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 ABSTRACT

The Q\MQ end 15 MV photon beams produced by lineer accelerators
werevstudied‘for electron.and scattered-photoh.contamination. Tissue’
‘maximum ratios with and without access‘ries'inthelfield.indicate the
presencevof‘contamination. The surfacz doseawgiafound to be

attributable to contamination ‘electrons and backscatter photons. The

-surface dose produced by acCessories“was reduced when electron filters‘-

N

made of materials with high atomic nUmbers weré‘piaced underneath the
Htaccessory " The surface dose for rectangular flelds was measured and
the equlvalent squares for the surface dose were, derlved from these
measurements. The 15 MV accelerator had a Gausstan lateral distribu- )
"“tion, a linear dependence on,field width for squarelfields‘and an

| inverse square dependence on distance from the bottom of .the: flxed
head assembly - This geometrlcal dependence is con51stent W1th the -

proposal that the field flattenlng fllter is the maln source of

electron contamlnatlon at large fleld sizes when accessorles are

present. The electron contamlnatlon at 6 MV could not be localized to

the same.locatlon. A permanent magnet was used toisweep electrons from

the field. In‘general electron contamination measured by a probe ‘was

produced by materlal close to the probe A penetratlon curve for

‘ electron and scattered photon contamination was produced UtlllZlng the
11near1ty of dose w1th respect to fleld w1dth The derlved‘contamlna-
tlon curve was similar to the measured bulld—up curve outside thev
fleld. "The phantom generated tlssue max imum ratlo obtalned by sub-
tractlng the contamlnatlon COHtleUthnS showed no dependence on .

Y

a0

4
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field size, source-to-probe distance or presence of accésSorigs.

r ~ . . ; . C PP :
,JThe phantom generated tissué maximum ratlorwas verified 1ndependently

«

by Monte Carlo'sdmulation. The cllnlcal aspects of the study and the

.requ1rements for an electromagnet to sweep a large fleld completely

&
free of contamlnant electrons were dlscussed i

") - ~

Volume 2 s introduced w1th a review of | dose computatlon methods

¥

for radlotherapy : Several‘def1c1enc1es were revealed of Whlcay thes
most. 1mportant was.a. fallure to account for the dose in 51tﬁat10ns of
electronlc dlsequ111br1um It was shown that the reduced central axis.

dose ina 1l —den51ty heterogeneous reg1on was due to electr9n1c dis-

1

t equilibrium. It was also shown that electronlc equlllbrlum never

ex1sts near the beam boundary and th1s glves rlse to. the beam penumbra

- for high energy linear -accelerator beams SR
' A . .
\ ‘E/’ o A dose calculatlon method based on convolutlon wa& 1ntroduced

- {
whi¢h accounts for both the transport of chargéd partlcles and

scattered photons Arrays were generated usrng the MOnte Carlo method
f

representlng the energy absorbed throughout water—llkélphantoms from

'”charged particles: and scattéred radlatlon set 1n motlon by pxlmary x-

-

‘ray 1nteract10ns at one. locat1on ~ The result1ng Udose read arraysV'r_

@

-n were normallzed to the coll151on fractlon Qf the k1net1c energy
released by the prlmary X= rays These arrays are cohvolved w1th the B
'relatlve prlmary fluence 1ﬁteract1ng 1n a phantom to obtaln 3 d1men—~};’
1§» fh51onal dose’dlstmlbutlons “The method glves godd agreement for the“ﬁai.i;,
dose in electronlc d15equ111br1um 51tuat10ns such as the bu11d-up

Areglon near beam boundaries and near low-den51ty heterogeneltles .

’

_b1rradlated by beams w1th small fleld 51zes
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T

Volume 1 entitled '"Contamination of Megavoltage \§ Ray ..

—Beams By Electrons And Scattered Photons" was originallyﬂ'

wrltten as a thesis }ﬁr the partial fulfilment of a' Master't

of Science degree. "At_;the defense gof~ the thesis in

. [ o .
September of'1982~ 1t was felt by ‘the examining' committee'

.that Volume 1 should be" used towards a. Doctor of Pht losophy

degree.

- Section 3, in-Volumeal-,addressed the' problem Vofi the

:transport-’ofj charged particles 1n the build up region of a

’ ,funit-density phantom. The committee felt that thls Section

"prov1ded a good foundation fox a more - complete study of the B

htransport of charged particles generated.by photon beams in

‘r an inhgmogeneous medium.. A decision was ‘made to und&rta

this. investigation b complete {','th thesis. Volume f;?~2;’ -

.

TV contains ’the(,results of thts study as well as a method to"

_calculate the brimary and scattered dose 'in"heterogeneous‘

_media. o

b

;'because Volume L is a self-contained study of photon beamh

A

: inf Volume 1. For this reason, the Discussion Conclu31onsfjdfg

B However in a number of instances, the reader of Volume;fJ;;

';.“contamination.“ The contents of Volume 2 are not referencedf’

It vas decided to break the ‘thésis into ~ﬁ . Volumes?{*;'

- ;and Appendioes concerning contamination are left hi Volumeﬁij”f

n;.z is referred to Volume ’1}; therefore.5 the’ pagination ;in_f‘f

fVolume 2 is a continuation of Volume 1 SRR

| vii
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INTRODUCTION

The errors of definitions
multiply themselves accordingly
as the reckoning proceeds; \
and lead men into absurdities,
.which at last they cannot av01d\,
without reckoning anew
* from the beglnnlng

Thomas Hobbs



’ -

-«

1.1 VRationale and ‘Introduction to the'Studv

Megavoltage photon beams: are the radlatlon mod 11tv most often
used in the treatment of cancer by radlotherapy Photons produced
bv med1ca1 linear accelerators have become the most 1mportant method

of dellverv of these beams. * | : . ‘_'

Megavoltage photon beams becbme contamlnated w1th relat1v1st1c

%

e}ectrons and scattered photons An understandlngwof the role of
eleetron-and scattered pnoton contamlnatlon 1s requrred to characterl e
dostmetry 1n the bu11d up reglon Cllnrcally, high energy x-ray build- up
,produces a skln sparlng effect and contamlnatlon tends to reduce thlS »
effect

The Cross Cancer Instltute 1n Edmonton Alberta employs tnree |

/

éremens 11near accelerators, two of. whlch operate at 6 MV photons and one
which dellvers a 15 MV photon beam These accelerators have a Very |

-51m11ar de51gn SO an opportunlty ex1sted to compare and contrast the
B contamlnatlon at two different nomlnal energles | i
The dependenCe of p051t10n 1n51de and outslde the photon beam

_dlstance from the source of prlmary-phOtons and cross sectlonal

Lo,

dlmen51ons (fteld 51ze) of the beam on the nature and amount of contamlna; ‘
tion was 1nvest1gated Accessorles were' placed 1n the path of the beam to
detennlne thelr effect on contamlnatlon ».”» |

The photon beam was passed through the poles of a permanent magnet )
to sweep the contamlnatlon elettrons out of the beam. The depth of
penetratlon of the contamlnatlon electrons was. determlned by comparlng
-dose measurements at depth in a phantom w1th -and w1thout the magnet in
h,place o R | G

® Cobalt 60 1sotope'sources and betatrons'can\deliver megavoltage'photdn
beams as. well. o . - R .



'The.deptﬁ*of'penetration for. the electrondand‘scattered.photon:
':hcomponents was detennlned utlllZlng the 1ncrease in dose with- respect
“fto the fleld 51ze of the beam The tlssue max1mum ratlo (TMR) in the
bUlld up. reglon of the phantom generated component was obtalned by sub-
"~tract10n of the contamlnant contr1but1on | | ” e -
A knowledge of the nature of the primary photon component of the -
| 'beam is 1mportant to the clinlcal use of such a photon beam because ‘most:
- treatment plannlng systems 1solate the. pr1mary from the scattered photon
'lcomponent of dose The Valldlty of the phantom generated bu1ld -up curve,.
::as obtalned by subtractlon of the contamlnatlon fractlon, was ver1f1ed
v'by computer modelllng the prlmary photon contrlbutlon | |

The nature and sources of" electron and scattered photon contamlna-.
.tlon, based on the experlmental and calculated results, 1E~315cussed in
deta11 ’ L N

The role in cllnlcal radlotherapy of electromagnets to sweep
Thelectron contamlnatlon from the fleld and electron ”fllters" to scatter

‘\

- electron contamination,‘is discussed briefly:. - -



,where,e‘is the electrlc quantum of charge

@ ’

'1,2 Production and Interaction of X-Rays with Matter . K

‘Megavoltage photons”are'packets ofenergyvetceeding”l"nflllon
electron volts (MeV)' each. *" Although photons have ‘dual -wave and
particle propertles photons (as their, name 1mp11es) in radiation ,N
physics, are treated as if they were. partlcles

X- rays are photons produced by the 1nteract1on of charged partlcles

with matter. In conmerc1al.x—ray equ1pment each photon 1is produced'by

the interaction of,a‘relatiristic electron with an atomic electron=or

© nucleus of a ‘target material“ This process is called bremsstlahlung

.. The. d1fferent1al cross-section with respect to the. photon energy, hv

for brem§§trahlung product1on, dcb rom , from a charged partlcle 1nter—

) ) d(ﬁvi
5act1ng w1th an atomic nucleus 1s glven by
dop 20 2 2”T+m.”c27' e T
brem ; e ] e” |77 ~ol. B - oo (L2
) . T e T

. s Plank's constant o= (h/Zn)
‘ Emg'ié the charged partlcle mass’
1; c. is the speed of 11ght
Z is the atomlc number of the target nucleus
T is the charged partlcle k1net1c energy |
A':__hy_ls photon energy |
Bhr.B(Z hv/T) 1s~a'd1mensi0nlesskquantity»frémtquahfumhei¢¢tfol'
dynanlc theory and’ is. of the order of unity (1) | .

(Appendlx 1 llsts numerlcal values of phy51ca1 constants)

-~
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w1 MeV = 1.602 x 1075y
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~ The. effect of 1nte;act10ns with- atom1c ‘electrons an approx1mate1v
'by taken 1nto account gy replac1ng the factor Z2 in, Eqn. 1.2.1 by »if~:. ﬂ
~Z(4+1) The second order dependence of the Cross- sectlon on Z1neans;_'-
that’ hlgh atomlc number materlals are the most eff1c1ent targets for ‘
;_the productlon of bremsstrahlung.l The inverse square dependence on
fcharged part1c1e mass explalns why electron beams are always the _7"
'accelerated charged partlcles usedﬁln commerc1al x-ray. dev1ces

The number of photons P oauced by bremsstrahlung per photon energy'
»1nterVals at a glven electro&lenergy 1s prOportlonal to- Eqn 1.2. 1 and.;”:fﬁ
‘so is proportlonal to l/hv Therefore, the Value of the photon number
:spectrum for bremsstrahlung produced by monoenergetlc electrons 1s |
.fgreater tor 1ower energles In the practlcal 51tuatlon the electron

~'beam 1nteract1ng w1th the target is not monoenergetlc The 1n1tlal'

“'energy-of electronS‘has-a small Spread ‘More 1mportant1y. as tne b

:'electrons 1nteract W1th a target of f1n1te thlckness they‘lose energy

v'as they traverse it. Thls results in fewer h1gh energy photons and-
'”} more lower energy photons than predlcted using ‘a ”thln target” bremsstrah-‘
lung approx1mat10n so the’ spectrum 1s strongly peaked at row photon ;"_ |
| '-energy Consequently, the nomlnal megavoltage d651gnat10n of photon
sources produced by bremsstrahlung refers to the max1mum photon energy of
'~the bemn | i' | | |
‘ ', Wlth mlnor exceptlons the 1nteract1on ot photOns w1th matter occurs
"v1a the photoelectrlc effect Compton effect and pa1r productlon |

In the photoelectrlc process a photon is completely absorbed by

© o dan atom whlch becomes 1onlzed by eJectlng an eIectron The photon \

: ~T?f_energy is almost completely shared between the k1n1t1c energy of’the

o electron and the blndlng energy of the electron .Veryvllttle}krnetlc.vv-



v‘energy is g;ven ‘to the 1on12ed atom but most of the photon momentum is

‘itransferred to the atom. The probablllty of 1nteract10n is. hlghest whenf. '

. the photon energy is. near to but greater than an electron b1nd1ng energy., .

._For this reason the photoelectrlc absorptlon probablllty for an elementg.. -
b is d1scont1nuous at the atomic shell b1nd1ng energles. The 1nteractlon -

"of the K shell electrons contrlbute about 80% to’ the atomlc cross- 1 v

“section. To a flrst approx1mat10n the dependence gf the at0m1C”CTOSS-
,’section, T “on’ Z and 1nc1dent photon energy has the form (1)

Lo

vl\/

. ) 1@
A

.. .z
(hv)™ o
- where n 1s found emplrlcally to vary between 4 0 and 4.6 dependlng on -
'fthe photon energy The phptoelectrlc effect is the d0m1nant mode of
_1nterat10n at low x-ray - energles in hlgh atomlc number materlals | »
| At 1ntermedlate photpn energles/;he Ebmpton effect domlnates* ”Fin ff
4‘the Compton effect an 1ncom1ng photon 1nteracts w1th an electron »The_‘
"Jphoten 1s absorbed and’ another photon w1th aalower energy is created L
' The electron rec01ls with an energy representlng almost alt of the e
”g'dlfference between the 1ncom1ng and outg01ng photon. The outg01ng photon,

: usually tenmed the scattered photon, and recoil electron d1rectlons are o

“_T'1n the same plane as the 1ncom1ng photon dlrectlon | The dlrectlons of

“';glven by (2)

/

—

'the scattered photon, ¢, and 1ec011 electron, 9, shown in Flgure 1 are’

o The Compton effect is. the most 1mportant process from 30 KeV to B
20 MeV in water and from 600 KeV to: 4 Mev in 1ead (9) -



-}Figufe 1;

_Scattéréd‘
" Photon

L Recon
o Electron

The Compton effect ‘is an interaction of a photqn W1th energy,'
“hy, with an eléctron at-rest. A’ scattered . photon with- energy,' :
C L hy -and a recoil electron W1th klnetlc energy, T Tesult ’
~3»a-from the 1nteract10n :

BRI

~J



Cos-¢ =1 - ;;THCTTT o N (1;~.3). -

BT SRR oy
,».tan o L (IteJtan(e/2) oL (1.4
'where.éo = uhvz'h
. moc

v Equations-112 3 and'l 2.4 were'derived from conSiderations of»conserVa-’
tion. of energy and momentum | Equatlons 1 2 3 and 1 2 4 suggest that theih'
"scattered photon and rec011 electron dlrectlons are forward peaked at

, hlgh 1nC1dent photon energy Scattered photons, each posse551ng a

cdlrectlon dlfferiht from the 1nc1dent prlmary photon dlrectlon, degrade e

. the COlllm&thn of the prlmary photon beam

The~ dlfferentlal cross sectlon w1th respect to rec011 electron energy';‘ﬁ

»for the Compton 1nteract10n do/dT 1s glven by (3):

-g-% = nro'szCZC(h\},T)' o 12
o ‘ ‘ mc'T 17 _ ] N
Gty g |2t HREIE BT fg (2)2 (mocz)z]
S T e (hv)“ hv (h) O |
- o s ' L(1.2.6)
. : ’2:'> 3
- where r_ = -2 7.

K1e1n and lehlna in der1v1ng the above equatlons assumed that the

S _electron is orlglnally at rest and the b1nd1ng energy of the electron

"/ito the atom 1s negllglble compared to the energles of the prlmary S f“A

' and scattered photon and rec011 electrOn Both of - these assumptlons |
;are equ1valent to assumlng a free electron at rest in the laboratory' -

iframe These assumptlons result in- the total Compton atomlc cross—



: section’ ;?t , heing propertional'to the.number of electrons in the.
atom, i.e., proportional to Z. |

The: interactiOn of a photon With the Coulomb field of a charged
.‘particle sometimes causes the photon to disappear with the creation of ipﬁ
electron and pOSitron. Consequently, the energy;threshold for this
;'interaction is equal to the rest mass ofjthe pair'of 1.022 MeV. The
remaining photon energy released is transformed into kinetic energy of -
_“the charged particles When the Coulomb: field is due to a nucleus, the
v‘process 1s called pair production Trrblet production is’ when an atomic
'Aelectron,-rather than a nucleus, is involved in the interaction. In
'vthis‘caSe,,the atdmic‘electrqn recoils with a considerable fraction of -
.‘the available kinetic energy;7consequently, the threshold for triplet:

production is higher than that of pair production.

The differential cross- section for the pair production interaction
'Wlth reSPeCt to charged particle (electron or pOSitron) energy,

| dN/dT is given by (4)

- dr _ . 2 7 I ' N
L@ T T,y P ,(127)

o P(hv T) is- the kinetic energy dependent part of ‘the. differential CTross-

section which can. be expressed 1n a compact form if an energy parameter,v

v, is defined (4) T

A

. Therefore V..is ‘the ratio of total charged particle energy Compared to

© the photon energy

| of2E_ va-v)\- 1 -c(p)

o -

”_i;pthv;vj’% v (1 v) ;V(l v)




N \ . . - " . P » .v’ .

where c(Y) is a dnnen51on1ess quantlty usually much less than 1 which
decreases rapldly w1th 1ncre351ng Y. vy 1is the dimensionless screening

parameter-ln;the Fermi-Thomas model of thetatom and is given by (4): .

S 1U

.Y' = 100 moc v -1/3 S R tl./'Z.IO)_ :

In low Z- materlals and for megavoltage energles less than 20 MeV

‘the'pai?meter, C(y), may be assumed to be ZerTo. Tr1p1et product1on ma}

'be 1ncluded by replacmg Z in Equatlon 1.2.7 with 2+1.

L

The root ‘mean angle .between the d1rect10n of a secondary charged

‘particle and the primary photon is'given by (4):

1/2 : TR

(gf) Samhn /21

e

where q(T hv Z) i of the order unlty and is given .in Appendlx 1.

U)

. Fhe total atomlc pa1r productlon CTOSS sect;on a™ is~ proport10nal .

to Z2

so high atomic number materlals have a 1arge cross sectlon
When a p051tron and electron geteclose enough they annlhllate '

11berat1ng thelr energy Thls‘usually occurs when‘thevp051tron and

‘electron have 11tt1e klnetlc energy The rest energy 1is converted to

'two 511. KeV photons which are em1tted in opp051te d1rectlons,

Otner less important. 1nteract1ons of photons w1th matter .occur such

bbas photodlslntegratlon, Cerenkov radlatlon Auger electron productlon

- and - fluorescence. .Of_these, fluorescence is the most 1mportant

especially in crystal‘structures Atoms can be exc1ted due to the' pas-

“sage Of x-rays When tne atom returns to its . ground state fluorescence

radlatlon 1s emltted When the process 1s delayed long after the 1n1t1al
eXC1tat10n the radlatlon emltted is’ called phosphorescence

The total cross sectlon for a beam of photons ° 1nteract1ng 1n matter

depends on the beam geometry In narrow beam geometry both absorptlon ’.;h

et



-

and scatterlng of photons are effectlve 1n reduc1ng the 1nten31ty at the
detector Flgure 2 111ustrates a narrow beam of photons 1nteract1ng

'1n a thln layer of matter, dx between the 1nc1dent beam and a small

o

J.detector. The_number of.photons that arrlye'at the detector is giyen

~by:

“t 'is the total 11near attenuat1on coeff1c1ent and is glven by

" -='k‘p('r R R (1213
. t A _ - ,
'-ﬁ; “f: where N, ='Avegadaro's number; |
i T A»t= molér:Weight‘- | 'h‘.\‘
5 P !=‘physieélvdensity. ‘
i i; 20 and 4" are the photoelectrlc }Compton and palr productlon :
rgoss sectlons respectlyely . ,k7‘t SN
;;ad beam geometry assumes that the Cross- sect1on of the prlmary
& : ibeam 15 w1de Only complete absorptlon of photons contr1butes

;’e.attenuatlon.. Scatterlng of photons away from the detector are

=}nsated by scatterlng of photons toward the detector.\ The'nUmber

-

T G My

e

where %, 1S the Compton atomlc absorptlon coeff1c1e t.

-

: aoé represents the average fractlon.of the pr1 ry energy absorbed

.(l.Z,ibj»'

1s the energy of the scattered photon The Compton

,atterlng coeff1c1ent “qs , 1s a eomplementary quantlty to//d/

N(x) N(x-O)e 7. B _ [:' . (lfé}lé)"

11
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Narrow beam geometry assumes that all scattered photons are -
not detected. Broad beam. geometry - assumes that as many
photons are scattered toward as away flom the detector

Figure 2.
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/At low energ1es ao approaches a%t and at h1gh energles 2% con-

» t 1b"tes most of the attenuatlon A llstlno of total attenuatlon

A o
o water at selected energles appears in Appendlx 2. PR

The 11near coeff1c1ents, My and u are often nonnallzea to the

ph§51ca1 den51ty, Py and then the term "mass” replaces "llnear” The :

m'bs attenuatron coeff1c1ent, " /p, for ice and- water, are. the same. N

e en though the1r llnear attenuatlon coeff1c1ents are dlfferent

Other llnear absorptlon coeff1c1ents are often used  The mass

ergy ‘transfer coeff1c1ent, uk/p, and the mass energy abSOTPtlon

0eff1c1ent, by /p, are deflned analogously to the mass absorptlon .

oeff1c1ent, b /p B /e_takes 1nto dccount. the escape of Compton

'scattered photens, uk/p takes lntO account the escape of Compton .

'-scattered photons fluorescence and annlhllatlon photons u /p takes o

“into C0n51derat10n all the escape photons that uk/p does and 1ncludes

.bremsstrahlung photons The general formulae for all these coeff1c1ents

i .

are’ (9) S ke
) L oo :N u o f-_'o,'7
o B ux/ -Kv( Tf ofd + u v’ o (L.2.18)
/ where X can be nkn an OT nenn W
:f s

X ‘are conver51on factors whlch wedght the average fractlon of

o

;lphgggg;energy_that'is chVert -to charged partlcle k1net1c

(see Equatlon 1 2 16)

‘t_
s W e

PN SRR R SR
IR

i R



»Qp ' scattered photons tend to replenlsh the low energy Pa

beam

Sometimes it is convenient to compare the linear attenuation
or absorptlon propertles of two types of matter. The equivalent thick-
ness of“dne" substance compared to another is defined to'be:

l/ .
B ’ u .t

(t ) = - (1.2.19)
eq t pt . B

- .
The primed: and unprimed coeff1c1ents refer to two di fferent materlals
Since the linear. attenuatlon coefficient depends on energy, the. l.
photon spectrum is g01ng to be modlfled ds it passes through matter
This espec1a11y affects low- energy (below megavoltage’ enérgles) sbectra

~because the photoelectric effect is strongly energy dependent Low o

energy photons w111 be depleted faster than hlgh energy ‘photons so the

mean energy of the beam w111 1ncrease Thls 1s known as hardenlng of the:t

A3

Hardenlng is not as 1mportant in megavoltage beams because few of

. the 1nteract10ns (1n low Z materlals) occur via the phdtoelectrlc etfecttf

-

Most of the 1nteract10ns occur via tne Compton effect Forward
%; of the spectrum

In addltlon the 11near attenuatlon coeff1c1ent oveg the energy range o£-¢

E materlals) ‘The- photon spectrum of a beam of x-rays is often called the

megavoltage spectra does not decrease Trapidly w1chEnergy (1n low Z

"quallty“ of the beam e :frfu_ o h‘--» . vg/

energyvso the spectrun. would ‘be depleted 1n h"
"Softenlng“ could be sa1d to: occur‘-v'

IE!



- 1.3 Interaction of Electrons»with Matter

For the purpose of medlcal physics, a free electron can be

thought of as a p01nt particle w1th a Test. energy of 511 KeV S S

~31- kg) and an electrlc charge of 1.602 x 10 "19;

(rest mass = 9.11 x 10
Coulombs.* Free electrons are produced through 1onlzatlon of atoms..
The source of electrons in a llnear accelerator is from thermlonlc
emission from a heated fllament or 1nd1rect1y heated cathode \The
‘photoelectric, Compton and pair productlon 1nteractlons also produce
free electrons with a conslderable klnetlc energy.
When an electron traverses through matter the Loulomb 1nteract10n

between it and atomlc electrons produce 10n1¢atlon of the atomlc |

r.

'_electrons and exc1tat10n of the 1on12ed atom. ThlS results in the

k1net1c energy of the electron, t, be1ng dep051ted a%ong 1ts path whlch : -

results in the electron slow1ng down The energy lost in any glven ’

"colllslon may be asﬁdow‘ $a few electron volts or as hdgh as ohe

half of the electron, engrgy. The energy lost per un1t mass of matter

1s deflned to be the radlatlon dose absorbed by the matter ‘The'

/ -

colllslon or 1onlzat10n stopplng power is deflned to be. the average

7amount,of energy lost per un1t path length traversed [dT/dX]ion y and- .

is ‘given by

* Slnce eiectron beams encountered 1n medlcal phy51cs ate: not ';yjf.i-
polarlzed spln effects of free electron can. be neglected o

/
/

i

o g Co

15



where I is the average ionlzation potential of . the atomslthrough whlch
the electron is traver51ng o -' |
The fact01 (N Lp/A) has the dlmenslons or cm -3, -and represents the number
\Sf electrons per cm3 of a materlal and is called the electron den51ty
When T is large (T>>m c ) the COlllSIOnal stopplng power‘lncreases ‘
5slowly because the factor 1n front of the logarlthm approaches unlty
‘ and taklng the logarlthm nodlfles the approx1mate T3 dependence of 1ts
, f argument At low energles (T<<m c ) the stopplng power 1ncreases |
;approx1mately 1nversely w1tn decrea51ng electron klnetlc energy
". - As was- dlscussed in’ Sectlon 1.2 bremsstrahlung is produced by .

fast electrons 1nteract1ng in matter The stopplng power due to ;

_-~bremsstrahlung, often called the rad1at1ve stOpplng power can be' .

L ffound from the dlfferentlal bremsstrahlung cross sect1on (Equatlon l 2.1):

R ‘ T o L
S-dT o J{ o -
S . hv do E (1.3.2)
[éx]brems "‘A 0 rems S :'

¥

g The colllslonal stopplng power is much greater than the radlatlve

”.istopplng power except at hlgh electron energy or hlgh atomlc number

'~mater1als The total stopplng power is Just the sum of the coll151onal ‘

,-a;§ rad1at1Ve stopp1ng powers Appendlx 3 llsts the - total StOpplng
) ;,pOWErs of electrons 1n watpr as.a functlon of electron energy |
The average path length P L", traversed by the electron is glven.

N .

,',:byp

PL-‘] [W&]—t(}t dT(+ p'L,'rT.‘esidual. (1;3.3)i A

- vhere T, ‘is the initial energy

o

AL
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m1n

to be almost stopped

L. re51dual 1s the resldual path: length after the electron

N ached an ener T . .
hic gy,‘nmr

All electrons do not have the ‘same path length because of the co
.i51derable fluctuatlon of collls}onal energy loss R vb.l
- The range of an electron in matter can be deflned to be the
f_ dlstance between the p01nt Qf entry of the electron in matter an
rp051t10n where 1t stops The mean range is always less than the
' path length The electron hav1ng a small mass is ea51ly scatter
by the Coulomb fleld of the atomlc nucleus These 1nteract10ns

| {usually elastlc so only the electron d1rect10n 15 changed The

multlple scatterlng of electrons atter pa551ng through a path %

' 'often assumed to have a Gauss1an angular dlstrlbutlon The mean square S

_mass angular scatterlng power J /p L of a materlal 1s a measure

angular spread of an’ electron beam . 8 /p Q 1s d1rectly proportl

T u'vis»the'kinetic energy'whenytheyelectron-can_be'conside

red.l'
has g

n-b

d the

mean s

ed

are

,' 1s

of the

onal

to Z /T SO the scatterlng 1ncreases rapldly w1th h1gh atomlc number

materials and decre351ng electron k1net1c energy Appendlx 4 llsts

If an electron source is located at a p01nt and dlrected 1n
d1rect1on, z, ‘then the electron fluence o at a d1stance r, fr

‘ p01nt compared to the 1n1t1a1 electron fluence, Ao’ after it has

X

traversed a dlstance, Z, 1nto a materlal 1s (5)

o d_,e-,e./ze
A R e) o
R ot A
‘where a'ls‘the angle”betWeen the 2 and‘? direCtiéﬂS;-u

i 2

1+tan eﬁ%.rZ/zz

i /p 2 as a function of k1net1c energy for electrons in water and lead

a*‘

om - the

ey
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. stream of Tow energy electrons produced by a hot fllament ThlS

:'lt4i Medical Electron Linear-AcceleratorS |

The X-ray. tube common to all dlagnostlc X- ray.unlts 1s the 51mplest
type of electron acceleratlng dev1ce Potentlals laroer than 1 pr |
. across a space of a few centlmeters cannot be malntalned because
'a‘;dlelectrlc breakdown occurs. In order to produce hlgh k1net1c energles
“a llnear accelerator requ1res‘an acceleratlng electrlc f1e1d travelllng
- 1n the same dlrectlon and veloc1ty as the electrons In a linear - .
‘ accelerator, an electrOn can galn several MeV/m, yet the potentlal
dlfference oetween any two D01nts at any time can be less than several
'hundred kVp . | | | B “

‘ The basic acceleratlng un1t 15 the mlcrowave resonance cav1ty

A cav1ty is merely a microwave wavegu1de that has been enclosed at the .

felectrlc field mlnlma p01nts Flgure 3 1llustrates the relatlon l" .

between the magnetlc and electrlc flelds in'a mlcrowave cav1ty for - -

j one complete osc1llat10n | The;cayzty oac1llatlon can be set up by
5COnnecting the'cavlty to‘a,SOurce4bf nlcrowavelradiation such as,ab-'

1i:k1ystron;0r magnetron\, lb"f.vf{ B

A klystron comprlses two coupled.mlcrowave cav1t1es (6) - One f

; called the buncher and the other called the catcher (see Flgure 4).

mThe osc1llat1ng electrlc f1eld from a low wnplltude hlgh stablllty

Am1crowave source alternately retards and accelerates a contlnuous

_ modulates the veloc1t1es of the electrons leaV1ng the buncher fThe

L buncher and collector tubes are JOlned by a dTlft tube wh1ch allows -

o,

_“hlgher veloc1ty eleCtrons to catch up to lower Veloc1ty electrons
_»When the electrons enter ghe catcher cav1ty they generate strong

o G
' retardlng electrlc flelds by 1nduc1ng charges on the ends of the cav1ty

4",
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Figure 3 One osc:111at10n of an electromagnetlc cav1ty The electrlc )

.'Di_‘rec,t'idn': =

field is a result of charges at either.end of the cavity.

‘The magnetlc field is due to cherges moving along-the caV1ty’f '
Mlcrowaves can 1nduce or. -

..o in response to the electric field..
: be produced by : such osc111at10ns

19
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A) Retardlng and B): acceleratlng phases of the operatlon N )
of g buncher. A weak microwave .cavity modulates an’ electron . -
beam. The kinetic energy of the beam is transformed into an . - R



This“reduces.the'electron velocity. . The modulated ‘bean current arr1V1n0_‘

at ‘the catcher 1nduces hlgh amplltude microwaves utlllzlng mOSt of the
klnetlc energy of the electrons The electron beam collector is a. )
_1dump for rahov1ng the electrons.f The kinetic energy -not converted to.,
" mitrowaves heats the collector whlch must be water cooled Some low .
energy bremsstrahlung is produced in: the collector wh1ch must, therefore,
B be shielded. The microwave power is produced bv a klvstron 1n~the
'Mevatron‘470 accelerator h
In the Mevatron -6 accelerator the~m1crowave power is produced by
t\a magnetron | A magnetron has a flat cyllndrlcal geometry “A central
:4cy11ndr1cal cathode’ is surrounded by an outer anode whlch 15 separated
;iby a- drlft space _ A D.C. magnet field 1s applled perpendlcularly to’ |

~ the plane of the cyllnder. A pulsed electrlc fleld is applled radlally

. 1nward Electrons splralllng from the cathode to anode 1nduce an -
',alternatlng charge dlstrlbutlon on the anode wh1ch produces, and has the'

'same frequency as the m1crowaves Most of the_electron,klnetlc energy-"

© -~

is converted to mlcrowave'energy : ‘jff,. S As/},

The two types of accelerator structures 1n(us€fare the-travelling'; -

| wave and standlng wave 51de coupled de51gns Bdth accelerators used in -

1the study were. standlng wave 51de coupled de51gns so the travelllng
\'_wave de51gn W1ll be mentloned only brlefly Both types of accelerators'
jaccelerateelectrons that have been produced and grouped 1n much the
:same fashlon as a buncher cav1ty of klystron | BRI
In a travell1ng wave. accelerator, rad1ofrequency power enters
.'}the flrst caV1ty (see F1gure 5). The electrlc fleld travels down
':dthe wavegu1de wh1ch is a serles of resonant cav1t1es at the same

| ~ﬁgt0up VeIOCltyaas the acceleratlng electrons. Slnce:the electron
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B ' v.._/-/' \
‘_veloc1ty 1ncreases\ the spac1ng between the cav1t1es are 1ncreased 1n

¢
length toward the dlstal end of the wavegulde Upon reachlng the
'd1sta1 end of the wavegulde the radlofrequency power is d1551pated
in a re51stlve load. | S ’v f“"
In a standlng wave accelerator the m1crowaves.are not d1551pated
’unth a concomltant sav1ng of energy, but are allowed to reflect such
that 4 standlng wave 1s set up throughout the anegulde (see Flgure
6).: Slnce half of the cav1t1es have a zero or small electric
| fleld at all times and so play a small role in acceleratlon, these
'cav1t1es may be moved off ax1s A wavegu1de with such a conf1gurat10n
b 1s_sa1d to.be side-coupled. The separavgon df the roles of the coupllng
and accelerating cavities allows optlmization of the size and shape of -

each cav1ty type This 1ncreases the amount of energy that can be

- ,ga1ned per un1t length whlch reduces the wavegulde length Floure 4:'

6 1llustrates hypothetlcal longltudlnal .and cross- sectlons of a
standlng wave 51de coupled accelerator wavegulde The phase veloc1ty
‘of the stand1ng waves are matched to ‘the electron veloc1ty such that
‘ .(a group of electrons experlences the same d1rect10n and magnltude

'~of electr1c f1eld throughout its passage along the accelerator structure.

To be effectlve in treatlng patlents from all d1rect10ns, the |

Aaccelerator must be able to be rotated about an axls Slnce the
‘accelerator structure is more than a meter long it has proven convenlent

'to;ﬂace the acceleratlng wavegu1de parallel or nearly parallel to the
'Xms of rotation. In order to dlrect the beam perpendlcular to the o
7ax1s, a*magnet-must be employed to bend the beam To accompllsh this the

' beam could be bent through a r1ght angle, but a 270 achromatlc bendlng

-;magnet is usually employed (see F1gure 7)

]
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‘Figure 6. Schematic - dlagram of a side- coupled stand1ng wave accelerator

- accelerating section. -The forward wave travels from left to.
- .right and the reflected from right ‘to left. ' The waves travel -
,between acceleratlng cav1t1es via coupllng cav1t1es
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The relatlonshlp between the k1net1c energy, magnetic field strength

and the rad1us of curvature of a partlcle in a magnetlc field 1is glven

B by:> o
: 2 . 1/2

‘where B is the magnitude of the magnetic field.

An achromatic bending magnet has a'greater magneticyfield near the

outside of the magnet w'Electrons with higher'than‘average kinetiC'energyf~'

i w1ll travel to outer rad1a1 parts of the f1eld where they w1ll be bent
. more Slower electrons experlence an opp051te effect The net result

r'lS that all electrons regardless of small dev1at10ns in their k1net1c

-

; energy, arrlve at the ~same p01nt This is de51rab1e because 1f a target |
(see Flgure 8)- is placed at thls p01nt the bremsstrahlung produced w111 -

' 'emerge from a 11m1ted area Photons from a small source when colllmated g

r7w1ll produce sharply deflned edges, i.e. a small penumbra (see Flgure 9)

e

"_Addltlonally, an achromatlc magnet\results in a more stable dellvery of
'7e1ectrons to the target 5

The treatment ‘head can be d1v1ded 1nto the flxed head assembly and

' Lfthe movable colllmator The flxed head assembly con51sts of the target

rthelectron absorbers prlmary colllmator, fleld flattenlng fllter, monltor B

Vlon chamber and fleld 11gh%vm1rror (see Flgures 8 and 9).

'_: The electron absorber 1s a low Z materlal placed in the beam after |

- 'the target to" stop 1ow energy electrons Thewprnnary.coll;mator.llmlts'f o

the beams angular wadth to 22 ,v.‘ .v_f_“7"ah

The bremsstrahlung produced by the target is forward peaked in ’T: B
| 'Alntens1ty so there are mOre photons dlrected along the centra1 ax1s than ,T": -

Tg'at p01nts off ax1s The fleld flattenlng fllter is machlned 1n a conlcal

‘t‘i»_

- - | | moc ’T+moc'-2 | - ', _ »' . 7‘
o L My < A S
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shape tqhattenuate the photon beam preferentially along, rayS'near the .

/

‘central/axis “The result is a photon fluence dlstrlbutlon whlch is

,lrelat1Ve1y uniform over ‘the entire ciﬂés sect10na1 area of the beam

/ .
Slnce'hntroduc1ng attenuatlon into a photon beam tends to harden the

beam, the lateral dlstrlbutlon of the photon spectrum is not unlform. ‘

‘ ThlS ,can produce a nonuniform dlStleuthn of dose

A multlplate 1on chamber 1s usually placed in the flxed head Y
assembly to measure dose rate, 1ntegral dose and f1e1d symmetry This' .

allows monltorlng of the dose TGCElVGd by patlents (tlmer systems are .

‘always used as back ups) and is’ used as’ part of the verlflcatlon of the

"safe operatlonal status of the accelerator

/~ A field llght‘ the source-of whlch-appears'toibe~at.the same .

Ve

C

position as the x- ray source, illuminatés the fleld ‘This 111u51on‘15

»obtalned by plac1ng a th1n m1rror in the freld and plac1ng the llght

| source off axis (see’ Flgure 9)

The colllmator system‘can con51st of steel lead tungsten alloy
or depleted uranpdign blocks thlck enough to reduce the prlmary photon '

fluence to a fraction of a percent of the fluence in the f1e1d w1thout

producing phothctiVation neutrons. - A penumbra at the fleld edge occurs

because of the finite width of thé electron beam and target thlckness

“(see‘Pigure‘Q). “The: f1e1d boundary is deflned to be where the dose falls

to 509 of the dose at the central axis. The amount of the colllmator ’

jaws coverlng the fleld are contlnuously adJustable to prnduce square or

'-rectangular flelds w1th dlmen51ons up' to. 30 cm X 30 cm.

A removable thin lucite tray w1th Cross- halrs 1nscr1bed on rt can
be placed dlrectly beneath the colllmator Jaws (see Flgure 8) 'The

shadow of the CToss- ha1rs in the 111um1nated fleld deflne the p051t10n
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of the‘central aXish
The beam axis of rotatlon for most accelerators is lOO €m from the
'_photon source. Accessorles such as beam wedges or blocklng fllters are
—often plaged between the colllmators and the patlent at a dlstance of
*‘60 cm from the source 1n the~Mevatron accelerators on a Luc1te accessory o
o or ”shadow“ tray When there are no’ accessorles or beam modlfylng
'”-derlces in. place the f1e1d 15 sa1d to Le open
A phantom c0n51sts of t1ssue equ1valent mater1a1 such as polystyrene-"'
or water, in the case of soft tlssue 1n whlch,a radlatlon measurlng .

”tdev1ce has been placed.. The dlstance from the source to the phantom

s_?1s spec1f1ed by the source to (phantom) surface dlstance, SSD and the _i'°:

' ‘:source to probe dlstance, SPD The phantOm materlal used for all the -
,experlments to be reported is polystyrene (electron den51ty 3 SOxlO23
‘e /cm phy51cal den51ty 1 08 g/cm ) and the probe was usually a

| f:thln W1ndow parallel plate ion chamber



'1.5. Tonization Dosimetry .

. L
h ¥

" 'The absorbed dose, or simply, dose, is the amount of kinetic energy

" deposited in a small mass of material or;i

AT

_Dose=ﬁ - R (-1.'5.1_.)-

fDose 15 not a d1fferent1al quantlty The dlmen51on of the energy
absorblng mass Am, must be much larger than the average dlstance

between 10n12at1on exc1tat10n events g1ven by

‘_,Average Distance Between Ionization Events -= wr7gn - (1:5.2)

iwhere W 1; the average energy lost in an 1onlzat10n—erc1tatlon event
"Typlcally, the average dlstance between events produced bv fast electrons |
-115 less than a mlcron S0 the dose can be deflned for very small masses
:'vDoSe 1s‘de£ined ln féan; ot:anpamount,of klnetiC‘energyvabsorbed.. The T»:'}
_amount of.reétvenergy deposlted:ls not included Sovdose.cannotjbe>’_’.r
L defined in terms of’ AE where E = T+mOC2 . N _
o The Gray (l Gray 1J/kg) 1s the ST unit of dose ‘However,-for.
| hlstorlcal ng§§ons the rad 1 centhray 15 often unoff1c1ally used
‘An 1on:chamber measures the amount of charge accumulated due to
| iOnlzat10n~of alr One of the 51mplest 1on chambers in de51gn and the_;
ftvpe used in most of the experlments Conducted is the Darallel plate
f-1on1zat10n chamber (see Flcure 10) In essence, 1t 1s a 51ngle element
-vparallel plate capacator separated by alr A potent1a1 15 malntalned
"hetween the plates The potent1al is suff1c1ent such that all ion Q

&
»Apalrs produced 1n the air are accelerated to the plates but not 1arge

4

enough for the accelerated 1ons to produce more 1onlzat10n of the a1r

o There is some recomblnatlon of ion palrs as thev traverse the chamber,
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but 1f the. 1onlzat1on current den51tv is low the amount of recomblnatlon

L

w1ll be negllglble The amount of charge requ1red is determlned u51ng
an electrometer by measurlng the amount -of charge placed on the parallel—
plates requlred to ma1nta1n a c0nstant potentlal “ |
». Altnough an ion chamber readlng does not yleld an absolute measure
of dose, it is p0551b1e to theoretlcally relate the 1onlzat10n in the
1on chamber probe‘watn the dose recelved in natter in the absence of
~ . the probe (7). In practlce, the convers1on relatlng the amount of

10nlzat10n 1n a glven probe to dose 15 establlshed by a standards

laboratory The amount of dOse is given by (8)

W

Dose 1 K

Cok K, PR (153
where R iS»readingﬁof7charge accunulated per unit mass of air
' Cvis the calibration factor

Cx is the energy dependent CODVeT510n factor between charge/mass
and dose : . ' :

K. isa temperature and presSure correctionhfactor

is a factor that corrects for dlfference such as the quallty
of the rad1at10n beam , : ,

N p.‘ls a factor that taPes 1nt0~aCCOUﬂL the perturbance the probe
makes 1n the fluence of the medium e

_Dose dep051t10n due to photons is a two- stage process. Flrst
charge partrcles are set in motlon thentthe charged partlcles ‘slow .
down dep051t1ng thelr k1net1c energy as dose The concept of KERMA
k1net1c energy released in the medlum descrlbes the f1rst step
KERMA is g1ven by' o | | \

KERMA 5_'§Y-“ o R ‘(lfs.d)
_vwhere uk/p is the mass energy transfer coeff1c1ent

QY is the photon fluence 1n1part1cles per unit;area- o

(O8]

I



Slnce the - photon fluence 15 decrea51ng as a functlon of depth
in the phantom, the KERMA decreases as well The charge partlcles e
‘sét in motlon are mostly forward dlrected so. thEJI fluence as a function

of depth 1?1t1a11y bu11ds up Once set 1n motlon ‘these charged

rf'partlcles slow down and are stopped SO their fluence - reaches a

maximum’ 1nten51ty at .some depth At tnls p051t10n maxmlum fluence

TN

’~w¢ll produce max1mum 10n12at10n in a probe placed there *Thls,p01nt ",'-Qf\,;\;
’lS called d e After d the charged partlcle»fluence’decrease . R
follows the KERMA decrease The follow1ng dif erentlal equatlon has

been used to descrlbe the reglon where the d e bUlldS up x

_.JE_LE_ = —I— W x) - VW X {‘ Fi'§76)5:~7 .
“andfthe_§91uti§n is : = - '. B ‘
0 = () e B/ s
v = L (% B PR e HeTRX sy

- where ¥ (x) is the total amount of energy fluence due to a full spectrum
Y of photons and is given by:- |

MR ¢Y(hy,x)dhv'f S as)
Spectrumf ‘ | |

®

ﬁ'where (W ), is the 1n1t1al photon energy fluence

v +(x) is the energy fluence of charged part1c1es and is def1ned
‘analogously to Equatlon 1 S5 7 ,

'-‘* Eqﬁations 1.5 6, 1.5. 7 and 1.5.8 have been mod1f1ed from 51m11ar
ones by Cassen COrrlgan and Hayden (10)



X is the thlckness ‘of phantom (1n unlts of mass/area)

‘ftu' is the energy welghted mean 11near energy absorptlon
coeff1c1ent and is given by

uy(x) = /uk(hv)QY(hv,X)d(hv) S
SpeCtr”m - (1.5.10)
¢ (h\),X)d(h\))

o spectrum

-yt is the mean ”energy absorptlon coeff1c1ent” of charged
partlcles set in motion at a p01nt (1n units of mass/area)

The above expression is analogous to the’ decay of a parent daughter ’

tlsotope if the daughter 1sotope 1n1t1a11y has zero concentratlon The :
"erfectlve energy transfer coeff1c1ent and the mean energy absorptlon
of charged partlcles is deptn dependent due to hardenlng of the beam
and. the productlon of scattered photons. However to a good approx1ma-
tion they can be con51dered to be a constant in the bu11d -up. reglon
,:hThe energy absorptlon coeff1c1ent can be used 1nstead of the energv '
;vtransfer coeff1c1ent at low. energles in. 1ow Z mater1als It has
‘been assumed that once produced the energy fluence of electrons set
'1n motion at a glven p01nt 1n the phantom decays exponentlally W1th

' depth The flrSt term on the right- hand 51de of Equatlon 1 S 6

S represents the total KERMA of the beam .

. The depth Of the -maximum dose d ax’ occurs at the p01nt ‘of” the v

_max1mum charged partlcle energy fluence and is g1ven by

< C ..
" 1 Ue-

d .
max pt - - no
o e Y Y

8 The output factor: is deflned to be the readlng at d for a

7 , glven f1e1d 51ze and SPD d1v1ded by the readlng at a fleld 51ae of

- m—E sy
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dependence on SPD

~ Figure 11. The percentage dose is obtalned by keeplng the SSD :

10 an.x 10 cm‘aththe same field size. The output. factor has a small

3
"‘5 e

The dose at a glven depth is often normallzed to the. dose wh1ch

voccurs at a reference depth There are two common procedures for d01ng '
- thls. They are the percentage depth dose P(x x:‘w +SSD, (hu) )

“and the tlssue maxlmum ratlo, ™R (x W, (hv) ) o |
- The percentage depth dose depends on the depth (measured from the B

surface) 1n the phantom x, the depth to- the reference pornt xd; thepg'

tleld d1men51on measured at the surface W the source to surface

dlstance SSD, and the nominal photon bean energy (h)) The .

Jax

,percentage depth dose is deflned to be (8)

C o Dose at x - b': 'h .: 1
P(X’XO’WS’SSPi(hv)max) i:<"‘—“*——_—-> 100% (T.5.12)

__Dose'at Xy

) 7
‘

' The ‘position of the dose measured at p01nts x and. x0 are shown in 4<

constant ‘and detennlnlng the d05e at each depth by mOV1ng the measurlng

‘ -'probe

.The" tlssue max1mum ratlo is a ratlo between the dose as measured at
/ .

., a depth X, -in a’ phantom compared to the dose as measured dt d : The

nax’.

3 measurements are made by keeping the source to- probe dlstance, SPD

hconstant and the depth from the surface is varled by changlng the

thlckness of overlyrng mater1al The field dlmen51on is measured °:f':'

at the source to- probe dlstance The tissue maximum ratio 1s deflned

.;to be (8)

- OTROGH, () ) - BSEEEX gy

se. . . .
= Do ¢:3ttdmax

s
xd

’.‘ .
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*on theleft and tissue makimum ratios on the right. The
~ position of maximum dose in the TMR measurement, dmax’ is
not shown. - o T . -

. l'-‘ 4.;’ “ .‘,.

. The arrangements for-measufingiperCent'deﬁth-dose is shown -

RSN

~1 ..



The dose at point x is shown in Figure il The percentage depth dose can

: _be obtalned from tlssue max1mum ratios by the expression . (8)

T DREW, () ‘)Wssx_rrx0 2_‘ o
'p(X’Xo’W"S'SD’(..h\))max)v TMR(XO’ ,(h\D Sswx | X 100% LR
o B SRR d'.s.lzi)._
| - SSD#x 2 x ; |
where §§ﬁ?§9' ‘takes into account a l/r fall off in. the prlmary fluence

between p01nts x8 and x.

1Ustng3Equat10n 1.5.3,.the tissue maximum ratio can be found:

€, (0K, 0ORC)
e R (g

" R SRR

\

In the bu11d up Tegion the quallty of radlatlon does not change apprec1ably

- so the. ratio k (x)/k (d ) can be taken as un1ty The ratlo C (x)/C (d )-'

.1s aﬂprox1mately unity as well x Therefore, the tlssue max imum ratlo
s Just the ratlo of. readlngs taken at a depth "X, and at d | ax
U51ng Equatlon 1.5. 8, the tlssue max1mum ratlo 1s predlcted to be
. - o . x\

[ - ST 2
L (uY/o)X -(_uet/p)x_-, S

TMR z -(uY/b)d _( fLUY/p)dmax _ ,dkt ‘{;(l,st;6)

Equatlons 1,5.8 and 1 5 16 predlct that the dose at the prox1ma1

"'surface of the phantom (1 e. x—O) is zero. ~ The reason is that no charged o

,partlcles have been §et’§\\hptlon The low surface dose can have 1mportant :

‘ c11n1ca1 effects For example, the sk1n is a falrly radlosen51tlve tlssue

'“f_and often 1s not affected by deeper seated cancerous tlssue When thls

.

(x)/C @) is, approxnnately equal to’ swater (% )/swater( ) (7) where

air -

:jswater(x) is the stoppfng power ratio of water ‘to air averaged over the . .-

h kefectron fluence at a depth _X,. in the phantom Nahun (53) has shown that

:Swater(x =0) 1s w1th1n 2% of Swater max) 1n_the energy range between QvMV, 3 ]

aad"15. M.



" is the_case,“the‘dose'to the skin should belas low as possible. *

- In practice,cthe.SUrface dose'is non?zerO' Pzn part this is due.to
backscattered,radlatlon The backscatter dose can be d1v1ded into: two
compOnents.v Some dose is due ‘to forward d1rected prlmary photons whlch.

- produce charged partlcles set in motlon near the surface of the phantom_

whlch scatter backwards The rést is due to photons scatterlng backwards o
™~

and prodﬁsggg charged partlcles set 1n motlon wh1ch are then malnly back

e -

’»dlrected
The rest of the surface dose is due to contamlnatlon ‘The
contamlnatlon component of . the bea;’ls deflned as charged partlcles

2 fand scattered photons produced by 1nteract10ns of the prlmary beam ;

N

w1th mater1al out51de the phantom Slnce the dose is dlrectly due to;'
“the slowing’ down of charged partlcles the. surface contamlnatlon doseu
*1s due to charged partlcles produced out51de the phantom

The prlmary photon beam is deflned to be- photons emerglng through

P

o FORRY
futhe colllmators Wthh appear to have been produced by bremsstrahlung 1n

the target

Tt ’ R
T ',//

a:;

whiCh‘are'1ndist1ngu1shable from bremsstrahlung produced
0 considered primary. These' ‘include- ‘bremsstrahlung -

- 1d flattening filter or 1h11at10n photons dlrected
. primary photon beam. an§ T IEETEE

AL

ve'.beéen forward. scattered by beam modifying components ...
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1. 6 ReV1ew of ‘Previous Work on- Contamlnatlon of Megavoltage Photon
Beams : :

. The UnlverSity'of Iliinods (Urbana,blllinois) betatron’was the”
.f1rst dev1ce used 1n radlotherapy to produce a megavoltage photon beam. -
T_Thls betatron could produce bremsstrahlung photons from electrons |
_w1th k1net1c energles of 5 MeV to 20 Mev. The presence of electron
'_ccontamlnatlon was. ev1dent 1n the beam Quotlng from a. 1942 paper by

 'Koch, I\erst and Morrlson (11) |

”Experlence ;n taklng these [depth dose] data has e
- shown that the surface dose can be greatly affected
by stray electrons striking the phantom. These-
-electrons arise from two sources; some are original
- beam electrons which escape in large numbers  from
~ “the acceleration chamber -and others are Compton
electrons scattered from objects near the x-ray
- beam. To obtain consistent results ‘the primary
" beam was stopped by absorbers placed close to the
- target and the secondaries [contaminationélectrons]
.~ were avoided by keeping. scattering obJects from
- the vicinity of the beam. -The magnetic field of o o
the ‘betatron undoubtedly removes a. great number N e
of secondary electrons " . : _ _ _ S

The surface dose when compared to the max1mum dose produced by the Soe
IlllﬂOlS betatron, decreased as a functlon of 1ncrea51ng nom1na1 ,
e;nbeam energy | ,.;ff:(:rV‘;;~; 'p,d 't}‘_',
| A 1941 paper by Johns, Darby, Haslam, Katz and Harrlngton (13)
“’;_descrlbed ‘the depth dose and 1sodose dlstrlbutlons from a 22 be’betatron

'T‘There is no mentlon of the productlon of contamlnatlon They c1a1m depth—‘

",.,dose curves are 1ndependent of f1e1d 51ze .or source to surface dlstance ";

q

»(retrospectlvely, there was ~some small dependence on these factor f,~p

\

’;*:} The measurlng equ1pment employed.dld not allow measurements to be ma e o

| less than,o 5 cnlfrom the surface and the. 1a1 est f1e1d was a 10 cm
dlameter c1rcle measured at 70 cm SPD These condltlons are not '

‘4c0nduc1ve to observ1ng contamlnatlon
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The absence of a build- “up. dose dependence on fleld size found on
the Saskatchewan;betatron was contradlcted by Laughl;n, Beattle Llndsay
“and Harvey who found a dependence on fleld size when’ the 1111n01s B
_betatron was operatlng at: 25 MV (12) | |

- The 1ntroduct10n of the Co60

1sotope therapy devices. clearlye
1nd1cated that‘megavoltage prlmary photon beams were contamlnated |
Johns Epp, Cormack and Pedoruk (14) determlned that tne beam was
belng contamlnated malnly by electrons They found that the surface
dose,.as measured w1th a th1n w1ndow parallel plate chamber,'lncreased
as a function of f1eld w1dth and decreased w1th qreater source to o
.'surface dlstance The contamlnatlon resulted in: a shlft in d ax touards .
: the surface and produced an elevated value of the maxtmum dose. They |
precommended a dlstance of 20 an- between the dlaphragm {secondary
coll1nwtor) and the patlent s surface An alum1num absorber placeddln -
the beam fbllow1ng the prlmary colllmator reduCed the amount of VNA'°
.contamlnatlon ce - . |
: P

The results of the measurements of Johns et.al have been conflrmed

for Co Q‘/b'eams by many other 1nvest1gators The dose in the bu1ld up

n : reglon increases-as a fUnctlon of 1ncrea51ng f1e1d s;ze (15 21) The
| "‘dose at depths belcw d | 1ncreases w1th decrea51ng dlstance to the [: ' b
source (15 17 20 22) Contamlnatlon of Co beams produces a dramatlc /.

‘f[; Shlft in the p051t10n of - the max1mum dose (15 20, 21) {ef,_ fh;jvi

Follow1ng the theoretlcal calculatlons ‘of. W1lson and Perry (23) in ”fe .
1951 whlch showed that medlum Z materlals could be used to reduce ' S
h‘electron contamlnatlon,_' y authors experlmentally conflrmedtahelr
“f1nd1ngs. The best electron f1lter materlals were clalmed to be

| cadmlum, Z-48 (15) t1n, z= so (22) and copper, z=29 (26 27) Other :

. 4
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authors used low or high z materlals as electron fllters, for e\ample
lead, Z= (17), leaded glass (2 3) and pexspe\ (71)

In contrast to the flndlngs-that materlals placed 1n the beam re-
/ -

duced the amount of contafination, 1t was found by authors that accessories

placed in a CO()O field ixcréased the amount of cohtamination’(ZGJ.

In linear accelerator;}a great deal,of contamination is producedybyl
by the 'introduction of accessories into»the'beam. Rao, Pillai and ;]:
‘Gregg (28) measured contamimation at many beam energies p?oduéed:,

by accessories. They-feund that the amount of contamination.' ’

1ncreased with accessory ‘tray tthkHGSS up to a certaln

thlckness (about 8 mn for a 1uc1te accessory 29 cm above the phantom
when the field size was 25 am X 25cnina 6 MV beam)'and_waS'constant
with 1ncr6351ng thlckness for greater thlcknesses The amodnt.ofl
accessory tray contamlnatlon 1ncreases w1th 1arger fields and smaller
source to surface dlstances Other authors have3conf1rmed these~
results for- %1near accelerators (19 25)

' Rao Pillai and Gregg (28) found that a lead sheet placed under

the accessory tray reduced the dose at all depths below d .J Gray

-~ (25), based on the sticcess of Co60 contaminant - fllterlng, suggested

u51ng a leaded glass accessory tray in linear accelerators and" Wu (29)
‘recommended plac1ng a tin sheet beneath the. accessory trav 1n 10 MV -
photon beans. | |
Scrlmger and Kollts1 (30) studled the effect outside the beam
‘when scatterlng layers were placed 1n51de the f1e1d An &MV llnear
‘accelerator was used. The relative dose outside the f1e1d fell off
rapidly with depth 5uggest1ng that the scattered rad1at10n is mostly

'electrons. The amount of scattered radlatlon/ou151de the fleld 1ncreased
: » S " ‘ B RS

\



with. field: area and decreased with 1nc1ea51ng d1‘ nce to the scatterer.

o A field flattenlng fllter is de51gned 'S0 that he lateral

dlstrlbutlon at d for megavoltage photon beams is\as flat as pOSsible,

[

N . /
However, "1t has been found that the surface dose 157qenerall} hlgher

_ the field size is large or the source to p'

© near the central axis. compared to the dose near an be)ond the beam

¢

edges (19, 21, 25, 30 36).
| : beams, megavo age phi on'beams from

As was obSerVed for‘Co6

linear accelerators have an- 1ncreased do e due to contam1nat1on when .

.dlstance is small_

(25, 28, 29, 31, 32, 53 34, 35).

Contamlnated accelerator beams produce a Shlft in d through '

' ."the entlre range of energles currently employed in radlotherapv tor.

example, at 2 MV (24), 4 MV (18, 25), 10 WV- (38), 25 MV (18, 37; 39),’
34 MV (34) and 45 MV (40).

' Penetration characterlstlcs of the contamlnatlon component have ﬂ'

-

i been measured in an number of dlfferent ways Dawson (34) produced .

what he called ”dlfference curves” The d1ffe1ence in dose between

;nelghborlng f1e1d 51zes at.a fixed depth and source to surface '

crepresents the effect of an 1ncrease in field 5120 At shallow ‘

e :

depths the d1fference curves decrease rapldly Attenuatlon of the ,,"
dose due to contamlnatlon electxons 1s cited as ‘the cause. These
measurements were done’ 1n a phantom greater in extent. than the fleld

so some of the dlfference between ‘the dose at nelghborlng f1e1d sizes :

115 due to photons scattered in the phantom arr1v1ng at the measuring

p01nt. Thls is ev1dent in Dawson s. data because the dlfference curves

1ncrease w1th depth when measurements are made at a depth beyond dmax

Marbach and Almond (37) placed a 1ead pyramld shaped block on the



accessoryitray.to shield a]detector:from the primary beam}]‘Contamina-
‘g*tion was then claimed to be the onlv component'of~the beam arriving'at..

’the phantom Thev measured«depth ~dose curves for the contamlnatlon
'.component Unfortunately the shallowest depth-dose measurement obtalned '

:was 2 cm‘from the surface A key to the va11d1ty of such an approach is
to conflrm that the lead block does not Shleld or produce a 51gn1f1cant
hdamount of .contamination. Surface dose measurements taken before and
.jafter the placement of the lead blocks would have determlned 1f there ;_[
was any change in contamlnatlon |

A\

Marbach and Almond subtracted ‘the contamlnatlon curves from the A

C—

. total curves to yield the prlmary depth—dose curves, The prrmary
‘ depth-dose curves~did.not-have a shift in d X and when normallzed to .
.;'thelr own, maX1ma were 1ndependent of fleld 51ze
| - Marbach and Almond’ went on to hypothe51ze that electrons were
not the cause of the d max Shlft They placed a 1/4 1nch.alum1num
'plate in the field below the colllmators in the ant1c1pat10n that thlS‘
would remove all of'the electron contam1natlon Slnce there was 11ttle s
change 1in the depth dose curve, they concrudéd there were no
‘ contamlnatlon electrons in the beam., Thelr 1nterpretat10n was, not
necessar1ly valid. ’As mahy’electroﬁs may have been produced as were
stopped and scattered Indeed‘ even though'their contamination depth-
dose did not 1nc1ude shallow depths, a rapid 1ncrease in dose with
decre351ng.depth 1s ev;dence for an electron contamination component.

| Biggs'and Liné (41)~repeated'the method of-primary-beam blocking;'
'developed'hy.Marba‘h and Almond (37) They produced contamlnatlon

attenuatlon curves that 1nc1uded the dose at the surface and at other

depths below dmax: These curves exh;blt a rapid fall off at shallow
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depths and tend to be an asymptotlc constant at deeper depths The\
d1d not subtract the contamlnant component to obtaln the primary’

Cllfton Llng and colleagues (41 43 44 45) have employea electro— |

magnets with max inmum central magnetlc fields between 1.8 kG and ,

- 3.9 kG to sweep electrons frOm the fleld Padlkal and Deve (42)

~used a permanent ‘magnet w1th varlable gap pole pleces -The smallest o

central fleld strength still capable of sweeplng all of tne lu MV

, _contamlnatlon electrons produced between the target and the magnet h:.

| "1was 0. 5 kG. DR I o 'v_ o "",_2’r\*cg'.

Blggs and Llng (41) showed that the build- up curve for a 25 VV |

’Mphoton beam was field size 1ndependent -when the magnet was sweeplng

contamlnatlon electron: from tne fleld A _ o
-Padlkal and Deye (42) defined a parameter, oé, to’ be the ‘hfference

}between the readlng of the 1on12at10n chamber w1thout the magnet and _

the 10n1zat10n readlng 'with the magnet normal1zed to the readlng at ,

dmax‘ Since the only dlfference between the readings Was an absence of

-electrons produced between the target and magnet x represents the

component of the TMR curve attrlbutable to those contamlnant electrons

"The electron contam1nant DWR curve had a peak between 1 and 2 m and

rapldly decreased to zeTo at about 2.5 cm Desplte ev1dence to the

contrary, they clalmed that the Shlft in d w1th fleld size ‘is due to

a relatlve enhancement in the soft x- ray component as the colllmator Jaws
: g i ,

f‘,
.

are opened S

Llng (43) has shown that a magnet 1n a>4 MV photon beam produced
no shlft in d There is a sllght f1eld s1ze dependence of the'
_ surface dose and the build- ~up curves at shallow depths ThlS is

‘e

1nterpreted as due to electrons or&glnatlng from the alr Volume between
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'and electrons were obtalned separately—* They 1nvest1gated the amount

16

-the.magnet and the phantom Llng, Schell and Rustg1 (45) repeated the
i‘measurements at 10 MV and found 51m11ar results - They measured the |
~ ‘bUlld up curves w1th the magnet 1n place at two d1fferent source to
1,surface dlstances to see 1f the contamlnatlon that was prev1ously |
~.attr1buted to a1r was SSD dependent as theory would predlct (37)

The1r results were 1nconclu51ve S0 they have. stated that they W111

s

' ;repeat the measurements with a hellum f111ed bag to. replace the air -

Volume

Llng, Rustg1 and Gromadzk1 (44) have measured ‘the productlon of

:secondary radlatlon by 10 MV photons from scatterers placed in the beam

The measurements were done out51de the prnnary beam flEld when a magnet '

was off and ‘on. The depth of'lonlzatlon curves for Scattered photons

€

of electron productlon as a functlon of the . atomlc number ot the
- scatterer <-For a target thlckness of 1. 7 gm/cm and a scatterlng

angle of lO hlgh V/ materlals such as lead produced less 1onlzat10n

Recently, Nllsson and Brahme @6) have done calculatlons predlctlng

. -the nature and amount of contamlnatlon due to scattered photons u51ng _
" the - Mbnte Carlo method The scattered photon spectrum for both 6 MV

"and 21 MV does not change apprec1ab1y between the central ax15 and the

fleld edge for a 20 am. c1rcular f1e1d The max1mum energy of the 5

'scattered photons 1s about 85 of the max1mum energy of the prlmary
x'spectrum The peak 1n the scattered and prlmary spectrum occur at the

' same energy although the relatlve number of photons in’ the peak are f’,::

greater 1n the scattered photon spectrum The absorbed dose at d e

.;,due ‘to scattered photon contammatlon for both 6 Mv and 21 MV photons o PO

- was’ found to be about 2 5 - 3 0% at the central axis. for a 20 cm c1rcu1ar .



§

~ field. The main source, of scattered photons was the colllmator for a

o
5 .

6 MV photon beam and the, field flattenlng Filter for a 21 MV photon

beam. - o
. e

‘The main dlsagreement in the 11terature concerns the type and

Idrigln of. contamlnatlon. Some duthors -say electrons and others say'

scattered photons are the main-cause. 'Every conponent between the

. source of primarY'radiétion and the phantemAhas been suggested as the

mdin source of contamination. Table 1 summarlzes the conc1u51ons

of a number of authors on the nature and source’ of the contamlnatlon

- 47,



‘Table 1  Conclusions Of A Number Of Authors
- 0n The Nature And Source Of Contamination

A
~Source.

A . . Field.
oo : . S+ Flat-
: o . tenning : .
Author - _ Date , . Type " Filter ‘Collimator Air

johns,Epp, 1952  Electron . X o
. Cormack;Fedoruk C o . oo

" "Richardson, 1954  Electron . . XX
Kerman,Brucer o : o : Lo : ‘

Ibbott,Hyndee - 1978 ° "Electron ~  x.
"Jaqkson',  S 1971 Erectron T o _H _ X
o Gray 1373 Electron . X X

Bagne = . 1974 ' Photon . X

Uelkleg}ménSOn_‘ 1975 ' Electron . . X,

‘Purdy,Oliver AR o : : o

Dawson . 1976 Electron X
 smith; . 187 = Electron . %

- Sutherland. R X o , , ,

Marbach,Almond 1977 Photan X
. , . ' o ) o N . N ) T ) .’ ‘ ) . ] ),,\/;,
. Padikal,Deye. - 1978 . Electron, | = = - x 7T

: S S , Photon - S
. Nilsson,Brahme | 1979'ittiectron";-« s S U
 Bagne - . 1988 . Electron. X . . X %

Wu - 1968@° Electron . = -.:x

T

. V
. . . R oL~



2. EXPERIMENTAL TECHNIQUES AND RESULTS -

__'The documentation :
- of experimentation _ ‘
-.often has too much elaboratlon
and not enough elocutlon

49



21 Open Field Build-Up Curves B

Tlssue maxlmum ratio curves were measured tfor 15 hﬂ’and 6 MV photon -
:beams from Slemens Mevatron 20 and Me\atron -6 llnear accelerators A‘
»schematlc dlagram of the beam deflnlng head of the Mevatron -20 15
:vshown.ln Flgure 8. The-Mevatron —6‘has.a 31mllar de51gn.‘ All~ |

: determrnatlons were made at constant source to- probe dlstances (SPD)

.us1ng 0.16-cm (1/16”) th‘ck and O 64 cm (1/4") thlck square polystvrene
'.fslabs The phantom slabs used in the detenmlnatlon of the open. f1e1d
'”_'bu11d~up curves each had cross sectlonal dlmen51ons of 25 cm X 25 .cm,
The detector used in th1s section and others was .a Caplntec 192A
A'electrometer w1th a PS 033 th1n w1ndow parallel plate 1on12at10n '
chamber hthh has an effectlve volume of 0. 5me. " The entrance .

w1ndow was alumlnlzed polyester f11m 0.5 mg/sz

thick, : : F‘ o (: |
The f1eld 51ze is- referred to as | the lateral fleld dlmen510ns.b |
deflned at 100 am. Only square flelds were used
| The central axis bu11d up curves at SPD —JlOO cm for a 15 MV beam
'for VaTIOUS fleld 31zes are 111ustrated 1n F1gure 12 These bu11d*up
curves demonstrate a fleld 51ze dependence There is llttle backscatter
b expected at 15 MV so the dose at the surface should be Very small and
-,only weakly dependent on f1e1d size. Therefore, most of the fleld -
' -51ze dependence and the’ elevated surface dose can be attrlbuted to con-
tam1nat10n A , o bb l . . ‘vvv A |
The open fleld bu11d-up carve at GPD = 100 cm for a 6 M beam are ‘
vshown in Flgure 13 The bu11d-up~curves were measured at the central ,fr'
| jax1s for var1ous~f1e1d sizes. Greater fleld 51zes result in larger ‘
‘tlssue maxlmum ratlos CHWR) for the same depth Slnce a. very 51m1lar

'_effect was observed at. 15 My, the Open f1e1d bu11d up curves at the two



——20cm % 20cm -
—— 10cm % -10cm-
—- 5cm X S5cm

et

s Flgure 12 Central axis open fleld bu11d-up curve. at 100 am SPD for a -

15MVbeQ . T

s
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b1

V‘energles have been compared by normallzlng the depth w1th respect to

e

:-ldmax of each curve The result is 111ustrated in Figure 14. At

- field 51zes of 10 cam x 10 cm and 30 cm x 30 cm, the TMR curves for the " o

\

oMW photon beam have -a, slmllar form to those for the 15 MV beam at
| depths less than d . However, at any nomallzed depth the TMR _

B
values for 6 MV sllghtly exceed those for 15 MV. The 6 MV surface ‘

' -dose exceeds that of the 15 MV beam for. the same f1e1d size.
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2.2 Accessorv-BulIdeUp Curres

Var1ous thlcknesses of Luc1te (den51ty = l 18 g/Cm ) alone or
'»Luc1te and lead (den51tyv= ll 4 g/cm ) slabs were placed in the beam to
‘ determlne the1r effect on the bu11d up curves. The dlstal surface of
the slabs was placed at the accessory tray holder p051t10n 56 cm from
the source In all cases, a Luc1te surface was facrng the probe

™ Flgures 15, 16 and 17 show the bu11d up at an- SPD of 140 100 and

75 Cmt/respectlvely The f1e1d size 1n,%§1 cases lS 30 cm X 30 m.’

T When accessorles are pIaced ln the f1eld at the tray holder p051t10n, B

'.fg a larger TMR for all depths less than d 1s obserVed eThere_ls

| also a. Shlft in the p01nt of d to shallower depths hlsyis.more‘”
'h

':,“;pronounced at SPD 75 cm (Figure 17) There 1s V1rtua11y no

‘dlfference 1n the bu11d up curves between a 3. 2 cm (1 1/4”) Luc1te t
A71.accessory and a. 0, 30 cm lead slab on tOp of a 0 64 cm (1/4") Luc1te
7>Atray ' ;;j.‘,, ;7 -'1 £§;*Z, T i | o B
At smaller source to probe dlstances there is a greater dlfference ﬁ;f"

i;between the tlssue max1mum ratloifrth and wzthout accessorles preSent .
- !'v‘-Therre as the dlstance to the source ofﬁntammatlon decreases, o 7

S

the dose 1ncreases. The tlssue max1mwm ratlo for SPD ~75 cm (Flgure 17)

—d

‘is greater than the tlSSue nmx1mum ratlos fbr‘ng 100 cm and SPD

A_120 an. (Frgures 15 and 16) at all depths._ The dlfference between -

the tlssue max1mum ratlos as a functlon of source to-probedrstance is .

‘ most pronounced at the surface

The accessory bu11d-up curves were measured on the Mevatron 6 fbr

» . SPD= 75 cm and SPD 100 cm They show very sumllar features when .

'7c0mpared to the 15 MV curves (see Flgures 18 and 19) ~Accessor1es SRR
laplaced in the f1e1d 1ncrease the MR’ at all depths belOW~d §‘ There

PR ) : ’ .. v o - ol s ' P ’ ! s
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.Ils no dlfference between a 3 2 Cm and a 64 cm thlck Luclte‘accessorw
,t'at an SPD of 100 am. However a small dlfference is obsérved in T\ﬁlbi

.betWeen the same two thlcknesses of Luc1te when 1ntroduced at- SPD = 75 cm.

h‘The depth at whlch d occurs is. shlfted from 1.6 cm to 1 3 cm W1th o B
the 1ntroduct10n of the Luc1te accessorles at both SPD 75 cm and :
100 . A comparlson between 6 MV and 15 MW was made by normallzlng
'the depth to d . The comparlson is- 111ustrated in Flgures 20 and
21, As observed for the onen f1e1d build-up curves the accessory
.bUlld up curves at 6 MV exd@bd those at’ 15 MV at the Same relatlve depth

.4'Th15 applles for both source to- probe dlstances qf 75 .cm and. 100 cm.

2
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‘.2 3 Fllterlng the Electron Contamlnatlon '

When at the surface, the - chamber used has a suff1C1ently th1n
w1ndow to ensure that the bu11d -up depth 1is approx1mate1y 2eT0 (5 um
polystvrene equlvalent) The window thlckness has an equlvalent tthk-
ness of less than a centlmeter of -air. . Only very low energy photons 1
would have had a_reasonable probabllity of'1nteract10n,w1th such‘a '
windou;‘ In'Orderit0~be'deteCted these'ohotons-wouid have had to have
‘been produced within a few centifieters of the chanber, otherwise they
wouid have been'raoidly attenuated in air. Primary photOnS»wfth a low
enough energy to haye.had a.high p;obability of interacﬁion with the
~ window would‘haVe.been completely atten:ated'uhen the beam'emerged-from
.'the beam defining'head' Therefore, the surface. dose is not due to low
'energy forward directed photons Some of - the dose at the surface is .
}athlbutable to backscatter, but most of thevdose is due to,contamlnant‘
P electrons‘ r;d_ b ’vﬁy- y . ; DR fb ‘h vy" 2 -

F11ter1ng of electron contam1nat10n produced by accessor1es is
rarely practlced for megavoltage energles above those of L060 "The
efflcacy of electron f11ter1ng for materlals of varlous atomic numbers
'd’ at 6 MV and 15 MV was studled

Plac1ng a fllter beneath an accessory produces a number of effects;

P
the 1nten51ty of the prlmary beam is reduced the nunber of 1nteract10ns
. to produce electron contamlnatlon is 1ncreased and there is 1ncreased
--attenuatlon and scatterlng of eléctrons. The reductlon of the prlmary.
beam can Bautaken 1nto account by normallzlng‘Qhe readlngs taken at the -
surface to readlngs taken atfdmax under the same condltlons of flltratlon
-~ in other words by taklng a tissue maximum ratlo under condltlons of |

Fas

“ filtration.
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TMR with filter |
"TWV“RVV"FKJJY filter

]OCm X ]OCm
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’ R

- Figure 22. ‘Reduction in the 15 MV surface dose when' electron filters
with materials of various atomic numbers are placed beneath

‘the accessory tray.L”In_all‘cases,ian~equilibriumfthickn955‘.

- of filter was used, L UL S B



-

It is uniikelv that filtration changes the amount- of eIectron contami— '

nation present in. the beam because the amount of electron contamlnatlon
.dld not continue to increase w1th thlckness of accessory after O 64 cm
of Lucite at 15 MV (see Sectlon 2.2 and Flgure 16). . Thls was verlfJEd
" by placing the fidter material above the accessory tray (thlckness =
.0. 64 cm of Lucite). The reading at the surface with the filter mat'eria'if
above the accessory comparedlto d ax Was no different withinexoerimentalb
.enrdr from that with,the"accessory tray in the fdeld alone,h o
~ There wasvsome.reductgon in the surface'TMR when a filter with an |
‘ atomlc number higher than that of Luclte was placed beneath the accessory

.'_tray. ‘The ratio of the ™R of the accessqry tray alone to the/HQR with .
a fllter underneath the tray is shown in Flgure 22 for 15 MV at fxeld ‘
sizes of 10 am x 10 cm and 15 an x IS cm W1th an SPD of’ 100 cm. ngh
" atomic number materials produce the most fllterlng although the effect '
1s not Very 51gn1f1cant Lead will reduce the surface dose by about _e
“2'0%. "An mcreased amount of electron scatter and abiorptlon can be the 8
only cause of the f11ter1ng effect.

Slmllar results were obtalned at 6 MV for a field size of 15 an X
15 cm at an SPD of 100 cm (see Flgure 23). Agaln, lead proyed to . be _ .b
the most effectlve f11ter1ng materlal at this energy. It redu:ed thev |

-~
¢

surface dose by about 20% as well.
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Reductlon in the 6 MV surface dose when electron fllters W1th L

materials of various atomic numbers are placed beneath the

~ accessory . tray for a f1e1d 51ze of 15 cm X 15.am. .
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2.4 Distance Distribution of the Surface Dose

2.4.1 SPD Dependence of the.Surface Dose

" The surface maximum ratio is defined to be the tissue

. R ' A

maximum ratio measured with the chamber at the surface

Q.

(i.e. d:O). Pigure 24 illustrates that»the snrface maximum
ratlo in the open 15 MV beam increases rapldly as the source-

. to: :probe distance decreases for both 20 cm X 20 cm and

30 cn x 30 em f1eld 51zes. I - '3;,;_;,16/){‘

The curves for f1e1d size colllmated to 20 am x 20 cm
%

o ;- show the effect of a thln accessory The Saemens Mevatn%

-20 is equlpped w1th a rempvable l m thlck Luc1te Cross-

: ha1r tray Wthh can . be unserted at 40 an from the source.»‘
When the. source to- probe dlstance 1is less than 75 cm, the ’.‘:’ﬁ_'
surface dose w1th the cross- Hﬁlrs in, place is greater than-‘ g
when 1t is removed However, the Cross- hairs,- when in

place, reduce the surface dose in the c11n1cal reglen—of -
; 4
SPD greater than 75 . Thls is an exceptlon to preV1ous

5

_ observatlons that accessorles "in the f1eld 1ncreased the . .

"surface dose. )
,r‘.'2;4;2_'Determlnatlon of the Apparent Source of Contamlnatlon
L Electrons ' S e _ _ R
As the source to probe dlstance 1ncreases, the volume

- of air between the target and probe,;ncreases" For Co60

Nilsson and Brahme (46) have predlcted an 1ncrease 1n

\\absorbed dose as. a functlon of source to probe dlstance

60

due to- Co photon 1nteractldns w1th air. In these

)
.

: experlments the reverse appears to be the case and a: v

decrease in the dose as a functlon of 1ncrea51ng source-

L TR R KU D

S
ST Y.

o
N
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g to-probe diétap;e has been observed. This implies that at
15 MV, for a fieid size of 30 cm x 30 cm, the interaction
" of the primary?photon bgém with air is not thq major.soﬁrce
of electron contamination.

Thé surface maximum ratio is nofmali:ed to the dosé"
measured:ét dma¥ within a polystyrene phantém. Thes
maximen dose in a phantom is due almost entirely to primafy

_,‘«\ photons fo} which the variation with distance falls off
fﬂ as 1/(SPD)2. ‘Howevef, the elect;on contamination does
ﬁot necessaril& arise at the source of primary photqns.
Instead of normalizing the.surface dose at a givenvS?D to
‘the dose at d__ , each surface dose at the same SPD is
normalized to the dose measured atué coﬁveﬁiént point 
inside a phaﬁtom.using a standard field size and.photdﬁ
spurce—to—prdbe disténce‘l The isocentricfﬁormali;ed doéé,
IND, is defi.neéﬁ‘ as: | | !
v

IND =

Dose delivered toAgépoint.at an arbitrary d, SPD, feld size

' - Dose delivered at the isocenter |

(2.3.1)

. The isocenter p01nt was at d . ‘ @t SPD.= 100 cm with a field
size of 10 cm x 10 cm. N

'Thebapparent source of éonfamination éléctrons can

be locatéd‘éssumihg that it>i$ a point Source and(thére 1s

no atténuation of elécfroné‘by air‘ Therefore, the 1socenter

normalized dose at the surface is directly proportlonal to

‘ the 1nverse square of the dlstance to the source ‘of the



electron contamination,. oT:

IND (d= ))m ——*—l——- ' (2.3.2)

(SPD- dé)“
where d is the distance of the SQUrce of contamination

electrons below the primary photbn source.-

T3

Figure 25 is a graph of JI7IND(d=0) versus SPD. The
graph )1elds a stralght line except for very laroe source-.
to- probe drstances Therefore the source must be small
'and the inverse square\approx1matron valid for source-to-
probe distances less than 120 cm. " The x-intercept of the
graph yields a distance, d_, of 12 o below the primary
sourCe of photons. - This corresponds approximately to the
position of the bottom of the fixed-head'assembiyfwhich.v
consists of the field flattenlng filter and the beam
monitor ion chamber The bottom surface of the fleld ‘

flattenlng filter is. 3.1 cm in width, which at dlstances

greater than 50 cm, subtends an angle no larger than 3.5
which wouid approximate alpoint source.

The dependence of the surface isocentric nbrmalrzed
dose,. IND(d=0),.on SPD was 1nvest1gated for a6 M beam
The inverse root of the isocentric normalized dose, |
1//___ Versus SPD is Qlotted in Figure 26. The'intercept’_
appears to be between 30 and 40 cm beneath the target,

vhowever,vthe 11ne is not stralght (1n contrast to that
‘obtained at 15 MV) 1nd1cat1ng that a l/r dependence from a

10ca112ed source of contamlnatlon is not the entire: explana-

tion for the.presence of the surface dose.
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Fighr6125 Graph 111ustrat1ng the inverse square dependence of the

. .surface dose on the distance to the source of contamlnatlon
at 15 MV, :
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2.5 Lateral Distribution of the Surface Dose

i

The -magnitude of surface dose as a functlon of lateral dlsplacement

"
from the central axis was measured for several source-to- probe v

dlstances The central axis angle C. A A., was deflned to be the: ancle
between the central ax1s and a line JOlnlng the probe to the apparéht

source’ of electrons This establlshed parameters for the lateral

- d1reet1on in order to- Compare the dlstrlbutlon at various source- “to-

'probe'distances (see inset on Figure L7). In each case, the surface -

dose at any'central axis angle angd:source-to-probe distance is

-~ normalized to the dose atfdmax on the central axis (C.A.A.=O). “he

curves in Figure 27 follow a Gaussian distributiOn.

At all points across the fleld .a smaller SPD result

electron contamlnatlon dose. ThlS agrees w1th the surface dose

A'dependence measured along the central axis.” Both the lateral dis-

.
trlbutlon and the dependence on the dlstance from the source of the

electron contamlnatlon agree w1th the work of Almond (5).
The lateral surface dose dlstrlbutlon for 6 MV and 15 MV beams at

SPD~lOO cm is shown in Flgule 28. The dlstrlbutlon for each. beam has

’been normalized to the max1mum surface dose.. Since the distribution

at’ 6 NV was mapped for only one source-to- probe dlstance the absc1ssa

is left as the dlstance from the central axis. The ordlnate 1s
‘ deflned as the surface dose at some dlstance away from the central axis
normallzed to the dose at 'd max measured at the central ax1s ' There.are.

" tWo dlfferences between the 6 and 15 MV 1ateral dlStrlbuthHS 'First‘

A -

the maX1mum -dose does not occur at the central axis. but from 4 to 6 cm

off the ‘central -axis.: These ”horns 'in the surface dose are a very ‘

" small but real effect. Secondly, there 1s a morevrapld decreasé in

~
~
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Figur'e' 28. Comparlson between 6 MV and 15 W of the lateral dlstrlbutlon
of the surface dose at 100 cm SPD. The lateral distribution
is not Gaussian at 6 NV. The field size is 30 cm x 30 cm. -



the surface dose of the 6 MV beam near the field edge compared to the

¥

15 MV beam. The lateral‘distribution at 6 MV is not Gaussian.
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2.6 Surface Dose Measuréd’foriRectangular Fields

The surfate isocentri¢ normall ed dosc was mea\ulcd for rectan. *"r

~and square fleld\

, 1ncrements at 100 ©m SPD so that the dose at all suc}

5 em x 5 cm and 30 cm X 50 cm were determined.

results.

Both colllmator openlngc were varied by 5 cm

.

The surface isbcentrjc normalized dose .as measured at SPD = 100 cm

‘depends on which collimator defines the long or short‘axis.

fields between.

Table 2 illustrates the

}
«

If Field A

(upper collimator) is the leng axis (lower Teft hand part of Table 2)

the surface dose tends to be greater than. if Field B (lower colllmator)

is the long axis for the same fleld dlmen51on

surface isocentric normalrzed dose at A

whereas the dose

In general, the larger.the field area,

at B 10 cm and A ”5 cm is .109.

" For example the

10 cm and B = “5 cm is 106

t

the greater the surface

dose. If a square and rectangular field have the’ssge area the

square. field will have the greatervsurface isocentric normalized dose.

For exampie, if A =

CA

5 cm and B =

1]

10 ‘cm and B =

5wm, the dose is .064). -

10 cm, the surface dose 1is

.071 but if

20 cm, the surface dose is .065 (if A = 20 cm and

The equivalent square field dose for a rectangular-field was

~determined by"plotting'tha,dose as a fuuction'of square-field width

- and{finding the.square-field that has the same dose as the reCtangular

field. Table 2 also llsts the results of the equivalent square

determinatlon ' For large flelds (greater than 10 cm x 15 cm) the

equivalent square fleld area is appr0x1mate1y equal to the geometrlc -

fleld area. For

examble, if A=

20 cm and B = 10 cm, the equ1va1ent

square area is.(13.8 t 4)cm x (ig.Sut 4)cm =.(190 + lo)cm and the

"
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Field A

ccm)

Field A

¢
Table 2 Surface Normalized Dose For- = =
» .. Rectangular Fields.
Field B (cm)..
| 5.8  18.8 . 15.8 2p.0 25.0 30.0
5.8 ©.937 ©.849 ©.957 - ©.062 o7 0.870
18.0 8.849 8.871 @.087 a;asa‘“la.1eé B.112
. Yy 'S : R .
15.8  8.857 8.288 8.185 ©.125 ,©.138 +8.147
28.8  ©.864 2.100 ©.126 B8.146 ©8.161 ©.173
25.8  ©.869 ©.189 ©.139 ©8.163 ©8.i81  B.19%
38.@¢  8.872  B.116 B8.150 . 2.176 0.196 ' @.211
' . % : . . . R *
A
Equivalent Square Fields For The
Surface Dose ¢ SRR
- ‘ e ’ - ‘ : ’ .
1 T “Field B (cm
) 5.8 . 18.8 ° 15.8  28.8  25. 30.0
5.9 5.8 . 6.6 7.7" 8.5 9 9.5
*18.0 6.6 18.9' - 11.9  13.s 14.7 . «Jég.s
e . _ 13.5 .5
M A ] . . . . .
15.0 7.7 - 1z2.8 15.6 - 17.3 19.1 29.4
20.0 8.7 ‘13.8  17.s - 2e.8 , 22. 24.2 ...
25.2 9.3 15,8  13.3 22.7 ' 2s. 27.3

J0.0
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geometric area is (20.0 + .1) amn x (10.0 ¢ .1)cm = (200 + 3) cm”.

: . N ) . Lo ' . . v '
However, for small fields the equivalent square *field area 1s less than

the geometric field érea. ‘The surface equivalent square field i;\very

different from the equi¥glent square field .at dmax: g

N 8 ) N " ‘ : : K3
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Penetration Curvds Outside the.Field , : /

'2,7.1 Transmission Through'the Collimators

F

The transm1551on of primary photons throuuh the '

| .colllmators was studled by placlng/a Caplntec 0.6 cc
chIlndrlcal ion chamber (Model PR-06C) at d ax’ A measure~v
ment was taken at the central axis with a fleld -siz e Ot l
'// :- 20 am x 20 an.  All subsequent readlngs were normalizedv
: tto thiS‘measurement. | | o |
Transmission measurements were made with one or both
»Colllmator sets clqsed Flgures 793) to d) 111ustrate
|the position of the upper and lower LOlllmdt%TS and the
relatlve dose. recelved The percen&age transm1551on at' the
“field- boundary through one COlllmator 1is about 1% and

~about” 0.1% through both colllmators

2;7.2 'Demermlnatha of the Penetratlon Curves Outslde the Fleld
| By deflnltlon, except for transm1551on througn the :
ﬂcorllmators, the prlmary photon dose out51de the field
:boundary is zero.  Only contamlnatlon electrons and

‘ scattered photons can contrlbute to thls dose This was

+ ’
2

studied experlmentally

“

NllSSOD and Brahme have shown that the scattered phoron

: spectrum at the field edge is almost 1dent1cal to the
{

.\{.

photon spectrum at the central ax1s for a 20 cm x ZO cm
dfleld for nomlnal beam energles of 6 MV and 21 My, It 1s
'unllkely ‘that the electron contamination spectrum changes
t_appreclably between the center and edge or the field.

In order to get as close as pOSSlble to.the fleld

Sl
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boundary, the thln window parallel plate probe ‘was placed near the edgo
of the phantom (see Flgure 30). The phanpom was tllted.ap an angle of
.5 * so that the position of the-phantom surface Wbﬁld*hotAmove closer
o;\;hrther from.the-field bdundary’ydth'the addition of bpild-up layers.
This also neduced ‘the number of. partlcles 1nC1dent -at obllque angles |
upon the phantom at obllque angles | _- (
Figure 31: 1llustrates the penetratlon curve: 3 am out51de a
30 cm x 30 cm fleld. The penetratlon curye has a peak at a shallow
depth (1-2 fm) ‘then falls off I‘Lipldly at. depths greater t,l cm.  The
curve has a relatively slow fall-off a%”dépthé beyond about 2 cm. The
general shape of the/cu_fve ag‘rees.'\;"it‘:h:t}‘ne' wor§ of Scrlmger and‘ Kolifsi
(30) for 8 MV X-rays. | . (
The penetrétion‘turve.S am outsidebthe field was mehsured.étlé My
for the éame field size (30 cm x 30 cm) and SPD{ (100 cm) as the;
~ comparable experiment carried out at 15 Mv. 'The phantom Was agaiﬁ_
tllted at 8.5°, Figure 32 1llustrates a rapid decreasex*€ the penetratior |
rve at shallow depths with a levelllng out at greater depths.- The
maximum dose is at the surface at 6‘MV‘rather than at 3 shallodﬁﬂépth
beneath the surface. This suggests the dose at shallow depths s agaln
due mainly to contamina;ion elec;réns thle thé dose. at deepef depthé |
is due to scattered photons. o
The relative dose in the plateau region (dvd ) for both fhe 6 My
‘and 15 MV curves outside the field is apprOximatelyb0.3 of the %aximum

dose received.

* The angle of tilt = tan ! f}%lgp%iézh | l‘
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Figure 30. Diagram of the engrimental ’ar-rangément‘t‘d.deteﬁniné the
‘penetration curve outside the field. ' L
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Increase in Dose with Increaswng Fleld lldth

8 1 hbasurement of the Stén Effect

Exposure to lOHlZlng radiation'mavacause a spuriOus
51gnal attrlbutable to the ion chamber cable such as a
- ‘leakaoe current whlch is mlstaken for 1on1"at10n n- the“
E chamber Volume These phenomena are called:the stem
. effects A stem effect 1f present,-should*increase wlth

1ncrea51ng fleld size.. The manufacturer S clalm that the :

stem effect for thelr thln WlndOW 10n chamber is less than '

<

15.
The stem effeCI ‘was measnred by expOslng the chamber
at d in a pnantom to a- xectangular field as w1de as the

max

: chamber volume : and as lOng as the phantom One measurement

was taken wlth the cable completely in the fleld and another~

with the cable completely Qut51de the fleld The stem:
effect Wwas found to be less than. 0. 5° R , k\\Ta\ -

2 8 2. Tncrease in. Dose w1th Incre351ng Field width

A number of authors (15 21,25, 28 29, 31 35) have
p

: commented on the dependence of the surface dose on the

souare root of fleld W1dth both with *and’ w1thout accessorles

present in the beam. any of these authors calculated TMR

surface doses in other words normallzed the surface dose '

at each: f1eld size to the dose at d for the same'fleld'-v
_51ze. However s1nce the dose at d ax 1ncreases w1th fleld

size .(as expressed by the output factor), such a plot would

not unamblguously express the dependence of surface dose on

fleld size.



A more»generel fofm ef the'isoCentric normalized”

; Vdoee caﬁ_be used to morevclearl? deScribe the«doSe‘dependenCe
‘en field‘size The 1onlzatlon readlngs at some fleld size .
and a glven sotirce-to- probe dlstance are normallzed to the
max1mum 1onlzat;en-read1ngs (at d ) obtained at a f1e1d
size of IO cm xelO cm ét-the'same source-to-probe dlstance.

:Thls quallty will be called the normallzed dose ND. It‘isi

»

glven by

Dose dellvered to a p01nt at an arbltrary d SPD .
fleld size =
Dose dellvered to d . at the same SPD at a. field size
: of 10 cm X 10 cm n

(2.871)
The normalized'dese is equal to the isocentyic normalized -
" dose at 100 cm SPD
The tlssue maximum ratlo is: dlrectly proportlonal to the
“normalized dOSe The constant of proportlonallty is the -

'eufput:factor The relatlonshlp is glven by

N (d SPD W) Output Factor (SPD, W) x TR (d, SPD W)
(2.8.2)

Where W represeets the fleld size.
.Ihe nonnallzatlon readlng (the denomlnator of Equat1on 2 8. 1)
is not field size dependent so ND clearly 111ustrates
“dependenqe qf the,readlng (the.numerator of_Equatlon 2;8.1)(
- on field,eize.*'. o ‘ o
_* Data aCQUISltIOH is 51mpler using thelconcept of normallzed

_'dose Only one set of measurements at dyax for a field
size of 10 ¢m x 10 cm need be taken. A set of readings at

‘dmax at all field sizes is not r qulred If an output factor

curve has been ‘determined, the. Ti value may be obtalned if -
desired, using Equation 2.8.2.
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3 ‘ .
The nonnallzed dose, ND, for \a varlety of cond1t10ns at

N d—O 15 plotted as a functlon of fléld w1dth 1n Flgure 33.

o Fleld width is deflned,as:the square\root:of,fledd area

\jﬁ. Y

. for square.fields; hUnder thesefconditlonS'lat 15 MV

there is a llnear 1ncrease 1n the surface dose . w1th

'respec§1x>field w1dth Note that elther decrea51ng the
;SPD or plac1ng ‘the accessorles in the fleld 1ncreases the,V
,slope.of~the curve. Slnce the surface d05e for any glven
_fleld size is proport1onal to. the slope of the llne, the"'"

slope 1s also a. measure of the electron contamlnatlon,:

: but with- the advantage that it is not dependent on the

fleld width.

4

A small phantom was placed completely hlthln the

field so. that an 1ntrease -1n detectea 51gnal due to ln—

creasing flelu 51ze could oniy be attrlouted to beam'con-=

tamination. . To obta1n the dose as a £unct1on of uepth for

'-as many fleld wldths as pOSSlble, the phantom lateral

dlmen51ons were kept as small as p0551b1e (1 e. lO'cm X

: 10 cm) Wthh in turn dlctated d m1n1mum fleld size used 1n‘

the determ1nat10n of the contamlnatlon depth dose curve. of
15 am x lS cm. " The max1mum square fleld size attalnable |
for the machlne studled was 30 cm x 30 cm. 1hesevf1eld
sizes deflneu the range of the study.

" The dose as a functlon of field W1dth was measured

for a number of depths w1th the limited polystyrene

vphantom of the type 111ustrated in Flgure 34 ‘Since

there was build-up materlal on top of the ion chamber, it

-could not be assuned that ali of the,contamination
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| - phantom slab cross-section was 100 cm? and the slabs were -

- 10 cm SCALE

Diagram of the experimental arrangement to measure the

increase in contamination with increasing field width., The

always within the field boundary. - o .
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: conrributing co.the dose was'due to;elcctrons 't
. Figure 35 illustrates that at lOO cm SPD for*\arlous
depths in the phantom less than d there is a linear
‘dependence of nOTma117€d dOse on fleld w1dth Qualltatlvel\
the slope at shallow depths 15 greater than the slope at’
deeper deptns As has been discussed for the dose at the
; surrace tne slope of normallzeo dose versus flelo width
is a measure of - the magnltude of the cevtamination
penetratlng to the depth speclfTed ’Therefore there is a 3
greater magnltude of contamlnatlon at shallow depths. tnan
Lo at deeper depths . _j o | K - \
| Figure 36 is a graph of normalized dose versus field e
width at 75 cﬁ SPD for various depths into the limited |
‘1‘phantom The llnear fit at 75 cm SPD is nearly as good as
: that obtalned at 100 cm SPD. |
NOrmallzed dose measurements‘Were made on the 15 MV
. accelerator at f1e1d sizes of 15 cm X 15 cm, 20 cm X 20 cm,
and 25 an x' 25 cm at 100 cm SPB wheh Luclte accessorles of
0.64 cm and 3. 18 cm were placed 1n~the field at the accessory
~ tray p051t10n There. is- apprOX1mate1y a 11near 1ncrease in
~dose as a function of fleld w1dth w1th a 3. 18 cm accessory
1"v1n place (see Flgure 37) P |
Flgure 38.1is a graph of normallzed dose versus fleld
width for Varlous depths at - lOO cm SPD for the 6 W
accelerator. ~leevthe curves at 15,MV, the.lihear fit.is

L]

good.f



| »Figﬁre 35.

NORMALIZED DOSE (ND)

DEPTH (cm)

TRIAL] o

|  TRIAL 2
01 -  TRIAL3 &
15 0 25 0

~ FELD WIDTH (cm)

a3

. ~ -

The increase in normallzed dose with respect to fleld w1dth

for various depths beneath the surface of the phantom in an °

open field at 100 cm SPD for the 15 MV beam. The increase
can only be. attrlbuted to contamination because the phantom

- was completely w1th1n the fleld boundary (see Figure. 34)
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Flgure 36 The increase in normalized dose mth respect to field w1dth
: + for various depths beneath the phantom surfac:e in .an open. .
o fleld at 75 cm SPD at 15 MV. _ : ‘ ‘
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2.9 Determination of the Amount of Photon Backscatter from the Phantom

The surface dose is the sum of backscattet from the phantom and
contamination produced outside the phantom.” By the definition of
phantom ‘generated radiation (Section 1.5), backscatter is part of this .~
component of the beam. Backscatter photons dte ény photOns§5cattered

through 90° or more’so that thev have a sense in the direction component

-~

normal to the phantom that is opposite to the sense of the primary:

1
A

. " ) L VL
photons. A detemmination of the amouht of backscatter dose is essential
t ) N .

in order to isolate the dose due to contamination at the surface.

The amount of backscatter due tb,photons generated inithe phantom

was measured. The .thin window parallel-plate chumber was first'placed
on a thick siab of pdlystyrene (>20 cm thick) -which had a cross-section

~ larger thgn any field size used. The surface dose was measured for
\\:’\\ . '
field sizes between 3.5 cm x 3.5 cm and 20 cm x 20 cm and source-to-
A N .

probe distances between 80 cm and 120 cm. The normalized dose, N.D. _

(Equation 2.8.1) was obtalned ‘

-~ The full phantom was replacedﬁglth various thlcknesses of back—

. J-
scatter. ‘The thlnnest layer " approximately 1.5 mg/cm and the. A

thickest layer was 480 mg/cm2 Of‘unit density material. There was

virtually no dlfference between the - readlngs at 1.5, mg/cm and 480 mg/cm
indicating, that there is little contéibupﬁon from charged partlcles set
in motion near the surface of the phantom which scatter backwards. The |
normalized dose difference'was.chtained between the ncrmélized doses
with full phantom and Mdth,l.s-mg/cmz;.'The normélized dose difference “
'repfesents'the‘normalized ddse‘due to backscatter photohst_ Thedresults
~are shown in Figures 39 and 40 as a function of field width‘fdr,6-ahd

15 MV at varjous source-to-probe distances.
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Figure 39. The normalized dose due to backscatter photons as a function

of field width for source-to-probe distances of 80 cm and
120 cm at 6 MV. . :
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Betwéen field widths of 5 cm and 20 cm, . the aﬁount of baékécétterf
.incre‘as.és with field width for all vsdufce'- t_o'-.prob'e'jdis.,tances, 'Th.e |
amount of photon backscatter at 6 MV'is'aboUt SO%Igféater fhén-at.ls,ﬁﬂ‘ﬂ“
»ﬁ?r'thevéame,field-widfh th source-to-probe diStaﬁée{A At 511 fieid;‘j‘
'siies_énd'source-to-probeAdistances fdr”both'acéeierators,'the amQanv ‘
of'dose &ueAto'phéton béékscatter wa;'much less than thévambuﬁf of

dase due to contamination electrons at the surface of the phantom.



2.10 . Sweeping Electrons- from the Field Using a Permanent Magnet

12.10.1 Detemination of the Field Dis’tributi’dh"&f the Magnet

A surve\ of the llterature (41, 42 , 43 '44” 45) has
shown that the central fleld magnetic strength must be
.. somewhere between 1 and '3 kG in order to sweep a 10 cm X
>10 cm fleld free of contamlnatlon electrons produced by - o §
fphotOns in the energy range of 4 MV to 25 MV when the |
’ ’i isource to probe dlstance SSD, is about 85 cm.
| ihe‘magnetlc fleld strength dlStleUthﬂ of a. dis?
“carded magnetron magnet was determlned u51ng a Rawson-
'f-Lush Rotatlng L011 Gaussmeter 1ype 820 Probe and a- Type
) 501 Indlcator manufactured by Rawson Electrical Inetrumente
“hCo of Cambrldoe Massachusetts
The uncertalnty in the strengths at maxlmum field =
hstrength was t 30 G. The magnet was a permanent type w1th
'_ the ‘pole gap flxed at 7.5 cm.’ The maximum central field
was found to be 1340 G.. Flgure 41 111ustrates the measured
mmagnetlc fleld dlstrlbutlon The eentral dlstrlbutlon
iwas mapped every Z cm unt11 the magnetlc field fell to

60 G. -

‘2;10;2 Veriinng Electrensfare.Swept by the Magnet
- If the7ameunt of bending is small, to a first _
"fapprox1mat10n the electrons will travel along the central
ax1s 1n and near the magnet - The -angle of deflectlon L
.(1n radlans) for an electron travelilng a dlstance d

"‘1n da un1fbrm magnetlc field is given by (see Flgure 42)

.: .d)’ " '— ~ ; lg
rdeflec}t T moc2 [(A(_"meoc‘)/mocz).2 - 1].‘

- 4. deBe L 210D
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" Constant Magnetic Field ;-
‘'Direction Out Of The Plane
1t @ Is Small, d=d

Figure 42,,,Tf}e angle of deflection of an electron. in ‘ailﬁlifo_ﬁn;mgneticv
L fge]lhd* )(above) and.the measured.-deflection of.18 MeV. electrons
. -e Ow ; cL - . .~ . ' . . . .. . .

Yo© - ¢ ’
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- The above‘eQUatien usesthedefinitifnofa radius of
'-CUrvature (Equation 1.4 1) ‘The tolal amount of
deflectlon can be found: by summlng the -amount’ of - angular

v:deflectlon occurrlng along the Central axis:

Peetect] 5 e sy
| sl mcd [ 1]

‘(2.10f2)
"The fleld ‘B: ,” was measured every 2 cm SO dl is a constant

- @i ~const 2 cmﬂ The Mevatron -20 can~produce mono- -

o energetlc 18 MéV electrons' The electron” contamlnatlon

of the 15 MV beam w111 not have k1net1c energies thlS
| hloh so that 1f'thev18 MV beam can ‘be deflected then the
electron contamlnatlon can also be swept. The ambUnt of'
‘deflectlon predlcted by Equatlon 2 10 2 for 18 MeV |
‘:l'electrons in the measured magnetlc fleld distribution is

: approxlmatel) 17°. | | |
o “The magnet mas_mounted~65 cm from,the~aoufte, se»the
- largest field éize (measured>at‘SPD=100 cm) that can be
.tsweptaiselo cm x 10 an.  This defines.a'central_a&is
,_‘angle of 2;90. Clearly, this simple thedry predicts
enough'defleetion"wiI; eccur., | E

| - The analySis was_verified semiﬁdualitatiVely by'
Eekperiment}v‘A'sheet of film (Kodak XV?Z) was ‘placed
parallel to’afbeam'bf electroms. An eqhal_am0unt of

exposure was delivered with an open electron apnplicator

104
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w1th and without the magnet beneath the’ appllcator

: Flgure 42 111ustrates the results The angle of

kdeflectlon between the 1mage of the beams is about 20

| The deflectlon_of contamlnatlon electrons was

- directly verifiedfby placing a half cylinder of film

beneath the magnet. Figure 43 iilustrates'the setup.
'eThe contamlnatlon electrons produced a broad hazv patch

“f on the fllm (see Flgure 44) ‘The w1dth of the 1mage n
: 1ncreased as a functlon of angle swept- This 1s‘to’bej
' pexpected because the amount of bendlng and the amount -

of scatter increases, w1th aecrea51ng electron energy |

t The overexposed central patch 1s malnly due to photons.
,}‘Transmlssllon through 'the collimator can be dlsce@ed_

jThere is ho direcf evidencefof'poaitroh:cohcaminariOh

" which would be deflected in theioppoéire‘direction.
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Figure 44. Image of the swept electron contamination.
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2 lO 3 The Surface Dose Vlth and Wlthout the Magnet ‘in Place

" .The magnet was mounted on a holder so that 1t could be -
placed Just beneath the accessory holder pOSlthH The‘
holder ‘had a square hole cut in it enabllng a 10 cm x i ,k | ,‘f’J"
10 cm beam to pass throUgh without " 1nteract1ng W1th it.
A photograph of the magnet attached to its holder is shown
”1n Flgure 45. Flgure 46 shows the magnet mounted from the '
'accessory holder p051t10n
Wlth tne magnet in place the electron contamlnatlon
produced between the target and magnet is swept from the
beam The surface dose under tnls condltlon 1s due to
‘electron contamlnatlon produced between the magnet and
phantom and photon backscatter produced from the pnantom B
;Slnce air is thegonly materlal'in the beam_between the |
magnet-and;phantom, the electron contaminatlon with‘the ‘
magnet in place ‘is produced by 1nteract10ns of thepmoton
beam w1th air between the magnet and phantom T,_" | Q,;

The dose was measured at the surface of a- full phantom ,f*\\

(>20 cm thick and with a cross- sectlonal area greater than -

~ the width of the beam) The measurements'were taken _

'under varlous condltlons of fleld 51ze\and SPD and presence"
'of accessor1es The small magnet pole\separatlon meant -
that the target f1eld could be-no greater than lO'cm x 10 cm;j '
Flgure 47 111ustrates the dependence of the normallzed
dose at the surface, when the magnet -is in place, on field

‘w1dth for varlous accessory conflguratlons at an SPD of

100 cm. The maximun doses used to normallze these curyes




v,

‘Figure 45.- The magnet attached to -its holder.



Figure 46. The magnet mdunted-ffom” the accessory holder position.
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" Figure 47. The surface normalized dose with the magnet in place for
Varlous condltlons at 100 cm "SPD fOr the 15 Mv beam ‘



were measured at an‘SPD‘of.lOO cm_atla depth of dmax?for a-
field size of 10 cm n 10 cm undér the same aCCessory.con- |
figuration."The normalizedfddse curves are the same -
uithin 0.005. This is to be expected because electron con-
.tamination produced by the accessories is swept.ffom the
field by the magnet. The normalizetion procedure'takes B
into account the reduction in the primdry dosevayaiiable for
' : A _
the production of electron contamindtion in*éir)and‘photon-‘
backscatter. .- 1 o ’,"‘ - < | |
The dosevdue fO:phOfOn backscatter, can be é ;dcted
from the surface dose with the magnet in place to‘ieave
the dose due to electron contamlnatlon produced in alr*
as the_only,component; Eigures 48 and'49.illustrate the
normalized dose due to contémination broduced in air'as a. .
function of fleld w1dth for, -various source- to probel
E dlstances when an Open fleld 1s used (W1th cross halrttray
in place) for a 15 MV and 6 Mv photon beam, respectlvely
At each source to- probe dlstance the normallzed dose
llncreased as a functlon_ofgfleld;nddth, Thlsvdncrease was
largerlfor smallerbfieid uidths :

The measurements suggest that curves taken at various

R source to- probe dlstances converge to a ‘zero normallzed

dose at avzero f1e1drw1dth The behaV10r at fleld sizes
less than the chamber dlameter cannot ea51ly be determlned.

The dlfference betWeen readlngs W1th and w1thout
..the magnet in place can only be due to what is belng

swept by the magnet.when it is in place;«namely electron
* This refers to air betweﬁn the magnet and phantom. - «

-
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contamlnatlon produced between the target and magnet %

Flgures SO and 51 are graphs of the normallzed dose

dlfference between magnet 1n and out for 15 Mv and 6 hﬂ

_'photon beams, respectlvely The normallzed dose 15 verv Ah'}'

small at small fleld sizes, but 1ncreases rapldly as'a

: 'functlon of field 51ze The normallzed dose due to =

contamlnatlon produced between~the-magnet and target in<

’creases approximately in direct proportlon’to‘the'beam

fcrosa—sectional area7 | \
vThere is con51derable dlfference between the electron

' contamlnatlon contrlbutlons due to air and due to 1nter~ T '\>

-actlons between the target and.phantom at small f1e1d 51zes

(less than 10 cm x 10 cm) The contrlbutlons due to alr“

”exceed those of contributions produced between target and

magnet for both 6 MV and 15 MV. pnoton beamb at all 5ource-’

'to probe dlstances. The 1ncrease in dose as a functlon of

.'fleld w1dth at very Small 11eld Slzeb (less than 5 cmn X

5 cm) is greater for electron contamlnatlon prodUced in: a1r

than for electron contanlnatlon produced between the. target

’and magnet The most interesting: dlfference between these’

: curves is that the normallzed dose tor air- produced

: electron contamlnatlon 15 greater for large SPD whereas .
.the target to- magnet electron contamlnatron 1s greater for -

smaller source-to- probe dlstances The source-to- probe

* It did not matter if normallzatlon measurements were
‘done yith the magnet in or. out. The difference at
between readlngs taken with the magnet in place compared -
- to readings with the magnet not in ‘place was less than

. 0.5%. This indicates that few contamination electrons
produced bgtween the target and magnet penetrate to dmax

.

)
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) Figure 50. Normallzed ‘dose dlfference between magnet in place and out

~of place for a 15 MV beam as a function-of field width for k R
various source- to- probe dﬁstances for an open f1e1d
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L Figufe_sl Normallzed dose dlfference between magnet in place and out -
co of place for a 6 MV beam as a function of field width for
' varlous _source- to: probe dlstances for an open fleld
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dependence of the surface dose is better 111ustrated in -
'Flgures~52_to 53. Flgures 52 and 53 are graphs of normallzed
‘ dose’versusgSPD;at 15 MV for air contamlnatlon and contamlna-
tion between the target and magnet, respeCtively;rfor a
family of field widths. Figures 54 and 55 are for contamina-
"tiOn produced in'air and,betueen the target and magnet,
'rrespectively, under the same_measurement‘conditions as:15 MV
but done at b'MVr o | | |
iIf an assunptron ESfmade'that.the.iocation where the

contamination is produced between:theﬂtarget and magnet‘is‘
‘a point source;'then the same procedure used iﬁ Section_a ‘
2.4.3 to rocate the apparent source of contamlnatlon
'electrons can be used agaln ~ The dlfference in Lhe absolute
.4read1ngs’taken~w1th the magnet not 1n‘p1ace and magnet in
.',place 1s$a measure. of ‘the contamlnatlon dose produced |
between the target and magnet » If the readlngs were taken '

o at nearlv the same t1me then the dlfference in absolute |

‘ readlngs need not'be normallzed. Flgure 56 1s a graph of s d

;the square 00t of ‘the dlfference in- absolute readlngs
lh versus SPD at. 15 MV for ‘a number of field sizes. The"
apparent source of electron contamlnatlon is at 40 cm SPD
__The electron contamination appears to be comlng from the o
crdssehair'tray,' A similar result was obtained at 6 MV-
(see Figure 57). a
d o Thebcross-hair tray was removed and ‘the readings
repeated at 15 MV;thigure 58 illustrates:that:the apparent

~source of contamination is shiftedjto between 30 cm and.
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Figure‘SZ Normallzed dose due to contam1nat1on produced in air as a
' - function of source-to-probe dlstance for varlous field
widths for an open field at 15 MV ‘
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. at 15 MV when the cross-hair. tray was in place,



| Figure 57.

SR
- 25cmx25cm

L )
. .

ATemX7em

¢

s 3 i .
a“ .

PO

,1

~ SPDfem)

Dependéncef5f7the dose produced between the target and

_l0cmx0cm

00 B0 -

124

- magnet on the inverse square of the distance from the ; _
~ apparent source at 6 MV when the cross hair tray.was‘in<p1;%e¥,—~\
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. Figure 58. Dependence of the dose produced between the target and
.+ magnet on the inverse square of the distance from the

apparent source at 15 MV when the cross-hair tray was not
in place. ' '
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35 an. The ran%&,of x-intercepts corresponds approximately

to the position of the collimators.
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2 10.4 Determination of the Penetration Curves of Electron |
Contamination Produced Between the Target and Magnet

Electrons produCed by interactions.between the target
~and magnet should penetrate some distance into a phantom.
‘The penetration curve cenvbe Obtatned by measuring the

difference between readings:teken without and with the
magnet in plece when the same thickness of overlying
mdterlat is placed over the ion chdmber

- Figure 59 111ustrates the central axis penetratlon

curve for electron contamination produced by the 15 MV beam

between the: target and magnet as measured by a probe at
100 cm SPD in a.10 cm x 10 cm field. Thls penetratlon
; curve has itS‘méximum.atvabout 0.15 ¢cm in the phantom and
’&a relatlve plateau in dose of about 1 cm. | From 1 cm to
3. 5 cm the dose drOps rapidly as a functlon of depth At
2.9 om the dose dep051ted is only 20° of the dose deposited
atOlScm |
| An almOSt identical penetration curve was produced
when the probe was’ 3 an out51de a fleld with a size of
10 cm X 10 cm at 100 cm SPD for a 15 VV beam (see F1gure
iv 60) . The phantom setup was - Slmllar to the 1nset in Figure
30 except the phantom was tllted at 5.7° |
Flgure 61 illustrates the penetratlon‘curve for ‘
| electron contamlnatlon produced between the ta1get and
magnet for the 6 MV beam The shape of the curve 15
‘similar to the result at 15‘MV except_that the.max1mum"
| dose occuts'at the surface at 64MVband thie‘beémﬁ
'reachee its 20%‘ieve1‘et.i,S'Cn.instead of 2.9 cm. Eigure~

62. compares the penetration curves for electron
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Figure 59. Central axis penettétibg'curve for.eléctron contamination R
' - produced between the target and magnet by the 15 MV beam at .
100 cm SPD for a field size of 10 cm x'10-cm. - -« - o
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.Figurej60; Penetratlon curve for electron contamlnatlon between the

target ‘and magnet measured 3 cm outside a 10 cm X 10 cm
field at 100 cm SPD for a 15 MV beam :

129



130,

»»l'f' (£>1- <v '_(E) T - '(:)v”'_ ‘,1635- ; : - vl<:> o
<@ 0 B
9so emosy

- Figure 61. Central ax1s penetratlon curve for electron contamlnatlon
h » produced between the target and magnet by ‘the 6 MV beam at
o 100 cm -SPD for a fleld size of 10 cm x 10 cm.. : _
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Figure 62, ,Comparlson between the 15 MV and 6 Y contamlnatlon ,
: .. - penetration curves produced between the ‘target and magnet’
in a 10 cm x-10 an beam at 100 cm SPD. - S '



'contamihation produced between the target and magnet for

6 MV and 15 MV by'nbrmaliziné the depth of penetration with -

respeét to.the'depth required to reach. the 20% level.

‘The curves are almost identical.
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2 11 A Methud £or Separatlng Contamrnatlon from Phantom Generated o ; :
Penetxatlon Curves ' '

l‘:;f4.11.1 DetermJnatlon of’thé bontarinatdonlpenet atlon Curves '
The graphs of normallzed dose versus field w1dth
allow one to separate the %ose due to contamlnatlon from
the dose due to photons 1nteract1ng 1n the phantom The‘
: total dose, T(d SPD, W), 1s a sun of the phantOm generated
f.dose P(d SPD), and the contamlnatlon dose C(d SPD )
The phantom generated dose is not a functlon of the field
‘.-w1dth h when measured w1th a 11m1ted phantom (see Flgure
5-'34) The phantom generated dose - s due to prlmary photons
:_1nteract1ng w1th the phantom and scattered photons
h_éenerated by the prlmary 1nteract10ns in the phantom

. The phantom generated dose is due to the prlmarv photon 2“‘
hicomponent of the beam Mathematlcally -

E .o

T(d,SPD;W) = P(d,SPD) -+ C(d,SPD,W) -

—
(3]
—
. .,
p—

_Total Reading
Standard Reading‘

. where [T(d,SPD,W) =

Readlng Due To Prnnary Photons
Standard Reading

P(d,SPD) =

:Bgadlng Due To Contamlnation‘ﬂ
Standard Reading.

'C(d,SPD,wj,

o

’The standard readlng used is the same as in Equation 2.8. 1.

' dT(d,SPD M) = dP(d spn) + dC(d SPD!W) e 11,2) o
S AW ‘ coodw e TR

. dP(d,SPD) _



- Therefore,

" dT(d,SPD,W) = dC(d,SPD,W) e
- ) dw k‘ . dw (\:.‘p (c. . 11 . \5)
where QI§§~11 is the slope of the line of normalized dose

v'f versus fl&ld width at a depth d, source-to- probe ;1

‘dlstance SPD and fleld w1dth Y. The normallved dose

due to contamlnatlon C(d SPD, W), is found by integrdtlng

Equatlon 2. 8 3. ThlS mdkes an dssumptlon thdt the

ndtuxe or the contamlnatlon does not thange as a 1unct10n o

: of fleld w1dth but the magnltude of contamlnatlon does.

-Mathemat1cally," .
% | R
C(d’SPDiw) ;_j dT(u iﬁD h)d“ . h‘:i (2;1114)._
'thf QILQH%BQ—El is not é constant then,A

C(d SPD wl,w ) & T(d SPD,WZ)

If QZIQHEBQ_El is a COnstant then,

o cmﬁwmf¢SRmeoanmg-,f "(7116)

"where the last equatlon does not haVe any dependence on

fleld w1dth An assumptlon 15 1mp11c1t that dose 1ncrea5e '

of‘§m311 fleld size is the same as dose 1ncreases for

larger sizes.

T(d;spn;wl)l (2.11.5). -
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The slopes.in_Figures 35 to 38 were linear s0

Equation 2.11.6 can be used;' Therefore, the amount.

of contamination is independent of field width.

A
Table 3 llsts the amount of contamlnatlon as a

B vfunctlon of depth normallzed to the max imum amount

s of.contamlnatlon for the'15 MV beam»; The penetratlon

‘;1ndependent of the thlckness of accessory and source— g

_characterlstlcs of the contamlnatlon are relatlvely '

to—probe,dlstance; _Therefore, to'a good approx1mat1on,

_the relative amount of contamination only depends on -

the’ depth of measurement in the phantom A plot'of the;-...

E contamlnatlon penetratlon curve at 'SPD = 100 cm 15

' »pshown in Flgure 63

The open fleld penetratlon behav1our at 100 cm

SPD was obtalned for the 6 MV accelerator also by

,u51ng the 1ncrease 1n normallzed dose versus fleld f

‘w1dth The nonnallzed contamlnatlon penetratlon

curve is shown 1n Flgure 64

The contamlnatlon penetratlon curves are

| : equlvalentvto the tlssue max1mum ratlo‘of the.COn-

a2,

_,tamlnant component 1f they were the only component in-
\ the beam

.Determ1nat10n of the Phantom Generated Bu11d Up Curves «

fobtalned by subtractlng the contam1nat1on component
. from the total bu1ld “up curve. The total bulld “up

"curve is measured w1th a full phantom (that is, the

The phantom generated bu11d up contrlbutlon is-



: Ta‘bvl'eb 3 Contamination Dose Normalized To The :
 um;ximum Cbnt#m;hation‘Pose At 15 MY
. sPD z iBch‘ LSPD::.1Gatmfj ,spn :]1aacm ' sPn‘:.vsca f
Depth No e @.64cm Lucite 3.18cm Lucite No
(cm) ﬁpces:soyrg ' ﬁCCess‘o‘rg’\/ nccve‘s;s.or‘g'. | »acce‘sgorg
_9.09~  V_‘ a;éé‘“"’f? -a(ée‘  - @.95 ’ ”‘°7 © 9.99
9;15 | '? ' 1.00 .'”,': i;aaf 1‘”'1, : ;,éa_~, E 1.90
e.32 ',f' 1q,94’ ' © e.96 ~e.95 . a.ez
 6.48-?”_ :Hé;B9A: T .88 o  9LBé.1',.f '“é.ég‘
a.64 . ®.83° 0.79 . ®@.88  ©8.78
Q1§5j:ﬂ’] b.sé k : |  ' 8. 64 o e.67 . 0.63
"i.?7f\{, . B.61 i“' é-élfi o '2.55 . - ‘. © @.50
BT TR 9;45 o =ija;33y" .38 73',2'8,3i~

254 @2 @.23 24 Te.zt

4.

wie e ais : j. 'B.ei f‘fi7;'f' .
'. ¢3}18'3a'-, @.21 g.16 .- - a;xaf'zjl '_,a;ie
. 3.49 ERC _  9§?4,f:';f>"t .17 @.1s
fé.ei»‘ ' @15 T .13 'v..“\'la}isf‘-“:'j ,a;i7f!

413 . @.15 - . ©8.12  e.t4 . o . B.11
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.. Figure 63. Contamination penétra'tion_gurve determined by the increase . S

in dose.in a limited phantom as a function of field width at

100 cm. SPD for a 15 MV beam.
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Figure ‘9’4 Contamlnatlon penetratlon curve determjned by the increase

- in dose in.a limited phantom as a function of field w1dth
at 100 cm SPD forra 6 MV beam.



cross-sectional area is-greater fhanithe field
width). . ~The magnitude.of contamination'under
any condltlon is determined by equatlng the
.difference betWeen the total build- up curve"-
;and the photon backscapter at the surface with
* the magnitude of the contam;nation dose at-the

surface. Mathematieally} ' : o
P . v o . .

C(d=0,5PD, W) = T‘(d;o,spn,w)- - PBS(d=0,SPD,W)

| | | ('2.11’.7)
' where PBS(d=0, SPD W) is the amount of photon |

backscatter at the surface of the phantom The
amount of contamlnatlon at any depth 1is determlned
from a knowledge of the amount of contamlnatlon

" there 1s at the Surface and the penetratlon

characterlstlcs. Mathematlcally,

C(d,SPD, W) = - c(a- 0, SPD W) %810) (2.11.8)

where CTMR(d) _is the value of the normalized
contamination penetretion cyrve at’e depth; d, in:
.the phantom. - |
Having established the magnitude of contémiha-.
tion at any depth in the phantom;~the‘contamination'
camponent 1is subtracfedlfrom the total build-up

~ component to yield the phantom generated build-up

aurve.



A computer plogxam talleo.bepllmalx For* (rox‘
a 115t1ng and documentatlon ot bepxlmar\ For sec
Appendix 5) alculates the phantom genelated build- .
up curves The 1nput data lists’ the nornmll eo'
contamlnatlon penetiatlon data'as d tunctlon of
depth the phOUN]!ELhSLdtteT norhall ed doae at
“the surtace as a fUﬂLthH of field q17e as well as
SPD and the total build- up - normallved dose as a -
:functlon of fleld size, SPD depth and amount ot
'accessorles in the f1e1d |

The ”pseudo unlt” of the output 1s normallved
dose ThlS can be converted to the tlssue max1mum
ratlos of the phantom generated bu11d Jp curves
by,dlr;o;ng the curves by the max imun normallged .
dose value‘of-eaeh curve.

An estimate of the limit errors in the

calculated quantities is also eomputed; The errors

in.the measured quantitiés.are enteredhwith the
1nput data | | - |
Tables 4 to 15 115t the phantom generated

:normallzed dose and tissue maximum ratio curves

'~ as a functlon of depth along with the1r assoc1ated |
'11m1t errors for a variety of conditions of field - )
Si;e{ SPD and presence of accessories for the lS,My
and 6 MV acceleratOrs; “The phantom generated
pnornaliied dose at dhex increasee as‘abfunetionhof

* The suffix; '.For;, indicates an executable Fortran

program. ' The suffix, .'.Dat', indicates a data
file storing constant values.



Table 4

45 MU SPD

Field Size = 3.@cm X 3.0cm

:'1@0cm .
No Accessories

Photon-Backscatter N.D. = @,001

‘Depth
tcm)
0.09

- 8.16

e.32

0.48

0.64 -

' 0.95

1.27

1.91

2.54

2.86 .~

3.18

~3.58 .

3.8t

15 MU

NN AA

- ND

.001
.168
.290
.388
.456
.577
.663
.759
.882
.811
.813
.B13
.812.

No Accessories
Field Si1ze
Photon Backscatter N.D.

Depth
(cm)
2.00
8.16
0.32
.48 |
.64
2.95 |
1.27
1.91
2.54
2.86
3.18 -
3.59,
3.81/

OO0 ®

= 4.,8cm X 4.0cm. -
9.801
ND
.801
.173
. 383
.402
.486
.614
. 706
.B18
.862
.872°
. 881

.882
.880

Error in ND TMR Error in TMR

. 208
.98

. 208

.007
. 007
.0086
. @85S
. 005

. 985
.085

NN OSOD

SPD = 108cm

Error in ND

 9.000
2.009
8.009
9.008
8.0e8

' @.9@8

2.007
2.006
9.006

2.8085
2.0085

8.005
8.005

. 088"

.008

.205

e, OO0 0N 00

9.20

8.21
9.36

- @.48
. 8.56
B8.71
'@.82
.9.93
2.99.

1.00°

1.00
©1:00
- 1.00 -

TMR

.34

.70
.88
.93

.99
.20

N0 O0 0O

o

.00
.20’

.46
.55

.98

.08
.08

OO0

.00
.01
.01
.01
.01
.01
.01
.01
.01
.01
.01
.01

Error in TMR

.00

.01,

.01,
.81 -
.81
.01
.01
.81
.01
.01 .
.01
.01
.01

L



"Table S
15 MU  SPD = '18@cm -

No Accessories : ,
Field Size = 5.0cm X -5.0cm

'Photon Backscatter N.D: = 8.002 N
Depth- © ND . Error in ND THMR Error in TMR
“Cem)’ : - \ o L
0.00 9.082 9.001 ©.08 0.00
8.16 2.173 . ~ ©.010 9.19 '9.01
9.32  ©.384 . @.018 . '9.33 9.01
- D.48 p.487 ~ ©.818 = 8.44 _e.et
8.64 8.584 . @.089 8.5% e.01
2.95 @.633 °~ ©8.00S '8.69 Q.01
1.27 8.728 . ©8.008 8.79 " 8.81
©1.91 @.848 = @.007 - 2.%1 . 8.081
'2.54 ®.897 ' 9.206 8.97 . 8.01
2.86 '8.918 . '8.886 = B8.99 8.81
3.18 = ©.917 = 8.ees  1.@@ 8.01,
. 3.se . @.%22 8.006 1.80, 8.01
3.81" '9.928 - - ©.085 - 1.8 ° = .08.81
' S

1S MU - SPD = 108cm
'No- Accessories = o

Field Size = B.@cm X 8.8cm
Photon Backscatter N.D. = 8.004

‘Depth = ND  Error in ND. TMR  Error in TMR
(cm) - . L A S
e.00 - @.e04 9.001 2.08 . ©.00
. B8.16. 98.194 @.012 0.28 = @.81
- 8.32 @.332  0.012 - @.34 9.01
2.48 8.439 ©.011 " 8.46 - B8.82
@.64: - ©.532 . @.e11 @.55 8.82
' B8.95 '9.669 . 0.010 - 8.69 ' 8.82
1,27 . ©9.765 . . 0,010 8.79 8.02
1.91 ?.881 @.0ee8 8.91 8.01
2.54 @.9408 2.007 9.98 8.01
- 2.86 ~ 8.953 e.ea7 8.99 0.01
3.18 8.957 '9.087 9.99" 8.01
3.58 2.964  0.007 1.08 0.01
1 8.01

©3.81 . @.963 @.0926 .20



Table 6 e,
15 MU.  SPD = 1@@cm.

 No Accessories _
Field Size =18.8cm X1B.8cm

Photon Backscatter N.D. = 8.0@6

WUWANN- -0 00006

Depth. ~ ND ‘Error in ND' TMR Error in TMR
(cm)- - L o : . :
.80 0.006 ° ~ @.e81 2.01 g.e9
.16 - @.191 8.013 2.19 2.01
.32 8.333 . 98.913 9.34 8.02
.48° . 0.443 . @.0812 @.45  8.82
64 8.540. 8.012 e.s5 . @.02
.95 8.677 ~ '@.011 8.69 - e.e2
27 - B.774 - - 9.010 8.79 8.02
.91 @.897 . - ©.009 . 8.91 @.082
.54 8.955 . @9.@e8 8.97 2.0t
.86 '9.978 ~  ©.887. 8.99 @.e1
.18 .8.377 . @.e07 0.99 9.01
.50 '2.983 . ©9.007 = -1.00 9.01
.81 9.983 - = @.907 1.00 0.01

1S MU SPD = ‘1@@cm.
No Accessories.
Field Size =z12.@8cm X12.0cm
~ Photon Backscatter N.D. = 8.807

. Depth. . * ND Error in ND TMR . Error in TMR

S (em) o SR

©8.90 | 92.807 . ©2.001 .81 - ' 9.00 .

©8.16 .. 0.205 = 8.815 0.21 0.02
8.32 9.349 - @.014 - 9.35 . - @.02
9.48 '@.462 | 9.014 . @.47 9.02

' @9.64° . @.556 -@.813 ' 9.56 8.82
8.95 . - '9.699 0.012 . 9.7@ " g.02.
1.27 '2.796° . B.012 .80 ' @.@2
1.91 9.914 2.010 .92 = . @.02
2.54 . '8.973° . 9.9009 9.98 0.02
2.86- - 8.987 = 0.088 2.99 0.02
3.18 ©.993  9.008 1.00 - 9.@2
3.508 . 8.992 . e.aes 1.0 . @.@2
3.81 8.993 . 9.008 1.00 9.02



" Table 7

AP

15 MU~ SPD = 1@@cm
No Accessories '

" Field Size

:ls;acm7315.acm

Photon Backscatter N.D. = ©.803

. Depth
S (cm)
‘3. 00
8.15.
9.32
.48
8.64 .
a.95
1.27
1.91 .
. 2.54
2.86
3.18

*3.50

.3.81

15 MU

ND

@.009

8.207
9.354

. 8.463

8.560

- 8.704

0.806

@.921

8.975

0.991

B8.997
1.802
1.e04

Errof-in;ND

. 001
.817
.816
.016
.0815
.014
.813
.011
.810
.010

. 009
. 009

NN O®

SPD. = 1@@cm .
N0 Accessories

Field Size =2@.@cm x20.0cm
Photon Backscatter N.D. 2 2.012

'Depth
(cm)
a.ee
e.16

.8.32

0.48
0.64
8.95

1.27
1.91 -
2.54
2.86

. 3.18
'3.50

3.81 .

ND

@.a12

B.205

8.353

8.462.

" @.565
' @.708

8.8062

- 8.922
'8.982

8.997

1.001
1.004
1.807

'Enror,ihrNDj

e.802
8.820
'@.828 -
9.019
0.018
0.017
9.816 .
8.0814
'8.012
e.011
0.011"
9.011
8.811

.ee9

TMR  Error in TMR

8.01

g.21 -

8.35

. B.46.
. @8.56.

e.70
p.8a
8.92

2.97
' 8.99
8.99

1.08

i.ed

TMR

'8.01

8.20
8.35

' @.46

.56

2.79
8.80

8.92

.98

@.99
@.99
1.08
1.00

- 8.80 -
8.82
.02
9.082.

. 9.02
.02 .
' 8.82

-@.e2
' 9.02
8.82
0.82 .
e.02 -
0.82

Error in TMR

' 9.00

- 9.82

- 0.082
8.02 "
'8.02
@.02
9.02
8.02

. 8.82

- 98.82 -
8.82
.82 -
8.e2

SDEE



. .Table 8

415 MU

- SPD =

No' Accessories

. Field Size =25.8chm XZS.

iaecm

Photon Backscatter N.D.

- Depth -
(cm)
.00 .
.16
.32
.48 -
.64
.95
.27
.91
.54
.86
.18 -
.58
.81

WOWNRNNPrrOOO0SO0

.A. 7 ND

'@.081S -
'~ @.2e8

@.357

. @.471
' @.565
'0.710°
.@.8@2
0.919"
' 8.977
@.994
- @.999
1.001
1.084

Error in ND THMR  Error if THR

2.202
9.024

8.823
8.022
- 9.0822

2.020

2.0919
2.916
'8.014
2.0814

- 0.013°

- 2.013
2.013

ch7,
0;015»

PR

.81
.21
.36
.47
.56
LT
.80
.92
.97
.99
.99 .

.00
.00

NN ERNE00 80

.88
.03
.03
.03
.03 .
.03
.03
.03
.03
.83
.93
.8e3°
.3 =
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Table 9

15 My

"SPD =

No QCCESSOPIGS

“Field Size.

,Depth

{Ccm).

.0.80

9.16
.32

. 48
.64
.95
.27
L91
.54
.86
.18
.58
.81

15 MU

000NN OOE

LND

. 202
. 339
. 449

.68B2
777

.971
.978
.981
.982

'SPD?:

Error
. 007
.539

.896
.959

218.08cm X10. ch
‘Photon Backscatter N.D.

p.@01
.@.014
'8.013

8.013

. @.812°
. @e.e11
- @.811
© §.0@9
'@.008
0.008

9.008
8.007

. @.007

a. 64cm Luc;te Accessorg

Field Size

(Depth
S .em).
- 9,00

" @8.16

8.32
8.48.
.64
.95
.27
.91
.54
. 86
.18 -
.50
.81

"~ ND

9.087

e.202

9.342 "

8.449

 9.538
. 8.679

0.880

9.942

@.955
8.961

. 8.963
@.966

Errpr

=1@.08cm X1@. dcm
Photon Backscatter N D

a;eai-
'8.819

2.818

2.818
‘9.817

@.0816
@.815
@.913
@.011
8.911
@.811

' 8.018

8.210

1n ND

a.ea?

TMR

e.01

.21

@.35

@.46
®.55 -
B.69
Q.79
2.91
'@.98
- 2.99
1.0 .
1.808
'1..00

a eQ(*

xn 'ND

i

THMR

0.081

B.21

8.:35
8,47

0.56

8.7@
. 8.79
9.91.
8.97
9.399

@.99
-1.00
1.00

Error in-TMR

2.00 -

@.02
'8.082
Q.82
8.02
. 98.82
.82 -
8.82
9.82
8.82
8.02
. 8,82
- 9.01

Error in TMR

8.00 - [
‘p.@2
8.0z
8.02
8.082
9.02 -
e.02
8.02
8.82
8.082
9.02
8.82

. g.e2

P
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Table 18‘

15 MU.  SPD = 7Scm "~

~ No Accessories . ,

Field Size =38.08cm X30.@cm’
Photon Backscatter N.D:. = ©.818

WWNNR OO

pepth- .- ND  Error in ND THR"
C(em) S
. @.00 '2.018 9.802 8.02.
.16 = @.218 ~ - ©.829 . 8.21
8.32. €£.353  ©.028 1 9.35
.48 8.462 = . 9.027 8.46
.64 . ©@.551 - @.826 ~ 8.55
.95 - ©9.692 . -@.024 © D.69
.27 . B.78B2 9.823 . . B.78
.91 - B:980 9.8280 '8.90
.54 - -.0.967 0.817 '9.97
.86 - @.984 . 8.016 '8.99
.18 8.991 - 8.816 . 9.99
.58 2.995 . '@.816 . 1,00
3.81 ®.998 . ~@.815 1

15 MU . SPD = 75cm
D.64cm Lucite Accessory
Field Size =3@.8cm X30.8cm =
Photon Backscatter 'N.D. = 0.018

" ‘Depth ND - Error. in ND THR
oL in ND

.@.ea . .©.18 = @.002 . | @.82
9.16 ~ ©8.188 - .B.845 .19

- 8.32 - @.382  .9.043 8.32
.48 . 9.390 .9.042 @.41 .
@.64 .  ©.463 = ©0.841 - 8.49

' @8.95 - . 0.599 8.837 8.63
i.27 - ©.684 - @.835 . ©.72
1.9t  ©.816 - ©8.831 . - 8.86 "
2.54 '@8.981 - 0.827 ' 2.95

" 2.86 ®.927 . ©@.026 . 8.98
. 3.18 8.936 . B.B26 - 8.99
3.58 9.946 @.825 1.08
3.681 Y- 1.88

.948 @.224

.00

" grror in TMR

e.00
.83
. 8.83
@.83
© 9.03
8.83
9.03
'2.03
8.03
" 2.83.
- .83
' 9.83 .
"9.03.

Error in TMR

'2.00
2.85
2.05
23.085 .

. 2.06

' 9.86 - -
2.06
'@.85
2.05 .
8.es
9.05

. .8.85 .
: @.05

-



Table 11

- 15 My SPD = 100G

" 3.18cm Lucite Accessory

"Field Size =30.@cm X30.@cm .
Photon Backscattér - N.D. = 8.813

WWWRNRNR - OO

. Depth ND . Error in HD' TMR
S tem) T R
'@.00 - @.813 0.0802 ~8.et
.16  ©.17% @.0928 e.17
@.32 . ©.319 ~  0.e27 . @.31
.48: -@.433 '~ '@.e2e = B.42
.64 - - 8.537 = 8.825 8.52
)95 . @.686 -~ ©.823 - @.67
27 ° @.782 = @.822 8.76
.91  8.914 . 8.819" ©.89
.54 ©9.987 8.0817 '8.96
.86 ~ 1.e@4 - @.816 ' 8.98
.i8  1.914 ..  @.016 . 08.93
.58 - 1.019 '9.815. © 1.00
.81 . 1.e24 : @8.815 - 1.00

15 MU . SPBx 149cm

" No Accessor;es

Field Size =30.8cm xaa acm
"Photon Backscatter N.D. ; 8. 817

’Depth ND Error in ND  THMR
. tem) o o '
"9.00 - afa17 . @.BB2 . B8.82
' 9.16 '8.194 ° . @.835° ' B8.20.
.32  ©.339 ©.834 '@.34 .
. B.48 - @B.445 9.833  @.45"
. @.64  ,8.540 8,832 " @8.55
.95 #e.ev8 . '@.029  0.69
1.27 7 8.749 9.028 - 8.76
1.91 - @.876 - @.@24  9.83
. 2.54 @.949 , a.az;wx 8.96
2.86 8.96% o.028¥ Co.98
3.18 8.969 . 8.828 * @.98
3.50 ' 92.976 ' @.019 ;, @.99
3.81 8.986 @.819 . 1.00

™

Error in TMR

e. ea}'
'9.03 |
2.03

. -@.e3
8.03
9.03
8.083
8.03
" B.83

. 8.03

. '@.03
@.a3 -
@.03

Error in THMR

. 8.00
- @.04
- 9.84°
- 9.04
- P.04
8.084
'8.84
9.084 -
8.04
e.04
9.04
e.04
8.04
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Table 12
' MU. . SPD = 1@@cm

~-No Accessor:esA . : - *
Field size = S.8cm: X 5 Gcm- '

L Photon Backscatter N.D. = 85082

Depth ‘ND Error in ND TMR
(cm) S ) o
2.80 . .- @.eez - ~@.e01 8.00
.16 . ©8.3%1  @.0ti. @.42
@.32 - @.581  ©.018° 8.62
9.48. ¢.698  ©0.e89 - ©.75
9.64 . ©.785 9.008 . 8.84.
. @.95- ©.878 g.e@8  ©8.94
C1.27 . 9.917 @.8@7  ©.99
' 9.e07 - 1.00

1.91 ' @.939

& MU .~ SPD = 188Cm
. No ﬁccessorzes- ’ T
Field Size =1@.@cm X18. acm -
'Photon Backscatter N D = 609

'Depth ~  ND - Error in ND TMR

(cm) - o S e o
g.08 . ©.009 0.801 . 0.01 0.0
.16 ~ ©.420 . 2.014 '@.43 ¢ @.82°
8.32 @.617°  ©.812 = .63 © 9.82
.48  ©.739  @.eii- @.76 . = 08.82
.64  ©.83t 2.081@ '8.85 . 0.2
.95  @.926 = ©@.0@83 .95 = 0.82 .
'1:27  8.968 9.0089 . @8.99 . B.82
1.91 - ®.978 ~  ©.0093 1.88 ~  ©.82

.88
.02
.82
.92
.02

.8z

OO0

Error.in TMR -

.82

.e2

 %fror ih-TﬁR

ta
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*

. B8.16

:@.48

6. MU

- 8.48

Table 13

No Access

Depthf

tcm)

8.00
8.32

Bv. 64

'@.95
- 1.27

1.91

ories

Field Size =28.8cm X |
Photon Backscatter N.D. = @.018

'ND

‘B.818

8.437

8.640

8.766

- 9.859
9.954
.8.994
1.005

‘6 MU SPD 'z 1@@cm

%

R

~ sPD = 1@@CN
No Accessories.- ’
Field Size =30.0cm X30.8c

20.8cm

Errar in ND

.802
.819"
.017
.816
.814
.13
.12
.812

,P IO OO0

TMR

.02
.43
.64
.76
.85
.95
.99
.20

aeh
W AR

Photon Backscatter N.D. = @.826

. Depth
(cm)

0.00
.16 .
.32 '’

8.64
9.95
1.27
1.91

OO0 0 0

ND

.647
772
.B65

. 026
v 44S

.957 -
996 .
.85 - -

Errbr ih‘NDv

TMR  Error in TMR

P00 80

.23
.44
.64
77
.86
.95
.99
.20

Error in TMR ,

OO

OO0

.00
.82
.82
.8z
.82
.82
.82
.82

.00
.83"
.03
.03
.93
.03
.83
.03
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‘Table 14

6 MU~ SPD = 75cm
No ACcé;sofEQS' y =
. Field Size =3@.@8cm X30.@cm ‘

 Photon Backscatter N.D. = 0.029

Depth.  ND° . Error in ND TMR. Error in THR.

. (em) R o -
.28 9.929 . _ ©0.803 . 0@.03 . 9.00
8.16 @.468 8.926 8.46 8.023

@.32 + ~ @.667 - 0.823 - @.66.  0.03

. @.48  ©.789 - @0.821 = '8.78 8.03

- 0.64 - 2.878. 2.019 8.87. 0.03
2.95 @.966 - - 0.017 8.596 8.03

. 1,27 .1.ee3  0.016 2.99 = 9.83
1,91  1.e11  ©8.916: 1.00 8.e3

3
6 My SPD = 7Scm . . o .
‘B.64cm Lucite Accessory . o .
Field Size =38.9cm X38.0cm -
Photon Backscatter N.D. =.0.829
‘Depth "'ND  Error in ND TMR Error in THMR.
Ctemy - o '
9.0  @.e29 = 0.803 9.03 .00
- 9.16 @.481 _ -@8.838 = ©8.49.- 9.05
@.32 = ©@.658 . .. -B.034 " e.e7 2.05 -
.48 - - B.763 . 0.832 0.78 9.05
@.64 - B.852 " @.829 - 0.87 9.05
.95 . ©8.937 - @.e26 = 0.396 8.@5
1,27 - @.973 .~ @.825 - - 08.99 '8.05
1.91 ’ 2.05

. @.981 = 0.824 . 1.00



~~~~~~

vaab}e 15

& MU SPD.= 75cm

3.18cm Lucite Acceséorg

Field Size

1.91

2.976

=38.08cm X30.08cm

<

Error in THMR

@.88 ¥
@.05
9.05
9.05
'3.085
8.05
8.085
2.85

Errpr.in TMR

. 9.00
8.e2
.82
.82
2.02
9.082
0.082
9.082

Photon Backscatter N. D = B 829
Depth 'ND Error in ND- TMR
(cm) ~ o _
. ©.00 8.829 2.8083 8.03
- 8.16 8.497 3.248 ., 0.4S
8.32 ' 8.678 8.836 .67
9.48 @.784 . 2.833 @.78
8.64 0.877  ©.830%  8.87
@.95 - @.963 '@.827 8.96
1.27 8.999 9.826 8.99
1.91 1.806 9.825 .1.00
o
3
6 MU SPD: =z 100cm
- 3.18cm Lucite Accessory
Field Size -10. acm X10. Gcm
Photan Backscatti& N.D. = ©. 2089
Depth ND Error 1n‘E§ TMR
em) o
0.00 9.0089 Q. 001 .01
' @8.16 @.420 a/e14 2.43
8.32 . 8.621 9.013 T B.64
@.48 .  ©.742 = ©8.012 8.76
' @.64 8.832 tg.e1t 8.85
9.95 9.925 2.010 . 2.95
1.27 0.965 9.009 8.99
8.009 5.00



field size. The ratic of the phéntom generated
normalized dose at dmax to the phantom generated
normalized dose at a field size of 10 om x 10 Cm '
ére the phantom generated onput factors. Figures
65 and 66 illustrate the phaﬁtom generated output
factors’compared £o the total ohtput factors for
p MV and 15 MV, respectivéiy, as a functibn of
field width. ‘The phantom generated output factér
inéreases as a functioﬁ of field width due oﬁly to
increased scatter to dmax.as a funétion'Bf field
width. - The increase in output‘és a function of
field width due to confamination.has been removed.
. :

There is only a few perCeﬁt difference between the
total and phantom generated'output\factors because
there is'%ittle contamination present at d_ .
However,-éhe phantom generated,oﬁtpun curve 1s
greater than the total output curve at small field '
" sizes and reaches. a plateau at a field size yreater
than 20 cm x 20 cﬁ. |

Tabies 4 to 8, 12 and 15 indicate that the phantom
generatéd ™R cﬁrve is independent of field size.
.Table§,9 to 11, 14-and 15 illustrate that fhe phantom
generated TMR curve is independént of SPD aﬁd the

presence of accessories.
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Figure 65. The phantom generated output factor curve compared to the
- total output factor curve at 6 MV. .
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Figure 66. "The phantom generated output factor curve compared to the

total output factor curve at 15 Mv.
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2,127 ‘locking the primary Beam

A con1ca1 ingot of cerrobend or L1ppow1tz S metal (an allor of
1ead tin and bismuth which will attenuate half the dose in a thickness
of 1.05 cmat 6 MV and 1.7 cm at 15 MV) 10 cm 1in. length was produced
such that the sldes of the ingot were parallel to the beam dlrectlon e
.‘when it was placed on the accessory tray. The 1ngot blocked the prlmary
‘beam from a conlcal reglon of space underneath it. At-lOO cm SPD the: =
max imum dlameter of the blocked reg1on was 4 3 cm.

If the surface dose with" the block- in and out is. constant then Ai‘
the electron contamlnatlon and photon backscatter are not perturbed by
the add1t10n of the beam block. Table 16 llsts ‘the surface normallzed -
vdose at 100 cm SPD both with and w1thout the beam block in place and
-the dlfference between these condltlons under a varlety of c1rcumstances
There 1s a difference between the surface dose w1th~the block in and_
out so the block does modify the‘surface'dose.r | -

- A field size at 100 an approximately 4 cnkx 4 cm* is being'blocked

by the ingot.',The surface normalized dose for a beam of 4 cm x 4 cmA
© . with an accessory tray‘in'place is listediin'Table 16. "The surface .
.dose for a 4 cm x 4 cm field size.is almost-the same as the difference o
' between the dose with the beam block in and the beam block out. The_
remainder is the contrlbutlon to the surface dose due to photon back-
scatter between,4 cm'x 4 cm to the field size llsted. Therefore, the
beam block stoos an amount of electron contamination-corresponding to the
projetted'area of the block at SPD = 100 cm as well as blocking the .
primary beam. | |

The normalized dose as a function of depth in a phantom was

7 s » | .

* The area of a 4.3 diameter c1rc1e is approximately thevsameras;the
area of a square w1th s1des measuring 4 cm. ‘



‘Table 16
Surface Normalized Dose At 1@@cm SPD -
"With And Without A Cerrobend Primary
Beam Block Present On The Accessory Tray -
R - o , ‘Block =~ Block - .
"Energy Field Size’ ~ Out : In Difference
'€ My ‘1ecm X 1@cm © @.169 ~  @.e71 - ©0.898 1 @.007"
6 MU 20cm X 28cm  ©.388  @.2@4 . - ©.09 I 8.e007
15 My-  2@cm X 28cm  ©.271  @.2290  ©0.0S1 ! v.004
Y
‘.
er M
Surface Ndfmalrzed‘nose‘at 1chm'SPD
With The Accessory Tray In Place For
A 4cm X 4cm Field Size
~ 'Energy A : Surface Normalized Dose
. " ) . A
6 MU ” . @.@92 ! eo.ees
15 v -  0.948 ¢ @.003
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obtained W1th the block in and the block out. Thejdifference between
.'these reaolngs is due to both a 1ack ‘of tne prlmary beam and a partlal‘
loss of contamination.

The loss of electron contamlnatlon 1s retletted by the ioss of B
surface dose If it is assumed that the scattered photon‘component of;
the’ contamlnatlon is attenuated by the beam block to the same extent
‘Vas ‘the electron Component then the contamlnatlon ™R curve obtalned
in: Sectlon 2.11.1 cangpe used to obtain the phantom ‘generated N.D. |
and Twm.for thé portion of the beam blocked ThlS was obtalned u51ng;
"the prOgram Seprlmary For descrlbed in Section 2 11 2. The result is

shawn in Table 17: The phantom ‘generated TMR values agree w1th the

‘pnantom generated TMR values obtalned in Section 2.11.2.



‘Table 17

15 My

Field Size

o

Difference Between The Primary Beam

Blocked And Not Blocked With The

Contamination.Dose Removed

SPD =

1edcm N
Q. 864 LUCxte ACCESsorg Trag Left In uhen Block Remoued
=28.8cm X20, ch '

- 9.083

Photaon Backscgtter N.D.

- Depth

(cm)

8.00 .

0.16
.32

8.48

8.64
0.985
. 1.27

1.91

2.54
2.86
3,18
3.50
3.81

ND

2.e03

0.2a0

- @,336
Traf447
®.543
.0.675 "

0.765
8.874

9.923

8.935

9.939
8.941

8.939

Error

" 9.803°
8.017
8.016 -

8.816

'8.015 -

8.814

©9.013

0.011
8.0029
8.009

' 2.809
@.008
e.e08

in ND

,PIOOOOROOO®
—q
N

THMR

 EFror in THR

9.00.

8.02
.82
8.2
' 8.82
9.02
9.02
8.02
@.82
8.82
8.082
" 8.02
1 0.02

[
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5 13 Penetraticn Curve Outside a Magnetically Swept Field =

'VThe techniques déScribed'in'Section'2;7 (Penetration Curves Outside

the Fleld), Section 2 10 (Sweeplng Electrons from the Field u51ng a
Permanent Magnet) and Sectlon 2.11 (A Method for Separatlng Contamlnatlon
from Phantom Generated Penetratlon,Curves) can be used to determine
“the penetratlon curve of the scattered photon contamlnatlon\component

~An ion chamber in a partlal phantom as 1I1ustrated in Flgure 30
was placed 3 cm out51de an open 10 an x lO cm f1e1d Readlngs as a
functlon of the thlckness of overlylng phantom were obtalned w1th the
'magnet 1n_p1ace  The probe was placed on the side of ‘the f1e1d opp051te
to ‘the diriftion of deflectlon of the electrons. ~The'0n1y COHtleUthn '
to the dose under these condltlons is due to” scattered photons and
~Aelectrons produced in a1r between the magnet and the part1a1 phantom
The readlngs as a functlon of overlylng phantom normallzed to the
max1mum readlng obtalned is shown in. Flgure 67. - This  curve is
characterlstlc of photons If 1t 1s assumed that the surface dose is
| entlrely due to electTons produced in air (1n other words neglectlng
the backscatter surface ¢fse produced by the scattered photons), then -
this contribution can jsubtracted usmg the technique of Section 2. 11
| Ihe result is also sho_ in Frgure 67. The scattered photon build-
up curve is characteristic of a‘megavoltage photon‘beam between 6 MV ’
- and 15 MV The depth of the maximum dose is at dpp10X1mately 2 5am

compared to 1.6 em for 6 MV and 3. 5 cm for 15 MV
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Figure 67. The scattered photon contamination build-up curve’ obtalned
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3. DISCUSSTON

(e}

It is truth Very3certain’that,

when it is not in our power
to determine what 1is true
we ought to know,

what is probable.

Rene Descartes
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3.1 ‘Independent'hbdellingrbf the Phantom Generéted-Build-Up Curves

3.1.1

Introduction -

- The phéhtom generated build-up curves Were determined’

using a computer model. This was done to Verify‘the phantom

tv generated build-up CQrVBS'pfdduced by the §ubtraction'of'

- the contaminatien contribution from the total build-up CUrves.

3.1.2

The computer program called Buildup3.For was written -ianortl\'an '

o .
. I

-i77. o run on the VMS dpefating system‘of‘a VAX 11/760

'eomputerv BuildupS is-listed iﬁ-Appendix 6. Bu1ldup3

models the generatlon of charged part1CLes set in motlon in

‘water from megavoltage photon spectra and has the capablllty '

to harden the 5pectra The cnarged par11CLes are followed

tnrough the phantom u51ng the Monte Carlo method and the

dose absoroed by the phantom 15 determlned

Data Preparatlon Prograns.

Two addltlunal programs prepired the look -up Tables
for the program, Bu1ldup3 The program Quadlnto For, . ﬁr.

1nterpolates the total scatterlng dnd stopplng power data.

~ The program, Normdlst For, generates the value of the error .

“funttlon, erf(x)

C

"~ The amOUnt of energy 105t pe1 unit pdth length stopping
power, and the TOOt mean square angular scatterlng power for
representatlve energies are stored in a data file called
Master Dat. Quad1nt3.For 1nterpolates u51ng the quadratlc
method (47), the scattérihg ahd stoppihg'powef.date from |
Master.Dat. The output of QuadintS;For.is aslistihg of thei,

*

stopping .and ‘scattering power data for 0.1 MéV increments
AR N )

1



x

in energy from 0.2 MeV to 18,0 NeV. This listing is stored

.~ in a file called Quad1nt3 Dat Bu1ldup3 reads the value of

Quad1nt3 Dat before execution.
NOdelst For generates the error functlon, erf(x)
. . . |
erf(x) -%—S e'(t )/Z,d_t B

"X

Normdlst For is 1lsted in. Appendlx 7. ‘The value.of:

| erf(x) represents the probab111ty of a value of t belng

‘w1th1n the 11m1ts of 1ntegrat10n, [ X x], 1f t follows a-

i

mGau551an d15tr1but10n with a mean equal to O(ﬂﬁd'g standard

- devratlon equal to l o - o e \,

3.1.3

" The flle named Gaus. Dat llsts the inverse error tunc-
) T
tlon from 0.00- to 0.99 in 1ncrements of 0 Ol It was

*

generated by 1nterpolat10n of . the inverse error func-‘

tion from the above values of the error functlon Gaus -

.

" Dat is used to determlne a normally dlstrlbuted random scat-

:terlng angle, from a unlformly dlstrlbuted random number

.between 0 and 1 ‘ Flgure 68 graphlcally 1llustrates the

[

‘ procedure used in a number of places in tne program and

: w1ll be dlscuSsed further in the follow1ng sectlon

Generatlon of Charged Partlcles Set In Mot;on by Photons

Bu11dup3 requlres the photon- number spectrum to be

entered as a functlon of photon energy ' The number spectrum.‘

'was not measured but was 1nterpolated from spectra pub—

"llshed in a paper by C. W. Sand1fer and M. Taherzadeh of

L}
v

75y
&
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-+ random number,'R; between 0 and-1 is chosen, a ratio, 6/c, &h:
can be found. KXnowing o, then 6 is determined. ' This figure

~of 8/0 of 1.06.

."The’probabilifylpf an angle, 8, occurring when the Toot

mean scattering angle, o, is equal to R. Conversely, if a

illustrates that a random mumber of 0:71 results’in a value

165



‘;nearest measured dIfferentlal energy Spectr greater th

~and less than the desi

E.G. and-G. Inc. (48f They measured thick-target

'bremsstrahlung spectra produced by electrons 1mp1ng1ng

on a 0.2, radlatlon length gold tungsten (Z of gold = 79 Ry

Z of tungsten = 749 target for electrogrenerg1es in the

range of 5.3 to 20.9 MeV. The electrons were accelerated .

“'by a 90° bent beam linac. An aluminum block was placed

4.

behlnd the target to absorb low energy electrons emerglng

- from the target.

'The Siemens Mevatron -20 and Mevatron -6 are similar )

f~except for ‘a number of features. The target is- pure gold

1n both the Mevatron 20 and Mevatron ﬂé The Slemens ‘

-accelerators have/a,270 bend instead of-the research :

o ‘ e
accererator's 90 ‘bend. - ;_' o o

e Sandifer and-Taherzadehémeasured spectra produced by

!

electron energles Very close to, the nomlnal photon energies.

of the Slemens accelerators 5 3 MV Compared td the Siemens’
6 MV and 14.8 MV comparea to the Slemens 15 ;* Theede51red .

Slemens nomlnal energy was determlned by no 1121ng the

ﬁgy to unlty/and 11nearly n-.

st

terpolating between-thes" ‘ectra to obtaln the spectrum

at the,déSlred energy. Table 18;summarlzes the determ1na-
B [ DA - : I

'-tion of“the'6>MV differential spectrum The number spectrum,

wh1ch is the number of photons in dlscrete b1ns as a-

functlon of energy, is determ1ned oy multlplylng the value

: of the differential spectrumlof dn energy bin by the energy

‘\
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‘Table 18
Maximum ’5.3 MU
Bin v
Energy . dNs/dhv
(MeV)- S (1/MeV)

. . o -1

8.16 5.34 X 108
@.25 - 1.00

o _ =1
e.36 7.80 X 19

! , -1
8.49 6.51 X 1@

, —1
.64 \x\ 5.49 X 10

o 3 a -1

8.81 ' 4.86 X 18
_ -1
1.00 . 4.11 X 108
’ -1
1.21 2.83 X 18
. @
1.44 . 2.37 X 18
-1
1.69 1.92 X 10
v =1
1.96 1.62 X 18
, -1
2.25 1.40 X 19 .
' -1
2.56 1.89 X 1@

: L -1
2.89° 1.00 X 18
3.24 8.34 X 10

- -2
3.61 6.43 X 18
. _ "
4.00 5.63. %X 18
S
4.41 4.17 X 1@ .

' | X . -2
4.81 - -2.51 X 1@

. -3
5.29 . 8.20 X 18
5.76 2.67 X' 1@

Determihatiqn of the 6 MU Differential

Spectrum from M&asured Spectra
v

" "Experimental -

L 2.38°% 10

1.98 X 10
_ oy

1.59 i 1@
-

1.14'% 18

. 18.8 MU
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width of -the bin:

o | Nl=(gg‘v—)'(‘nhv).i. e | G.2)

where (Ahv). is the width of the bin.

(dhs) is the value of the dlfferentlal energy
"1 spectrum at the bin energy -

N.,rs\the number of photons int the energy bin
v . N v *.

The number spectrumvls smoothed graphlcally (see

| Flgures 69 and 70) and is normalized so that the sum of

‘the b1ns 1s unity:

N -
- N S ' _
r\,"- L \
where N. is the smoothed value of! number spectrum at the

b1n energy

F, isthe smoothed normallzed number spectrum at the
bin energy S o

" The mean energy of thg photon number spectrum 1s

determlned by a 11near welghtlng w1th respect to energy

P _ o
o - ;:Fi(hv)i/??f 2Ry (hv)i o s
: it i i~ e
because zF
where’ﬁ? is the.mean value of the photon number spectrum L

Thetmean value\of the 6 MV photon beam is 1.5 Mev and the "

. . ]
mean Value of \he 15 MV photon beam is 3. 9 MeV

The central energy of the photon bin, the value of the

number spectrum ', the total attenuat1on coeff1c1ent




A

-Figure 69.

The smoothed and unsmoothed mmonnallzed prlmary photon

number spectrum at 6 MV

¥

)

'PHOTON ENERGY (MY)

2

__‘0

4

A

oo e

169



L

: PHQTON ENERGY (MV)

oo my
L A‘:;

- ’Flgure ,70 The smoothed and_ unsmoothed Lumomallzed prlmary photon o |

, number spectmm at 15 MV g
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-

Mg t/p for water, and the total Compton absorntlon coef-

Mf1c1ent 0. ./p for water, are llsted in. f1les named

tOt 5
fPhotono for 6 MV and PhotonlS for 15 MvV. T &

The subroutlne, Impulse, generates the charged partl-
“cle set in motlon spectrum due to photon interactions. in‘a
-l slab of water The photons are assumed to. be
N mltlally dlrected nomally into the slab.
The maxnmnn photoelectrlc attenuatlon coeff1c1entt for -

—

" » the Spectrum OCCUI'S at the lowest energy b1n (0.13 Mev) and -
is the only 29 or the value of the Compton attenuatlon‘
_coeff1c1ent ‘The ratlo between the photoelectrlc and . o |
Compton attenuatlon coefflc:lents for the centerﬁe a
second energy b1n (0 21 MeV) is only 0 5% and the ratlo
'for the thlrd energy bm (0 31 MeV) 1é=’less than 0. l% (9)

: Therefore, the. photoelectrlc effect need not be. and was

- not taken 1nto account.

| Ad ' A flow chart of the subroutme \impulse, is shown in
| rFlgure 71. » 'I'he loop at the ‘1eft of the flgure is repeatb\
' for both the Compton and 1f requ1red the pa1r productmn
' mteractmns = N L
'I'he number of photons from each photon energy b1n 1n -
a 1 mm slab, i (the vamable used in the program for :
B N 1s nteract(l), that 15, N, ‘,+ nteract(l)*), is deter~ '
‘mlned knowmg the number fluence 1nc1dent on the slab F ,
- '_ - and the total mass attenuatlon coeff1c1ent, (ut/ p) |
”"i'_,(fut/o) Sm@: .
* The-arrow mdlcates a transformatlon from a mathematlcaf

.variable to a variable or array element defined<in a \
program if the var1ables are dlfferent. : ‘ '



Yes

N\INTO 'ACCOUNT?

PAIR
PRODUCTION
TAKEN

%

ARRRARRRANARRARARAAARSR

* CALL MPULSE = -

»
»
»
» . . »
»
*

.» -
RRRRRAREARAANARAKRRRAR
>

- »
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- Figure 71.

T

1nteract10ns.a

U

A flow chart for the subroutlne, Impulse.
left is repeated for both Compton and palr producf1on

B & ",P\«__ R R
B %“ \\ ..

The 100p at the
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A N, = F(L- e (1y/0); (0.1 g/enyy _(3.L53)

"

If the Compton scattered photons do not 1nteract agaln

(correspondlng to narrow bean geometry), then the only -
photon b1n whlch needs to be modlfled is the bin from

whlch the prlmary photOn came:

: ,"l-

(F )after ._( )befOre §1(H‘°‘(p) (9 1 g/Cm )\'
slabl - ooslab L (3.1.6)

The number of the 1nteraCt1ng photons at a glven
energy bin due to the Compton 1nteract10n ’ NCOMP i’ is
glven by | ‘H' S Y o

‘, . '..‘ ‘ : h ' .
N C-JY S PO
CNoow, = L AN (3.L7)

B utot'-.D it
SRS

The nuiber due to pair. production, NP, , is given by:

R ,?f-NPPi4? ?(Niﬁlf‘NCQMPi) R ¢ DR

A

The above expre551on assumes that p051trons can be&treated ,

llke electrons Addltlonally, the total attenuatlon coef—
/
g L Y%

f1c1ent takes 1nto account palr productlon 1n the fleld of

2 does not take thls completely 1nto account At the

mean photon energy of the lS MV beam (m4 MeV), the

~I1

v

3h atomlc electrons,,”trlplet productlon", however, the factor R ‘
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triplet cross-section is‘abOUt 3%vof the péir production

CToss- sectlon and the pair productlon cross-section is,

in turn, only about 6% of the total attenuatlon Cross-
section (9). This re§u1ts.1n sllghtly fewer charged
- particleSIWithe'slightly larger mean energy. 'The
failure to take into accohnt triplet prodnction rigorously‘
o hﬂll not 51gn111cantly affect the dlstrlbutlon of charged
partlcles set in motlon | . |

The kinetic energy avallable to a charged partlcle

is always less than the photon energy, hv(hv - xnrg(l))

The maximum .energy of a Compton electron, T

max’
(Thax » nrgmax), can be‘derrved fxom the conservation of

A /
'~ energy and momentum:
' 2a A . ,
= _.0O - (31
T - = ?—F h\_) ) o (.)1.9) . .

The electron may have any energy np to and 1nc1ud1ng h
the energy, Toax: The d1fference between the photon
energy and the k1net1c energy of the rec011 electron, T,
‘s the energy of the scattered ﬁhoton | ,

The avgglable klnetlc energy ot thg pa1r productlon
interactlon, (T + nrgmax), must be shared between the

.

electron and positron:

_TA’ =hv 1022 My . ‘(341-10)'
where 1 022, MeV represents the comblned rest mass of the L ; R
‘g'electron and, p031tron | o

'_Thejavallable klnetie energylis_divided eyenly into fv



20 bins. The kfnetic.energyﬁdependent part of thé
differential crbss-sectiOn with respect to kinetic energy
is calculated at each of the: 20 klnetlc energy b1n§"‘~The
“kinetic energy alfferentlal cross-section for the Compton
L.effect do/dT is g1ven]£y the Kle1n Nishina equat1on (see B
Equations 1.2.5 and 1. 2.6).
The absolute)dgfferentlal cposs- sectlon is not
'calculated because 1t is not needed. The number of photons
olnteractlng by the Compton effect is known (see Eqn. 3.1.7).
The relatlvé number 1nteract1ng at each avallable k1net1c
energy b1n 1s determlned by normallzlng each Cross-
sectlon factor, C(hv T ), to the sum, EC(hv T, ), where
the sum is carr;ed_out.over all 20 available kinetic
 energy bins.‘;b‘ ‘ m“yi o |
L The}differentialfcross—section‘fbr thevpair;produc—_
vtion.interactiong;idn/dT,.ie given bijquations 1.2.7,
lrz.érand 1.2,9; When‘considering the.Comptbn interaction

" calculation, the kinetic energx dependent part of the .

_ differential cross-sectidn, P(hv T), needé to be. caiculated _

' The sum ZP(hv‘T ), is used to normallze the cross sectlon

i - '
so that the approprlate number of electrons is set 1n
1mot10n at each energy,

The 1n1t1a1 zgnith d1rect1on of the Compton rec011f.,
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'electron, w1th respect to the prlmary photon d1rect10n,. | 3?, -

-9, 15 glven by Equatlon 1.2, 4 If Equatlons 1. 2 3 and o

L 2 4 are comblned w1th Equatlon 3 L. 9 the Ccmpton

e
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A

electron, with respect te the»primary phetongdi‘ﬂaction,
9, is given by' Equation 1.2.4. If Equat_ions_f 1.2.3 and
. : -.lv’!‘ 4 are combined with Equation 3.1.9, 'the Cdm@ton —

electron rec011 angle, e can be determmed

AT
9 = arctan <-1+=' : t < (3.1.11)

/T

"

Ky e . . - ;

- An element ef the energy-angle distributigy array
- is incremented by an- amount Corre_qunc}ing to the number o ‘ '
“of electrdns./set'.inzmotion' at that kinetic energy and . ~
zenith angle:;.v g DR
o . S C(hv T) '. S
S T S N sy (kD)
\\qhere-%i (skz SPEC’I'R(k z)) is. the energy angle d15tr1bu~ ,
tion array R ST ‘
k 1s the energy bm number B
2 1s the angle bm number i @
The avall‘able klnetlc ene*gy bms, repreqented by i

'&.

for the calculatlon of the number of 1nte CthTlS at each
' avallable energy, is not the same as the energy-angle . =
- dlstrlbutlon kmetlc energy bin, represented.by k, .in. the .
| above expressmn There are 90 energy b1ns for the energy— . L
| "“"_- angle dlstnbutlon array spaced evenly between 0 0 and l&iﬂ ‘:'j
R MeV Each energy b1n of the energy-angle dlstmbutlon ~1s o3
0 2 MeV w1de. Therefore, 1f the prlmary photon energy is 0
low, many ava11ab1e kmetlc energy bms may be mapped mto L

‘one energy b1n of the energy angle dlstrlbutmn array

There are 36 angle b1ns represented by SL 1n
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: . - o - Lo o
! “ . : .

Equatlon 3. 1 12 to cover any zen1th angle between 0 and

o B

b- b1n iS‘S w1de It 1s assumed that the 1n1t1a1 zenlth

‘ the p0551b1e lnltlal zenlth angles are (2 5 7,5 , 12.5 .;{

?v,‘f .

"\

| traJectory of a charged partlcle and ‘that of the: prlmary

angle for thé*bln equals the center of the b1n Therefore,
o) 0
17715 ) The max1mum zenlth angl% for an electron :
produced by a Compton photon 1nteract1on is’ 90 however,
there is a small p0551b111ty of a charged partlcle haV1ng
an. angle greater than 90° when\groduced by the pa1r =
productlon effect ' e -

The root mean square zen1th angle, <¢ )F between the

photon 1s g1ven by Equatlon 1 2 11. It is assumed that
the dlstr1but1on 1s Gau551an\(5) |
The zenlth scatterlng angle is chosen by the dlrect

or inversion method of random sampllng The cumulatlve -

R T

S

P(t) Proﬂablllty (T<t) _ (3 1. 13)

?prObaQijltyzp(Fl’3559Q33t3d1W1th13?and°m var1ab1e,,T,

is: .-

If P(t) 1s nonnallzed then 0<P(t)<l By generatlng a:

random number, R, such that.0<R<1 and 1dent1fy1ng R w1th
1

P(t), a random sample, ZT,'.‘may be obtamed from the dls-

tr1butron, P(t), by mvermon (49) The cumulatlve

The 36 b1ns are dlstrlbuted unlfonnly SO’ that each 2

177

probablllty for a partlcle hav1ng a . zenlth angle, ¢ (¢ . g){—il':“"" L

when the root.mean square angle 1s <e )ﬁ, is g1ven by
‘1

_'n'

- 5 : l ) E.' c o
P(t) erf(t ; —éis- t /Zdt <{"(3}1514) a;'



:;where t= ¢/<¢ )ﬁ

o A numer1ca1 method was chosen to 1nvert the above |

_ Ogand-S 0 The value of t as a functlon of P(t) 1s 11sted i}/

h"e~d15tr1but1on is passed back to the main progra? of

.3.1.4

gThefe are very few electrons set - 1n motlon affangles
u.The ante Carlo Program : _' 5.11 SN .h"ﬁ vi"\i

Ephy51ca1 problems when the mICTOSCQplC behav1our 1s fﬁd

texpre551on P(t) was generated for values of t between

v1n the f11e, Gaus Dat. A random number, R is chosen and

: 1s 1dent1f1ed w1th P(t) LA value, t, correspondlng to :

P(t) is obtalned from a looqu)table (see Flgure 68)

After the charged partlcles have been set uﬁ’motlon

© by” photons from all tbe photon blns, the energy angle

Bu11dup3 The angular d1str1but10n %g showneln F1gure72

for a 15 MV beam 1nteract1ng in a- slab 0. 1 cm thlck _The,l'h
‘Tmean charged partlcle energy (1n MeV) is 1nd1cated as -

Tthernumbers IE the blns The characterlstlc bllobal »
"forward peaked d1str1but1on is eV1dent The fbrwara |

’dlrected charged. partlcles have a much hlgher energy

*"than the charged part1c1es set 1n motlon at larger angles,

v

greater than 60 from the 1n1t1alphoton d1rect10n ;z/t-

A f'

Mcnte Carlo methods are applled to the solutlon oﬁ
2,

"/

‘jfbetter understood than the macroscoplc behav1our or the

e"vgeometry of the problem does not. lend 1tself to-a closed 1h'hi

'“'f':analytlc solutlon.b The process to_be studled mst have ,: o

= %:some 1ntr1n51c random nature In the case of, charged

",_partlcle 1nteract10ns w1th matter, the slowlng down and

178



The angular dlstrlbutmn of ‘harged partlcles mteractmg

maOlcmslabat ISMV
e (in: MeV) is mds,;atgd
o Each angle b1n i\s 5

B
: 3

&

by th numbers 1n the, 1stogram.
mde-» B R

he ‘mean- Charggd"';partlcle energy
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I v 1
: S .. . . L ‘
the scattering direction is microscopically indeterminate.

The number of Coulomb interactions resnlting in
ionifation and excitation of waterrmolecules per tenti:ﬁ
meter of path'lehgthwls-as high as 105 IE.Wouldﬁbe

1mpract1cal to‘model every 1nteract1on The~total nath
length of - an electron (the d1stanee requ1red to. come to

4

rest in the pbantom) is approx1mated by a number of sub—

\" path lengths 0T steps Each_step, therefore,_1s part of a
andonlwalk At the end of eath Step the combined effects *if“

-of many COlllSlonS are “taken into acc0unt The ‘mt

| of energy lost and therefore, the dose dep051ted in the
phantom, gﬁe amount of scatterlng an&;the posxtlon of the
electron is evaluated for eadh step The electron 1s conr'jd
51dered to have stopped when 1ts klnetlc energy falls below . :

© the cut off energy whlch was chosen to be 0 2 MeV.. The '
rema1n1ng energy is dep051ted 1n the slab where this occuré

ThlS Monte Carlo algorlthm employs two . mayer pi:f;' coe
‘approx1mat10ns : the contlnuous slow1ng down pproximation;f‘ -
C.S.D. A., and the Gaus51an scatterlng apprOX1mat1on %w}; ‘

\ <the C S’D A fluctuatlons of energy loss are dlsregarded
and the partlcle is taken to be a determ1n1st1c functlon |
of the path length travelled In the Gaussian approxlma-"-'

"“tlon, the net angular multlple scatterlng defleCtlo;e are il.

the result of the comblned effect of many small 1nd1v1dual

>\\ defiections. ThlS 1eads to a Gauss1an dlstrlbutlon of

. -._‘ . Y .__(:‘,“_,,

" the zenlth scattertng angle L1‘

* ~The mean range at thls energy is much less than the slab
thickness of 0. l am. : o - -

~
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The flow chart of the Monte Carlo algorlthm 1s‘h 3
1llustrated in Figure 73 The number of hlstorles |
'followed at a grven energy and angle depends on the
' value of the energy angle dlstrlbutlon as calculated by
the subrout1ne, Impulse The value of the energy-angle -
dlstrmbut1on, a floatlng pornt array, is converted to o S
an 1nteger This 1nteger is, decrehented by one for
each hlstory followed ‘ | :

The 1n1t1al p051t10n and the c051ne and 51ne of the
zen1th and azlmuthal angles of the chargeo partlcles are
'determlned It is assumed that all the charged.partlcles
‘generated in a slab are set. 1n motion half way through
‘the, slab.’ Thelnltlal 51ne and c051ne of the zenlth scat-
. terlng angle are determined by the angle b1n number that
'jspeC1f1es thelenergy angle dlstrlbutlon array he,
1n1tlal a21muthal angle is randomly d1str1buted through
,Zn rad1ans L
" A history can end only if‘one of‘two”cOnditions.are .
mec the energy of the partlcTe falls below O 2 MeV or .

: the. partlcle 1eaves the phantom The f1rst condltlon 1s lv
top tested’ in the Monte Carlo step 1oop (see Flgure 73)
The test to see if the partlcle has 1eft the phantom is
bottom tested S1nce the phantom is semi- 1nf1n1te in .

: extent a partlcle can only leave the phantOm from the

top surface - | .

“The energy lost in each step is a constant fract1on

of‘theuenergy.at,the beglnnrng of«the‘step Such an
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Figure_73 A flow chart £6T e Monte Carlo sectlon of the maln program '
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energy 1oss crlterla is called logarlthmlc spac1ng
a8

',because the length of the step, aS -decreases 1ogar1th—

"m1cally_as a funeq;on,ot path_lengﬁh\fxaversed tnrough

‘~‘The number. of steps requ1red to complete a hlstory is:

;,where (AT) is. the partlcle k1net1c energy lost in the i

kthekphantom‘ 'Logarithmlc spacing has the adyantage'thatA-j‘

the average zen1th angle Lhanges 11tt1e from step to

tep The smaller the fractlon of energy lost per step

'the greater the number of steps requ1red to model the’

A

the hlstory, but 1t w111 requ1re more time to . execute A

fractlonal energy loss factor of 0 1 was chosen ‘as a com--

o (aT). = 01T, . = . (3.1.15)
3o j
th
stepJ((AT) > EP)

. is the partlcle k1net1c energy at the beglnn1ng
‘o% the step (T +> E) :

3 zn(To)
= 15.3 + oT0s

‘Number-of Steps
~-Histofy

(3 1 16)

;where T (T - EO) 1s the 1n1t1a1 energy of the partlcle )

| [f(Note the number of . steps/h1story is an 1nteger The ?1»3:
g>resu1t of the prev1ous expre551on must be rounded up to :
.the nearest 1nteger ) “herefore a partlcle w1th an

"1n1t1al energy of 1.0 MeV' w111 requ1re 16 steps and a

183

' P
~hlstory ThlS w1ll result in a more accurate dep1ct1on of

_;promlse;between the contradlctory'demands of.accuracy and . _'f:v'
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‘particle with T = 10 MeV will require 38 steps to com-
plete its hlstory | (" o o f\x |
The path length traversed in a step is 01ven by
d T, '.
a ( )l o
i A
ds}r. - '(1(‘5”5)/2 |

".;Where (AS) is the path length

(As) “(3,1,;7)&

g% o T is the stopping power for the
- ((AT) /2" particle energy half way through?

the step

q The zenlth scatterlng angle 15 rhe cumulatlve

‘3fn_amount of scatter that occurs in a step so the angle '

11s measured w1th respect to the d1rect10n of the partl?'

'";;vcle at the beglnn1ng of the step

The scatterlng angle is obtalned by
L R

"-h.where’t is. determlned from random sampllng (see Flgure 68,
| Sect1ons:3 1 2 and 3. l 3 for more detalls) |
o The a21muthal angle of . scatterlng 1n the step,
‘~; w1th respect to' the dlrectlon at ‘the. beglnnlng of the;fd.’
step, is chosen at random torl1e in any 21 dlrectlon;“”
The subroutine,.Geom transfonnS'the zenlth and :
',va21muthal angle 1n\the coordlnate system travellang

WIth the partlcle to the coordlnate system "attachedl .

' ‘-f»pto the phantdm The algorlthm w1ll be dlSCUSSed 1n B

'_more detall later (see Sectlon 3 1 5). :;V’l o .
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" The dlstance travelled in the z, or depth

~"d1rect10n, (the d1rect1on perpend1cu1ar to the phantom

o face w1th the sense d1rected into the phantom) in the

'step is glven by.

(AS)cos(e) jd“d" S (37l:l9)

;where b (cose - cal) 1s the’ zenlth angle 1n the phantom
’ coordlnate system L

.

'f.} The depth traversed in the step 13 added to the cumula- S

, n‘tlve depth zs, (the phantom surface is, zg = - 0.0)..

A test is made to see: 1f the partlcle has lett the
7»:phantom The partlcle has left the phantom 1f the ,»'d
A'Q‘cumulatlve depth 1$ negatlve 1f the partlcle has not '5

left the phantom, the dose 1t dep051ted in’ slabs

= through whlch 1t traversed are a551gned If it d1d

5 _leave the phantom, the dose in the slabs before 1t ‘; -

- left are dep051ted The subroutlne, Ass1gn, assrgns

. the absorbed dose to the phantom slabs (see Sectlon 3. l 6

r‘.on A551gn) If the partlcle d1d not leave the phantom,_

‘-'the control of the caltulatlon is passed to the test

'~hto see 1f the energy 1s above the cut off energy If 1t
ﬁ';_dld leave, tontrol 15 passed to the statement control-’
e‘llng the number ot hlstorles at each 1n1t1al energy |
‘ﬁand angle If the partlcle does come to the end of its h'f:jVY"
h'frange 1ts remalnlng energy 1s assigned to the slab 1t
llast entered A o | ‘ v
"7'v After all the h15tor1es are followed for all charged

) _u‘partlcles energles and angles geherated in all the slabs, o
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1

the dose 1is dep051ted as a fUmctlod\of depth and then
.n[ normallzed to the max1mum dose recet ed The normallzed

dose as a functlon of depth 1s prlnted as the output of

the calculatlon R te ay |

The Monte Carlo program waslrun, wpthout the charged
_gartlcleﬁpet in motion. part of the progtam (in other words,
) W1thouth Subroutlne Impulse) w1th a set of 1n1t1a11y
| monoenergetlc, monod1rect10nal electrbns The’ energy of B
the electron;\was varled between 2 0 MeV and 10. 0 MeV.
The penetratlon profile obtalned was compared W1th resultsak
of a well establlshed analytlcftechnlque due to Spencer
| uslng the moments method (SO) Spencer s method also

employed contlnuous slow1ng down ‘ThlS comparlson.ls made -

in Flgure 53 e lg"~ hh: - -v‘v B -'«[." 2

3 1. S Scatterlng,Angle Transtrmat1on w ;.;‘1
o - The subroutlne, Geom, transfotms scatter1ng angles
from the coordlnate system trayelllng with the partlcle '
to the coordlnate system flxed to the phantom (see Flgure
. 75). The d1rect10n WIth respect. to the Dartlcle reference |
system in polar coordlnates is spec1f1ed by. a zen1th angle;’
¢:;(¢ > g), and an az1mutha1 angle v, (w -+ r) e
| D1rect10ns 1n the phantom reference system are also h
1'n‘poilar coordlnates. - The zen1th dlrectlon in the '
phantom system is « and the az1mutha1 angle is B._ Itiis .
‘ useful to spec1fy the d1rectlon 51ne and C051nes TheA't
d1rect10n of the partlcle in the phantom system at the

beg1nn1ng of the step is spec1f1ed by Cos = (cos x> oldcal)

- or- 51n « (51n « oldsal) and cos B (cos B> oldcbeta) or .
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dep051ted ‘by- var1ous monoenergetlc electrons 1n water o
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f~sin,8.(sin 8 +'oldsb'etaf‘) | The'direction»Of the.particlev_‘ .

in the phantom system at the end of the step (after

';scatterlng has taken place) 1s given by cos =~ ’

0

: v(cos af > caﬂ) or sin «* (51n @’y sa;)hand cos 8°

(cos B > cbeta) or- 51n B’ (srn B +:'sbiéta)' The re- ‘1'

1at10nsh1p between the d1rect10ns in the partlcle and R

. the phantom system are shown in Flgure 75.

To determlne the p051t10n of the charged partlcle

| '1n51ae the phantom, a transformatlon must be made to the ' A;?
: coordlnate system flxed w1th respect to- the phantom

The transformitlon is glven by (51)*

& .
a e €

cos(=") = "sin.(cp),costw)‘»sm(é) +cos()os(x) (31200

sin(“')yz'/i.7;cosz(“f) - ‘-fz (3121

s

- cos(B B) ;Os(¢)'~ Cos(a)cosimdi'ds] dfd:idej'-'

sm(m)sm(oc D]

8~ can be found by taklng the inverse 51n or cos of the N

above expr0551ons but 1t 1s more convenlent to deflne ,fﬁ

| 51n(8 ) and cos(s ) as )

. o -

fiisin(B’)

:co;ta‘ffs-)coss‘-' 'sin(B:‘--B.)sinBV [@(53',’.,"1;2]5,) R

5
values are passed back to the ma1n program

Hav1ng obtalled 51n« ,. cos« s srnB and cosB ' these :Ti“

-

o The error in. the formulation’ of Equatlon 3.1. 22 in Brucef N

and Iohne (213 hac heen correcterd
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3 l 6 A551gn1ng Dose

When called the subroutlne, Ass1gn, dep051ts the
requlred dose in the slab or slabs traversed between

_the beglnnlng and - end of . the step | Dose is a551gned

‘.‘for each of the follow1ng three 51tuat10ns The partlcle‘

{‘energy 1s greater than or equal to the step cut off energy '

._e(O 2 QQWJ, the part1c1e energy 1s less than the step
l":cut.off energy at the end of the step or the partlcle
- has left the-phantom dunng the step.

o The sxmplest p0551ble case and the most often
\;\; occurrlng case is, when the part1cle does nOt leave the

-'slab it was 1n at the beglnn1ng of the step The total
"kijdose recelved by the slab up to and 1nclud1ng the step
= bose” (k), (k kay), hould be glven by

Dose” (k) Dose(k) 9y NERNE N

stlab. -

-

".where Dose(k) 15 the total dose rece1ved by the slab up :

190

lfjto and not 1nclud1ng the step S1nCe the phantom 1s '“5;

N 1fsem1 1nf1n1te, the mass of the slab pV lab’ 1s 1nf1n1te

"'rohls a1ff1culty 1s elnnlnated by redeflnlng Dose (k) 35

.‘»-

"~f]51nce the slabs have the same thlckness, Dose (k) is -:~7'

dlrectly proport1ona1 to the absolute dose The flnal

5

'7.0utput of the program 1s the dose at each slab normallzed

P

. mse=e<>- o) £, Leam

'sNOW Dose (k) is. not equaI toathe absolute dose However,'j-f~-

N

® 3
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4

| ‘bto the max1mum dose rece1ved by any slab in the phantom,‘
SO absolute dose is not requ1red L .

£ the partlcle traverses more than one slab
;durlng a. step, the energy lost is 3551gned to the slabs
'iiln proportlon to the fract1on of the path lengtb spent _;v
iffln each slab.* d '

If the partlcle traversed COmpletely through one or
-more slabs, the dose dep051ted in those slabs w111 be:

(A7)

‘Dose” (k) Dose(k) k3 Z-7J—I

5 Cm '(,v3-.}l.28) :

‘where 0 1 cm-ls the slab thlckness lhe'denominatoruin'thef:‘”‘"

.‘ijlast term represents the number (floatlng p01nt N of
~.'-'Aslabs traversed o | ' o

| If the partlcle traverses only part of two slabs‘ [::‘E.e," |

. the fract1on of the total dose’ depos1ted, Dose Practlon,,

"Z(Dose Fract1on + Dosefrac), in one of the slabs due to

s

-a step is’ calculated The rema1n1ng energy 15 deposrted

Snn1lar procedures are followed 1f'the part1cle

".*‘The s1tuat10n for Wthh thlS w1ll occur 1s at the top

- of .the phantom_ and the partlcle has"a -large” initial”

ckinetic energy.. For example, the distance travelled o
‘1T/a 15 MeV electron in its fars% step gAS)l.ls glven E
bY SRR o
R 1 5 MeV. - O 65 . \ R

(AS)1 7. 306 MeV/cm

:;Therefore, the dose nnparted to' 7 slabs w1ll have to

 be caleulated. The mean. square angle of scatterlng
- w111 be R A e B m .

| (¢2) /355 xlO T radz/cm)(o 65 cm) -1~6.rgd.
'[Wh1°h is about °, j‘__b;, h}”v',i”;\ Lo



3.1.7

leaves the phantom, except that dose is not 3551gnedk» B
for that portlon ofvthe path outsrde'the phantom.
Results - | o |

The program ‘was un. to model 6 MV and 15 MV .

accelerators under narrow beam (or small f1e1d) and

- broad (or large field) beam condrtlons The program

- was de51gned to calculate the energyTangle spectrum of
vvcharged partlcles set 1n motlon rn thln phantom slabs

'The Monte Carlo part of the program follows the charged
:~‘part1cles through the rest of the phantom. ThlS pro-. o

';cedure is common to both' the small freld and large

f1eld approx1mat10ns Flgures 76 and 77 111ustrate

Td the dose delrvered to a phantom due’ to charged partlcles
7~set 1n1motlon in a 0 1 cm slab of water at the surface
- of the phantom,by a6 M and 15 MV photon beam, h
[_respectlvely To a good approx1mat10n, the dose due to

pcharged partlcles set in motlon in a. thln slab attenuates |

\

':j.exponentlally w1th dlstance from the slab The charged

,part1c1e energy absorptron coeff1c1enﬁ My s -can be '

found by flndlng the slope of the 11ne of a graph of

'~;h7-2n(1 O/D(x)) versus depth where D(x) is the relatlve dose /’ o

"*ﬁfat a depth x (the max1numxdose = 1. 0. The ChaTged

v’:viPartlcle energy absorptlon coeff1c1ent 1s 3 1 = 1 for %1

FR 6 MV and 1 15 a for 15 MY photo? beams B SR .

-.’, .

In the broad beam, or large fleld approxrmatlon,;_nl'ii

gj‘the scattered photons generated in the. phantdm are not

el
ey
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Figure 77. D1str1but10n of- dOSe in a semi- 1nfm1te water phantom due to -
' ~ -electrons ‘set in motlon in the top 0. 1 ek slab by a ISMV :
photon beam.. L oL e .
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lost from.the beam...Scattered;photons hayeia;spectrum
A that - has.a.shniiar shape, but an.effective nominal'
energy 10wer than the prlmary beam (36) It was ‘also
seen in Sectlon 2.13 that the depth of d of“the
scattered radlatlon is less than- that of the prlmary
radiation. " The prlmary photon spectrum tends to harden
.as it penetrates 1nto the phantom Lower energy

scattered photons tend to replenlsh the 1ow energy

3

pkotons lost from the spectrum due to hardenlng Large '

fleld geometry‘ls approx1mated by assumlng that ‘the
primary photon Spectrum is unaltered as the beam

penetrates the phantom

Rd

With the prlmary photon spectrum remalnlng the same

as a functlon of depth in the phantom, the penetratlon

\ Characterlstlcs of the charged partlcles set 1n motlon
Fremaln the same The number of charged partrcles set
in motron at any depth decreases exponentlally W1th ,"
depth The approprlate attenuatlon coeff1c1ent 1s the

mean energy absorptlon coeff1c1ent Wthh is an energy

* fluence welghted average nornwllzed to the total energy )

vfluence of the beam Mathematlcally,,the mean energy

absorptlon coeffIC1ent 15 g1ven by e
B ~xF(hv) (u s SR
_F‘“'en:.,. zF (hv) ,' | L (3.1.29) -

1

quuatlon 3 1. 29 has the ‘same form as Equatlon L.3. 10

The mean attenuatlon coeff1c1ent for the 6. MV spectrum .

<

195 .
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- ~is 0. 029 o’ , and 0. 021 an for the 15.MV spectrum
": The dose dep051ted by the charged partlcles set 1n
"motlon attenuates exponentlally -In the phantom and the

prlmary photon bemn attenuates exponentlally The

‘_ assumptlon, therexore, that large fleld geometry can be “'

=y

modelled by keeplng the prlmary spectrum constant w1th
. depth is 1dent1cal to the bulld up model presented in
%Sectlon 1.5: ) | ; | | » |
The method’of‘computing’theudose>infthe‘build?up :
.reglon for broad beam geometry is to attenuate the k
dose due to charged partlcles set in motlon in a th1n
slab at a depth ' \by a. factOr .,Penx. nThls”is‘done:':
;for 100 than slabs (each 0. l cm thlck) The.dose %e;
. reachmg the pomt from the Charged partlcles set 1n :
-motion from all the slabs above the p01nt ) ) |
Thls procedure is done by the program, Addose For,
The 1nput for thlS program 1s the thln\slab charged |
:-part1c1e set in motion. dose penetratlon proflles shown
in Flgures 76 and 77 The depth of max1mum dose,
| *dﬁé&, as predlcted by the large fleld model computed by
ﬂx\,Bu1ldup3 For and Addose For, 1s the same as the d
:ﬁpo1nt predlcted by Equatlon 1 5.11. The'output'for _; '
L :‘Addose For is. normallzed by d1v1d1ng the dose by the dose .:hd
at. d ;‘ The result is the broad beam TMR curve in the |

| - bu11d up reglon »Appendlx -8.conta1ns the llstlng.and,

oo : D I s : . ’ .
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i documentatlon for. Addose For . fv Au': C | '.’l7 3 ,;.::

Small fleld geometry assumes that all the scattered'v

: photons produced by tne beam in the phantom do .not-

1nteract‘aga1n Ihls is- modelled by harden1ng the
'beamid;Eyery\photon that 1nteracts in the phantom is

B removed from the number spectrum This 1s accompllshed |

vff,by the subroutlne of’ Bu11dup3 For called Impulse (see

"-}Equat1on 3 1. 16) Small fleld geometry requ1res more /

oy,

L E

:computer t1me to model ‘than large fleld geometry because
d‘the charged partlcle set in motlon energy angle dlS' 'h .
trrbmtlon has to\be recalculated for each slab More
:1mportantly, each charged part1cle set 1n motlon 1n the
:‘1'slab has to be followed through the reéajof the phantom
l.AThe relatlve dose ‘was calculated to a depth of 10 cm so _
_the small beam geometry requ1res approx1mately 100 tlmes'

Aj_(10 cm/O l cm) as much t1me to model as the large beam

ygammny . »,é[*' ( |

The bu11d -up curves of the small and large f1e1d

: together w1th the experlmental results from Sectlon

| 2.11 are sh0wn 1n Flgures 78 and- 79 for 6 MV and 15 MV 5
::photon beams;vreSpectlvely -As was found exper1mentally;,";
l;there is llttle dlfference between small and large f1eld
'”geometrles 1n the bu1ld -up reg1on There 1s good- agree-.[
.k}ment between the computer modelled and ;xperlmental ‘ gdrﬂp ;f;i _f¥

‘f'bu11d~up CUIVes
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3.2 Nature and Source of Contamlnatlon

The def1n1t10n of contam1nat1on stated 1n‘the 1ntroduct10n 1mp11es
| fthat radlatlon reaching the phantom, other than prlmary radlatlon* "s~'
“to be con51dered as contamlnatlon. Prlmary radlatlon 1s the photon
component of the beam that is d1rected away from the source o
The ut111ty of th1s deflnltlon of contamlnatlon is that 1t allows

'.?one to determlne the dose dep051ted by prlmary pbptons in a phantom -
vFThls 15 called the phantom generated dose The phantom generated
"dose is. dep051ted by charged partlcles set in mdtlon by‘prlmary
}fphotons and scattered photons produced in the phantom Therefore,‘

' contamlnatlon dose 1s exogenous whereas the phantom generated dose s
lendogenous to the phantom Scatter measured by an 1ncrease 1n dose i’h

“pcw1th 1ncreas1ng f1e1d 51ze u51ng a full phantom in the bu11d up reglon, _ :

cannot be confused w1th contamlnatlon generated out51de the phantom

o Changes 1n‘the phantom generated dose can only'be due to changes in’

'A.the phantom 51ze, den51ty or conf1gurat10n A mod1f1cat10n of the

. 'phantom in these respects w111 not affect the nature of the contamlna- 2

'oh..tlon component (although 1t w111 affect the 1nteract10n of the con-'i.
Atamlnatlon component in the phantom) / k o L

The'HWR bu11d up curves 1n Sectlon 2 1 demonstrate a f1e1d 51ze
- dependence, espec1a11y at or near the phantom surface, greater than

_can be. expected from lateral scatterlng of photons and electrons :-,

“I'generated in the phantom

Addlng small addltlonal thlcknesses of accessorles 1ncreased the

*TMR in the bu1ld up reglon As the thlckness of accessory 1ncreases o

' * The dose due'nacharged partlcles Set 1n motlon by neutrons 1s not
consadered L _ , _ .



the amount of contamination produced by the accessory increases.

'vHowever COntamlnatlon produced at shallow depths w}thln the accessor)
is’ sh1elded by deeper layers of the accessory At‘an equ1va1ent tthk-

ness less than 3.2 m of Lucite, there is a balance between productlon

- and absorptlon of contamlnatlon.

The surface dose displays the characterlstlcs of electron con—

, tamlnatlon. High atomlc number "filters' can reduce the surface o
"'normalized‘dose due to an accesspry when placed'beneath the accessory;~

r When‘plaCed above the accessory the high atomic number‘material did

~ not alter the surface normallzed dose The number of interactions: s
,produced by the hlgh Z mater1al above and below the accessory are 3"

approx1mate1y the same. The mass stopplng power is relatlvely 1n-u \

dependent of atomlc number and 1ndeed the mass stopplng power of ,
LUCIte, for example, is sl1ght1y hlgher\than lead (5) Therefore,,'

the only p0551ble dlfference between the conflguratlons of hlgh Z

&

-material above and below Lucite resulting in a reduced - surface nor- -

‘malizéd dose is the.differenCe between, the amount of scattering'0f7'

contam1nat10n electrons outside the beam This is not surpr151ng con-ﬁf;'

thﬂ electrons emerge from the bottom surface of the hlgh Z "f11ter" as

g emerge from the bottom surface of the accessory, but fewer of the elec-'."‘
. trons are forward d1rected Therefore a hagh atomlc number materlal
- b'placed in the beam should be called an electron scatterer rather than an’

electron fllter.'

The distance frOm'the source'distribution'and‘1aterai*diStributionu

Lk The scatterlng power of water and Luc1te are w1th1n 109 atmenergles .

less than 15 MeV (S) : - R R

- 201

. 51der1ng that the scatterlng power of lead is nearly an order of magn1tude.‘.i»b

- hlgher than water* (see Appendlx 4] Therefore nearly as many contamlna--;:‘aA
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© 1.3.4,

' L of these are contralndlcatlons that locallzed source 1s respon51b1e :

'of the surface dose for large open flelds at 15 MV are typrcal of

electron‘dlstrlbutlons The dlstance dlstrlbutlon of the surface dose 4

:ifalls off as l/r from a point 12 cm'below the target which corresponds
' to the posltlon of the fleld flattenlng fllter The fleld flattenlng

fllter.has, at 1ts thlckest p01nt, 5. 4 cm of stalnless steel in the

»beam 1t 1s the only component present in an’ open f1e1d whlch'has a

';suff1c1ent thlckness to produce a maximum fluence of contamlnatlon

.electrons* SO, lt 1$ 11ke1y to contrlbute to ‘the dose due to" contamlnant

The lateral surface dlStleUthﬂ is Gau551an ThlS 1nd1cates that

~the surface dose is due to electrons ‘and’ 1nd1cates that the electrons o
ﬁ:could nave been producea from a smail source Therefore, the surface "

~ dose at 15 MV for Aarge flelds behaves in accordance w1th Equatlon

‘fThe~situation at 6=MV'is'quite different The assumptlon that -

»the surface dose decays as l/r at large f1eld 51zes 1s not Valld *%

Addltlonally, the lateral dlstrlbutlon is not Gau551an The surface :

‘ dose 1n51de the field is largen than can be expecteo from a normal

'dlstrlbutlon and the surface dose out51de the field 1s smaller Both

~for most of the electron contamlnatlon for 1arge f1e1ds at 6 MV

The source ot electron contam1nat10n at small f1e1ds is: better .

unaerstood due to magnetlc separatlon of the’ electrons proouced by

* A Luc1te accessory w1th a thlckness greater than 3.2 cm will not R
" contribute to greater contamlnatlon. The equ1va1ent thlckness of
- steel 1s about 40 cm. :

**‘A l/r dose decay w1th dlstance From an apparent source of. contamln tion
1s necessary although not a sufficient conddtlon for 1dent1fy1ng the
“ source of contamlnatlon unequ1voca11y f



.t

B two reglons of the beam The surface norma117ed dose was measured

for various condltlons of fleld 51ze (the 1argest fleld s1ze was

10 cm x 10 cm and source to probe distance inside the f1e1d with
) \\/

s

" the magnet 1n place and not in place at the accessory holder p051t10n

All contrlbutes most of the surface dose at b MV and 15 MV for theseﬁl
f1e1d 51zes At 15 MV however the 1ncrease 1n the dose, as a func—v
tlon of fleld W1dth dUe to electron contamlnatlon prodUCed between
the target and magnet, suggests that at a f1e1d s1ze of about 15 Cm

X 15 cm for a source to probe dlstance of 100 cm, this contrlbutlon
wlll be greater than the contrlbutlon due to a1r.* At 15 MV when

the SPD=100 an for a fleld size of 30 cm X 30 cm, (whlch was the a

'condition of the-measurement of the distance distrlbution in Sectlon 7

2 4), the contrlbutlon due 10 a1r w111 be a m1nor1ty component

Therefore, the results obtalned at small field sizes does not

B contradlct the results at largecfleld sizes at 15 MV At 6 MV the

vsurface dose for large f1eld 51zes 1s moStly-due-to a1r contamlnatlon"

(w1th ‘the p0551b1e exceptlon of small source t0<probe dlstances) - This }f

is why the source of electron contamlnatlon could not be 1oca11zed

to a small reglon for the 6 MV large t1e1d beam in Sectlons 2. 4 and |

Qualititively;ltheiSPD dependencevofhthefcdntamination”components

:'are easy to explanﬁ} The greater the thlckness ot alr 1nterven1ng

between the magnet, the greater the dose oue to. contamlnatlon produced

-~

in air. Conversely, 1ncre351ng the dlstance between the reglon of

productlon of contamlnatlon between the target and magnet w111 result in-

a smaller normallzed dose..;.

* Based on a. 11near extrapolatlon of the 1ncrease 1n dose between a
fleld w1dth of 7¢pm.and 10 cm ‘ : . -

[SS]

(93]
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tlon produced between target and magnet w111 determlne the position of

the source of contamlnatlon if the source is: confined to a small regron

At small flelds at both 6 MV and 15 MV with the cross- ha1r tray in place,
the source appears to be the cross ha1r tray. At lS MV% w1th the cross-
halr tray not in place, the source appears to be thé colllmators | ThlS ,"‘
agrees w1th the observatlon that the surface dose appears to be produced
by the fleld flattenlng fllter at 15 MV for large fleld 51zes At small

f1e1d sizes the contamlnatlon produced'by the fleld flattenlng fllter s

largely blocked by the colllmators |
| A general conc1u51on can,be hypothe51zed by these flndlngs
‘Electron con\amlnatlon measured at a p01nt tends to be produced by~ |
: mass close to that p01nt Contamlnatlon produced further away 1s
| stopped or scattered by mass 1y1ng close to the measurlng p01nt
Therefore, a1r is a 51gn1f1cant contrlbutor under most condltlons‘
Accessorles and the cross ha1r tray when present contrlbute

Colllmators at small t1e1d 51zes produce some contamlnatlon* 1The-“

fleld flattenlng fllter can be the maJor source of electron contamlna—

tlon at large f1ela 51zes (therefore not blocked by the colllmators)
\ ,

1f the cross ha1r tray or. accessorles are not ‘in the fleld

A1 these p0551b1e sources of electron contamlnatlon result in f'f -

a greater magnltude of electron contamlnatlon reach1ng the probe as

a funct1on of f1eld 51ze. A greater fleld slze results in a greater

Plottlng graphs of the square root of the readlng due to contamlna-'

_204.

1nteract10n volume for air, accessory and cross ha1r tray sources ' As.f' .

. % :
. the colllmator Jaws are opened a greater amount of contam1nat1on pro-'

duced by the f1e1d flattenlng fllter emerges through the colllmator

* At small field sizes the perlmeter of ‘the colllmator compared to the

fleld area is much larger than the same ratlo at large fleld 51Zes.g
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The key to the separatlon of the contamlnatlon from the phantom
e generated dose is to know the contrlbutlon of contamlnatlon to the

e

dose at one point. EXcept for’therphoton backscatter* wh1ch can be

'1ndependently measured the surface dose 1s due to- contamlnatlon o

.electrons generated out51de the phantom KnOW1ng-the-contamlnatlon’i S
- contr1but1on at the surface and the penetratlon character1st1cs of
.i.the contamlnatlon component, the phantom generated dose can be ob~ -

ftalned by the subtractlon of the dose due to contamlnatlon., )

' The same - contamlnatlon penetratlon curve. waswused to determlne
'.the amount of contam1nat1on for each fleld w1dth SPD and accessory

'-‘conflguratlon ThlS assumes “that dlfferent beam geometrles or the

grce of ° accessorles in the f1e1d do not change ‘the nature of the

\ . e

';1nat10n \QUstlflcatlon for thls assumptlon was prOV1ded at

;{ by determlnlng the contam1nat1on penetratlon curve at dlfferent
Js and accessory conflgurat1ons. - The. contamlnatlon penetratlon
}laracterlst1cs were w1th1n 5% (see Table 3) The surface dose 1s

} ually less than 40% of the max1mum dose S0 an uncertalnty 1n the.'&;'
ﬁéorrect amount of contamlnatlon at the surface w111 be less ‘than 2° of “Adxﬁ\‘e-f~
ithe max1mum dose. At deeper depths the uncertalnty w111 be eVen less |
B The va11d1ty of the contamlnatlon curve at 15 MV was Ver1f1ed 1n S
X namber of other ways The shape of the contamlnatlon penetratlon
curve is characterlstlc of mixed electron and photoh contamlnatlon

"The surface contamlnatlon 1s estab11shed as be1ng due to electrons

\These electrons must penetrate to some depfh beneath the phantom

3 Some of the photon backscatter is due’ to scattered photon backscatter,
- but it need not be taken into account. The photori backscatter at most
gl kes up about 20% of -the electron contamination which usually makes

bp no move than:30% of the phantom generatéd dose, therefore, ...
cattered photon backscatter will 1ikely contribute less than 6%to"
poton backscatter.” Photon backscatteér is a- small quantlty so e

kttered photon backscatter is negligible. . .~




.

HThe peak and rap1d fall off at shallow depths are characterlstlc of .
- electrons The slow fall off at depths greater than 2 cm is character~ N
‘iStic'of photons Therefore, the-contamlnatlon radiation appears to -

- be a comblnatlon of an electron contrlbutlon pr1mar11y at shallow

) Tl,depths and photons contrlbutlng pr1mar11y at greater depths

The derlved contamlnatlon penetratlon curve u51ng the increase in
'°dose in a 11m1ted phantom versus the 1ncrease in fleld w1dth (greater than

“the. phantom dlmen51ons) at 15 MV is 51m11ar in shape to ‘the contamlnatlon L

1.curves measured out51de the - fleld The dlfference in shape (see Figures S
‘63 and 31) can be attrlbuted to a dlfference between the relatlve amount

:.of contamlnatlon electrons and photons present 1n31de and out51de the,f

-f1e1d boundary Flgure 27 demonstrated a Gau551an lateral dlStleutlon

of the surface dose Consequently, for a 30 cm x 30 cm f1e1d size there

were about 45° fewer electrons present at 18 cm from the central ax1s |

f:-as were present at. the central axis. ThlS largely accounts for the

llfdlfference observed between Flgures 31 and 63 . 'Hff'-'7_i.>- o ',”f%t".'

"‘ The most conv1nc1ng ev1dence that the phantom generated bulld up S

\v-‘curves ‘are correct 1s the1r agreement w1th computer modelllng obtalned |
.r'lndependently (see Flgure 79) The computer model also verlfles that 'f
. the phantom generateddHWR curves are 1ndependent of fleld 512e R

The va11d1ty of subtractlng the contamlnatlon component from the

r‘3¢total bulld-up curve to yleld the phantom generated bu11d up curve at

' '7~6 MV was tested as well The contamlnatlon penetratlon had 1ts max1mum S

i at the surface and. decayed rap1d1y w1th depth at shallow depths (see

h _Flgure 64) Tﬁe curve levelled.off at deeper depths ThlS as was

“f;:found at 15 MM,,ls 1nd1cat1ve of electrons cont“rbutlng at shallow

5

'jv;depths and scattered photons contr;butrng at deeper depths The contam-’yw‘bh'”
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1nat10n curves derived 1n51de the fleld (Flgure 64) and measured out51de"~-~

the f1e1d (Flgure 32) are 1n approx1mate agreement if the lateral :

surface dose d1str1but10n 1s taken 1nto account Approx1mate1y 609

”--4 e

~,
. ’*m..-'

fewer electrbns are present 3 cm. outs1de of a 30 an x 30 cm, 6 MV f1e1d _

', as compared to the central axis. ThlS accounts for the d1fference in .

£

T -

'fcoeff1c1ent of electrons set in motlon by 6 MV and 15 MV'photon beams

for6M\L,and35cnnforlSMV

\

the shape of Flgures 64 and 32 The computer model of the phantom

generated dose as a functlon of depth agreed w1th the experlmentally

derrved phantom generated dose bu1ld “Up:, curve at 6 MV (see Flgure 78)

B The computer hodél establlshed that the dose due to eleetrons set in :

'»_ motlon 1n a thln phantom Siab decays exponentlally 1n the phantom as a

functlon of depth from the slab Therefore, Equatlons 1 5 8,. 1 S. 11

o and 1. 5 16 should be valld descrlptlons of the dose 1n the bu11d up

. réglon* . 'f"‘:h o ‘}~

respectlvely, were found (See Sectlon 3 1 7) The value of UY was

ﬂfound from Equatlon 3 l 29 to be 0 029 cm -1 for 6 MV an 0 021 cm -1
15 MV photon beams - " :‘ _ B S |
The d predlcted by Equatlon 1 5 11 is 1 5 cm for MV and 3 6 cm

'; fbr 15 MV respectlvely Th1s compares w1th the experlmental y determined

max

Tahle 19 115ts the TMR d05e fbr 6 MV and 15 MV beams 1n the bulld up
reglon predicted by Equatlon 1 5 16 Thls agrees weil w1th the |
phantom generated bu11d up'nWR dose., Therefore, the 51mp1e d1fferent1al

”hif\EQUatlon 1 5 6 15 phy51cally acceptable and accurately predlcts* the dose

' 1n the bu11d~up reglon recelved by a homogeneous unlt den51ty phantom

A .jj % The\avdel farls to predlct the surface dose due to tmckscattered

R

- phot

- B

Values(of.u t of 3 1 cm and 1 15 cm for the mean energy absorptronh.°

for -

‘"d values (after the contamlnatlon component has been removedn‘of 1 6 cm o

Bl il e T L
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/sraﬂle 19

"Depth.
(cm)

Tissue Maximum, Ratios in the Build-Up

(g

15 MU

‘@.932 -

Region as Predicted By Equation 1.5.16

2

TMR

9.02808

0.181
2.331

-8.5S7

8.708 "

&

‘@.982 " . .

0.998

1,000 -

‘@.s14 . T
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‘freglon recelved by a homogeneous unit den51ty phantom

The. contamlnatlon electrons are set 1n motlon by matter between

A'the*target and ~magnet by the same processes that set electrons in .

.HDthH 1n-the phantom The maJor dlfference between contamlnatlon

electrons produced between the target and magnet that reach the phantom K

surface and electrons set 1n motion by prlmary photons 1nteract1ng w1th

the phantom near the surface is. that the contamlnatlon electrons w111

A be more forward directed.. Those'contamlnathn electrons that were: set

rln motlon w1th a large zenlth angle W111 have left the beam Flgure 72

1llustrated~that the forward dlrected electrons that are'set 1n motlon

by a 15 MV beam have a hlgher average energy than those ‘that are set in

mot1on with large zenlth angles Therefore contamlnatlon electrons have

a hlgher average energy compared to electrons set in motlon in the phantom

Hav1ng a hlgher average energy results 4n greater penetration of the con-.

contamination electrons ‘that are set 1n motlon further away from the .

A

’ phantom are more llkely to have been produced w1th a smaller zenlth angle

!}

'than contamlﬁatlon electrons produced closer to the phantom Therefore
':electron produced further away from the phantom are 11ke1y to. be more
'energetll* and therefore more penetratlng than those produced close

' to the D antom.

\
Flgure 80 compares the relatlve dose 1mparted to a phantom from

electrons set in motlon 1n the top 0 1 cm of a phantom compared to the

1e1ectron contamlnatlon.penetratlon curve from a 15 MV photon beam and

¥ The slowing down of eleCtrons in, air is 1n51gn1f1cant The st0pp1ng
-power of air for .3 MeV ¢lectrons is about 1.8 MeV sz/g (5). One _-..

" hundred centimeters of ‘air .has a mass- thlckness of about 0.13 g/cml so

. an electron will ldse.abdut 0.2 MeV or 7% of its energy in traver51ng
- this dlstance The range of 3 MeV electrons in alr is. about 11 m. ..

%

~ tamination electrons compared to phantom generated electrons._ Addltlonally, :

hY

-
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the electron contamlnatlon produced between the target and magnet

: The contamlnatlon penetrat1on curve contalns electrons as well as
scattered photons SO the comparlson cannot be made falrly In SeCtIOn
:2 13 the scattered photon bulld up curve was obtalned The electron

_ contamlnatlon component can be obtalned by.. subtractlon of the -
scattered photon contamlnatlon component An assumptlon is: made that
;there are’ no contamlnat1on electrons penetrat1ng toa depth of 4. 4 cm
‘\of polystyrene\so the dose at. thls depth is entlrely due to scattered

photons. Flgure 80 shows the result The electron contamlnatlon

E component is more penetratlng than the electrons set in motlon in the

' phantom at shallow depths Th1s 1s because the electron contamlnat1on

compared to the electrons.

i component contalns fewer 1c
t in motion in the photon which- are. stopped at shallow depths in ‘the
‘phantom. The electron contamlnatlon component produced between the
~:target and magnet’ls more penetratlng than the total electron contamlnaer
tlon curve. The max1mum range of the c0ntam1nat10n electrons 1s |

o+

'approx1mate1y equal to the maxrmum range of the electrons set in ‘f ;‘ hS
motlon by the. phantom | Thls 1s because the max1mum energy of contamlna—\
thﬂ electrons produced at any p051t10n 1n the beam is the same as the
':max1mum energy of electrons set in motion in the phantom All the elec—:’
tron penetratlon curves 1n Flgure 80 have the1r maximm at about 1 5 mm eh"
jvdepth in the phantom | A e |

Flgure 81 1s a compar1son between the dose due to electrons set 1n

'nntlon 1n a. th1n slab at the top og the phantom and ‘total dose due to -

. “-'contamlnatlon for the 6 MV beam The contamlnatlon curve. has not had

the scattered photons removed By comparlng the total contamlnatlon and v

-ielectron set in motlon ‘curves between 15 MV (Flgure 80) and 6 MV (Flgure o
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4',8ljlit ganlbé seenfthat.the 6 MV'curves.would~be very4similar.had'thed'

'\'scattered photon component been removed Therefore the electron con- ..
F‘tamlnatlon component at. 6 MV has similar penetratlon characterlstlcs

v-;."to electrons set 1n mot1on at the surface of a phantom 1mp1y1ng\that ‘

| the contamlnatlon electrons are produced close to the phantom -This. :

‘iconflrms the results of Sectlon 2 10 whlch 1nd1cated that most of the'v

: contamlnatlon at o MV 1s; produced 1n air between the’ magnet and phantom '

Flgure 81 also 111u5trates the penetratlon curve: of electrons '

) produced between the target and magnet at 6 Mv. The penetrat1on of thls_
‘F:ffractlon of the electron contamlnatlon is. much greater at shallow ' |
kh depths than the electrons set in motlon at the surface of the phantom,s‘;.‘
Z-Ahowever, thls component contrlbutes very 11ttle to the total contamlna-
“tion at 6 MV " As at 15 MV, the max1mum range of electrons set 1n

Z:motlon at the surface of the pnantom and contamlnatlon electrons

-

\ produced between the target and magnet are almost 1dent1cal

Decreaslng the source to- probe dlstance 1ncreases the fractlon of

'[ detected contam1nat10n produced betWeen ‘the target and magnet and

‘: decreases the amount of contamlnatlon produced by a1r between the magnet
_‘and phantom that arr1ves at the probe. Therefbre the relatlve proportlon
-of electron contam1nat1on that is produced by these sources changes as a

,'functlon of SPD Slnce these sources each have dlfferent penetratlon |

o of the total electron contam1nat1on component could change as the SPD
1-changes However, as the source to probe dlstance decreases, more
'[gelectrons produced between the target and magnet are g01ng to be

gg'arr1v1ng at: the probe produced w1th larger zenlth angles the probe

Cwe

gets closer to a source of electron cOptamlnatlon moTe lower energy

: vcharacterlstlcs measured at the same SPD the penetratlon characterlstlcs ;_7 |
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. |
‘;electrons”willvarrive:at‘the probe so'thefcontaminatlon componentfwillf‘
"lbe less penetratlng at shallow depths More lower energy electrons ‘f.' jiry

‘:l arrlvlng from a source between the target and magnet W1Ll tend to com—
.:pensate for fewer electrons produced in air. Therefore the total

.‘v'penetratlon characterlstlcs of contamlnatlon.electrons 11kely does not’ 1»@¥-
'gchange 51gn1f1cantly as a functlon of source to- probe dlstance A

w.l- At depths approachlng dm > most of the contamlnatlon dose 1s due.f

ivto scattered photons The Compton effect produggs\a\scattered photon

‘—‘bffor every rec01l electron produced Therefo , the ources of electrons S

\i

are also g01ng to be the sources of sca 'ered photon >

K <\;;,;;;\;/,;\' I
Nllsson and Brahme, u51ng compu : Monte Carlo modelllng, found~\\\
:‘that the:freld flattenlng f11ter and\\he colllmator are the" ma1n _]17_7 \‘

sources of scattered photons (36) ThlS can be qualltatlvely explalned \

-‘fThe meanrlnteractlon dlstance for the scattered photons isof the order:

',Sectlon 3 2 1llustrated that one could deflne an effect1Ve energy

' absorptron coefflclent for the dose dep051ted by electrons set in

7'_mot10n - The mean 1nteract10n dlstance is of‘the order of the 1nverse

‘__'of this coeff1c1ent whlch is l/u t, scattered photons w111 emerge fromlf?.

_ }
of the 1nverse of the1r mean energy absorpt1on coeff1c1ent l/u o //.~.
RN
!
\
5
\
/
|
}.

a depth from a source of the order l/u whlle contamlnatlon electrons.-{f

""'w111 emerge from a depth of the order 1/n‘+ Both the colllmators ,”‘:f'

".; and the f1eld flattenlng fllter have thlcknesses greater than l/n

' so many more scattered photons w111 emerge compared to contamlnatlon -
: electrons Sources of contamlnatlon w1th a thlckness of the order of
; fl/i 11ke accessorles and a1r w111 produce approx1mately equal

numbers of contamlnatlon electrons and scattered photons 1n the beam.

Contamlnat;on electrons produce a hlgher max1mum dose 111ustrated



:,,,

‘3by the surface dose of Flgures 63 and 64 than scattered photons '
'111ustrated by the dose plateau in the same flgures The ratlo of the

7e1ectron energy fluence produced by. scattered photons dep051ted at any

"_:p01nt is from Equatlon 1. S 8 and is- approx1mately equal to:

" +(X) | uig ( (uY/p)X - (ue*/o)x ) |
T?Y)Of et .T'gY, ’ L a
R "(Uy/p)dmax (uef/p)dmax . R
At,dm ‘the term (e C -e | ) is approx1mately equal tO‘ o
’ i.'s81nce uY is ‘mch 1e$s than‘”e;‘?f | ' BT
Cowt(d ) o S
e Gy
.U'O~ ‘:"ur o )

‘ vY.

’It has been shown prev1ously that contamlnatlon electrons penetrate

- vsomewhat further than electrons set 1n motlon 1n the phantom by scatteredf‘

'rphotons ‘however, they are- both of the same order of magnltude There—..y

e; "e relatlve energy fluence of contamlnatlon electrons compared

:to scattered photons 1is approx1mate1y
57) e coy
e contamlnatlon o Dose (d 0) y‘,<< 1

© B scattered photon Dose Gi scattered PhOtOD) B

LIS

, Therefore, desplte the fact that the max1mum dose due to contam1nat1on ‘

o eelectrons is greater than the max1mum dose due to scattered photons

- ,'the energy fluence arr1v1ng at the phantomﬂsurface of scattered

7photons is greater than the energy fluence due to. contamlnatlon electrons;;’:

The greater energy fluence of scattered photons compared to con*;f'

",tamlnat1on electrons is due 1n part to thlck sources - lee the

colllmators and the f1e1d flattenlng fllter Addltlona/;y, electrons o



,more readlly multlple scatter* out of the beam compared to photons
The Shlft 1n a ax‘ espec1ally when accessorles are present in the-

beam, can be attrlbuted to electron contamlnatlon Srnce the build- -up

e

‘:curve for scattered photon contam1nat1on is 51m11ar to the prlmary

s

photon bu11d up curve, scattered photons are unllkely to contrlbute
:-f51gn1f1cant1y to the Shlft 1n d ; The peak in the contamlnatlon .
‘ penetratlon curve due to electrons occurs at very shallow depths SO
‘;bglncrea51ng the magnltude of electron contamlnatlon results in a- d ax ‘
‘:Shlft towards sballower depths ThlS also explalns why the Shlft in
“d-d’ is accompanled,by an. 1ncreased surface dose These flndlngs agree :

. max - )
’w1th Blggs and Llng (41) who observed that a, Shlft in d d1d not occur - o

_1when electrons were swept from the beam

# For example, al MeV e%ectron in air has a mass. angular scatterlng o
power of 0.602 radians® - cn /g (5} which, after passage through 100 om .
of a1r, corresponds to a mean scattering angle of 16 O° = o -



3 3'.C1inical Uses of the Results - - o B IS

.

Low energy- photon beams (1sotope sources w1th an energy~less than
or equal to moc2 or accelerator sources less than about 1 M\) produce ‘
i‘a maximum dose at the surface of a patlent If these photon sources 7f
fwere used to treat tumors at a depth under the patlent S skln surface,
skln reactlons could occur._. | '

Skln reactlons may be mlnor such as erythema (reddenlng of the

Askln) or more serious such as m01st desquamatlon (peellng of the skln

g w1th bllsterlng) - The tvpe of reactlon, 1f 1t occurs varles con-.

: jh 51derab1y as a functlon of dose from patlent to patlent (7) Skln

; 3
'reactlons are 51m11ar to sunburns in morphology and hlstology, however,

~.the onset of the 1on121ng radlatlon 1nduced sk1n reactlon occurs several :

v

-days after exposure rather than a few hours

Few skln reactlons occur to patlents underg01ng megavoltage

' radlatlon therapv The maln reason is that the max1mum dose is recerved

at a depth well below the skln. The dose due to contamlnatlon electrons,

,'reduces thls skln sparlng effect
Another effect produced by contamlnatlon electrons and scattered

PR

. ‘photons is an elevated dose out51de the f1eld boundary A 31tuat10n
.'where thlS may betcllnlcally 1mportant arises when the eyes 11e jUStA
.out51de the f1e1d The lens of the eye is susceptlble to the formatlon
.ifof radlatlon 1nduced cataracts Cataracts are llkely to form 1f the =

'total dose recelved over 30 days 1s 1500 rads (52)

The amount of contamlnatlon 1ncreases w1th accessorles in the

- f1eld, greater field 51ze and smaller SPD Sk1n reactlons or hlgh dose :

'out51de the f1e1d may result even at megavoltage energles if two or moref.,

"«of these condltlons are encountered

v



",:VSPD's and presence of accessor1es apﬂllcable to, treatment plannlng, only

Pa551ng the beam through the poles of a magnet could be effectlxe

in reduc1ng the electron contamlnatlon arr1v1ng at a patlent To. ensure-

g

| that few electrons are produced in alr between the maonet and patlent

.’the magnet would have to be placed as close to ‘the patlent as p0551ble

In a c11n1cal sltuatlon the contamlnatlon electrons should not strlke

the patlent out51de of the treatment area therefore, the electrons
T‘should be swept through at least 90 ‘A magnetlc fleld of nearly
ll Tesla would be requ1red Electron contam1nat1on 1ncreases as a

" . functlon of fleld 51ze (6] the pole gap should be as W1de as p0551ble

. The fleld gradlent should be steep enough to’ ensure that the dose

dlstrabutlon, due to electrons set 1n motlon in the patlent is not~'g o

'-affgcted These requlrements could only be met w1th an. electromagnet o

“In addltlon, such a magnet would llkely have to. be lquld cooltd

o When an accessory is in place, the surface dose 1n51de the f1eld

':_can be reduced by about 20% 1f a 1ead (or other hlgh atomlc numberv'

materlal) sheet is placed underneath the accessory The "fllter” '

.’scatters electrons out of the fleld 50 a reductlon of surface dose in- -
s1de the f1e1d would be concomltant w1th an 1ncrease 1n the surface a"' j'

| '{.dose out51de the fleld - The "fllter" would then be c11n1cally acceptable

LN 4

'only 1f the 1ncreased dose outs1de the field would not cause compllcatlons h
'3and 1f the g’duced dose 1n51de the fleld é1gn1f1cantly reduced the oo

ﬂ,‘probablllty of the occurrence of sk1n react1ons

A useful 1mmed1ate1y appllcable feature of the removal of the

'contamlnatlon component is that the ﬂWR in the bu1ld up reglon 1s
1ndependent of fleld s1ze, SPD and presence of accessorles and therefore,-';ﬁ°
“:.1s amenlable to data storage 1n computers Instead of llstlng all of

_the values of the TMR curves in the bu1ld up reglon for fleld W1dths,



ﬁ%jes, one the phantom generated TMR curve and the’ other
:iatlon TMR curve and the surface dose as a funct1on of these
”f:need be l1sted The surface dose dlctates ‘the. magnltude of
_aebreCelved in the bulld -up reglon due to contamlnatlon h
;The separatlon of the contamlnatlon component of dose and the’
gjom generated dose may prove to be 1mportant for treatment plannlng _f;u e
.?the bu:ld up reglon 1n the presence of 1nhomogene1t1es The treat-

g t plannlng algorlthms most often employed (developed by Dr Jack
j,1ngham) separate the contrlbutlon to the dose to a po1nt 1nto

Ty . and scattered photon contrlbutlons In the bu11d up reglon,‘

th aphantom generated scattered c0ntr1but10n can be confused w1th the
contﬁ\lnatlon contr1but1on. : | | |

weyprlmary dOSe at a glven depth 1s determlned by extrapolatlng

,”e”of TMR versus fleld w1dth to the y ax1s The Tlﬂl‘value at the

S y—ax1s is called the zero area ﬂWR Value at that depth The dlfference

l'f‘between the HWR value at’ any other fleld w1dth is assumed to be due to

fscatter generated w1th1n the phantom

The usual measure of the amount of’phantom generated scatter con-

""trlbutlng to a p01nt at energ1es of 6 MV or hlgher 1s the scatter

';max1mum ratlo or SMR The scatter max1mum ratlo 15 the dlfference be-
',,tween the‘HWR at a given fleld w1dth and depth and the zero area ﬂWR at »Vhd

v the same depth - e ( _ RN
: ] S1nce the amount of contamlnatlon also 1ncreases w1th fleld w1dth

;:some of the contamlnatlon is attflbuted to scatter 1n thls scheme Thls S
',fls merely an academlc d1st1netién 1n treatment plannlng of homogeneous

-

'-f:phantoms In treatment plannlng of 1nhomogeneous reglons the scatter

VoL

’ contrlbutlon from a reglon is- 1ncreased 1f the 1nhomogené1ty has a hlgh

Q_electron dens1ty and 1t 1s decreased if the electron den51ty 15 low ThlS‘

T



‘»1Velectron den51ty If the 1nhomogene1ty is 1n the bulld up reg1on then

'reflects the dlrect proportlonallty of the Compton cross sectlon w1th

the contamlnatlon dose erroneously attrlbuted to phantom generated

‘ scatter W111 be 51m11ar11y mOdlfled In fact, the electron component -

_of the contam1nat1on dose should be reduced if hlgh electron den51ty

-3‘1nhomogene1t1es are present 1n the bu11d up reglon and 1ncreased if 1ow55f

w

. “electron den51t1es are’ present whlch 15 cpp051te to the treatment

fplannlng for phantom generated scatter
A 4 o

A {'”‘\;..",
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4.1 Conclusions ¢

The Me\atron -6 and Me\atron -20- atcelelators produte }hOtOn.belms

" which were found to be contamlnated by electrons and scattered photons. .

The dose measured at the surface of a phantom was. due malnlv to electron .
Vcontamlnatlon The magnltude of the surface tissue max1mum ratio- varled
: greatly under the conditions studled between 0. O% (in an- open 5cm x

5 am 15 MV f;eld at an SPD of}lQO_cm) to 0;60 (1n a 30-cm1x‘30 cm

field with a 3.2 cn Luci‘te.acc.essory in place in a.§ MV bean). The

other contrlbutlon to the surface dose due to photon}backscatter was

, usually an order of magnltude lower.

-

The electron component of the surface dose was clearly eV1dent

The magnitude of the dlsplacement of the ﬂWR curves W1th 1ncrea51ng
_f1e1d width was greatest at the surface “Under the same condltlons of
field w1dth SPD and accessory conflguratlon, the 6 MY accelerator had"
a greater dose than the ISCMV accelerator at the. same relatlve depth.
Addlng addltlonal thlcknesses of accessorles 1ncreased the surfa@e

'TMR up toa thlckness approx1mate1y equal to or greater than. the electron

range in the accessory Cbl/u +) when 1ncreases in the accessorv thlckness

d1d not cause further 1ncreases in the surface TMR

[

Electron "fllters” reduced the surface dose when an accessory was in .;A‘

-place by as much as 20% 1f the atomlc number of the ”f11ter”'was equal

to lead. The "filter" acted by scatterlng electrone out of the f1e1d
A reductlon of dose 1n51de the f1e1d accompanles an- 1ncrease in. dose

outside the fleld.

The surface dose 1ncreased rapldly when the source to probe dlstance
, decreased At. 15 MV the 1socentr1c normallzed dose dependence .on SPD
_for a 30 cm x 30 ‘cm f1e1d 51ze'was con51stent w1th the fleld flattenlng

'fllter being the source of contam1nat1on.- At 6 MV the 1socentr1c o

. f’
B
o

—



normally d15tr1buted wh1ch ‘was con51stent w1th a source or sources of

electron contamlnatlon that are not locallzed

| the phantom

_normallred dose did not decrease accordlng to the 1nyerse square

. dependence so the sourée was not loca11 ed.

The lateral dlstrlbutlon ‘; the surface dose for a fleld 317e of

30 cm x 30 cm at 15 MV was Gau551an. ThlS further SUggested that the
\

surface contamlnatlon was due to electrons wh1ch emanate from a IOCallaed-

' source, The surface dose 1n.a 30 cm X SO-cm fleld-at 6 MV was not

b

The measurements were always taken w1th square flelds except 1n
Section 2 6 where the surface dose of a 15 MV beam was measured forf

rectangular flelds The surface dose was somewhat greater if the upper

collimator deflned the long ax1s compared to the 51tuat10n when the

"lower colllmator deflned the long ax1s The surface equ1valent square

field was very d1fferent from the equ1valent square field at d ax

The surface dose has been shown to be a useful measure of the
amount of electron contamlnatlon 1nc1dent on the phantom The amount
of cOntamlnatlon at the surface of a phantom was more. accurately assessed
by determlnlng the amount of dose due to- photons backscatterlng from
Contamlnatlon electrons produced between the target and accessory
tray were swept from ‘the. f1eld by pa551ng the beam through the poles of

a pennanent magnet pos1t10ned at the accessory tray - The surface dose .

P

E ;, w1th the magnet in place and the photon backscatter dose taken into.
;,account was due to electrons produced in a1r between the magnet and .
phantom Thls source of electron contamlnatlon was the. most 1mportant'at::
.v”6 MV and.for small field 51zes at 15 MV The alrvproduced electron
.gcontamlnat1on 1ncreased rapldly as a functlon of f1eld slze at small

i‘ifleld 51zes and 1ncreased asa functlon of SPD

RS

-
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Electron contamlnatlon produced between the target and magnet as
1nd1cated by surface dose wrth the photon backscatter removed 1ncreased
approx1mately in dlrect proportlon to. the cross sectlonal area of the

" beam. ThlS contrlbutlon to electron contamlnataon decreased as a .

functlon of SPD o {f . ._ - o - . ; o -: f'f '_‘£, 3

- "The inverse square fall off in the surface dose produced between _ .
'h.the target and magnet along w1th qhe SPD dependence of the surface dose
at large flelds w1th no magnet in place suggested that electron contamlna—v
tlon tended to be produced by mass'close to the phantom and' this.-
‘materlal attenuated or scattered -electrons produced further from the |
phantom T ‘A‘A‘ — 'ﬁf |

The cllnlcal aspects of an electromagnet to: sweep contamlnatlon L
‘_ electrons from the field were dlscussed - The requ1rements for such a
"magnet were contradlctory and would be dlfflcult to. achleve 1n practlce

The penetratlon of contamlnation 1nto polystyrene both 1n51de and
:out51de the fleld had 51mllar character1st1cs The contamlnatlon |
'1n51de the f1e1d was obtalned by equatlng the increase in the dose as a |
: functlon of f1e1d 51ze in a 11m1ted phantom (where the f1e1d size 1s
'rgreater in extent than the phantom) :at various depths in the phantom
'with the amount of - contamlnatlon penetratlng to that depth 'The‘con-

"tamlnat1on as a functlon

.'relatlve dlstance omlthe field boundary-as’the’phantom thickness tf:i‘-- h-fz:h
| 1ncreased Both p netratlon character15t1csAlllustrated that electrons i
Adep051t thelr energy at shallow depths in’ the phantom and scattered

_1photons contrlbuted . deeper depths The dlfference between the shape
of the curves was due o) a dlfference in the relatlve proportlon of

' '.electronsiand scatterv photOns 1n51de and out51de the f1e1d . fv R fvé‘
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The penetratlon curVe of electrons produced between the target and
magnet and a penetratlon curve of electrons set in motion 1n a thin
1slab at the surface of the phantom were also obtalned Electrons which
': were produced further away from the phantom were more penetratlng at
“shallow depths and therefore _more energetlc than those produced close
to or at, the phantom surface However the maX1mum range of the electrons
~ was 1ndependent of where they were produced |

The contamlnatlon penetratlon curves normallzed to the1r own -
. - \.
maxima were approx1mately 1ndependent of the conflguratlon of the beam
Cor the cond1t1on of measurement Only the amount of contamlnatlon varled

as a functlon of f1eld w1dth SPD and presence of accessories. The

- phantom generated normallzed dose at any depth was found by subtractlng

l'the amount of contamlnatlon penetratlng ‘to that depth Since' the
:_vshape of the contamination penetratlon curve was: 1nvarlant, tH@ amount
‘subtraCted'at any depth.was determlned by the amount ofpelectron con-
tamlnatlon at the Surface S | |

The output factor for the phantom generated normallzed dose was
larger at small f1eld sizes and plateaued to a. smaller Value at larger.:
vf1eld sizes compared to the total output factor. The phantom generated
f.normal1zed dose curves were d1v1ded by the maximum normallzed dose of
E each curve to obtaln the phantom generated tissue maximum ratlo curve.
‘The phantom generated tlSSUe maximum ratios were 1ndependent of f1eld
vw1dth SPD and presence of accessorles. |

The phantom generated dose 1n the bu1ld up reglon was. computer '
::modelled 1ndependently of experlment The calculated results agreed

L 'w1th the experlmental phantom generated tlssue max1mum ratlos and were

'<1ndependent_of f1eld'w1dth,



_ The computer model showed that electrons set 1n motron in a th1n;-3'
~1ayer produced a dose in the phantom whlch decreased erponentlallx
A-h'Theref01e, an analytlc model of the phantom generated dose in the

bu1ld—up reglon Could be adopted in hthh the prlmar) photons and

electrons set in- motlon fall exponentlallv _each w1th thelr own L

characterlstlc attenuatlon constant

The separatlon of contamlnatlon from phantom generated contrlbutlons

p———

.could/reduce\the data storage requ1rements of small computer treatment
‘ .
-plannlng systems Large computer plannlng systems could employ the

:results‘t,,produce a more accurate model of dose dep051t10n when .-f'

"1nhomogene1t1es are present ‘in the bulld up reglon

The energy fluence of scattered photons is greater than the energv

- of electron contamlnatlon even though the max1mum dose of contamlnatlon
~e1ectrons 15 greater than the max1mum dose of scattered photons Thefl

’"ﬂshlft.ln dm - is due to contamlnatlon electrons. )
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5.1 Appendix 1 Numerical Walues For Canstants
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S.4 Appendix 4  Mean Square Mass Angular Scattering
Power -of Electrons 'in Water and Lead
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5.5 Ahpend&x S- Listiﬁg'and Documentation For

: ‘ ‘Seprimary.For”’ ,
program seprimary

] '
]

*
This program suotracts the tontamxnatxon normalized dose from x
the total normalized dose to yield the phantom generated norm- . x
alized dose. The amount of contamination 4rriving at the phan—'*
tom is the proportional -to the Gifference between the total *
.and photon backscatter normalized doses. The phantom generated x
-

»

x

b

»

oONOoO OO0 o

THR curve is calculated after a search has found the maximum
normal:zed dose. The error in the normalized Odose and TMR
Values are calculatea. ' . .

o oon Q
R R

!‘l*l*tt!t!lttlii#l!l!i*l*#!Itl‘i!*i**#t#l!‘it!!lll*!#i{!ltyxtl!l
- - ' ) . . S N o
\ntcger irn ) -
-real depth(2e),ctmr(20)., w,nd(za) bsnd
real ernd,ebsnd,cmax,pnd(28),epnd(28)

r!al recnax.max,romax.ptmr(Za).tptmrtze)

r.

l***!“lt‘llll##‘l‘l*!t'l‘l*l*!l#ll&‘l#*l'*l‘l*!*ll“t!ll*rﬁ*tlll*

nnnwnknnqnnnnnhnnnnnnnnn

&tl!*tlttlt#lltttltl!ttt!t!ttlll**&it*tt*t*tt*ﬁt*****!!t&*t**lx*x
dpenfunit= 1.status='old'.€|l!-'contamls dat’y
opeﬁsunxt Z.status-’old"fxle*'ndenols dgat’) ) .
opcn(un;t 3.status-‘n¢w .f:lo-'pr:mis dgat’) R

- * ;ontln dat stores contam:nltlon TNR valu:s as a functnon of ' *
= Gepth, B
* ndiSnol6.dat stores the total normalxzvd dosr curve as H func- -

* scatter normalized dose for a particular conf:g-- * .
x uration of field size and. SPD at 15 MU, w0
% primis. dat is the output file that lists tne. phantom qencrated *

- * __- hormalized dose and “THR ualucs along with thr:r S
b - ' assoc:atca crrors. . -
. : : : -/y o C -

fcoono0onOaanan
»

“ll‘l‘tlt*lltt‘lt..l*“‘ll‘l!‘i‘tl'!‘t“‘!l‘llﬁ!'ll*Ill!lll!lllt*'

x -
* depth(28) s the dcptn in the phantom. *
* ctmr(28) is the contamination tissue maxxmum ratno.TNR. A8, a *
% ‘ function of peptn ‘ . e
*¥ w is the field width. *
% na(ze> is the total normalxzrd 0052 as a functxan 0f aeptn x
*x bsnd is the backscatter normalxzeu dose. . - - %
X ernd is the error in the normalized. ‘dase., L
* ebsnd is error in the backscatter normalized dose. - - o
‘x cmax is the value of maximum contamination normalnzed aose *-
r % pnd(2@) is the phantom generated normalxzed dose as functlon "
* of depth. *
* epna(2@) is the error in the phantom gcnlratzd normal:zeu *
* dose as a function of distance. *
* recmax is the relative error in cmax. R *
> % Mmax is the maximum phantom generated normalxzca dose.-" *
*x remax is ¢t relative error in max, R =
*x ptar(29) hantom. gtncratca normalized gose as 3 Functnon-,~“~""
x epth. Ll = T
« eptmr(220) YWESthe error in the phantom gencratea normalxzed »
* dose as a iunctyon of depth. IR L Lo w
n : : S *
t

*nttttmt::tta*xutt:xtn*tttttw*tttmtttt:x*tt:um:itttt*t:t&kttinn:t: S
* B

"tion.of depth and the value of the photon’ back-  xi

256

a



1

c 00028 00 6 KKK 0K K 0 K M0 0030000620080 0 0 K0 00003008 000 300K 00

read- (1, 189) n
L do S i—!'_' . :
-5 .. . read (1,500) ucptn(x).ctmrfn) . . e S ‘
read (1,680) ectmr A ' . o
.read (2,7@8) w » o S P o
.- do 1@ izi,n o o vy - .
18 r¥ad (2,190 nd(x) . - L :
’ rtad (2,1100) crnd bsnd.ebsnd ‘

The'following statuments chlculat:s fhe maximum amount of con-
tamination and the amount of contamxnatxon occurrxng as a

o000

o

nohmali:ea udseL The relouant errors are calculateu as well.

R )

- tll#tllll*t*til!‘!!!ll#l*il‘#tli*#ntl*t!*!‘tlttt*l*#*lt#t#!*l*tt
cmax-(ndt1)—bsna)/ctmr(1) : ;. -
rccmax-(crnu+cnsnd)/(nd(&) bsnd)*ectmr/ctmr(i) >
pnd(1):=bsnd :
epnd(I)-cbsnd

' .- do 2@ iz2mn
‘ ‘pRd(iYyzndCi)-cmaxxctmr (i) -
20 ° cpnn(xJ-crnu+(r¢cmax+ectmr/ctmr(1))mcmaxtctmr(i)

The maxnmum phintom gznerlteu normalxzcd dose is found -ang the

trrors._Thost quatxtnes are then. tabulated.

N 3

0060000
RE R R !

. x-l*t‘lttl#!*t!ttil‘i**l*lﬁtl!*l**#llltl*tttll*#lxt*t!l*t!l******
2} N -
max:pnd!l) o o
do. 3@ iz1,n . . T
’if(pnu(i)' gc.,max).tnen
maxzpnd¢i)
. rtmax-epnd(x)/pnd(x)
] end if oo
3 continue R o o - : :
. ° dgo 4@ i=t,n . T S .
ptmrcide pnd(x)/max . ' : .
40 o apteridz trcmax+epnd(x)/pnu(x))nptmr(x)

write (3,1200) ‘Field Size =’,w/’CMm X’ ws’ctm’ I T

.write.(3,1308) ’Photon Bickscatter N.D: z’,psnd- -
° write (3,%)’ 7 LT C e - ‘
write (3,1580)"° 'Depth‘A}ND';'Error'in ND’, *TMR’, Error in TMR’
write (3,1608)_ ’(cm)’ ' T : T o
“do %@ iz1:h- . -
-1 : wrutl(3.17oa) depth(x) pna(x):epnc(x) ptmr(x).epthr(x)

18e format(’ .12) .
S0 format(’ ’,¢4.2,2x,f4. Z) L o
- 608 - . format(’ ’,$4.2) e Lo . S
788 format(’ ‘,f4.1) . . R .
11908 . format(’ *,§5.3) . - o S
-lraa.ljgfornit(!;,.a(fs 3,2x)) .
- 12887 . format(” ,aiz.fd 1,34, f4.1. ae)' . )

' SRR - ; e e e v o4

l*‘**llllt‘#‘*‘t.‘!l‘*l‘ll‘tl‘#!*lllii#!ll‘t!!ll*!l*l*“ltlltl*t**

x #
» *
3 »*
"% function of depth.. The contamination is nremoved from the total_:'
» *
] »
t ] *

!‘*ﬂ‘t#!‘t*!lk‘!ﬁlt‘l‘l#**!*i** ﬂt!*‘t!t*ll!ttt**‘tl‘*l****l***u R

»
) ¢
phantom generated TMR is’ calculated along with. the assoc:atec N
l
»
*

o
MR

-1



1300

1502
1680
1700

Cformat(’

format(’

format(”’

format¢’

closec1)
‘close(2)

close(3)

stop
end.'

r025'1X:f5 N

’, a8, Sx,a2,4x, ait, 2x:‘3 3Xl‘12)

’,a4) o

'.f4.2, 5!;‘5 3 5!;‘5 3 5x:54 2 5x.f4 2)



oOono0oae

o o.

DooOMODONDODO0O

[2]

19.

5.6 Appgbgixﬂs . Listing and Documentation For

'l!**!*"l‘ll!!"‘l!*“l*t**!t!!*tilll“tl‘l‘l#l*tl!ll!t.#‘l!l*l*!

‘* Gaus.dat stores a table of x’s aw a function of erfix).
% © .. power data in step sizes O0f @.1 MeU,

e in millimeters.
o Photonxs gat stores the. normalnzea number of photons/bxn.total

,3af;'

ro
(7]
O

N L . C c e

*Buildup3.For”
program builuupr _
: » o '
tt!tit!tttt*!*ll!tll!ttlxl**!l#tl&ttl#t!t!ylltltt‘tll‘i!ﬂt#tﬂtt!l!il#*
= Electron Monte-Carlo program to determine the electron dose ‘ x
* 3n 3 semi-infinite water phantom for polyenergetic elecxrons using *

* the Rossi Gaussian lateral scattering approximation. ' x
Il*t*‘!***tlti**!t!lt*t!ttl‘*lt!*ttt*tlt!!tll#lltttl#t!!#tttltlt*t*;*t

tt!litlNltl#!ltl!#l‘iItl!*l#ltltll#ilt.tl#tttll!t!“l!#*ltlxttllx‘.
*x Complete variable documentation. appears in file Buildup3.doc =

Y
gnteger l,nt;nerq . ’
real r,zs.cal.sal,cbeta;sbeta
real. stop(179),tha(179),¢p.cag
real eo,e,dose(289),pl,gaus(10e), »g
real z.max.ang. en(36),spcctr(98 36)
integer i, j.m.p,kdy ‘
real xnrg(36)>nu(36).sxq(36).local que(1a)

3

- common /blkx/xnrgftn.mu:sxg:local,spectr,que-'

common /blkZ/zs,z.ep +dose.
t*!*#t‘tt*tr!t*til!*l!**lltl‘l!t#t{ttttlt!*llt!li‘#l**l*!tll!t*l*#lkt**i,'
% Quadint3.dat - ‘stores values of ipterpolated scatternng ang: stoppxng

x Dose dat stores normalxzed‘absorbed dose as a functxon of depth .
absorption and. Compton absorptnon coefficients as a

*

x .. function of bin’ energy. At ‘the end of this file 1s .
L ’ a coefficient ‘array which-is used in Stearn’s
»®
*

I EEEEERER"

A determination of a pair proauction electron traJectorg »
tlltt*ttt*ﬁtx#*t.lltt*ttlttl*tlxt!ltl#tllt*l!l#!‘!#I#ttk*tttt*tﬁnmx#t!i

'open(unnt 1, status:’old’-i:le-’gaus dat*)
open(unit: 2rstatus=z’0ld’»files’quadint3, gat’)
open(unxt 4-status"new +filez"dose.cat’)
opentunit: 11,Status-’old'.fxlt-'photons dat')

K*tlk*!!#!!t*t#ti‘t*ttﬁlttt*t*t**l**ttkk*ytl!l!**tttl*&tl#!*!‘ttttlt#
* The following statements read the look-up tables and initialiZes.
*tt“**!l*ttﬁ!tt‘l‘!#ﬂ*t***ltl*!*lll*ttll*#lt!.*l#*#**t#!l&#t!l**&l!#
e : T
uo 2 l-1.179 - '
rcad(2,429) tha(l).stop(l)
- continue S ] R Do : T
go 18 i=1,36 . : ) ’ . .
K read(11o340) xnrq(1).cn(|),mu(x),sxg(x) R
. oentidzen(irx1000.80 . _ A IR : o :
\rc¢u<11.3sa) (quc(x).;-i 12 '_ S o L . P
- do 30 131,100 - o ‘ - : ' L
L. read(i,422y gaus(x) o Lot : S o
'i1:285019. | S ' T 7 T
€2y:z08.58 SR : S Ce N

.tll*l!*l*lt.*!t‘**tt‘t*“*ﬂ*tt*t*tll‘ltt##tlt‘.“*l!lt**l**klll*&l#tt*‘!

% Subroutine Impuise is called to determine the tlcctron-set—:n-motxon L

R numbef speotrum,'sptctr(t,theta)',mh!rt 't' ns the electron enqrgg %



e
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*m

.00

o000

* % X X X =

. » 4 o
‘ang ‘theta’ is the original direction with respect to the photan. x
direction. The\progrim is repeated at all electron energies angd. i *
angles for ailf histories as specified by ’spectr(t.theta)’, The *
following statements count hxstor:es ‘and xnxtxalxzes the electron x
N »
x

energy and angle. "4
l!#‘#lil‘!!t!il""lt*tt#l*till‘!*'t‘#ttlt!tl‘!‘ttl!'l*ilxltl!ill!lt!!-

uo‘xaa kig 10,100
call impulse
dose(kay)ls dost(kag)+;ocal
do 128 j=1,75 o
eozfloatjj)ss, 2+, 1 e
‘do’ 120 p=i,18 . :
Coangs floatJ(thS o- 2 S
" do 120 1-1,Jnxnt(spectr(J,p))
eceo, : :
Is= flo;tJ(kag)xxa B- 85 ) s
-calzcos(angrs57.296). o .
‘salzsinlangs57.296) : o : . ;
r=6.2832xran¢i1)y L s
cbetaszcos(r) . o o -
sbeta:sin(r)

. lll‘t‘*!ltttlt‘tttt*#tl#‘tl#lﬁl.y‘ylt*l*itll#tl*!!l‘l!t#&‘t!*
% ‘Tha(nerg)’ ang: 'stop(nerg)' ‘are ‘arrays that contain the.
"% mass angular scattering and mass stopping powers respec-
tively, 'E’ is the kinetic energy of the electron . and
'ep’ is the amount. deposited in the path length ’pl’.
N’Gaus(rg*i) contains equally probable scattering angles
for a Gaussian. uxstrxbutaon with mean:z® and standard dev-
iation=1. “When this gistribution is multiplied. by the
mg1n\scat&erxng angle the result i1s ’g’,the zenith scat-
tering angle., The final value of ’r’ . in each scaxternng
event represents the scattering azimuth angle, The:. subem
routine Geom dtterm:nes the angles in the coordinate
system fixed with respect to the phanton.
****ﬁ*l*li*ll*llt#t*t*#ltl‘#t*littlt*!tl*l*lt!!l*t*ttltttlt*

I 2R B R 2 3R 3K 2 A
* i} IREREREEERES

' “do 119 wn:|:<e .gt. 8.2)
ep=z (1~cag)n. _ :
.nerg:ex12.0-ep*5.0
pl-cp/stop(ntrg)
‘eze~-ep ’

. g= sqrt(tha(ncrg)tpl)tgaus(fo:xliea 0:ran(;1))+1)
. rz6.2832=ran(il)’ .
i ca;[ geon(r,g.cal.sal'cbcta.:bcta)
czzplxcal . R
zS32847 . . : s

ot

‘t*lllti*‘**ll‘!l!lt**!*l#l‘t‘!'**!t##llt‘il*l*tt!l#titl!i****y
* The follow:ng statement checks for the- edge of the phantom L3
,ll!lt#tllli!t*ltlllll*t*!*ltt*ttitt#t!lt#‘lt*#kll#ttt#!#*lt‘ti‘
P EES S
if”(zs <1t e~n~: go to 115. R §
t:m:w:x-x-:t:*::ttnuat:x*:aautatttxtn:t::tnxn*::ut:m:::x. »
x The energy loss is assigned to the cumuiative dase %
x-received bg the phantom using the Suproutxno_ass;gn. *
”*#**‘****t!mt:tnwtt::*x*xn R 020 0002000200 K 2

 jcall:Adsi9n

240




118 ’.éont;nue"f;' o R S o 5\

l‘lllll*!llll"‘l"'*‘l **!i!t**!*l!llﬂ&‘tlil‘l&‘l!!*ﬁil!l‘!“*‘l

c .
c _* At ‘this point the pr mary electron has an energy lbss than *
t . %= @.2 MeU. The remainder of the energg is a551gned to ‘the dose »,
¢ ‘% at last depth interval. . . R
< llx*ﬂ‘*t*ll*!"llll!#lll ‘l!‘l##lll!#‘!l“lt‘ttt*!tl!llttl&“!!il(# “\
: . N
115 .qall assign . . . "
128 “.continue .
R k*****l*#!t*#*ltﬂt#l‘tll lxlxl#l#-ll#‘xlﬂllt#ll!tt*#l#!!!!ttl**i
c . % The following statemenks normalize the dose to the maximum x
c ' = dose encountered and write the normidlized dose. - .- L%
Cc !!*‘Kltltt’K!l‘!Itl*l*l!*t*lll!#l*‘l**!ll!lkl*lﬁ*l&uil(tlt!lll*ﬂl*! .
max:e,a S T e o e
.do 122 i=1,100 B ' L
: . ir,(doséti)j.gt. max) maxzdose(i) . . 2
c122 continue . RN
do 125 i31,188 . . o : : L
i write(4,25@) :»dose(l)/max o ! .
125  continue - - R o o B
258 . fonmat(’ i 2x.¢s 2)" ' o R L
.34 format(’ ~*,%%5,2,2x,¢5%5.3, 2x,a(f5 2, Zx)) . . . oL
35p° format(’ ’,18(£4.2,2x)) - -
420 - format(’ ’,e19.4) .
- 422 - format(e1@.4) -
closec1), ~ - - * SR PR o RN ot
-»clo“‘!v(z): A . . . ’ . . ' . -:\:f“} N
close(3) .. : - " S R . s _
close(d) .
tlbse(il)
.stop
. ..:': - end
subrdutide“ggom(k.g.caf;fal,cbeta.kbcta), L o L
real r;g.cll.sal:cbcta.sbeta .
real ss.CCroldcal.olasal.oldcbcta.oldsbctaf
“‘C -7 **tl‘llt!*llt*!**l*ll*t!lit*!l*t!tl‘***l***#tti**tt**llt*x!
c ToxrSal’ and. ‘cal’ are the sine and cosine respectxvelg of x o
c ‘% the zenith angle in the phantom system. “Sbeta’ ang .. x - . - S
c x cbeta are the sine and cosine rospectxuoly of the - azi- * ' ‘ : -
c . * muth angle in. “the phantom system. : . %
c mumtmu:tt*tttttttttnt*ktt*ttt!it**klttttxtm&mn*zxttulx*mun .
‘oldsal-sal RV IR Co L e
oldcalzcal ) S R - )
“oldcbetazchbeta . - - . T U T T
o s .oldsbeta sbeta ) - e Lo
St cals caltcos(g)+sal*sxn(g)*cos(r)
L. if (abs(cal).ge. ‘1.8) then
S . calsy, a-s:gntx a,cal) o

sal.e e




4pe

oooo0na.

ooo0a .

cbetaztos(r)
sbetazsin(r)
.go 10400
end if
. salz=sqrt(i. B—calntz)
"if (ologsal .eq. B.@) then
cbeta-cos(r)
sbeta sin(r)
go' to 488 . °
end. if
$§= snn(g)tssnrr)/sal .
cc=z(cas(gr- olqﬁll'cal)/oldsal/sal
if (abs(ss) .ge. 1.8) ssz1, @xsign(1.@,ss)

_if (abstee), .ge. 1.8) cc= 1.9*sign(1, B,cc)

cheta:z cctoldcbtta'sstoldsbeta
‘sbetaz ss*olucbetl+cctoldsbeta

if (abs(cbeta) .ge. 1.8) cbeta:z 1. 0*5|gn(1 9»cbeta)
if (abs(sbeta) .Qe. 1.8) sbeta 1 B-;xgn(l B,sbeta)

‘continue

return
ena

_subroutine'impulsé
rtal zn(38).spectr(90 3e6)
real. xnrg(36).mu(36);sxq(3$)-local

integer i, o s

.reatl nteract(SS);nCQmptas).npp(ss)
. rcal nrgmax.sum,que(1d’, q .
real kinrg(20@),nrgdif, a, b.c,651gdt(28),arg

L

‘real. theta(2@),v.,vee.gl,92, gtas).nbxn.angle prob

~1nt09er binang,binum,>vint

-common /blkl/xnrg.cn-mu,SIQ.local,spectr:que

!tt*l**tltl!*t*lltllttlt*t#*l*i!*l*lll*t*tt!!t!tillr!xtlxll‘*tltt** .
* The following. statgments determnne the number of photons that

interact in the phantom slice and the. number-

* and pair production interactions in each photon’ energy - bin
‘ .*t*!lt‘***t*#%’&**l*"‘*t*llkl*tttt&ktt**‘tlilt#tt**tt**‘u*t!t*tt*

1,

.00 s iz1, 90
'do 5 j=1,38 -

o spectr(x.J> 0.0
“local=0, @8 .
..dp 48 .i=1,36

qs en(;)texp(—mu(i)* aaz) Lot
,w'nttract(x>-tn(:)-q S

. entidzq

ncomp(i):= ng(:)/mutn)tntcracttna

P npp(L)tat(nt!ract(u)—ncomp(x))

-t

due to - ‘the Compton x

s

»*

tt#*#tt#*ixn*ltt#n#t#ttm:!tt#w&*n*t****x*xm*ttm*n*:*tt*x**x*mxttn‘
o

= The- ‘following statements- generate the' elcctrons~set~xn -motion’

® due to the Coapton . :ntcractnon.

. nrgnax (Z*xnrg(x)l Six)lxnrg(;)/(thnrg(x)/ 511+1)

ry

. . x.
:‘!***l**t****#**.lltllt*#Ill**ll*****il***!*tlt*#*#l**t*lﬁ!*!t*t#*

[
b =
2



GG

sum=0.0"
40 18 j:=1,20"
k;nrg(J)-(floatJ(J)— S)tnrgmaxxaa ]
nrgdifsxnrgtid-kinrg(j)
az¢, 511!k1nrg(J)/(xnrg(;))t*Z)ttz
bz2x(nrgdif/sxnrg(i))xx2 -
c=((kinrg(j)-.511)%w2~, ZGl)'nPgdxf/(xnrg(I))l*3
‘usxgdt(J)*(a¢b+c)/nrgd1i:*2 .
sum=sum+ds’i dt(; . C
arg: (nrgmax-kxnrg(J))*(thnrgtx)/ 511+1)/k1nrg(J)
theta(j)z57. 296*atan(sqrt(arg)/(1+xdrg(x)/ 511))
continue . o
“do 12 j=120°
dsigdt ()= asxgdt(J)/sum
nbinzdsigdt(jy»ncomp (i),
binang:z J\fxx(theta(J)l 2)+1
Cif (kinrglgy. It 2D then
“locals local+nbxntk\ﬂrq(J)
eise . S o o - o
binums= foxx(kxnrg(J)uS ) T B s L ey
s spectr(bxnum.bxnangJ-spectr(b;num,bnnang)+nnxn : : .
eno if . . '
. Contxnua

~

tll#i‘l*tl*l*#t*itl*!l!‘ltll*ltitll!il#lll*llt#itll!tllttittt*xz;«‘ L
'* The Oollowxng ‘statements generates the tlectrons set-in-motion *

% dye to the: pair produc-t:on -interaction. ' ’ o %
'.tmk‘!‘tll#lt*t#ltt#l#tKlt#t!l*‘t!*x*ltlt*tt*liilx#*t*lu*l!x#*t*!*w

nrqmax xnrg(n) 1. 022
um-B e .. )
if Cnpp (i) gt. 05 then
qo 15 j=1,28 . '
kxnrg(J)-(fioat(J)- S)tnrgmaxlza 9
~ Vs (Kinrg(j)+, 511)/xnrg(:) '
veezl-v ... .
 ,91 VY uee:12+2 atv¥v2213 ]
- g2=zalpgl2, axxnrg(x)#viaee/ 511)- 5 Lo -
S-gljdsglxg2 .,ﬂ , L . co . . ’
SuUmzSUM+Q(j) ; o - . ] ' e

vintzjifix(uxi@. B)+1 _ : '
.- theta(j)=S7. Zsstque(v:nt)talog(xgggkx)/ 511)~ 511/xnrg(x) ‘ ) o
continue 'JA AT 4 , . ; T e R .
‘do 17 j:1.20 . o - “,‘ S S R
g(jd=g(j)ssum: S . : AT ‘ SR
‘nbinzg(jlenpp i) -
pinums inxx(k:nrg(J)tS a)
do 17 binangz1,36 ‘ IR , , Lol
"~ anglezfloatj(binang), ae727-.94353 : C - = s
prob-.83963/thtta(J)texp(—(angle/tneta(J))**c/e @) , - Lo
spectr(b:num.bxnang) spectr(b;num.n;nahg)+nbxntprob s ‘ oy
. continue . . - ; Co R oo S
. eng ¥ - s o I Co o ‘ '
Ceontimue o e e
return’ o e T
end

:qubroutxnc assxgn F T T

1nt¢g¢r x.J.k.kp;dk i oo L :
rcal zs,z.uosefrac,ep,dosetzaa> S L .
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40
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common /blk2/zs.z.¢p.uose

a e

“l#i#!i‘l!l‘l!ﬂltt!lllt!"tl*!#ll‘illill'ﬁﬁ‘l*ylt#'lt""*"*‘*‘*‘ :

% The fract:oni of dose to be tssxgned to -all elements trauersea %

.%x are taltculated.. : *
‘l.‘t‘ttt“l“l'il‘.*tttl‘lt"‘#l“"*"**‘.ll‘lltnt*ﬂtl!tlﬂ“i#lt

K= 10 oxzs . . o B
kp=18,8%(2zs-2) R
if tk .Jt. @) then :
go 5 izl.Kp | . .
dose (kp+i-i)z dosc(kp+x-|)—!p/2/1e -]
dose(kp+x>jpose(kp+1)+epnccz zs)+floatJ<kp)/1a.a>/z
"go to 'S5 .
end if g - o : \,
ak=k= kp ’ . ST e
. js8 o ' .
.; (J|abs(ck) gt. 1) then
jzjiabs(agki-1 o
do 10 i=t/ij§ : : :
‘ uose(kp+1+sxgn(..ak)) uost(kp+1*519n(»;ok))+absttp/10 a/z>
end. if ‘ ‘
“if (oK) .40, 45 50 .
\uostfrac-(zs fkoatJ(k+1)/1G u)/z
gose(k+1)s :dose(k+1)+epsdosefrac Ce
| dose(kp+i): dost(kp¢1)+¢pw(1—¢loatJ(J)/18 .8z~ doseirac)
go. to 55 .
v dose(k*1) aosc(k+1)+ep
go to 55 .

v_dosefrac (zs-iloatJ(k)/le )’z
dose(k+1)zdose(k+i)+epxaosefrac.
‘uose(kp+1> dose(kp+1)+cpx(1 floatJ(J)/ia ez~ dosefrac)

>-contxnu¢
return . ) o ) : , . .
end S R v - T ' N . S e

s
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‘Variable Documentation For Builgup3.For
Main -Program-
Integer - : )
Cisjs1,p, Dummy indices..
-ii,» Random number seed. ' : ’ L
kay, . Slab number (1 is the top. slab) in which the photon beam
. interacts . T
nerg. Energg parameter specxchng lécations in look=-up
.tables. L ) .
Real . : ‘ .
“tha(17%), look-up array stornng the scatter;ng power
R o¢ water in radianxx2/(cm»x2/9). - -
stop(179)» A look-up ‘array storing . the stoppang power of
. water in MeUs(cmax2/Q3. - , o oo
,xnrg(BG). An. array storing the photon bin energg._ ‘ : T aries
€n(36), The normalized number..Cin % ) of photons in the bin. o
.mu(36), The total attenuation coeffxc:ent for water.:
. $ig(36),» The &nial Compton absorptxon coefficient for water
quE(IO): Stea s coefficients .used in the determination
‘ of pair production electron trajectory.
gaus(lea)- Values of the inverse of erfix).
cay. Represents the” fractxonal amount of energg retaxned by -
the electiron’ aiter each step.
. dose[(20@). The' accumulateu ‘dose received bg the slab. ) S
"local, Dose depos:ted in the slab by elecirons set in motion’
with an energy < 8.2 Neu o , :
o, The initial energy of the’ tlectrons. ; o TS
e, The energy of the electron, ~ ° - ‘ : T R
~ang, The: zenn}h angle (u:grecs) at whxch the electrons are . R - :“
: set in motion.: SN L o Lo
-»spectr(ga 36). Generated by Subroutxne Impulse, this arrag >
contaxns the number of elrctrons set in motion. .
'as ‘a functdion of energg (90 blns) and zenxtn
Lo B "angles (36 bins). .- -
. 28 The depth of penctratnon 1nto the phantom.
“caly The cosine. of the zen'ith angle in the phantom coord:nat;
L, system, : T o
sal, The sine qof the zcnxth angle in the phantom-coordxnate sl -
- system. e
r, ‘The azimuth scatterlng angle (radnan) in’'the electron frame.
-cbeta, The cosine of the az:muth angle in the phantnm ¢oor-."
R “dinate sgstem. St
N <7sbcta,'The sine of the aznmutn angle in, tne phantom coordxnate
',,sustcm. i . o
ep, The onergg ;bsorbed bg tnc phantom xn ‘a step. - ! T
pl. The path lenqth (q/cm-lZ) trav!lled bg ihe :lectron dur;ng '
. .-the st!p .
'g. Thc ;ia ith’ scattcrzng angle (radian) in’ the electron frame

J

.z, The, ge in the penetration during the ‘step.

""nax. The ®aximum’ dose received bg the pnantom.
L o . _ T

, Sunroutxn! ccom (Uarnlblts listed Ty wnzfc'aiéfirehf from the . L
: Ha:ﬁ Program) §§ S f L :

Rnl” S ‘
35 ‘ oldsal: The valuc of sal at the cnd of the preu:ous step

t S




_olscal. The ualue of cal at the end of the prevxous step
,oldcbeta, The value: of cbeta at the end of tne prev»ous
step. - .
: oldsbcta. The value of sbeta at the cn@.of the prevxous p
step. : ' o
Ss.cc. Parameters used to sxmpleg geometric calculatxons

Subroutine Impulse'(Uariables lxstea only where uxfferent from .
. the Main Program ) R

Intcger

binang., Parameter specxfg:ng angle bin,

binum, Parameter’ specifying energy bin. : .
“ovint, Parameter used to sp!c:fg Stearn’s coeffxc:ent. ‘¢

‘Real
q: The. number of photons transmnttea through the- slab -
ntcract(36), The total number of photons in'the dbin interact--
. 7ing in’‘the s)lab, _ L "
ncomp(SS), The number OFf electrons set in motion by photons
: " in the bin that. interact in t‘nc s1ab due to the
: Compton ciftct.;
npp(36). The number of electrons or pos:trons set in motion. bg )
photons in the bin xnteractlng in the slab due tg pair
. production. . S v
nrgmax. The energy that is ava1lab)e to trinsfer to charged
s particles. . :
\'sum: Sum of the cross-section paramcters. Used for’ normalxzatxon.
~kinrg(2e), Electron kinetic energy. '
hrgaif, Difference between photon and olectron kinetic energg
“a,b,c, Terms used to calculate the parameter proportional to the
Klexn-anh:na dxffercntnal cross- sectxon with respect
g to electroh. energg
ds:gattza). A parameter proportxonal to tht Kle:n N:snxna dxf—
ferential cross-section.
arg. The argument used to simplify the calculatxon of reco:l'
. . . electron ‘zenith angle for the Compton -effect. S
" theta(28), The charged pnrtxcle recoil zenith angle.: )
'nbxn. Prodguct of normalized cross- sectxon and number of chargeu-‘
© particles set in motion. . - o .
v, Ratio pf total electron energy to photon. energg,'
vee, Ratio of difference between total electron’ onergg ang-
. photon cn!rgg comparod ‘1o’ photon tnqug
ql,gz. Terms used to calculate the parameter proportxonal to
T the pair productlon dxfltrentna) Cross- sectnbn thh
SRR ‘respect to cnargea particle energy.
©.9€28), A parameter proportidnal to the paar productnon dxfier~
~ , ential ‘cross-section. - - .- : .

Subroutxno Ass:gn (Uar:ables lxst!d onlg whert dxfiercnt from the
da;n Program) -

Intcger SR : : :
- koo ‘The. slab numb(r (countxng from the. top down; the'’ fxrst slab
S labelled a) thc electron. is in at the 'end . of the. step.

kp,. The slab number the electron was in at “the end of the
. . previous step. . ° * .
e dKr The numbc. of slab boundarnes crosscd.



Real

. dosefrac.,

B

N

|

\l.'l .
The fract
-qries,

ion of dose deposited to slabs across bound-

P

=



';b

e Lttatxnxstt*t-t;xtuta:nnna:ttt:n:atxwt:ntt:mtui:ta:a:*;:t:tnrn:n:*x:n*::m' PR
i The subroutine Factor. Calculates the factorial nf an jnteger. . - 0w

00

J3f7 5QP§”°iX 7”, Lxstxng and " Documentatxon For ' .

V‘Normdxst For'

o phogran normdist .
[+ ttltttllt‘!t!lllttl&ttlttltt‘tlttltttl!lt*t‘l#!ﬁ#lﬂtKlllltl#**tlltlllltk*l:
«_b ..® This program calculatcs erfix) using a modified approximation of the x
c -formalae ligtea in Duwight’s Tablcs Of Intogra!s Ang. Other . - - - '
€ » Mathematical Data’ Page 136, . SRR
C ll‘l“*l".‘!l’l**ﬂ!*llll#ﬂl*I-lll‘ll*ltlt*tl.l!.l‘tll‘llﬂ‘lll*t‘&#ltltlt: P
integerxd ‘factor ' e R S FR—
- do 10 tea:z@. eaax,z s.e aaai , : - T e
n‘:'iq : o
E o sum 3 @, a- - e ,
S test z 1,8 i
Sd0° 9 uhxl! (ttst ge.Q, aeax)
. termsz(- l)lur(n 1)&(téat~n-1)/nlrflctm'(n—l) N
: A sumzsum+term . . . o Lo R ] _ e L
CL “test: tcrmzsun ST ‘,.‘» Lo I e T
9«7 . . nzn+t. TR . LT - T N
. sumssuss1.25331 e g Tl
T8 . print 11, tea,sym’ ET e s
1 © format (£8. 5.1ax.fa Syuc et T /j
. stop - S ORI A .
> “/,i/

. functxon flCtOl‘ (l’

l!I..'.l“*‘ll.“*Il.‘*lll‘t.*‘&'!“‘.‘.“l‘!“‘lll‘t.l.ll‘l““!‘**I‘*# N
integer. f;ctor e S e
cfactorzy o T T s T
il Civle ) rcturn ~-,,' St
"_-flff'dD 13- jza2,1 : o o
13 - flctor-facturtJ
U return
end
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$.8 Appendix 8 L:stxng and Documentatxon For

- ‘Addose For"

'proqkam'adaose'~ » |

' SR I S
tt‘t!‘l‘llkititt‘ltllllRllt‘tllt‘lttlt!tttilllltlt#tltl#‘htttltttllt
% Addose. for ca!culatcs the dose as a function of depth in [ I
x pnanton from tlectrons set in motxon in @, 1tm slabs, The photon »
S energq ‘fluence is att!nuated !xponontxallg ‘The result is the . =

‘o000 0 o0

"l*!lll!lil*l‘l**‘tl“ll‘ill-tll'*%*l‘l*lll“ﬂ“tlllut“litlliﬁ!t

- lﬂ(!ﬂ!f I'Jok . C ’
’rlal aosttiaa).nax,acoso(iaa) ';j

‘
Bl

-opcn(un:t 1.sbatus:’olo'.fxlc:’dost u\t') ‘(' o ,iyﬁ

ﬁV‘f°P'"‘U"i1 Z'Stltus ?ncm'.fxlc 'addosmudat') ;
0 gori izisiee LR T L R
16 reau(x.xaaa k.ooscggﬁ ' '~."',“v~u' S CREEIS

ltil't*ltttIl#x‘*¥tl*#!l&tttlt‘llllttil'*llt#l!kllR!lﬂ*t*!l#“llt
“ % The following statements attenuites the ‘photon cnergg fluepce »

~% at the: depth. at shich . the electrons are being set in'motidn. =

# The attenuation. cocff:c:tnt is 8.029/cm uhxch xs tnc Auorage *

ﬂn.ﬂ'ﬂ Oﬂ,ﬂ )

“.t ‘energy absoption coefficent at 6- MV, o %
. l**!‘##lﬁllltlll#«tlk“**#tttttttltttttlt‘!ttttlt#t!ltlltlt*tﬁl*t!
. A . ) :
“do 45 iz1,108 Q B R
00407 jziei. ';i ) : ‘ :
S f' auoseg:) Qpasctx)+uo£:<J)t¢xp(- 0293*(‘1Q}!4(14J 1): 1-. as:>~
S48 L o cheonting - o R
45 T pr:ntt.’i-‘ i '(uosu(n‘ N R B
Lo maxzL e ; Coe
L do %@ k:f,180 R - » S
B 1P ¢ 3 (adosc(k)..gt. pux) nax‘adot, ’ ' A S
o do 6@ kz§,100 : o N _ '
’ 60]xI;»gf'orxtctz.ian)k.adoie(k)/-ax BTSRRI S S
180 sorsatcs uw.zxms 2y LT  ¢‘5 B LI SRS et
-.‘"closcul'{'. e ey e Foowim o
Coreloset@y L o e e < B IR B
o _fjtop e J-Q,' T
LT endl e ' o
-.'e':.'. ‘ ' R ° . o

» broad beam TMR build~up vaiues at @.31cm intervals of deptn. L
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*

‘The 15-MYV photon beam of a linear ac-
celerator (Siemens Mevatron 20) was
studied for electron and scattered photon
contamination. The surface dose, attrib-
ulable almosl entirely to contamination
electrons, has a Gaussian lateral distribu-.
tion, a linear dependence on field-width
.fgr square fields,.and an invers¢ square .

\

Ph\pnmed from RADIOLOGY, Vol 144, No. 2 *f‘u 403 -409, lul\ l%’(l
)

“opyright 1982 hv the Radmlngunl Society of N

depéndence on distance from the bottom -

of the fixed head assembly. "This geomet-
~ rical dependence is consistent with the
/ proposal that the field flattening filter is
| the main source of electron contamina-
tion when accessories are absent. A tis-
sue-maximume-ratio curve in the build-up
_region for the electron and photon cen-
tamination was produced utilizing the -
linearity of dose with respect to field
: width. The derived contamination curve--
inside was similar to the measured build-
up curve outside the field. The primary
photon component; obtained by subtsact- -
ing the contaminant: contribution,
showed no dependence on field size, -
-source-to- pmbedlstance, or presence of

accessorles
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America, In( cotporate

| Contaminatioh‘ of a 15-MV Pho‘toh

Beam by Electrons and Scattered

Photons‘

AN understandmg of the role of electron and secondarv photon -
contamination in megavoltage therapy machines is required -

250

to charactenze dosimetry in the build-up regmn Clinically, high- . -
. energy x-ray build-up produces a skin- sparmg effect and contami-

nation tends to reduce thisieffect. : s
- Electron contamination has been identified as the major source of

" dose at the surface of a phantom for *®Co (1 2)and a wide range of

accelerator energies (1-7). Most af these ‘studies have employed
thin-window parallel-plate chambers to measure the surface dose.
Padikal and Deye, and Biggs and Ling, have measured the electron
contamination directlv by sweeping the eleetrons mabnehcally from

"“the beam (3, ). -

There has. been widespread d}sagreement concerning lhe ongm

" of the ¢contamination electrons. The collimator jaws (1-3; 5), field

~as well as

' ination component-of the beam is defined as electmns andscattered

- -

" flattening filter (1,2), and intervening air between the source and
.detector-(2, 8) have been cited as posSible sources. It is generally

agreed that the presence of assessories in the field of the beam will

ilsson and Brahme, have derived eapressions for dose in
the build-upregion by assuming that the surface dose is due to' the
presence of contamination electrons (8, 11).

Although electrons provide most of the contamination at the sur-

increase thNLmagmtude of electron contamination (1,5, 6, 8-10). Bagne -

facé contamination should be defined to include secondary photons

generated outside the phantom. Throughout this paper the contam-

photOns produced by interactions of the primary photon beam with

. ,matenal outside the phantom. The primary photon heams are photons

emergmg through the collimator which have been produced by
bremsstrahlung interactions in the target and modified by the frxed
head assembly (Fig. 1).

"I, OPEN-FIELD BUILD-UP CURVES

\
Matenals and Methods

Build- -up curves were measured for a 15- MV photon beam froma
Siemens K\:atron 20 linear accelerator. A schematic dragram of the

beam deﬁ ing head is shown in Figure 1. All measurements were
made at stant sonrce-to-probe distances (SPD) using 0.T6-cm
(*he-in.) thick and 0.64-cm (¥4-in.) thick squiare polys(yrene slabs as

illustrated in Figure 2; The phantom slabs used in the determination -
of -the open-field build- up curves'each had-a cf(m-secuonal areaof

625 cm?2,
_The detector used was a Capmtec 192A electmmeter »ynh a PS 033

[

i S



Figure 1
' TARGET  ~ .
[{écmaon ABSORBER
FIXED HEAD|. | ———ALUMINUM ABSORBER
ASBEMBLY { :
’ FIELD FLATTENING
FILTER
MONITOR
e FIELD LIGHT MIRROR
; ‘
Pt
‘L ) “*———t—— UPPER COLLIMATOR
\““V T J - '\‘
P " 44— LOWER
- COLLIMATOR
——y R
: /cnoss-mm-m'u
) 1  SCALE cm

Diagram of the head assembly

Figure 2
ACCESSORY TRAY—0 .

FIELD BOUNDARY ——r———————i-

CENTRAL AXIS —

BUILD -UP PHANTOM SLABS v’ BN
A "

N 1
' PARALLEL PLATE IONIZATION 'cnmw :
. : ] PHANTOM

* BACKING

v THoem scaLe

Diagram of the experimental arrangement.
When dotermining the contamination depth
dose, the phmtum slab cross-sectional arca
was 100 ¢m? and the slabs were always w ithin

the field buundar\ The phantom olab cross-

sectional-area for all otHer measurements was
625 cm?, - ’

B

thin-window parallel-plate ionization

chamber with an effective volume of -
.0.5 ml. The entrance window was alu:’
0.5, mg/cm?

minized” pol)ester fil
thick. The tissue maximum ratio (TMR)

is defined to be the dose at some depth ,
d; in the phantom normalized to the .

maximum- dose¢ occurring at a depth

o 7"u,,, for the same held area A and on-

Rid E- S
Dase (4,A.F)

MR = ——e )y
vT Dose (dmar . AE). (M

Throughaut this paper the fwld size is
referred to as the lateral field. dimen-
sions defined
fields were used.

Re‘;ulls

The central axis bulld up curves for
“various field sizes are illustrated in
Figure 3. These build-up curves dem-
onstrate a.dependence .on field size.
The TMRs for all depths below dp,,
~{ncrease with incréasing fwld size. The
greatest relative difference ‘between

these curves occurs at or near the sur- -

face.

Discussion

The spread.in the curves is greater

" than can be expected from lateral scat-

tering of photons and electrons gen-

erated in the phantom. Indeed, in the

absence of backscatter or contamina-
tion, the TMR at the surface for all field’
sizes should approach zero. Thé field
size dependence and the finite surface
dose can be attributed to contamination
since backscatter is negligible at the
energy investigated. '

II. ACCESSORY BUILD-UP
CURVES

Méterials and Methods

Various thicknesses of Lucite (den-
sity 1.18 g/cm?) alone or Lugite and
lead (density 11.4 g/cm?) slabs were
placed in the beam to determine their
effect on the build-up curves. The dis-
tal surface of the slabs was placed at the
accessory tray holder position 56 cm
from the source. In all cases a Lucite
surface was distal to the source. The
build-up curves were measured as in
Part 1. ‘ -

. o

Results s

Figures.4 and 5 show the bunld -up
at an SPD-of 100 em and 75 cm, respec-

“tively. The field size in both cases is 30

cm X 30 ¢cm. When accessories are
placed in the field at the tray h
posmnn a larger TMR for all dépths
less than dp.g, is observed. There is also
ashift m the point Of dpay o' shallower
depths. This is more pronounced at
SPD=75cm (hg 5). There is virtually
no differénce in the build-up curves

- between a 3.2-cm (1'4#in.) Lucite ac-

cessory and a 0. 30-¢m lead-slab on top
of:a 0.64-cm lucite acce‘ssory
At smaller SPDs, there is a greator
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at 100 cm. Only square |

holder -

IA“igureJ'
T .
s . ] .
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Qpen- field build: up curves at -100-cm
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Figure 4

10
:- i
z .
g Oeﬁ ) . -+ No AC(tllo'v'“l
g‘ ' . ’ -e  odemlucite
o 061 - 32m lcite
§’ . ! 30cm Lead

B b 04 ¢tm Luite

3044 o
:
io02; )
—- : - T
: i 2 3 a

Depth (ecm}~

Eifoet of accessories anthe btild-up curves for
2 tield stze of 30 cm X 4‘\.m Source- pruhg

distance = 100 cm

Figure 5§

g 1) T
’.9- 084 * No Accessories.
(g * Odem Lucre

~ 32cmlucte”

g 061 ~ 30cmiead -
g "8 b8 cm Lucie
(=]

= 041
)

3

% 02 \
=7

1 2. 3 4
. Depth {(em)

l‘ﬂtct of accessories on the bu:ld up rm‘\\ N for
a field size of 30 cm X 10 cm. 'ﬂuuru prnbe .
distance = 75 ¢m.

difference between the TMR with and
without accessories. Therefore, as the
distance to the source of contammatmn
decreases, the dose increases. The TM R
for SPD = 75 cm (Fig. 5) is greater than |
; that for SPD = 100 cm (Fig. 4) at all
depths and forall accessory conditions.’

Al
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v, o

5



The difference between the TMR as a
function of SPD is most prmmuncvd at’
the surface.

Discussion

As the thickness of accessory. in-

© creases, the amount of contamination

it produces increases, However, con-

*tamination produced at shallow depths

within the accessory is shielded by the
deeper lavers, At a thickness equiva-
lent to 3.2 em (1Y in) of Lucite, there
is a balance between production and
absorption of contamination.

These observations .agree: qualita-
tively with those of Velkley ef al. (5) for
25 MV a-ravs collimated to a 10-cm X

10-cm field and Gray (1) for 4+ MV -
Tavs,

I1I. DISTANCE
DISTRIBUTION OF SURFACE
DOSE

‘Materials and Methods

The surface maximum ratio is de-
fined as the TMR measured with the
chamber at the surface e J = 0)
When

sure that the build-up depth is ap-
proximately: zero (5 um polystyrene

v

at the surface, the chamber used
. has a sulfmentl\ thin window to en-

equivatent). The window thickness has

an equivalent mass stopping power.of
léss than one centimeter of air. Only

_very low energy photons have a rea-

sonable prubablht\' of interacting with
such a window. In order to be detected,
such photons have to be pruducv

within a few centimeters ofithe cham-

“ber, otherwise they will be rapidly at-

tenuated in air. Primary photons of low
enough energy to interact with the
winddw are completely® attenuated’

-when the beam emerges from'the beam
defining head. Therefore, most of the

dose at the surface is attributable to
contaminant efectrons.

. Results

.

. Figure 6 illustrates that the surface
maximum ratio in the open beam in-
creases rapidly as the SPD decreases for

_both 20-cm X 20-cm and 30-cm X 30-¢m
fields.

The curves for a collimated field size

.of 20 cm X 20 cm show the effect of a

thin accessory. The Siemens Mevatron
20 is equipped with a removable, 1-mm
thick, Lucite cross-hair tray which can
be inserted at 40 cm from the fource.
When the SPD is léss than 75 ¢m, the

Contamination of a 15:-MV Photon Beam

l-'ij;ure 6

36y - ) © e AR SIZE * J0cm Wem * :
. ' L Cron Hops mplace *
] . -» .
i o . FIELD SZE '* 20em v 20m
R ‘\‘ - ' . " No Cross Housinploce
V- R . . . . : . )
\ "\ @ FIELDSIZE : 20¢m = 20em - .
—_ Vo \ o Crois - Moirs in Mloce
O ) - : »
o - \ * :
c‘n?‘ \\'\\ )
[ BN
¢ ) \f _—
20 g e R
- - .
50° - ' 00 .. 150
~ SPD {cm)

Distribution of the surtace dose as a’funchion of source-probe

distapee. TAIR = tissue mavimum ratio

L «
Vot

‘surface dose with the cross-hairs in
place is ;,rentcr than when it is re
cross-hairs,

moved, However, « the
whenin plau‘ rcduce the surtan dose
in the clinical region of SPD greater

‘than 75 cm.

[

Discussion .

The reduction in dose ‘'when' the
crosschairs are in place is a notable ex-

ception td previous observations that -

accessories in the field’ increased the
surface dose. If it is assumed that-all the
electrons set in motion in the thin Lu-
cite accessory by the mcxdent photon

‘beam emerge, they will bé fewer.than |
the number of

incident electrons
stopped. This is because the probability

of praduction of electrons increases
with increasing <lab thickness whereas .
the survival of electrons already pro--

duced decreases with mcr_casmg

~thickness.

As the SPD increases, the vulume of
air between the target and probe in-

‘creases. For ®°Co, Nilsson and Brahme

(8) predicted an increase in dose as a

_funttion of SPD due to */Co photon

interactions with air.In these exper-
ments, the reverse appears to be the
case and a decrease in dose as a func-
tion of increasing SPD has been ob-

served. This implies that at 15 MV the |

interaction .of the primary photon

beam With air is not the major source of

electron contamination. S
The surface maximum ratio is nor-

‘malized to the dose rheasured at d,a,

within a polystyrene’ phantom The

"maximum dose in a phantom is due .

almost entirely te primary photons for
which the variation with distance fails

3

off as 1/(SPD)R.

5PD. The

"dnun pﬂint at SPD =

D)
-
. J
However, the electron
contamination dde& not necessarily
arise at the source of pnm‘\ phumns
Instead of normnlmnb the surface dose "
ata given SPD to the dose at dmar» vach
surface dose at the same SPD is nor-
malized to the dose mcasurud at-a
convenient point inside a phantom
using a standard field size and photon
ormah/ed dosc is defined -
as: - :
Dose to-point at arbitrary d,
"'SPD, field size,
Dose to standard point .

ND:=—.' :
. [2],

The stahdard point chosen was,at the
100 cm and field
sice = 10cm X 10 cm. '
The apparent source of contamina-
tion-electrons can be located assuming
that it is a point source and there is no
attenuation of electrons by air. There-
fore, the normalized dose at the surface
is directly proportional to the inverse
square of the distance to the.source of
the ¢lectron contamination, or: '

ND(d = 0) (3]

a L, o

(SPD — dq)? .
where dg is the distance of the source of
conlammatmn electrons below the
primary photon source. . e

~ Figure 7 is a graph of the inverse
square root of the normalized surface
dose versus SPD. The graph yields a
straight linie except for very large SPDs.
Therefore, the soufce must be small
and the inverse square approx:matnon '

valid for SPDs less than 120 cm. The
e mt(-rcepl of the graph vwldc. a dis-

>
«

3 ‘o .
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A(:‘.mph illustrating the inverse square depen-,

dence of the surface dose (ND) on the distance
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schematic diagram of the expertmental arrangement

to the source of contamination (5'0)

e "

tance do of 12 cm*below the primary
source of photons. This corresponds
dpproaimately to the position of tHe
bottom of the fixed head assembly
which. consists of the field flattening
- filter and the beam monitor. The bot-
<o tom surface of the field flattening filter
48 3.1.¢cm wide; at distances greater than
/50 cm this subtends an ang,le no larger
than 3.57 . w thh appr(mmatcs a point
. source.

The field ﬂattcnmg filter has a-
-maximum thickness of 5.4 cm ofstam-
less steel, which represents the largest
interaction crpss section of any com--
ponent in the beam défining head. The
. beam monitor is the Jast major compo-
nent compfetel) in the beam before the

‘ phantom, su it is likely mconmhute to

the dose’ due to contammant clec-
trons. -

IV. 'GAUSSIAN LATERAL
DISTRIBUTION .OF SURFACE
~ DOSE

Materials and Methods

* The .1gmtude of surface. dme as a

* function of lateral displacement from
the central axis was measured for sev-
eral SPDs. The central axis angle (CAA)

" “was defined as the angle between the
central axis and a line ) joining the probe -
1o the apparent source of electrons.

2

- ,
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“This established parameters for the
‘lateral direttion in order to compare

the giistributi_on at various SPDs (Fig. 8,
inset). In each case, the surfacé dose at

any CAA and SPD-is normalized to the.

dose at d,,., on the central axis (CAA =
0). : C

Results

The curves-in Figure 8 appm\lmate :
a Gaussian distribution. At all points.

across the field, a smaller SPD results
in ‘a larger electron cuntamm.mun
dose. .

Discussion
The surface 'depé'ndence ‘measured
along the central gxis is in agreement

. with the finding-at all points across the
field that a larger electron contamina- -

tion dose is the result of asmaller SPD.

Both the lateral distribution and the.

dependence on the distance from the

source of the electron mntammatmn.

agree with _the;work (=f-AlmL»nt1 (12).

V. BUILD-UP CURVES
OUTSIDE THE FIELD
Materials and Methods
The. primary photon dose outside
the field boundarv is very small (ap-

© proximately 1% of the contral anis dn\e '
-at d,,., ). Contamination electrons and
scattered photons provideé the largest

contribution to the dose outside the'

field. This.was studied experimentally.-

In orderto get as close as pussiblé tothe .

field boundary, the probe was placed
_near the edge of the phantom (Fig. 9).
The phantom was tilted at an angle?so
that its surface woyld not move closer
to or. farther from the field boundary
_with the addition of build-up layers.
. This also reduced the number of par-
_ticles incident at oblique anglvﬂ upun
the phantnm '

v

°

- Figure 9

R
.
e
-
‘ /4. \;,‘OC . .
‘ ;"'f/‘\’,('[on chamber
Z

Diagram of the experimental arrangement to
determineg llu build-up curve nutsld( the
field. :

faeld. 'w'unh) ‘

T Angle of it = tan™!
SRR 26PD

©
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“Tissue.Maximum Rato (TMR)
L

VL

04 - o .-,

. Depth {em} " .

Build-up curve obtmned 3 cm. outside utﬁ\a
30-cm X 30-¢m fiehttsee Fig. )

Results ) :
Figure 10 iliustrates the depth dmc

':cur\_'e 3 cm outside a 30-cm X 30-cm’

field. The TMR has a peak at a shallow

“depth (1-2 mm), then falls off rapidly
.at dépths beyond about 2 em.

Dlscusswn

The general- shape of the curve.

_agrees with the work of one of the au-

thors (10 for 8-MV x-rays. This curve .
represents the eontamination depth-
dose. due to electrons and scattered

photons be\ond the field edge. The

peak at shallow depth followed by a
rapid fall-off in dose is typical of the
depth-dose curve for electrons. The

" relatively slow fall-off at depths.be-
~vond 2 em is due 7n large part to scat-
* tered photons:

UNEARITY OF D()SE vs..
FH:LD WlD'l H

Materlals and Methods \'

. The *dose "as. a function of held
width was measured for a number of
depths with the limited polystyrene
phantom of the type .illustrated in
Figure 2. Since there was unit density
material on top of the ion chamber, it

‘could’ not be assumed that- all of the

contammatmn contr.\’butmg5 to the dose
was due to electrons.
The phantom was placed mmpletely

-within the field so an increase in de-

tected signal due to increasing: field

. size ‘could only be attributed to beam

contamination. To obtain the dose as a
function of depth for as many field
widths as possnblo the phantom lateral
dimensions were kept as small as pos-
slble(n lOcm X 10 cm) WhICh in tu@

Contamination of a 15-MV Photon Beam

NORMALIZED DOSE [ND{d=0]]

either dec rmsmb the SPD or placing

accessories in the field Iincreases the
slope. Since the surface dose for any

given field size is pmpurtmnal to the
slope of the dine, the slope is also a -
‘measure of the electron contamination; .
but with the advantage that it is not

dependent on the field width.
Figure 12

Qualitatively, ‘the slope Is greater at

_shallow depths than atdecper depths.

As has already been seen forthe dose

* at the-surface, the sliape of normalized

dose versus field widthisa mbasure of
the. agmtude uf contammatlon pen-

etrating-to the depth specifiedl. There-
fore, there is a greater magnitude of -

contammatmn at shallow dvpths
Dnscussmn A
- 2
A number ofauthorq('% 5, ? 8) hav

C .

FIELD -WIDTH (cm)

" The ynerease in the pormalized dose with re-

spect to freld width tor varioud de pch~ within-

the phantoni. The increase can only be attrib-
uted to contamination” because the phantom

completely contained  within . the  field
~ boundary. ' ' :

_ illustrates th.u for varmue :
depths less than d,,., there is a linear
'd(-pendence of dose on field width.

commented oft the dependence of the
“surface dose on the square root of field

‘Hateral dimensions = 10 em &0 cm) was

. area both with apd without accessories.”
Velkley ¢t ak: (5) normalized the surface.
dose at each field size to the dose at d,ug,
for the same field size. However, since

the dose at dy, increases with ficld
size, such a plot would not unambigu-
ously express the dependence of sur-
face doseon field size. The concept of
- normalized dose, however, eliminates
. the ambiguity because the dose is nor-

v
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the determination of the contimina- 107 . DEPTH (cm}.
tion depth-dose curve of 15 cm X 15 e e 138 ’
of — =319
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malized ‘to a quantity that does not
change as'a function of field size.

The magnitude of contamination has
‘been shown to be proportional to the
slope of normalized dose plotted

Cagainst -field - width. To obtain a
depth-dose profile for the contaminant .
“contribution, the surface slope’is set
-equal to the surfau* dose. This estab-
-lishes a conversion between the slope
at 'some depth and the dose due to
contaminatiori at.the same depth. An
assumption is made, as was previously
discussed, that the dose measured by a.
-thin-window ion chamber without any
build-up is-due to contammatmn elec-
trons.
~The primary photon contnbutmn is
‘obtained by.subtiacting the contami-
nation -component from the  total
build:up curve. Figure 13 shows the
_separate contribution from the con-.
tamination and primary photon com-
ponents of the total build-up curve for
d 20-cm' X 20-cm field. The contami-
nant contribution curve dominates the
exposure dose at depths less than about

~ I'mm. At depths near dy.. the con- -

tamination contribution is less than 5%
"o the primary photon component.
If the_contaminant contribution is

renormalized to its own maximum, the

depth-dose profile becomes more evi-
dent. Figure 14 shows the renormal-
ized contaminant contribution curve.
The peak in this depth dose curve oc~
“curs at about 1-2mm. There is a rapid -
fall-off at depths slightly greater than
the dy.. At depths greater than a cou- -
. ple of centimeters, the curve exhibits a
slow fall-off with depth. This curve is
_similar_qualitatively to the build-up -
‘curve measured outsxde the fleld (Flg
10).
Since the contamination conmbu-
* tion was obtained by attnbutmg the
increase in dose to an increase in field
‘'size, the primary photon component*
should be independent of field size.
TABLE | confjrms this. Thus, the mag-
nitude of contamination depends on
- the field size but the spectral charac-
teristics of the contamination do not.
The derived primary photon TMRs
_in TABLE I are independent of field
size. TMR was not, however, esngnod
to be independent of.field size for
“conditions othér than an open field
and SPD = 100 cm. The primary pho-
ton contribution is independent of SPD
and the presence of accessories. The
. primary photon ‘build-up curves for
~‘various conditions of SPP and acces-
sory states are shown in TABLE1L The
‘conditions of SPD were tested.for 75
- '
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- Figure 13 o
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The contapmnant.and pnimary, photon com-

- *LTA = Lucite tray achﬁ.su@_

cm, 100 cm, and 140 cm, whereas the '
electron contamination curve was de-
rived for SPD = 100.cm. The indepen-
dence of the primary photon build-up

“cirve for these wide- -ranging condi-

tions illustrates that contamination
accounts for the difference in.depth-

" dose curves encouptered. By defini- -

cm. .
_ponents in ll),un 13 re nvrmdhh d to lhur
' e pxr.m maxima. : :
e e
"TABLEI: Primar'\ Photoﬁ Tissue Ma\ixf\um'Ratioq for Various Field Sizes (No
Y Accessories, Hourcc—Pmbv Distance = 100 cm) ‘ ’
B 4 N B .
L - Th\uv Maximum Ratio fnr Field ‘wl/u o~
No.of ~ Depth 5cm , MWem- . T15cm 20°cm vem
Slabs "+ (cm) X5cm X Wem X 15cm X.20 cm X 25¢m
) o] =3
0 0.00 | 000 20,00 0.00 .. 0.00 S R00
T 0.16 - 019’ 019 018 _0.19 0.18 .
2 032 0.33 033 0.33 0°33 0.33
3 0.48 0.44 0.44 044 0.44 044
3 0.64 “0.54 .0.54 054 . 054 054
6 0.95 6B 0 68 069 069 - 0 69
8 127 079 078 0.79 079 ~ 079
12 1.91 091 091 0.91 091 091 . .
16 254 097 0.97 0.97 097 097
20 318 1.00 099 :0 99 099 - 099
24 381 1.00 100 100 ° 100 _Loo
R
\ &
TABLEIL: anar\ I’hu?hn l"x ¢ Maumum Ratios undor v arious Cundmun\
‘ (Field Sgl/t' = 3(verr X 30. cm)
. Tissue Maximum Ratios S
. srp = CSD = SPD = CSPD = TSrh =
No.of Depth “T5¢m ¢ 100 cm 140 cm 100 cm: - 100 cm
Slabs - (cm) No Access.  NuAccess.  No Access - 0.64-cm LTA® 32.cm LTA®
0. 000 0.00 0.00 0.00 - 0.00.. 0.00
-1 0.16 019 - - 0.19 0.18 0.19 - _0.1R
2 03 034 0.33 032 . 033 033
3 048 045 0.44 043 045 045~
4 0.6¢ 054 0.54 0.53 wi 0.56 0.5%
B 095 . 0.68 068 -, 067 0.70 0.69
8 1 1.27 0.78 0.78 i 077 .0 80, . 079
120 181, - 090 09 v N 090 sjﬁ 091
16 - 254 0.97 | 0.96 \ 0.96 0.98
20 - 318 099 - ()99 099 & 100
24 * 3.81 1.00 1.00 \ R 1.00

tion, the primary photon contribution
to the total build-up dose is'due to that
portion of the beam that does not in-
‘teract before reachmg the’ phantom :
Changes in the -primary’ photon
%u;ld -up could only be due to changes
in the phantom size, denmty, or con-
figuration. S

h
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CONCLUSIONS
Thecontamination dv.p(h du'.w curve

(Fig. 14} ahd the build- up curve uumdg
the field boundary (Fig. 10) have sim-’

‘ilar shapes. The surface dose has been’
3 v'smhhxhvd as hmn;, duv to cont.mn

nant electrons. The cunmmmnnt clec-

trons vvldvnt at the surface mast pen-

ctrate o some depth . beneath the

“10and 14 are charactoristic of vlectrons.
~ The slow fall- -off at depths greater than
“2emis probabl\ due 10 scattered pho-

“ton cnntnmmatmn Thus, the-contam-
‘ “ination radiation’ appears to'be a com-
- biration of an electron contribution

primarily at shallow depths and pho-

E _phantom. The peaks and rapid fall-off -
“at shallow dl pths lllustmtod in l‘l;,uroﬂ §

tons cnntnbuhng pnmanl\ at grvaler‘
“depths. ’

Figures 10 and H dmcr in shape due-

“to a difference butwcen the relative

" detector. The greater the. collimator -

‘amount of contamination electruns and
. photons present inside and outside.the .

field boundary. Figure 8 demonstrated.

. a Gaussian lateral distribution of the,

surface dose. Consequently for a 30-cm

X 30-cm field there were about 45%
fewer electrons prvwm at 18 em fronv

“the Ct‘ntml anis-than w l‘r\‘ pn's(’ni at

the: central axis. .

- Although the confaminant electrons |
are produced by the fited components
in the beam deflmm, head, the size of
the collimator- opening dictates the

& dose. These fmdm;,s agred’with

relative amount of electron contami-’

nation emerging from the beam de-
*fining head. Low energy electrons are

scattered by air thr(»u,.,h wide angles:

The product of massangular scattering |
POWCE, density, and the electron p.\thv
“length for low energy electrons in air

15 of the same order of. magnitude as the
central axis angle.” Therefpre, the angle
of an electron when emerging through

‘

the collimators i is not critical in deter-

mmmg-whcthcr it will arrive at thé

opening, the greater the flux of con-

“tamination electrons. arriving at the

detéctor. It has been shown empirically
that- the magmtudv of electron con-
tamination reaching the detector at the

“central axis is directly’ proportivnal to

ﬁeld width for square fields.
The-contamination attributable to

photom was derived from the increase
“in the duse asa functmn of held width.

- v

Y For mnmplu. km#n (ll'h' “tates that a fMt.VA

':l'l(‘(lrﬂn in air has a mass angular smm Ting
spoweruf 0. 602 fadiansZ-cm? ig which, after pas-

Csage zhmugh 100 ¢m of air, corne spnnd~. toa mean -
seattering angle ot 16 0", . .

Contamination of a 15:-MV Ph‘nt“oﬁ- Beafh

Therefore, the amount of materiol with
which the primary phatons could have

interacted to produce scattered photons

~must be depe ndent-on. field size; The

surface arca of the collimator faces and

the amount of airin the ficld bothi in-

crease with field size. The cohtamina- - '

tion dnw due to phatons and the sur-
face area ‘of ‘the collimator faces are
both- appro\xm.uvl\ proporbional to
fu-!d width, soitis likely the contami-
nation photons are phutnns scattered
by interaction of the primary photun
bvnm with the collimators. -

“The shift-in- d,,,f“, especiallv when

aCcéssnries are present in the beam een
" be attributed to a greater magnityde of

Since the -

electron contamination.
depth-dose profite for the scattered
‘photons islikely to be similar, to the

primary photon profile, they are un~
“likely tocantribute slt,m{u.mtl\ to the
“shiftin diay: The peak in the contami-

_nation curve due to electrons.occirs at
cvery shallow dcpt&hs soincreasing the
.1;,mtu’de of eledtron contamindtion
results in ol shifttowards xhallnwvr
depths. This also explains why thes
is accompanied by an increased sufface

“and Ling {(4) who pbserved that-as

in o did not-occur when vlmtrom

‘were swept from the beam.
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"PretaCe'

.Volumell entitled‘ "Contamination of Megavoltage X;Ray !
,Beams By' Electrons And Scattered Photons" vwas originellyr“”
vwritten as a thesls for the partial fulfilment of a Master
ot Science dégféé. lAt ‘thé, defense- of the' thesis 'in
Septemberiof 1982 it was felt by ;thevvgxamining. committee}
that"Vqlumefllshould be*used towardsua’Doctor of‘Philosophy
-_-degree.": | \‘ E .» | ’ |
Section 3, in Volumi/Y addressed the - problem. of_fthe;
tranSport f charged é&mticles in the build -up region of a'
’unit densiq‘ phantom@ The committee felt . that this Section '
provided -a good foundation for a more complete study of the‘
tranSport of charged particles generated by photon beams "iﬁ ’
an,,lnhomogeneous- medium. A decision ‘was . made to’ undertake,‘
o thisf_investigution:jto complete 'the thesis.~ Volume 2

cOntﬁinslvthe'lresults of this study as well as a method to

calculate'the primary anf.scattered dose in heterogeneous‘

'media.v._»;
It was decided t break the thesis into"two'-Volumes

because' Volume . '1, is a self—contained study of photon beam -

s

,contamination. The contents of Volume 2 are not referencedA

] -

" in Volume %l.- For this reason, the Discussion, Conclusions

',and Appendlces concerning contamination are left'din Volume;

A

.1.' However, in a number of instances; the . reader of Volumef e

2. is referred to ‘Volume '1.1 therefére,"th .3paglnution;'i,'

' Volume 2 is a continuatlon/of Volume 1.;w
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¥
5. Introduction To Radiotherapy-Dose Computation
_ » . T

'We need 3-D CT for CA RT.
(3-Dimensional Computer Tomography. for Cancer Radiotherapy)
. : ‘

~
\\\

"~ L.E. Reinstein' (62)
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5.1 Statement of Purpose ‘ | ;

K

#’ The goal of radlotherapy plannlng is to obtaln a - high

therapeutlc ratlo, defined as:

Thcrapeutic Ratio ='Normeiu?ggsgznég;pliéation
. | | 5.1.1)
Vlhis can be achieved ﬁby 'glving ) l suff1c1ently high "and
unlform radlation dose to the target volume and a. lower dose_
to the surroundlng normal tissue. This 1mplPEs locallzlng'.
thei'tissues to be 1rrad1ated accurately and opt1m1z1ng the
dose dlstrlbutlon. S o . i ;: o
\X -ray 1mages have tradltlonally been the‘maln technlqueffT
for  the locallzation of tumor tlssue.r They are obta1ned~by'
passlng‘an x-ray beam through a patlent and detecting ~the
';transmitted Xx-rays 1n‘a 2- dimen51onal plane perpendlcular(to;
the beam. : The Xx- ray image represents the transm1581on'
through all the tlssues where the x- rays sre pas31ng.'.As a

Hresult the tissue’ volume through whlch the dlagnost1c X~ ray

'_heam is pass1ng is "compressed onto a 2- d1men31onal view.

i <

A radlotherapy _s1mu1at0r" " is a Specxal1zed

radiographic device which produces radlolog1cal 1mages and

t

also .has the_'same degrees of freedom of movement - as

radiotherdbyF units.,A;It, 1s primar1ly used to locallze the»'
: L
tumor 31te with. respect to theé radlotherapy beam.[ Even when

. the' tumor_'volume is accurately localized from severaI suchd

«

v1ews, the 3~d1men51onal information is rarely used dlrectly'

"in ~ treatment plannlng. Instead '«a : contour"' of a

a



\

scanning) (55 56), nuclear medicine tomographic 1ma\ing and‘h

{

., n ‘ i
. C 259

2~ d1mensiona1 Cross- sectional slice through the region of

v
. . I

:

interest is usually obtained, This is usually done u51ng a -

mechanical or optical distance 1nd1cator[ attached to the.:

simulatar gantry which 1can rotate ,about the‘ patient.

Section 5. 3 1nvestigates existing methods of correcting dose .

v 4

distributions for_patient—specific surface contours.
Internal outines of heterogeneous regions -can be
included by noting ' ‘the maximum extént-dof the region in

lateral -and anterior transverse views. vThe cross-sectional

- view of,'thef heterogeneity is then interpolated by using a

¥

'standard. anatomy atlas. tTheJ den51Uy ~of such internal

|

.structures.gisuﬁnoted.ﬁwhen ‘they are greatly different from
that of water (e. g.‘ lung or bone) The correction for

~ tissue heterogeneity correctly takes into aocount only the

. mf

primary fluence,‘estimates are made of the effectsi;on _the

=

~scattered radiation dose. Because of the uncertainties 1n:

their location, there was often no ccorrection, at’ all for S

1nterna1 heterogeneous tissue - contours...Therefore, until ,f’

doSe depOSited'i% heterogeneous tisSung

nuclear magnetic resonance (NMR) imaging have 1mproved 'thef~'

localization of tumorl volumes. This alone is. expected to”F'

also .ibe used to’ simplify three ‘aspects ”of* treatmentf.r'

the,recent_’advances in,jimaging, ‘there has'~been _little‘i.d

'incentive,“tof improveg“the' accuragy of the:calculations of ..

Imaging techniques such . as computed tOmography'f(CI,"

o 1mproved the success of radlotherapy. ThlS information ,can“-"'

planning. e ~1'c"'7_; T 4“"‘;"7_,%\="k



260 .

1) The patient Spe01fic anatomy can replace estimates ‘based

‘on cross sectional anatomy atlases. i

. B
I

2) It can elimlnate the need for measuring and modffying the*“"”

L

" external contour. F{vn' e .,‘\<j »f

) It can- eliminate gthe need “to "assume “th '*denSity ‘f

“"internal tissues. ' X ray CT prov1des "pixel-by pixel“”(a

‘“\ \vv. :

pixel 1s a."picture element") 1nformation on tissue/deﬁ”ﬁty
;'The ‘problem loff extracting the density informat/dn from cT o

/
scans has been studied by a great number of authors (57 61)

. “‘

; Tomography also provides 1nformat10n Qin_ ) dlmen31onsr
o G ,. e
»~Therefore . there . has] been» n;'lncenti ;to- use this

“Iiient

- 3- d1men51ona1 1nformation more fully in ot planning i{-f

-1;(62)~» In Jthe' discu351on of dose- calcdlation methods
i(Sectlon 5 4), this aspect will be empha51zed.-‘ |
f Another 1mportant advance in radiotherapy,‘.vhich féénj
51mprove the therapeutic ratlo, is. the 1ncreased availability:_f
"fof reliable high :ehergg\;}inear accelerators.;} A greater _:
‘amount oft dose from these sources is deposited at greateri
l:depths 1n the patient.‘ Therefore, deep seated tumors WlllJ

Il

'reCeive ~3. greater (dose.,;iz t the same time, the build up.i,

rreg1on extends to a greater depth reducing the dose near thijf o

”':.patient surface. CUAt higher energies. the range of chargedh’

b

;t;particles set in motion can be several centimeters. "The

‘,_hproblem of charged particle transport will be introduced in"j;f

‘5>7¥Section 5 2 and investigated usxng the Monte Carlo method 1n'--‘

'ffiSection ~6. A dose computation procedure to take this into s

Ve

'_“account W111 be PPOposed i Section 7.-’ Th effect of .

N ‘ ER



'fof 6 MV x-rays, .and therefor

‘concentrated onil5 MV;x—rays.%L,v

v';v .N

»

e, this investi

charged particle transport is greater for 15 MV x-rays than
. R . . . ) . . T

gation, :has



| 5.2 Electronic Equilibrium

» : ' , .

o . o S
The energy tranSport in‘an x-ray beam ‘is a two-stage

. process. - Photons must first interact to set .in motion fast

jcbarged'particleSx The charged particles +then - 1nteract

continuously with matter and deposxt their energy as. dose

This process was 1nvestigated in. Volume l to. explainr'the
increase in central axis dose in the build-up region.' lt
was'cassumed ‘that uthe charged. particle tnanSport _ iaS[

predom1nantly ‘inl the forward direction. 'The justification

" of the assumption was as follows - If the distance from. the

~t

| ¢

p01nt of measurement to the field boundary is larger than
the lateral range of charged particles set-in-motion, “then
for every charged particle leaving the region of the central’"

axis ‘there’ would be a charged particle hrriv1ng from lateral'

regions. When 'this /condition ig true, lateral electronic

‘Jequllibrium ex1sts (63) In Volume 1 ‘the forward transport l

of charged particle fluence from the p01nt of production wasf;

approximated by 4n exponentia1 term. jThe _consgatit in the

o +

o exponential, Pqt, describing forward transport —was. many'.
times larger ‘then hthe» coefficient py,,« describing thé\;
primary photon attenuation.“j,gwf‘m~-,,*»1e' . g//

A

Equation '1.5.8 can be used to :estimate the ‘state of"

Iongitudinal v electronic equilibrium fin: a. heterogeneous"

( IR
region (illustrated in Figure 82). It will be assumed hat‘d

s all regions of the phantom are composed of material w1th then

;; same atomic number."Therefore, there is only :a‘ difference*jl

'ninv:gravimetric densﬁty.,_'The{‘amount 1of» primary energy‘;,

A
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'fluence at a depth, z, inside the heterogeneous phhntoh, is

. o’ ) ) -
the sum of two‘contributions, one from a unit density. region
- I - .
(Reg1on I) of thickness z-B, W[e+(z)] ¢ and one from a

region (Regxon II) of lower gravimetric density (compared to
-TT . :

' Twater) , p, and thlckness B ¥ [ex (z)]h .
N : .' ,‘7
. o (g,ljnf. qu(Z-B)' ~ugt(z-B) ~ -u_*(pB)
viet L, s e e T o-e T e © |
. , et Bt - u ) S
. e Y . » ST,
s ~ - o (5.2.1) .
R u (v ), - PB -u B -u (z-B) o
vef@)ll - r Yo e Ve Fge T
Vet T By R
) - (5.2.2)

S e

L1 w0 -u [ze(0-1)B] -y tlz+(o-1DB]

' 0
?[e (2)] EIE_%_G {e ‘ ‘ - ev - ]
et Uy U
o (5.2.3)
- y Lo ’ .4 ;uet(pB)_ S : ) . .  i S :: - )
‘The . term, e " , in Equation '5.2.1 . describes - the .

M"&Itenuation Zﬁtn“the"lbw-density reg1on' of . the charged"’

.part1c1e fluence generated in the un1t density reglon.; Theti

attenuation‘dof _the primary photon beam by the un1t densxty

Y(z-B)

,,region is- accounted for by the term in Equat;on

r

»

- 5.2.2. "If Region 'II*'is"well beyond d ".‘i.ebf %;B'is

-

large, then:



(5.2.4)

The correction factor CF 'is equal> to" the,vratio “of' the B

changed particle fluence in a heterogeneous phantom to the

charged paticle fluence in a. homogeneous phgptom

s LTI W | o
T IO} .u(l L ,.
e hot R AR
Cwe@y, o

(S 2.5)

‘.

: Equation 5. 2 5 has no dependence on Uei..g ThlS means,;~

'--that if longitudinal equilibrium has been established then -

[

o 10ng1tudinal electronic equilibrium will not be. perturbed 1n‘

the' low den31ty material Equation 5. 2 5 predicts that the.

\"‘V r
iinhomogeneity oorrection of the primarx dose should ’always

lf‘be greater than unity.

Perturbations in ldteral equilf%rium are not ‘SO ea511y

}described quantitatﬂvely. , Analytic so]utions of equations :

< describing the transport of charged partxcles have yet to be
.achieved vfor generalized boundary conditions.g Only Monte

"iCarlo calculations provide a method to accurately quantify

o

_:theh.role of. lateral equilibrium., However, & qualitative -
description of the establishment of lateral equil%%éium in:a |

homogeneous phantom and its loss in a h“terogeneous phantom~

Lo

is instructive.;

Figure 83a) } illustrates'v~a ' homogeneousl3 phantom?t‘

'_irradiated by a. non- divergent photon beam with a‘field size :

: ./,f".\

./55 E
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:‘;E;gﬁgé?83{: Latera1 equilibrium does ‘not ‘exist at the

~central axis when: the field size is less '

!‘17Lateral equ1librium never exists ‘near the
. fileld. boundary. S L . i

_‘than twice. the lateral. range of electrons.;. 
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smaller \than‘ the latenal- charged ’partiCIe ‘rangEL - The
'vcharged partiples are assumed ‘to be set 1n motion at a fixed
x A .

iangle w1th reSpect to the incident photon beam.-\,?or;}the,

sake of demonstration it is assumed here that they do not.

e:dev1awe from their initial direction. The charged partiéles

'originating nearv_the' beam boundary deposxt energy at the’l
central axiS'and travel_beyond (the-dashed lines)ato the ‘end
”5; their range;‘f'lf‘fthe' field size is increased (Figure(mr
‘d83b)) charged particles originating near .the néy boundaryiﬂ
have enough range to reach the central axis.increasing the‘

"?dose deposited thefe.v Lateral electron%c\ equilibrium‘bis i
f’established when a further incre5se’in field 51ze will notl

result ,Lai further increase fin dose because 'chwrgedf -
j_particles rset:~in_ mot1on near the field boundary (Figure;;'”
83c)) do notfh{&e sufficient range;vto_.reach‘/the centrali:
l':-axis. T N | ' :
| Figure 84a) illustrates the loss of lateral electronic
d equllibrium -1nside a heterogeneous region w1th a density ofiy’
. : By

7f;one haﬂf of the density in Figure 83 Sf;ce ,the range :off}g'”

"f;particles Q the low den51ty reglon will be dpuble that Anj o

';theg:unit density region,.‘a field 51ze sufficient t'

'"establish equilibrium inA a unit density-‘mediumvmustgb K

.,ayt . K . /

f-}doubled in order to obtain equilibrium‘ *“;ft- . ‘low-density -

‘-rijregion.

e ,:n- .

,A\

‘Even though this analysis of electronic equilibrium /i

]gheuristic 't; would be expected that the establishment andfgiff

‘\loss of lateral :electronic’ equilibrium ti heteroge[eoqufl;

i"phaﬁtoms may be a _,._molte_;impor«tant effect | than that off“-‘-'
SRR C e | R
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Figure 1'8-'4.‘, a) s field size large enough to: establish

T 1a‘tera,1 equilibrium at: the central

v."axis ‘may not: be large enough in & low- -

. density ‘region. b) . If. the. hetero—j,_, e
';geneous ‘region has. a" density of one= ~
" "half, the field'size must be doubled . . -
'[-‘to re-—establish lateral """quil ibri"m, I
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longitudinal eduilibrium.'-,, \

A series of experiments' was used to verify this

hypothesis; : Figure 85 illustrates the experimenﬁal set -up..
An ion chamber (Capintec PR 06C) w1thout | bu11d up cap was

placed at the central axis a ’constant' 100 cm from Lthe.
( J S S - ,

. source. The thickness of the cork, region was‘ also kept

: - , N ‘ o

constant at 7 9 cm-O 2 cm. rThe total thickness_ of -

overlaying ‘matérial was 15, 6 cm +O 4 cm. ‘The'“p031tion of

the cork - was varied with respect to the ion chamber. Thev

=~ ¢

9

quantity, A, is the distance from thé first !iterface-to the .
d

. probe. The correction factor, CF, was~defi- ta be: ~
. - .‘.'-, . : . .o : K [
*Heterogeneous Phantom (z,AW)
TGz, A W)f Homogeneous Phantom ™R z,W) ‘ 7
. ) ",‘l" . v o . ‘\ ] ‘. . (5.2.6) .
_ Figure® .86 ‘illustrates' the: correction factor,'as'\aThi‘
\ ) . - . p L " . s A B " B ST -.,’A\"

function of A’for various fielchizesJu At'small.fie1d7Si;es;

inside cork the correction factor is 1 s than unity. ‘This7vi“,

means that the dose 1n the low-density heterogeneous phantomtfwf

. -

kis less?than the dose in the homogeneous phantomseyen though3

the . photon fluence in the low den51ty heterogeneous phantomri»

is greater than inﬁgﬁﬂe homogeneous phantom.,‘ A_nsmall'

¢

. L. by

increase in ‘the fieid\ size-‘k fleld 51zes Iess*~than’

10 cm x 10 cm (for’ example from 5 cm x 5 cm to 6 cm X- 6 cm)__f
B3 f’\ L o

- results “in. a rela?ively large increase in the correction‘f“
factor. At a field size of 10 em x 10 cm “thefe is; little,
further increase 1n the: corregtion factor with gield size.'

nBoth these effects are’ expected if lateralr equilibriumn did

not exist for the smaller fields.. L'{jnf’u AR

v ‘q.vli.:‘
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Eigure 85. The experimentale set-up to measure the
inhomogeneity correction factor. The
source-to-probe distance, the thickness
of cork, and the depth of the probe from
the surface was fixed. 'The position of
the cork with respect to the probe is
varied. = L ~ '
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Pigure 86.

Tne correction factor
mental ‘'set-up- 111ustrated in Figure 85

for the expelev

“for various fxeld sizes.
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Slmllar measurements have been performed by  Young .

[ )
-

.d.

[

Kornelsen for 10 MV x-rays (64) They also report a loss in

'lateral equ1libr1umkin_1ung equxvalent

field size is smaltl.

4

‘materlals

- when

~the



N beam 'are usually obtalned 1n a water tank or phantom. The j;.

5.3 Contour Corrections

-

Measurements of absorbed dose from a megavoltage ‘x-ray

jEQntral ax¥s_of_the _beam Ls‘ perpendlcular “to *the- Watef“

surface .and the dimension of the tank is larger than anyf,
o o

beam Wldth to be measured " Figure 87a) 1llustrates  the

.. it

' ‘geometrlcal arrangement for the measurement of dose at p01nt '

P.. - The surface of a patlent 1s rarely flat :and thus the

'central ’axls,'vwhere -thé; beam enters,.fis _generally not"

.perpendlcular to the surface.g'Theﬂtmeasuredh dose ‘must be

>

lcorrected to take patient surface*chtourspinto'account.

'°;Eigurev87b) shows.the arrangement-~for;~the'}calculatlon3'of_j'

AN

\
NN

*dose”,at- p01nt P whlch nows lies under a curved contour.’la

‘ - & .
» "ray" from thez radlatlon_,§ource through P representsf a
S ..-';_ C TN o \\ o o

,,pencil beam., S R o P .-j TN g

j'Tht “effective attenuation coefflc1ent methodﬁf'takes

V,fth surplus orr deficit ~of; tissue into account Uby thé;

subtractlon or addltion of dose (63) The true depth uva )

‘ \of '..penc1l~,be§m; through t1ssue w1th contour ;is’

e

."’d term1ned., 'The*qdifference ‘betWeen_ the depth in“,-the”'

"energy to obta1n the contour corrected dose

"true

falltwater"s1tuatton from -a' reference surface 'z, .and the ¢

dlstance,jwa';'lls multiplied .,py-7fah"j empiricallytfﬁ

“determlned coefflc\ent ‘ eff' that depends on the photon

-,

TN, .

X eff(z 2

DOSE(z )«- DObE(z) e 7~'Dosa(z)[1 £k ff(z 1

..7«*;5'"

'v“{*(sbs.l):',vzfifg?
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-Pencil !Bé_am_'_

‘Figure 87. .a)

| b;v"Va_t""er Tank |

o0

Measurement of the dose in a water

. ‘tank. b) - The dose must be modified "
to.take into account. the patient sur-a

s face contour. -

p - ('_:; . i . R

o

~1



-;‘The coefficient | ef{ , for Co-60
linear attenuation coefficient S

.

“coeff1c1ent method must take ~af
. \ *

.

b‘forward directed scatter as weli\SS\primary attenuation 1nto,1‘

4' account.. The dose must be corrected at all depths for eachf;'

. . \f
¢ N . Y

| ‘Pencx»l beam.ﬁ S ' e

“The "i'sodose shift method" . (63), Shifts the 'depth of.

”'311. 1sodose lines by an amount directly proportional to thef'

=~

'Ifﬁ the true thickness of tissue is less than the allawater:"

N

"thickness; the 1sodose lines are shifted towards the surfaceet

eams’is smailér‘ than thei‘
s

the effective attenuation

and .in. the oppos1te s1tuation, the lines are shifted away'

W 4

unspecified amount of

"'difference between the true and freference distance,'dz‘QZf'w

_1from the surface. The mEthod is computationaily simplerb w

f'than .the, effective attenuation coefficient method because"‘
the shift does not haye to be applied at each depth » Thelv

"quality and like the effective attenuationﬂ coefficient

}'ith previous methos it must be determined empirically._:The ~fi!

.isodose shift method is inaccurate very near the surface .Of:t}ff

'the phantom.»

' 3chonstant fof proportionali ; depends mainly ;On the beam”!’"

The main disadvantage ‘f;;the;”éfféétiveo,attenuation-;ﬂ'7i

.F

“?gfcoefficient method and ith isodose shift methodfis=thealff;'

:5determ1nation of their empirically derived coefficients.:_in;fj;z'

'fgeneral 'Fhe coefficients depend not only on the energy ofﬁf

‘,the beam but also to some extent on the beam sxze, depth :offi'

‘ th calculation point ; and the source to surface distance};fljﬂ

-

) ;f(ssn)

Two other methods,.the3?ratio7ofw;TAR"f€andi_ﬁeffeétivek;j:"



i”.true depth Slnce TAR' are usually »measured along *the;f~'~

' The" ratio- of ' TAR. -method r-is" baspd flon -

2767

‘SSD"‘ methodsh. alsO» employ the true length thrOUgh tissue,‘

but explicitly take 1nto account the “beam V51ze,1:and

therefore <account 1nd1rectly for some scattered radiftion.
ea

e

~ -

tissue¥air—ratio '(TAR) ”data;_ The tissue anr ratyd under a

."contour is found by interpolating ;inf --look—up table,l7 -

ffcompiled as'_a function of depth and field shze,fu51ng the’

“SCentral raxis, the method 1s, strictly speaking, limited to
d;correcting the‘ dose' there.sc However,v in practice, thisrilém
,_g.plimitation is ignored and off;ax1s corrections are estimated“l
Ry : :
.-;using the central axis data. T |

The effective SSD method corrects the tabulated percent

IVdepth dose data':inf a'nmanner 81milar to the ratio- of TARc

| fcorrection method.'bThe percentage depth dose must 'also be’

7m’00rrected "V"remove" the inverse square attenuation. ‘The'

"fcorrected percentage depth dose P(z LW, SSD') is:

SSD + z -

P(z _wssn) P(z 1«15;sn)(§§b._.__+ Z,) .

552

LS TAR measurements are ‘obtained. in" af.similar manner as’

,if,surrounded by _? build-up cap of sufficient thickness to.

ffestablish electronic eQuilibrium. Like TMR measurements 1hefff1}3

:‘;-tissue-maximum-ratio (TMR) data (see Flgure 11)' except the‘f: i

lhnormalization value'ﬁis3 obtain with dthé’ probe‘f‘n.;:airnf“a.\

?

7ffpmeasurements for TAR s are obtained at a fixed distance from:;

the source.b._J”‘;j_fﬁw-’“'




S B - g ‘

iy ‘ S - 2T
This correction can be m%de\to off-axis positions as well as
‘positions on the central axis.

- Since TAR's and percentage depth-dose data contain

7

: scatter; as we%lv-"‘wprimary dosefs these cOrrections may

correct somewhat for perturbation 1n the ‘scatter dose. - The

'major drawback fof- these methods is a fallure to consxder i

.exp11c1tly the. 1nfluence of the scatter contribution to thé.

kS

‘contour correctlon."

}kThe "different1a1 sCatter;aireratio ‘(dSAR)"'r method
takes the contour configuration into account (65) he””“'
differemtial .Efcatter air ratios are,; Aproduced :from*i

scatter- air ratlo (SAB) data which are 1n turn derlved from‘»

ftissueralr—ratio'(TAR) data.
SAR(z,r) = TAR(z,r) - TAR(Z,0) |
| B RO A

‘7Where;'r,'is the' field radius; ‘TAR(z,O)*'is-1Ca11ed-'the

"zero area" tissue air-ratio.; fItw cannot bei‘measured

| directly bt 1s extrapolated from TAR data 'as' th *7fié1d.

-

. o
radius ‘1is decreased.*(see Figure 88) The zero area TAR

5corresponds to the primary dose 'if the charged particle

-.energy 1s locally deposited (i e.' 1f electronic equilibrium o

exists) The SAR values are then vaf:measure; off the. dose
contribution of scattered radxation in ‘a beam.,:"f |
The dSAR values at. a specific depth | are -equalffto

‘;' the. difference fin SAR values per unit change 1n the field

ﬁ_sizeﬁ o

v

ARy
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TAR(zW) T .
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|SAR(z,W)

X Measured.”

v &

" Extrapolated

Flgure 88. The definit1on of the zero—area TAR TAR

(z,0) and the. scatter-air-ratio. SAR (z, ).

~ TAR (z, 0) is found by extrapolated TAR
:'measurements to a fleld size of zero. :

e Fleld Size - W

Q g ) By L " [t
o e N : L . A



dZS(Z T) 7. 1 [SAR(Z r+6r) - (Z,T-Sr)] o '

Ids . 7n &ree

Equatxon 5.3. 4 represents the scatter contr1but10n for» a

.penc1l beam at radlus,'r, and angle 6._ The "total scatter

dose is. found by summing the contrlbutlons as 8 funct1on of

kS

[

radiusrand angular position:

o omR dS(z ,r) »
DScatter(z R) ,',. D ﬁf?’_ 85) —Tr" 61,665

(5.3.5)
‘gx is the dose in air at a distance from ‘the_ sourCe ~that
'corresponds to the depth.» f(r L ) is the relatlve{f

;primary fluence at the rad1us, ri; and angular\pos1tlon, Bj;ur

- ,,inCLdent on such penc1l beams.

B One of the ma1n d1ff1culties with the ‘dSAR' method' ls_ 

fthe .extrapolation of TAR s to get the zero- area "TAR values.f'lfﬁ

The extrapolation takes place where sther TAR values ~af¢'v
changing, rapidly ;-1n.ua non—linear fashionp“makang_tthef
"f procedure technically diff1cult._ There ?iis‘*la‘_ more,-'
;fundamental problem._'lTh TAR concept is def1ned onl& 1fa“'
.'electronic equilibrtum exists, but tWis is impossible forbpa’
lpenc1l beam ,°f .zero-area.~? Electronic equlltbr1um, onlyd
’f[exists in a lateral dlrectlon if the fleld ‘size .f- largerf o

r?than»hthe; lateral range,pf charged particles set in motlon.,

\ .

fThe TAR's are extrapolated to f1e1d sizes where equilibr1um o

"fdoes }not’ éxist. . The dSAR method was first introduced for(i

‘7use"with Co-60 beams such that th pencil beam iflsfii"



sufflclently .wide to establlsh equllibrlum. The assumptlon’

of electronic equi11br1um starts to break down forn h1gher£

x-ray energies._.'

A second problem is that central axis data .f .Vapplied -

ﬂ

| tof off axis points.f' Thxs may not be serious in. praotlce, .

& l

. but the approximatlon has not been yaiidatedqby mode111ng or‘M

experlment.

g s

A f1na1 problem, is- that the dSAR method does not take f‘

, into‘ account the contour where the beam exlts the pa;ient. .

Therefore, backscatter 1s not dealt w1tb properly. 'a.

- |



e failure to take into account the relative pbs1tion of ,;néf7_]?ﬂ

'”‘lheterogeneous region with respect to the calculation point. ff;‘f

’;'liperturbed and that only the dose beYond th hetéfogenébusf:i :ﬁ

5}4‘CorreCtion For TiSsuesHeterogeneityi
e I -
"ContOur cOrrections . are 51mp1y a »Special case _of

corrections» to: account for heterogeneous tissue denSLties

The density outside the patient can be conSidered to:”be 5

\

‘fapproximately zero., The only fundamental difference between

contour corrections and other low den51ty heterogeneity o
. o

f;corrections isj that the dose in ai*_out51de the patient 1sf

irrelevant to the treatment and need not be calculated.‘ EorjfliU"

,this reason, the effective attenuation coefficient 1sodosefr

-l_Shift, TAR ratio,' and effective SSD methods have ‘been’ﬁ"f'
.‘lapplied ito' tissue: inhomogeneity corrections. ;iThef ffaehwl

' ofdistance insthe tissue, z .(discussed in: Section 543) is. now{h"*f'
:fiinterpretedh;faSﬁ:dthe}‘"radiological"}borf water-equivalentf”'
"bndistance in the heterogeneous region.df%heg-major=}fault loftnli

. these methods ,when applied to heterogeneity correctlons, iSQh°"

The Batho or power law method ta'es the depth f fthélgﬁ

rhéterogenefty,x with respect t e depth of the point ofl_‘

‘Vmeasurdment into account.-liih original Batho ’;methodv;
‘"jgﬁsumed that the heterogeneous region Was a slab at right'~jf"~
“:-angles to the beam with an extent larger than ;“ field,ia~

.‘boundary (66) Electronic eQuilibrlum was assumed not to beﬂfhfﬂ‘

Vf'region was required._ The method was extended to-include the?iryjff
:”fdose inside as well as distal to fhe heterogeneous region

v.._ij‘Sontag and Cunningham (67)./ Their formulation for the'f";

S
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Mecorrection'factor, CFtﬁas: o ‘ i
"po“'.-»,—'-» ’
. TAR(z L 2 1 B ',(
i TAR(Zl'zW‘),’l ZR . |

2 l‘

relative electron den51ties (compared to water) of regions 1

and 2 respectiver .y~7¥

-

| 1 and zz are shown in Figure 89 aaa'-pll andelpz ‘aref_the_f_r

The Batho method has}-@een‘ subsequentIy modified byf/,

Cassell Hobday and Parker (61) and Lulu and Bjarngaard (68)

to take into account multiple slab geometries -and . estimate,dl

L 4

the correction factor whenif lateral extént xof ‘thefr.;ﬂ
heterogeneity is less than the beam width Limited success(;lgﬁi

bas been achieved by modifying the B&tho method to take 1ntoi;'“'

glvf; account electronic disequilibrium (69)

< attenuation coefficient “on densitY-i,figf%Tan" L

-

The equivalent TAR meth9d> developed by Sontag and

Cunningham (70) was inspired by O Connors theorem., 0! Connor:f;‘i

(71) proposed that the dose at corresponding points‘;infﬂtvof‘?:V“

mediaf with different density, but the same atomic number,filu

B BRI -~f\;f-»v':- S S "f;fﬂf?
f Will 1}theu same . everywhere provided ll distanceq;_

measurements are scaled -w1th the denSity (see Fignne 90),:Q’

The basis for the theorem—is the linear dependence of h@f' N

ST

The premise on which Sontag and Cunn ngham based tﬁerf~;f¢

method asi that an. equivalentj‘fpffiw;uld be found 1nf?7

tabulated TAR tables with the depth tnq fij;dqsizet;snitably;
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Figure 90. An illustration of O'Connor s theorem. All _
: ‘the distance measurements ‘in- this. flgure are
inversely proportienal to density._-- o
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(_,Q) _lAR(z!W)
TAR(Z W)

. The tissue-air-ratio wés

divided  into  primary

(5.4.2)
(zero-area

Y

- .TAR)”and‘scatter compOnents:' S :
" TAR(z",W) = TAR(z",0) + SAR(z”,T) R
: N s ‘ _ | g
e (5-‘4.3) "
r=71 € S T P
'_The term, is a c1rcu1ar field radius that ‘prodUCes lthe'
‘ same dose .atf all; depths "along ‘the central _3Xiszriﬁ.§_.d
”homogeneous phantom 1n a- rectangular field the term £,
- an f effective relative ‘electron den51ty,h weighted .withJ:f
respect'-t *athe- _scatter ‘dose’ contributionsf,from tissue
'l“.elements surrounding the calculation p01nt.

The'weighting;

'fgprocedure should be carried out over 3~ dimenSions

S B g o
e zzzwlk
. 'ljk Jkoo

The weighting factors, 13k' ils

;scatter

\E . o

~jThe weighting factors are large in regions proximal ;;AT

-calculation _point

and
) w(\t B

ﬁ__point.

Weighting in 3- dimensions, to arrive at an

;the

(5.4.55

cOntribution“ to thé?f‘

dose from points surrounding the calculation p01nt.3_

: 'th,e |

for points close to the calculation

| effectiye .
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electron‘ density' fort each‘ point was'felt to be too t1me
A‘consumlng for computers avallable at 'the time. Slnce CT
l’1nformat1on 'iS. produced and ,stored_ in cross-sedtional'

'sllces, the 3 dlmen81ona1 dose = was ,estimated ’using, this
;Tplane—by—plane format.v: fhe electron density information;
iffor all the slices neighboring the sllce in Whlch the'_dose .
iLCalculatlon was betng performed waslv"coalesced" into a .

'tu2 d1mens1onal effective relatlve electron densxty array (see’

' Flgure 91)

;, | -zeﬁjk"_katu.
LEKTATTR o

(5.4.6)
sThlS 2 dlmensional array is produced Lngfore wthe dose ‘ts .
":calculated.:,}_It5{ represents " the scahter- dose welghted_.
| ”electron dens1ty as if. all the scatter dose was comlng frompf’
ri7'§n¢p nelghborlng sllce located at an effectlve 1ocat10n.f'Al;3

"welghted relatlve electron densrty is determined _forhieach_~'

-

:'c§$culation p01nt in the sllce

S zz z €. ]vv ///E W, ‘7f";
, fv;fu, i k eff 3

'..(5I4:f)'f |

| ThefabOVe procedure”.is, repeatedy~for'¢eaCh: point: in- the. -
-calculation plane.- It has been assumed that the we1ght1ng¢;u
-‘factor can be separated into Space components o

. ‘F
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BRI .~wikFY§ff)”< -
S R (5.4.8)
| B “5 SAR(Z’locm’ r ) - SAR(z 10cm T ) BT C
T (5.4.9), L

"‘The radius terms r1 and'rz‘are related to the f”equivalent

-f{Cchular field and- the distance between neighboring sllces‘u

St st

' 1uin a non- linear fashion.d":Thev effective dlstance :to ethe'

]

' coalesced,scatter slice,;'eff is- given by (see Figure 91)

: ; The calculation is Speeded up by the spatial separation-‘"'

?'of‘lthej weighting factor because 'the:'summation for each,}

caof three, i However the assumption that the non calculation7’
N ﬂ‘planes can be replaced by one effective plane placed "an';ﬂ*

"eeffective distance away was never validated by Monte Carlofji

» ;'f;_,';4;ﬁ544-iOl;ﬂ:--ﬁ-- )

' “-calculation point is carried out’over two dimens1ons 1nstead’u)'

@modelling or . experiment.‘ The procedure could not be proved.'“

'lbyj_a;’comparison of Equation 5 4 5 w1th 5 4 7 because thee;:'

f3 dimensional weighting factors vwere_ never bobtained. _ A[=5”

"‘Proposed by Tatcher ﬂ'nd;iPalti (72?" Equation 5 4 3 fiSvV:}

';maintained except ,il;rnis the radiological length through3 vk

1the heterogeneous region and W 1s replaced by

Fj'simpllfication _pff”ﬁhef_equivalent TAR method has been;f
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In the equivalent TAR method the 3- dimensionalﬁl“! ;;

electron density informatlon is- "coalesced"’
Lnto one cross sectional slice._jgs A .
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(5.4:11)
L ltvw;+ Z?i Vle 13k.£ijk
P = ’ '
e ~ T (5.4.12)

' Where:57and~‘lﬁjk‘ fefersjté.fhé.relaiivessdensity‘ conpared}’f“

LW _1]k

i'i-water-equivalent and heterogeneous parts ”off’fA ‘ phén%om”

o d

[ e

’f_heterogeneous phantomsrzi.,ﬁi

-

~AreSpectively.xl_fiﬁ<: isf‘equal fo 3 for cork and equal tow"j

:(1e. P —1) for teflon., It is later claimed that f k'is notff:;

l. sens1t1ve to variations in den51ty' It is also claimed that-“
ik is nearly independent of geometrical pos1tion lthough;s
'5;ii 'is‘ only ‘ applied v when : calculating 'ﬁhe' dose .iﬂf

The delta—volume method was originally sﬁéééSfedf-Eyj

1;lCunn1ngham and Beudoin (73) and refined by Larson and Prasadni‘f

bk74) and Wong and Henkelman (75) The’ method as formulatedﬁiﬁ'

';by Wong and Henkelman,.divides the dose 1nto primary, firstfi
'3scatter augmented by some second scatter,: and residualf:

. multiple' scatier dose.. Mathematically, the expression 1s‘-f"



“DOSE = PRIMARY e )
E = P IMAR f ZZZ pljk AS ,1Jk fo ;}k fl;l]k

(5.4.13)
; SAR(pdpr)_'-' |
g o ___l__N
. Sm : SAR (d T it (med) + ZZZ (- = 1Jk)]
s mees o ,13k P o
LG
is the den81ty of;ithet~uolume7 element‘ (voxél)‘d

Twhere p ijk

'which is the origin of the first or augmented second scatter

,»dose at point i J,R ‘ 1 Jk is the contr1but1on"0f first

‘and augmented second scatter dose (second scatter dose.;li

"contained w1th1n an angle of 45 centered about the'”first""'

".,scatter ray) to the calculation poxnt 1 i k determined for a‘ft7

I

f}homogeneous water pl'u:lntom.v-'foljk 'ish the change ‘1h7.the'

"primary attenuation aiong the. primary ray to the pointff,

"?ei 3 k f 's.'the] change :153"(:n_ first , catterwfj;

1; 13k

' *{attenuation .along the path between the point i J k and the“

)

'ticalculation' p01nt.;_fTh term S (med) approx1mates f}the~'

'“.residual multipre scatter, dose in a heterogeneous medium.‘ff(

1]k 1s the perturbation in the multiple scatter dose frOmi

a _smalll v01d- at the p01nt 1 J k _It 1s determined by thedfvi

"E§difference between i the_ experimentally measured dose I

'!perturbation (see Figure 92) and the calculated value u51ngnf

:hiAS_-.V . p is the overall mean den81ty of the heterogeneousfmelﬁ

1ikjk

-,'phantom.;f SAR (d r) s;~_itheihh,residua1 o multip]e.f

Lo

fscatter-air-ratio for a homogeneous water- phantom ;and- ishh'm



fobtained uSing SAR values and the augmented firstiscatter

values.i The determination of,AH iP5k is worthy of note. R ¢
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Sis obtained by dlSplaClng water by low denSity“polystyrene-

foam constructed in conical rings about- the central axis

j(76) The small ' perturbation : in«_dosef due' to “the

g displacement of the ring is measured. " The radius of the

'“rtﬂe ring Wlth respect to the measurement point vis varied

'~:r1ng, the depth of the measurement pOint and the pos1tion of

-The- experimental -set up 1s shown in Figure 92 'The'number‘

" of measurements involved requires 5 automation ofV‘ithe

: procedure. The first and augmented second scatter dose arg'

‘_.'calculated and their contribution ‘fi_s ~ subtracted from‘ the

'-total _scatter 4perturbation measurements to arriyé'at the

‘,multiple scatter dose perturbation values. )

Thezl—Volume method was the first "true ' 3-diménsional'

'dose calculation algorithm. It exactly corrects the first

tscatter dose due.'to',the presence "of heterogeneitiesf

:f(assuming electronic equilibrium of the scatter photons) and

e’estimates the multiple scatter dose correction.-

The delta—volume method has 3notf been: optimized .for'

@,

"speed of calculation‘ As many operations are carried out to

- .: -’ ) . .
determine the dose corrections ;for first- and augmentedi

'“second scatter-‘doSe: as for the residual multiple scatter:_~'

h“"dose, even though the contribution Of the latter’ is' much:

’ *smaller.i“ Calculation time should be appropriated on the_ df

[

'calculation ’toifthe overall ,result.:,'However,, the speed

;i}i‘limitations may be critical. o The method s beingz

s,f baSis“of fthe' importance of the contribution oﬁ :.the .
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"wfigufe 92; fPo1ystyrene fo&m conical annu11 were placed
. 7 i a water tank. The perturbatlon in- dose

.;compared to the all—water saturatlon was -

‘;measured.. ) % , o



implemented ' using a 'dedicated microcomputer. A group

4}promot1ng the A-volume method (Mallinckrodt) ‘is using, Very,'.

N
A Y

tLarge Scale Integration (VLSI) microelectronlc technology to
develope a "chlp" that will do the "ray tracing" portion of

the A-volume calculation rapidly (77)

A ‘major criticism of all the ﬁboye methods is that -the ©

inherent assumptions are not 1dent1fied exp11c1t1y and they

" have not - been. 'validated directly by "measurements or
: - . X v

01-4

simulation -(ég.» ‘thev'Mohte Carlo method) Consequently,"

their scope of applicability ts 111- defined a'nd" the

vclinical‘ 31tuat10ns in which they are 11m1ted are- dlfflcult“

to identify a. priori

“The magor fault of the equivalent TAR and delta volumei;

'1methods'uis an inability to handle 51tuat1ons of electronic

disequilibrium.~:Most of the dose arriv1ng at a. p01nt is due:‘

primary dose which w1ll be most perturbed by changes in' :

;the state of electronic equilibrium. A related-problem.w1th -

-‘these methods ;15 that they -are’ based on the separation of'

’primary and scatter dose using the zero area TAR d SAR s

'obtained empirically. i.The concept becomes more and more

\

:untenable 'at:_ higher photon_ Aenergies-"as' electronic v

'1equ11ibr1um becomes more important and the extrapolatlon of”il”

TAR's to such fields is incompatible wfth the equilibriumb,i

‘.requirement. s
R e

The need for'COnsidering‘fnon;local 'energy depOSLtionj-_

. has been documented by several authors (78 81) : Some photon

;'dose parametrization models have aCCOunted fo electronic"iﬂpb

4t"build-upﬂ ,longltudinallyv alpng»the,centralvaxis,;but no.ne":.'~



LT

, have rigorously treated 'the' lateral spread _Qf ,cherged-
’partlcles set in-motlon (40 82) (see Sectlon 3 1n Volume l).;-
’Young and Kornelsen (64) have taken into account Athé‘ dose'
| 'reduction caused by u§'~lack :of charged partiele lateralL}H'“

| ;equil1brium using a semi—empirical "loss factor_



6. Modelling Dose Using The EGS Monte Carlo Code .-

The state-of-the-art of the Monte Carlo
N g : T

‘method'in:1952; S R 'n“ e

"The'eiethonSuOr'photons wére7fo1iowéd'
through succe531ve 1ntervals and thelr
fate in passing through a glven 1nterva1

‘>was de01ded by spinning a. wheel of chance,

.:the fate belng read from one of a fam11y

hof curves drawn on a cyllnder h'"the

'.f[cyllnder] motor was observed to stop at

..

!’,'» h - . . Sl e

. random e

‘ hoo”gR,R,fWiisonf(83)

“5iié§53ifk



j‘f-’».‘deposited t"on” the spot"

"ﬂfiffrom 10 keV _?'Q;f;rhugff“”7**r'

“\;’ B

Edd

LIt has~been shown»that'lateral “eléctrodiéf equilibrium:
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'does pnot' exist near field boundaries and along the centrali

- axis in low-denSity heterogeneities for small~ fields >(see

Figure 86) hThe;.EGS (Electron Gamma Shower) Monte Carlo,g

- code Was'. used to investigate _ regions .ofi. lateffl

- disequilibrium directly by s1mulating »tbe_vtransport of t

‘ photons and charged particles set in motion._f~

EGS was originally developed at Stanford University for’iﬁ

‘ the‘ study ‘of the cascade of charged particles and - photons‘g}h;

'(83) : Rogers, at the National Research Councxl of Canada )

"f'produced by high energy (up to 1 GeV) cosmic rays or photons lvﬂ

.f?has corrected and modified the code to make it appllcable t°:}

thet energies enconntered _i medical 'physics' and health{s

fdphy51cs problems (84- 86)

(EGS takes into accoant most of ftﬁeg'radzation‘:physics;ff

required for megavoltage energies.{ The interactions treatedl’fp_

kX

'*.jfdr' photons are »pair production Compton, ;andf{fthe:"

'rlphotoelectric effect and for charged particles, multiple'
'7'scatter1ng (Moliere s, theory ia formulated by : Bethe),g

‘?ﬂ"knock on" collisions (Mollér scattering for electrons and .

‘-:jflaw is an inaccuracy éup to

B flcorrect bremsstrahlung spectra (86)‘ The charged Partlcle{

FOREE

pY)

, T LS
The program 'was implemented

e

‘ a_l.Bhabha scattering for pOSitrons),,continuous slowing dO}ﬂ/1t .
",ffbremsstrahlung and positron annhilation. The only presentf -

:“ﬁfactor of two) in calculatingi--f

"lfr"cut off“_energy, below which’the ,residual energy can befft

ucan be. varied{continuoualy upward"’
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5t

~’diStribution. in homogeneous and heterogeneous phantoms from
~primary pencil photon. beams.l_ The modelled beam 'was'ja o

0.50 cm in radius ‘monoenergetic parallel beam. The phantomi o

was Composed of 20 cm of either "water" or a combination 'of;[

water" and : cork" (water like in chemical compOSition but[i~

with a gravimetric densxty of 0 25) slabs totalling 20 cm inf
overall thickness.;. | o | ' | |

The pencil beam dose distrlbution ‘was. also used ~toﬂ'"

‘h~COmpose the\\central .axis dose due to a broad photdh beam

Figure 93 illustrates‘ﬁthe' procedure schematically ‘forffa

pencil beam directed into the page.: The small c1rcle of

-area,Apencil , represents tﬁe pencil beam. The dashed lines o

\; -

~ represent an annulus in which dose hasrbeen depOSited from"

the pencil beam.‘ DOSE CONTRIBUTION (P) .1s' the 3 doseﬁ

contribution at p01nt ‘P~ from an annulus of irea A e
'-r 4 _ o annulus :

(shown by solid lineS) - _

DOSE CONTRIBUTION (P) =

[DOSE] L
pmcm o ANNULUS .

3 RTUERI T
1S L . .
The ratio 6f the area of'the'annulus ‘to. the’ areai”ofx'the
. 0 ‘ i '
pencil. beam gives the relative amount of energy being

released in the annulus compared to the pencil beam.

A widely used "rule of thumb" ’states that the mean

energy of x- rays produced in an accelerator is: approximately'vf

@

'-one third\of 1ts nominal enerﬁg Therefore, the ‘mean energyr:g.

3

of a 15 MV x ay/beam should be approximately 5 MeV Figureﬁy'
94 illustrates that the calculated tissue—maximum-ratio as afg~

'function of depth is w1thin 5 % of the measured values for a'r

o
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Cfield size equivalent to‘ a. 10 0 cm‘,diameter field - Theti,"
;present ver51on of ‘the program accepts only a monoenergetic.~
“initial ‘photon energy, so that each energy component in the -
,‘;g’spectrumk requires a separate fun of the program.: The 15 MV‘
J’gfspectrum used to model the' dOSE\ii{the build—up region (seei
"Figure 70) had 36 energy compone s.' Therefore,‘this would;'
require 36 runs of the program to produce the dose results.
Jfor_ the X~ ray spectrum,I'It was felt that if the dose, aS‘a :
'-function of depth (see Figure 94), could be’_modelled twith“‘”
f_good pre0131on with only one energy component (5 MeV), then
a spectrum containing ix components would improve vthe
agreement. : The energy range between— 0 - and 15 ‘MeV waspf

“'therefore, divided into s1x compohents and the mean' energy f-

";‘of. each cdmponent determined. ,'The' 36 component 15 MV

- spectrum (F gure 70) was used as a starting p01nt.‘ The meanV'

”‘energy ,the'wsiX' components; were chosen w1th the mean o

'Avenergy of %he bins of the 3§ecomponent jspectrum,, (th%ml’

'u81ng,
i(h“ ) Fom
hv : .'“ -
( ) T Em
Coome T R T,
. . - : . . A '
'fWhere F s the fluence of photons in each component of the:j',d“'

'\v536;component KSP?Cter' *fTh photon energies that resulted.:~'
f_*'The' EGS program assumed 'cylindrical geometry isovfthei,“'
"lfequivalent 'circular field ,'1'used to model rectangular""

“';”fieids (54) s ST [;“'fiﬂ°:j’_';"h'f"'

(T d 1"A“ e S - .‘300,“1:



f.were 0. 18 MeV O 67 MeV 2 57 MeV 6 61 MeV LL t2’ MeV _and'u.
ft3;78»MeV.A A determlnatlon of the weightlng of the Spectral
g components to glve the\best agreement with measured data,.
ttwas | made’ -using-_the least—squares :method . Flgure 94,

“

. fIlustratesh that the' photon‘ fluence, Welghted’ f“. fh¢"

- Aproportxons 0 11 11 11 5 0 :rlmproved the agreement of thefi

‘calculated and measured dose to Wlthln 0 5 %
| m\fhe.' effect «'ofd» low den31ty p water llke _ slabf
\1 heterogeneity on pen011 and broad beam geometrtes &asm'
.- 1nvestigated.' ‘The . cut off k1net1c energy bforwﬁthem chargedn
‘cpartlcle was chosen ‘to. be 189 keV (total energy of 700. keV)
f:jiFlgure 95 111ustrates & comparlson .between pencil ‘1sodos§"u

R curves. - nj_a homogeneous (on the right) and a heterogeneou o

phantom (on the left).; The. 50 % isodose 11ne is not presentfrt" o

11n51de fhe“ heterOgeneous portxop of the penc11 beam. iThe(e71

,_5 % and lesser Jlsodose lines "bulge" outwards.... Thls e

i

'f‘f1ndlcates that ,Charged partlcles 'ar_‘"streamtng".outward{ o

N

- from 4th' penc11 —beam into.fthe; surroundlng low—denSLty? E

§

'region}\ _At' flrSt 51ght the O 1 % isodoSe line does not-

’:seem“to.bee a .very important contributlon ‘to ,tv dose._rwff“'"

| However,;‘Aam“uus
A'faXLS- Therefore, Equation 6 1 Suggests that g; Shlft iiﬁV'
;:fis°dose lines htéd'greateri radiusa.w111 produce a’ greaterciﬁ"
| acontribution when summed for a broad beam. ' o

The TMR 1nhomogeneity correctlon factor .for"af'broadf"

i ;beam was determlned by summing penc11 beam contrlbutlons forA

-58 heterogeneous and homogeneous phantoms. The thickness and;\an‘V

'f'density Fofk; the heterOgenelty was flxed at 8 cm ‘and:



f ;4‘:_,

Depth (em)

20 A

| Figire 95

B=C0®mNO A WN—O

-

Lo R ! - .

o No O &

* PENCIL BEAM

of

i

—
w
L

ot

\O

: ;/.1% 15105011051 5 ..1%-;_."“

S -5'-4—3-5310 i 5 3
Dusrance from Central AXIS (cm,)

; /

A compar1son betWeen penc1l beam 1sodose ,
curves. ih a homogeneous - (right) and hetero="- -

i gefieous -phantoms {(left). The shaded reglon )

o has a den51ty of 0 25 g/cm3

‘.:'E‘ .



-;; :' 0’ 25g/cm \:respectively. The total thrckness ”of' owérlyingp | o

.;aterial was 15 .5 cm’ (actually, the gwerage dose between 15
'l‘ana’ 16‘cm was 'determined).»i Figure 96~:1llustrates .thei.
ﬂ”f?”';calculated correction factor,, Also shown is’ the measured\

| orrection factor from Figure 86 obtained with cork ‘as theﬂ 3

low den51ty heterogeneity (w1th- _' den31ty of 0.30 +O 02l-l
.; g/cm There is a 2 % discrepancy between :thel calculated~

~and measured data. Most of the discrepancy is probably duetr

‘to:-the: differences between : the'°3actua1 , cork dens1ty."

1(0 30g/cm ) used in the measurements and the dens1ty used 1n5

.the Monte Carlo simulation (0 25g/cm ) : When» determiningl-
”althe ‘_correction : factor from measurement there',was‘;an/

Tunderlying assumption that he mean .Stopping power fdffv“

- charged particles in a disequilibrium situation was equal tdpﬁt"

the mean StOpplng power. in an equilibrium situation." ThlS” SR

| is. equivalent Lto"assuming that Equation' 1. 5 15 can be
’_simplified to a 81mp1e ratio of ionization measurements._linri
o contrast the Monte Carlo correction factor imp11c1tly takesizY
1nto account the particle s changing stopping power ;aSCVit"t7

” f{loses energy. It is unlikely that this effect would producel]
“lﬁa discrepancy of 2 % (53) 'h(ﬂzfjfjf ‘ ':v "’ -
Lateral disequilibrium' Qas? inwestigated:;diréctlw”sbyh:‘(
:fipsetting he« charged particle cut—off eQual to the 1nc1dentp
'photon energy.: This foroed lifibf. the charged particlep

jiifenergy be deposited “"on the spot"‘- In this way, p

;tKERMA rather than th dOSe,'fisﬁ determined. ‘ Figure~ 97],'”‘”

SE illugtrates ‘f comparison between the profiles of KERMA and}' o

' dose for a homogeneous and a. heterogeneous phantom for a 5 0'_"'*

I
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'Mevi‘pencill-beam. - The ~profiles -were taken'at.a depth of

10.5 cm. In the homogeneous case. “the parameter,_iA, was
4. 5 cm. It can be seen that in a homogeneous phantom KERMA

hequals dose at a lateral distance of 1. .5 to 2.0 cm from the“lfﬁ”

'»central ‘axxs 'of' the pencil beam._ However, dose does not(

f'v;greater than 1 cm. vf t higher energies,.,tfe' discrepancy;

';j}between _dose ,and KERMA correction facors beqomes greate;,

equal KERMA 1n a heterogeneous phantom even at a distance of“'
’5 0 cm from the central axis of the pencil beam.d?i

Broad beam KERMA distributions were produced fromh'the.
'\1pencil beam KERMA d1stributions.- Figure 98 111ustrates af:g.
comparison between the dose and KERMA correction factors forw
,i;tpéi-is“ MV AspeCtrum and its spectral components. The doseaﬂwT

“3lcorrection factor at first increases as a function of field,

»-

Iradius and then decreases._ The KERMA correction faotor only,is*ff

’gdecreases.; At an energy of 0 67 MeV ‘the**dose and KERMA,

't.correction factorS'-areg“in close agreement at field r&dl'«

AR

3 Therefore, at lower energies KERMA is a good 4a§brexfmation'{i;v
‘»ta; dose ',buthiat' higher energies, the KERMA equality w1thg.’
:1dose breaks down.;%”, . | |

- The measured correction factor is also shown in Figuref;‘r“

”98;’:;For/‘h1gher energy beams t‘v- dose igsreases Gasiai}‘gf

jfunction of field 51ze, whereas the KERMA always decreases?f

ﬂvas'ﬁaﬂ,function of field size.; The increa51ng trend of the4

ﬂffdmasured correction factor as a function of depth agrees bestg

VI‘With the calculated correction factor using non—local energy";fg

},udeposition (the dose curves, rather than the KERMA curves)
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1‘onv6luti6n Method Of'Calcﬁlating,Dose

'i-,_Knoﬁiédgé'finds7differences}4but» ;  

u~vundersfan§ing’seeké_Similérities; o

' ! .




7.1. Introduction B T

N SeCtioan in'Volume'l- indicated that 51mulat1ng " the

-'long1tud1na1 tranSport wof' charged partlcles set- 1n motlon‘

enabled the dose in the build-up reglon ;to' be predlcted,
'LdSectlon f6f}ind th1sv VOIUmej Lllustrated :that the lateralf
transport.of‘charged part1c1es must be. 1ncluded to, predlctuw
'-V'Iateral B d1sequ111brium ‘ phenomena. i Therefore, “ _:dose';
°“ldeposttton model for megavoltage ;x ray“ beams is: rédUired:“
: Whlch.;'exp11c1t1y takes intoa’account charged partxc]e
h[transport ’y.ﬂlnjf;;ﬁlhfdai‘hy S | -

‘ “[jﬁIn_ th1s Séction,4¥ay methodF’of aanalysiSftWhich )

'-’aphysicany “sound na.} 1nterna11y " consistent will ‘be
;Srdlscussed._whtch allows calculatlon f” Sedimensionai*:doSe h”
: dlstr1butions r{ homogeneous ‘ heterogeneousi phantoms'

‘ylrradlated thh f1e1ds of high energy photons , when:p

“’19180?}0010' GQuil1bgium fislinot /preeent.f;iTh method s

7‘;versat11e 'enough to'f_allow ':forif rectangular f1elds,*f“

Alrregularly—shaped flelds 'apd the placement of beam blocksf"

'Jfor compensators in the fleld., The use of measured data as afﬁm"

"data base 1s abandoned and replaced w1th data generated from¢fy§f

,f{flrst prxncﬁhﬂes by Monte Carlo techn1ques.

The Monte Carlo method is[.used t?;”map rth[f spatlalﬁu

»"eﬂﬂdistrtbutlon of charged partlcle energy away from a’ primaryfﬁbr[

,15;ph0t0n interaction 31te.,_ Thl§ distributlon,-’called

~1,g¥»pr1mary dose spread array "1s convoIved Spatially with thefﬂ,ﬂi

'"7fﬁk1netic energy released (KER) at a11 the primary interactlorx,;‘}f;f;fj

O

)7ﬁ51tes to yleld the primary dose’

?.
‘l}

dlstribut1on.,;,Inffaf?ﬁ:j



..... ~

| hetemgenews Phantom the dose spread drrays

- there o

modlfled.; S
RENSIN Y .

' Any current method separating primar,{from 3catter dose

convolut;o. is well-understood mathematical technlque, '

‘re;;_conceptual »ﬁd{p

1mp1emvnting a convolunionw~framework f:#f:tn Tfspread of

ener Y 7p§g¢;:fq' scattered photons ;FaSZ well s charged

“f: partlcles set Ln-motlon. 'f‘,:ﬂi~; ‘g.u;fd;f -f)d;57”"

The proposed method was based on concepts. whlch w1ll

ava11able._ The fundamental reason for ‘thrs vis[}th sound

phy510a1 : bas1s ptpgﬁfufne’ Monte Carlo "c:nvo}utlon

practical advantages lfor_p

not °become obsolete as improved computat10na1 power becones

procedures.f.Another reason is an inheren ;;d“
comprdmise between speed and accuracy. a55
computers become faster greater accuracy achieved

present avaxlabi}ity of
q-"-"_'. ) », v

with t"fﬁ

éfrray processors

*:anh, beg 1mproved w1th the methodol"gf'proposed here. Slncesztv

e
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'?ﬂZ Primary Dose Spread Arrays
: g

N _ E : o
7.2.1 Definition Of A Primary Dosé Spread Array .

¢
”

A primary dose, Spread array* ie"the" 3-dimensional
spatial distribution of energy deposxted by electrons and
p051trons which spread from the sxte of the primary photon
interactions. It generated by tracking the motion of
charged ‘particles awayv Qrom primary. interaction SLtes
occurring within a cubic tvolume‘ element (voxel). 'These
charged parglcles are followed u51ng the Monte Carlo method
in a homogeneous phantom consisting of voxels with the same
.sizelbatomic number, and den81ty ] The amount -of _energy
deposited at, _and in the neighborhood of the‘interaCtion
vael lis"scored. ‘.Figure ”99g illustrates_-the procedure .

schematically.

o

7.2.2 The Generation Of Dose Spread Arrays

Using The MOCA Monte Carlo Code

| The dose spread arrays were ghnerated by a "home¥made“
" Monte Carlo code called . MOCA developed from the programl'f'

@ '

huildupa.for,gthe Monte.Carlo code ¢Used_;t0 calculate thefr

* The "dose spread array" is analogous to'tne{?point‘}Spreadﬁf‘

array" used in image,processing;
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,Primary photons interact in the inter—_
action voxel and the charged particles
setin motion are followed through the.
. 'phantom to. see" where they depoSit their.
“_.klnetic energy.1~ : . .

~



a fenergy, T: - The method uprovideS"-

R |
D
Wl

1 buil‘.d;up"‘d.o'se. in '~Slecvtion 3 of llolumel'.:'MOCA' t:a.k.e.s";, into
account the photoelectrlc effect Cohptonv effect hand fpadri"
productlon. . MOCA produces> O 511 Mey ephotonsh nhén lthep_t
ﬁposttrOnLannhrlates.: ere Bu11dup3 for:‘fMOCA,‘employs’ the

' approxrmations‘ of contlnuous ~ slowrng dOWnAr~(Wlthout_;.'
":generatlon of secondary "knock on"'electrons) iand:“Gaussiahi
A'lateral scatterlng _qu charged partlcles. .Bremsstrahlung:
"was not’ 1ncluded in MOCA Flgures 160h'toA_I02_"are‘;flow"
charts of thé’program MOCA'. | | | ' o |
| - A photon htstory beglns, in MOCA by 1n1t1al1ztng .its
‘ienergy;. pOSLtlon and dlrectlon. , The d1stance the photou;
travels before 1t 1nteracts is flrst determlned The photonuﬁdf
‘,(or, the scattered photon created by a. Compton 1nteractlon)

pls followed unt11 1ts energy falls below the photon ;energyj
’cut—off- ‘or.Lftf 1nteracts by ,the' photoelectrlc jorfpalrv_fq»
yproductlon effects, or it leaves the phantom.ITThe type *éfi%ﬂv_
f_photon 1nteractlon 1s chosen by f1nd1ng "partlal fractlons“

based o .the Compton',and pair productlon : attenuatLon‘~*

| coeff1c1ents._'] Charged . partlcles generated by dphOtOﬁfv

1nteracttons are placed in a queue" for further processing
fafter the end of the photon history. s o |

| MOCA employs a novel technlque to determlne the k1netlc |
energy acqu1red by a charged partlcle followxng a Compton o} ’
h pair productlon 1nteractlon.; 'The_ Comptonijlnteractggi\
! Tcross-sectlon ' peri . unit thnetle energy of;ethe rec01l_A
‘tuelectron "do/dfkly’haana tcomplex dependencee'oh'_hinetlc o

‘way.,offgnumerically’u

: 1nvert1ng the differentlal crosS"ection..wlth 'reSpecQ to



_Peginning .
'0f History

Y : ‘
Reset The Charged Pgrtjcle-' ,
{ Counter and ‘Annhilation Flag |

S ) Is The Photon Fnergygv\\Y ',,.'- o D - » )
Q Below The C‘ut-OH ? / i E - .
Lo . S L a o, T : C

Has The Photon Reached -\ YV
~ The Phantom Boundary ? Ty

\
-

R |

" Find The Shértest Distance
To .The Next Wall’

?\j:

. .
Find Out The CT Number’ .
. 0f The Volume .~ - |,

¥
Interpolate The ..
Attenuation Coefficient
D — — ——— j -
L T - . o

Calculate The ' .
Interaction Distance

— b
- . : S S o N
Does The Phaton ‘ | Transport’ The Photon 1
: o Interact In The Voxel ? ] To The Voxel Wall . , ! R
S Y Is The Phonon Fnergy Between : ' S o e S
g - © 0.2 MeV and 3.0 MeV ? ) - Lo TR
: P
) TN —— , o ,_ C

Interpolate The Compton And Pair
Production Attenuation Coefficients’

<

. 2 S
Calculate The "Partial Fractions"

- Figure'lbo. Flow chart for photon transport part -of
.77 7 Y MOCA. . A) and B) are from Figure 101,
" B) can also come . from Figure 102 , C),v‘ . -
D) and- E) enter Flgure 101 i . o

34



Test Partial Fractions

4

'Conptoh bdcurred:

?airMProﬁ;etioniDcdurred

-

o

y .

1. Occurred

Photoeléctric .

Determine The -
‘Kinetic. Energy Of

. .The Recoil Flectron

Determine The Flectron :
“Kinetic ‘Fnergy And
Azimuth . Angle

e :

y -

. 'Than The .
" Cut-0ff-2

)

Is The Kinetic -\
“Fnergy Greater o

hy IFalculate The

Qcattering Angles

Dep051t The

Flectron Fnergy

| In The. Voxel.

Y —

|°0f The Electron

_Calculgte The
Recoil Anglés

Y

Store The - Kineti¢

| Fnergy', ‘Scattering
Angles,

-And Type .
0t Particle

“Store. The Kinetic
Energy, Recoi}

""-Angles And’

:quition.

y o

/ ‘Has The Positron

Parameters Reen
Calculated ?

N.
)

Determine Theé - -

‘ .Scattered Photon
- Energy and
‘Seattering Angles‘

Y~

Deposit Kinetic"

;Flng Positron _And
‘Calculate The’

Positron. Kinetic .

‘| Fpergy And - . .
“Azimuth 'Angle

| Fnergy In The . -

Voxel

- Figure 101,

';elfv _'.03

_enter Flgure 100

:

‘Flow chart for the

. B
. . <k

Has”AnvAnphilatinn '
"Event Occurred ?- It
- So, Follow The Second
x'Annhilation Photon ’

Y

: ,“Determine The Enission
T Angles, And Recall The:

Positron Position. And

Assign ?hoton Fnergy

'“‘p'

. ,

part of MOCA deallng

th the type of. photon 1nteraction.. C),
‘and E) are from Figure 100,  A)
F) enters Figure 102

and B)



Have A11 Charged Particges e { Fnd Of. \-

Set In Motfon Reen- FoIIOWed 7 History .
<ng; ' : 4
Recnll Kinetic EnerGY. Scnttering
Angles And Position Lo .
7. 18 The Kinetic Energy ' , Deposit “The Remaining
Less . Than The Cut-Off AN Ajinergy In The Voxel
T N' ' S P SR
‘ : Yy S S | o
CalcuIate The Kinetic Fnergy | ' Was The Particle N\
-Lost, And The Path. Length N A Positron ? R -
Calculate The Position Qf - oS 1. Determine The Emission
The End :0f The Step SR ST P Angles And: Asaign The
r e “Fnergy To The . ..
_ R TR -'_._‘e(} o f}:Annhilation Photon..
Has The Charged Particle ’; ‘ ' I
. ‘Left The Phnntom 2 : 82
'y N '
: A VN"” R
R { .Deposit The Energy In The Voxel |,
A o
v - (

Figure 102 Flow chart for the: charged paﬁiicle trans-
' port part. of MOCA. F) 1s from Figure 101
B) enters Figure 100 ,



_'kinettcjenergy.' o
':‘Figﬁﬁeh 103‘ﬂillnstratesr”ythe" Comptonflgditferentialijt
gcross;section;has'ta'.fnncttonhgot;:kinetic‘energy.npbfqlthe:
fi; meitmuh:kinettchehergy,_Tmax;:fyThe “total areautunder: the:y
scurye 's“fedual to the total.Compton cross-sectlon, ddiwd;h‘f
v"jThe curveiln Flgure 103 rs subd1v1ded into N 1ntervals‘73dcha'
that th}t‘area"of each 1nterval has an_ equal area,' o/N}h d
:-‘Each “interva] represent91 a :'equlprobable- occurrence dof
Lnteractlon.'fﬂTheh correspondlng klneilc energy ~of each_'

“flnterval T thv), is found. S1nce each T (hv) si equally;

_11ke1y to be the recoil energy of the electron, there can be.;

- a. one ~to- one correspondence w1th a randominumber. -Thls- is;
‘accompllshed by normal1zing \the 1nterva1 klnetlc energy ;_hif
T (hv), to the max1mum klnftlc energy o o | o

F1gure 104 111ustrates the values of T(hv)/Tmax 1asﬁga1“
SR :

;funct1on of random number R for varlous values of 1n01dent"

'e;'photon energY. hv(MeV) | "jcah' be -seen' that* at 'h1gherﬂc

'r‘1nc1dent photon energ1es there is a greater probablllty of'd';

";the generatxon of hlgh energy re0011 electrons.'

The pa1r productlon interactlon 1s treated in the sahé

o

“ii”\\manner .asgfthef Compton interaction except that the max1mum,r5‘

*;-kinet1c energy,_T ,’ls now glven by Equatlon 3 1 10 Flgurenn??g

A 105 111ustrates ,the values- of T(hv)/TA as a’ function off

‘ffrandom number for 3. 0 MeV and 10 O MeV photons. ~,Théf.m°St“

”,i_probable\hinetic energy of a charged partlcle 1s around halfr,' o

i:the maxlmum energy.;<

™

{@he charged partlcles generated by a photon re. taken

L from the _ quﬁ‘«ue_" | at the end of the photon historS’ - Their



~ do | Equiprobable
~dT - | Intervals

Kmetlc Energy T

L.

- ;gFigﬁré'1Q3,3 The. Compton differentlal cross- sectlon aslff

" <.a funetion of kinetic energy. -‘The. area:

xu

" upnder the curve, equal tothe total inter=- o

. ~f{action Ccross- section’, 1s divided up 1nto J
'...equiprobable areas. - -

- 318
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.- Figure 104. T(h\D/Tmax as a functlon of random number R s
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" be.chosen with equally welghted random numbers*;f_
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Figure. 105.

“’ ;.T/TA

CT(hY) /Ty as @ function of random number, R,
_fforlvaridus»inCidentfphOton.energiesg;gThe g

;;kinetic;energy”of[pair'product1on.qhafge&-~ﬂf

~partigles can béichosen'with'equallyVWeighted:}
.. random' numbers ‘chosen.between 0 and 1. - -
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93]
S
o

ff - : oy
A . .

. kinetic energy, positton and direction in whiCh’~they were B

set:‘in motlon is recalled. 'The chargedwparticle,transport

is'almost 1dentlca1 to Bu11dup3 for. The exceptton.is - that.

measured data. i<~

Spread arrays for a pencil beam of 15 MV x-rays 1nteract1hg

_ ra
annhllation photons are pfoduced when a p0519ron reaches the

‘end of its range ("annhllatlon in fllght" iS//gnored)., *The;t:~

annhllatlon photons are treated as a scattered photon.:
Append1x 10 contalns a llsting of- dthe' program MOCA.‘ﬂﬁ

MOCA :{f used 1nstead of EGS beohuse MOCA Was much 51mp1er-

',‘\.

Athan EGS andn therefore, there was~much- more control -over :
_ the‘ programmlng of the geometry to descr1be the dose spread

tarrays._ Desplte 1ts 51mplicity,‘MOCA produces almost~ the ~

, ,Same results as. EGS , Flgures 106 and 107 are a. comparxson

between MOCA dp'EGS3 Monte Carlo calculatlons ,of" the}"

.1“dep'/th-'-dose from', "'1.__2_5 fne_v"' and 5 Mev photon beé"ms'- -
.respecttveiy g The f1e1d size: was 10 em. x lO cm for the MOCA
,‘rcalculatlon and fleld 'radlus of 5 6 cm (the equlvalent f
1hc1rcu1ar radlus for ‘a 10 em X 10 cm f1e1d) “f.ihe.*EGs.}.fﬁ"

b'calculatlon; - Also included 1n Flgure 106 1s the measured -f;;s}*

\

jdepth~dose tor a Cobalt 60 beam. There 15] good agreement

'between’ the Monte Car]o programs at both energ1es and w1th

7,233 Results’ .

-

Figures 108 and 109 show voxel elements of prlmary dose
V .}

in a homogeneous phantom W1th cublc voxel dimens1ons %of~r’m
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Primary dose spread arrays for 15 MV photons

(see Figure 108)
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\.1 O cm._ The 1ncident photon fluence spectrum obtalned u51ng'

A'EGS 1n Section 6 was also used by MOCA The den51ty of

[OY
[
<o

the

h,arrays' is. from 0. 2g/cm to 1. Og/cms‘ln steps of O 2g/cm

o ?The'.media are assumed At "be ‘watenrlike _inj chemlcal

_compositiOn.' The voxels shown in these figures are in the =

. B

'fsame plane as both the interaﬁflon voxel and ‘the” primary

jpenc11 beam. ' The beams have the same cross sectlonal area

as  the »voxels and are made to' interact. only in the
interaction voxelv (bold borders) 't least 106 charged
particles/cmz were ‘set - tn* motlon by prlmary photons to

‘generate ‘these‘arrays. To speed up- the convolutlon processf

for rectangularlfields' the dose spread arrays are‘ producedf_f

“in a _Bedimensionai Carte51an geometry The dose spreadh

t:‘arraysf“aré quadrllaterally symmetric about .the pnlmary'*--

_photon’ d1rect10n,- which Ji de31gnated ‘as _the"'Aktastlb'

N

‘Therefore, an element of a dose spread array _can be.

by: - o

A (p,8,31,05,00) = AS(0,2,701,07,8K)
= A_(p,%,01,-0j,0K)
='Ap(o,i_t,'-aiv',,~Aj,Ak)_

.

»

"The dose spread arrays are also symmetrxc 'w1th respect

. : ®*
interchange of the Al and AJ ax1s, therefore

Ap(p;R,Ai,Aj,Ak) ='Ap(o;z;ﬁj,ai,AkJ‘

e : : <

ﬂpigures’.1os and.;199:'clearin’il]usfrate',thatn

agtvenx- ;
."(7.:2‘.“1)‘ o
::to

(1.2,

fthe;
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CY e

.gassnmption of:iocalIenergyfdepositionnatﬁls MV ts-nntenable;‘,ﬁ
[“The value of the dose spread array at the 1nteract1on_-vo£eid
(locat1on O 0, 0) in a 1. Og/cm phantom w1th a voxel 51ze of .
'1 cm 1s 0. 325 Whlch xndlcates 32 5 % of the energy released -

Jat' the interaction \51te 1s dep051ted there. ~The'ya1ne atj

‘.j_the same’ locatlon for a 0. 2g/cm phantom w1th a voxel siaeef

of vl’cn' is- only 0 112 The maxxmum longltudlnal range of'
~charged partlcles set in motlon‘in a.”L.Og/cm .:phantomn tsfj,

about- 4 to> 6 cm and-'in ea' 0 2g/cm‘3 phantom the;maxiﬁum '~;
10ng1tud1na1 range is: about 20 cm' ,In the lateral dlrectlon'

charged 'partlcles ‘can contribute dose about 1 to 3 em . and 5

to: 7 cm from the 1nteraction 81te for 1, Og/cm and 0. 2g/cm3' B

‘.phantoms,e respectlvely.; Flgure 110 111ustrates the prlmary
dose spread arrays - for 6 MV x- rays and a Co—60 ,(L,2§ ~MeV)
“gphoton beam.‘/ Thel.spectrum used “to ‘determine:-theJG MV
bulld up curves.(see Flgure 69) Was.used ‘Thef‘density fof.
the' phantoms "yas' 0. 5g/cm3' and {thei voer d1mensxon yas
jl'O‘cm. As the energy decreases, more of the prlmary energy o

dep051ted in the 1nteractton voxel and the 10ng1tud1na1

‘and lateral range of the charged partlcles 1s: reduced ; At'
'1.25“ MeV Ein: ?t ;hantom yOf\ den31ty O Sg/cms, the prlmary
-energy/ is deposited w1th1n 1 0 'cm’ ‘ from v,the;‘ prlmaryf"
Ainterdction s1te.‘ Therefore, the"assumption of' ﬂogal;
‘prxmary energy depositlon 1s;cmoref reasonable‘ffor-gcoadd"

.~ [ Te
beamst_~.‘ ' o v
' 1o DR C T T I

Khe prlmary dose Spread array ~values -indicate the.
primary energy dep031ted in ‘each voxel normalized to the

‘o

';collision'fractlon 6f " the totalﬂjenergy»'reieased iihfbthe\
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1,006

001

BMV

p= OSg/cm

B Flgure 110

ﬂ:p 059/cm3';“

Primary dose spread arrays for 6 MV and Co—60

photons.

The voxel dimension is 1 0 cm.



,interaction,voxei:

T(p, 2,4, Aj'Ak)"
KER(D,Q,O 0)

B ﬂ‘Ap(p Al AJ AL)‘

| f c7.2.3)" -

"Where5Ap(pg2;Ai,AJ Ak) is the primary dose spread array at a -

"o

distance , ”Ai AJ,Ak-A ,from.'_”the ’_ 1nteraction . yoxeli

N SO T

TT(0,%; A, 4], Bk) 'is, the~ energy deposited ﬂat'-that’ site.

| KER(D,Z 0 0 O) ‘1s the total energy of charged particles setfl

in motion at the 1nteraction 51te that lS lost tf electronnz'

collisions (not bremsstrahlung) in the phantom (87)

Since the phantom is homogeneous,fthej 1nteract1on‘-and;»d
dose depOSlflon voxels- have the same density. ”Therefbreyf
the array value 1s also equal to the dose dep051ted .due :to‘
‘relectron. collislons fin the: neighborlng voxels per unitinf

: kinetlc energy released per . unit mass, Kc (COlllSlOD: KERMA)i“

A\

(87)»‘ _ the 1nteraction VOxel. If the dose spread arraysf_g
l“’fafe; SPatIally :1nvar1ant (Sectlon 7.6 w111 dlscuss the

'¢imp11cations of- spatia] 1nvar1ance), Equation 7 2. 3 can, beif'

 expressed as:

r—

s B

ey

The primary dose spread arrays .f5 be fproduced :for’

different voxel dimensions and for a variety of water 11ke5_~

phantoms w1th different densities. Figure 111 11&ustrates;,)
ﬁ* the dose spread arrays with a voxel and beam d1men51on of )

5 0 cm and a density of 0 2g/cm3. The values of;-t dose



| .0001 |

.3250f 0111 |.

{2340

.0240,

L

0184,

".0007 | -

L0181

.0075

'0007 \

" |.o0s0

.0028

.0006. | S

.0006

i

.0001 - |

" Figure 111. Primary dose’spread array for 15 MV photons: ® <

. The value of p+4 15 the ,s'éme_l";a's“'}':'iguile_‘lo'g o

ST Qe



:.of 0. 2g/cm2 can be used elther for a me.:’

to' establlsh calculation points Spaced

(93]

“:_those of Flgure 108 (left dose spread‘ array). ~ Therefore,

- the product of theb phantom den81ty, p(g/cméjjjand voxel

_"slze“' in‘?unitsﬁfof g/cm { f This is just an extensron of

g
b

¥

-‘spread array elements "of Flgure 111 are‘nearly_equal,to'

:'“dimens1on, k(ém); is a fundamental ;measure -of ‘the‘ voxelt-

- 0! Connors theorem (71) 0! Connors theorem can now be saldp
»to be -1ndependent of the state of electronlc equ1libr1um.';
;Th1s is expected because, for: a materral_‘off flxed <atom1cws

v'number, both the stoppxng power and the angular scatterlng )

power are dlrectly prOportional to the den81ty (88) _ Thls,

has' also, been_ shown experlmentally by Young and Kornelson-

¥

(64 80)

The prlmary dose spread arrays are stored for' Variougs

\Fvalues‘ of voxel sizev eXpressed in unlts of radlologlcal

.—\

'w1th p "l Og/cmJ

:}fdose' spread array 'Values need to be 1nterpolated from the.

'if\fstored arrays..n

;\\pthq o s (from p 2 O 2g/cm to 1. Og/cm “in. step vsxzes ,of‘e
QO 2g/cm ). \\Thls allows flexlbility in the ch01ce of voxel'
7_dimensrons for ;ose\computatlons and hence:<the pac1ng f_,

';;-“calculatgﬁn p01nts.,' For-examplej a choice of a/voxel sxzer:

,;O 2 cm or 1n a medlum w1th p—O Zg/cm3 for calculation p01nts,”
dspaced 1 ‘em apart.“ When the de31red spat1a1 resolutLQn andaf,

.:,de“31ty yields a value of p 2 whlch has not been stored theg:"



7.3, Scatter Dose Spread Arrays-

The~Monte‘Carlo program'used to detefmihe the primary

o 3327

| .;aosé' spread arrays ‘is also used to follow scattered photops"ﬁ

"and charged particles produced by he scattered photons.(‘7

'The; first scattered dose is scored separately from higher,
' order multiple scatter. _’The- dose due to vflrst scatterf

“;photons,‘»which ‘i dep051ted "relatively"'fclOSe to  the

i

-'jprimary interaction site, is placed in futrunCatedrffirst

‘“;scatter-'(TFS) dose spread ,array. iThe firstsscatterfdose"

deposrted "relatively" far from the primary 1nteraction 51te'

-is‘ 1ncluded with multiple scatter in a re51dua1 first and

multiple‘ scatter (RFMS) 1dose spread array. <f Posrtron"

-

'aannhilation photons fare" treated ‘as if they were multiple

i‘scattered photons. Since at ‘megavoltage energies,, first;;‘

‘scattered photons are mainly forward dlrected the location

'Nof the 1nteraction voxel w1thin the dose Spread ‘array' Has "

.'been optimized so that mor.voxels of the TFS dose spread'. |

‘farray are scored "down stream" of {th primary 1nteraction5f“

Lot

-fsite than "up—stream

The bulk of first scatter photons have. heen.'separatedb'i

*;}dfrom the multiple scatter photons because of their difterent“-f

p i5p8t181 distribution and magnitude of contribution \bl the;

‘Ljftotal dose o FigureS' 106 'dv 107 have lllustrated the:

;:vrelative contributionS'fof: primary, first ‘scatter ifaﬁd :
.»multiple scatter dOSe for 1. 25 MeV ‘and 5 0. Mev photons u51ngilﬁf

e;EGS and MOCA Monte Carlo programs.u'*The'_contrlbUtloﬂ Of‘*?f

f'first scatter photons is almost an order of magnitude lower g



,"calculated.,n“

N
(92

[

'-first scatter from multlple scatter also allows a ch01ce of

A

| than that of prtmary photons. The contribution.ofh'multiplefd
'fscatter'“at 'th1s ‘f1eld size is 1ess than one half that of_f'

gflrst scatter at depths to 20 cm._ Separatlng most f‘<the

: optlmal sizes for each type of dose Spread array. Hév;ng fa _"
;'h1gh spat1a1 resolutron when 11ttle dose 1s belng deposlted'-'

.t is not an effectlve use of computatlon t1me (89) Thep 51ze.."

of the TFS dose spread array and the voxel dlmens10n of both>n

\

L.

ﬂconvolutlon calculat1on. " The TFS dose spread array voxel:

foe

produced and stored forV,the same o l values as the

i
ST S

_'7most flrst scatter dose is deposrted close fto the. prlmary

o . K R PR : BN .
St

Figures 112 and. 113 illustrate examples of the. TES. ‘an.d .

rthe scatter dose spread arrays and the prlmary dose spread' h
,array is‘ selected to’ compromlse speed and accuracy The7

,more elements in the TFS dose spread array,'the slower fthef

ndlmension can be made smaller than fthe RFMS- dose -spread,”
'array,- reflectlng “its . prox1m1ty and greater 1mportance 1n“

'3contr1buting to the total dose.~ The TFS dose Spread array.T

';,prxmary dose spread array whereas the RFMS dose spread array's{
'7”1is stored ifor 'values' of P -2 from 1. Og/cm to 5. Og/cmzjln-
. steps of 1. Og/cm ije TFS dose spread array _may bepp

'«truncated w1thout compromising “too® Amuch accuracy because“

‘{ﬂ;nteraction s1te (77) In order to take 1nto account the;f‘
'iHSCatter dose arrlving ‘da fleld boundary from prrmarys~”
zinteractions_'at the oppoSIte boundary, the total lateral"
'vsize of the RFMS dose spread array must be at least twice;

"fthat -?f”7t> 1argest fleld d; whlch e; dose is to bel"



. Figure 112/
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2%1075
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Residual first and multiple scatter (RFMS)
dose spread array for 15 MV photons. ‘ fyt,;5

§



‘RFMS dose spread arrays, relpectively._ The TFS dose Spread'_f;p
- array has -a D\l value of 1, Og/cﬁ\\and the RFMS dose .Spread
ivfarray ;32 value is 5. Og/cmz.i They are displayed as 1sodose
-acurvesﬂ The energy dep051ted by SCattered photons has beent
j:normalized ioi the' same» value as the primary dose Spread »

_array, namely to the collxsibn fraction of the total charged

_particle energy released by primary photons. TherefOre,'@h?”—“*

‘fsdimensionless numbers assocrated with 'theﬁ isodoseJ lrnese

‘represent the scatter dose per unit primary collision KERMA.f'

"rtThe TFS dose spread array illustrated has a- total Width fgf

13 cm and a total height of 15 cm. Any first scatter photon;‘ L

f_energy not deposited within its boundary i included w1th?v5

"f;the RFMS dose spread array.-.
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'?iT1;4pConvoiu;ion DosevCalcuihtion'In A ﬁomogéneous Phanton
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- .

The dose spread arrays can ‘be v1ewed "the‘iresponsee'

‘f%throughout all the voxels 1n the phantom to a prlmary photon

r<"1mpulse" occurrlng 1n one voxel. The_ dose spread arrays--‘“

"'nf”can,‘ therefore, be' used ggf fhel kernel in a conVolution

f‘

"ﬂncalculatlon to produce a 3 dlmen51ona1 dose dlspributlon.ufﬂ g

*7%}ﬁrhe dose contrlbution, DOSE CONTRIBUTION (1+A¢,j+A;Jk+Ak) to. -

4

dose depositlon voxel i+Ai JfAJ k+Ak due o prlmary e
. 74[1nteractions at a voxel 1 J k- in a homogeneous water phantomﬁ;_ <
‘\)?Afxs 111ustrated in F1gure 114 fand\yg&;en by (see' Equatlon"."
724) EEE TR o 3
DOSE CONTRIBUT&QN (1+A1,J+AJ,k+Ak) i=}'_j“ 5
L A(p 2= 2 A1 AJ Ak) K. (o =2 l,J k) "R

Cuan -
ffiEQuation ? 4 1 can be used to generate "rhe .abso1ute ddéé@;ﬁjjr

S . E o
‘}ﬁfHowever, usually only hpjtrelative dose distributlon 1s_i»

‘*Tgf}required.. If changes in the beam spectrum (or "hardenxng")ﬁé*f{

'*;f}computer program, Molve.for, is taken tO be the'

?:i?;}density. ﬁ{}ﬁﬁﬁpu,fﬂuﬂd

'a;s;‘negligllble,, Kc(p 2 2 i v Js k) may be‘ replaced by thefﬁi{

'Tyrelatlve primary photon fluence"

4
. .

"fﬁf;* The density p,_in the equations of Section 7 4 and;in the&“k}

'ravimetrin
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Table 20 Paranie"terév_ For, Deternﬁhing By A':Forf '15 MV X-Rays

Energy, (hvo) (V)

 Fluence Weight, F_
Pn (@

. - . 5 2 . :
- (Hen/P)py }(c‘m} /g})

e .

w1 1 s

"0.0857 0.0439 0.0267 0.0173

0.0326 0.024% 0.0176 0.0152 -

.\‘

0.67  2.57 © 6.61 1112

e
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¢

The relative fluenCe; ¢’(i,j_k), is the primary photon

)

1fluence at the 1nteraction voxel normalized to the ! 1nc1dent

'primary fluence at the central ax1s. For a parallel beam,

2

o' (1, j k) need only_ take Zintb account the primary photon

v

‘attenuation:

. - ‘Ul\
2°(i,3,k) = 4> (1,3 0)e

- (7.4.3)

'Where' §i is  the KERMA- weighted ~ average  attenuation

coefficient\and is calculated using

o oen ko : o o
| Fe in tuen/p)h(hvoln e

~ _ =1, In
= ‘-}E»Qn

T -
ﬁ Fn( en/p)n(hVO)n |
' (7.4.4)

“The summation is over all ¥he spectral components (9), where

Fn 1s ‘the relative weight of the spectral fluence component.

The energy of the primary beam is (hv ) - uﬁ is theﬁ

. attenuation coefficient of the spectral component.' Table 20
'f‘summarizes the parameters for the spectral components. - Due

'to h&rdening,.li varies slightly as . a functidn of depth. A

-1 S
constant 0. 031 cm was: used. If the dose ,at very. large

'depths - iS' required ‘ then the effectlve attenuationee

\

coefficient should be made a. variable as a function of depth;

\

(i e.-f (z)) Figure 115 111ustr&tes the value of llas a

function of depth The value of i agrees well W1th the.xis.,

MV effective attenuation coefficients found from zeroqarea;

TMR,ggiacand transmission data (see Figure 116) (90—94)

;:i )

2
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The variatiqn,of the effective attenuation |
‘coefficient as a function of depth.  The
.parameters used to produce this. graph are
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»the Abeam~‘is diveréing, an inverse squafe reduct1on of thei
‘primary fluence must also be 1ncluded

PR - ssn)<ssn+d )2

'1¢‘(ilj{k) ¢* (1,3 O)e = —p /"

| ’ (7.4.5)

'Where,»D, is the distance from‘the source to the 1nteract1on
;site along the primary ray.;.¢'(i 3 k) can also account for
the external- contour of the - patient '(in which case -thef. :
'bfactor,:'SSD in the argument of the exponential in Equation-
7.4.5. WOuld not be a constant) nd fOr beam modifying
-.devices ‘such as shielding that alters the relative primary
ffluence‘ but does ’not:‘alter _th - dose ‘spread arrays.-'

. ( f
Including the dose spread array, Equation 7 4 1 now becomes

VA
/

nose-goNTRIBUTioN(i+Ai,jiAj;k+Ak) « @‘1i;j,k)A(o-2=z,Ai;Aj,Ak)'

"The cOnva?utiOnioflthe' dosel’Spread‘ arrays with ‘the

Eal B

relative‘~fluence can proceed in two different ways,vcalled

Tthe "interaction point of view" and he “dose deposition» .

[ . -

‘]point'fof__viey" In general the calculation may be done by
‘either vmethod- but there fare circumstances where "onel
'approach is;more'efficientuJb,' | | | ;
- 'In;the;interaction‘poiht of view the‘macroscopic bean
vis composed hoffﬂa'.se'i of contiguous pencil beams each of.
which 1s followed through the' phantom' to see where _the
rwprimary interactions ' occur. ,t Théi’ dose Spread array |
;'racontributions throughout th& phantom are summed for a11 “such-

-~

‘pencil beams.,w The dose distribution in»the interaction-‘
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point of view is:
DOSE' (i+51,j+6] ,k+2K) o = :;[Zaa‘(i,j,kj"aogii=£,Ai;Aj,Akil':
SR ALY

_(7z447)7'” o

. Where ‘the i Jok summationwis overk ail»-interaction:’rofelseﬁ

| ;1.é;f those voxels inside he phantom :and-i. ej'field:
A *:boundary:_ Depending on the region Vofyiinterest thedpdose‘;;A
'outs1de the beam boundary can also be computed RS |

Figure llélillustrates the calculation -ofv dose. uSingi

“* the. interaction- point of v iew..<.The relative'fluence-ié

"‘calculated for each point along a pencil bean (insxde square'

',brackets in Equation 7. 4 7) by fOIIOW1ng the primary pen011
.beams through the phantom. When a-beam biocking deyice such
?as' a] compensator is 1ntroduced in'the beam, some.of the,

'1primary pencil beams arefaffected. The interaction point of
- view 'can determine the e?ieoﬁfof the changed primary peQ011¥

'i,beams“on“the f dose ’ throughout .ther' phantom . without

-[irecalculatingn;'the entire beam, , Appendix 1t lists-'at-”'
 convo1ution program, Vo}ve for, which oalculatesvjthe dose .

using the interaction point of view. - | | |

The interaction point of view gives the doﬁ@ throughout__

region of interest. Often only the gr _a ﬁbw voxels>

”:IS desired._ In this case, the dbse ini seleCts_voxeisﬁ
s calculated using the dose dep051tiof_,‘f pffwiew:_

| In},aj homogeneous,i unbounded phantom lthere'iiis“. a
'geometrical ~¢eciprocity between the primary ipteraction and_
;dose deposition voxels..i Even though the dose spread arrays‘l

"_were produced to describe the transport and absorption of -

. .'P.-,
Yoot
e L .



dose'throughout a phantom due to primary interzﬁtions at - a’

»voxel; they also describe the transport to and.- absorptioﬁgwtl

- a dose dep051tion voxel due to an equal magnitude of primary'_'

.interactions throughout _the' phantom. This is essentlallyk“
the same principle as the source—target reciprocity‘used ‘ini
'7'hea1th ~physics‘ to calculate the organ dose due’to internal

51sotopes (95)

Figure 117 illustrates the 'use; of 'the 3dose spread'ygv:

“.arrays ftom ;the‘ dose deposition poxnt of view. The . dose

spread arrays now represent the dose depoSited in the' dosev
;deposition§»voxel nOrmalized to the collision KERMA produced
?hin the interaction voxels,, The dose depGSItion point 'ot
h»View calculation sums the dose' contributiOn at‘the dosel
'tdepos1tion voxel due to.- primary interactions throughout the-A'

“phantom. The dose at’ a point I J,K is given by

_ DOSE(I J K) « I z I ¢ (I-A1 J-AJ,h-Ak)A(o 2 t A1 AJ Ak)

If the dose at only a few voxels is required the”udose:t' o

dep051tion point- f*-view jiS'Hf r. more efficient.v‘xFor

‘ "example, the dGSe depositiOn point of view should be, ?Séa7~' Lo

"when determining theu dose along-the central axis orvalong‘

B ..

»"transverse profiies._ The dose deposition point of 'view ois o

";1mathematica11y equivalent .t taking the convolution u51ng¢:‘

* This reciprocity only rigorously applies to the RFMS dose
spread array when the phantom is infinite. | A

»

s

_;‘5'. R -
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EX the serial product (96) A disadvantage 'to” calculating 2

_pre—calculated and stored before Equation 7 4.8 can- be used.7?

the dose spread array.h._

large dose distrihution using the dose distribution pOint of

' view is. that a large array for the relatLVe fluence must be °

Equations 7.4, 6 7.4.7 and 7 4 8 do not rspecify which

’

type ,of’ dose‘ spread array is;being eonyolved. The same

s

general equations apply to ‘all'hthe,ldOSe Spread ‘arraysi -

except the number of terms in the summation and the value of

the relative fluence w1ll depend on the voxel dlmension.fof

v L'

L

The convolution method does not\take into account’vthe"
‘dose due to contamination. The measured contamination dose :
"was added to the calculated dose. ‘In Volume 1 it was found

'empirically that1 the magnitude of,the contamination’fose

. depends*bn five panameters,‘ the 2- dimensional position from }{ft'

contamination is- given by

: _the central axis. the radiological depth in the phantom 'ahd

- .\e“' T '°f, o
. vf_c(,ix’Y!'vz-.)aab) G(p Z) CYa’B : e ‘ - o

.fw‘igli

,,the width a. and length b, of the field., pThe;‘amount, of

The a@ount of contamination as a 'function“*off radxologic%l .

vprimary ray, from .the surface of the- phantom “to _the-

ealg

R

"!hdthe ;form of look—up, table, G(p mv The dependence of

v + ; . . o

- i 8 FLa A . . PEE RS Lo . . R . S

- . o . . . : - . P . » T
v S s L. L . . S . = L

V:depth was ﬁoun& from Figure 63 inside the field and from ff"

*‘Figure 31 outside the field.v The mean density, 'along thelvT

' Alation point is p. These graphs have been inclmed B n":'

:5: contamination on tield width was found to be linear.’;pThe ;;_7”



“fCOnstantiv'f° proportionality, 'c;' was. l 0 %/cm for a 15 MVk'
b'photon beam. The effective field size is assumed to be the_
;- square l‘root dof'vthe product ‘of"'the, field dimensxons.“
vKuation 27.4. é assumes a Gaussian dependence ,-ot‘7<then
'”Lcontamination on the distance from the the central aais -

' Figure 118 illustrates Ethe‘ measured and calculated~
tissue-maximum-ratiw (TMR) for a 15 MV beam as a. function otf
epth in a homogeneous water phantom along the beam central
Paxis for fteld sizes of 6 cm x 6 cm and 20 cm x 20 cm. .The

"'caldﬂlated TMR‘curve was obtained by assuming the beam wasl

[ ]
- y ’ E

v parallel and had no inverse-Square reduction ofsthe fluence'f.
’L with depth ‘as’ required for comparisonv with measured TMR )
’ values.d:iThe‘ agreement hetween the measured and calculated'

dose is better than L% begond a depth of 'dﬁéx' and withinwu.

fn.10 % in he} build-up region. Figure 119 illustrates the L

R o
percent depth—dose curves for a 6 MV x ray beam for various,jw
field sizes.kn The - agreement is within 1%, beyond d . for

lo_cmix ﬁqacﬁf nd 20 cm .x 20 cm fields and within 3 % for a

’ﬂém fi) ld. “:‘ : ,‘ | v"!

Figure 120 illustrates dose profiles at d 'for rieidf'
rs‘siZesvfo 20 cm X 10 cm and 30 cm x 30 cm for a’ 15 MV beam.j-*
H The fluence profile at the phantom surface was assumed to beﬁ}
uniform inside theébeam boundary and zero outside the beam’i
bouﬂdary. \This assumption appears to be adequate ltorffthetl’
10 cm x 10 cm field but does not accountﬁtor the "horns".in; o
the larger field prof11e._ The tall-off An -dose~ near {the;fﬁﬁ

oy

{ |
beamf boundaxies due to lateral electronic disequilibrium,'

I

not g_ometrical penumbre,;;is} accounted :or,_f_Figure_sIZI.;i[.“f

.
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"effect has‘ bee

illustrates the dose profiles in homogeLeous phantoms with

\

(93]
Y
G

axis,* The maller the;

various densities. The dosé is;norm;}ized to the\dose in a’

, unft density. phantom at the centra

'den31ty; the smaller the dose ' ide

'.espec1ally pronounced ne"°l field boundary. The dose . .

_the field.{’ This is -

‘out81de the field: is eater for 'smaller densities This

P .

\
observed by Kornelsen and Young for 10 MV

T X- rays (80). is, dueuto ‘the ,enhanced range of charged

cles in l w—density materials. The reduced dose ins1de
the fiel N mainly due to the charged part}cles migratina

,1nward from outside the field and the increa

the field is due to an inCreased number of charged particles

"streaming"-there from inside the field.

The method can be used “to determine the ’dose in a

N

ed dose outSide?

o

";.wedged field.. ;It\ was,lassamed that = the: wedge could be

~N

described mathematically as a- linear (or’?ramp") increase in:

the primarg fluence from: one 51d of ‘the beam to the other.’

»

‘The primary fluence profile is s wn 'in Figure ‘122 alang»'

\

""with the,\fluenée calculated afor.'theQ 45 'and 60 'wedges

“«(defined by the angle\the isodose lines makes 'w1th 'a line

parallel to -the phantSm surface at some specified depth)w

.suppliedA by ‘the accelerafSr manufacturer. ‘The wedge

5

material is steel with an effectave abtenuation coeffic1ent'

_l'

0550.?84:cm, (97). The closest fluence profile .curve 'to :

the linear: profile curve is for a 60 wedge. Figure;lZBQuT‘

illustrates the calculated 1sodose curves for a 15 MV.'beam'a'

‘7with a fluence profile ‘as shown “in Figure 122 and. the

',,,measured isodose c%rve for ‘a 60 wedge. - A diverging heam

\
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was used with a field size of 10 cm x - 10 cm defined at the—

'surface of the phantom which was 100 cm from .the source.

The calculation predicts the characteristic reversal of the.-7

slope ot/ihe isodose lines in_:the build—up ‘region. f The }

agreemént - of the position of the isodose lines Is good and

' might ‘im‘prOVé by a“v . more CIosely ' matChed . fluence

distribution. ‘
‘ S e
The_ l method ~can also  take into ) ;account

’irregularly—shaped .efields. Figure 124 illustrates _the.

effect on the dose profile at a depth of 5 cm . when a ShléldeA

‘_is‘ placed in the 15 HV beam.’ The shield consisted of a bar

.ot cerrobend (lead tln-biSmuth "compound) f~extending‘9}.

completely across the field 1n a transverse direction to ther':

profiJe. The width of the bar - was 1. 5 cm and i had

'thickness of 8 5 cm. Thet pr1mary fluence transmission‘pif

through the cerrobend was calculated to be' 3 1 % B FigureVT

=

124 also illustrates a calculation of the profile assumipg'\

the primary dose is deposited locally., The measured prof1leicc
-agrees ~best with 'the calculation using non local primarys

energyfdeposition. This illustrates ‘that. charged particles-“

illus

"f4 8 Clarksdn scatter summation technique (98) This 1nvolves:il
finding ,the scatter by summing contributions from the;jw"
Q_.,.“ T

unshielded portion of the\field and then adding this to thej,"

ar \§;:eaming into the oregion ‘under fthe shield. Alsof

ted in Figure 124 is a. calculation of the dose using3n

primary dose under the shield, which /isflequal 3to‘ithe5

\

transmission factor (1n this case 0. 031) multiplied by the"-

~zero-ares THR. This methéa predicts about- one~ha1f ot the

‘o
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,VCERRCBEND; o Dose Spreaé'Array
BAR SHIELD

Lo Convolutlon With Local

TRANSMISSION a Clarkson Summatmn ,

f?fbi:

i,Figure 124.

r»f;mhe relative position of the shield is. in=".
R ‘dicated. - Also.shown are various calculated .
l'“;dose profiles for this situatioq\‘ 7_,.¢‘

?he measured dose profile at a depth of 5 m‘

when a shield ‘is placed: ln the 15 MV beam.

I Convolution U51ng Pr;mary{”..'

Pr1mary Energy Dep051t10n' 

o CFACTOR = 0031 ‘.-‘VO 3 F1e1ds (see- F1gure 1‘,75)_“_\}

Ced
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ﬁjfdose under ﬁthe shield compared to measured data or the
- convolution method.- This is because this methdd assumesi a:}f"

total abSence cof primaﬁy dose vunder the shield being

’ transported from the unshielded pOrtion of the field.. This

"method whibh has an unde:laying assumption that the primary’
l(gifrgy ish deposited‘ locally, : agrees \ well | with the
. QG volution method in which local primary energy dep051t10no_
\has been assumed here temporarily for\\iomparison‘ (this iég o
-achieved by replacink tmt Balculated primary dose spread
‘arrays with an array in whieh the interactron voxel rhas}’a
~value of 1.0 and all other voxels have values of zero)

| The finding in Figure 121 that some of He,’"penunbra
is_ due “to electronic disequilibrium suggestsaia)-simplemd
h‘calculation method for this shield based on \i\asured dOSel
’e;distributions. m Figure 125 illustrates that the bar shield‘
fi;can be' represented by three fields.:~:Thel middle field‘
'fﬂrepresents .theﬁ radiation transmiSsion through 6he shield.f

;The fields have to be tilted SO’ that .neighboring field

ff{-boundaries remain paﬂallel.ef The relative weightrof the

B ,7shielded field compared to the unshielded field is equal 'toh’~

a};th transmission factor..; ?igure 124 also illustrates thej
’3calCulated doserusing this calculation method. ~I provides
5vbetter agreement with the. measured dOSe.~ fhe shield isi
“acting like a collimator, it is shielding the fluence ;‘but:v'“'
Klit does _ﬁégi prevent. charg@d particles generated in‘the;“if
d*;iunshielded region from being transported t ‘fthej shieldedi

-freaionq:'f'
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7.5 Extension to Heterogeneous Media

o

Charged particle transport through a heterogeneous -
,medium ts much more complex. .To be rigorous, the primary

dose spread arrays would have to be generate~ for each

'hetérogenous situ8tion, that could be‘_encouniéred. ' The
number of/p0381b1e combinations ts enormons so Vthat, an
acceptable approximation Vis necessary to take advantage of

data stored in,rthe dose spread arrays generatedtu for}:

‘yhomogeneous phantoms of different densities. ~ '15\

Figures 95 and 97 clearly illustrated that in a

low-dens1ty medium, charged ,panticles ;migrate a greater*-

" . .distance from the primary interaction Sife.' ‘This must  be

/
" taken’ into account when describing the transport of. charged

'particles from a unit density medium such as muscle into. a

‘ipw—density r gion such as lung. | Figures 126 and 127

illustrate a MO'A Monte Carlo generation of the primary{g

’first scatter J d multiple scatter dose components for 6 MV

’-x-rays,i’in ho ogene%ps © and heterogeneous medium;

ageSpectively. The nitural Jogarithm of the percentage ofr,,i
'dose”normalized to the maximum dose. is plo?ted as a. junctlon :

| ova depth.:_ The primary componentt decays approximately'
exponentiallyN—With depth b ond vwdnéx~ in ~Jhoth the
‘unit density and low-density regions,~‘however;vthe.decay

constant is smaller in the low—density medium. The’multiplé N

gsCatter dose has an extended build-up in the unit-denSity

':medium;" It does not decay exponentially in the low-den51ty:[h‘

-medium. AgInstead, the multiple jscatter component first;
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: L.‘ ‘ . ‘ e _ . :
. decreases with depth after the first interface (until

-10 14 cm beneath the surface) and ‘then: increases before the~
second interface. The first scatter dose has features Qf.

4

\both the primary and qutiple scatter components. It has‘a"

'"build-l:pv\ in the - unit . density material : similar ~,t6.’,'t‘hé
multiple scatter’ dose but ‘has an approximate exponential
reduction in dose in the low-density material._'.

The extended build—up ‘in Ath »scatter ‘dose seen ‘in

t-pigures_ 126 and 127 is: reflected by the large longitudinal'

-i".fextent of their dose spread arrays.. HoWever.' tﬂé behavxor‘

&

Vof : first scatter dose with depth in the heterogeneous ?31-9

"medium resembles the primary dose component.i

*hlhe, extension oi 0! Connors theorem. for charged -
“:particles setqin-motion suggests that'range scaling'may-be'i
kused to approximate charged particle dose spread arrays in
lvheterogeneous phantoms.‘? The dose Spread arrays stored forff-w
‘”"various values of p- & were, therefore, ~used. Th vspatial'f

_ resolution of the\ dose calculation,~2 is chosen and fixed

Tfoat the start of the calculation. " As shown i Figure _l?s;f

N " p ‘y :
o the average denSitY. between the interaction and*dosea- '
vdeP°Sitlon' Sltes Fis, found ;The. array 'value fhr'.lthé5??)‘

*

L location. Ai AJ Ak nf a homogeneous phanton w1th the samej'

'”1».fd% z value is tound by interpolating between dose sPread‘bv“

'uiarrays ggat' fixed p 2 values.1 Linear interpolation 'is 'ppil*

N

"lffsufficient because the array values vary \relatively-.slowlygfii"

'fas a function of p 2.‘5'
There are many algorithms for findingvgthefpeduiyalent_
'*‘_phomogeneous density:enyironment;betyeen thefinteractionVandjhf

-
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S (1ncluding he begInning and end of the path),- The ledgth
'-of each\interval in the- Cartesian directions 1$> 61 GJ 5k

" where,

'dose deposition »sites; .TheV stnplesti conceptual]y,hr s‘j

'spaced intervals. between.' these - voxels.f Figure ffiza’f”ﬁ=

“ray tracing".-f Samples of density are taken a( evenly o
, , Y R

'illustrates the procedure schematically.. Suppose that the-_"'”

'number of intervals is N.g The number of samples ;isf N+1

W

o . ; - B N Vo

= Aj/N {

i

| .\v - V 'G‘ . ‘, , <(7.Sﬂ), ‘ :

The everage density 1s given by ' 4ff'j}37hffffgﬁﬁfﬂx e

The weights7of_the first and 'lastg'm:v'.



Joem T - 366

. b o
\\1 ? )
Interaction Voxel (i,j,k) | ,
oY : . .
‘ V . R . ‘\ .' ‘
. \ * ,

e R R Y K | Dose Deposltlon
o -' ‘Voxel (i+ai,j+aj, kuk)

. > . r . i& / . ‘

f , - .

N ) . V . . .
' e ' "'.\-v . ' B

. . . ’

. - N
S ‘

‘Xindicates Sample Points ™

N . e
. . ¢
'
N
8
B
. -
.
P {\ .
’ [ N a3

'0/

. Figure 129, Ray tracing is performed by sampling the
. .. density between 'the interaction and_dose

ddposition ‘voxels." ; DT



- - N

- '3()7

same densty. = However, the density of the interaction

%

voxel, p~(i,j,k)}-'in a'heterogeﬁeous phantom, ‘'is generally
R I N A '
not the same as the average density between the interaction

and dose deposition voxel. The primary dose contrlbutlon to

. u‘dose deposition voxel, due to prxmary 1nteract10ns at -an

interaction voxel of density p(i,j,k) when the average

density betweengtheSe voxels is p, is given by:

DOSE CONTRIBUTION(i+di, 3+, ketk) « 07(1,,K) 913%%i51Apr'Q’A1’“J’Pk}

(7.5.5)
The factor o (i,j,k)/ § takes ihto .account /the different

. . ' . A
amount of kinetic energy released in the heterogeneous

Ld

interaction voxel compared to the amount set in motion. in
. . v N i

the intefpolated "homOgeneous; ‘voxel | of density,lﬁ .

Otherw1se, the convoluglon is carrled out in the same ‘manner
as 1in . a homogeneous phantom. Therefore, this procedure
avoxds the need to flrst compute the dose in water and then

calculate an "inhomogeneity correction” separately. >

D

If ‘the phantom is homogeneous, the factor p(l,j k)/ P in

Equation '7.5.5 ,becomes 1.0 and the equation S1mp11f1es to

Equation 7.4.6. In- any case, Equatlon '7 5.5 can  be

Simplified to two terms. | o(i, J k) “depends oply on the
1nteract10n voxel and p depends on the average path den51ty

) °
Therefore, Equatlon 7. 5.5 becomes '

DOSE CONTRIBUTION(i+A1,j+8j,k+aK). « ¢""(i,5,K)AD"(3-2;61,87;8K)

el r £
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~ Where: o RN
¢ (i,5, k) ¢°(i,3,K0(1,3,k) o o
o | (7.5.7)
S . AP(B-2,A1,45,4K) |
AP (B-£,01,4,0K) = = —
. N\ : p S
7 N .
N ¥ L (7.5.8)

The TFS' dose spread array may beyrange scaled using the
“same algorithm. In fact,_range scaling the”TFS'dose,spread
.‘array gives the gzagibcorrectionJ This is hecanse a first
dbscatter photon» interacting at the dose depos1txon voxel
"\could not have interacted anywhere other than along the path
between ‘the primary interactlon and dQse deposxtlon voxels.‘
Slnce the primary dose spread arrax and/the TFS dose . spread~_
array are stored for the same: values &f p: E the‘prrmiii\ind‘
TFS dose. spread arrays may be comblned\hhere they coinc.de }>
spatially. "The TFS 'dosg -spread‘array‘need only betdeait

with separately if it ;extends' beyond the -border of the

~ primary dose spread array. - | ’ L ,\\;\’ S g \.-
. Equatiomé ©7.5.5 and  7.5.6 have N two implicit.

assumptions; .
» s\
0 )

l)lcharged-particlesionly traVel'on the('straight-line- path_
or "ray$ between the interaction and'dose,deposition‘sites;
02) each portlon of the path between the interaction and dose
depositlon sites has  an equal 1nf1uence. 1in} the
7itransportation process.

Both of the above assdﬂbtlons are, stgictly speaking,

untrue. Charged particles 1nteract and scatter almost



.,‘~

continuously so they can' travel oh’ any; oath betheeh the‘
~1nteraction "land . dose deposition 'sifés Wifh:‘On1Y"rthe
- constra1nt that the overall dlstance travelled 1sﬂ1ess thgnv
®the ma ximum possible pathlength or range". Charged
particle scatter1ng betWeen tWo points 1s a highly .complex
ppocessf\yhlch ‘cannot be»;described exactly by'gn.average
dehsity. HOWever' the most orobabie of any path 15 the
direef oneb between, the ihterdction ~and dose dep051t10n
sites. Therefore, the assumptions should be v1ewed instead .‘
. ' - . 0 . . :
as a. flrst—order approx1mation to the solution of charged
.parficle transhort. | |
The validity of ‘the approrimatiohs'“were tested 'by,h
-~’comouting primary }dose- opread errays dlrectiy using the
‘Monte Carlo method for a varlety of water like heterogeneous
phantoms;,etof .simuleig_ tranSport aorossl tissue-lung,

lung-tissue and air gapsT\\f\FTEﬁFé~%\13Q\\;ElEustrates,

sbhemétioally,vr the  phantom ahd-’the' p081t10n of

ihgeraction voxel'(the voxel Wlth bold borders) the

. /.

phantoms that were tested.. Dose spread,arraYS'generated in”//

~ the heterogenecus phantom from the Monte Carlo method’ were/’
-t o _ _ At =
compared to the calculated . dose spread arrays-.for//a

heterogéoeous-bhantom'using:

ahet (A1 43, ) = ~13i§-—l A

Fpelst p+1st(~ £,01,05,8K)

S

(7.5.9) -

Where Ah

p+lst(p "% Ai AJ Ak) is the primary ‘and TFS dose

1

spread ‘arrays combined. eJTébles A to -1 in Appehdix 12

eompare the results‘iof jthee,two fcdlculations;* The dose
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Cp=03gen| o - 1og/end |, p= Lilg/an

o =

= 0.001g/cm"

3

L _ p = 0.001g/cn’
p = 1.0g/am™ | ' A

p =5fIQg/qm3

&

o .
+Figure 130.

tested to verify the.
determining the dose in heterogeneous phan-

.;}#\.

Schematip'represgntation of the slab phéntomS‘

,approximationS'USedkin

toms. The interaction voxel is shown as
a square. The results are found in Appendix

12.
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’ spread arrays are Hin. close agreement with respect to the

'range and. absolute value. fTheﬂmaximUm'deViation between the_

” .

two values occurs near the~heterogeneity interface;‘ A check

' was also made to see 1f the method chosen to find fthe dose

Spread arrays in Equation 7.5.9 conserved energy. Equation

7 5. 9 gives the amount of dose/unit KERMA being dep051ted at

v

KERMA is given'by.

ENERGY SIM = 5L % Agfist(m Aj, Ak)o(1+A1 3+43 ketk)
\ AiAJAk

(7.5.10)

The value obtained from Equation 7 5 10 was compared to  the

‘the dose deposition site, therefore, the sum of energy/unit

371

.result, from»“the Monte Carlo calculations u81ng ‘tﬁef ‘

following o A:v - »" - . A

g-ib‘TE CARLO SUM - CONVOLUTION suu
DEVIATION OF ENERGY bUM = FONTE CARLO SON ,

~

g |
’ (7.5.11)

yd

_The comparison is: shown at the bottom of Tables A to ‘1 in

\\ . ‘(' E LN -

Appendix 12, Energy was usually conserved to better than. e

5 %, except for Situation G, in‘which the percent deviationc .

was 8. %. "The results can,"be improved by. mod1fy1ng then

1

'ray tracing algorithm. Instead of giving £ a.weight of 0.5"

-for~ all rays, .some rays are given an f Weight greater than

0 5, " Tables A" to l'_ in- Appendix 12 illustrate the‘

‘.:heterogeneous calculationj-with £ equal to. O 9 when Ak Ls

v\positive and Al and AJ are both 0 and f equal to . O 6 when

1 Ak is’ pOSitive and Ai or A3 (but not both) is +1 ' All,other o

fo values are still 0 5.' Energy is now consé‘yed to better:

.
B0

. . -
. . . - . .
R D AR R T eo ) SR s e gt

A i S e D e
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than 2 % all‘4values”;eﬁcept thQSe“Vn\Situation'G for

“which energy was conserved to 5.5 %. "~ THe results would

\

prdbabl§ falso improve if. the value of fN
A - ‘ oW
Multiple scatter photons may have interacted' anywhere.

1th1n the phantom, noﬁ Just between th/ﬁgrimary 1nteraction
i*

ﬁand dose deposition voxels.t Therefore, the average "global“

density of the phantom is used in Equation 7.5. 5 and 7.5.8
€

’[15 further Justified because .multiple scattering; is. a

. _~and dose deposition voxels of the RFMS dose spread arrayh

T»fresulting in a: saving of computation time

| Figures 131 and 132 illustrate the TMR fcorrection g

factor,vform a 15 MV beam along :the_ central'axis for a

«

”heterogeneous phantom consisting of horizontal slabs of f’-
"low-density and unit density ‘material for field sizes of,,l,,u?
‘75 cm X 5 cm and | 10 cm X hO cm.-_ }'The“f experimental L

7wmeasurements 'were the same as those obtained in Section 6.}:

i

The7 correction factof is less than 1.0l in cork fvatn;”f

e .. (

'5 cm x 5 cm» Whlch indicates that the dose to cork 1s lesst]7}'i
‘itnan the dose in the homogeneous phantom even though

'iprimary photon fluence iss greater.-t This was Shown (in
USection 6" to be due'v o"a loss of‘ lateral electronic'

equilibrium because t h distance from the central axis to‘t

as not, constant.

[ 3]

instead of the mean dengﬁty along the‘ path between “the

. ihteractiOn: and dose deposition voxels. This approx1mation o

ﬂ:minority contributor to the total dose. This.approXimation'e

navoids calculating the mean densitu between the interaction{f“‘
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" Pigure 131. '-The experimental and measured TMR correction
S . factor for a 15 MV’ beam. . The: experimental

~ get-up is shown in Figure 85. The field e

"‘_»-»size is" 5 cm x 5 cm, DT AR T
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Figure 132, The experimental and measured TMR correction

- % . factor for a 15 MV beam. The experimental"
set-up is shown in Figure 85,  The field =
size 15 10 em x 10 cm. " T



.rffé;The choice of'weighfing of”thé?interaction “voxel, f |,

"charged particles. The dose results of some’fexisting

4 L

X

]

Y

‘methods are shown for comparison in Figures 131 and 132.

prédicts the measured “correction, factor Tob w1thinriif%;2‘ -

v

The existing' methods aSsume electronic equilibriumﬂfandﬂ
poorly predict the dose in this situation. The convolution‘

calculation: predicts not only fthe correct'trend but also

3

Lateral equilibrium is establtshed - at a 'fietd size of

10 em x 10 cm, . and”ffor” this situation,"thet'convolution

.calculation éandVIhe,equivalent TAijethods both predict the

" dose adequately. i

“in thei ray tracing algorithm agtered 'the_ doSe"in_this

at least for the slab geometries tested ray-tracing.seems S
voxels.gv:’_f ' ":‘ ».' ' d' S

rfor_tissue heterogeneitie51 Figure 133 illustrates the dosev

~in the heterogeneous phantom decreases faster than the dose

in homogeneous“ phantom at greater distances from the,f

.0

heterogeneous situatlon by only a few percent. Therefore,'

3

'to be adequate' for, determining the average _ den51ty'j

environment" -between ‘the interaction gnd dose dep051tion'

-'*“'(F By
v ; .

N . 3‘ :‘\’ - HA .‘Jj\}c .

Many dose calculation algorlthms, such as the Batho and

<

TAR ratio methods,ionly correct the dose at the central axis

7‘7»,’_/———'—-"

heterogeneous phantom (see inset) "The' field sxze S is.

£y

20 em. X 20 cm. . ‘At.-?he central aX1s; the dose 1n this“v"
heterogeneous phantom is about 5 % greater than the dose in,

*j,a. homogeneous phantom at the same depth. However, the dose,

)

the field boundary is smaller' than theiilqteral -rangef of

"fprofile at a depth of 9 5 cm instde a 0..0g/cm region'ofia RN
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central axis. Just inside the field:boundary, the_:dOSe»-in‘g‘

. the heterogeneous phantom ,isr less than Tthe dose in a -

Wr'homogeneous phantomz OutSLde the field boundary, “the dose’

_ in.gthe heterogeneous pha

ous .

om is once'again‘greater than in -

phantom. The behavior 'neart the'ifie]d,

boundary,_ in the low—dens1ty material, can be attribufed 1o .

i':charged particles streaming from 1n31de the field (redu01ng”__

¢

theh dose .there) to out51de the field (1ncrea51ng the doseﬂ

. v
N

there). Therefore, fa“a inhomogeneity correction ' factor*

obtained 'at;_the- central axis cannot be applied thrOUghoht~1*

: %

'gi'the field. Kornelsen and Young (80) have measured 51m11ar*ﬂ

fcﬁanges:-in‘ 10 MV dose profiles~ in phantoms Conta1n1ngf“’

-hlow den81ty regions.;f

Traditionally, the effects of a wedged‘ field incident'~.

",onf a’ heterogeneous phantom on a dose distribution has beenf o

' performed in,two steps.,.:The dose distribution d‘ f1rst]f1‘“

g calculated ffgrv‘ wedged field/ inc1dent—on a homogeneous L

~phantom.‘ The correction factor ’is' then' obtalned ford3a3

| heterogeneous- phantom irradiated by 7' open field.,,The:

"inhomogeneity correction factors are then multiplied by 'en:

“.;dose dLstribution'ifor the wedged field to obtain the dose'

.distribution. This approach is non rigorous and has never

.‘~‘

.f.been tested for lits validity.i The convolution method 1s

ﬂcapable of determining the wedged field dose .distribution”n

‘rf'for a heterogeneous phantom in one step.»;

Figure 134 111ustrates that there -iSj good agreement

,between separati /the tasks of determining the wedge dose

&

Tdistributiontn;andn]_the heterogeneous :_correction "andr
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7.6 The Spatial Invariance Of The Dose Spread Arrays

The dose spread arrays are produced using a very large
phantom.’f The primary dose Sbread array is'frnite‘in‘extent

so the phantom need only ‘have been larger than the ma ximum

..)4

' range ot charged particles set-in-motion. The TF§ dose

Spread array f% completely 1ndependent of the sigev,of \the

\J : ‘ R
phantom used in,,the simulation. The size of the phantom
‘ /

will affect the RFMS dose Spread array _only. The u<de of |
this dose» sgread- array . near the edge of the phantom will-
introduce error. Hoﬂéver, since this dose, spread array
contributes Ha small fraction to the total dose, this error
due to the extent of the phantom, w111 be in51gn1ficant.

| The dose spread arrays “are not completely spatially
invariant' in homogeneoas. phantoms for.two‘otherereasons.
Beam hardening is‘due to the éreferentialh removaltvofenlowl

#
# ' :

{energy photons from ‘the beam. mIt,is possibie.tha?wtheibeam

" will have a "hardened" specgrum " the central axis, due

to, a »greater pathlength ,of the primary beam througn the
field flattening filter, as compared to"near ‘the beaml

boundary. - In addition, as the beam penetrates the phantom 6

it contains a greater fraction_ of’ higher energy photons.

Bean hardening effects " were. not 'inciuded in thefresults

x_described. - If it is necessary to include hardening effects

:

".!for' some beams the convolutionrcan proceed~using different

dose spread arrays for different locations in the phantom.'

L

Divergent beams have three geometrical characteristics

which distinguishqfﬂbem' from' parallel beams. There'is an

« v

., . ‘ . I ‘
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1nverse square reduction of the.primary hhotons and‘a l1near
increase 1in each field d1mens1on as a functxon of- depth

'Another characteristlc may have to be taken into account for
this method. The dose spread arrays are net invarlant for

dlverging beams. Figure 135 1llustrates that a “dose spread

array should be "tilted" at an angle from the central ax1s

equal to that of the prlmary beam. For example,.'the 'angle .
‘of tilt is ahout 8.4 degrees at a distance of 100 cm from'
.the ¢ource at the edge of a 30 cm X BQ cm field._ ‘Te' be-
rigorous, tne subscripts of the dOse;“spread.,array at -

i+Al,j+Aj, k+Ak should ‘be transformed to iAL',j+Aj',k+rk',

) whereg

N (SSD‘*}S)‘SK*‘TAT :. . o a

(7.6.1)°

.. _ 0iD - ik~ : '

b7 =Tk f ,

| (7.6.2)

pj~ = 24 l
_* Where r= //2+J ‘ and Ar= /ﬁiz + jzv. If’Ai';AJ',dr.-Ak' are - §

not integers,- interpolation is necessary. This has not
‘}.proven to be an important effect wheﬁWcalculating TMR's “in
:'(the simple phantoms 1nyestigated so far.v The transformatlon;

,changes the value of the TMR at the central axis by less b

than 1 % up to a thickness of 20 cm in a 20 cm X 20 cm fxeldf \

N

'7at a distance of 100 cm  from the source, However, beam

!

-
e T . ~ -
bk s L LRGBS s T
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-kd'ivérjgénce 'LWill".r be an _impor"tant ;effect' when calc-ulati{'ng . ,\\
'-‘per.'-cé'h‘.t‘égé ‘depth-dose for large fields o.r' may »bAe ' impo‘r.taAnt' \
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7.7 Comparison With Other_Methods and Potentiail Impryements~'

1

- The’convolution.method presented has,*feathres similar

‘to. the equivalent TAR .and A-Volume methods. Before the

similarities _are‘ dlscussed ‘the characteristics . of the

method, whlch are unlque, w1ll be summarized.

~1)}4'..'1‘»he‘method'.exp:lieit;ly"take‘s into-aooountlthe'transport of
charged"particles mhion allows the ealeulatiOn of dose in
rhé build- -up reg1on and in lateral dlsequlllbrlum s1tuat10ns
such . as near beam boundaries T or near‘ low—dens1ty

“heterogeneities.

2) The use of experimental measurements as the data base is

abandoned. -Rather "synthetic measurements" are generated

o us1ng the Monte Carlo method and validated by compar1ng 'the

[

results 'of calculations with a limltedfset of experimental -

‘ measurements. B ‘,v' R o )

. 3) Primary‘ fluence ' is -COmpletely separated from - :d0se
rdepositiont o O . @:
4) The primary dose}llocal first scatter dose and. multiple

scatter dose can be vcaléulated ‘seoarately.' This allows

;optimizatlon .of the calculatlon 1_resolution 'for eaohl

- ]
-

oomponent’7to ‘find the best_vcompromise.oetween speed"and

} .

- e

.-}b'.

5) 0 Connors theorem is explicitly 7uéed because‘ .the dose

'“dspread .arrays are. stored for a range of values of phantom
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density times voxel,dimension;

6) The same algorithm\is used_'to calculate. all the dose

components..

"

Figure .136 illustratés ‘a comparison_.between yarious
"dose calculation ‘methods. 'AThe Monte.Carlo method.is~the
.only method with the capab111t1es of the convolution method
_ Howewer, it yis yet far too slow for routine treatment.s
olanning. As computational power becomes less expensive and
more ; available, this  may hange. . Nevertheless
'computational hardware improvements will also 1ncrease the
speed 'of ’convolution calculations SO that the conyolution
‘method will always remain faster than ‘thed Montej,Carlo‘
'methodt The convolution method"retains the ,essential
featuresAof the‘Monte Carlo 'methodi for_"this, appliCAfiony
without the slow calculation time. BRI R
A procedure' common ito‘ hll other' pencil beamfland'
"-piieleby-pikel caIculation‘.methods is” ray—tracing".' The |
"equivalent TAR method ray- traces to ‘find _the. density
weighted with reSpect tb the amount of scatter originating

iat a iocation., The A-Volume method ray traces to f1nd “the

'~contr1bution of first (and some second) scatter dose between

the calculation point and all other points in  the phantom'

'.where' the primary beam interactst\\ he dose calculation forf
h the tirst scatter dose contribution in a homogeneous phanton ’
'can  be shown to be. equivalent to a convolution calculation."'

:This may’ be shown formally using a contihuous 3~dimensionalﬂ

integral representation of,first,scatter.fluence._ The tirst
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-

Algorithms For Making Dose Corrections In Heteroﬁeneous Phaitomév

' Algorithm. .~ P;ihlength Field Size Position Of Shape Of Flectronic:
R , : R Structure Structure Fquilibrium

. Linear C '\. ' , : R N |
Attenuation - -Yes. . . No _ No No® Ng
Coefficient . . S ’ . . g

Ratio Of : - ' # |
TAR's ~Yes : Yes - No - .. No : No

Effective SSD Yes . Yes = ¥o JiNo - No .~

‘Isodose Shift - Yes , = .  Yes . No N No Mo
Batho ‘ o - -
(Power Law) - Yes-. ~ Yes - . Yes. .. No ‘No
Equivalent TAR Yes : ?esf' " UYes . Yes. : " No
Déltu-Volume' - Yes :_g»Yes'“ Lo Yes - R - Yes . . No

_ o FRSE TR AR PEL R o : :

Monte Carlo - Yes :k;_Yes._ ' ‘ qui‘ ' Yes ' Yes

Convolution - Yes - Yes - Yes !eé" - Yes

Figﬁre3136. A comparison of the convolution method with
- :.;existing dose calculating metbods. !

RTINS - . . .
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.

geatter photon fluenoe at a ‘poiht r in a homogeneous

A :
phantom due to primary 1nteract10ns at a p01nt ;)‘ is given

,by:
BT

T ’; | - Iz p(r )'.}~ L ,L_ o A,
d)lst(r_) -ffbp(r)a—( )I e’ | dv’ . | o

r-rl

3D B
(7.7.1)

~ Where ¢p(?3,is the primary fluence at point ;‘»a“d p(r) is.

' the'dehsfty of the primaryjintefaction Site.’ do(1'r )/dQ 1s__

the Compton scattering éroSS-section in units of ’cm /g.
~{i|F-F"| -

e is ;the“ attenuation of the first scatter dose

‘between the interaction gnd'dose:déposition sites-where' the -

o

‘vector T-T is'7directed -along' the path between the

'interact1on and dose deposit1on sxtes. Boyer (99) has shown

; formally that Equat1on 7. 7.1 is a convolutlon Lntegral. In

3a formallsm uSed in contlnuous convolutlon- theory (96) - -

:  Equat1on 7. 7 1 becomes

‘o gL .
¢1$t(r) = fh(r )g(rfr »)qv‘ _} | |
o ga
- wh?fe: Y “ : - _‘,  ~‘>  = ;r 
~h(F) = pEeE")
"(1.723) -
:, : L —ulr T {v
g(r"r ) aﬁ(r r )T_T_T—T
T-T ,
' Ty

(7 7. 4)

S

.‘Equgtiqn 7;7Qéﬁisﬁjﬁ3t'the 34diménsiOna1° continuous analog‘



. Of » Equat iO]’l 7 . 4 . 8 . . )’I\» - » . . . [
In general, the speed  of‘ pixelﬁbaSed> calculation
methods is much‘ slouer than sfmplér methods. The time®,

depends on the number and type of operatlons speeified by

the _algorlthm énd the hardware used to run the‘program._ B

: Currently, thed A- Volume "method requires"a signiftcantly
”longer tlme than'the convolut1on method when ‘it is runnxngv
on the same computer (VAX 11/780), presumably under the same
-operating»condltions. -‘The A- Volume requires 4. 7 hours for a_”
16 x 16 x 16 dose matrix and 300 ‘hours for- 8 32°x 32 x 32 |
matrtx '(77) : Tne convolutlon method by comparlson, p
_presently requires 50 min and 8.2 hours,.irespectlvely,‘ for:

the same 3- dlmenSLOnal d1stribnt1ons. The calculatlon tlmesi

for both of these methods can be improved. ‘The slowest part
of the p1xel -by-pixel methods is ray traCLng._‘Rapftraciné
tn theurA—Yolume ‘method nis_ being xncorporated into_ a
-.houstom;'ntegrated ¢ircuit which is’ expected to 1ncrease 1ts'l'
speed by . an order of magnitude (77) ‘The convolutlon.methodj

“should. be part1cu1ar1y well suited to. array process1ng Whlchi?

'”should also decrease the ,calculat1on by: an, order :,of

magnitude. - The _ array processor calculation tinfbthe""

: AT ~ : . .
“interaction point of vieW“will be examined in some"detail.

'tThév array processor would calculate the follow1ng equatlon .

":rfor a.given A, Aj, AK and relative fluence 9 (l,J,k) (trom "

‘-Equatlon'7.5.7)f-‘u' S s s “:a " N
67" (1,5, kA D(B2,01,45,8K)



The hostVCOmputerlwould calculate 77 (1,3,K) and also keep -

track of fwhere 'the“primary fluénce was interacting in the

Y

* phantom (i. e.- the 3- dimenSional 1ntersection of the bean

.and the patient) A flow chart of ’the host computer

‘tcalculations 1s shown in Figure 137. A flow chart of- the‘

,array processor calculation is shown in F1gure 138 The o

array processor would ’first _calculate the -.mean density i'

/

__,__fbetweeﬁh“’”-—”qnteract1on site and all the dose deposition

51tes..~ The algorithm then, Specifies a loop  for | the

calculation, of Equatjon 7.7. 5 . The ’aVerage' den51ty

calculation could have been brought within the loop and not

stored ‘asw an array.‘ However some of the average densxty

array may. be reused for a beam from a dlfferent .direction'

also interacting at the same location (i,j, k) .Figure 139

illustrates the 1dea schematically. " The A-Volume mettod

_should also be able to benefit by storing an average dens1ty

o matrix “tor use with multiple beams. lInk turn ‘the

convolution method could employ a custom—integrated clrcuit

"~ to calculate the average den51ty array.» Both the A Volume'

'and 'the' convolut1on methods could beneflt from an 1mproved

. ray tracing algorithm. The algorithm presently employed by

both methods :ls summarized by Equations 7.5.1 to 7.5.4. A:

6. p

- moretefficient method would be to~,calculate the den51ty‘

o8

alongd'radial, vectors.-_ ln‘;the caseé of  the convoluthon

_methodﬁ-infthe interactibn point of.view the center of the

'radial ivectors’would be the interaction site., In thlS way,

" the average demsity, at one pointi"on.lthe radial rvector;

' would ouse}.the‘summqmion of deusities‘calculated'at a point
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R

Select The Next Pencil Beam

L

At

End -

Go To The Next Interaction

Voxel Along the Pencil Beam 1

-

Calculate The Amount Of -
Primary Pluence,Arrivipg
At The I9tﬁf‘¢ti°n Voxel

Multiply The Fluence By The '

_Interaction Voxel Density
“To Get ®“(1,4,k) . .= .

- Voxel Location

~-Pass On The Interaction .

‘Direction, And @7(1,] k)
To The Array Processor :

(1,3,k), Beam :

Figure:13j.

o
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Field Completed When
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 A‘fi6ﬁ éhart’ﬁf«fhe«héétféohputéffgﬁl@ﬁiafioﬁéi :
-required if an array processor is used to L
perform part of the c

onvolution calculations"



Get Interaction Voxel . Location .
(i, J k), Beam Direction, And .
"0”(1‘ J.k) From The Host Computer.

‘Calculate The' Average Dehsities . : _

- Betweén The Interaction Voxel. - |1 . T
-And All The Dose Deposition : e T
Voxels Inside The Calculation
.Window And Store Theé Result In
An Array 0(A1,83,48k).. If The
Dose Deposition Voxel Is Outside
The Window Place A Flag In The
Array Element

. : N o - | Wait For The Host .
‘Go To The Next Dose o st oo “To  Supply Infofmation
Deposition Voxel T T ~| For The Next
— 'H.At‘End;, B .|. Interaction Voxel
® The Average Density Prom o S
red Array §(ai,ad. »8K) ., o
; olnté The Dose" Sprend
Por The Location Ai AJ Ak
-
'ide'The Interpolated Dose ‘ 3
eod Array Value By The -
ruge Density »
Hultiply By ‘®“(i,3,%) | . . o 0
nt The Dose Matrix At
1+A1 J+Ad k+Ak N
\ i

‘\"_"’ :"Eigi;r'efiSB A flow chart of the array processor calcula-—:_»_"'
N e tions (see Figure 137) T T S
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| _Common Ave[agé |
_Densnty Array Values

©© FPigure 139.° The part .

}*f an. average density array calcu-
ne beam;-that 1ntersects with- -7 o0
density arrag ’of_another beam,_ RIS
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;With'a émaller_rQQQQS; lf the doeewspree&'aerYSfaénéicube87""”

'ﬂ . '

"w1th 'J‘ VOxels per 51de,_ the number of calcula;1ons to

f*assemble an average densxty matrix would be proportlonal
Y

S 'w1th thlS 1mproved algor1thm compared to. the presently{ff‘ -

| eused algorlthm whxch is approximately proportional to n4

an‘ proponents of the A-Volume method '(77) | haveﬁvtﬂf

:Eerecently adopted a var1able gr1d spacing capyblllty to speed,mj7i7:

]up the calculatlon.‘ It 1s phllosoph1cally similar ;fot theﬁ:["

 lscatter in a coarser grld resolutlon from contributions
. \ B ’ . : . -

‘,vlong distance from the dose point.wﬂ;.vc

'J'con“_utgon method in that it calculates the contribut1on of”f
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7.8 Dose In A Non-Water-Like Heterogeneous Phamtoﬁ

| ‘ . . o .

The present method has been used to calculate the dose
in water-like heterogenexties s?ch 'as lung whlch have a
'vsiﬁilar atehic composition. . The metqu could be’extendeq.to
other media ef different atomic cobpositien such asiﬁone.

It is instrdctive to'firsf examihe the 31tuatipn in a

‘phantom - near the , junction oggtwo materials with‘different‘

atomic numbers. EqUat}ons’5.2:i 1945.2;3(cah'be}extenqed’to

determine the dose near a heterogeneity due to an atomié:

number change. Sﬁppose-the atomic number in. a regionf,of

thickness, a, Jof a phaptom is Z;, and on the other side of

the interface is ZZ.Y The direction of the photon beaq is

»

from negiod 1 to region 2. The dose’ in region 1 will be

given by: o
' {

, R T /e)egz —(u /)P, z
 DOSE, (z<a) «[-33]7[5] e ¥l 3551

- I (7.8.1)

' The dose on the other side of the ihterface will be. given

I3

by,

LR B iu‘ 1 -u /o)o (u‘i/é)o a -
% DOSE (z>a) < [ e%] '[ﬁ] (e 12 . Aé S S
; pAlel T |
S (u /p)o"‘(z-a) -(u /p)pz(z-a)
X e h T
,, \\ . -(u +/p)pz(z-a) -(u YOI
S o s

394
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The first term takes into account the production of charged

particles ‘in  region ‘i " that arriveﬁata depth, z, and the-

'\“\ . . . :
second term takes into account the amount of dose  arriving

at the same depth z, from the second region.,
(4]

The charged particle’ fluence at the 1nterface will Dbe

almost entirely ‘generated ,in region 1 (except for a small\

amount of charged particles directed in,'the backwards’

direction .'which ' has not 'been 'included “in  the 'abdvehm

1

equation). There W111 be a diSCOﬂtlﬂUlty ,of7‘dose' at the

interface.f 'The ratio of dose at the 1nterface in region 2.

» compared to region 1 is equal to

P ..

At [3/9]22
Bz R
L 1 .(7.8.3)
This discontinuity has been observed by .several authors
b(§3 78:10Q) - aﬁefi”' '1~ffff[f'p;iﬁ j‘.'bafhy‘h.”o:' .

The convolution method may be used to: determine the.f
d0se'pinm medium with different atomic‘numbers.. The primaryi
dose spread arrays may have tok be recaIculated lfor .these?
- types bf“ tissue because charged particle scattering 1§;=

' strongly dependent on’ atomic number (88) The sCatter- dose

spread_-arrays'»would t? likely be affected because the_;
‘ Comptonb LScattering . cross—section wper;f_ electron ><‘is;f
SR o , T, e s . @ 7;‘ .
~approximate1y'= lndependent Bf~ atomic number‘ (9) e L

‘2

density, p, would now have to be interpreted as the eiectronlg

density relative to water (67),’1 As in the simple modFi ’

described by Equation 7. 8 I ‘and 7 8 2 ;two” additiona17“~

-factors wouid have to be included when the primary dose 1s3

. 3 Lo . .
L ='.~// [ 4 -

3 - - RS



being caloulateo{

DOSE.CONTRIBUTION(ifAi‘,jmj k+0K) & ¢7(i,,K) L(l—éﬁ
) B o
x B LGL3K D B, J*AJ kedk) A, (2,512,810 0K)
[——-1~ I [—]- |
L | (7.8.4)

3%

2 isilfhe,.&verage effectlve atomici numﬁer _between .the*"

(interaction ahd dose dep051tion sites. - The flrst ratio

:_;takes 1nto account the relatlve dxfference in the amount of

”,atomic.number Z(l,J k),~compared to the amount released in

a homogeneous phantomﬂ of _effective atomic number4z. The

Jn.second \rat1o' takes ‘into “acoonnt the am&hnt -of energy

.jdepOSLted 'inm"th% ‘reéi dose- deposit1on voxel of effectlve'
vatomxc number Z(1+ i J+ j k+ k) compared-. ' the, amount

‘Qdeposiped»:;'Jhth homogeneous phantom of - effectxve atom1c,

. ’\

J"nuhﬁerfz;"b o -;f. _ _ //’
SRS SR PP St o
- -V,\ . - '. . V - - ’ '.',4"'._": Lo ' N ":. . rv‘ ’ N : R R ‘ .\

N . L v,

i-energy released in the ;eal interactlon VOXel of effectlve'"



8. Discussion ﬁndfConéiUSions Concerning The

iCohvolutionlMgtbOd,

The only justiffcdtion'for our coﬁéepts
andfsystem'of-codcépfs is}that they éerve‘
.to repreﬁent the complex of our experlences,

~

'beyond this they have no 1eg1t1macy.v;

- _ Albert Exﬁsteln -
:(The Mean1ng Of Relatiy1ty, 1921);J
I ) . 1
A _



8.1 Discussion

The doSe‘spread arrays are ".s’ynthe’tivc"l macrosoopic data
Vdetermlned from the nicroscog‘c transport of. individual
vpartlcles usxng the Monte Carlo \Mthod. .This. information
"cannot be 'obta1ned-from measurement becanSe a.realyprimary'
photoneheao.gannot be '“forced"rxto_ interact_ at 'only' one
regi# ‘of. the  material. This requirement is necessary An
order to descrlbe the transport of secondary. partxcles _set
in motlon by prlmary photon 1nteractions.' All the dose
spread arrays were generated with the 1nc1us1on of charged
partlcle transport. The' prtmary - dose ’Spread ‘array' is'

’Jproportionalito,the energy‘deposited 'by'-charged_ parttoies.
S set- in. motion’by prtnary-photons.. The scatter dose. spread
arrays are proportlonal to the energy deposlted by charged
\partlcles set in motion by'scattered photons. An analytic
vsolution, to photon—charged particle‘ transport wouidvube
fdifflcult (if not 1mp0551b1e) to obtain (101) For‘this-
reason, the Monte Carlo method was used to generate all the
dose . spread arrays.- | — .
h The- convolutlon procednre separates the - photon o

charged particle transport up - into physicaily meaning ful

- .

-.components. Primary photon 1nteractionsiarerseparated. from":h
hcharged"parttole and secondary.photonhtransport and energy
: dépoSition (161). This division of _primaryi fluence' from
dose deposition is a. more appropriate mOdelfof radiation'
~transport ‘than the. ‘modifidation of"fmeaSured ' dose’

‘distributions in which’theSe'two effects are combined.. This
» _ _ - T ,
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does not undermine the importance' of obtaining good
measurements since this provides the selection criteria for
the photon spectrum used to compute the dose spread arrays.

.‘Thé ‘spectrumliwas determined :by ifirst ' iinding a
tentative l"prefSpectrum" whichrais “a measured spectrumt
obtained from a reSearch accelerator (48) The agreementl
between the calculated dose and measured dose is a necessary
condition for the acceptability of the spectrum, but it is
not a sufficient condition. The spectrum may . not be unique."“b

-Therefore ‘a better procedure would be to determine 'the
aCtual spectrum directly by mé%surement;' Transmission'
measurements, obtained w1th "good geometry" hayeubeenﬂruSed'
to obtain spectra (102 103) A problem with@ Spectra
detérmined in this way -is that small errors in _measurements

\ leads :'to large errors in the' spectral determination{'
Therefore, the. spectrum should be Checked by getting ?the-

‘ agreement-fbetween'_the measured and calculated dose u81ng
thisgspectrum. It~itidid not agree then’ theﬂspectrum‘should ,
be . adjusted to ,obtain .better agreement (although the
,modification :mUStig"bef kept  within ithe‘ eiperimeftal_
uncertainty). S .:i. . R

'Transmission_'measurements are' relatively - easy to
obtain. - Usingl a pre spectrum based on these measurements*
the convolution ‘method could . be adopted as' the dose
calculation method for any accelerator type or'energy., What“
is first required is the dose spread arrays calculated as 'a

function of p’l and .2 for varrpus monoenergetic energies

from 0 to 50 MeV (no accelerator w1th a nom1na1 energy above -
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50.-MV is- available). A spectrum would be ‘obtained for
energy.components for which dose " spread arrays have Dbeen
Calcu;ated:hu The"dose spread varrays for the spectrum are‘.
obtaﬁned ueingN.the _pre-stored dose 'spfead' arrays. The .
primary attenuation vcoefficient would then be determined
using Equation 7.4.47 The dose distributlon would ‘then 'be

calculated for a wide range ofgfteld 81zes., The calculated

%4

doee beyond d .~ would be'compared to the meaSured dose. If
5;the agreement was not satlsfactory, then the spectrum would‘
be modified. The above procedure should be repeated for the
new ‘spectrum. Figure 140 is: the flow chart of the proposed"'
>1mplementat10n procedure. |
.3881nga photon dose calculatione. on"tthe._ firm
’ﬁmathematical' foundation of convolut1on may allow!addltlonaI.
’_future 1mprovements.; ;In homogeneous phantome, ‘the dose:
’fspread' arrays are spattally 1nVariant SO that the relat1ve
fluence ,array_ and~_dose' spreag ;arrays may -be  Fourier
‘transformed .infoﬂd_the »’SDafial,if#édueﬁCQ‘tdomatn;;'hThe
convolutton 'may then 'proceed}' much ‘more ‘ duickiy' by -
muitiplying< the transformed arrays (99) | The dose'can then
:be obtained by taklng the inverse ‘Fourier transform of the
‘-result,, For homogeneous water -like medla,dthls procedure 1s't-
‘deecribed;mathemat1ca11y as:. - | ‘
CDOSE(x,y,2) = F IR (L,5,K0 FAGp- 2L, 00,050k
| )
.Where Frand. F'lf describe ;SYmbolically the 3—dimensiona1 -

oy L . . . ) . ) . L
- Fourier .and. inverse Fourier transform;'feSpectiVely,(96).
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';attenuation goefficient based'on the trans- .

»mission spectrum of a linear accelerator.



g This,.procedurer is_~used routieely _in Aimage proceseidg
'eappllcations, And iéi especially"appropriafe if an array
‘iprocessor is avallable.v. ‘ o | |
s Deconvo]utlon techniques may be. 'u§efﬁ1“'ih  optimiziﬁg
_the delivery of_ radlatlon therapy. 'fif- ene knows the.
attributes of an. optlmal -doee d1stribution teg. ﬁniform"
- dose tb‘ the, target volume and minlmal dose to surroundlng”
etlssue), ‘and the beam directlons and 1ntensxt1es, “the dose.
- spread - array cén be deconvolved from the 1deal .dOSe
. distribdfioh _ to obtaln ‘;theii best'_ primary fluence ‘
dlstrlbutlon.ri Thls informatioﬁ“Veohld- be vused fo de51gn.
i.modifying dev1ces, such as. beam 'COmpeﬁsators, tre'-approach:
the ideal relatiye fluence dlstributxon in homogeneous or

heterogeneous media.-

v



8'2f Conclusions:

The EGS Monte Carlo modelling in Section 6 . confirmed
‘the interpretation in Section 5 that lateral disequilibrium

kis’the'reasonvfor reduced dose at the, central axis 'in a

low-density medium for small field sizes. ‘This situation is"

‘one  aspect . off a :more general phenomenon. "Lateralr'

disequ1lbrium never exists near tne field boundary penumbra.

It was shown that the penumbra regton for h1gh energy linear

accelerator beams is due ‘in part to- tne lateral transport of

charged particles. When' . the field size 'is 'small and - the

\,.

;phantom has - a low-den51ty,»bthe penumbra ~extends to the

.central.axis,v‘,ln order to déscribe the . disequilibrium

l effeCts,"tnel transport of charged particles ~have to ‘be

1ncluded into dose calculations.

A dose calculatlon method based‘ on' convolution was

introduced in Sect1on 7 which explicitly took into account
>charged particle transport The method was general 'enough

to ‘1nc1ude the transport of scattered photons. The method

'relied on the production of'"dose Spread arrays" to describe

"thep transport of secondary partlcles from a primary photon;

interaction;voxel”to 1neighboring_‘dose. deposition,-vqﬁels.

: Tne, values. ofiythe felementse of tne dose spread arrays'

"lunit“'collision;vKERMA at a primary 1nteraction voxel. The

"'_represent the dose dep051ted in dose depositlon voxels per'

_dose spread arrays were ' obtained from Monte . Carlo

=3'51mulations. ‘The;primafi'dose‘spread.array accountsvaT;the\ 

' rimary-dqse, tne truncated-first,scatter'(TFS) dose spready
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;array' acCounts for the first scatter dose deposition'CIOSe

to the prlmary 1nteract10n s1te and the re51dual flTSt ,and

'.;multlple scatter (RFMS) dose spread array accounts for the?"

restvof,the_first»scatter dose.and all the multlple"scatter

404

dOSGQ\‘ ;The'_ primary ‘dose fspreada-arrays genératédy in

“homogeneous water llke phantoms of density, o, with voxel

@

"dlmenslons; 2., are equxvalent to those. generated usingﬁi

.phantom den51ty p .‘ w1th . d1mens1ons R‘-- prov1ded

‘-p L= p S AN Th scallng also applles to the scatter dose

‘spread arrays; This indxcates that O Connors ' theorem

»
! 4 ~

applies to 'the pr1mary dose even when there is electronlc'f

'_dlsequ%llbrium as well as scather dose,’ in 'a homogeneous‘-

.phantom.'

The dose distribution in 3-dimensions is obtained in &
hdmogeneous phantom' by 'convolving sthe. dose.spread array

kernel,-appiicable:to the. den81ty of the phantom and de31redbh

o

- voxel resolution,idWith 'thee relative fluence.' There’ls a

reciprocity;betweeni the_ylnteractlon and dose dep031t1on

»voxels.. The dose spread arrays descr1be both the tginsport>
[of dose from an. interactlon voxel and the arr1va1 of dose at17
d- a doseh depdgatlon voxel.n This ailows.thevconvolutlon;to f‘k
;hroceed»-in two ways: ca}led'fthed'interaction"yand "dosenil
’deposition points; of.yiey}-tThevmethod accnrately'nredictsh

" the dose in’ homogeneous phantoms in 31tuat10ns of electronlc L

ndlsequilibrium 1nc1ud1ng the buxld-up region and near beam f
“boundaries. ‘The method was*'shown to prov1de .f unlfied_f
-dtreatment‘ of dose calculations in that 1t could account for‘

the changes in dose due to flueéhe modifying devices such aS'fu>"

~o

s



hd wedges.

.

ﬂ;s determlned The prlmary 'ahd"TFS‘ dose' spread

1“:':den31ty The- convolutlon of'vthese varrays in a

i

" heteF Eneous_ phantom “contains a factor to“eccount for'the

. diffefjillce in  the- ‘amount of interactions between . the

“various values of p-%, are used to describe the
k» ;between-ithe~‘interaCtioh"aod'dose deposition.

ﬁ are’ 1nterpolated to obtaln one approprlate for this"

405

* 'spread arrays, generated for homogeneous

F-of dose in heterogeneous phantoms. The’ average

‘ heterogeneousf.'interaction~g'Voxel»”-ahd * the ' homogéneous

:inferaq‘ ovoxel.with'd;density qual.to'the ,average. péth.
densit; e RFMS  dose ’soreadﬁaarreY' in heterogeoeous o

“phantgr is soaled'using‘the‘aVerage‘phantom'deheity instead

,fpred1ct10n of the dose 1n and near heterogeneous regions.,

7‘ ‘of - the 'average path dens&ty.; The meIhod prov1ded a goodg'-

o

Although the method 1s presently only applicable :to'

v'dose absorption in mater1als whlch are water like 1n atomlcf

'composltion,»lt could ‘be extended to include non-water—like.f'

o

' materialsjbv Tpe~’convolutlon fr&mework of the method lendef"'

N4

'Ltself to Fourier and deconvolution technlques tha;~;couLd”

1mprove tbe calculatlon speer and'Opt1m1zatlog:of’dose;ﬁ'

S

3

SR NI N IR WA IS PRI S G SR A T o



,;(55)..

(56)

(57

(58)
(60
j {gl)
' @5?)

(63)

406

REFERENCES
Lichter, A.S., Fraas, B,A}, van de Geijn, J., Fredrickson, .
H.A., Glatstein, E., "An Overview of Clinical Require-
ments and Clinical Utility of Computed Tomography :Based
Radiotherapy Treatment Planning”, in Computed Tomography
in Radiation Therapy, Ed., Ling, C.C., Rogers, C.C., -
Morton, R.J., Raven Press, New York, (1983). ‘

Meyer, J.E., “CbmputedQTomogréphyfin’Radiétion Therapy

Treatment Planning: The Diagnostician”, in Computed
Tomography .in Radiation Therapy, Ed., Ling, C.C., Rogers,.
C.C., Morton, R.J., Raven Press, New York, (1983). -

Geise, R;A;,ZMcCulldugh, EiC,;‘"The Use7of;CT Scanners in
' Megavol(age'Phdtbn,Beam'Therapy-Plgnning“)'RadiQIOgy;
124, 133-141, (1977). R T

Sontag, M:R., Battista, J.J., Bronskill,; M.J., Cunningham,

~ J.R., "Implications of Computed Tomography for Inhomo-
. geneity Corrections in Photon Beam Dose Calculations",
“Radiology, 124, 143-149, (1977). I

Battista, j.J., Rider, W.D,, Van Dyk, J., "Computed Tomo- - -
graphy for Radiotherapy Planning", International Journal -

- of Radiation Oncology, Biology and Physies, 6, 99-107,

1980 . L .o T e e
R e A T e T
Brooks, R.A.,'Mitqnell,;L.Gfi‘Q%Connor;‘c;M,,;Di‘chiro,'G;,;f
. "On the,RelationshipjBetweequomputer.TQmography Numbers
" and Specific Gravity", Physics ifi Medicine and Biology, . .

LA

.casseli;-K;J;;‘beday;-P;A.,jParkér, R.P., "The Implementa—

‘tion of a Generalized Batho Inhomogeneity Correction for. .

- Radiotherapy Planning withxDlrectﬁUSe‘Of;CT'Numbersﬁ,;g‘xY‘

 Physics in Medicine and Biology, Vol. 26, No. 4, 825-833,
(abalye T

Reinstéih;‘L.E;;ﬁucshan,QD;L., LandT R.E., Glicksman, A.S.,

"Three-Dimensional Reconstruction of CT Images for - = =~ °
Treetment,Planninghin'carcind&aqu_thé!Lungﬂ,'1n~Com uted -

Tomograph ~in Radiation Therapy; Ed.,:Ling, C.C., Rogers,
L., Morton, R.Jd., ven»ﬁress;;Newaogk,'(1983);‘..fy

B R e 'f.~-ni>..v.}‘p  '
Johns, H.E.,; Cunningham, J.R., The Physics of Radiology,: g

Fourth:Edition;jChﬁrléSfC;5Thom885 Spr1ngf1e1dw‘ILi,_ e



(64)
. (65)

(66

(675

(68)
(69)

70y

f.{?i)

L 5—\»

i (725,’: .

(1)

L (1a)

407

 REFERENCES (CONT'D)
Young, M.E. J,, Kornelsen, R.0., "Dose Corrections for Low-

- Density Tissue Inhomogeneities and Air Channels for 10-MV
- X~ rays", Medical Phy81CS, Vol. 10, No. 4, 450-455 (1983)

Cunningham J,R., "Tissue Inhomogeneity Corrections in Photon .
- Beam’ Treatment Planning", in Progress in Medical Phy31cs, o
Ed., Orton, C E., Plenum, New York (1982) ;.

'Batho H.F., "Lung Corrections in Cobatt-60 Beam Therapy"

Journal of the Canadian Association o8 Radiologists, 15,
| 79-83, (1964). | R T

Sontag, M. R., Cunningham, J R.; "Corrections to Absorbed | -
Dose Calculations for Tissue . Inhomogeneities"- Medical .
Physics,.Vol. 4, No. 5 431-436 (1977) Voo

Lulu, B. A.,,BJarngard B. E., " Derivation of Batho s Correc-.1;y
“tion Factor for Heterogeneities"- Medical Physxcs, Vol.,Q,; o
No. 6 907 909 (1982) ' ' L S

Lulu, B, A., Bjarngard 'B. E.,{"An Improved Correction Factor B
for Heterogeneities" Medical Phy51cs, Vol. 9 No. ‘4, 626 o
(Abstract), (1982) AR , _ - ) -

;Sontag, M. R.. Cunningham. J. R..:"The EQuivalent Tissue-Air—-ff}f.

Ratio Method for Making Absorbed Dose Calculations in.a =~
Heterogeneous Medium, Radioldgy, 129 787 794 (1978) '

0" Connor J. E., "The Variation of Scattered X rays w1th )[__, :
Density in an Irradiated- Body", Physics in Medicine,andg B
Biology, i, 352-369 (1957).@ o ' , ,] "‘i“‘ e

,Q’_ | »
N N J', e

atcher,,M., Palti, ‘S. T "A Simple:Equivalent Tissue-Air—.~“‘;f

\ Ratio Method for Calculating Absorbgg Dose in a Hetéro- '

-_) geneous Medium",‘Radiology, Vol.‘14 No. 2 527 529 o

(1983) ?'f . e

Cunningham, J R., Beau601n, h;, "Calculations for Tissue ;»*7
Inhomogeneities with Experimental Verification" inc
Proceedings of tne XIII Internationai Cong;ess on Radi~;ﬁ~;gf

&—ogy, Madrid _4 PEETTEEN C ,'-i
Larson,,K B.. Prasad S C..‘"Absorbed Dose Computations tor

,‘Inhomogeneous Media in Radiation - Treatment Planning Using.‘

.. Differential Scatter-Air- Ratios",_in Proceeding of the E
Second Annual Symposium on- Computer Applications 5 Medicar T

- Care, Washington, D. C., L , e T e T

~.,* ' ,~.~.J_ LT T e el



<75),s
(76 .

17y

(78)

(79)
(80)
(81)

(82)

(83)

(84)

(85)

(86)

yDean, R. D., A Scattering Kerne] for Use in

o S , L | - " 08,

S § : .
T . REFERENCES (CONT"'D)

Wong, J. W., Henkelman, R.M., "A New Approach to CT Pixel-Based
Photon . Dode Calcylations in Heterogeneous Media", Medical
Physics, Vol. 10, No. 2, 199-208, (1983). '

Wong, J.W., Henkelman;'R.M., Andrew, J.W., Van Dyk, Jo, Johns,d
H.E., "Effect of Small Inhomogeneities on Dose-in a Cobalt-
60 Beam", Medical Physics, Vol. 8, No. 6, 783-791, (1981l).

Rosenberger, F., Krippner, K., Stein, D. Jr., Wong, J.,

"~ "Implementation of the Delta-Volume Dose Calculation
Algorithm; in Proceedings of the Eighth International
Conference on the use of Computers in Radiation Therapy, =
Toronto, (1984). .

Dutreix, J., Bernard M., "Dosimetry at Interfaces for High
Energy X and Gamma Rays", British Journal of Radio%ogy, 39,
205- 210 (1966) . , . Lo,

Leung, P.M. K., Seaman, B., Robinson P., "Low4Density Inhonol
geneity Corrections for 22 MV X- ray Therapy Radiology, 94,
449~ 451 (1970). o

'Kornelsen, R.O., Young, M.E.J., "Changes in,the Dose-Profile

of .a’'10 MV. X-ray Beam Within and Beyond Low-Density Mate-
rial", Medical Physics, Vol.‘9 No. I, 114- -116,  (1982).

McGinley,_P H., Sanders, M., "Lung Correction Factors for
~ 45-MV X-ray Therapy", Medical Physics, Vol. 9, No. 5,
738 740, (1982) B _ ' Lo
Mggkie, T. R., Scrimger, J.W., "Modelling the Build-up Region
of Megavoltage Photon Beams". Medical Physics, Vol.'9,
No. 4, 620 (Abstract) (1982) S . '

Ford, R.L., Nelson. W.R., The EGS Code’ System Computer Pro- .,

L rams for the Monte Carlo Simulation of Electromagnetic '
ascade Show Version 3, Stanford Linear Accelerator
Report No. 210, ‘Stanford, CA., (1978) '

Rogers, D.W. 0., "More Realistic Monte Carlokgalculations of
- Photon Detector Response Functions", NucYear Instruments
and Methods. 199, 531~548 (1982). ;

‘Mach, H., Rogers, D v.0., Measurement of Absorbed Dose to

Water Per Unit Incident ~MeV Photon Fluence", Submitted
Dec. : 1983 to Physics in Medicine and Biojogy.

rue. Three-
Dimensional Dose Calculations", Medical/Physics, Vol. 7

No. 4, 429 (Abstract), (1980). N



(87)

(88)

(89)

(90).

+(91)

(92)

(93
(94)
o (95)

(97)

R

REFERENCES @@CONT 'D)
»

" Attix, F.H., "The Partition of Kerma to Account for Brems—

strahlung"”, Health Physics, 36, -347-354, (1979)

[.C.R.U. Report 21, Radiation:Dosimetry’: " Electrons with

Initial Energfes Between 1 and 50 MeV, International -Com-
~mission on Radlation Unlts and Measurements Wasthgton
-D.C. (1972)

Bloch, P Wallace, R., "Computer Generated Scatter Dose - -
Dlstrlbutions for 6-MV Radiotherapy Photon Beams", Medical -
~ Physics,. Vol. 6; No. 2, 149 152 (1979) -

Barne€BV‘R., "Zero-Area TMR Data Complled for Cross Cancer
Institute, Edmonton, Canada", (Prlvate Communlcatlon)

Schell, M C., Deye, J A., "Empirical Equation for Tlssue—.
Maximum Ratios and Scatter-Maximum-Ratios for Indlrectly.’
Ionizing- Radlotherapy Beams", Medlcal Phys1cs,_Vol. 6,

- No. 1, 65-67, (1979).

Coffey, C.W. II, Beach, J.L,, Thompson, D.J., Mendiondo, M.,

"X-ray Beam Characteristics of the Varian Clinac 6-100
Linear Accelerator", '‘Medical Physics, Vol. 7, No. 6,
716- 722 (1980) Co ' '

Patterson M.S., Shragge, P.C., - "Characterrétlcs of an 18 MV
Photon Beam from a Therac-20 Medical Linear Accelerator"
Medlcal Physics, Vol. 8, No. 3, 312-318 (1981).

Paul, J M., Koch, F., Khan, F.R., Dev1, B S., "Characterlstlcs
_of a Mevatron 77 15-MV Photon Beam", Medical Phy51cs :
Vol 10, No. 2, 237- 242 (1983)

Cristy, M., "Applylng the Reciproc1ty Dose Pr1nc1ple to ) :
Heterogeneous Phaptoms: Practical Experience from Monte
Carlo Studies", Physics in Medicine and Blology, Vol. 28,

- No. 11, 1289- 1303 (1983). -

‘Bracewell, R., "The Fourier Transform and Its Appllcatlons" '

McGraw—H111 - New York, (1965) "i
Barnett R., Tom Baker "Cancer Clinic, Calgary, Canada,
) (Private Communication). : :



410

REFERENCESP(CONTfnj

‘ '(98) Clarkson, J R.[ "A Note on. Depth Dose in Fields of Irregular -
B Shape" British Journal of Radiology, 14, 265 (1941)

',.(Qé)- Boyer, A L., Cancer Therapy and Research Center, San Antonio,

. : TX (Private Communication) s

f“(100) Webb '§., "The -Absorbed" Dose in the Vicinity of an. Interface’

" . Between Two Media -Irradiated by a Co-60 Source", British
. Journal of Radiology, 52 962 967 (1979)

A i<101) Roesch W.C., Radiation Dosimetry, Ed., Attix, F.H., Roesch,
. , w c., Academic Press, New York (1968). : ,

‘}(102) Twidell J. W.,_'The Determination of X—ray Speptra Using
- : Attenuation Measurements on a Computer Program", Physics
in Medicine and Biology, 15 529-539, (19%0)

)(103) Huang, P H., Kase, K., Bjarngard B.E., "Simulation Studies -
. of 4-MV X-ray Spectral Reconstruction by Numerical o
Analysis ‘of Transmission Data"”, Medical Physics, Vol. 9,

No, 5, (1982)



Lo Appendicéé

(Appendices'¥ to 9 are in Volume 1)

[ 4
. ! [ :
e — . “%g*\
S s \Yﬂ
“Agnes, ... do we know an Inhomogeneity?”
N .
:I v ’A " ‘A.
4 B \/ o
&’
" 411 - .



Appendix 10. Listing of the MOCA Monte Carlo Code

Program MOCA .
c HOnto;CArlo program to generate doie‘sproad arragt
¢ The variables are domumented as they occur in ‘the program

intpaor-l.il.nrrg,.nn(ab),int:st'

real v, 2s.cal.sal,cbeta:sbeta, total

real stop(179), tha(179), ep, cay S

real oo.o.dosot(25,25.25):p1:gaus(looz,g

real z,max, ang, en(36), dose(5, 25, 25, 25)

integer i, )i m p. kay, quad(4), chargpart, inquad(4)
real xnrg(100), mut100,10),sig(100, 10)

real pi(100,10), que(10), shiftx, shifty

integer k.nrgint.phantom(25, 25, 25), multi
integer charge, ir,vint, annhilflag
integer order, kinorder(25)
real nrgx,xs, ys, diml,dimlz :
real 1x,1y,1lz2,short, attentot.dist. attensig
real attenpi, fractionl, fraction2
real nrg(33), fac, nrgmax, fracl, frac2
- real tnrgl, tnrg2, compton(35, 30), tnryg, arg
real kinng(25), kincal(25), kinsal(25) -°
real kinsbeta(25), kincbeta(25), kinx (25)
Teal kiny(25),kinz(25), kintype(25), rr )
Teal plirprod(as.50).v.ro,r1.r24t|st(4).arr(25)-_
real photox,photoy,photoz - . .
" real oldcal.oldsal,oldcbeta,oldsbeta
real s, th.arg2 T o v ‘
integer n.numspect . S
real sum sqsum mean(25), stdev(25), sterr(25), maxmean
real maxsterr, sumpart(4, 25)
real NEAT X, NeaTy, NearTz.: near, maxpl, nearo L 3
integer nearinti, neari,nearint ), near, . nearintk, neark
integer history, mark: boundary(7)
intcger-oldi.oldJ.oldke|malli.smallJ.smallk
common xs.ys., 28, i, ), k. cbeta, sbeta, cal, sal,diml, dimlz, short

]

c Gods.QAE stores a table of x’s as a function of erf(x). See
C page 163 and 164 in Volume 1 and Appendix 7.

c Doseé. dat is a listing of the dose lp;!ld arrvays.

c Comptén.dat is a loohhup'tablo Fiving the elecron kinetic energies
¢ of equiprobable intiractiops. See Section 7. 2.

c Pairprod. dat is a look—-up table giving the electron or positron
c kinetic energies of equiprobable interactions. See Section 7. 2. .

c PholSnew. dat toﬁtpins the 15 MV ﬁboton spectrum. See Sections 6.
c and 7.2 o i : ‘ :

c Atten.dat contains the attenvation data, scattering and sfoppiﬁg ‘
€ powers as a function bf:chcrgq (from references 9 and B88). -

cibibug.d.t can contain information for debugging. !

opnn(unit-l.status-‘old‘.éilci'gaus.dat‘)
"open(unit=4, status=‘new’, file='dosesd. dat’)
open(uni t=4, statu%‘old ‘,#ilem’compton. dat’)
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apen(unituB,statusa'old'.Gilen’pairprod.dat’)
opcn(unit-ll:status-'old’.File-’ph015new.dat‘)
open(unit-lznstatusi'old’ file='atten dat’)
open(unit-lalstatus- new’, file='debug. dat’)

The #ollowxng statements read the look—up tables and inltlllll!!

multi=1000 : '# of incident photons

intest=3 "interaction voxel depth indicator
shiftx=50.0 ‘ty-position to interaction voxel
.shifty=50.0 ) © ~ly-position to interaction voxel
diml=5.0 . 'voxel dimension in x and y direction
dimlz=3.0 : ~"vox¢1 dxmunlxcn in the z-direction

Assign CT-number 'to the phlntom voxels. There is a linear relation
between density and CT-number (~ 1000=vacuum, O=unit density).
A heterogeneous phantom’can be entered. ‘

do & k=1,25
. do 6wJ-1125
do & i=l1,25: ]
phantom(i, ), k)==800

do 7 k=4,25 ’ \
do 7 ;=1,23 - SN
do 7 i=l, 25
7 : phantom(x;;,k)-o
do B-k-12.25
do B =1,2% . . -
do B i=1, 295 ' ) . !
8 - 'phantﬂ\m(i; J k)=0
read(11,345) numspect - 'number -of spectral bins
do 10 i=i, numspect ‘ ’ s
read(11,34Q) xnrg(i), en(i) - ‘'spectrum weighting
enn(i)men(i)/100. Ofloat (multi) '# histories/bin '
read(11, 350) (que(i).x-l 10) "Flctor used in paxr productxon

do 12 1=1, 100 v
Tead (1, 422) gaus(l) ’ Y '!inverse error function-

is the onbrgq{ ’&u'/is'tho total attenuation cpd##icient, ’pig"is

the Compton attenvation coefficient, ‘pi’ is the pair production
attenvation coefficient, ‘tha’ is the scattering power and ’stop’ is
the stopping power.. -

do 14 i=1,23 ‘
rcad(l2.570) nrg(x),mu(x,1).lrg(x.1).p1(x.1) tha(x).stop(x)

do 17 i=17.24

do 16 k=1, 3

read (8, 950) (paxrprod(x,(k-l)*10+m).m-1.10)

continuve '
do 19 i=1,24

do 18 k=1, 3
. read (&, 350). (compton(x,(k 1)*10+m).m-1 10)
continuo ‘

,11-95835 ' : -'random numbor seed

cay=0, 90 : t¢raction of energy rimaznzng cftcr step

- annhilflag=0 '[ o 'flags the productxon of annhilation photons
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charge=0 R !number of charged particles to process
QO 200 1-1.numspcct 'do for all spectral bins
do 180 m=i, enn(l) 'do for all-photons in the bin
c In:txd{xzo the photon’s en‘;gq,coordxnatc positxan and angle
.- before transporting. . :
xsmran(il)#diml+shiftx _ !'x—position
ys=ran(il)#diml+shifty !q—position
1s=10.0 : . . 'z—pos;t:on
nrgx=xnrg(l) : ‘ 'photon. snergy of thc current bin
- history=history+1 ‘photon history counter
‘cal=1.0 ‘cos(alpha)i alpha=zenith angle
‘sal=0.0 'sin(alpha) ‘
r=4. 2832#ran(il) b : . o
ctbetamcos(r) : ‘cos(beta); beta=azimuth angle
sbeta=sin(r) .7 Isin(beta) : .
order={ . . ‘order of scattering; is=primary
o A land 2=first scattered photon
¢ Scattered photons onter a ine 20. ' ’
€ Test to see if the photon'’s onergq is below the photon
¢ cut-off energy. -
20 ~ if“tnrgx .1t 0.03) go to 50 . 'phogon cut-off is 30 keV

if (order .gt. 4) order=4: ) ‘order=4" is multiple scattering

¢ Photons wﬁich didn‘f interact in the last element
c enter at line 21.'ﬁnnhilation'photoni cntex here too. -
: o oo : w\ ’

21 . continbcv .
¢ Terminate the primary photon hxstorq if it daesn’t 1ntcract
"¢ in the interaction voxel. .

it (order .eq. 1 .and. 1s 1t 10,0 go to 180
if (ordor Ceq. 1 .lnd.’zs..gt; 15.0 ) go to 180

“c~“Find qut the shortcst distance to the ncxt wall along
c the. photon's path

call where

"¢ Find out the C. T. number of the iliﬁcnt.ahd the tﬁpi of
c tissve. : e T .

bil o - "ligni#ios water

[4 Int-rpolato to Fxnd aut the approprxato .ttonuation
¢ coefficient. . o .
1] . L , : .
'nrgint-i N ' . R )
: do 25 while ( nrgx .gt. nrg(nrgint)) - :
23 - nrgint=nrgintti— o ' ,
: . if# (nrgint .eq. 1) then .. o S
.. attentot=mu(i,p) AT '
|lsc : '
Pac-(nr)\-nrg(nrgint-l))/(nrg(nrgint)-nvg(nryxht -1))
‘ attcntot-mu(nrgxnt 1.p)+(mu(nrgxnt.p)-mu(nrgint~1.p:)*fac‘
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¢ Determine which interaction occured.

end 'if

ct Find the interaction distance.

r=ran(if) -
if (r .le. 0.0) then

dist=0. 0

else

cnd if

ro-floatJ(phantom(x.J.kﬁ&lOOO)/lOOO 0
dxst-—alog(r)/attentot/ro

1

Détormino if and iF ;6. where, the photon infaracts
in the element. Rejection sampling is used. Short is the

distance to

It was d!tormxnod in Subrouexne Where,

the voxel wall in the direction of the photon

.

if (short .gt. dist) then

is=xgs+distesalechbeta ~ tincrement the
ys=ys+distasalesbeta 'position
 is=zs+distwcal 'variables
i=jifix(xs/diml)+1. Jdotormxne the
J=yifix(ys/diml)+1 " tvoxel . X
k-foxx(zs/d1m11)+1 !location

DllCle the

primary photon and choose -another prlmqu photon

-if it doesn’t xntcract 1n th' 1nt¢ractxon voxel

if (ordor'.oq. 1 .ind. k .ne. 1nt!st) go to 180

If the photon leaves the phantom, discard it and go on to\Fdllow its

charged particles set in motion.

Inferpoipto

interaction

fraction of

‘¢raction2’
productions
0.2 and 3.0

i
g

if (xs .le. 0.0001 .or. xs .ge. 20 0O#diml) go to 50
if (ys .le. 0.0001 .or. ys .ge. 20 0O#diml) go to 50
if (zs .le. 0.0001. and. cal . 1t. 0.0) go to-50
if (zs .ge. 20 O*dxmlz) go to S0

to get the appropriate Compton and pair-

-production attenuation coefficients. The type of

is determined. ‘Fractionl’ is the
Compton interactions in the total and
is the fraction of Compton plus pair
in the total.. If the energy is between : . -
MeV a Compton interaction must have occured.

‘e

if (nrgx gt.. O 2 .. nTgx L1830 0) go to 30

attonsxg-sxg(nrg!nt 1,p)+(sxg(nrgxnt.p)—tig(nrginfql.p))
*fac

- attenp1-p1(nrgxnt-1,p)+(p1(nrgint,p)—pi(nrgxnt l,p))*fac

fractionisattensig/attentot
fractxonz-ﬁractzonx+gtt|np1/atten§ot

’rrtrln(xl)

if (rr. . 1E: #ractionl) then s

“415
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c A CoﬁptonAintcraction has occured. The energy:
c of the electron is determined.

30 continue
nigmax=(2 O%nrgx/. 511)#nrgx/ (2. O%nrgx/. 511+1, 0) 'Compton edge
: ! | ¥ o

' nrgint=1 : :
- ; do ‘31 while (nrgx .gt. nrg(nrgint))
‘31 . nrgint=nrgint+y ; ' .

. fraci=(nrgx-nrginrgint-1))/

‘ 1 R (nrg(nrgxnt)—nrg(nrgznt 1))

) - r=ran(il) .
irm)ifix(r#50. 0)+1

Lo frac2=50. Oxr—-float (ir—1)

if (ir .eq. 1) then
tnrg-(compton(nrglnt -1,1) o
T +(comptan(nrgint, 1)-compton(nr91nt 1 1))*Frac1)
2 : *?rac2*nrgmax : .
nlsc e

thrgl-compton(nrgant -1, ir—l)

Jl, ‘ - +{compton(nrgint- l‘xr)*compton(nrgxnt 1;1r—1))
2 ~ - #frac2
tnrgz-compton(nfgxnt.1r—1) :
- O . +(compton(nrgxnt.1r)-compton(nr91nt.1r 1))
.*2% L *frac2 .»-( L
,tnrg-(tnngt*(tnrgz tnrgl)*ﬁraei)*nrgmax
end if Tl : ‘
. SRR : _ F
c Tost to see if the électron is groator than .- .

c the charged partzclo cut off energy. If sor
_ c then calculate and store the scattering
. anglps _and store the kineti? unorgq and p051txon ’ : wi

: : o T=b. 2882*ran(11) e !azimuth'qnhle‘iﬁ particle coords.
) 'if (tnrg . gt. O t#ro) then & ° BN
chargl-charg|+1 . ‘,JA 3 B o ~
kinrg(chargo)-tnrg .
arg-(nrgmax-tnrg)a(Q Oxnngx/. S11+1, O}/tnrg o - .77 .
g-‘t‘n(gqrt(.rg)/(x ‘O+nrgx/ 511)) - . !Q.ﬂith ;“?919 .
. c Rcmembcr tho incxdgnt photon s anglos 1n the bhantom ;g;t.m ,\; -
LT . . 'v o
oldcal-cal o L '
“oidsal=sal . ' o
‘oldcbetamcheta, . - . R
oldsbeta=sbeta . S

DI Y
”

c Transform 'ron tho particle te the phantom cnordinat! sustom

call goom(r,y.cal.sal.cbata.sbotl)

v
¥ N y .
. x

T



Thc,cncrgd. trigonometric information on the
angle 'in the phantom coordinate system, the
position of the olcctron nnd the tqpc of particle
is stored:

NN

kinorder{(charge)morder )
‘kincal(charge)mcal c
kinsal(charge)=gal
kincbetalcharge)=cbeta
kxnsbota(chargo)tsbota

~kinx(charge)=xg

. kiny(charge)=ys
kinz(charge)=zs

cal=oldcal

' sal=oldsal
cbeta=moldcbeta
sheta=oldsheta

]
| | _

,Ic Recall initial photon’s angles.
!

¢

c If. the electron.is less than the charged particle
¢ cut off Qnorgq. deposit the energy as dose.

else : ' ' - '
ro-FloltJ(phlntom(x.J'k)+1000)/1000 0

end if

¢ The scattered photon is now dealt with.

'ordor-ordor+i

\

e Thc cncrgq and scattering anglos oF tho scattor-d

c photon are dotormincd
rap~3. 1416

' argi-t-tnrgio Slilnrgxl(nrgx—tnrg)
- if (arg2 .le. ~1.0) thon
g=-3. 1416 :
else
g-ncos(argz)
end if

.ﬁrgxinrgx-ehrg
c Transform from ‘the port;clc to thl phantom co&???ﬁate sqstom
' 'clll gcom(r.g.cal,sal.cbota:sbcta) '
go to' 20 . o 'scattcrcd photon is Followed

)

a 'cljl it (ero. Lt Practxon2) thon

e The pnxr»productxon interaction has' occurod F:rst the -

c cnorgq and :catttring anglc: of tbc ulcctron are determined.

rgo-charyo*l

doso(ordcr»i.J.k)-dosc(ordor.x,J.k)+tnrg/ro

7 kintupo(:hirgo)il !siqhifitg'an'ilegtfbn

117

v

'tho ordor oF scatterxng is xncresed

'scattarod photon has opposxte a11muth angle

.'dltormxnc s:attorod phaton on!rgq

1.
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nrgQgF-nrgx-l.O22" tavailable kinetic

nrgint=i T o
) . do 41 while (nrgx .gt. nrg(nrgiht)7v
41 R nrgint=nrgint+! ‘ o
S fraci=(nrgx-nrginrgint- 1))/
A S _ (nrg(nrgxnt)-nrg(nrgxnt 1))
: r-rln(xl) :
irmjifix(r#50. O)+1 .
frac2=50. O%r~float (ir=-1) H
it (ir . eq. 1) then’
tnrg-(palrprod(nrgxnt 1, 1)

1 +(pairprod(nrgint, 1)-pairprod(nrgint-1,1))
2. PR ¥ #fracl)#frac2enrgmax . .

A -7 else ' ' o

tnrglmpairprod(nrgint-1, ir-1)
b +(pairprod(nrgint-1,ir)
2 -pairprod(nrgint- 1.1?-13)*Prac2
‘. tnrg2=pairprad(nrgint, ir-t) -
1 ' +(pairprod(nrgint,ir). '
- 2 -pairprod(nrgint, ir-1))#frac2

'tnrg-(tnrg1+(tnr92-tnrgl)*?racl)inrgmax
end if
kxnrg(chargo)-tnrg

. r=é.2832%ranlil)

¢ This part of the program is done for both the electron’
c and positron. 'V’ is the ratio of total charged partxclo
c energy to the energy of - thl photon
ﬂ
43! - v-(tnrg+0/511)lnrgx
. vintm ifix (v#10. 0)+1
g-quo(vxnt)*alog(nrgx/ S11)», Sll/nrgx

[N
4‘) 4 T.

c Rumombcr;thc photon g ) anglcs xn the phantom sqstem

oldcaltcal
oldsal=sal S
oldébeta=cbeta
oldsbota-sbota

NS

c Transform ?rom the partxclo to the phantom coordxnato system.

call guom(r.g.cal.nal.cbota,sbota)

. ¢ Store. the order of scattor:ng, initial chargcd partxcln phantom
€ anglns and posxtion o : : .

‘A'kinordur(chargo)-ordor
- kincal{charge)=cal .
kinsal(charge)=sal
- kinchetal(charge)=acheta
: kinsbotc(chargo)-sbqta o
'kinx(chargc)-xs o
‘kiny{charge)mys :
hinzcchargc)-zs

e
-

€ Rocall tho photon s anglns

) caltoldcll
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o '

saltbldsal
.cbeta=mpgldcbeta.
shotanoldlbota

N

¢ The energy and scattering angles of the posxtron
c is determined after those of the olcctron

if-(kintypn(ghargc)’.lq. 1) then

;chafgl-chargo+1 U
kintype(charge)=-1" -+ !'signifies a positron
-tnrgsnrgmax-tnrg . : o
“ kinrg(charge)=tnrg = ey
i ) ‘ } . .
m o - ’ rur=3. 1416 ‘azxmuth angle opposlto oF eloctron
- N . , . . F'e}
* . "go-to 43 ) 'sont to ropcat calculatxon for posxtron
:_ohd if
else Y B R R P

¢ A‘photoolocfrinineofictiqn has occurred. A11~o§
¢ the photon energy is deposited as dose. .

rq-fldatJ(phéntomli,J.k)+1000)/f600.0'
e dbse(ofdor,i,J.k)-dnsl(ordcr.i,J,k)+nrgx/no\

»

Cend if -
0150 
4 An xntoractxon has not occured in thc nlcmont '\»Q.Z . <\
c. The photon xs transportoﬂ to tho far element ) - '
e wall : ] : . ! . ..
_ - . ‘ _ n e
TP - xs=xg+shortesalecbeta .
.. o » .. ysmys+shortwsalesbeta ’
g T : xs-z|+shortocal _ .
’ o E . ! . ’ - . -~
e A test to soo it tho photon has loﬁt tha phantom '[ , , , 'f
; ,"'
" 'i# (xs .le. 0.0001 or. xs " 20. O*dxml) .go to 50 ;
i# (ys .le. 0.0001 .or. ys g! 20.0xdiml) .go to 50
if (23 .le. 0.0001 .and. tal .1t. 0.0) go to: 50 e
if (23 ..ge. 20 Oid:mlx) go !o 50 P
. ) .. go to'2fu':ﬁ ) .
. . - O . L . 1
. oend it o '-, ST N
X3 The photon part of tho historu 1: complctcd at: lino 50 ' i -
' SO S contznuc A . '

K

né annhilqtion photnn is set, xn motxon

(annhilflag 1) then [ e



Y .

calmcos (6. 2832%r1-3. 14146) . 1this photon is
~ ‘salmsqrt(1. O-calwcal) © Yin the opposite :
cbeta=cas (4. 2832»r2-3. 1416) ‘direction of the first
sheta=sin(é. 28324r2-3.1416) 'annhilation: photon.

' . . xs=photox
" ysmphotoy .
. zs=photoz
/ ’ nrgx=0. 51 .~ 'photon cncrgq assumcd to be O. 511 MeV
- order=4 'troaend as a multxplt scatter photon
L) . :
‘go te.21
end if ‘
v , . ) . .
c The chargod particles are transportld First the stored parameters
C are recalled. L . o _ 'b_ R
do 120 whxl. (chargc». . 1) SR _ ‘ ,-J} T
o-k;nrg(chargl) _ L:} !kinotic'inurbq o '\““‘f
L » ~ cal-kincal(ch.pg.>» . » "tparticle’s phantom angles
. . sal=kinsal(charge) S . ) . »
chetamkincbeta(charge) -
.sbeta=kinsbetalcharge)
‘is-kinx(chargellv.". S 'particle’s po@ition
ys=kiny(charge) - - . ey , ‘ SR
zs-kinz(chnrgc) -
ordor-kxnordor(chargo) . “'.}qfdor-o? scattering
nrgxnt-24 o o v“"'. R L
if Corder .eq. 1)then. S SR R . v
: chnrgpnrt-charggart+1% ’ !nUMhOPVOQ‘CthQQd particles
cnd i . a e ‘ L Q o ) A”n : S

S R
e

€ Tho locatxon lnd dxstanc. to thc ¢lement wall in tho partxclos dxrcctxonv
o is dotdrninod - : v

¢ i

o call where - St e
PO"IOItJ(phlﬂtoﬂ(l:J:h)*lOOO)/IOOO‘O

e Do onlg uhxlo the particlo s 'norgq ;s abovo thc cut-o## Tho cut o#F N
3 depcnds on tho donsitq of the phnntou cluncnt B ‘ .

LW .' . |

IR - B 110 Uhilo (e- gt 0‘1§ro)
. . ':c111 uhcrc S R
. ‘ : Tho follouing statnuonts 4xnd thn distanci to thn voxol uall : Lo
¢ in the coordinato diroctian. Tho in¥og|r volol Iocntor: are alsa Found R
> 3]”"H5 E '[ noarx-abs(ls-ﬁloatJ(i)*diml) : vi.iV - :
e C o nearintimiey T .
ey S hjf”(nparx gt O 5*dim1) thin q. . o

<5



" nearxsdiml-nearx

end if

 nearinti=j= 1.
ond if '

_n.aru-abs(us-#lnatJ(J)idxml)
‘nearint =+l .
Cif- (neary . gt. ‘0, S#diml) thon f

noaru-dxnl—ncaru A e TR &
“ nearinty=jy-1 o = ‘ ’ T S

end if e

 n|arz-abs(zs-f1oatJ(k);aimlz) LT e T T
.nearintik=k+1 S ot [T Lo

if . (nearz .gt. O, S*dxmlx) then
nocrz-dxmlz-nnarz o
‘nearintk=k-1

57__  ¢ The nearest voxel is found. ‘The shortcst dzptance to a vorul wall
¢ in the coordinato dirictions. near’, 1s,€ound :

€ Tho stopgxng pouqr.f .’ 1s\found using log—lfn“ r'xntnrpolatﬁon

}5:..

if (near: .

By da 35 while (e 1% n,gtm-gxnt”‘ S
:!'racx-CG-nrg(nrginti)/any(nrgint 1i—nrg(nrgint))
_z‘s-;top(n;gint)+(:tpp(nrgint+1)-sﬁpp(nfgint%
"”S-llp(i) 5

ro-ﬂoct;(phanton(:. ,. n+1ooox/1ooo o

7'loxplﬂo/|/ro

noar-dxml . f.  ~4 el

¥ (noarx lt nc.r) thun

near=nearx . - : R L - B
neari=nearinti = . . R Y A
near = ' : - N I
nearksg’
ond if ‘

. nears=near

nearisj
o neavy=y.-

noark-nc.r ntk

BT AR AT

“nrgintenrgint-y’
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theexp(th) . \\\\\\\,

¢ ‘Ep’ is the amount of energy lost in the step. ’F{‘\il the pathlength
c of the step. . X - .

ep=(i-~caylere . : _ -
plwep/s/ro v ‘ N

¢ 1¢ ‘pl’ is greater than short, then the pathlength must be shortened
to ’‘short’ so that the particle does not leave the voxel. If so, the
c nels energy lost, ‘ep’s must be calculated.

n

'i# (pl .gt. short .and. short .gt. 0.0) pl=short
epmpléglrg :

x=plusalucbeta ‘distance travelled during the step
y=plesalwsheta
1wplucal

b

ot xsmxg+y ‘position of the bart;clo at the end of step’
ys=ys+y ' c '
1smIg+y

{
ofdiwi tthe voxel location before the step is stored

gldy=y
oldkek

imyifix(xs/diml)+1  'voxel location after the step
*:Ji'ilfql/diﬂl)*l -
k= jifix(zs/dimlz )+t

-

emg-gp ' ' 'energy after step
g-sqrt(thiplirq)ﬁgaus(Jitix(100.OGrin(il))*l) tzenith angle

; r=4, 2832«ran(il) - . tazimuth angie

¢ Transform from the particle to the phantom coordinaée system.
call geom(r,g.cal,sal,cbeta, sbeta)
c The following statement checks for the edge of tho$phﬂLtom

i® (xs .le. 0.0001 .or. xs .ge. 20.0#diml) go to 115
i# (ys «le. 0.0001 .or. ys .ge. 20.0#diml) go to 115
i¢ (zs .le. 0.0001 .and. cal .1t. 0.0) go to 113
it (23 .ge. 20.0%dimlz) go to 113 :

¢ By #inding the smallest of the old or new vorel location the Ccorrect
¢ vorel to assign the dose is guaranteed; even if the particle is on
c a voxel wall, ‘

) smallis minO(oldi, i)
small = minO(oldy. J?
smallk= minO(oldk, k)

-

¢ Atlign‘tho energy lost during the step as dose

rouOIoth(pKanton(lualli.snlllJ.snnllk)*lOOO)/looo.0
: dose(order, smalli, small y, smallk)= o . i
Y 1 Jdoio(ordor%tnnlli.small;.smalxk)+cp/ro, oo



110

continuo - !

423

chargod ﬁarticle transport step ends here

¢ The following :hocls to see if the nearest vorxel is outside the phantom
¢ I# it is half of the remaining

¢ ‘Neato’

n

1F (neari .le. O . or.
e=e/2. 0
go ¢o 112

end i¢

if (near) .le. O .or.
‘em=e/2.0

go to 112 -
end .if

if (neark .le. 0 .or.
e=e/2.0 o
igo to 112

end if

energy will be d!posxted as dose.

neari ..ge. . 21) then

.

» .

near) .ge. 21) then

neark .ge. 21) then

1

is the density of the nearest voxel. The remain;ng energy is
assigned to the last and neargst voxol such that thoq both got equal
¢ energies.

noaro-fioatJ(phantﬁh(noari.nuh%j.noark)+1000)/1000f0'
doso(ordcr,x,J,k)-doto(ordir.1.J.k)+q/(ro+n|aro)

. doso(ord-r.ucarx.noar;.ntark)-

¢os¢(ord¢r.nearx;noarJ.noark)+¢/(ro+ncaro)

go to 113 L

¢ Statement 112 and its Followxng ltatcmont are only done xF it is found .
- c that the particle can not }oavo tho phantom or if the noxghborxng voxnl
¢ is outside the voxel. j .

B -2

113

contxnuc

ro-'lootJ(phantqh(j.J,k)+1060)/1000.0

dosn(ordcr.i.J. )tdqsg(ordor,i.J.k)+olro

-c Tho‘#ollowing':tatonnntsyaro gono if the chgrnodfpartjclo was a positron

o

Y (kintupo(charbn)

hintvpd(cﬁarg&)-o
chargescharge~1
annhiltlag=l .

ri=ran(il) .
cal=cosfé. 2832#r1)
sal=sqrt(1l. O-calwcal)
r2=ran(il)
cbetamcos (6. 28324r2)

_sbctgﬁbin(é 2832§r2)

_nrgu-B 811

photox-xs
photaywys

photoiwmzs

™

~1) then:

{sct:hflog for the s.conﬂ-ﬁﬁdton'

i

'the last posstxon of the .
fpositron must
‘be storcd



order=4 o 'include annhilation photons. as
“!multiple scatter

oy go'tb 21

.cnd‘ifi
113 ~ continue ¢ ‘
chargo-cha%ge-l ’
120 continue ‘ ‘end of loop for the chargpd;pariicfo histories
180 continve N ‘end of loop for the pﬁoton histdries
200 continue ’ !lnd‘6F loaop for the spectral bins

¢ The following statements nbfﬁllizo-tho‘doso to the maximum . ‘ .
. ¢ dose encountered and writes the normd;izod doscﬁ o . :

‘total=0. 0
do 205 k=1,20
do 203 y=1,20
do 20% i=1, 20 } ‘ . . -
205 . total=total+dose(1,i, j, k) ~ ‘total primary KERMA

¢ Print the beam parameters.

write(4,#) ‘Spectrum Multiplier=’, multi

write(4,#) ‘# Photon Histor;os-'.hxstorg

write(4,#) ‘Shiftxms’, shiftx

write(4,#) ‘Shifty=’, shifty ; Lo v -
write(4,#) ‘Primary Interaction Depth Int!gor-'»xntest
write(4, #) ‘X-Y Element Size=’,diml '
write(4, %) ’Dopth Dimcns:on-’,dxmlz

write(4.,#) ‘Total Primary Dose=’, total

write(4,#) ‘Number o¢# Primarq Chorgcd Partxclos .chargpart

do 210 k=1, 2%
do 210 ;=1,25
do 210 i=1,23

do 210 q=t. 3. ' . :
dosnt(x.J.k)-dosot(x.J.k)+doso(q,x.J.k) 'total dose
o o . . » '!distzibution
. 210 continue h ' ' ' : f N

¢ Two—~dimensional pr:muru doso dxstrzbut:on in the plane oP ‘the
3 pr:marg pencil beam. The doso is normalizod to th¢ totnl pr:marq KERHA

0

.

wr;to(A.J) ‘Coronal Primary Doso Slxcn

do 219 k*l » 20 . . ; .. : .
do 212/ i=1, 20 ] o R
22 . arr(ﬁ)-dosotl i.ll.h)/total : o
(4, 630) (.fr(x)'1-3;17)

215 urxtlf

1

¢ Throo*dimonsiTnal total dose distributxon normalizod to tq: pfxmarq KERHA "

 do 229 k=t1,20 . ., e
: cwrita(d. ey o . - - S
‘write(4.580) k - : ~



do 225 =1, 20
do 224 i=1, 20
224 . ©  arr(i)mwdoset(i, j, k)/total :
225 - write(4,630) (arr(i). i=5,17) ’ ,

c Thruc—dxmonslonal distributions of the primary KERMA
c normalized dose components. - . rs
do 229 q-1.4~ )
write(4,#) '/ ¢
if (q .eq. 1l)then ‘
write(4,#) ‘Primary Dose’
else if (q .eq: 2) then
.write(4,#) ‘First Scatter Dose’
else if (q .eq. 3) then
write(4,#) ‘Second Scatter Dosc
else if (q .eq. 4) then
write(4,#) ‘Multiple Scatter Dose
end if -
‘do 228 =1, 20
do 227 i=1,20

227 . arr(i)mdose(q,i. ), k)/total
228 write(4, 650) (arr(i), i=3,17)

229 continue

e o

¢ Thres—dimensional distribution of the primary KERMA
c normalized total scatter dose.

‘write(4, %) ‘Total Scatter Dose’ (> ,
do 243 k=1, 20 : >
write (4, %)’ ¢ o |
write(4,3580) k . oo
do 243 =1,20 . '
. _ do 244 i=1,20
244 . . .. arv{i)=(doset(i, J, k)-dose(l,i, y,k))/total
245 T write(4, 650) (arr(i), i=8,17)

J : _ i
‘c Three—-dimensional distribution of the primary KERMA
c normalized primary plus first scatter dose. .

write(4,#) ‘Primary + First’
do 247 k1,20 .

write (4,#) ' ¢

wrxt|(4.§80) k

do 247 j=1,20
, : do 246 i=1,20

246 arr(i)=(dose(1, i, J, k)*douc(2.i.J.k))/total

247 _ write(4,630) (arr(i), i=%, 17)
250 format(’ ‘,i3,2x, #6.2)
340 format(’ /, 5.2, 2x, #5. 2)
343 - format(’ .12)
350  format(’ ’,10(£4.2,2x))
420 . format(’ ’.010.4) .
422 - format(el0. &) . ' 0%@
830 format(’ /. 10(1x, #6.4)) :
570 format(’ .fs 2: 1%, 3(86, 4.1:) 20#6. S.Ix)) ]
80 ,Orﬂ.t(’Qliii.Q!.G’G'i"!"#ﬁ}i'.li.*k-‘,12,"***#’QQ**{**#&*Q')
&350 format(’ ‘,20(1x,e8.3))
- &35 format(’ ¢, 1x,@l, 31o04.4!.;14.21:a7.4x.a§.ax,a6.2:.18)

.79%0 format(’ .1212!.05 3:8x. $4. 3, 6x. 4(4x, £5.3))

e
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close(l)

clos
clos
clos

ey
i(4)

el(d) -
e(8)

close(1l)
close(1Q)

stop
end

the coordi
ateachcd’

. #

I

subroutjno gcom(r\g.cal.sal,cpotgmsbcta)

to the phantom

real r.g.cal.lal.cbcta.sbcta .

real ss.cc.,oldcal.oldsal,oldcbetasoldsbeta

"This subroutine porforms the rotational transformations between
nate system ’‘attached’ to the particle and the sg}tem

.

#

426

‘G’ and ‘r’ are the sine and coiinb regspectively in the particle system
‘Gal’ and ‘cal’ are the sine and cosine Tespectively of the zenith

angle in the phantom system. ‘Sbeta’ and cb.ta are the 'sine and
cosxnc respectively of. tho oz:muth angll in the phantom system.

if (g . oq. O ¢} go tu 400

oldsal-sal
oldcal=cal

.oldcbtta-cbuti,

. oldsbeta=sbeta

caltcilicps(g)-sal#sih(g)&coi(r)

if (abs(cal) .ge. 1.0) then
cal=y. O*sxgn(l O, cal)
sal=0.0, '
cbetamcos(r)
sheta=sin(r) - - .
go to 400 B

end if

" salmsqrt(1. O-cal#cal)

-cc-(sxn(g)*cos(r)*oldcal+cas(g)ﬁoldlal)/401

if (oldsal .eq. 0.0) thcn
:bota'cos(r)
-sbetamsin(r)
go to 400

ond.if

ss=sin{g)#sin(r)/sal

‘it (abs(ss) .ge. 1.0) then. ¢

Lo

ss=]. oisign(l O:'ss)
end if

it (abslcc) .ge. 1.0) then
cemy, O%ngn(I O:cc)
end if S
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cbetamcc#oldcbeta-ss#oldsbeta
sbeta=mss#oldcbeta+cceoldsbeata N
i¢ (abs(cbeta) . ge. 1.0) cbeta=1 O#sign(i. 0O, cbeta)
if (abs(sbeta) .ge. 1.0) sbeta=l. O#sign(1. 0, sbeta)

400 continue °

‘10

return
end

subroutine whero T

This subroutino Oxnds thc posxtxon ond dxstanco to the voxel boundary

in the pcrt:cle dirvection, ] ‘ A _ .

real xs,ug,xs.short,diml‘dimlz .

real cbotl.tbcta.cal , s

real 1x,1ly, 12 ° .

integer i, Jo ko iby b, kb

common xs.us‘zs,1.J.k.cbcta.nbcta.cal.sal dxml dxmlz.short

H

Determine which |loqont the photon is in.

imgitix(xs/diml)+1"
Jwyifin(ys/diml)+1. L
k-;i?ix(zs/dimlz)+1 v ‘

Determine the posxtion of thc vox.i s ualls'ih the
direction in wh:ch the pazrticle is hoadod

if (sal . eq. 0.0 .or. cbeta .eq. 0.0 then :
 1x=999. 9wdim] . ' A
: go to 10 - ‘ .

e © end. ié
if (cbeta .1£. 0.0) then o .
if (xs .eq. (float)(i~- 1))*dxm1) then 7 o
lx-(FlontJ(1-2)*d1m1-xs)/lﬂ1/cbtta . : ’ v
else : .
lx=(floaty(i- l)ﬂdxml—xs)/slllcblta
.end if
qlsm
1:-(¢loat1(i)*d:nl-xs)/sal/chnta
. end 1f

it (Sll'~0q. 0.0 .or. sbotA',uq. 0.0) then .
1y=799. Fediml ’ ~ :
go to 20
ond if# .

1¢ (sbeta .1t. 0.0) thcn ’ S
Clie (ys . oq (floatj(y=1))%diml) ‘then
lq'(OloatJ(J—Z)*diml-qs)/sallsbota

se L else
: q-(!loatJ(J-l)*diml—qs)/:nl/sblta
. and i" <
wlse

lu-(floatJ(J)*diml—qo)/snllsttl

T et A
et o v
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— .
end if
20 if (cal .eq. 0.0) then
‘ 11=999. 9#dimlz
go to .30 :
end if

~if (cal .1t. 0.0) then
it (23 . eq (Floaty(k-1))#dimlz) then
lz-(PloatJ(k-Z)*dzmlz zs)/cal
else
lz-(flootJ(k 1)edimlz— xs)/cal
end if
else - ’
lx*('loat;(k)*dxmlz zs)/cal
ond it

(4 Dotermxno the distancs to the wall that tho particle o .
c 'in thc direction of the plrtzclo

30 short=lz . .
if (ly .1t. short) short=mly
if (1x .1t. dhnrt) short=lyx

~return
Cend >



Appendix, 11. Listing of the program Volve. for
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dose spread arrvays.’

Program Volvc

This program convolvcs the flulnc! with dose! spread arrays to
yield a dose distribution. It is carried out in “the interaction
point of view". The primary and truncated first scatter (TFS)
dose spTead arrays are combined. This fine resolution dose spread

'arraq is is convolved first. Then & lower resolution, residuval

first and multiple scatter dose spread array is convolved. The
homogeneous and heterogeneous dose distribution is calculated
separately and a correction factor is determined at the end. The
dose due to contamination is included. The dose distribution

can be smoothed. The variables are documented where they occur:
anc: which’ havo boon “commtnted out" are optional.

xnt-gor.-1bna.aubn¢tb1bnd.bubnd.¢.pth.1bndi}ubﬁdi,
integer albnd?.aubnd?.blhndi bubnd2, depth2

intéger 1bndi2 ubndi2. - C ' ' i,
_integer lbnd;.ubndJ.lbndk.ubndk . ) ’
integer 1bnd 2, ubnd 2, 1bndk2, ubndk - \\g L

integer widthi, heightl, lengthl ,

. integer i, j.k,ii, g kk, deli.del, delk » - _
' inttgor cl;pwid.cliphol.clxplon.roc.rocz,kprxme ‘ ;
{
{

real mu, ro(=25: 2%, -29%: 25.50).r02( ~-5: 9, -5 5;10)
~real invsqr, ssd, dref. e
- real spTayl (S5, -6: 6, -6: 6, -2:12)
real rifmspray(5,-4:6,-6:6,-2:12)
‘real fluxinc, fluxfact
resl avdens, avdens2, avspray
real dosehet(-25%: 2% -25:23, 50); dosoh|t2( ~5:5,-5:.%,0: xO)
real dosehom(~-295:25,-29: 25, 50), dosuhomQ(—s 5, -%5:%,0:10)
‘real kerma(350), kerma2(10) -
resl oldkerma, c#(~25: 25, -25: 25, 350), kermhet, kormhom,//f\\‘~\“/'
rea arrcf(QO),arrhom(QO),arrhot(?O) : .
.rexl £0, £1, #2,'c1, ¢, row :
,qéal hom(-25:425, -25: 25, 50), he t4-25: 25.—25 2%: 50)
real contam(O: 50.2).avcontam(2),rtsolv

common dcli.dolj:doll.1.J.k:$6.lvdcns

Spray. dat tontains tho primary plus truncat : H_rs't scatter (TFS)

Ct. dat contains the output homogeneous and heterogeneous dose
distributions and the cqrraction'Factor»distributio . ' :

Rfmsprau dat contains the rlsxdual Fxrst and multiplh scatter (
dosc sproad arrays. . .

' 1 ) :
opon(unit-i.statu;-'old“#xlo- spray. dnt )
open({unit=3, status='new’, file='cf dat’) .

opon(unie-4.status-’old'mPilo-!ersprlq dat’)

User: riquostqd stltnmontu A slab goom.tru is modollod by a. cubxc

-uator—liko phnngom The beam is parallol , .
ssd= .O ','source to lurFlcc distance
[ \§3.5 'dmax
resolvsi. 0 'cpccifios vox.l size for contamxnatxan calcﬂlatxon

b

s‘. “ . . . ' X ) i o . e



albnd=-4

¢ 3-Dimensional’

'beam half-width

window

. c. The calculation windows miéy be 1,2 or 3-dimensional.

I ot

‘

in negative x-dirgction

aubnd=4" 'beam half—-width' in positve x—direction
.blbnd=~4 tbeam half-width in negative y—direction
"bubnd=4 ‘bolm half-width in positive y—direction .
. depth=20 phantom depth - :

430

c. lbndi=albnd ‘calculation in negative x-direction
c vbndimaubnd: 'calculation window in positive - x—direction
4 1bnd )=blbnd 'calculation window in negative y~direction
e "« ubnd j=bubnd 'calculation window in positive y-direction
e lbndk=1 "lower calculation window in z- dxroct:on
c ubndk=depth ‘upper calculation window in z-—-direction

¢ 2-Dimensional (in-the plane of the central axis) ..

‘calculation window in negative
'calculation window in positive

lbndi=albnd-1
vbndisaubnd+l

x~direction
x~direction

1bnd =0 - ‘calculation window in negative y-direction
ubnd j=0 'calculation window in positive y-direction
lbnd k=1 'lower calculation window in i-direction’
ubndk=dep th

‘upper calculation window 'in z-direction
¢ 1-Dimensional (off asxis at a specified depth)

Ibndi=albnd-1 'calculation window in ‘negative x~direction

c
c ubndi=aubnd+l ‘calculation window in positive x—direction

c 1bnd y=0 ° 'talcuvlation window in negative g-direction.

c ubnd =0 !calculation windoguw in positive y~direction ‘
c lbndk=16 _ ‘lower calculation window in z-direction "
c ubndk-lb tupper calculation wxndow in z-dircctlon

c 1¥Dimonsional (along tho contral axxs)

c . 1bndi=0 . !:al:ulatxon window in negative x-direction

€ 7 ubndim=0 icalculation window in positive x-direction

€ lbnd =0 ‘calculation window in negative y-direction

- . ubndy=0 !calculation window in positive y~direction

e lbndkm=y ‘lower calculation window in z-direction

c 'ubndk-dtpth 'upper calculatxon wtndow 1n 1—direction

c T cl#pwid'? 'a paramotor for - d!11m1t1ng wzdth of doso spread arrag
3 cliphei=0 ‘delimits height (delk=negative)

€ . cliplen=Q !delimits length (delk=positive)

Read height, léngth, width,

; and values of the
and thc density arraq. Y

. VR §
‘c Read statements.
c dqsoa:proad arrvays. )
road(i 3000) hozghtl lcngthi.wxdthl
do 100 n=i, 3 .
read (1, %) -
read(4,#) ' - : ;
do 100 k=—heighti, lengthi,
read(1, %)
read(1,#) °
read (4, #)
" read{& #)
-do 100 j=~widthi, widthi



NN : o

read(1,3010) (sprayl(n, i, s> k), i=~widthl, width1)
read(4,3010) (rémspray(n,i, J, k), i=—~widthi,widthi)
100 continue - :

read (4, #)
read (4,#) _ E ‘
do 125 n=1,93 y - s

read (4, #%) ‘ : : ‘
read (4, )

do 125 k=-1,3 .

read (4, %) . , a

do 125 jm-1,1 . _ S
" read ¢4,3010) (vrfmsprayin, i, y, k), i==1,1)"

- 125 contxnuu
c The relative fluence in a homogeneous ' ] N
4 phantom‘as a function of depth is calculated.
: e : . L
kerma(1)=1. 00
“mu=0, 031 )
‘attenmexp(-my) . . :

e

o

do 1350 k=2, depth+1i
: kerma(k)=kerma(k-1 atten
130 . continue .

“Contam(depth. region)" is the measured depth dependence of cpntamination.
The depth is measured in centimeters. Region=1 is inside the field
Region=2 is outside the field. See Volume 1 and Equation 7.4. 9 in A
Volume.2. :

nNnnNnao

Acontam(O.lY'l.QQ\bi
contam(1, 1)=0 89 -
contam(2,1)=0.30- , - Coe L o
‘contam(3,1)=0.28 .= —
contam(4, 1)=0, 18 : ' ' :
contam(3%, 1)=0. 12
-contam(&, 1)=0. 10

contam(0, 2)=1. 00
contam(1,2)=0. 94
- .contam(2, 2)=0. 64 : : ‘

- contam(3,2)=0.44. .
contam(4,2)=0. 37 . s - . ; : )
contam(3, 2)=0.33 . S - .

S c ontam(b.Q)-O.BO ' : . w o

Boqond dmax th. contamxnatxon docroascs oxponcntxallu

attcn-oxp(-o 050)
'do 175 n=1,2

'do 175 k=7, 50 ‘ >
T contam(k, n)mgontam(k—1, n)*atten
175 continue \ﬁ ' oL

€ The 4of?ouin9 stat.nonts doscr:bn a glab phantom The contrll slab ‘can be
"c made up of . twa rogionl .

'.do_2oo-t-1,15 IR B “& e
 do 200 y=-25,2% . . S I

o 40 200 i=-25,23
'g* ro(i, g k)=l 0



200 * continue
do 220 k=14,23 . : *
. 4o 220 y»-25,2% - :
4" do 220 i=-2%,3
. ro(i, J k)'O.'B
220 ~continue

do 230 k=14, 23 4 A
. do 230 =-25,25%

.do 230 im=4q, 25.

. ro(i, J.k)-Oa » .
230 continue - : . o

o

. do 240 k=24, 50
do 240 ' y=-25, 23
do 240 im-25,25
ro(i, j, k)=1. 0 , v
240 continve , . . . T

c Convolve for all pencil beams at all depths by summing over all primary

n

- interaction voxels. "Fluxfact" is the ratio of heterogeneous to homo-
€ geneous fluence at a pointin a pencil beam. : i
. ' N Do : S B
do 600 i=albnd-1,subnd+! - dincrement in the x-direction
ii-Jnint(FloatJ(i)/§5O) . !'for RFMS in the x-direction
do 400 y=blbnd~1,bubnd+1  lincrement in the y~direction’
- JI=ynint(floaty(y)/5 0) - . 'for ‘RFMS in the y-direction

€ The pencil bcaﬁs_Jusf bbtiido.tho field can be givdn a smaller fluence.

¢ This can account for a geometrical penumbra. ‘Fluxinc is the incident
c relative fluence. : : : ' S
~if (i .eq. albnd-1 .or. i - eq. aubnd+l . or.
1. 'y .eq. blbnd=1 .or. .eq. bubnd+1 ) then
fluxinc=0.20° . - L ‘
else : : L
fluxinc=t. 00 = ch - i
end if - : :

NN Nn

¢ The following can Bésqribos»a bar shield. .

e RS .iq{ -1 .or. i .eq. 0 .or. i .eq. 1) then
c . fluxinc=0. 031 BN s
c. . end i¢ :
i F#luxfactet. 00 '#luxfact is the fluence compared to a
' ~ 'homogeneous phantom o ‘
. do_ 600 k=i, depth tincrement djpth‘(x-dir'ction)' .
ckkw(k-1)/95+1 ¢  ‘'for RFM8 in the 1-direction
€ An inverse lqucrifﬂqctbr éln rqducibfho primirq fluence.
c T invsqre{ssdedret) #e2/ R Tt
c 1 ((ssd+float (k)= S)nel+ B L
c a2 ,'('loltd(J’)’*Zf('IDOtJ(i))#’2) Yoo A
s R R ] , S .
Tinvsqr=y 0 R i
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" "Kermhom" and ”kurmhet" are Pactors dependent onlq on the poxnt

of xnterlctxon oP the primary fluence.

kermhom=kerma(k)#invsqr#fluxinc
.kormhot-kormhomiro(i,J.k)ifluxfhct

Sum over all contributions of the fine resolution dose sproad arraq
bq summing ovor all dose doposxtxon voxels. -

do 500 dolzt—wxdth1+c11pwxd,wxdthl—ciipwxd o
do 500 dely=~widthi+clipwid,widthl~-clipwid : i
do 500 dclk--hcxght1+c1:ph|1.longthl—clzpltn

I¢ the contrzbution is outsido tho,dalc calculatxbn wxndow
don™ ¢ bothor tummxng . .
xF'(x+d|11 .1¢t. 1lbndi) go to 500
"if (i+deli- . gt. ubndi) go to 300
if (y+dely . 1t. 1lbndy) go to 500
Cif (j+dely gt upndy) ga to 300
if (k+delk . 1t. lbndk) go to 300
if (k+delk .gt. ubndk) go to 300

Subroutine "averdens" returns “avdens",  the average density
between the primary interaction and dose deposition voxels.
"Roe” is an integer identifying a dose spread”array obtained for’
a spocx?:c density (roe=i for a phqsxcal density of 0.2 g/cm#x3,
roe=g For 0. 4 g/cmes3 . | roe-s for 1. O g/cm**S)

call aveardens -

"Avspraq" is the doso/KERHA value lanoarlq intcrpolatod botwocn dose"
sprcad - arrays at Fxxed donsxtxcs .

T avsprau-spraql(roc.doli,dclJ. )+ -7 S
1 L (sprayl(rae+i,deli. %du@)—‘ ) )
2 . : lpraql(roo,dulx.dclJ S
3 : (§-N Oilvduns-floatj(roc))

. ;
Second ordor 1nt¢rpolatxon can bc .used if dos;rcd

if (avdenyg .oq 1 0) then
nvspray-sprnql(S.dolx.dolJ,dolk)
else ‘
if (nOﬂons 0. 0.&) then
fo-lpraql(rou*lgdcli:dtljrdnlk)
fl=sprayl(roe, deli,del ), dulk)
f=sprayli{roe+l, deli,del ) delk) . )
. . Tows(avdens#S, O-float)(roe))/5. 0+0.2 \ - .
. else : . : v
‘ - fO-spraql(roo.aclx.dnlJ.ﬂllkL
- fimsprayi(roe+l, deli, del). delk) "
?2-sﬁrbql(roc+2,ddlx.dol;.doli)
row-(avdonsrs O-FloatJ(roc))ls 0

.

Cend i .
t . C . o v BN B
- ":1~(r0u/02)¥(-3 OnfO+4. ONF1-$2)/2. 0 9 - ‘
| €m(Tow/0. 2) #a28(£0~2, orb1¥e/2.0. - o \ ‘

,‘avspraq-FO¢c1+c2

P




,C' _ , ' |nd if
”Donchct" 1; the hotcrogcnoous dose.:

dosohtt(x#dnlx.J+dol;.k+dolk)-
1 " ] dosohot(i+d|11.1+d|14.k+dolk)+
2 . kormhot/avd-nsiavsprau
) o . N
c “Dos.hom" is the homogcnooul dose.

i

dosehom(i+deli '|1J,k+ clk)-
. dosehom({i+dwl dely, k+delk)+ -
2 : © kermhom#sprayl(S.deli,delj, delk)

i
-

500 - » , contxnuc _ :
Pluxfcct-ﬁluxfactioxp(mul(l O—ro(x.;:k))) tcumgTative relative fluence
avdcnsz-cvdon12+ro(x.J.k) " : . !gonsitu sum ?br RFMS

, ro:(x:.JJ.kk)-roa(iz.JJ.khﬁ+ro(x.Jrk) Clfor R?HS average ypiol density

600 continue

€ At th;: po:nt the pr:marg plus truncatod fxrst scatter doso spread arraqs.
c have been convolved. . The rcsxdual Oirst and multiple scattir (RFMS). dose
3 :pread lrraq is now, convolvod .

- aubnd2= nint(float {aubnd+1)/5.20)
-blbnd2= ynint(float (blbnd-1)/5.0)
bubnd2= jnint(float (bubnd+1)/5. 0)
dopth2-(dopth 1)/5 O+1

I albnda-Jn;nt(¢1oatJ(.1bnd <1)/5. 0) ,  1field 5obhqar‘§s

lbndxz-Jnxnt(floatJ(1hndi)/5 0)~1 ST 'dose calculation window
ubndi2= jnint(float jtubndii/s Q)+1 . - - S e
lbndJQ-Jnint(floatJ(lbndJ)/5 o= L
e ubndJQ-Jnin¥KPlo¢tJ(ubndJ)/S °,+1, R
o 1bndk2=0 ' G . L Sl
T ubndkz-(ubndk-l)/5+2 ‘ ’ co T

3 Calculatxon oP fluenco in [ homoyoﬂ‘ous phantom taking into account
¢ ‘the coarser r'lolutxon

. v kirma2(1)-1.00_ R o R S ‘
. - da 700 k=2, depth2+i Lo S L o ‘
' attenmexp(~mus%.0) - : . . : - ' L S
o klrmla(k)nkornaz(i—liiattunv T TR - e
1700 continue : ‘ z ) S v :

3 Calculltt thc lvorlgo dnnsxtu in tho 1rradiatcd portxon of tho phbntom

’avdon:i-avdonsil
1' ((aobnd-alhnd+3)i(bubnd-blbnd+3)idopth)

‘roc-Jifi:(nvdonsais.O)
. l.roozt(s 04av¢.ns2-¢1o.t4(ro.)) e T T e T
fdorxzoo i-albnda.-ubndz . lincrement in x~direction

N
o i



. do 1200 j-blbnaé.bpbﬁaz tincrement in y<direction
?luxxnc-l 00 ' v ‘ v

c‘Calculatc the fluencc near tho ?xold boundarg xf the gcomotr:cal
. € penumbra 1; boing taken into account .

if (i - eq. aubndz) thon oo e o ’ i
fluxznc-(flontJ(Jicbs(.ubnd)+3) R L .
1 /8. o-eloat,(,iab.(;)))*fxuxinc - ' A
P tlso if (i .eq.. aldbud2) then . R
.0 fluxinc=(float (jiabs(albnd)+3)- :
' 1 » /9. O-float;(;iabs(x)))**luxxnc
ond if. . -
> »
df (J . oq. hubﬁu:) then ﬁ&"'
fluxincl(FloatJ(Jxahs(buhnd)+3)
1 : /8. O-OIOQtJ(Jiabs(J)))*Fluxxnc
-olso i# (J .eq. blbndQ) then - .
#lu:inc-(float;(Jxabs(blbnd)#S) ' :
1 i /5 o-flﬂltJ(Jilb!(J)))*'1011“CA
ond if - -

c
c.
c
c
c
c
:/‘
c
4
c
€
c
c
€.

c. Thc follou:ng ts usod uit%yﬁho bar shinld

c '.f“" : iF G .q ‘0) then A R
T Tho Oollowing is usod uith * uodgo é
=ci Vi fluxxnc-fluxinci j&*?lnat;(z—a!bnda)/ : _in._j e | S '< ;"'%

S ST ‘;~ . floacJ(aubn 2~albndz)+o S#fluxinc. - . : i » o ST ‘
- '.‘ ]', do 1200 kux.dnptnz {'1ncrcn0nt dopth (i diroct:on) clong ’:,i;
. S S (e ig+s. Oiﬂoit;(k)-? 5).«2-# ERARY B el
R LA 10.tJ(J))0*2+(5‘OGfIOltJ(x))**Q) G T e

‘ o i,w“,..; oo ,,.o'.v | . | : . i ' ‘ ;
'-f°2(1t}'*)'f°2(itJ'*)/155 0 ,VJLEFA?'fzﬁ;ih'avnragc voxol densxtu '65
fknrnhon-k,r-aa(k)ixnvsqrifluxxnc B ’honogon-éu: ¥luonco . o

ffkor'h.t-kornhoq*roati.a.k)

“ao lloo‘dtli--uidthxnuidthl
dolxxoo ¢.1Jn-u1¢enx.u1¢tn1




¢
if (y+dely J1t. 1bndy2) go to 1100
if (y+dely .gt. ubndj2) go to 1100
if (k+delk .1t 1bndk2) go to 1100
it (k+delk .gt.uﬁbndkE)uno to 1100
K~ e Intefpol.to the hetercgeneous dose spread array.
. . . o, T
avspray=rfmepray(roe, deli, dely. delk)+
1 (rémspray(roe+i,deli, del ), delk)- S .
2 ' rifmspray{roe. deli, del j,delk))#roe2
: ‘dosohot?(i#doli.J+dc}41k+d|1i)-[ ‘ 'increment hetero dose
: 1, "dosehet(i+deli, j+del ), k+delk)+ ' '
2 kermhet/avdens2#avspray
. dosehom2(iv+deli, j+dely k+delk)= !increment homo dose
1 . dosshom2(i+deli, jtdel ), k+delk)+ ) 0
2 kermhom#rfmspray (3, deli, dely, delk)
” 1100 - continue ‘
| . . . X
1200 . continue 4
. g ¢ Print the prim¢€3‘9101 TFS dbl.’ﬁo!&ro»smoofhihg .

’"writo(a.i)’HomogonQOus Dode Bléoro Smoothing (No Hultxplc)’
do 1202 k=lbndk, ubndk -~ - .
Write(d: #) ' ssannnen k-',k;'iliﬁﬂlll’

do 1301 y=lbndy,ubndy .V .
A - do 1201 i=lbndi,ubndi ! :
. . arrhon(i)-docohom(i.J.k)
1201 continue oo \
. urxt.(Q.SlOO)(arrhon(i):i-lbndx.ubndi) ) o :

1202 : cnntinuo .

s : " do 1204 k=lbndk,ubndk . . .
write(3: #) ‘eandesen ku’, k, ‘Hphanene .
:do 1203 j=ldndy, vbndy : ) S A
. do ‘1203 islbdndi,uvbndi : :

= arrhot(i)-dosohot(i.J.k)
1203: continve
v o urxto(S.QlOO)(arrhot(i),1-1bndi.ubndx)
1204 continuo ) Yty

'urxtc(ﬁ.’)'ﬂoéorogoﬂnéus Dai:L:ofofﬁ Smoothing (No Multiple)’

S . . : . . '

c ”9-poxnt"s.odthxng
J=0 - ¢
del =0 ‘
d0.1210 k=lbndk+1, ubndk-1
4o 1210 -iwlbndi+1, ybndi~1i
do 1210 Gelimi-y, i+l . :
. do 1210 delk=k-1, k+ ‘ ‘
LA h't(ir‘nl)-h.t(i’J. )#dosohnt(dtl:.dul;:dolk)
: néo(i.;.h)-uo-(x.J.u;+¢os.h6-(¢-1; ¢.14,4¢1t> - :
’__cgnbfﬁﬁ: Lo S - -

.-o_hftnnnrinn

X
>
o

7 do 1220 K‘lbndk+1.ubn¢k 2 S SRR : :
o’ 1220 twlbndiel, ubndi-1. » . N P

e &‘(A "'.”.t(‘l Jat).h't‘io ) k)/9.0 ' - . . ‘ . . 7 R

L dutohanft.;:k)thop(i.J.I)lv o : B S

nanna

e
i
.
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1220

¢ Print
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n
(7]

_
N
o
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\\

h

N
~
4 ]

¢ Print

1308

. 1310

c Print

i
)
g 8

het(i, j, k)=0. 0
~hom(i, y,k)=0. 0
continue .
‘ - |
the primary plus TFS dose after smoothing.
urito(a.n)'Homogcnhoun Dose Aftor Smoothing (No Hultxplo)’
do 12%0 k=lbndk, ubndk .
write(3, #) 'santdnns k-'.u.'¢¢§¢¢un;'
do 1250 j=lbnd,, ubnd}
do 1223 imlbndi, ubndi

& arrhom(i)=dosehom(i, j: k)

continue

e write(3.3100) (arrhom(i), 1-lbndx.ubndx)

continve

write(3,#) ‘Heterogenecus Dose After Smoothing (No Multiple)!’
do 1300 k=lbndk.ubndk .

Write (3, #) " anansase km', k, ‘sassnsen’

da 1300 ;=1lbnd,, ubnd,

do 1273 imibndi,ubdndi

arrhct(i)-dosohot(i.J'h)

continue

urit'(a.alOO)(arrhot(i) i-lbndx,ubndi)
continue .

the phantom and voxel densities used for the RFMS convolution.

urxtc(a.»)’Avorlgo Phantom Density’ .avdons2

wrxto(S.*)'Avﬁrago Voxel Density’
do 1310 k=ldndk2+1, ybndk2-1
write(3, #) ‘sansssns h-’,k,'.&lt.lil’
do 1310  =lbndj2+1, ubnd j2-1 S
- do 1303 imlbndi2+i,vbndi~1
. arrhom(i)=ro2(i, ji k) |
continuve
uriti(S.SlOO)(arrhon(i)‘i-lbndl?*i.ubnd;?-l)
conttnue X

I

the RFMS doso distrtbution A : e

urxto(a.b)’ﬂonogoncous Hultiplo Do'c'
-do. 13%0 k=1lbndk2, ubndk2
_ WTite (3, #) ‘peesarnne ﬁ-',g,'¢¢o¢¢¢¢¢'
do 1350 =lbpnd 2, uvbndya - °* _ )
do 1329 i=1dndi2, ubndi2 ’ :
arrhon(i)-doschouZ(i.J,k) ' )
continue
ur;to(aoaloo)fnrrhon(i) i-lbndx2,ubnd12)
continuo‘

urito(ﬂ.#)'ﬂotnragcncous uultipla Dosn' > : i
do 1400 i=lbndk2, ubndk2 . -
urit.(3,0)41&50Q¢§0 fm, i,'*l’i“l#i'
do 1400’J-lbn412:ubnd12 _
40. 1375 {=lbndi2, ubndiz2  ° . 7
orrhct(i)tdoi@httztifu.t) ' ) S
continue \’
urito(S:SlOQ)(lrrhot(i) i-lbndlﬂ;ubndia)
continuo .

437
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c Add the RFMS dqse distribution on to the prxmaru plus RFS dose .
c distribution. Calculate the radiological depth for inclusion

¢ of the contamination dose.

J=0
del y=0 o -
do 13500 i-lbndk.ubndk
do 1500 i=lbndi, ubndi -
do 1500 deli=i-2, i+2
do 1500 delkwk-2, k+2

hetti, 3, k)mhet(i, J, k) ‘ .
1 +dollhot2(Jnint(floatJ(dolx)/5 o) - . : ’ o
2 .Jnint(floltj(dclJ)ls 0)
3 © o, (delk=1)/9+1) ; py

7: . . i :
‘hom(di, g, k)mhom(i, gs k) : : h -t B /
1 +do||h002(Jnint('lont;(dolx)/5 o) /
2 »Jnint(float (dely) /3 0) : . / g
3 : .3

.(d.ll‘l)/5+lr
1500 ° continue

do 1573 i=1bndi. ubndi
avdens=0. 0
.do 1373 k=lbndk, ubndk

dosehet (i, J, k)mhet (i, j, k)/25.'0+dosehet(i. . k)
dosohon(i.J.k)-hon(er.k)/25 0+dotohom(:.J.l) \

avdonl-avdonsfro(x,Jrk) . ‘radiological depth

4o, $950 n=1,2 -

’ . -3

avcontan(n)-contam(foi&(avdoﬁs).n)+ ‘calculate the
1 (contcn(;if;xéavdcns)+l.n)- ‘contamintion
2 contam(jitixtavlens), n))e lat the rodxaloglcal
3 (avdfnl-floatJ(foix(.vdons))) 'depth - '
1550 ! contxndo . .

€ Calculate the contaninntion 13:0 Tho contaninat:on dose has a Gaussian .
t dependence on position in the field from the central axis, ‘a lineat increase
c with '1(14 sizo and a depth dependence Found from a look-up table.

it (i .ge. albnd Lar. i .le. aubnd) then- b ;

, dosoh.t(i.J:k)-dopohot(t.J.l)+ - T .
1t avcontam(1)#sqrt(floatj((avbnd—algnd)s =~ &
v. @ ‘ (bubnd-blhnd)))ﬂo Ol#resolv ! :

Y ' ® - ‘
. doschon(x-Jal)-dosohuu(i.J,k)+ ¢ e i ) -,
1. contam(k, 1)*|qrt('loat1((Quhnd-albnd)* e

-2 (bubnd-blhnd)))oo 01 P '

else e o T # S )

dosohct(i.J-k)-dosnh't(i.J.k)+ *
b avcontan(?)*sqrt(#loatJ((aubnd-albnd)* ) ;
2 , (bubnd-blbnd)))#0. Oleresolve S
3 0:p(—2 O*flo t4(1¢1)/(flo.t;taubnd~.1una))»oz). - o

i

-
-

8



®

4 ] .lp(?a.OOQIOltJ(J*J)/(F%DltJ(bubnd—blbndf)iQQ)

dosehom(i, ), kymdosehom(i, 5, k)+
contam{k, 2)*;qrt('lo.t;((aubnd—albnd)i
(bubnd-blhnd)) ) #0. Ots
exp(-=2. O’floatJ(i'i)/(float1(cdbnd~.lbnd))i*?)i
exp(-2. Oxtloat (y#;)/(floatytbubnd=~ blbnd))*GR)

& WR -

end i¢ . _' .
1573 continue
c Calculate and print the :otrcctioﬁ factor.

‘write(3, #)/'Correction Factor’
do 1800 I-Lbndk.uhndk '
Uflt'(ﬁ..)'l’ﬁl’i*l I"vln'!!i.ll}*'
do 1800 y=lbndy, ubnd)
do 1700 i=1lbndi,ubndi
c’(x.;.i)-do:ohot(i.J.k)/douuhon(:.J,k) . »
arrc(id=ct (i, g k) : v
- arrhom(i)=dosehom(i, J, k)
arrhet(i)=dosehet(i, J. k) - ‘ ¥
1700 ‘continue
urito(S.SlOO)(arrcf(i) i-lbndi.ubndi)
1800 continuo

write(3,#)’Total Seocothed Homogeneous Doco
do 2000 k=lbndk, ubndk !
Writa (3, #) ‘saitnnnsn km’, k, ‘¥rasaien’
do 2000 ;=lbnd;, ubndy '
do 1900 i=lbndi, ubndi
‘ lrrhon(i)idosohoa(i.J.k) .
1900 -continue
) urxto(S.QIOO)(arrhon(x) i-lbndx.ubndi>-
2000 continue .

write(3, #) ‘Total Suoothcd Hotorogcn.ous Doso : B
do 2200 k=lbndk, ubndk ' R
Write (3, #) ‘sannsnes k":k;’i'f#’ili’ :
do 2200 J-lbndJ.ubndJ
do 2100 i=lbndi, ubndi
arrhet(i)=mdosehet (i, ji k)~
2100 continue ' =
Urit|(3.3100)(arrb|t(i) 1-lbndx.ubndx)-
2200 continue -

3000 sormat(’ ','3012. 1x))
3010 format(’ /,25($8.6, 11))

3020 . format(25(#4.2,1x)) - N
3060° - format(#5.1)
070 tformat(’ ‘, #6.3) .
3100  format(’ ‘,25(#5.3,1x))
. -stop o . |

- pnd

|ubroutint avordnnl

ﬁ:c An intosral difforontial annluzcr algorithn to. find tho avnrogc
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c density along a path between the prxnbru interaction and dose
c degosition voxels. The algorithm samples the density along
¢ regular increments along thn path.

_ integer 1.J.i.dcls.dol;.dclk.longclt

real ro(~29; 2%, -29: 25.50).avdon|.xin:.uinc.zxnc
ruol scale, denom

common deli,dely, delk, i, J. k, ro, avdens
4 (deli .eq. O .and. dely .eq. O .and. delk .eg- O) then
avdenasro(i, 5. k) '
go to 200

end if

. ¢ The longcst dincnsion between the intoraction and dose dcposztxon
¢ sites is found. ., .

1ongcst-J..xb(.ns(¢.1;>.ab.(d.l,).absidcxn))
. ¢ The increments in each direction between the sample points.
xincefloat (deli)/float tlongest) ,
yincesfloatj(del )/ float (longest) - .
zinc-!lo.t;(doll)/float;(longost) o , .

c The weight of the 1ntcr.ction vozxel in tha average ¢¢nsxtu can

. € be varied for dif!oront dose dcposition voxcl locations.

1! (deli .eq. 0O .and. dol; eq. O) then .
=035 PLa
else i!(Jnint(|qrt(OIQJtJ(dolxidoli*doljodolJ))) /oq 1)then
¢=0. 9 : .
olsc_if(Jnint(lqrt(float;(dnliﬂdoli+d¢l;#dol;))) .eq. 2)then
"o. 5 ) . R S . » N X ’
slse i '
$=0.5 -

end if
avdens=0. 0

do 100 n-o.lnngost o ' ' o
scale=(, 3+¢ : . . ; ;;>
it (n .eq. O). thcn

lvdons-avdons+ro($+n!lin:.J+n*uinc.l#;nint(nﬁxinc))0¢
‘else it (n .eq. longest) then

avdonl-ovdcns+ro(t+n§xznc.J*ﬂiuinc.i+4nint(nczin:))*0 S
else

ovd:nu-avdcns+ro(1+n0:inc.J*nﬁqxnc.t+;nxnt(n!xinc))

ond +

100 .  continui ‘ 4 o _ . R -
i

‘;vdonc-avdonlltfloatJ(longust-tﬁ+sca10) ‘divide iq'the.i of samp)i‘pts

R

‘200 ‘ continul

TSy NP8

_return . : ' R  '~"4”//'
“and ' s Uy

e}
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Appendix 12. Comparison@f Heterogeneous Dose Spread Arrays
» - ~Calculated by the Convolution Method and by
the Monte C&rlo Method S 4
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Table A /
- j
i
{
{
3 -2 -1 0 1 2
- - w12 |.320] .012 -
- = .012 |.328) .o11 -
o . 3
- oo .034 . .306 . .,034 . ,001 p = 0.3g/cm
- 1.00 . .035 .281  .035 ' 002 -
Ve ' .o -
- .003 '.032 .137 - .032  .003 - ’
°.001 ,004 . .033 - .124 .Q33  .004 / .001
Y ) ; . .
.001 004 .024 - .067 ,024 .001 "
.00t ;005 .033 .061 .023 . .001
.001 .005 .019 .038 .005 ~ .001
.002  .005 .017° .032 005  .002
.002  .005 _ .013  .021 .005 - .002
,002 .005  .012 .018 : .002
.001 !
.002

001 .004 .008 -

e . ‘
. ©.002  .004

.008

-

Upper Number Is Calculeted Ffom: HQEOIeneoul Dose Sprend Arrays.

Lower Number Is From Monte

e

s N

arlo Sinulntion Of The Heterogeneous Phnntom.

S
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Upper Number Is.Calculated

- S S
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Energy Conserved To -1.3% . ¢.
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* " Table B e N
~ Ai
3 -2 -1, 0 1 2
0 - - 012 |.320 ] .012 -
- - .o12 |.327 | .o12 N ;
- . . p = l,Og/Cn »
1 - - .002 ,036 .320 .036 002 p = 0.2g/cm
-. .003 _.037 .280 °.037  .003
2 - .001 _.003 ,038 .159 .038  .003 "
.001 .005 .036 .135 .038  .005
Ak-. - ) . Ve
3 .00 ,005 ..028 .081 .028 .005
: .002  .006 .028 .072  .028  .006
.4 .002 . .006 8233 .048 -.023  .006
e .002 ,006 - ,020" - .041 ~ .020 .006
. ety \"'.,\.;\' N . .
. e : \ ; .VA . .
.5 . ,002 ,005 ,016 '/:0629 .018 .005
- .00z . .005 .o14 f.034, .014 005
8 .°.002 - ,005 .01l § .018 .01l .,00%
.002 ,005 010 " .015 .010". .0@5.
",4\ -

. 'From-ﬂomogenéous'Doéé]Spfedd Ar'ays.a _
Lower Number Is From Monte Carlo Simulation Of The Heterogeneous Phantom.

L
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v

©.002

004

. Upper Number Is Calculated F

Lower Number #s From Monte Carlo

'Energy Conserved To.—23}$

.004

.002

.001

-

. \
Table C
- ’
SO
B2 o 1 2 3
0. - .012° |.320 | .o012 - -
- - .012-}.329 | o011 - -
B . v é.":'
1. - 001,025 %239 ,025  -.001 :
. - 001 ,025 :,239 #,025 001 -- .
. - : ) " : 3
2 - .002 -.,023 ,086 .023 .002 - p=0.3g/cm
~ ©.001  .,003 ,021° .074 ,021 .003 .00l :
ak : o
3 -+ ,003° ,018 ,044 ,0t8 ,003 = .
-001 © .004 016 .032 .016 .004 .00l
' ‘ﬁ Tt o !
A \
4. .00 .003 013 ,023 .013 .003 o001 .
© . .001 .004 .010 .016 - .010  .004 .0OL :
5. .001  .003  .007. “.012 . .007 .003 " .001 |
-001  ..003-  .006 ,008 .006 .003 . .00t St
Q. v' o ' K ‘ ’ ‘
6 . +P01 002 . ,005  .007 .005  .002 - .001
001

ron-Hbmogeneohs Dose Spread Atrays;’

Simulation Of The Heterogénedusbphanﬁpm‘
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- . Table D

o . - - .012 | .329 ] .o012 - e : -
' » - < .032 |.3298 | .01l - - o

1 . - .001 .025 . .239 .025 _.001 -
' - - .001 ,025 ,238 .025 JOO1 = - .

2 -~ .00l ,020 .073 ..020 .00l . =~
.001 .00l .020. .073 - .020 , .001 -

N ' . -'v> .. ""‘ o '{.

RIS _pr,l,Og/q‘;;) e .'

32 001 011 .027 .01l 01 - o= O.3g/em
- .00z .00 .ozz .09 jooz i .

4 - .002 007 °,013 .007 - .002 - - . "
- .002° .005 .009 .005  .002 . - . =

7,004 ¢ .00l -
. l003 .00l -

8 ' .. .ob1” 01"+ ,008" .0 003, .001 -
~i001 o017 .00z 00z, . .ooz ~.001 .00t

- v 4 ‘ |
 : Upper Number 1s. Cllcullted From Homogene%us Dose Spread Arrays. :
o Lover Number Is From Monte Cnrlo Sigplaggon 0f The Heterugeneous Phnntom.

. Energy\ConServed Tof-O;in S ¢ v;j

’firf"J
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; Table E
i
-3 -2 el 0" 1 ) ,03
o S S [ '
N o® - otz |.29 .012 -
. - .012 |.330] .012 . -
1 .= .o01 .025 “"239  .025° 001
- - .001 028 239 025 .00l
S S o
2 - .001 ' .020 .073  ,020 ' .001
g .001 = ,020  .073 .020 .001 2
' ' Ak‘v - B g‘
3 . .o0o1 .008 . .020 - .Q08 - .00l Z ’
. - .001 008 .020 - .008 . .001 - - :
Lo i . p = 1.0g/cn’
S oy _ " .001 .004 .007 .004 L0010 - P= 0.3g/c’
: . - 001 .003 .006 ,004 .001. ‘- i o,
5~ - . .001 -~ .003 ..004 .00 .001 -
v o - 7,001  .002 .003. .002 .0OL, -
6 - 7,001 .002 .002''.002 .00l - o
. < . .001° ,001 ~ .002 .001 :.001 - S A
- ‘ ,Upper_Nupber Is Cllculated Prom Homogeneous Dose Sprend Arrays- ; o
. Lower -Number Is Prom llonte Carlo Simulatioa 0f"The Heterogeneous Phantom. :
'El‘le!jzy,‘vCOns'e_rved To j-'o}zs o ® :
R RORE T " o L
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Table F

o = = .o08 [.143 | .008 - e U
: ’ - - - loos |.145 | .006 - - . -

g . = .= 010 .082 010 .-
> - - joos. [100 008 -

© ... - . .00L- -.007 '.026 .007 .00{ "

Bt . 007 7-¢02g§v 007~ :‘~‘i‘ ST, o \;

N

3. o - 008 008 008 - e
. : -~ e ‘003 ) ,009 . .003 e Ve ; o 3 . \

T - door . leoz loon - - SR

-~
W
’
]
[}
».'v
“OQ
Q. ;
=
]
t
]

‘ A : . ‘ - . ') . E
S _Upper Nugber 18 Culculated rrom‘ﬂono aneons ‘Dose Spread Arr:ys- . S
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‘Table I
A
Al
-3 -2 -1 0 1 2 3 .
- - .012 |.329 [ .012 - -
- - .012 |.329 |-.,011 - -
- .00l .025 .239 ,025 .00l - i
- .001  .025 .238 .025 .00l - !
- . ,002 .024 .,093 . .024 002 -
.001 ,002 .020° .072° .020 .002 - g
’ : = 1.0g/cm’
L001. ARO4 .022 .057 ,022 ,004 .001
.003 .005 .016 .033 .016 .005. .004
ﬁ* = (.001g/cm’
.001  .004 014 .0%7 .o14a .004  .001
,001 .004 f.012 .019 .012 ,004 .00l
— —
- .002 %,005 .008 . .005 .002 - = 1.0g/cm
,001 ,002 .005 ..008 ,005 .002 .00l
- .00l .002 .003 .002 . .00% -
- .001 .003  .002 .00l -

.002

Upper Number Is Calculated From Homogeneous Dose Spread. Arrays.
Lower Number Is From Monte Carlo Simulation Of The Heterogeneous Phantom.

Energy Conserved To -1.5%" .
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Table A
- Al ,
\\\\ » ’
-3 =2 -1 0 b1 2 3
< .
0 - D= .o12 |.329 | .o012 - -
- - .012 1{.328 | .o11- - - R
' ‘ . p = l,Og/cm
: ‘ ' . 3
1 .- .001 .033 .283 ,033 _.001 - - P =0.3g/m

- ,002  .035 .281 .035 002

2. - .003 .031 .118 - .031 ,003 . -.
.00 .004 .033 .124 .033 _ .004~ .00l
. \ -

Ak \\u/ : \
3 .00l  .004 .023 .059 ' ,023 . .004 .00l
.. .00l .005 023 <061 .023 .004 .001
"4 .00l .005 .0l18 .032 .18 .005 .00l
: .002 -~ .005 .017 .032 .016. .005  .002

) ‘ ) } } . ‘ .
s  ..002 .005 .013 .018 ,013  .005  .002
. .002. .005 .012 .018 .012 .005 ~ .002

=

6 ° .01 .004 .008 .0Ll ..008 ,004 .00l

.002 ,004 .008 .01l .008 .004  .002

Upper Number Is Calcula;ea From Homogeneous Dose Spread Arrays.
- Lower Number Is From Monte Car}o Simulation Of The Heterogeneous Phantom.

‘Energy Conserved To 0.6% : o RN .
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Upper Number Is Calculated From Homogeneous Dose Spread Arrays.
Lower Number Is From Mopte-Carlo Simulation Of The Heterogeneous

Energy Conserved to 0.3%
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.015

.005

»
Wiy, . !
; .
Table B
AL
3 -2 -1 0 1 2 3.
0 - - 012 |.320 | .o12° - .
- - co12 |.327 | .o12 - - s
: o = 1.0g/cn’
& .
. . _ 3
' _ .00z .o%s 200 .035 .002 - p = 0.2g/cm: -
‘ - 7003 .037 .290 .037  .003 - '
2 - .00l .003 .035 .131 .035 .003 .00l
‘ ‘001 .005 .036 ' .135 .036  .005 .00l
Ak ‘
‘ N . -
3 {.001 .005 .027 °~.088 .027 .005 .00l
/ .0o02 .006 . .028 .,072 .028 .006 ,002
j ' S
I .
"4 002 .006 .022 .040  .022 °.006 . ,002
: ‘002 .006 .020 .041 .020 .006  .002
5 - .002 - .006 .015 .024 .015  .005 . ,002
‘002 .005 .0i4 .024  .0l4  ,005  .002
g ,002  .005 .011 . .015 .01l  ,005" .002 ‘
.002° .005 . .01l .010 .002

45

Phantom.
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. 004

.004

/
Table C \
Ai
-3 -2 -1 0 1 2. 3
. .
- - .otz |.329 | -.012 - -
- - .otz |.320 | .o11 - -
-~ .00l - ,025 ,239  .025 .00l -
-~ .001 ,025 ' .239 ,025 .001. - - | .
' p = 1.0g/cm
R B : ' 3
- ..002 .023 .,084 ,023 .002- - p = 0.3g/cm
.001  .003 .02l  ,074 .021 - .003 .001 .
- .003 .018 .041 .018 .003 -
.00l .004 .016 ,032 .016 .004 .00l 5
.001 - .003 _ .01Z - ,021 .012 ' /003 .00l
,001~ .004 .010 - ,016  .010 ‘‘.004 ,001
.001 ° .003 '~ ,007 .010 .007 - .003  .001.
.001  .003 .006 ,008 .006 .003. .00l
.00l  .002' ,005 .006. .005 .002 -.001
.00l .002 .004 +.002  .001

"fUpper Number Is Calculated From Homogeneous Dose Spread Arrays.
Lower Number Is From Monte Carlo. Simulation Of The Heterogeneous Phantom.

Ehe:gy Qoneerved To -1.6%

AN
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A .
s ' 'Table D/ ¢ ' “ e ” )
o i T g : o
. LY . . . . ‘ ‘ : . . . &i:»-;‘
v -3 Ve =2 -,1 . 0 ‘ 1 2 3 Yol P
"o - -. .otz |.3207 012 . - = .
S - = .12 ].329 | 011" - - ,
' 4 ] : = . v - - . ‘\‘i; ) @
1 - £ ,001 .025. .239 ,025. .00l - .
\ S « ,001 ,025 - .238 ,025 ..001 - - B
o . o ] - 04 . ’ ?

v

- 4,001

-.001

;020

. .020

.020

~.001

.001

3.601,

.=+ ,001,

= .002
- .00z
-+ 002

.001

.

.001
. <001

+001

.001

.011
.010

. .007

3

.005

" .004 -
.003 ..

002

°

Energy Conserved To -0.7%

. 002

. .01l

..007

.003

.003 - .003

.010°

.005.

.004

' .002:

.001

. T.002 -
.002

1,001

.oo1
.00

+ .02 .

0f The H

- .00t

_ - ) . . . . ‘
 Upper. Number Is Calculated From Homogeneous Dose Spread Arrays.
Lower Number Is From Monte Carlo Simrlatdon

. o
eterogeneous Phantom!
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L e Table E{" (- *
' "‘ ‘ . -
‘:‘_. T A ¥ \ 4 &
3, -2 -1 \\' 0 1 12 ‘
o - - = . - .o12 M329 | 012 . - -
e =g o= ‘.012 }.330| .012 - - v
h <" .001 .025 .239 .025 .001 = - .
- .001 .025 .239 .025 .001 -
2 . - ool ,o20 .073  .0%0 .001 -
.- .001-..020 .073 .020 - .00l -
Ak 4 ) g ‘ . ‘c . ‘ ?
3 - -,001 .008 - .020 .008 ,001 -
' . - ..001' .008 ,020 .008 .00l = - L
’ ' - p = 1.0g/cm j
: - —— " ” ‘ . 3
4 < o= - ,001 ,004 ,007 .004 .00 - p = 0.3g/cm
, -. .001 .003 006 .004 001 . - S
s . - .00l .003 .004' .003 _.001 - -
- ' . = 4. 001 002 ~ .003 .,002 ,001 @ -
6 - ' .001  ,002 1002 .002 .001 .
o - .00l ,001 .002 .001 001 -

[ SEERVIN
b

Upber Number Istalculited From'Homdggneous”Dose.Spread-Arrays. C
Lower Number Is From Monte Carlo Simulation Of The Heterogeneous Phantom.’

Energy Conserved To -0.2% - . i o L o o,

I
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Upper Number Is Calculated

'p = 0.3g/cm3 € .

E
Table F~
5
4 Ai
3. -2 -1 0 1. 2
- - _.006 | .143' | .006 -
- - .006 | .14%| .006 -
. 3 ' ) s . 3
- - 011 - .,098 .01l - p = 1.0g/cm
- - .009  .100  .009 , e
- 001 .007 .028 .007 .00l
- - .007  .029  .007 - ,
- - ' ,004 ..097 .004 ‘' -
- 003 .91 © .003 ~ -
- - - .001 - ,003 .001
- - .001 .002 .boi )
- - - .001 -
- - - .00l -

From Homogeneous Dose Spread Arrays.

Lower Number Is Jrom Monte Carlo Sg&gbltion of’ The Heterogéneoqs Phantom-

Energy,Cbnserved To f1.3$
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) s
' A\ .
’ <
‘ Ve
‘Table-G ”
. , I3
. LY " =
3. -2 -1 0 1 2 3
' . : ’ 7 ’ -
0o - - .006 |.143 | .006 - -
' : - - ,006 | .144 | .o006 - -
- Lo . .
1~ . - .,001 .014 -.l119. .014 .00l AN
: - .001 .014 .118 ,014 .00l - 3
- : L p =-0.3g/cm
' ‘ ‘ p=1 Og/cm3
2 -©  .001L (010 .043 7010 .00} - N
A - - Jot0 .050 ,.010 .oOO! -
W | (
¢
3 .. .00t .006 .014 .006 .0O1 -
- -  .006 .01 / .006 .00l -
4 ~ _ .00t .002 - .004 .002 .00l -
o - . .002 .005 .002 - -
5 - - ~.,00t .001 .00l - - o
' Lo - ..001 002 .00l - -
6 -4 - = e - .
T R

Upper Number Is Calculated From Homogeneod¥ Dose Spread Arrays. _
Lower Number I8 From Monte Carlo Simulgtion Qf The Heterogeneous Phantom.

-Wergi Conserved To +5.5% .



- : 458
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a ( *
* L4 V‘
; RN
‘ ‘l, X .
N ) )
- Table H
-3 -2 -1 0 12 3
0 o J oz [ o2 - -
: - = - .012 |.329] .01 - -
. . - . - 5
1 .- .00t .025 .239 .025 001 -
o wy= .Lo0r ,025 - .239  .025 ,001 . - o
S ‘ B T ‘ o = 1.0g/cm’
5 - .00z .024 . .089 .024  .002 - 3
. - . .006 .023 .074 .023  .007 _ o= 0.doig/em
. : . . ! . ra
£k - e
;. T v . . s . L 1 0/ 3 .
3 - ,003 - ,017 .040 . .017 ,003 - . P=L.08/cW
' .001° .004 -.017° .034 0163 .004 .00 :
4 - o002 . ‘006 .002. -
: e =002 .007 ,002 -
A . . 3 PR } -
5\ -.  Joo1 .00 .004  ,003 .00 . -
N T <001 ,003™ ,004 . .003 001 -
K - - .00t .00L 001 - - :
- - 001 ,001 001 - . - v-‘
[N . . ,

Upper Number Is Calculated From Homogeneous Dose Spread Arrays. -
Lower Number_ls\RgomvHonte Carlo Simulation Of The Heterogeneous Phantom.
-Energy Conserved TotéQié% :
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- A
Ac
2 ».
o . , |
~Table I
,/}/
AL /
32 N I 2 13
. LA S .155’ ,
0 - - .012 [.329| .01z - - '
- .- .o12 |.329} .o11 & - “
r » »
B . - ‘ A
- .001 . ,025 .239  .025 .00l -
- .00l .025 .238 .025 .00l -
2 - 002  .024 .093 .024 .002 = - )
.001  .002 .020 .072° 020 . .002. - L
Ak < < - p=1.0g/cm
'3 .001  .004 .022 .052 = .022  .004 - .001 - - -
: .003  .005 . .016. 033 .016 .005 .004 S
v ) . r o = 0.001g/cr’
4 .00 .004 .014 .024 .014 ~ 004 .00l
.00)  ,004 .012 .019 .012 .004 001
. ‘ - ] 4 ‘. P T ) : 3
5 - .002 " .00% .007 % ooz - p=1.0g/cm
w .001  ,002 1,005 .008 - .005 .002 ,001 . -
~ I ‘
6 - .001  ,002 .002° .00~ .001 N :
- . .001  .Q02 .003 . .00% .00l - - ‘

‘Upper Number Is Caltulated From Homogeneous Dose Spread Arrays. L
Lower Number Is From Monte Carl&?SImulation Of The Heterogeneous Phantom.
: a . . . . Lo . L . X

¢

_Energy Congerved To -0:8% o i U 2;
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 The f0110w1ng artlcles appeared in the proceedlngs of ”The Elghth

TS
l

: PUBLICATIONS . R o N

The follow;ng was a cr1t1que solicited by the Cluff Lake- Board of
. Inquiry chaired by JUStlce Bayda and dellvered to the Inqulry in’

alReglna Saskatchewan, July 1977: ."v R VL

1. Review of "Appendlx C, Radlologlcal.Heajth and Safetv”,}- -

& Capl H., Mackie, T.R. | )
| The follow1n Te publlshed under the ausplces of the Atom1c Encrgv

Control Board of Canada under the aegis of the Federal Prov1nc1al

- Task Force on Radloact1V1ty S : AU

1. Mackié, T. R "Reduc1ng Airborne Radlatlon in Dwelllngs -
v»u51ng Make-Up Air Ventllatlon” March 1979 .

‘_'Za 'Crllly,‘R Mackie T. R Haubrlch E. J ”A Study of Air
- ExchangezRates in Dwelllngs u51ng SF as a Tracer Gas
~ May 1980+ : ‘ _ A

) 3. Cr1lly, R., Mackle T R "Air Make-Up Units for Reduc1ng
Rad1010g1ca1 Levels', May 1980. * o -

‘ The follow1ng art1c1e 1s reprlntedjln Appendlx 9: | _ |
e 1. Mackie, T.R., Scrxmger J.W. "Contamlnatlon of a 15 MV | .
- Photon Beam: by Electrons and’ Scattered Photons”, Radlology,

. 144, 403-409, July’ log2. -~

C’

Al

Internat1ona1 Conference on the Use of Computers in Rad1at10n Therap)

':July 1984 SRR

1. fMack1e T.R., Scrlmger I, “Computlng Radlatlon Dose fOr
' ngh,Energy X rays u51ng a Convolutlon Method”' T
. :

Yoo Battista, J.J., Mackie, T R Ef‘Khatlb ‘E., Scrimger, J.W. @y

“"Lung Dose Correctlons for 6 MV and . 15 MV h:rays Anomolles

'3.4’Mack1e T.R., Battlsta J. J YA Macroscoplc Monte Carlo
‘ 'vMethod for. Electron Beam Dose Calculat10n§ A Proposal” g

The folloylng artlcles have been submltted to: the Journal "Medlcal

Phy51cs" B ' | . 4 o SRR

‘ l.;-Mackle T. R., Scrlmger ., W., Battista, J. J "“A'COnVOLution :
- ,Method of Calculatlng Dose for 15 MV X- rays e R

”f.h‘ffZ. )Mackle T R El—Khatlb E Battlsta J J. Scrlmger J W.

 Van Dyk, J., Cunnlngham3 J. R ”Lung Dose Correctlons for »a..”
W6Mvand 15va'ra)’5" S B . , EANE I

L






