asource with an

attendent sma11 penumbra.

3

3.2.2.5 The,Treatment Head

. e

~ The prinéiple‘components7;ofg'a“‘typicaIv’treatment’

.,#31 is to focus'

he target may be



eiectrons emergent from the accelerator and deflected by”'

"the bending magnet are- incident upon a high Z target,
such as. tungsten, yielding bremsstrahlung photons which

eare highly forward peaked in intensity. : Because the

‘x‘ray beam is forward peaked, a “flattening filter is

" placed in the beam to figtten the X-ray fieid such that

'Vthe beam intensity is reiativeiw uniform over the cross

"sectionai area of the beam. This fiattening-filter also
'tends to harden the beam in that lower ‘energy photonsg

Wil bet attenuated  to a greater extent than will be -

.,higher energy photons. A ]ow A materia] is pJaced after

f,frthe target to serve as' an electron absorber - which

removes electrons emergent from the target fromﬂthe'

~beam, ’

/
/

- JA*muitiplatehion'chamber s also placed in the
-beam; This aiiows monitoring of the dose rate, integra1 i
’ dose; and fie\d symettry which are important for‘»,
: a‘accuratg'pose de\ivery in a patient. A thin field iight

' f}mirror piaced ~inl the beam as shown al]ows an. off axis

, e 76
B head are iiiustrated in Fig 432, The beam of" high energy'

-]19ht source to opticaily 11]um1nate( the . fie]d.lqn a Lt

,'given surface in,the beam.

A primary collimator serves to 1imit» the maximum -

field size at a given distance from the source, The
- ,

o actua] field size enpioyed is further defined by an

n W
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‘.. Figure #32. The principle components of a t{reat'u_len‘-t head
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< ’ .

adjustable secondary colltmator system. The secandary

J;;goilfmatofs “are cqllibrated]Wf; terms ‘fo the field:

defihed?at a fixed source to surface‘distance(sso).' The

‘edgei1of' the field -being defined to be that location .

where the absorbed dose falls to 50% of the dose along

the éentra]$aX1s of the beam.

——
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IV DOSIMETRY
4.1 Energy Transfer

4.1.1 £a51C'c6ncepts

1

" In radidtherapy a quaniity of great linterés; 1s

that of the‘absorbed'dose. The absorbed dose from a beam

_ 6f fncident radiation is defined as being the energy

~absorbed from. the radiation beam per unit ‘mass of

_ absorbing medfum.

ht

Absorbed dose:;D==AEab , [4.1]
Am ) .

N e
——

The SI unit for absorbed dose is the Gray(Gy)® and fs

defined as

16y = 1J/kg [4.2]

}

An obsolete unit which is sti11 used is the "rad*, which

{s defined as o

lrad = 100erg/g 4, [4.3]

and hence i%
1Gy = 100rad ’ [4.4]

4.1.2 KERMA

An x-rdy“ photon will interact with the medfum
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through which 1t passes, transferring some or @11 of “1ts
énergy(dependfng ‘on the .typeu-of interact?bn). to an
“electron of the medium or an g1ectr6n-positron pair

created by pai%do&ﬂl production, and these charged

:“ ose their-g

X

sy
particles will™y

from their point of o;igin;, This ;heﬂf“v’ N tqﬁ;s"tﬁe'

form of energy deposited in the mediumncia fonization

and excitation of matter in the volume surrounding thé
particle's track and reradiation of photon energy via
brémsstrahlung and positron annhilation quanta. Thus

energy transfered to the medium by a photon at an

interaction site is not necessarily equal to ihe‘ energy

absorbed at that point. To describe this process a

quantity. called the KERMA, has been defined as»the mean.

energy transferred per photon to e1ectrons(or positrons)

per unit mass. : : -

7 . , . e
KERMA: K = 8¢y [4.5]
o \
1f a beam of photonS-of fluence is dncident wupon a

thin slab of material of‘tﬁickness“x”then the kerma

will be

K ;-°P%E£r' L ~ [4.6]

The units of KERMA are the same as those of absorbed

dose. + The _word KERMA is an acronym for Kinetic Energy X
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Released in the Medium. - . o,

4.1.3 Electronic Equilibrium

-

Consider a non-divergent photon beam}of fluence ¢

- —{incident normal to a flat slab of thickness L.'as shown
, Y

-

-/

in F1g.#33, where 1 1{s the linear attenuation

‘coefficient of the beam in the slab materfal. If L<<yi”

[}

0;¢°e'“d=¢3[1 -»lf.‘}:,i}zl.‘!‘_)o.hﬂ_)»f .] O [4.7]

then the photon fluence at depth d<<L {in the slab is

1

and hence to a first;_appréximat1on photon attenuation

may be ignored. Then in any given interval of.depth Gdi
the KERMA will be |

~K=¢°{%]Etr' . [4.8]

If n electrons are assumed to bé“set in motion at
R A ’ é i
the beginning of the interval then they will lose(and

hence deposit to the medium) an energy of "Sionédi in

owing down _approximation if no bremsstrahlung is
created. The energy deposited will be less than the

KERMA and hence one has

k3

K= nSionéqi =0 ‘ - "'- [4.9]

~

In the second interval the electrons set {n motion fn

Csansiting_ the 1interval - aécording to ‘the continuous_
1
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hence.”

- . ‘ LI 14
¥

- 83

the first interval will lo;o"ian-energy of "sionéd"‘"d
- . -~

K - 2ns1°naq}. <K - nS ned - [4.10]

jon™ i

- For any depth d<R, where R {is the c.s.d.a range of .

e}?ctrons in the-mediumt'ong,ngf iy
a n a1l - '
K- ?"Sioncdi <K- %“Sionsdi =0 . [4.11]
For the case Q,f‘d' Zﬁdi-R the .electrons originally set
~ 1" '
in motion 1in the first interval wil} have begn

h

completely stopped at the end of the ut interval and

hence will not contribute to“;hé (N+1)™ fnterval. Thus

. 0one has
"N : N v :
| K - §nsion d. =K - "Sion'§§di =K-nS, R [4.12]
df §%d =O then R P
o )
. K-ns, R=0 . [4.13]

and for all intervals d for which d>R one has

K=ns, R - a [4.14]

a

This  condition 1{s called elegtronic(or charged

net energy transported into a region by electrons is
equal to the .net -energy transported out of the same

region by electrons. When this is the case then the

b

particle) equilibrium,as ft exists in regions where the



absquld7dosovis_cquaT'ig the KERMA .

0= St . [4.15]
' e

If f i1s the fraction-of. the KERMA which is.neradiated as
bresstrahlung then equation [4 15] becdmes )

D= o, {] ((1- £) Tl [4.16)
» . n ) |
The region for which K'-)IZnSmnchi <0 {1s called the .
bufld-up region. The above situationyis fl1lustrated in
Flg.#34(a). - . - ‘o

In the real world photon attenuation may not be

fgnored and equation [4.8] becomes

[4.17]

D = o [B]g-Hd
D ¢;[p]e Efr

and K-nS;,, R=0 at only one specific depth, called the

equ111briua.'depth, which is less than the mean electron

p&nﬁe R. In this case the energy deposfted is less than

the KERHA‘for depth§‘1e;s than the equilibrium depth-and
the energy depositeé 1s' greater than the KERMA for
depths greater than the equiIibriun depth. Th{s

situation s 11lustrated in Fig.#34(b)
‘J,\ )

- 4.2 Cavity Theory

//’ ~ . In order to measure the absorbed dose at a given
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Figure #34. Variation of absorbed dose and kerma with
depth "fn an,absorber. In (a) no photon
attenuation occyrs. In (b) photon //
attenvation 1s taken into account.
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;point in «a:‘mediumr;one{must insert a measuring device:

A

‘finto the medium. ;The jmeasuring device thus inserted

"creates a discontinuity in ‘the absorbing medium and this

"treiationship between 7th absorbed dose as measured by

measuring device wg;e not inserted in ‘the medium is the

n\\

subJect of cavity theory

o : : : e
.

The Bragg Gray formuiation of cavity theory 'makes

the foiiowing assumptions

a) the size of the cavity is smaii in that its

,-discontinuity 'is refered toifaS‘wa{' “cavity": . The '

" % he measuring device and that which wouid occur' if the |

N 86 s ><

h

”dimensions ar@ much iess than the range of,f‘.

secondary eiectrons in the medium

A

.spectrum of secondary eiectrons.(

“ci"photon attenuation is negiigibie overf“the~i

J

“deimensjons. of the_‘ cavity, '-an 4 hence
secondaryffeieCtrons in the cavity are due.l

to photon interactions Cin -the‘ medium"

: surrounding the cavity._,l‘i R T

id).the primary photon fiuence jinfathe7 region
,isurrounding the cavity from which secondarym‘

d'qr"v ”eiectrons generated in the medium may enter

“f;nthe cavity is isotropic.,f

i.bi_the introduction of the cavity t . the

gli”_;medium does in’t perturb~ the . m¢d1umfs B

| fe)“secondary j“ eiectrons ~ lose  energy



4

continuously' 'according' “to the. c.s.d.a /

approxination. -

G Hith these assumptions consider the sma11 cavioy/in
the medium of Fig.#35. If the secondary eleétron
Espectrum ¢e of the medium is monoenergetic then.the'dose

in the cavity is ] : .
— G L
- Cop =3 e, /0 sas)
; ¢ . - 7 .

. !f
- and the dose that would be absorbed by the medium, {f

the cavity were replaced by medium, is.
| @ | /S [4.19]

o R A lm‘ & / L

. y . . ) A . ' ) '

| fahd heﬁqe | ‘i‘ - . | //‘} | . i .
(s/0), m/[l ]1 L w20

D, Ry

o

O
1]

S
)

1t
I

' nhere S? is’the4rotio ,gfj/the' stopping 1poner ,of the~‘
medium to  that of} the/ cavity. Nowfif-theiseoondany
electrons created in the medium by"pno:on intenoctions

“all possess the same initioi'energy'E they wiil then' N |

" ose energy . to the medium according to the c. s.d a ondJ"
a soectrum of eiectron energies wi]i be "seen® by theih'
cavity. Under conditions of electronic equi]ibrium theis
Aspectfun»of e]ectrons ggos_generqtqd neyvbe;npproximated.

according to .



s_

Filgure _035, Aé\'shall civi;y fn - a m'edtum.‘

e
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' | . i 1 . 1 . . ' '
- 0 (Eq) = I[dET e 5% - v (4.21]
p AHZJ m ‘ p m

v

where"rkanumber . of electrons per gram of medium

material. The dose to phe'tﬁvity then becomes

Eo:
Ej S (S/p)
D, = [04(Ec) 2|dE = |renCng a6
0 0
and “\ A ) [4.22]
’Eo ) EO e
o) | S
N €| e
ERE . DC - 202 Q m . Jo *lm = l
R N (Eo ‘ sm
- L] (ke e ¢
rs.m;dt: e | )

Jo

/

, ) | » | /
where 1/82 = the inverse of “the ratio of »the,/ﬁéss

stopping powers of the medfum to that of the cavity

averaged Pver;the c.s.d.a electron spectrum.

7 &

' If the secondary e}ectrdhs do not all have the same

initial energy Ebthen_I/S? must be averaged over the

spectrum of inftial elettron energies 0;'(E?,E,)'

°

;

>
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L . ' . ] . ’
‘ rEmuax T .
V(E JEo) om dEg .
T =ﬁig e 0 o [4.24]
m R v *
SC ( 'max‘ B - '
S , LN (EY,EQ) dE, -
. . J.o o

1)

90

And thislmustmbe fn‘turn 5Véraged,over thej specfrum of,'ﬁ

P
&

1n1t131:photon energies ¢Y(EY) 

. FRMQ?“ ?im\
= | @ E?)ﬁ‘ dE —_—
= YO IY e Y
1.0~ . ey [4.25)
m PE. RO X
X SC max \\\\ ‘ "
. ¢Y(EY)dEY e ) ;
0 ' N
\5\\\ o
, : S
“ Thus one has
= - -1
kel
- = o
m Sc
or .
aamg SRR \ 0
O “S\CDC ~ o s

The ratio § 1s often refered to as the “averége

"stopping‘,power ratio”. The effect of. G-ray production.

‘has'béen taken 1hto acébunt by Spencer and gAttix‘ by

~employing. the restricted stopping powerAL in place of



N : 4 N , “ ‘7 - ' - bfa ) 91
the stpping power S and averaging over the .electron

spectrum “fhom a minimum e1ectron energy A to Emax.

JIn order - to 'make the  mea§yrjng- cayit} more
‘versatile it is often gurrounded“by a w§11” 6f material
of suffiéient thiéknéss such that_glectronic_equ111br1um
is estab\iShed»in the w;lf; Thus eléctrons incident upon

- the cavity originate in the wall material and one has

X Dwa}] c
“and B
%, (“ /p)waﬂ R (Y2
D, Tu n7o5m S h

m He
where u, /o is thejmass energy ;absquxion coefficient.

[

One therefore has : N
‘ { | o v ‘]* 5,
Dp = Sc 7o Peq O R A AR
o Man/Plya1 9 - Ses ’, g

..

PR
R [ 3

4 T

where Aeé is avcorrection;factor for tﬁérpefturbhtion‘of*“
photon'f]uehce reﬁUIting.from the presencerf“the cayity”

and its wall. |
. . b o

Hence 1f one can}méaSUre'the absorbed dose in the
cdgity 'then one can defermine}the absorbed dose to the

volume. of medium displaced by the cavity.'



‘4.3 Methods of Photon\ooéinetry
- S
4.3.1 Ionizational Methpds

4.3.1.1 Standahd Air Chamber
Dosimetry by‘ ionizationa1 methods invoives
measufement of the quantity of fonization produced in a
cavity and the subsequent calculation of the absorbed

dose in the medium in tWMe absence of the cavity. Ip the

caee “of the standard air chamber the medium and'cavity

are composed of the same materiai, air. In a standard

‘air chamber, as shown in Fig.#36, a narrow x-ray beam'

passes through the center of the chamber. A large
: potential difference maintained between the upper and

4}wer co]iection plates serves to remove 1{ons produced

figin the active volume V and reduce recombination of thesev"

~ fons, such’ that they may be collected by the upper and

" lower cniieccion,plates. Guard electrodes onxeither side
of the lower collection plate ‘serve to  reduce edge

effects associated—with the electric field. Upper and

lower collection plates are separated by a distance of

~ greater than t;ice the range offéecdndary electrons

ﬁenerated in order that only 1{ons .produced by the
'secondary electrons will be coi]ected The dimensions of
the chamber required to estab]ish eiectronic equilibrium
are ;uch that photon at;enuation becomes significant for

.- photon energies above 3MeY and hence standard air
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»

chambers are not used for energjes above that energy.

¥ :
Assuming saturation, or the complete collection of

"a11 1{ons, one may define a quantity X, caltled eJ&osure,

as the amouﬁt of:charge dQ generated in a mass dm

- X=am ‘ : [4.29]

when all of the}secondary electrons génerated by photons
in mass dm of afr have been brought to rest. The unit of

‘exposure {s the .roentgen, R, and is defined as
e Hyeros

IR = 2.58X10°" C/kg of air | ~ [4.30]

&

It 1s found that the average . energy required to.

~cause a single fonization in a gas is constant over a

large'range of gas pressuresiand electron energies and

hence one may determine the absorbed dose at a point f

(&

"from the exposure mﬁhsured at that point. For air the

average energy W required fof one fonization 1is

W = 33,85 eV = 33,85 J/Coulomb [4.31]
‘ fon pair : .

Thus the absorbed dose in air becomes

D W A
ar ar mair

air _
wair Xair [4.32]
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where the mass of air 1s‘de}ermiﬁed from a knowledge of
<) ! ’

the density of ad in the mé

suring volume V.

%

f;ﬁfn'chambers

 7Ad for calibration 1y

standards labs 3Gfﬁ? "%ﬂler "afr-wall"  {on

_chambers  are more practical for :;utine radiation
measurements. Such an airfwa1l fon chamber consists of a
small air filled cavity cdntainipg 5 central electrode
and bounded by lan outer electrode. Surrounding the
cavity is a wall of material with X-ray absorption‘ and
scattering propertiés'vefy similar to ihat of air but of
a much higher density than aftr. The.high density of the
wall aMows electronic equ111br1um~ito be established

within much smaller dimensions than that of the standard

air chamber. Specfal compositions of p]asticl usually

serve as the wall materfal. With the small size of the.

éavity the electron spectrum seen by the Cay¥ty-1s that
of the wall and hence_equation [4.28] applies.

— By careful .choice of parameters, the "afr-wall®
chamber can be constructed such that its responseiid
photon energies is very close to that of the standard

alr chamber. One may thus calibrate an air-wall chamber

by compariéon with a standard air chamber -to produce an -
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| \
exposure calibration factor Nx(hv). This calibration
factor may then be used to'determine the exposure X.
measured by the afr- ua11 chamber 1n terms of the. charge

q co)lected by ‘the chamber electrodes.
3 . | ;
X = N (hv)f(q) | / [4.33)

where flq) represents the meter reading of ‘the device
.which. measures the charge eoilected. Build-up caps may
be added_to the outside of the efr-waiI to extend the
use of the chamber to higher energies. A

. +

- © 4.3.1.3 Solid State Detectors

The basic underlying principle of solid state
detectors 1s the same as that of gas- f111ed 1on12at10n
chambers: the production-of the equiva1ent of fon pairs
by radiation interacting with the materfal of the
detector. A simplified semiconductor deteétor consists
\of L} jblock‘ of semiconductor material across which is
applied an electric petential yia-electrodes attached to5§y
opposite faces of the block. By means of this applied ’
pdtential the fon pairs produced 1n the semiconductor
block are cone’rted directly into an ‘eIectronic- pulse
which may be amplified and analysed by suitaele

9

electrohié equipnent sd’as to determine the energy and -
(]uence of the incident 1onizing radiation. 0

available | semfconductor neterieie, sflfcon s the\



_ mdst ;ommonly‘usedfﬁaterihl of diode detectors which are
employed in charge& particle dosimetry, whi&?u.germlﬁfum
1s _the prefered material of ion-drifted-detectors which
are employed in x-ray dosimetry.

4.3.1.4 Thtnmoluminescent%etecto_rs (TLD) ™

A thermoluminescent materfal is one fn which many
of the electrons, or their hole counterparts, which ire
proddced wupon the passage of fonizing radiation
_through tﬁe material .while at  a normal Hloperating
temperature, vbecoﬁe trapped at latyice_,tmpérfection

1
-sftes in the* material. A  thermoluminescent material

whichﬂis suitable for dosimetry purposes is one in which

the probability that -these trapped electrons or holes
w111‘rema1n trapped is hiéh 1f the material remains at

or below a specific operating temperature, but, upon

raising the temperature of the material the *probab111ty//

——

of electron or hoieqescape increases. Those e1ectroﬁ;’or
holes which escape their lattice traps return to stab1§
bkenergy states in the lattice by the emission of visible
light.' This emitted 1ight may- be measured &nddcan‘be
plotted as a function of the tenperature of fhe
material. The resulting"glow curve' will éxh1b1i one or
more peaks which correspond to different éﬁergies of the
- different traps in the lattice. By means of‘ suitable

calibration, the absorbed dose of the material may then

97
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be determined as a function of the total 1ight emitted
in part or all of the glow curve, or the relative height
of one or .more of the‘particu1hr peaks in the. curve.
4.3.2vAct1nome$ry i ‘
Actinometry, or chemical "dosimetry, 1s the process;

by which.the absorbed dose is determined by the chemica)

change'ptdduced fn an appropfiatg.medium due to exposure |

to radiation. This method of dosimetry is good even in a

non-homogeneous radiatioﬁ' ffeld as 1t produces an
average !dose value. - The actinometer stands as a
secondary standard in that it must be calibrated .in some
absolﬁte manner. To qualify as ; good“actinometer the
chemical change or yield prodhced by radfation must be
independent of: the dose rate or }otal doge; modgrate
< changes fn  pH, temperature, and concentratfon of
reactfntﬁ; thé:presence of trace_ amounts of {impurity;
and the nature and energy of radiation. In addition, no
pre- or post-irradiative reactions should occur 1in the
sy;ten;an& the absorbing propertiés of the actinometer
should be as close to those‘;of the medium which is

irradiated.

4.3.2.1 The Fricke Dosimeter

g

No univc@qa\ actinometer has yet been develope& but

i
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the most comonly used over the dose range of 1 to 500Gy
ifs the Fricke . dosimeter. Other \ctinonetcrs provide
measurement over the range from 10 to 100MGy, but
none give as reliable results as does the Frigxq

7
dosimeter. fol

¢ *

L 4

In the Fricke solution Fe(2+) fonstin an acid
solution) are converted linto . Fe(3+) fons wupon
frradiation, and the “Qmouﬁt of Fe(3+) produced,
G(Fe(3+)) (the number of Fefsi) fons produced per 100eV
of energy absorbed. by * the %system). ifs measured

spectrophotometrically. The va1uésbf G(Fe(3+)) 1s much

lower when oxygen {s absent from the so1utiggﬁ4h1n when

it is present and hence the amount of oxygen present {n
the sojution, as well as the Fe(3+) concentration, sets
an uppé} 1imit on the dose which may be measured. For a
0.001M ferrous sulphate solution this upper limit s
about 400Gy. By ralstng the concentration of ferrous
sulphate to 0.05M it'is ﬁbss1ble to extend ’the useful
dose range to about 10(6). but this requires extra
oxygen which 1{s often provided by bubbling oxygen
continuously 1into the solutfon, but G(Fe(3+)) tends to

be non-1inear in this extended range. There is also a

generali decrease in G(Fe(3+)) with increasing LET and

hence the measured dose is not independent of radiation

energy. The Fricke dosimeter consists of two basic

parts: the chemical solution, and the container for the
, _ \ ,
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~});; ;Cheﬁicdﬁsjia}1eh,théﬂreection cell. 've" B

S ; | _4’.3.2.2';5'?1_1,‘m oos1metrj"~
Another 1mportant actinometer 1s photographic fi]m
1'The use of photographic film 1n dosimetry emp]oys the '
. E‘use7 of a 'radiation sensitive L materia]..photograph1c
. ; ;.’emu1sion, which cons1sts of microscopic grains, silver

, 4
'-_halide crysta1s,-Ad15persed 1n ge1at1n This emulsion»
f'forms a th1n 1ayer on "suitable fi]m Nhen radiation is
-f;absorbed 1n an 1nd1v1dua1 grain _e "1atent 1mage is

@

rformed. This 1atent 1mage is ‘the physjtal condition,

”"~:1wn1Ch‘ fac111tates -the. reduction . of the grain to};
'e1ementa1 si1ver under ;°the»f ?ction “of . chemicaT
: hdeve10pment more rapidTy than those \grains 'Whichv‘have
ano; absorbéd radiation. After de&%1opment the film s -
,f;"fixed, whereby the unaffected si1ver bromide is removed'n
"hfrom;~the» f11m 1eav1ng behind the deve]oped grains of
'oelemental silver. Thus areas of ﬁthe‘ f11m exposed ,to-.
fradiat1on W;11 be dark The concentration or density of
| si1ver grains be1ng a measure of the absdrbed dose. pThe
y coneentretion of si]ver grains ‘can be determined by,
" measuring the ,opt1ca1 density' of . hev film w1th
densitometer. As’ the optica1 density of the film 1s av

~%?%r_‘functionvof the development procedure the development

 procedure must be cerefudf“hiontroifed.



o

‘gi L o ‘ ti _
Eiim dosimetry finds use in rapid determination of

. the pattern of radiation distribution personnei'

EER
monitons; “and #a

2R

‘number of . other appiications where a

high degree of accuracy is not ‘required. ’The practicai
' 2
range of~seﬁ%itivity of film as a. dosimeter extends from

about 10cGy to the kGy range and even up to the " MGy

range(with speciai processing techniques).
o . L

4.3.3 Cai.rimetey

A4

'leL

If no chemicai charges occur' then the ~energy"

«~ absorbed by an irradiated system can all appear as heat

S If a chemicai reaction does occur then the caiorimetric

p—

method of dosimetry is inacc\rate as a-chemical reaction

can either evolve. heat(exothermic reaction) or - absorb

-~

heat(endothermic ;reaction). The"great' advantage of

: caiorimetry' dosimetry is that 'energy deposition by

irradiatiOn~ is measured directiy whereas other methods.

of dosimetry reiy on secondary processes The employment

of ' secondary procésses necessitates the usev of.

conversion factors based on a physicai interpretation of

e the abSOrption - processes | empioyed. ~No secondary

'a,conversion factors are required to relate 'thev ‘energy

absorbed 'in"a~ medium from ionizing radiation to the

~heating of that medium and hence caiorimetry stands as

| “the most direct method of dosimetry
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The ba51ijrfﬁc{plé of calorfmetry dosimeﬁry is |
gug; a -suj;§b1e fﬁéteria] s placed in an frra&fétjon‘
‘pbsitipn and  the }Eesulting temperature rise of fhe
materia]‘ 1sW'Measured:durihg*1frad1ation, The material
Which’is to act as the abéorﬁ@r(core) of the calorimeter
1s,h)gced inside an insulating jacket-and'a shield\yhith
is in turn contained in a large thermally controled mass.
ca}léd,a buffer. The corg,vjacket, shield;‘ and_sbuffér
~W,afe _*compdsed’ of the same jmateriii and are thermally
1§pléted from oné aanher'so 7£hat the' temperature of
_ vééch can be measdred"and léontroiIed. '~If'the core,
 ‘jacket,’shfg1d;fand 'buffep'~aré ‘brought into thermal
"equfiibrium 'w{th.ﬁﬁch’ofher then the témpgrature of the
COrg, Jacket; and sh{eidwi]1 increase at a ﬁnfform rate
as radiation s 'ébﬁorbéd. With the buffer being
. mafhtained at'a‘constant'temperature then the rise 1h-
temperature of the' cqré,  jécket;‘ and shield can bel
measured and, 1f the mass and specific. cheat of each
‘\componentofs AtcurateWy*kﬁowp, thﬁs-the energy input due
to dirradiation can be”readiiyldetefmined fipm‘the rise
’1n temperaturé of thg‘corer Jacket- shield éystem. - In
; -4n1n9—+8°f4ebrré%tions for wall éffects and heat loss
| during measdrement must be maqp; but with ﬁrbpér desjgn
these EorreétionS"gan be minimized. Carbon. 1éad;*and
: watgf“afe thefmdst wideiy”,used .absorber maféria]s in

calorimetry. SR



Due to 11m1tations fmposed by temperature controf

and ‘measurement,, the lower limit of measurable . dose by

calorfmetry is about 10cGy. Since calorimetry 1nvolves

‘the 'totaT absorption of radiation energy, calorimetry:

dosimeters are to a h1gh degree indeperident of the

energy of the ‘radiation, but there is some  dose

- \dependence due - to unknown chemical effects ‘which do not

_appear as heat. Calor1metry f1nds great ose fn  the

caliﬁ?ation of other dosimeters.

)

4.4 Dosimetrﬂc Functions .
, r :

!

| of prime concern in nadiotherapy is the_ absorbed

dose in tissue fn an 1rrad1ated volume. To this end much
experimental work has 'been- performed with materfals
which absorb and scatter radiation in as' s1m11ar',a
manner as possib]e to tissue. Such mater1a1s are called
phantoms. | The requirement& ofpa.ohantom. as setiout by

‘the ICRU, are that it be "a vo]ume of tissue- eQu1va1ent

103

E 'material, usua]1y “large enough to provide full scatter'*

' conditions for the.beam be1ng used...“ where a tisSUe
equivalent material is "a material whose absorption and
, o .

'scattertng_nrOperties for a givenrirradiatjon -simoTate,

as ’near1y has ‘bossib1e; those ’of‘ a given mjologicaI

‘material, such as soft tissue, mdsc\e,hbone, or fat.(ls)‘

. . s

The absorbed dose at’any pointffn a.phantom is the



.

C

resu1t' of Atwo components.Q The first cemponent is the

‘dose due to primary radiation and the second component

u'is the dose due to: scattered radiation. Both the dose

-due to primary radiation and the dose due to . scattered -

1

radiation' are“ functiens of the phystca1«parameters of
«‘3‘
the radiation beam and the parameters of” the physica]

geometry. For the 1rrad1ated phantom in Fig #37 the dose
to a given point at a depth d below the phantom surface

is o ‘- o I . o

-

‘ D(dpwdprh\)) = D.o'e'u(hv‘)d S(d,‘!d,F’h\)) | \[4.34] )

where Wd is the field width at depth d, F {5 the
distance from the radiat «#% source to the phantom

surface, hy dis the (characteristic) energy of the

Lradfation‘ beam, and u(hv)-is the 1linear attenuationi

. coefficient of the beam. With this in mind certain
relations 'have been deveIOped to describe the absorbed

dose as a function of ‘these parameters. . L

4.5.1 Tissue-Air Ratio

One * such {mportant relation s the tissﬁe air

ratio. The tissue air rat1o is defined as the ratio of

1

104

the dose absorbed at a given point in a phantom to that -

&

of the dose absorbed by a sma11 vo1ume of phantom"

mater1a1' Just sufficient  to antablfsh e1ectron1c

eqnjlibntym ~-at  the same measurement point. ) This



Figure #37. Basic geometry for dosimetric functions.

N © ’

7_ Phantom

~ D(d,Wd,F,hv)

Q
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situation is 111ustrated fn Fig #38 and may be expressed\

mathematica11y CE

TAR(d, wd hv) = D(d Wd,F,hv) . [4.35]
b"ﬁ?ﬁé—hm‘.

'The,tissue-air ratio is thus_ a description of the

_doﬁe due- to the attenuated primary beam p1us the dose

due to scatter within the phantom.
In the special case where the depth d 1in the

’phantom eqod1s the equ111br1un thickness dmax for that

phantom, the»tissue-aﬁr.ratio’is written as .

.T.AR(dmax,wd oFahv) = B(d Md o ohv) (4,361

_"D(dmaX’Wd ,F hv)

'Ddex Imehv)

.1end&ts refengd'to as the backscatter factor as it gives
the 1increase in. dose resulting from the backscatter

radiation from the phantom.

:4,5.2,Scatter-A1n Ratio

The'scatter dir'natio 1s a funttion derived"from

the tissue atir ratio which yields the amount of /dose due

to scatter _1n a phantom. "The scatter air ratio is

“defined as

106 °
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~ Figure #38. Tissue Afr Ratio (TAR) geometry.
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SAR(d.Wd,hv) = TAR(d,Wd,hv) - TAR(d,Wd=0,hv) . - [4.37]

where TAR(d.Hq-O,hv) ifs the 'extrapolated” tissue-air
ratifo for a field of zero size and thus. is due to the

httenuaged primary beam only. The difference between the

finite field sfze TAR and the zero size field . size TAR

at the same- depth yields the dose due to scattered

radiation alone from within the phantom.

4.5.3 Tissue-Phantom Ratio

At high energies the thickness of phantom mater1a1 

just} sufficient to ensure electronic equilibrium as
required by the definition of the tissue-air ratio

fntroduces non-negligible phofon attehu%tion and thus

invalidates the definig}on of the TAR at these energies;.-

In place of the TAR at high energies a quantity refered
to as the tissue-phantom ratio .is employed. The

tissue-phantom ratio is defined as the ratio of the dose

. at . a depth dﬂin_a.phantém'to that at a reference depth

‘dr in the phantom such that, as shown in Fig.#39, both

points of measurement are located the same distance frdm

the radiation source.  The tissue-phantom ratio is thus

written as

= TPR(d,dr,Wd,hv) = D(d,Wd,F,hv) [4.38]

In the special case where. the reference depth dr is

108
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hv
d
.
-
Wd

D(dr,Wd,F,hv) D(d,Wd,F,hv)

-

Figure #39 Tissue Phant}om" Ratio (TPR) geometry.

|
|

N



110

e

taken to be dmax, the depth'bf. maximum absorbed dose,

*
-

the tissue-phantom ratio s refered to as the

tissue-maximum ratfio and 1s written as

‘ TMR(d,dmax,Wd,hv) = D(d,Wd,F,hv) [4.39]
‘ . U(amax,ﬂé,F,'ivi

,

- 4.5.4 Percentage Depth Dose

~fﬁé percentage depth dose {s a function whigh
relates the dose at a given deptﬁ d in a phantom to that
f&ﬁﬁf a referencé depth dr, as shown in Fig.#40, in terms
of a percentage of the dose at the reference depth. The
percentage depth dose may be written as

PDD(d,Wdr,F,hv) = D(d,Ndr,F,hv) x100% [4.40]
’ ‘ JDUdr ,Wdr,F hv] -

. -
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0(dr,Wdr,F,hv) .

0(d,Wdr,F,hv)

£y

Figure #40. Percentage Depth Dose (PDD) geofnetry. -
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V RETRACTED TISSUE CO*PENSRTORS

.
* ‘ 5.1 Introducti&n‘

1+ 1. 5 e e et

Consideh-an X-ray. beam incident norma) to‘ tﬁe
surface of a hoﬁbgengous phantom as shown in Fig.#41. If}
one were to plot the abﬁorﬁed dose which -would be |
measured at a depth d in the phantom as a function of
that depth then one would obtain a plot‘such as.is shown‘
fn F1g.#42. Such a plot is characterized by a dose which
rises  rapidly as depﬁh'increasés from a relatively low
(but‘fihite)'doge at zero depth to a maximum dose at
soﬁe' depth and 'tﬁen decreaées almost exponentially as
depth 1s 1ncreqsed:fqrthef. The depth at which the
maximum dose occurs is referred to gs—dmax. T%e regidn
'bétﬁeeﬁ the surface and dg§x 1s referred to as the
“build-up"™, region, as it s ‘the region 1in  which
'>§ond1t10n$ areﬂ,buiidingfdp foward the establishment of
" maximum dose at dmax. The existence of this build-up
’ megion ‘below tﬁe sufface of the phantom 1s‘of distinct
advantage in the treatment(with hfgh'energy x-rays) of
* tumors fﬁbated below the skin surfac;_in that the{outer
“tayers of the skin aré spared from a high dose. This
effect, called skin sparing, has been. shown to be
clinically desfrable(16). The clinical benefits of skin
sparing are fundesirab]e only when tﬁe .region ‘to be

; tredted'includes%the skin or superficial tissue'(17);

-

. .o u2 s
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If one'nowhconsiders pofntsfin the vphantom‘ which |
dreceiVé ‘the same dose one may generate a set pf 1sodoseu‘-
4—contours ' In two dimensions, for an x-ray beam 1nc1dent
norma] to the f1at surface ‘of 'a homogeneous} phantom-
these 1sodose curves are of the form shown in Fig. #43

The dose. represented by each curve 1s‘eferenced(as _fa‘_
'-percentage) toAthe dose receiyed at some reference_points
“whith s ~often " the dose recefredhat‘depthddmax}j’Suchl
fsddoSe curmes, along nithfother dosimetr1c functiOns,'
'4f1nd: much use 1in  the planning  of _ radiotherapy_
,.treatments’ These 1sodose curves, uhich provide ap.-
v,‘picture or map of the pattern of the dbse,}djstributfon‘
"1n 'a‘»particular plane of a phantom‘ may—-be-easdly,
generated(1n the case of: a homogeneous phantom) by
; scanning av probe v'such“as a diode, by remote contro1

,’p across the beam at different depths in a-water phantom

BT T

The surface of a patient rarely, 1f ever, 'presents
‘a f1wf surface to an 1nc1dent x ray beam.v With this_jh“
m1nd, consider the phantom of Fig. #44 which presents a 1'
'curved surface to . thes« 1nc1dent X-ray beam. The'soi1d ‘M
1sodose curves shown are those that’ wou1d result from
the surface curvature. Tﬁ% distortion to the 1sodose
~‘curVes resu]tingafrom the sugface curvature‘ is _c1early_‘;
“seen uhen_-the'solid fsodose curvés_are comparedjtobthe
 dashed fsodose curves‘which would resuit 1f vthefrbeam
 were fncidentcnormal to;the flat dashed surface S'. The

/

/ P
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Figure #43. Isodose curves 1n a honogeneous phantom with
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Figure ‘M4.‘ Isodose curves in a ‘Mn'ogeneous phantom
with a curved surface. ‘
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’1d1stortion in the J{sodose distrtbuthnﬂjesu1t1nb from

surface cdntour‘would'be mo}efacute jniregions of"higﬁ,

'sunface 1rregu1ar1ty such as the head and neck where

| treatmewt.af ' lbuen'head; the neck, and  the upper
‘_thorax may -templated. S '

There exist™a number of occasions 1n which it s :
" desirable to have- the isodose curves unaltered by the

'vi patient s surface contour. This ts of particular benefit

~

: when one wishes to deliver a uniform dose to -a vtumor

volume ~which " underiies an 1rregu1ar sunfaCe,Tand 1d0

when the_combination of two or more beams _afe nenp1qyedw

:, to deiyer a uniform dose- to a tumor volume. One simple
method of eiiminat1ng~‘the “alteration of, dose due to
_patient~§urfaceucontour is to fi11 in the ‘“missing
tissue” in the ain gaps with externa1 bolus (tissue like

material) as 111ustrated in Fig.#45.

In Fig #45(a) an x-ray beam {s incident upon the

. sloping surface of a phantom and as “the resulting

118

isodose curves show, a nonuniform dose will be delivered

across the target>V01ume. Hith the4p1acement of bo1us‘8n

the surface of the phantom such that the x -ray beam s

now 1incident norma] to’ a_ flat surface, as shown. 14_

‘Fig.#45(b) the a1terat10n of the isodose curves which
. resulted from the~ sunface contour of the pnantom are

eliminated and a relatively uniform dose is ' delivered

.‘\‘

gl
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: across the area normal to'the’beam fn‘the‘targetVVolume”

"The use of bolus in high energy radiotherapy treatment

i)
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has as a disadvantage the 1oss of skin sparing Thistis‘,'

1ost due, to the occurrence of the buildup “region within
the bolus voiume rather than’ unqer the surface of the

skin. and thus a much higher surface dose s delivered -

than without the boius.present;

A simple solution to the 1loss of skin sparing

resulting from the empioyment of bolus is‘tO»retractlthe.

‘bolus away:.from ther\surface‘ of' the patient in the
direction of the beam. Such retracted bo]us 1s referred
to as a tissue compensator. The resuit of retraction of

the tissue compensator is a restoration of partial skin

- sparing. This effect fs 1{llustrated nk Fig #46 In

-[ig.#46(a)_ the tissue compensator’rests flush with the

surface of‘the phantom and a relatively 'high dose is

delivered to the phantom surface. In Fig. #46(b) the

compensator is retracted away from the surface of the ‘

phantom in the direction of the beam and partial skin

‘sparing is restored. The restoration of partial skin

sparing with compensator retraction results from the

introduction of an air gap between;t%e compensdtor' and

'phantom. The eXistence of this air gap reintroduces the

existence of a buildup region below the phantom surface.

The'_restoration of skin sparing is oniy partial due to

the dose to the phantom surface resulting from electrons
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and low enérgy photons scattered .from the compensator.
‘ .

%'Thus the degreew to which “skin Sparing is restoned

increases as the retraction distance 1ncre§§es siﬁce the
fluence of s;atﬁered electrons and,vphotdns from the
compensator at the .phantbmvsurface will decrease with

¢

increasing retraction distance.

Thfs réiraction introduces a complication 1in the
;determinatfon of dose ét'depthé'beiow the ;urface of the
pétfent. Thé cbmp]ication is that the dose at any
| particular depth is é]tered by tﬁe retractjon process
relative to that whiéﬁ occursA‘w1§h the bolus flush
against the surface of the patient. and the alteration

thus produced varies witw depth.

The use of ;1ssué>qupensafors was ‘first proposed
by E111s{18) in 1959'aﬁ% since that.time}numerous papers
have .appeared on the subject. Tissue’compensagors have
' been émp]oyed to compensaté‘for the 1irregular surface
contour of . the bodw{19,20,21,22), oB]ique incidence of
‘the beam(23),.var1atjdns in scattér and SSD for 1large

fields(24), and 1nhombgen,e1t1e§ occuring 1inside the

. 4 .
body(25,26). Any given compensator may be employed to

compensate for any dr all of these effects at one time.

| The design-éf tissue compensato?s is both simple
and elegant, but suffers from-a-majof-drawbacf. This

.drawbaék ‘15 the fact -~that a tissue compensator can
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easily correct for the hissing primary begm a;&enuatton‘

which would occur if the body presented a flat surface
.to the x-ray beam or primary attenuation d1?ferénces
created by‘"dnhohogeneitiés "inside ' the Sody, but
compensating for the deviations in scattered ragyéﬁion
1s‘much more difficuif:- The contribution to the dose at
any given point in a phantom or body -resulting from
scattered radiation is dependent wupon a numbgr o%
factors.such as primary photon energy, the type' of
material of which the phagtom is composed; the _depth and
position of the point in the phantom, and the size of
the beam. It is thus 1mppssjb1e to design T a §1mpr
gompensatdr in a 'simplef,manner such ﬁhat correct
compensation _w111’ be achieved at all points in the
,phéntom. The scatter con:ribut1on to dose has been dealt
witu} 1in the qes1§n of compensators 1in terms of
empir;caily d;termined effective ‘attenuatidn

coefficients(27,28,29,30,31) and thickness . ratios
B (32,33). The cbmpénSator may thus be designed to proVide
optimum compensation over the volume 6f_1nterest(34) or

‘, to provide precise compensation at one particu]hr depth,

It would appear that the’maJofity gf authors have chosen

'ﬁ;o achieve precise compensation at bne particular depth
~while accepting the resulting érrors created at other
;ﬂ¢epths. Such efrors can be - substan;ial. . Wilks and

Casebow have shown that for a .%o x-ray beam of field

\
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size 12X12¢m? at 100 cm SSD, correct compensation at a..-

depth of 5cm below a water phantom surface results in

errors of up to13% for depths up to 8cm and errors of up

to:10% for depths up to 15cm(35).

" A number of materials have been emp]oyedﬂ in the

construction of compensators, including wax, plastics,

and metals. Of these, lead seems to be the most popular

material in the Iiterature for compensator construction.

The vertical dimensions of a compensator constructed of
a non-unit density material’ must be expanded or
contracted in proportion to the ratfo of that material's

linear attenuation coefficient to that of tissue.

Three main techniques are employed 1in the design
~and fabrication of tissue compensa{::s: (1) fabrication
~based on a particular method ({f surface‘topography
measurements; (11) fabrication based on the dose
distribution obtained upon irradiating a film bxxﬁﬂscing
" the beam through the patiinf, (i11) and fa niéafion

based on density distribution information of thé’ body’

obtained by "means of CT scenning. Surface measurement

techniques were the first to be employed and of these

_.methods a mechanfical rod box was first employed to map

 the surface topographyJ of the area to be
irradiated(36,37,38). A modified version of  this

technique is.lpresently in use - at the Cross Cancer
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Institute. Non-mechanical-surface measuring techniques'

have béeﬁ developed using photogrammetry(39,40.41.42;;3.
44) . These techniques determine the surface topography
from photographs taken of the patient.  Such surface
measurement technigues suffer'frém two drawnacks.'First,
gpéh tgchniqqes,h by }thefr very nature, do not yield
information regarding internal tissue inhomogeneities,

and secondly the surfécé contour of a patient may}éhange

under treatment cdndttions,‘eg. such as 1¢‘a'pat1eﬁt is

turned over for antegior and posterior paral\e\-bpposed

ports. In such a cése body parts display avtendency to

migrate downward in each position thus shifting the

i

surface topography.
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The design of compensators from portal films {1s
~extensively reported in the literature(45,46,47,48,49).
In this technique port films are scanned to determine
the density encountéred'byveach primary ray path thrdugh
the volume to be irradiated. These densities are then
used to compensate midline doses for 'paraliel‘IOpposed
ports. The limitation of such a ‘Eechd1Que 1s the
inability to distinguish the positions of varying
. density along any.sing1e path ray. |

Finally, compensator design based " on density

distributfon information provided by CT scans {s

potentially the most accurate method due to the large
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volume of information that 6T scans are capﬁbTe"of

providing. These possibilities have been explared by a

" few authors(50,51® _Aut this technique suffers from the

Erawbacks of high cost'andmthe limitéd aJai]ab111ty of

€cT scawners. - : .

As mentioned earlier compensat1on is achieved at

only one depth(dde primarily to:scattering) errors in-

compensation will occuwr for all .other depths in any
~particular arrangement. fhese errors have ‘been
~investigated for wax compensators by Jackson(sé)“th“ﬂaé
concluded t&?t ~*large retraction. distances, while

B A

reducing skin "contamination, may lead to serious‘depth

dose errors unless the wax is thin....If the error is_

thought to be exéessivé'it may be reduced by the choice
- of a smaller retracting distance, ;hough at the e;;ense
of increased skin dose.. The technique is evidently most
suifable for small fields where adequate skin protection

can be achieved with a small retractin fipstance,and the

‘consequent dept!giose errors are also small. With large

fields 1t may be possible to compromise between sk1h

1

dose and depth dose errors by reducing the retraction

distance, but 1in certain instances 1t may well be

_concluded, especiaf\y if the wax 1is thick, that  the

errors are unacceptable”(52).

The naJority\of published work on compensators has
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been ' carried out at 0o eﬁergjes while very 1{ttle has
" been reported concerning fiigher 'éheégies. Jhckéon(SZ),.

has examined both¥Co and 4MV energies and Thonas(53) has

examined energies up to 16MV, but as- recomtly as 1985
Hyéng et al -states that . "published quant1tat1v¢
information about scattered photons from beam-modifying

filgrs s lacking" (54).

> 5.2.1 Experimental Setup

The" alteration of both surface dose and dose at

depth for high energy x-ray beams resulting from

compensator retraction was measured'for points along the

central beanm axis. The expefiﬁenta] setup employed s

shown diagramatically in Fig.#47. The phantom, as well
as one set of compensators employed, were constructed of

approximitely tissue-equivalent opaque white polystyrene

which has an electron densityvof’3.50X102: el/c and a

,mass density of 1.08g/cm®. The opaque white polystyrene

used here is derived from clear polystyrene(c‘ﬂi)n by
the addition of a fine particulate filler of titaniun
dioxide(T10,)(3.7% by weight) which 1mproves the tissue
equivalence of polystyrene for 1low energy - photons
(E(Y)go.lnéV) and high energy photons(E(Y)>10MeV(55). In

N - a .
all cases the phantoms, <consistéd of blocks of

—

AN
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_E,ig'gre 7. Diagramatic Eepre'sédtation ‘of the e’fcperiménta.;‘"f setui; L 3
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~_-chamber was

polystyrene whic%’ presented .a crossésecticnal.area of

2. 707X102“ el/cm® and mass density of 11.36g/cm’).

The "compensators" employed consisted of uniform
“thickness “slabs  of polystyrene “and lead, with
‘thicknesses'of 2, 4, and, 7 cmffor pdTystyrene and 1.75,

3.5, .and, 6.25 mm for lead. The thickness of the

k-2

po]ystyrene compensatbrs’was chosen in accordancé nith
t thegwork of Jackson(SZ) and the thicknesses of 1ead wereh
-°h°§¢" to correspond approximately to those of
chlySerene by‘ neans of the ratio of the densit1es of

,Tead’ tof po1ystyrene ~Exact torrespondence . was anot

129

TZSXgSch to “‘the 1ncident beam ~ The other - set  of

-cOmpensators were cwnstructed of lead(electron densH:,y-I o

achieved due- to ‘the fact that the lead compensators were-"

ses was not possible).

E surface of the phantom such that its window_uas centered_

h'at the beam _axis flush with ‘the phantom surface : The B

0

......
s'a“

v'on' the= phantom surface and then getracted 1n1the beam

;diregtion. The fluence rate and time of /exposwre was'

: S
R

ntec thin w1ndow parai1e1‘ plater'10n1zatien*

.ed to obtain surface dose measurements.:

_constructed by 1aminat1ng ava11ab1e thicknesses of sheet "

the milling of these laminates to more precise n

) Tne 1onizat10n chamber was 1nserted into a s1ot in the




held constant throughout. The ratio of retracted to

zero-retraction surface dose5 was thus determined ‘and"

. plottEd_ as. a function Jf retraction "distance for

retraction 'distances up to .30cm. This procedure was
carried out for both the three’ polystyrene compensator
thicknesses and the three lead compensator thicknesses

with®field sizes of 5X5om?, 10X10cm?, and, 20x20cm* and

T beam qualities of §%o, 6MV, and, 15MV.,

[

A similar procedure ‘was carried out ‘in the

~determination VOf-‘the alteration of dose at depth

resuiting from‘the retraction process. Depth was:defined

with : respect to. the - phantom surface. FOrd these

measurements a Capintec Farmer Repiacement Chamber and"*

1ts corresponding buiidup cap,- which fit snuqiy into

holes bored into the zphantom at . various depths, was

b )

empioyed, Aii measurements were- made aiong the centra]i'

~”’f';-beam axis to determine the ratio of retracted to zero

B
&
& &

o

retractiOn dose for7retraCtion distances up to 30cm. Thev
resuits were piotted This procedure was carried out for
dﬁpthﬁﬁup to 13¢m and for both the three polystyrene and
lead: compensator thicknesses with field sizes of 5X5cm 2

10X10cm2 and, 20X20cm?2, and beam qualities of G°cO ’

-~ -

6MV, and 15MV. - e b

In ali}case5§§3§ phantom surface was located at the-

machine isocentere~uhich provided a .source ‘to surface

4

1130




Yistance(SSD) of * 80cm for °°Co and 100 cm for both 6MV

and“15MV. The measurement depth was taken to be located

‘along the-éeetra1‘axis.of the prebe: Field sizes were

determined at the phantonm surface; Maximum re{ractidn

é

’ ‘ 15MV were determined by the limitations 1n
avai]able 'space between the phantom surface located at

the machine isocenter and the partttular,machine*head.

5.2.2 Radiation Sources

5.2.2.1 Cobalt 60

The soufte of the ®°Co Y-rays employed in this work

‘is a Theratron‘780'Cdba1t 60 te1etherapy un1t}fw1th ‘eh

SAD(source to axis.distance) of 80cm . The. *°Cd source.

is exposed by means of a source drawer which fis operated

by compressed'aﬁr. ‘The. actuajf/source employed is a
1.75cm'qiemeter‘standard source which had an activity of

7518 curies of °°Co and provided an exposure rate of

" 127.8'koentgens per minute at one meter distance _when

measured on March 3, 1983. \_/

0.

4 5.2.2.2 6MV

B
"
3

The source of GMV X-rays employed in this work fs a
GMV Siemens Mevatron 67 medical 11near accelerator with

an .SAD of - 100cm. This accelerator.employs a standingg

131

glances of 25cm fn the case of *°Co and 30cm for both
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wave waveguide which prov&des an electron beam of 3m
diameter with energies up to 6MeV.. This e1ectron beam is
o bent tnroubh 270° to strike a tungsten target -and the{

X-ray ffeld produced is flattened by a brassf flattening
“filter. The primary colIimator prov1dbs a maximum f1e1d
size of 36X35cm at the 1socenter. With an e]ectron beam‘
nenergy of’fMeV the X= reys produced fgrm‘a-spectrumfwh1ch
ranges in ‘energy from a few keV up to 6MeV and is thus
 ’refered to as a 6M§ X- ray beam. ‘The energy of the 6MV .
foeagl is. defined as providing a depth dose'of (67+2)%
' whén measured at 10cm depth in water for a 10x10cm2
_ﬁmd defined at  the water surface at 100cm ssp \\The
depth of maximum dose s 1 5+0 2cm as measured 1n waker
for a 10X10cm? ft@?d at 100cm SSD The effective energy
\ .

\

of the '6MY beam is approximately é&ev o |

The waveguide is powered by a, ZMH(peak) magnetron
‘operat1ng at a frequency of'2.9986Hz. The waveguide
Operates in a pulsed mode and de11vers a constant 200 '

cGy per minute.

5.2$2.3 15MY:

» The source of 15MY x- rays employed in this work 1s
a ISMV Siemens Mevgtron 77 medica] 1inear accelerator
‘with an’ SAD of 100cm. This accelerator employs a

stending wave waveguide which provides an electron beam't



of less than 3mm diameter with"energies up to . 18MeV.

This e1ectron beam is deflected through 270°to strike a.

tungsten | target and - the  x- -ray field produced 1s
flattened by a stainless steel f1atten1ng f11ter. ,The
primary collimator provides a maximum field size of
40X40cm? at 100cm ‘from the target(100cm SSD).  This

acce1erator provides an x-ray beam of 15MV x-rays which

1S‘compr15ed of a spectrum of x- rays rang1ng in energy
from a few keV to 15MeV. TheAenergy'pf.the 15Mvﬁueamd15
defined as prov1d1ng a depth dose of (77t2)% when

measured at 16¢m depth in water for a 10X10cm? field

defined at the water'surface at 100cm SSD. The“depth of

makimum dose is 3.0iQ.2cm-.as measured 1n ‘water for a
.10X10cm? f1e1d'at'100cm'SSD The effective energy of the
15MV beam is approximate1y 5MeV.

- The waveguide 1s powered by"a 7MH(peak) ek1ystr9n
dperating at a frequency of 2.998MHz. The waveguide

operates in a pulsed mode and deltvers a. constant dose.

rate of 300 cGy per minute.

5.2.3 Dosimetry Devices

Surface~dose}measurements»were‘tarried out with a
A.Capintec PS033 thin “window.‘parallel'plate fonization
chamber having an effeetive collection diameter” of 16mm

~and an electrode spacing of 2.4mm. The entrance window
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of the chamber has a thickness of 0.5mg/cm’® | of

aluminized polyethylene terephtha1ate(PET-AT){

Dose at depth measurements were carried out with a

Capintec f PR-06c  afr equiva1ent plastic Farmer

Replacement fonization cngmber with an effective vo]um%

of 0.6ml. The.chamber has a diameter-g¢f 7mm and length

. _ 4
of 22mm and an air equdva]ent plastic wa11 of 50mg/cm?
‘thickness. In all measurements the chimper was used with

'1ts ‘JCO buildup cap.

Bothiionization_probes were  used in "conjunction

with a,lCapintec Model 192 Digital exposure meter which
supp11ed a collection vd1tage. of 300 vo]ts to the
'probes. . The accuracy and consistency of the dose meter
{s stated by the manufacturer to be better than 1%.

— 5.3 Experimental Resuits

Expegimental uncertainties in a]\.ddse measurements
were determined by making each measurement a number of
times and . determining the standard deviation of these
' measure-%nts. The standard deviations "thus :determined
were found to be consistent. over a number of

a.,e,/

determinations of tne same measurement performed on

different days. PrOpagation of error was determined

using the formulas for standard error. The depth of dose

for depth measurements was taken to be the central axis

134
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of the probe. A1l .gedmethical measurement§ were
performed with an accuracy ofslmm or better, with :lmm
taken: as the error {n'.megsurements unless -»sfatedﬁ*

~otherwise. | |

-

~5.3.1 Alteration of Surface Dose

The motivation behind .retraction of tissue
compehsaiors away from the skin surfacelis the deérease
in skin or surface‘dose\obtafhed.' This decrease in skin
dose amounts to either full or partial restoration of
skin sparing. The alteration of‘surface'dose resulting
fgggg.thq' retraction process was measured with the thin

fl:&#ﬁﬁow 1onfzation chamber(wfth thg window of thefchamber
| flush witﬁ the phantom surface) for ‘p01y§;yrgne
compensatérsaof 2, 4, and, 7cm  thickness and lead
compensators of 1.75, 3.5, and, 6.25mm th[ckngss for
retracfion d1§tances ranging from d‘to 30cm  and field
sizes of 5X5, 10X10, and, 20X20cm? and beam qualities of
59Co, 6MY, and, 15Mv.f The results obtained for the 4cm
polystyrene compensator and the 3.5mm iead compensator

4

are not presented ‘aé ~they yleld results intermediate
thicknesses and provide little

between the other
additional information. The measured &qse was_normalized

to the dose at zero retraction unless otherwiseﬂsfated.



*The alteration of surface dose is shown in figures
#48 to #51 for “%o photons, figures #54 to #57 for GMV
'photons, and figures #60 to. #63 for 15MV photons In all
~ “cases the'relative.surface dose exhibits a pronounced
deﬁrease for moderate'rétractioﬁ‘distances, followed Sy
'Varying degrees;?f leveling out as retraction distance
.1s‘1ncrea§ed furtﬁer..Examination of these plots reveals
the alteration of surface dose to be.a function of
compensator th1ckﬁe§s,7f1e1d size,.éompehsator material,

energy of the incident photons, and retraction distance.

In order to aséertain the relétive merit of 4using
lead‘_‘ combensators as compared to polystyrene
-compénsators, with regard to the actual surface dose
réceiVed by the bhantom from eachncompeﬁsator material,
‘,the surface do§e from each compensator materfal was
measured. Th1s data is presented in the form of a plot
of the percentage ratio of the surface dose from Pb to
| that from polystyrene for compensators of corresponding
thickness(l 75mm Pb/2cm poly) and (6.25mm Pb/7cm poly)
and 1s shown 1n figures #52 and #53 for Co photons,
f1gurés #58 and #59 for 6MV photons, and figures #64 and
#65 for 15MV photons. With éhg exception of the 20X20ch12

field at 15MV the ratio of [dose Pb/dose poly] is seen

to decrease " rapidly for small retraction diStances, go

throdgh;a minihum, and then 1increase as  retract1on

—~—"distance 1{s 1ncrea§ed further. The 20X20cm® field at

136 °
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Figure #48. A plot of ‘relative dooe n(z) at the surface

as a function of retraction distance r for a
Pb compensator of 1. 75- thickness.
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Figure #49. A plot of relative dose R(X) at the surface
as a functiom of retraction distance r for a

Polystyrene compensator of 2cam thickness.
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Figure #52. A plot of the ratio of [dose Pb/dose Poly)

at the surface as g function of retraction -
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2ca thickness.
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Figure #60. A plot of relative dose R(X) at the-surface
as a function of retraction distance r for a

- Pb compensator of 1,75mm thickness..
. , , (E(y)=15MV)

»

&



100
. 2.
90 - , ] SXSQm .’Fleld
| +10X10cm2(l-'il‘e_l¢, '
8- 0 20x20cn’ Field
o 104
x 60 -
u
u.
0
0 “30- 4
"
2 .
o404 e ‘
i
i
L 304
20 - : o
. - ¥
“104
0 1111‘ﬁ114%-ll|~l|f‘.11
0 4 ? 16 20 24 28
ﬂ%@y‘;
ngm DISTANCE r (cm)
%?, '

!uui:o f61. A plot of relative dose R(l) at the mrf

as a function of retraction distagce r fot a
rol.yotyuu eo-ponutor of 2ca thickness.
(E(V)=15MV)

-

150



100
190 - - D20x20e? Field
o +10X10ca® Field
8041\ \ "~ o5xscnl Field

RELATIVE DOSE R(=x)

RETRACTION DISTANCE r (cm) -

P;gﬁre #62. A plot of relative dose R(X) at the surface

as 8 function of retraction distance r for a .

Pb compensator of 6.25mm thickness.
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at the surface as a function of retraction
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at the surface as a function of retraction
distance for a Pb compensator of 6.25mm '
thickness and & polystyrene coqnmtor of
Tenm thicmu (B(YV)=15Mv) ,

’

154

et




e g P

R 155
. : ”
15MV does not exhibit a minimum over the range of-_ '~
retraction distances employed. _As ;lth;relotive surface
dose, the ratio of [dose Pb/dose poly] is seen to be‘a
function of compensator thicknes§, tield size, energy of

the incident photons, and retrgction distance.

5.3.1.1 Analysis

From the above, the alteration of surface dose {s
seen to be a function‘ of retraction distance, field

size, oompensétor thickness, compensator material, and

ng ‘general

the energy, of the x-ray beam. The foll

eobserv;tione apply: \
- hﬂrretraction distance 3 l‘ 1ta2 ‘
' o - 1) surface dose decreases as retradtion
3; distance increases
b) field size \
' 3 _ : 1) magnitude and rate of decrease of surface °*

dose is 1nVerselyfrelnteg_to field size fn
*hat thﬁ\e 1ar§est 'a:nd most rapid relative‘
decrease(as a functdon of retraction
distance) occurs for the smallest fie1d£§
sfze and vice versa for-the L?rgest flield
size ‘ ) M v ‘
11) The ratio of [dose Pb/dose poly] 1s larger

o

for 1argerﬁf1eldlsize§¢ot zero retraction



]

Joe ,1: c) compensato& thickness" e | L
i) magnit?de o: relative decrease is greater
| for thicker compensators : e . b \
ii) the ratio of [dosePb/dose poly] is larger ‘
. for thinner compensators

"»”d) compensator material

§\ ,J'f i) rite of decrease is greater for lead

C ‘/ ii) magnitude of relative reduction is greater .
T | 4 o : ; \ e ' 4, B
et S s ¢« L TV I
e . .'for lead PN o Aa\\“.

' Fal photon energy t‘ SN RN Do T

i) magnitude of relative reduction fs greater
e :for higher enggies - ¥; o

'ii)_the ratio of [dose Pb/dose poly] at zero

retraction for~the same:thickness of Pb‘andigz‘

ey -

'fPoly for a giveh field sizevis least forv
.,: ‘GMV, higher for 6°Co, and largest for 15MV

Fo

, To make sense of these many dependencies COnsider‘
" Yy

,t.

“the arrang ment of Fig #66 'where the surface dose is

-

i;“ measurgd by the detector of area A The; surface dose} f%-

~

will be due to backscatter from t;f phantom plu fquXed'

Q_:.scattered photons from \the “co pensator @Jus forward°

i

scattered eleotrons from &ge compensator :V‘QF these - o

-

TS

}f/: three, the dose due. to. scattered - electrons vill S

et

. dominate. Of the eﬂectrons generated in the comp%psator
R only @hose gen ated between z=0 and z=dmax wiﬂl ‘have: a_if,‘vv*f

sufficient Hange to reach~rthe detector

,,{/,\;’, PR X)Qy §>”‘ﬁf"r

¥ T g T e

?;Consider theh'tti
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F\gure '#66. Surface dose due._ to scatfte_’,_:" -
y from the co-penshtor. L
o ,

\ et - o
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e _
‘edh Fhe solid angle dQ subtended by the detecton/at the

~volume dv w111 “then he e | |

A

- eleétrons scattered from the ‘compensator at  zero.

retrattion toward the detector."Let a photon from the.

point sounce be 1nc1dent 1n the ‘volume e]ement dV‘ and

let (dN /dQ)Leghv) be the fractional number of' secondar&

electrons scattered 1nto un1t so11d angle at an ang1e

"volume. e]ement d¥, will be Asino /12 where is the

djstance from the 'vo]ume element dVe to the detector. .

Tﬁe.nnmber of the electrons. reaching the detector will

be reduced,,by‘ﬁ

attenuation in the. co pensator The fractiona1 number of

electrons 1ncident up n the deggctor from the scattering‘

N« dN (eo,hv)Asin% R(l ,e) . R
e m& y. ]2 : . 5 - [5.1)

3 ) .
4.

’ Also consider the, photons »scatte;edl from the
(ﬂompensator toward ‘the detector.( Let'a photo from the

R

point sourci be 1n!1dent 1n the phbton scattering volume

E element dv 1ocated as ‘shown in Fig. #66, I,AA{ﬁthe;
_“compensator and let (dN /dn)(vo,hv) _.be. the-‘flactionaTl

‘vnumber of photons scattered 1nto unit so1td angle at an'
m'angle Wo. The sol1d angl§ ds? formed by .the detectort'
| with voiume element dV wil] be Asin'rJL° wgere Lois the”A

P

"fdistance fron the volume e1ement dv 'tO« tﬁe detector.

P

"'e’;The\ umber of photons reaching égg detector will bee

B I

a fa tor R(lo,e )  die to electropL



reduced by a factor A(Lo, ¥ due to photon attenuation
in the compensator. Thus the number of scatte?bd photony

1nc1dent upon the detector will be

dn, = dNo (¥, shviRsinte All,,¥e)
. / : h ' Cy
. Now_upon compensator retract1on -an 'air gap s

?nt&odocﬁd‘ between ghe compensator and the phantom. As .

range of elecmrons 1n air "is of. the corder of -1000

ol 'y , S
20 §s that in po1ystyrene or lead and the 1inear

tenuatioh coeff1c1en; of_photohs in air s of the

and ohogon atfehuat19n,may ‘be safe?y 1gnored for the

_retracq{on dfstahée; of ﬁpffo/30cm emp1oyed.

o

At a }etraetion"dt§tahce r the fractional number of

"e1ect}ons and;photonsuincident upon ihe detecfor become
- Ne = dg (6 hv)Asi__i,. R(Tp, ) (5.31
and Ler
\ 5 ; o S .
- : Gaﬁp(‘i’ hv)As‘lnT AlL, ¥ . . [5.41
o : Lz SR g )

'b,- r

resoeetively. o

“1f the scattering mechantsm foh;bbth e1eetroher>qnd.;

Vs s . “'«

vhfgh-ih ’“,/‘V:

n @ v .‘

“order of 1000; times less than that in  lead or-

~polystyrene then . the effect of the a1r gap on electron

159




g | 160
photons s that of COmpton scattering then both (dN, /dn)
(8, ,hv) and (dN /di»(wr,hv) wiii be - forward peaked and

' wiil increase as retraction distance increases since e

B

~and W decrease with increasing X The rate of decrease

“of 8, and ¥ is greaterr the farther the scattering

voiumes are io’ted from the centra1 beam aﬁs.

L]
¢

k\v/he majority of scattered electrons wﬁich reach the
;Jsg|detector will originate from scattering voiumes 1ocate¢
: %ioser and closer to the bottmﬁ?o: the' compensator as.
thegdistance of the>scattering voiume from the centrai

i beam axi§ 'inc eas < due to the finite rangé of the
i bea ‘ta ,

-eiectrons. For ﬁchtter é?§#°]"mﬁ§.°t the same disiance

from the central ax s'the scatt fng angie“wiil r%nge'

“from a maximum scatter thg bottog 'of ‘the

comoensator’ to .a mimimu ‘ ing angle;for points , .m..

?

deeper inside . the compensator.= Ihe smal er the

'retraction distance the cioser to thescompensator bottom

f

the scattering voiume must be to contribute eiectrons to
the detector. At zerd retraction distance the
"cdntritution from scattering voiumes iocated a distance

'farther* than the range of eiectrons in the compensator

‘e

Wil be effectively ro, even from scattering: points on

"Q§€aithe very bottom Of the compensator as Sin¢°?0 for»bottom

~ 4 . LI

elements at_ zero “retractidn. ‘Thus' for retraction w»-

: distances smaiier than a criticaiw retraction. distance_j'

. ]
% '

the “solid angie Asino?/i2 wili increase as retraction

ar

. . ] it i B
. » P . . . - T
’ VTR ' . . ) RO R



. distance increases for scattering vo\umes ataor near the

-conpensator. Ecr}aV“

“the ' critical retr-

o "'W .
: retraction distance the magnitude of the reduction -in

o re?ative sdrface dose’ 'shouid> be _greatest ffor ~ the

MR
P Y

R

bottom of the compensator. This critical ’retraction

o

dis‘ance will he' greater the ”far‘ r*the,scatterin
. 2 .

velume is located from the central beam axis . and the

claser “the scatterina;;:gtj*-‘ is‘tc the“botton of the

.Qfance' for a particular

uscavgjij:ff Tume the so & angle decreases. The rate of.
dec - the solid angie will be less the farther
voiume is Tocated from the ,entrai

~and 'H'the closer 1t ’is located to  the compensator

R

bottom. | S ot

®
.

‘Thus from 'ﬂe ‘above one woul'd’ expect thew felgsf%e

dose at the surface to decrease as retraction distance

161

+ 4 . -»f‘_i‘
8t 0.1 distances greater than'(ﬁ%&uﬁ

1. o et

increases and that the reduction rate shouid be greatest

for smaii fieidS’as 1arger field sizes, will contriputel

. L S . ' . SN
v'scattered electrons . from volume elements farthet from 35'* :
“the %eam axis for which the rate of change of the -soiid

..angle'fiS° iess and the rate of change of the scattering

angle is greater.,This being the case then for any given o

i

. . . K . .
L . . . : . g

: 'smaiiest field..g R | o

C e

The‘observaticn that the ratio - cf-'[dose‘ ﬁh/doSe"v

Balvl at zers retraction 13 Targer for largersied

?i“v' vw
‘o -

".! ° T
_nt.« . Ve
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siz:e’s ‘may be exp‘lsained by examining the scattering
’ xl” et
- angles . for . both electrons . and \'{photons - in o ,tfhe

i‘"..,

corrésponding compensators. As the range o e@troms is"

L}

‘ great’r in poiystyrene' thah in iead the.} ﬂﬁ%nge Lof
_ﬁy“,sc‘pttg'ing angles for“ electrons . wilh ‘bewgreater ‘
ﬂ poiystyrene than in 1ead The same maximum scattering
angle of" 8, =90 e‘xists for both Tead and ‘p“olystyrene(at
“zero. retract%‘ distance) but  the -minimum scattering
angle for“poin¥s o%f the centrai beam axis is less for
poiystyrene than for iead A smaHer scattering angie
(assuming caﬁpton scatterivng) gives a 1arger scattering
n“cross section ‘_and,._‘ aH ‘her. factors “being equai, a .
" higher dose. | This minimum scattering angie for~
‘poiystyrene co‘nverges to that of iead the»« farther \\the
scattermg volume is 1ocated‘@from the centrai beam xis
and he"nce» the: ratio of [dose /dose poly} win increase
for scatterin* vo'lumes uhich are dfarther and farther
‘from the@&entrai beam axis(ie larger fields) ‘ Thus thew
ratio of% [dose Pb/dose poiy] wiﬂ be 'Iarger‘for 'iarger
fieiod sizes. This effect is compounded by a,,‘ simi'i
a}rgument concerning athe minimum scattee,gng ang]e(whichv
_f‘occurs ‘_ a"tv the top of the compensator) or photon-.’
scattering vo'lumes in. po%;y*styrene and 1ead which iie off:
the central beam ax?s’ e N

g

’
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Comparing compensators of the same material but of . T

. differ&ent thickness,. tbere shouid be no difference in'_
: Q:.‘ ' - ot . L ) ;

i &' N
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lrelative'; dose aiferation jdue to the dose due to
X '\scattened electrons as the range of 'eiectrons is the
7 s s)ame‘ in both compensators. | The difference then arises-

T @
from differences in backscatter- from the phantom and

-

~ forward scattered Fhotons from the compensator. The
compensator  of Targer thickness wiTT scatter more”

photons into the phantomwand tnys give a Targer, surface

N T
u’“—*\: e »‘ 'M ‘ & m

dose'due to badiscﬁtter. As weii the ﬁose due to forward
o

scattq.gd' photons from the compensator wily® be Targerv
for- the thicker compensator. The increased dose~“f}om

| bgckscatter and ,forward scattered photons results from
| the*greater'scatteringxmass'of the thicker compensator
”as iong as the. increase due to increased mass is greater
than thé effect of self attenuation caused by ‘the
1ncreasequass This is, the ‘case for the thicknesses of

" compensatyr employed here The increasedcdose is aiso -

© -« due. to the smaiier minimum scattering angie’for photons

[ S

_for . off - axis -scattering volumes in 'thes thicken
compensator. The ratfo of the scattering mass - remains.
: constant as retraction distancer increaSes but th
minimumm;scattering angles of " the thié?\\compensator

4 approach'those‘ of the thin compensator(at\ the same |
‘retraction distance) as retraction distance increases.,
Thus the reiattye dose reduction for thick ~compensators_
should - be greater. than for thin_{compensators as fis

~ observed. - This effect will be greater for the ..



s
*

poTystyrene than for~tm’e lead as the change in ”‘imu‘m’
photon scattering *angLe for the lead compensators will
- be much less than for tbe ponstyrene compensators Jﬂ%en

_comparing _thicker to"tﬁinner. Thus the ratio of [fhick

dose/thin dose] will be greater for‘Qolystyrene than\ﬁz«fﬁ;
1mad and hence the ratio of [dose Pb/dose poly] will Qe@;,
- greater for thinner compensators as s the-case. -

x

: The Tocation of the 'mean seattering' vqume"'

T

;lement(thatvscattering,v01ume element wnich if allq:hewf

5

et

164 .

mass of ‘the compensator were located 1n 1t : would givey L

* ”ih“\\same scatter -a% the detector as does the entire-‘"

eomoensatpr) for lead will be closer to. the detector

than that of the-'66¥respond1ng°th1ckness polyst&renef

43;‘oompensator due to the smalter dimensions. and sna11ér

- : 3
range*of;electrons~for lead. Thus the rate of change~of

.fthe solid- angle of -the. mgan‘ itattering volume as

retraction distance 1ncreases will be’ greater for 1ead$

-than for pd\ystyrene‘ and hence»both the rate and tne'i

magnitude of the relative decrease in surface dose wd]]

-

A

[.be greater for lead than for po]ystyrene. =
‘ 3’7 ' . . a o,

'The energy dependence‘of the magnitwdefof re1at1ve"‘

surface dose~reductfbn can be.understood 1n'terms'of"the_

dfact that Compton scattered electrons and photons become‘

more fonward peaked as the 1nc1dent ph ton 'energy
2 o T - e .

fncreasese Thus ' as _bean"energy 1nereasesv1scattered

E3 - - AR . . -

~
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, ‘
. Photons and electrons from points closer to“the centra]

‘. beam-axis wi]lv_become more and more dominant while

( _‘ : -

scﬁtter from points far&gef from the beam axis will ..

decrease. For the same' reason that at a given energy the

smallest field wt11'exh1b1t the greatest reductfon .in-
Lo o

relative dose, the same field 'size will exhibit the”

v , o 2 #
greatest reductipn in relative “surface dose for /the o '
] ' . R

highest 1nc1dent-photon‘pnergy,, . o . s

#

‘e

- Fina11y, at zero retraction the ratio of [dose @b/ ’

dose poly] for the same field size and same - thickness of

¥ e -

Pb “and po]ystyrene compensators is observed to be the

I - ‘
smallest for 6MV, larger forﬁi 6vf'(:o_. _pnd‘-greatest “forg*;

:15MV.: The explanation . for this observation lies in the

*ggmponents of the total cross section for both - ©°

“po1ystyrene "and lead at the three oifferentfenergies ' ‘

The “total and gonstituent components ot the cros% e,

.Sections Yor polystyrene and lead are listed in tab1ef_ t)kk’"
\

#2. At all three energdes the rat1o .of Comp’ cross \ .
se%tion‘qfOr‘ lead to the Compton cross section for | |
‘ - -

polystyrene is a constant at OfTS and hence the rac1o~of
‘[dose Pb/dose poly] ‘due to compton scattering does -not“
 fchange with energy At *°Co energies the Pb comqensator

w111 prodqce a~ higher surface dose than at 6My due to :‘j,
’1ts;the'great1y 1ncreased pnotoelectric cross section |
~e:andL:at 15MV the: lead conpensator will produce a higher

" - surface ‘dose. due to’ the - larger pair and tripqet
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, - Co1e7
production cross section. - The ratio ‘of the pair E

?

production cross section to the Compton cross section ™
for lead at 15MV" ™ 1.07 ‘while the ratio \of the
photoelectric cross Lection to compton cross section for

lead at %%o s 0 26 and hence ‘the surface dose from the

0

lead compensator at Co will be larger than at 6MV and

60

photoelectric effec Co and pafr and‘tr1p1et

,produetion at 15My

even 1arger at ISIV. The 1ncrease in dose due to the
{
i is much less for po1ystyrene aid

N .

hence - the. ratio of [dose Pb/dose polyl at za#o_' :
C. . ' ‘*‘m \
retraction will be highest for ISMV 1ntermed1ate for K“ ﬁ
%Co, and Towest f6r 6MV if all other parameters'remain \
Jhesym. ' '
. N .

W -
.5.3.7 Alteration of Dose at Depth
"N * ’ )

The retraction of the Compensaton away fromﬁrthe

phantom "in . the direction of the beam has bBeen shown to

}yield significant reductiow; in’ ghrface dose for all’

compensator materials, co pensators thicknesses, f1e1d ST

4 'sizes,\pnd 1nc1dent photon ‘energies.:‘
process also a!ters the dose at i
\;; Thesalxeration 1m dose at depth alongﬁthe
Haxis wa measured using v'the Farmer P
1onizat10n chamber. The depth of measurement was defined*
as'{the depth of the centrallw;xis of the 1onization
chamber below the phantom su?rff"r-‘ These measuoements;

A N . 5 "-4<



-
s
' -

were carrfied out for po1ystyrene{%m*f Fors of 2, 4

and, 7cm\th1ckness and lead compensatik,mf”

and, - 6.25mm thickness for retracti! j stances ranging
‘from 0 to 30 cm and field sizes ofs’ X5 IOXIQ’ _.and,
20x20cn2 and beam qualities of ® Co, 6Mv, and ﬂ;onv. The

, depth of measurement ranged from 4 to 13cm.,’the resuyts
obtained for the 4cm polystyrene compgnsator'and,the
3.5mm lead compensator are'notlpresented as they yield
results 1ntermed1ate between.those resu]ts_obtained for
the. compensators of greater and lesser th1ckness of that .
material and thus yielded lft¢1e additiona] 1nformntion.
The measured ‘doSes have been normalized;to the dose at a

given depth for zero ret@action distance..
v

‘The alterat* of relative dose ‘at depth s shown
\. in figures #67 to #74 for °°CO photons, figures #75 to
#82 for 6MV photons, and ffgures #83 to #90 for 15MV
»photons. The dependencies seen a;e more cbmplicated than
'ithose at the surface ; In particu]ar the dose due to any

one givgn (1e1d size can,-a tid?s be greater than that

é:or,botg,df e other- fdeJd sizes.fandfat other

'be less than either one or Both of the other two -
..field sdze The pointsAwhere theodose due to one ‘field
:f'becones less\_than ' that due to another fi%\d(fhe crdss
! l“over points) are seen to vary form one set of parameters
' to another. ,grer all the alteration in relative dose at
_a,e‘pth ERLY se&'to"be a function of ffeld size,

o 'L‘,' i CRir *
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conpedsator hicknessy compensator material, depth of

. \
measurement, '‘energy of the 1{ipcident photons, and

retraction diségnceu

'5.3.2.1 Analysis

In general 1t\can be seen that the alteration in

relative dose at depth 1s a function of retraction

distance, field size, compensator thickness, depth,

compensator materfal, and ehergy of the incident x-ray

-+ beam according to the following: \\\*‘i_//#'

‘a) retraction distance

1) relative dose decreases as retraction
dfstance increases in all cases

b) field size o
1) the 5XScm® field exhibits the smallest

maédigé?é”of reduction and the greatest

degree of plateauing out at large ’

ret;action distances;:r

11) the 10X102and 20X20¢m fields both exhibit

greatef’reducgions than the 5X5cm? field at’

1arge~retractidﬁ\distanqes'

\
i11) 1f the trends exﬂwbjted between 0 and 30cm

“retraction distanéﬁ_continue beyond 30cm

g

retraction distgncek one would predict that
e the-greatést reduct$pn occurs for the

largest field size af\very large retﬁaction
] ~ Y
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b
distances

c) compensator thickness

RN

@

bqth the rate and magnitude of reduction
are greatest for thé thickest compensator
when comparing compensators of the sqmp

material

d) depth

i)

-

i)

both the.rate and magnitude of reduction
are greatest for the smallest depth and

least for the largest depth |

the cross over pointiﬂpccur at larger

retraction distances for smaller depths

e) compehsétof material

1)

1)

at %o and 6MV polystyrene gives greater
or equal(within experimental error)  _
reductions than lead except for the 5X5cm?
field at 4;m depth. The amount by which the
reduction 4s greater for polystyrene is

smaller at 6MV .than at ©%o. At 15MV lead

- gives consistently Qreater reductions than

does polystyrene.

at ©%o and 6MV the cross over points oécur
at greater retractioﬁ distances for 1ead
thaﬁ for the comparative ihickness
polystyrene compensator. At 15nv the cross

over points occur at greater or equal
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(within experimental error) retraction
distances for polystyrene.
fi) for co;ptﬁsators of‘tho snne niter1i1 the
cross over points occur atlgreater
retraction distances for the thinnest
polystyrene ;onpensatqr and the thickest
lead compensafﬁrw
f) enefﬁy |
i) the energy dependencies as listed above
11) the magnftude and rate of seduction
decreases as the energy of the incident
x-ray beam increases for the same field
size, depth, compensator thtékness, and

—

' compehsator material

Since relative dose is seen to dectbase under all

circunstances as retraction distance increases, it would

seem reasonable to conclude that the main factor in dose

reduction fs the‘incrfise in retraction distance. The'
dependencies ~ on ffeld size, ‘compensatbr thickness,
congggsator‘iatér131 depth, and 1nc1dent photon energy
‘would thus be seen as secondary nodifications to the

primary dependence on retraction distance.

To explain these many dependencies consider the
compensator and phantom arrangement of Fig.#91. 1In this

model only Compton scattering will be considered, and of
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o }’nthAt on1y FirSt'°”déf ébmbton‘scattering‘from a single"'

point in the compensator. “The photons scattered by “this -
‘i'point wﬁll‘be'detectedlin»the phanton by a spherica1h

”'detector‘ at a depth sufficient to ensure the existance"&

i
-

hbof | electronic 1 equ11ibr1um the dose -duehrto_itheg[
attenuated'pr1mary beam along;m1th‘ scatter_ioriginating"
ﬂwithin the phantom will %F'ignored 'In Fig’#éi iet?n
‘ fincident photons of energy hv undergo compton scatteringi
“at point S 1n the compensator. K A fraction iof these ‘
'vfphotons w111 be - scattered through an aho1e 0 toward the
a‘;lmeasurement point P in }thé’ phantom where “they ‘aré -
ff-tmeasured by a probe t” cross sectional area A. 'fan
"reaching pofht S 1n the compensator the 1nc1dent photohs L
iwill have been attenuated by an amount | "
fw%

.

. where. u(hv) is the 11near attenuation-»coeff1q;entrnof:
photons of energy hv 1n the compensator and Ly is-the't.
"rtprimary ray path 1ength of the 1nc1dent photons in‘ the:’
_xe compensator.‘ At point 'S a number of 1nc1demt photons ;
] }will be scattered through an ang]e 8 1nto un1t solid‘
Aang\e dn toward the measurement point P according to the

"-GTK1e1n Nishina cross sect1on formula e

Q [
e 3

: ro 1+cosze ‘f 2(1 cose)2 cm :[5°51.' 3

’3§f(a’yv) § 2’ [I+alcose$l2 II (I-cosﬁil'



o attenuated in the_phantom;by'an’amoynt"

‘whergﬂré52;8179§Xio'15mfisjthg‘c]assicatukadiusA of the

‘electron and a=hv/m,c? where myis the rest mass of an

. v

e1ectr6n.. P
The solid angle dQ subtended at S by the'-mea§ur1ng

probe of cross.sectional area A will be

J | __Aﬂ .
- da-= (@25 %7 [5.6]

F ) . . -

ard g2e energy hvé of the photons scattered through

“angle 6 toward the probe will be

1.

- hv

. N

o

;Thgse hsqaﬁfered’ photons will Ube attenuated in  the

compensatofﬁby‘an?amount,

i b_e;uc(fh’v')LzA L (5.8].

4

Vwkere Vuéhvﬁ is the linear attenuation~ coefficient of

_phbtdns»‘ofl°eﬁergy hv' in the compensator énq_Lz is the

3cqmpgﬁsétor.'.-These.'scattered photbnsv Q111 also be

A
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hv'ém'g)' DR (5.7

1;fay4path Tengthj_of. these §Cattered phbtoﬁ; in the

e-up(h\)')[_a : . E S [5.9] . |
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Iaj,whéré fW;hv)1s the linear attenuation coefficiént' of -

 phdtons of enérgy hv' in the phantom and L; is the

“path leﬁgth ‘oﬁ‘ these  scattered photons in the

compensator. - -

~a . ~

. Since a1l,measqrements were pérformed at a depth
greatgr than d " .then electronic equilibrium will exist
for all QhotOn energies and the- absorbed doSej DS -

‘ 7. | T
measurgd by the probe at‘po1n; P due to these scattered

photons will be

C = ¢ H . v S
DS o 5 Eab(hv ) .‘ [5.10]
' hv' ‘ ‘
where ¢S1§ the fluence of scattered photons ’6f‘ energy
\ . - i | .
*hy" at point P, Wolpyr is' the mass attenuation
! - . , |

'cqeffjcieht‘ for photons of energy'hv', and~E;b(Hvﬁ is

. tﬁe average ene}gy'absorbed from a photon of energy hy'.™

Thus the dose measured at P resulting from the n

incident phbtons at point'S in the compensator will be
. SR Lo

VEG g
.

- e , A p.dl u £[5.11]1 |
05 = & g (0,%) grrgyrxe e a’hv ARG AR

ettt on vt ~'e-_up(hv')La} R
where p; s the electronic density .gf the compensator
and d1 is the . ljnear“ dimension of the‘infinitesimal_

scattering volume surrounding S in the beam diréction.



As  retraction distance increases two primary |

changes take p1ace. First, the solid angle decreases and
’second the scattering ang1e a1so decreases. Frdm these
two effects arise all of the other changes “‘which itake
.piace due to scattered dose as retractdon distance
tncreases.r These changes may be catedorized'as fdlIows;
: ‘l)va decrease in solid ang]e caQSes«a_decrease'in
the dose due to scatter

2) a decrease in scattering angle 6 causes:

a) an 1ncrease in the scattering.cross section'“

d c"((-) hv)and hence an 1ncrease in the
aa

stattered photon f1uence at P

v-b).a decrease 1n the attenuation path lengths

tl, Lz, and L3 and hence an increase 1n
scattered photon f1uence at P
¢) an increase 1n scattered photon energy
R ” | 'Which 1n turn causes:
A B i) a decrease(in'general) in:the linear
- o _hattenuation coefficients u.(hv') and

~ k up(hv') . of the scattered photons in.

both the compensator and the phantom;-

RN - Iy

and hence an increase in the scattered
photon fluence at P, The linear
attenuation coeff1c1ent 1n lead
vactually rises for energies above

~4MeV and thus in this ranﬁe an

i N ) 3 : o,
! 7 - P
- : o ’
. , . : .
. ¢ :
* N
- - Lo Lo -
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| increaseﬂiniscattered photon energy
would act tosdecrease the scatteredﬂ
photon fiuence at P o

i1) a decreﬁge(except for Pb above 4Mev)

T

i " % “
% in the mas's attenuation coefficient of

P due to séattered’photonsﬂ'l
i’ iit) an;increasefin the overall energy "

_ absorbed E;; at P and hence this acts
" to increase the absorbed dose due to

w0 scattered photons at P

There are thus a number of competing factors which'

‘.act to _change the dose ‘at- P due to first order :

~

the compensator, equafTbn '[Srllj wouid have "to be

integrated over the irradiated volume of the compensator”

and first and higher order scattering wouid have to be
taken into account in both the compensator ‘and  the
phantom. Also the dose due to scattered photons from the

compensatorl arising zfrom other mechanisms such

L an the scattered photons at P and hence .

this would act to decrease the dose at

\_scattering in the compensator from the point' S. To

.proper1y< determine the dose at P due to'scattering in

fiuorescence, bremsstrahiungi and‘poSitron ‘annihiiation .

should be \considered. Such a Calcuiation is described

later, using Monte Carlo methods(see section 5. 5)
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&“; In  order to see “more cieariy ;F"?t functionai o
: dependence of reiative dose on the factors of retraction
distance, field size, depth, compensator thickness.
cohpensator‘ materiai, .;nd'.incident ' photon' enen§2>;
| consider the  following simplified . 2- dimensionai
pedagpgic modei as illustrated in in’Fig #92. Consdder:
first- order scattering only and allow. the voing of :the,v‘ -
" Ucompensator irradiated by_the'5X5cm field. tl be treatedjft:'i
“as'if“aii'ofithe'scattered' photons generated n this - ’
voiume originated at one point Ssiocated at midpiane 1n" |
“in the compensator haif way between the'>centra1 ‘beam
axis and ‘the. edge of the 5x5cm2 fieid’ A 10x10cm2 field'
wiii irradiate the same voiume as’ the 5X5cm2 fie1d plus
- the additionai voiume between thel outer edge of theg.
A”SXScm fieid and the outer edge of the 10X10cm2--fie1dr;
'PAliou “the scatter due to‘ this extra voTume“for'the".
i‘10X10cm 'field to be treated as. if it ann originated gat-h
the_ point S1° 1ocated at midp]ane in the compensator .
half way between the outer edge of the 50(5cm2 fieid and
°the outer - dege _of. the. 10X10cm2 field. Aiso aiiow the
extra scatter from the 20X20cm fieid to be treated as
if it ‘a11 originated ‘at the poin# Szo_ 1ocated at
midplane in the compensator half way between f duter' .
: edge of the 10x10cm2 field and the outer edge of the

zoxzocm field.



203,

. < o
P
”
. W
4 -
L.~ Ym T\
lllllll - n
»r -W\.IR/O
b’ o~ \II
=} - o wn oK~ S
- e - oo -y - .
- P S . ~
| cond 0 =l = oo Sl
LR 2% 1 st o Tt

SR A S

S0

‘,tic representation of the ?«hgo;ic

) R mlvc K

Pigure #92.



"

.In F1g.492 L1, L1,,, and L1,, are the ray path
1engths of 1incident photons 1in'the compensator‘which_

will be scattered at points Sy, Sy, and Sy,

apd o§,, uhich reach the

respectiveiy The scattered photons from points S, Slo.
) measuring point P will, be
scattered through angles 65 , 6,, , and ezorespectiveiy

These scattered photons from points 'S¢y S105 and S,
will be at%enuated in the compensator as they follow ray

paths L2, L2,,, and L220 respectiveiy. In ¥he phantom

‘_these stattered photons from points Ss.» Sio, ahd Sy

&

».wiii be attenuated as they follow ray paths L35:‘L310.

and L32° respectively The measuring point P s a

distance d beiow the phantom surface which is a distance
SSD from the point source of x-rays. The compensator has

a thickness of t.

The dose measured at P along the central beah‘g@xis ‘

_ for irradfation by a 5X5cm? field will consist of ‘the

dose 'due to primary phptons attenuated by -the

”

~phantom plus - atres” from point S, in the compensator.

 For flat snauﬂ:ompensators such as are used here ther

scatter in the gne-- om wiil be unaltered by compensator

retraction and thus for the' purpose of simplification

B th dose due to scatter in the phantom will be

“

7

T Thus’ the dose n, at point P for 2 5XScm?  fleld wi]]f

considered ;as a constant component of the total dose.

LS
‘-

fo
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e

consist of the dose due to primary attenuated photons
plus dose due to'scattered photons from point S, in the

compensator. The dose D,, at P for a 10X10cm® field will

0

[ l o
consist of the dose due to primary attenuated photons
plus the dose from scattered photOns ffom_point S; plus
‘the dose due to the extra scattered photons'from po1nt

S0 . Likewise the dose at P for a 20X26cm2 field will

consist of the dose due to primary attenuatéq photons"

plus the dose due to scattered photons origfnating from

points Sg,  Sio, and S,,. If the photon‘fluepceﬁbn the

phantom- surface in the absence of the compensator 1is ¢
~and the{probé at P presents a uﬁit cross sectional area
“to the beam then with the-compensator pfesent‘ the dose

at P due to primary attenuated photons will be -

‘ ' - - v 2 -
‘D(Prim) = ¢ % Eab(hy)e “'c(h\’)t e “p(h\))d Téé%g%Tz , [5.12]
where uc(hv) and up(hv) are the 1inear attenuation

coefficients of the incident photons in the compensator

and phantom respectively. o | ;

The number of photons fncident on the compensator

area frradfated by the 5X5cm? field will be

Ng = 052 = 250 o | [5.1377 )

N
.and the number of photons incident on the the extfigf‘/’
o : ’ w

areas irradiated by the 10X10?and 20X20cm 2 fields will

L ——
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be

=z
[
o
i

®(10%-52) = 750 = 3N,

N, = 6(202-10%) = 3000 = 12N,
respectively. Thus the dose at P due to scattek-from Ss

at a retraction distance r will be

@

d 0 pet
DS, (r) = 250 G- (6,,hv) ——— %’ E () ’
o (drret/274%s Pl [5.15]
g ) ' -
X e U (hVILL ~u (hv')L2g e-up(h\)')LBSJ
and the dose at P due to scatter from S, and S, wil
be . ¢ |
e dec‘( . P t : E ()
DS, (r) = 75¢a—— 8, ,hv) _ v'
10 Q 10 p b )
- , (d+r+t/2)%+ x20 B
' [5.16]
)<{ é-uc(hv)Ll10 o uc(hv e, " p(hv L3, ]
0 (o) —2 M1 E ()
DS (r) = 300¢ 8,,,h = v'
- CE T ety xB)

X l_e'uc(hv)leo e c(hv )L22° e P(hv )L3 ]

1

[5.14]
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| respectiver Hbere pe‘is‘the'electronic density of the

compensator. s
' Thus the dose at P will be ,

0P, (r) = D(prim) + DS,(r) - >
/’ lo(r) = D(prim) + DS, (r) ‘\_[5.17]7
“k\ P,, (r) = p(pr;m),+ DS,, (r)

~

for the 5X5, 10X10, and 20X20c# - fields- respéctively,

-

and the relative dose at a given retraction distance

will be
‘Rg(r) = DPg(r) = D(prim)+DS,(r) - [5.18]
DP . (r=0). D(prim)+DS (r=0) |
Ry, (F) = DP, (r) = D(prim)+DS (r)+DS,  (r)  [5.19] °

DP,, (r=0)  D(prim)+DS, (r=0)+DS,, (r=0)

R,, (r) = DP, (r) = D(prim)+DS {r)+Ds,, (r)+Ds,, (r)

290 20

OP,, (r=0)  D(prim)+DS,(r=0)+DS , (r=01+D5 _(r=0)

- [5.20]
) : .
for the 5X5, 10X10, and 20X20cm* fields respectively.

Having: thus reduced the”’ compensator to 3 distinct
scattering points 1t remains to analyse the manner in
which the dose at P from these three points is altered

b¥  field size, compensator thickness, compensator



~

materfal, depth, retraction distance, and energy of the -

incident photons. As discussed earlier the change in

dose ‘dué to scatter arfses from two main causes as
retraction distance increases: the .change in the solid
anb\e‘ subtended by éhe probe wjth resﬁ%ct to the point
of scatter, and the change in scattering angle.

N ,
The following graphs help to. visualize these

as

effects¥ Fig.#93 is a plot of the Klein-Nishina cross'}’

section as a function of scatterindtang1e for the three—

energies employed. The energy of %°Co js\u:aken hfom be .

1.25Mev and the effective or mean energies*of the 6MV -

and  15MV. beams are taken _to be 2MeV anh“*syév :

respectively. Fig.#94 is a plot of the energy hv' of a-

scattered photon as a function of scattering.angle for

the three ehérgies.iFig #95 and Fig.#96 are plots of the

1inear attenuation coefficients of polystyrene and lead

L]

respectively as ‘ a function of scatter1ng angle for the

L

three energies. Fig #97 1s a plot of the&average energy

absarﬁed I;E\as a’ function of scatter ng angle for

polystyrene for the three energies and Fig.#98 1is q,plot

~of the product ;up| bﬂw ) of the mass attenuation

coeff1c1ent and the -average enérgy absorbed for

’ polystyrene as a function of scattering angIe.

0f all the factors 1nv01ved onIy-the reduction. in

A 4 )
solid angle and the decrease 1in -mass attenuation

S
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- l‘!.zun 097. A plot of . tho anrm cnergy cboo:bed in

 polystyrene as a function of photon
~ scattering e for incident photon
‘enargies of %o, GIW. and 15MV.
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coefficient cause the rel&tive dose to decrease as

~retraction disf%nce 1ocreases. ‘The product of’the:o%ass"‘

*attenuation coeff1c1ent and the average energy absorbed

'wincreases as retraction distance 1ncreases, as‘ Fig #98'

shows, and ‘thus we will regard the solid,ang]e asgthe

only factor causing the dose due to scatter from 'the
compensator to decrease ~as  retraction distance |
increases. . As expérimeotal results cleakIy‘show; thev

,réfottve dose a1way5'decreases as retraction distance

{increases ,ahd ence the other factors serve “to modify
the rat _' d magnﬁtude of -reduction at any given.

retraction distance.

The ~observation  that -1f - the general  trends
‘exhibited by the data continue for retraction distances

larger than 30cm one would eventually observe the

\
|
largest fleld sizek
relative dose rmaﬁ be explained by examining equations

5.18, 5}19, and 5.20. These equatiohs give the relative

dose fo;”each field size as

Lo

Ry(r) = DP.(r) = D(prim+DS, (r)
DP, (r=0) - D(prim)+DS,(r=0)

Ry, (r) = DP, (r) = D(prim)+dS, (r)+DS  (r)

an d -

exhibiting the largest reduction in.

DP,, (r=0)-  D(prim)+ds, (r:0)+0s,, (r=0) [5.21]
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Ry, (1) ='DP;0(r)" = D(prim)+DS, (r)+DSl°(r)+DS (ry

p o(rsod D(prim)+DS (r-0)+051°(r'0)+052°(P'O)

o

_:for the 5xsv 1ox1e»and 2oxzocm2 flelds respective"ly At

very 1arge retraction distances the solid. angle fwr 11'

three scattering points will be effectiveiy zero and the
scatter frqm each point reaching the probe at P w111

have been reduced to zero. This being the case one has

DS, (r) = Dsm'(r).= DS,, (r) =0 . 5.22],

and equations 5.21 become .

~R (r) = D(prim)

DUprimI+D0S iraoi - ‘

1°(r) = D(prim) -
D(prim)+DS (r=0)+DSl°(r=0)+DS2°(r=0) [5.23]

R,, (r) = D(prim)
. D(prim)+DS (r=0)+DS1°(r=0)+0520(r=0)

and comparing-equations 5.23 one finds T

)

Ry, < Ry, <Ry - . [5.24]

" and thus at very large retraction distances one would

expect to  see the greatest rednction in relative dose

for the largest field and the smallest reduction for the

“smallest field.

The'reaSOnfthatﬁthe largest field does nnt_ always
exhibit the 'grEatest reduction 1in relative dose for
smaller retraction distances lies in the rate of change

-
\
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of the soiid anglé and both the magnitude and rate of

change of the scattering angle of Szd.‘For a given depth

the rate of change of the soiih ang1e is greatest for S
'and 1east for S20 and this difference is greater for
smaller retraction distances.- Thus for sma11 retraction*

.distances the more rapidiy decreasing soiid ang]e for S

may cause the .5X5cm field  to exhibit “a greater

magnitude' and rate of reduction in‘reiative dose than

‘that“of the 20x20cm2 field before:41eueiing'“out at 'a‘
' smalier red0ction than the 20x20cm -fieid. Whether this

- Is seen or not depends on the relative magnitude of the

comparison to that of S,, will be greatest for shallow

dependent. oh the thickness .0f the compensators and the

depth of measurement. The relative rate of reduction of;

the solid angle of S (or S,, for that matter) 1in
( ‘

depths and thinner cbmpensators and hence one would
: expect that. if -cross over points do occur they will

occur at greater ‘retraction 'distances for shallower -

depthsaof measurement and thinner compensatorst

cross oyer:pdints on depth for both types of compensator

materfals. and also the dependence of the cross over

14

points oy compensator - thickness for the polystyrene

compensators but not for the lead compensators. The

opposite effect is,opserved for Pb in that the cross

—This then erpiains the observed dependence :0of the-

- 217

"rate of change of the solid angles, which 1is in turnv.‘
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over points occur at larger retraction distances for the
compensator _qf, greater thickness. For lead the change

between the so11d angle for the scattering points of

218

‘ thicker 'and thinner compensators is much less than that ,:

4

fof-po]ystyrene compensators due to the -much sma11er,’

thickness of the lead compensators. To understand the

thickness denendence of the cross over points - for 1ead

one must .consider the change in attenuation pathlength

Le,, for $2¢4§pd L2, for’s, . .Both ‘L2, and L2 | will

'decrease as retraction distance increases but Lzzo.will

"decrease by a far greater amount due to the greater

change. in scattering 'angle for S, as- compared to S, -
..For a thicker Pb compensator the scattering ‘angles are

virtually the same as those—for the thinner compensator

and the magnitude of change of L2, amy L2,, for the

5

thicker compensator will be proportionalely greater than
for the thinner compensator. the decrease in LZ5 is a

-and the decrease in L2,, i1s b {where b>a always) in ghe

thinner cqmpensator then for a compensator which {is ¢

times as thick(forlIeag).the changes in n L2, and ng;'

~ Wwill be ac and bc'respect1ye1y.

If the path 1éngths L2, and L2, are, L2 (r=0) and
L2,,(r=0) at zero retraction and L2, (r) and L2, (r) at a
retraction distance r, then the ratio of retracted to

~ non-retracted attenuation along each pathlength will be

'
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e'u\l-s(r)
>

. and - | f - [5.25]
' e-uLZO(r) A - ¢

e (0 > !

>
Since the change in L2,, is b and the change in L2

1s.a and b>a then one has

8

: iy (r) ~uLg(r) .
e > e i
e-u 20 re . i e-u:s[r=:},‘» ) - [5.253]

}

and. therefore’
‘)
e'u“Lzo(r‘) .
Le-uEZO (r=u )
] > 1 [5.25b] *

re'uL 3 (r)

Le"‘-ll-,r, ( r=0)

Now for the thicker compensator(c times thicker)

&

equations [5.25] become

e-ueLs(r)

ey > !

e .
and o . i  [5.26]
' KL, (r) :>
‘.e-ucLzo(r=0)
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.e-ucLzo(Y‘) , > !
.e-uc o=
' c
i [@=HLg(r) > 1
o-uL (r=0)
and ’ | 8 ~ [5.26a)
: c .
oML, (1) > x
e-uE2°[r=D)
d
but .
e HLs(r) c eHL(r)
AP0y | 2 NSy
and . ' ' [5.26b]
e ML, (1) > oML, (r)
e'utzo[r,:m e Hba o\l
Thus for the thicker covmpgnsator, equation [5.25b]
becomes | ‘
R N A R O B
) {eME2o(T=0) o WL,, (r=0)
re-uLs(r) B - e-uLS(r
Lm ’Q-u[.sl»rebj ] [5.26¢c]
\ : \




Therefore one has

( . C ' 3
e-uLzo(r) ) | e uLzo(r)
e i, (r=0) e 20!l
-uL (r) - ‘:> -uL (r)
e Ms e ML)
[ e Tr0) [ et

and thus the magnitude‘ of change 1{in the attenuation
along path length L2,, as compared to that along L2
will be greater in the thicker compensator than the in
. the thinneFVccmpenEator, This will decrease the rate of

dcse reduction for S,, as compared to that of S5 in the

thicker cbmpensator much greatér than in the thinner -

compensator and thus the cross over po;ytf will occur at
greater retraction a‘stanceg for }'e thicker lead

compensator.

This effect exists tgw“the polystyrene compensators
as well but it is maskeé%ﬁx}&ﬁe much greater difference

between the solid angles “and the scattering angles for

- S and. S, for thicker and thinner polystyrene
COmpensators.. The effect of the much gceater difference
tn‘ scattering angles for Szo in the po\ystyrgne
coﬁpensators can be seen by examining Fig. #93, #94
#95 #96, #97, and #98 The smaller scattering ang!e for

S at-- zero retraction 1in the thicker po1ystyrene
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.'compensator means a sma11er increase {n dgo/dd ' g

smq11er increase in the energy of the scattered photons,

a smaller . decrease in  the 11near attenuation

!

coefficients M (hv') _Aand‘ ib(hv')and;afsma11er21ncrease

in the product of ‘(uhﬂﬁgs and herice a more rapiﬁ

relative decrease in the dose from S,0 for the thicker
polystyrene compensator as opposed ‘td that for the

thicker 1ead compensator.

The overall effect of the larger, magnitude and rate

PEY

" of reduction of the scattering .angle. for the \arger

" field size 1is also evident from examination of figures

#93-98. The Jarger’changeoend.greetef rate of change) in

the scatiering angle for the larger field size causes a

~ larger ' relative increase in cross section and energy of

scattered photons and the product ("“”Eeb and also a

,greateg decrease 1in attenuation path length and }inear

aﬁtenuation'coeffﬁcien;s of\the scaéiered photons, $11

\

these factors act to lesg}n the rate of relative dose{

reduction as retraction distance inéreases to-a greater
extent for 1larger fields in eomp&rison to .smaller

fields. The magnitude of this effect cepends on the

actual -angles - fnvolved which in  turn depend on

measurement depth end compensater thickness.

" For a . given fiquA size, .depth, energy, and

compensator materifal 1{t i{s observed that a thicker

) ._aﬂ
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. compensator w111 exhibit a greater reduction “in re\ative
dose at a given depth than will a thinner compensator of
v//the same materia1. The dose DP(r) at point P from any
£1e1d size Wil consist of the dose D(prim) due to
attenuatedA”primary photons. plus the dose DS{r) due to

/ . -
scatter at a gjven retraction distance r. Thus the

relative dose at any given retraction distance r to that

at zero retraction distance r=0 will be
o
R(r) = DP(r) = D(prim)+pS{r)> [5.28]

DP(r=0) D(prim)+DS(r=0)
and
X D(prim) > DS(r=0) > DS(r) 5.29]

~As the shickness of the compensator i{ncreases the
dose due to brtmary photons will decrease due to

ingreased pr1mary atteihationi in 'the‘, thicker

cqnpensator mﬂl.brentiqjing with respect to t one has
: i
d(D(prim)) < O |  [5.30]
dt i '
B

The 1increased scattering mass of the thicker

compensator will tend to increase the scatter dose as-

more scattered photons will be produced but this will be
telpergd or overcoue(depending on the thickness and the

scattering ang1e) by the increased attenuation of both

223

° -



. S . ‘ ,w’”

. ,j b oo l
: | : . \ { g
.the prinary ‘and  scattered photons due to. the g{qﬁit& 3&1 ;Q

attenuation pathlengths in isvf’hicker compensaiort ?o& 1‘,35

“!'

~the thicknesses. fnvolved in khis work the sca%;.nuv”ghﬁ
L3 f.E':'-
increase as thickness 1ncreases and thus one, ha%

~

dos(r)) > 0 N . [5.31]
. t - u 5 ‘
and due to the difference in so1Ld angles L e
d(DS(r-O)) > d(DS(r) | | 5. '31] -
‘ dt | '
,'and also : o : L. J‘ ) ~ ‘4
d(D{prim)) > d(DS(r=BH . A [5 32] o
dt dt '

R . :
due to solid angle and the 6ompet1ng factérs of
increased scatter mass-and- 1ncrtased attenuation: 1n the -

- - ap~

compensator.

Upon: differentiating‘ «[5.28] with respect to
L ] . M .

thickness t and collecting terms one has

P

g%D(prim)) [DS(r=0)=pS(r)]

+ D(Driﬁ)[g{?S(r))-ggos(r-O))] © [5.33]

+ DS(r-O)[ggosgr)q - os(r;[g%QS(f-él)]l
' . N ‘ C

.
(=



‘The first term 1n [5 33] 1s nqgative and tne secon
1n negative 1f r>0 and zero if r=0 ) Ndw cgnside

- 1ast two terms k

dt

DS(r=0){d(OS(rrq - DS(r)[ (DS(r 0)%
et ) . -
& d(Ds(r=0)) [DS(r=0)-DS(r)]
¢ LS St
and one may write 1 .

4l (prin n)) [05(r=0)- Ds(r)] g

.+ D(Pr1m){%£Dsir?q))i- d D§Vfﬁ

+,DS(Ff0){'”’”7

C

L« [g(D(DYim)) + &(Ds(r=0)][DS(r=0)- S(r)1 7
» t .

g B dt S “

““‘ + D(prim)

‘d(D(ﬁrih)) > d(DS(r-O)
dt - - odt :

d term '

r the

- [5.341
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and hence. T , L ., ;

d(D(prim)) + d(os(r=0)) < o
Jt — at

-

and thus the numerator is negative for ‘a11"wa1ues: of

| retraction dgstance This then gives for equation [5 28]

dR < 0 . . [5.36]

T o o
and thus the relative reduction 1in dose increase$s as

compensator thickness increases. | B == R

‘,‘ It is ‘a1so obsefved‘ that ~both vthe rate vend.
magnitude of re1at1ve dose redﬁ%tion is greater for_ {“l;o
‘sma]]er depths and 1east for the largest depths Thfsh
effect may be: exp1a1ned by observing that the solid-
angle of any soatpering point 1s.vgkeétest for the

sha11estedepth,and also sthat the dispahce; from that
| soatfehjng,'podnf to ‘the'probe‘ts)the‘smailest for the
hsma11est depth. fhe”]erger ‘the '55114' ang]elaa; zero -
.rethaction}:and 'thesﬂsme11eh the ‘dtstanCe'vfrom v ihe o
scatfering poiht'fo ihe measurdng point the greatér‘the' ;f}”
‘magnitude and rate of. reduction of the so11d angle \y111“ eaj&
be for any ‘given field s1ze, compensétor thtckness. 0 “3;

0

pcompensator mater1a1 depth angp energy of 1nc1dent . e

photons. tpus the sma%ﬂer the dept‘;the°greater the rate
and magnitude o§(the re1at1ve reduct_on in dose w111 be

. B "
ffor any given set of parameters. SR



- For ‘%o and GMV the polystyrene compensators givei
greater than or‘ equai(within v experimentaI‘ error)f
reddotions'tin reiative «dose,than do their comperative

»thickness" lead 'compensators iexcept for the T7cm-
po]ystyrene compensator and the 6.25mm iead compensator
o at 4cm depth for the 5X5cm2 fieid The reasons for this

may be' seen readiiy by considering the solid angles of

both compensators in this situation. The distance from

S 'tp P for the poiystyrene]-compensator wiii be
‘ . :~g

approximateiy 1.7 'times the‘distance fro s to P for

the lead compensatur and thus the 5014 or S, in

-

lead is almost 3 times greater than & angle for

S in poiy&tyrene Thds inrthis\t 8y iative' dose

reduction for lead wiii be greater 'for poiystyrene’

b3 whiie in all other situations the so]id angies ‘for' the

- lead scattering points% are ‘much .closer to those of
poiystyrene and thed smaiier'-scattering angies for
polystyrene givé,it the greatest‘reduction> in . reiative

dose for 9°CO'end'6Mv.-u

Finaiiy. a number of energy dependencies are seen.
The ciear trend for a11 three energies is such. that both'
;‘ the rate and. magnitude of relatiye’ dose .reduction
¥ .dﬁcreases . as the.'energy of the incident photons |
§2; increQSes.' The reesons for this are seen ‘by ex&ﬁdning
= figuresig#93 to #98 The 1arger energy gives Y greater

L ; , {
increase 1in cross section, scattered, photon energy, ik

e

) i [ -
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average energy absorbed E%b , and the product (u/p) as

retraction distance ,increases and also ‘a fviargeri

reduction T iinear ‘attenuation, coefficient ‘ ?%v

polystyrene as retraction distance increases. AT of

these factors act to reduce both the rate and magnitude

of relative dose reduction and'stem from the'fact that

the higher the energy of ‘the: incident photons the more

‘forward peaked wi]i be the scattered photons produced by

Compton scatter. ’
s

The maghitumf decrease 'of"wthe‘ linear ‘attenuationv

';coefficient of 1ead as retraction distance increases is,
as shown in Fig.#96, greatest for the lowest energy and

ieast for the highest energy.v This is opposite to the

energy dependence of thewiinear attenuation coefficientn

'of poiystyrene. Thus the reduction in rate and magnitude

of relative dose reduction t;?\iead compensators is less ,“

“than that for poiystyrene compgnsators ad lqenergy‘J

increases and the amount,by which poiystyrene,exhibits a.

greater- reduction than the comparative thdckness lead

compensator will decrease~dith increasing energy. ”'The

reduction 1n reiative dose for the lead compensatorsh

D

will become greater than that for po]ystyrene at some‘

energy and this is observed . at 15MV where the reduction

in relative dose for Pb is. greater than that fo r ‘the
comparative thickness poiystyrene compensators. For this‘

reason, the polystyrene compensators wil] exhibit cross.

v -



over points .at 1arger retraction distances than their
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' comparative thickness Pb compensators at 15Mv. ~Further,

the -pair /production Cross section. for 1lead is much
greater than that for polystyrene at 15MV, as table #2
shows, ~and hence the ~lead” compensator will give a

'comparativeiy 1arger dose ~due . to bremsstrahiung and

positron annihiiation quanta than will polystyrene Thisf‘ .

wil] tend to increase both the-magnitude and rate of

relative dose reduction_as,equations [(5.181, [5:19], and‘s

TR

[5.20] show.

5.4 Scatter and Attenuation - .

5. 4 1 Quantitative Ana]ysis
3<32’“0f the Experimenta] .Data

Referring again‘to the‘expérimentaT‘data concerning.

the alteration cf surface dose,‘as seen in figures #48

to’#65, the reduction in_surface_dose can be quite large
for even moderate retractfon distances. At the maximum

retraction 'distance obtainable 'under experimental

' conditions the reduction ranges from a minimum of 56% at

25¢cm  retraction for a 20X20cm fieid and a 2cm

polystyrene compensator at °°Co to a maximum of 96% at
-30cm. retraction distance for a 5Xx5cm? field with a

6.25mm ‘1eadf:compensatOr at iéHV.‘_ Such. substantia1

: reductions‘ in surface -dose ;CErtainiy . Justify_ the' ,
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retraction of the cohpensator away from the surface of

the patient when the fntent is ' to reduce the surface

dose.,

When compar1hg the relat1§e merits of using 1éad'as

opposed to po]ystyrehe’as' a cqmpenéator material one

a sees that uﬁdgr certain conditions lead gives a 1arge;
K\surfa;e | dose 94than'} ;o1ystyrene and under other
circum§tances 1e§d gives a smaller surface dose‘ thén

does polystyrene. -

When lead does give a larger surface dose than
'polystyrene. it does so only for small retraction
distances(<8baftand for all retraction distahces gfeater

than 8cm the surface dose from lead is found to b%_less

\

than that of polystyrene. The ratio of the -dose from

lead to that:- from polystyrene decreases as retraction

dfstahce is increased for small retraction distances,

-

-goes through 2 min1mum, and then fncreases as retraction

~distance 1is 1increased further. The existence of these

minima show that selection of matékia] on the basis‘ of

achieving _the optimum reduction {n surface dqée is

retraction distance dependent. | g

TheAexpérimental datd demonstratingnthg a1teration

in dose at depth 1s shown 1in figures #67(to #90. The

mngnitudé of reduction in dose at depth ~resulting fngg_

- the retraction process is seen to be much less than that

N
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of the surface dose. The maximum reduction for any given

set ‘of parameters ° occurs at the 1argest retract1on

d1stance obtainable and this maximum ranges in magnitude

from a m1n1mum of about 0.55% at depths of 12 and 13cm,

for a 2cm ponstyrene compensator at 15MV and a 1.75mm

Tead compensatorg at 6MV respectively, at 30cm retraction

for a 5X5cm2 field, to a maximum of about 14.25% at a

depth of 4cm fgg a Tcm po1ystyrene compensator at 23. 8cm}

re baction for d20X20cm2 field at ®°Co. For a given

compensator and .field size the renge in the magnitude of
the alteration in dose gan vary from as 11tt1e~‘as' 0.3%
over a range of depths from 6 to 12cm for a-5X5cm? field
- “with 1.75mm 1ead’oompensator at 15MV to as much as 6.5%
over a range of depths from 4 to 12cm for a 10X10cm

field with a 7cm polystyrene compensator at’ ‘%o.

While the magnitude of alteration of dose at depth

resulting .from the retraction process iS'much less than

231

that of the surface dose, it is nonetheless an

~alteration of significant magnitude . to “merit

K]

consideration in treatment pienning if the goal of

obtaining - the oreatest 'possible aéqgrec; ~1in dose

delivery fs to be achieved. For the depths and field

sizes and _ compensator thicknesses and compensator
materials and beam energies emplioyed in this work, 'the
error !hich wou\d result from fa111ng to- take into

account the}aI;efation,in dose at depth resu1t1ng from

l— bt
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. the retraction process can be as low as on\y‘obout.O.S%.}
~but it can also be as high as 14, 25% While an error of
0.5% may be acceptab1e, an error of 14% certain]y is not
if the ICRU recomendations as stated in Ch.1 are to be

adhered to.

5.4.2 End Point ‘Calculatfons

A simple "end-point“ ca1cu1etion may be employed to
predict the maximum dose alteration which one may expect
’to obtain by the retraction process. Consider Fig.#99
in which three different geometries are 1rradiated by

-1dent1ca1 radfation beams. In the geometry vof F1§s99(a)
the absorbed dose is measured at a reference depth dr in
the phantom. In Fig #99(b) a compensator of thickness t
rests on the surface‘of the phantom and the absorbed
dose 1s measured at a depth d+t be]ow the upper surﬁace
of the compensator-phanton combination. If both phantom
and‘compensﬁtor are constructed of the same materiaI-and
the measurements are made at the same distance from the
source in both cases then the ratio of the absorbed dose

&o(dn) of #99(b) to  that of #99(a), D(dr), is the
tissue phantom -ratio TPR{d+t). In the geometry of
Fig.#99(c) the compensator has been retracted a very
great distance from,theVSurface of the phantom such that
the contributton to the measured dose from scatter

Qr191nat1ng fn' the compensator has effectively been
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Ffﬁu #99. Geomatry of the “end point” calculatious.



‘reduced to zero. The ratio of the absorbed dose D(d) in

#99(c) to that of #99(a), D(dr), fs then TPR(d)e Mt
ut

where e V' s the attenuation of the primary beam by the

compensator andu is the narrow field linear attenuation

coefficient of thé ;ompensator. Thus—the ratio of the

dose absorbed with the compensator retracted td a very
great distance to‘that with the compensator resting on
the. phantom surface will be

Y;PR(di:'“t | [5.32]

The ratio thus generated by this ‘“end point"

calculation gives the max{mum alteration 1{n dose at
depth which may be expected for large,vretraction
distances(ie. 1dignoring radiation Jriginat1ng }n ‘the

compensator).

w

These calculations were carried out for the

polystyrene compensatbrS'emp1oyed in this work and the
results are tabulated in tables #3, #4, and #5. For
comparison purposes the expehimenta11y measured dose
reduction at the max{mumiretraction distance obtained is
also tabulated a]ong with tbe dose reduction predi&iions
maqe by the Alberta treatment  planning'(ATP).system
’devé1oped at the Cross Cancer Institute and the dose
reduction predictio;s of the pedagpgic model. The

treatment planning and pedagogic.mode1 predictions are

234 -
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discussed in the following sections.

"As the 6MV and 15MV x-rays are comprised of .a
spectrum of photon energies, and the hssignﬁqn; of an

effective or mean energy is approximate, the narrow

1

238

field linear attenuation coefficients were not looked up_ '

in tables but. rather were determined experiﬁénta1ly.

Measurements of the Yinear attenuation coefficien; of

polystyrene we&e performed 4, 6 anﬁalsnv for various

field sizes and these atteki‘w”on coefficients are

. i * - A . '
plotted in Fig.#100 and F /i)’ The narrow beam 1inear

: s

attenw;tfon »coeff1c1ent for polystyrene was then

w ) . N
" ‘determined bym graphically extrapolating to zero field

size as shown. The narrow field linear attenuation

coefficients obtained for polystyrenel are
- . ) » - . |

M= (0.053%0.001) cm 1 at 6MY and (0.038%0.001) cm for

15MV.

It is to be expected that the dose reductions
’predicted by these end point calcugatipns y111 -be
greater than the experiméh;ally ‘determiqed reductions
due to the finite retractioﬁ distancesceﬁpfbyed. This s
indeed the :case as examination of tables #3,#4. and #5

show. The smallest difference between experimental and

end point reductions "occurs  at a depth of QCn for a

_5x5cm2 field and 2cm thick polystyreﬁe compensator at

6MV. The largest difference s observed at a qeptﬁ“of

W

s
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12cm  ‘for ~a  20X20cm?-  field and 7cm polystyrene -

*“ compensator at L5MV.

S 5;4.3-ATPvPreuicttqns

&

The A1berta treatment planning program ATP

deve10ped at the Cross Cancer Institute has an ption

" for the 1nsertton of a -beam mod1f5§ng ‘device °"\@,

program with regard ‘torits 't

compensator into the beam. .T:f basic concept of this'

shown fin F19.#102.' A point P below the sueface of ‘a

phantom will . receive' f‘ dose due to primary radiation
f:p1us a dose due to scatter within the phantom plus a2 ..
dose due to scatter from the compensator i{n the beam.
*?The dose due. to primary radiation wi]l be dependent on
.‘the‘ Iength 'Of.fthe primary. ray path through both theu

.H’ﬁhantom“amd‘the.compensator.' This ray Path through a

Qe

"vgcentraI beam ax1s due to the divergence of’the beam. The
a path length ﬁhrough the compensator w111 depend on the
‘hfgeometry ot the compgnsator. The contribution to the.

_ doSe‘ from lscatter' originating in the phantom From

E

pontions of

,"\thicker pa ts of the compensator w111 be Yess than from.
those whose ray paths have passed through thfnner parts._[
on . the othbr hand the contribution :to the ”dose from.

&
compensatd seatter will be greater for those portions

!

[

eatment of compensators is

the beam whese ray. paths have passed through

241

tlat _phantom will  be 1east for points located ‘on the .

pu

Ly
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Figure '102, ‘."l'be ' . : ' = . ; ,
b Arl’:.t?“t—‘.t of retncced compensators’by.. o

,
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of the beam whosefray oathsﬂpass through thicker parts

,;of the compensator than those which pass through thinner
parts.‘ In order to take these two factors into account
both the shape of the compensator and {ts distance of

retractionffromithe phantom surface must be known.

'A;P takes both‘the shape and retraction distance of

‘the compensator into account with regard to the

dalteration of primary dose and the aiteraiépn of dose

due to scatter arising*in_the ohantom."fhe dose due to

scatter arising from the.compenSator per se is’not taken

into account and the compensator is treated ‘as.'a 'pure

- attenuator. ] Thus for points of measurement which 1ie
"aiong the cenggai beam axis the oniy aiteration in . dosefﬂ

'resuiting from tﬁe retraction process, according to ATP

will be _the alteration i‘,scatter dose arising from'

T nithin.the phantom.v If the compensatoFNis Specified go

~

be bolus rather .than .a, compensator the dose due- to

: scatter;i-from'.-the compensator/boius '%s, taken. into’

account, but this is only possible for zero ‘retraction’

\]

- distance. ‘//,f J
' ATP predictions 'of' the dose reduction at the
maximum experimental retraction distance are tabuiated
in tabies #3 #4, and #5.° For ali of these ATP
predictions the compensator at'zero‘retraction*distance

was treated as.Poius. The attenuation coefficient of the'

: " . ' i . Y . - .
: [ ’ . . ?
S : . E . e . : & . I
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| AN
compensator 1s a user- defined va13& and the ;I1ues used

were  the extrapo1ated zero fieﬁg values s;ussed‘fn

" section 5.4:2. ‘The ATP predictions for the magnitude of

the dose .. reduction at the maximum experimental

244 g

retraction distance are, as tables #3, #4, and #5 show,

all greater then the actual experimenta1‘va1ue. This is
- to ‘be expected due to the fact that the dose arising

from the retracted compensator was not censidered. The
“reason for the ATP predictions being‘greater thae the

end point"celcuTation pqedic%fons is not clear.

. 5.4.4 Pedagogic Model Predictions

N
&
g

The 2 dimensional pedagogic model of';section

. 5.3.2.4 proved.to~be usefuI in understanding the manner

"in which the retraction process alters the dose at

depth.‘ This hodei has been genéra]ized to 3 ‘dimensions‘

for the purpose of making numerical predi@tﬁens

econcefning the magnitdde of dOSe'reductibn,reﬁﬁthNg,
from s/e retraction process. The manner'1n.‘which this
was done is_as f0119!s. In. order to take advantage of
simb]ificat;Ons due to radial symmetrx ;he square fields;

used experihenial]y were treated as circular fields. The.

fch squarg field size.

)

Y

‘.:\: ,»-i«
- ‘

HAPan
LT o
‘,,”:, vomr T

dius of these c1rcu1ar fields was taken to be the
of the circular equivaleht field" . corresponding-
'fifnf«equivalent f1e1d fis

defined :”:“that standard(ie circular or square) field

P



Awhich - has  the = same’ centrai axis : depth dose
characteristics a‘;‘the given non- standard field “(55}

The radii of the circular fie1ds corresponding 'to_ thek

R
| square fields of 5X5, 10X10, and'22X20cm‘ are 2.8, 5.6,

“ points S,, 5,,, and S,, of the 2 dimensional model were

and 11. lcm respective]y Having done this the scattering

1
~each -rep]aced by ‘a thin scattering annnius located at

midplane in the compensator;: "The radius of " each

-Jscatteringvannoins wa5~defined in. the same mannér as was

t

the distance of points S;,'Slo, and 5,, with respect to

the central beam axis. Equations [5.4] to [5. 19] in

conjunction with tabuiated values of ' the mass“'

“attenuation coefficients and Eéb were ,used to »predictc

245

hthe',reduction in dose at depth for all of the:

experimental situationsitested

The predictions of the pedagogic model for the
maximum experimental 'retraction distance are . tabulated
in tabies #3, #4, and #5 Examining these tab]es shows
that in the vast majority of cases the pedagogic mode)

gives substantially better ‘agreement with experiment

LR

than _do either the cend point calcuiations or ATP

-

‘predictions.

-ns or ATP. and of these 6 times

mode1 also makes; predictionyo for .'

. / o X o

: “,out bf 36 cases are' the~ajr’



compenSators, which neither the end point calculations

or ATP are "capable of. In no case is the absolute

discrepancy between eipekiment and the pedagogic model

greater than £3.2%. -

¢
v ‘

A11 those casesAin'whicﬁ the pedagogic model fails

to give »bettér~fagreement than either the end point

,ca1cu16tions or ATP predictions occur atnshaflow depths

at®%Co and 6MV. The pedagbgiciﬁode1'represents‘a finite

\
- volume of scattering material which contains a 1large

T

~

number of scattering points by a small set of scattering

points, In reality a volume of scattéring points will
have scattering solid angles and sgfttering angTés which

wil vary markedly over its volume, while the pedagogic

‘mode? assigns a -single scattering solid qhgle‘ and

scaiteriﬁg angle to such a volume. This fact stands as a

major flaw in the model. This was done for the sake of

-simplicity but it would seem reasonabie to conclude that

»

a less arbitrary representation would yield better -

agreemeht 1betwgen~ the model and experiment. The
pedagqg1c model suffers , as well, from -a number of

other _flaws, as . no account is taken of scatter inside

th;'bhantom or the way in which the retract{on of the

cpmpensator alters 1it, and other sources of scattg:

besides'compton are not taken into account.

- The~pedagogic model al'so makes predictions of the

& - . .N_ - ’
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dose reduction at aii retraction ‘distances as opposed to

247

the end point caiculations and , e?fedtiveiy, ATP. These'

predictions for retraction. distances ranging from zero\‘
to 30 cm are presented in figures #103;.#104, _and #105e
along ‘with the actua1 experimental "vaiues for:

comparison.’ In order to avoid reproducing the entire”

data set only one representative set of pedagogic model

results for each energy‘is provided.

/

5.5 Monte Carlo Modeling

The pedagogic model of 'section 5.4.4 produces

resuits which are close to the experimental resuits It

does this 1in spite of 1its 1imitations; as;discussed
previously. In order to more: faitthily modeii the
experimentai situation and take into account as-many
reievant factors as*possibie, .a Monte Cario modeling
program was empioyed The program empioyed was the EGS(
Electron Gamma Shower) Monte Carlo code which was
origi@aliy deveioped at Stag?;rd University for the
pur g? of studying the cascade of charged particies and
phd?%ns produced by high energy(up to 1GeV) cosmic rays.
F¥his code was modified for use at energies appropriate
ﬁ’i:o medical physics by Dr. Dave Rogers et al of the
NationLl Research E&ﬂﬁfi] of Canada Since that time -the

.

EGS code has ?ound a wide range of appiications and has

undergone numerousgupdates and 'refinements. For :the

&
> [0
[

‘,

B
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Figure #104. Comparisoa between cxpcriuﬁtcl rtulto and

i,

the Pedagogic model for a 10X10ca” field at
4dca depth for a Pb- compensator of 6.25—

thickness. (BE(Y)=6MV) ~
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~bremsstrahlung. The code lacks, among othef«things,
-gentral purpose routines to treat fiuorescent x-rﬂ?s,

7Auger electrons, and the binding efﬁeéfs in C§Mpton ,7§wr

¥ " ﬁm“§!g~v ¥ .
) k By \ : . ) o 28

results presented heue, EGS version 4 was used;’” B B

i

_ EGS takes into account most of the physics required
for the energies employed here. Th@é}ﬂ%ton interactions
treated are Rayleigh scattering, photoelectric effect,
Compton scattering, and pair and trip]et production. The |
charged particle 1interactions treated are multiple s

. #
scattering(according to Mollfer's theory as formulated,

‘ - | -
scattering for positrons, the continuohs sh@wing down 37;f

approximation, | positron annihilationh :3? th‘ 4Tm,‘

o @

vipv.

]
- » -

£ ¢ . R

- B A P T

scattering. _ . T .,,W e Mo
' - : ¥, Tt v [

N N A

K " ' v ,:"

‘The EGS program was implemented to produce“ he"' .

on ¢

reduction 1n relative dose at depth for a seiett numberx _ § -

of experimentai situations for comparison purposes.‘fhis b
was done mainly as a test of the usefulness of EGS as a _f

o

research tool in this area:

BRI} L

5.5.1 EGS Results G

—— i

. The results obtained from the EGS5 proEram are
presented 1in figures #106 #107. and #108 While the
results of EGS do nbt aiways agree within experinentai

error .with the experiuentai results, ‘the agreenent is
- .. o~ - #“. , »-.ﬂ.”.‘, L ! ‘);.‘;!‘_‘,' ,"‘ .

S

by Bethe), ~Moller scattering for electrons, thbha {}’;flg

e

R Lol
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better than $0.2% while at 6MV and LSMV, F1gs.#107 and ™

-/

. ;certainly 1imit EGS in its present form, to the roie of

‘#i08"‘respective1y. MP difference betweeg EGS . and

ess tg%nuone minute to -produce- running on’«a

, microcomputer;'i Thus wh11e EGS produces by far th

information which will enable simpler and

‘at depth te be produced,_«

\ ‘, . R I - \\,’\QI‘ A"255

Foe ) , : ‘ R T
. . PR S

vgyery clOse. At 6°Co, Fig. #106’ _the’ agreementp is‘kto i

experiment is at no;time greater than iﬂ 5%. This fis far,‘

' better agreement than the pedagogic modei but it o/mes
oat an inordinate cost in terms of computing timeJ/ Each
EGS data point in figures #106 #107, and #108 ~n quired\a

an average computation time of about 20 CPU hours on a p

~VAX 11/780 computer. In comparison the entire data set

of Fig #103 produced by the pedagogic model required"

accurate re&&lts,,the production time required wi]] mostcv"

mresearch vtooi- gGS _ may indeed provide va}uab}e

I/

S . o 1
methods -of correctly predicting the a1teration in dose s

e

il S | /\/ .
. ) - t .




VI CQNCLUSIONS

Theilargeamagnftude‘of reduction in ‘surface dose '
“achieved at even moderate retraction distances justifies
the retraction process }in ighose cases An- which skin

spaning is desirable. The veduction in dose a depth

»

Y

s ‘which also results from the vetraction pvocess is no,”“
Lt great’ af that at the. surface, but it is nonetheless
significant 'magnitude “to merit consideration i: most a
cases, /Both the rate and magnitude of the. reduction in
qose::at 'depth is a complicated function of retraqtion
distance, field size, depth compensator thickness,

2

ifcompehsatoﬁ%gaterial, and incident photon energy.

At the surface the largest reductions in dbse‘ are

-

seen fqr the largest ‘retraction distances, smallggt B
Cfield sizes, and highest energies. ';Ih contrast “the.fw
,‘r»langest_ alg;rations 'in dose at depthp'oifur for the
*laraest ' retraction distances, larger fieldv sizes,
~smallest depths, and lowest incident photon ,énengies;
"i-The, other facfors’i of ) compensator ; thickness i’andu
compenSator material alter rthe‘ Gdoseyt iﬁ?"q;' moreiib
complicated manner.we : ;;; ,,',ﬁﬁf' e R

.‘.

VrTﬁe' actual magiito e of ah,ﬁhtldn 795r1as 7from"\
, e .
the particular

situation “to situation | Ependid'j,

'




()

. aiteratipn'in,dosé‘at’a given‘depth due to‘fgampénsitof '

. retraction fcan ’resuIt“ in 7erfors of- up to about 14%,

; While sq&h large errors do not dcﬁﬁ?’in evéwj‘ﬁftUatfon;

: 5 ; . . , , ,
their possible- existence calls for a more adequate
treatment of this'ﬂgffect ‘% a desired dose is to be

delivered with,the greatest degree of - accuracy to a

particular volume fﬁ €he body. - | “* A
) | : . '1' o .
. ) & )

. 257
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