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CALClIi..ATlON 01' ELEc:rJION CONTAIo1INATlOtI IN A '"co THERAI'Y 8EAM. 

Tho E(iS Iot-. CatIo .... iaI"" u_ .,.... a...""" .0<01 '" _ .... ....,..". _ r.-
•• "Eel. '"co .. ~. __ ioo ~ " WI" be mosIIy d .. "' .... _ ....... u.d .. N Y< 

link .ff .... "" .... ~ <W"< •• no.~ .... lot _ '''0l0I .- ..... ot.: ..... .... ,1Oo1<eo 
of ...................... ioo ( ..... _ ..... ....,.. apooIo) ........ ,.,. ;. "'-'""<, ... rut.:tioo 01 
"D. n. eff«1. ofmt<n"" ........... 1o<Iruo _=,_ ........ been _00II, Tho ......... 
""' ....... lor io JOOd .. ____ <~ ..- <O<CIII 'Of)' _ .. "'" ...me. 
«0.' nao) ....... <al<lilaliou _ .................... ~., 

1. I ntrod ucti on 

Electron toRiamiulion of br~ ""Co tbcnpy bum. cu incl'UH Ihe max· 
im~m d_ by up to l ~" ud cn ,lIift th. depth of.u:... maximum from ~ mm 
\0 1 Inm. There hIve b<!<:n ...... i.ly of bOLh Ih"" .... lical ud .xperimcnhJ i., 
_liSllio •• of thi. dr." (e.,. !lito [~J .Dd r.for.ntH themo) &lid it i. DOW 
_ll .. t.bli~h" t b"l electron ...... t he major conl, minnl . ][o,""v.r, th.r. h .. 
beeft no comp'.llensi ..... t udy for"'Co kamawbich <ould dinia,ui.k tho . ... ia ... 
.., •• <eo of elecltoD <OJIt&mID&tio~. To i .... ';,.I. the pouibiliti .. for ,oduun, 
Ihis conlamiulion ud u • f"ot It.p h. tM d"""iopmtnl of .. ,en.,&! M ..... 
C ... lo model Ofo.D "~.'a10t head, ~ b.~ ,nod.lled • fOe.. unit. The •• hOI 
been cOD.ide.o.Me pr •• iou. wor k on modelling Ih. photon con! Rmi •• lioD in .. 
"'Co th.t.py uoJ ! (_ e.,. [~J) bul p,i", 10 Ihi. wor k ([6i)lhe ,. hOI bc<n ~I. 
II. lIu dy of Ih •• treell of the photo", OD 1100 buildu p ,egion. Th.,e ho.n beo~ 
..,m. comp .... ble Iludi .. ..,1.lod to I>IKltolI toDI_inatio" of &(cel •• &tor photon 
be&mJ (7). 

Fro~ Proceedings of the Symposium on Dosimetry in 
RadIOth~rapy. Vol 1, (IAEA, Vienna, 1988). 
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2. Calculations 

The model , .... the EGS M""le Ca,lo .y.tem 10 "mulal. the lriUl.pori of 
elecl""" ud ptiotOOlo [8J. EGS lu.s inlo ""wunl pbol<>eltcl.ie, Compton ... d 
pai' produ<lIoa inle'OClion. of plrool"'" ... d lCCOu"" fw Ih ,I_in, or eleclronl, 
Ibe woal;"" of -..1Id..-y photo ... I.fId elecl,on' ... d Ibe mmllipte KAllorin, of 
e1 .. lton,. It w .. iou.nd .... nliol 10 u ... a red.ced ciecuon lIep ..... 10 oblai. 
oc<u , .te , .. ult. { .... [gll. 

Fi,,,,e 1 p ..... "11 a .. bemali. of lb. I«'mel, y wkich ...... modelled. It ..... 
_mliol to modo! fully Ih"Co 00II'" capule .. hick i. ,b_. i. Ii,.,. 2. Tbi. 
w .. do". lePuuely ud the p ...... pue jW'Wlel ... or 2 million eleclton ..... d 
pholon. ulHi", the bum cO/limalioB .y.lem from lb. f.onl fac. of lhe cap •• l • 
.... ,. "ored io a hi,bly compreued format ud "oed repe,ledly'" inpul 10 Ihe 
, .. I of the .im"I,lloD. 

Tbe compoler <ode j, """,01 bul for tire p",~ of tbi. 'Iudy a "!lASE" 
uoe h ... bee. defined ",hich ,ep_nll a broad beam from u AEC L Iherapy 
".iI (Tb.cral""" 780, which" ... lu",l .. tallre. Ih .. ,),Iindricol .. modelled). 
Tite in_ coIlimalor" ootid Iud, ... d hed to allow &A .""balt"Cled I>cam of 
up to 39.5 cm diarneltf ,I u SSD of 80 em (equal in are, to a 15 ~ 35 em' 
beo...,). It il 1.r.o em from .t.. upsulo, 6.2 em IILlelr , wil h i. D •• and oule. ,adii 
r>f I.~ .... d 2.&8 em. ne oule. coIli .. IOlo," piyot 00 • bin,e al lire i.ner <O'nC. 
r>f lhe i .... coIUmalOf ud are adjlr.lod 10 ""fine Ibe field Ii ... via aline Ih'''''Kb 
1M center of the apnl. faa .... d .Ire ou'''' ed,e 01 Ib.c ou'~, coIlimal", . The 
hin"' .... lot modcUod ... d lhe oul •• coIli""uOl "' .. la"". 10 be ootid ~Ib,,"do 
ift .. alily il il m&de 01 10._. II ..... 19.3 cm Ihick, mwe of lead, 0.4 cm paIIl 
Ibe inlet coIlimalo. and h.d in •• , ... d oule •• adii oJ" 2.71 ... d 6.76 ~m in Ibe 
BASE ....... The IlASE , ... Illdudod no fill ... o. mq""" ~'h,,",b Ihey <auld 
be includod ';th ... belween tb. coIlimalo .. or an,where 1><:1,. ... tbo •• il ud Ih. 
pali •• 1 pi .... by je.minati", ~I elecl""" hiolOfieo •• Ieri., l b. mqnel ~. 

To ",alre lite weul'lio. In(tabl~ ,eq"ired the u ... oil ",ide _iely or va.i ....... 
• educlion I",hniqu .. , i"dud'.,: i) eale"t~li", II .. effecl. of Ih. IOU'''' capoule 
and ",,"Iedty •• in, the ,tored ... "U. ; ii) /orc;n, oJl photon. 10 ;nl .... 1 in lhe 
ai . Ollhe fill .... I><:fo,eleo..i., tbe h.ad a.nd "lin, 'pp,op,iate .....,i&l,I. to accounl 
(Of lire ext.a ille, .. I'''''"; iii) I,"niulin, tb. h"to.y 01 .... y electron ~nable 1o 
rneb Ih. patient; ;y) fe,cin, all p,int'"'y photoa.leayi., lhe head to i.",act il 
Ih. ai r ouloide the bead; y) .. usio, all puliclto Inyin, lb. IIu.d fOf w(olat;o", 
II euh SSD beifLjl; con"dered; and Yi) weulatil, depth·dote e",_ by Ko,i., 
lb. plana. fluenc. at the pati.lt . u,fac. and foldi., Ib.,.. ... ilh p .. ·~omputed 

deplh.d.,.. cu'Y" fOf lo. molly i ~cid<nt mo ... onervl'e jW'lid .. 110,1 1). fo. 
t_ •• erv pboton. il was ..... nliol 1o .... p ... ~ompulod deplb·<Iooe eu'_ [11) 
wbieb i.d.ded delai!, of lire buildup e".Y'CI. Wk. p, .. <ompuied ~u'y" ....... 
"oed "bieb did <>01 IU. Into oc ..... 1 Ih. b"ild"p ill Ihe fi.r" 2 m"" (lOJ. Ihe low 
enerv photo •• appeued to eont.lb.l. ,.;,.i(,e&2llly to Ike •• ,fac. dose. 

Th ..... ian ... red"~lio. tecbniqu .. in"c ... Ihe """putin, .mci •• ey b)' up to 
a faclor of too. To oblai. eleclron deptb.dooc 'u,." wlth • Ie... pe'«II.lal;$I;W 
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FIG. J. "'"""",..... _. /00 .... ".. ... -... --.. """ ... _ ... • /1<tft 0{ -_ .... '"'"', 
nDc~flainty roquiMf S to 16 1Ioto .. DI VA X/180 CPU ti",~. Wit b Ibe uc.plioa 
of alin, lhe pr,,"comput.ed deptb·dooe c.,va., lllOM 1~1"'i'lu", do nol ... Wect Ihe 
&<curacy of the Iimul&lioo. UIi., p'e-compul<!d d.plh·d~ cur_ inuod~,," 
two &pproxim ... tioa, ,iDU thoy are ... urn<!d 10 bo b~ ""d incid~.1 ...".",&111. 
T"- uoumpli<m.O alf..,1 Ihe •• ,II.OI! daR lO ...... hl, buI h," liul" "trecl ... 1 
dfplllt of I mm 0' " .... Ie. (_ (12) ud beIoo<). 0 .... 6na! al.p,."..i", . lio ... .... 
tht .leclro .. ... ", t.acked dow. '0 100 keV ""d lhen con. id • • ed to depos.it all 
tbol r '''ef&Y on . he Opol. T Io. UDK" alt",,"- olod.on. i. "bou, I~ m,.cm ~ l in 
w""" and 13 cm in ai " 

3. R eButts 

3.1. Scatte red phot ons 

Th. ",a jor ..,one of ",,,I,,,red pbolon. ilth. 00. " . ca,..ul~ i,..,lf, &I i •• h ..... . 
i. f'isure 3, The ",atlered pbotoo. tonlrib.", 29% of 110. on· ... i. n""nee or IS'­
of th. muimum d....,. The ,,1<'<lron. from Ihe ''',,"u\<: ha"" an .""'''1:. ene.y 01 
MO keV ud rep.-at ooly 0.5% of 11>0 parlieleo I ..... ,....,; ,h. lroo' f .. e. Th_ 
c .... ,till b ..... " I .. ,,, eITKt o. , he dot.o io Ih. buildup .qiOJl &I "'" .hall ~ 
below. If we aloo conlid". th" pholOfl. Kalle.«I f,om the <ollim"IO", Ihe KUle. 
component K""" u p to .boul n" al'he d .... '" .... _. in f"i,.re 3 ud ~bl~ J. 
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On· ... ;. pho\on 'peclrum (<<>I'll ... Co unil in 1M BASE .- ccnfo,""tiocI, indudi., 
,.poul., «llli_Lot ... d .i, ",.LW. The ","ueo .... notm.li .. d ""'lul,11 per ;~itioJ 1.2~ 
MeV phDlon in ,h. _,« ,apoul, (m"hipl, b, ~ 10 ,"I Bq-L). OM ,'ond",d d •• i,lion 
."terlli.li .. ore ,i_ In bro<keb. 

0.10 0.0013 (I~) 0.70 
O.l~ 0.0130(3"1 0.15 
0.20 o.o'lM (3%) ' .M 
0.25 O.03Te (3"') 0.85 
0.30 0.0l~ (2"') '.00 
O,U 0.0291 (3") O.OS 
0.40 0.02~S (4%) ' .00 
o.tS 0.0203 (.") 1.0S 
.00 0.0212 ("2Wo1 UO 
0,55 0,0229 (3"1 US 

'00 O.oJ88 (3%1 '.00 

•• """tamlDLLlI t_ CG-tI(I bulI4up tlUft 

-• • A • --- • .,. (Blulu .L 01} • 
• • y • 

! - .-• 
• ~ - .. _LIot 

• • • •.. ..u.I _ -.till ... u.r , 
• •• ••• •• • •• 

depth {I'"",--l '. ' • •• 

FlG.~. ~ r(IM-..-..I/1JI-I ,iJkoI<Nu J>.;/dop """"./to<",..",. _ ........ 1..-
1_-""i<wI. 
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AI d_ mLXim~"" .. bool 1" and 4" of Ih. dON <om" f,om pholon ..... tle,td 
from Ih. ione, and Oul..,. coIlim~to .. , , .. pecli.ely. Thi. ,e .. 1t meanllhat o~. 
mode/II incapable of expl ... ",., Ihe .0llgbJy 10" 'rK"'''' ,. d_ .u. obo.,.td 
im clio,,,J pholoD b ... m ... lb. bu:n .i .. i.e ........ AI moll a 5';\ i.<tnM can 
be (auoed by i.".ued collim&,o, KaUe,. Th. rem"'nd., of Ilr. ioc",,,, mu", 
be .elaltd '0 oth •• fo.clol', "",hPl" pulia! blocki",; "f tho! _re .... ith .mul« 
field ...... Filu.e 4 1'._011 & compu,_ 0( .... , calc"lutd ..... It. .... i,h Ihe 
me .. u~men" of mula •• 1 oJ. [13J for Ih. build"p '~"n of a !>ean' .. i,h no 
e1«'I011 COlOla.minalioa. Indodin, _t,e, td photon. i. tho ca!",I.tion, m.kes .. 
• ma!1 imp.ovemenl in lILt, rompa,i..,o. Sulle,od pholon ..... f""od 10 ha"" only 
a .ma!1 .11"«, 011 ,h. "".,a!1 d.plb.d.,.. ....... 

3.2. Electron contamina tion 

J.t. l . BASEcou 

0" &<<<>"0' of multipl. I<a".,illl: ... d 'fUlio" of knOlk·oo elecllOn. el<. i, 
i. quit" dim,"11 to define uoiqudy ·"Ire,. a. eIKt,,,,, ca,ne flO",". J. r.,.re 
5, ... ha"" .. parated Ihe eloetro" <oMamiulion into ... ",a! <ompononlo. The 
'W.O.' Utllhi. Qule.j compo.em ,,,,, ... 1. of a!l .loellO •• f",m e1oel",O' 0' pbe>-
toJi, .. bi,. 1 ..... Ih. ",uut ap,.le i ... di.oel;on .. ,tI,i. Ihe ""t., ,oIlimato. 
(Le. in the be ...... J. Tbi, compo ... nl i.,Jud .. Ih~ eJ~<I.on' f,om the <"pl"l. and 
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IhaH vneuMd ift Ih~ ai r by pt.olOflo. The ' I.C.' ... d 'D .C.' eo"'po"""I •• r. 
f,om IhaH ~tld .. wbleb luV<l I~ "'p'ule beaded for Ibe i~ner ",1Ii .... lor ."d 
gUI .. ' .... lirn.lClr, ... pecli •• ly. Fi, m .... 5 pus."" Ih. COfIlpo<len ll or lbe .IKII .... 
«>tIlarninall"" I .. Ih" BASE UM.I O.M em depth ... f",di"" of Ih. p<u d_ 
in • wa"" pha"lo", ... f.nHio", of SSD. The d"plh.d .... U.n "",,ultin, fro ... 
electro"" d_ nol ..... y mueb a1 deplh. f,om 0.01 em to 0.15 ern and il '''''&hly 
I~ ....... 'hape lor each compon.,,1 ... tba, fi,~ .... 5 si .... an accura •• indiullo. 
of Ib" ... ",aJl . Ieclro" "'.t~nati"",. Thl, fI, ••• Ihow" 10. exa ... ple, Ih.I.1 an 
SS D of 80 em Ih. ",,,la ... ; .... 1 eleclro ••• r •• 5" of lhe pe.k pholCln d .... ; 22<;\ 
<orne from <ap •• I. ud ai, ,.M ... led .10<1,,,,,.; 10'" ... d 13'" COm. fro ... pul;· 
cl .. ;niti"'.y ""., """ ...... Ihe ou"', ud ill"" coIlim.lCI .. ''''peeti'''''y. Th ,et 
III Id •• of tbe elect,...... ,.u,.to<l ~y Ihe air only, on. CIJI look at Ih" "mq:."t 
o"\e.~ ...... in fiB"'" 6. W. have in_Ii,.ted th •• !fecl, of <hn~in, th. colli · 
malo, .... ",.iaJ and Ih. roJlim. t .... ,""mol,y ... me.hal. £Iecl,,,,, <onlamination 
il Ylrtually independ~nt of mal. , io.! ... d ... mewhat d~pHd'''1 00 detail' of Ihe 
I«""et.y. See .... rer ..... [6] for • delailed discu ..... ". 

$.l.!. Fille.-H hrGmt 

w. ba .. iaveoli,.led th •• lfKIf of ..... io •• flJte" oa electron ""'I .... ia.lion. 
Fls~.e 6 P'OIC1IU Ih. _"'I .• a (uolion ofSSD fot 0.7 , .. m- I fi ll." of PMMA 
or e" piau<! at an SSD or 57 om. T~ .... fill ........ thick .noush ICI <lop o.ll 
<otIlamiu,,1 eled roR' in Ih. beam ... hil. only alle~u"i", Ihe pbolCln be .... by 
abou I 3". U""""",. , tbey ..... lhemoel . eo a ... u."" of ~l.<lronl. Copper ... deo 
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.. bene. filter bo<~u ... bout 40" fc..." electron. lea •• th. Cu per Iran, milled 
"bOlon. Thi. if WUM the tlectrou..,.. m~cb mo;e KUI."", in tlL. cop",,' and 
heneo ha,.. ... horl..,. err""t''''' ,~~ •. Thi. I." ... ul~r allG ....... thl those 
oIo<loon. which do _ape uo '- Ukdy 10 ",:.c. ,b, ,o.lienl. W. h.., in"",li· 
,ato:<! Ih. .11"...,u oC filter politlon and thi<lm .. o.(_ fG)). Ther. ,. no dram .. !,. 
depend.Dce on fille. IhkkA .... AI an SSD of &0 tn, Ih. optimum di.I&IIce for .. 
Cu filt .. i. 27 em fro", tile ",.tee bOl.1 SSD .. lOO </Q th".;. ]ltd ... ",i.tio" 
wilh filter pOsition. 

!'iK"N! 6 olIO ,how. 11>0 elTec:lI of ""rf«l .I,d''''' '_pin, m"'lnoto 1'1 ... 0:<1 
.ithe, kt_o Ih. collimator. ("iDne,") Or iust oot£jd. tile head ("ouler"). Th. 
· .,uler" C&H .how. tb. COII.laminalioo uuoed by el«lIo" ,."" •• ted in Ih. air 
oUlSide tbe Ih ... py hud. The "Iono,· case i. a1rnoo'" «ood II lhe · oute," caJ(' 
aI typiulltutmeDI dinan, .. of 80 10 100 em, bol i. much ~ui~. 10 impl~n'~111 
beel"'" of lb •• malle. dimusions of Ih~ boam ,I Ihis poinl. Wilh Ih. &<1",.1 
of p.:lt.lial hleb l~m~IUu" .u~tco.ducli.!: m.~n<1S Ihi' oplion may be<ome 
more .llracti ••. 

3.t.4. f';d<l ~i", 

All of tb. calrulalionl upotled al>o.e ...., ... lot 1"'1:. diam<llo. Warn •. Fo< 
lechnical '.&KInl .... could OIIly do p.~limln&J"y .ODS fOl omall ~.Id litel. 1I0_v ... 
IB a,; .... m.nl wllh ."p<.iIM"I, .... find lhat ~1,clrOlll conlam;UliOl'l in a 5. ~ em' 
MId i. 5 10 15 I;m .. l_ Ih ... ia I~e b,aad beam c.ue. 

4. Comparison with uperiment 

W. h .... oom.,..,ed <>II, ,.".ull. wilh m...,y of lhe "",,",I1,,,,,,enll .epolled by 
Attix.1 ai, (ll and in ~""",I find '"y good liI, .. monl exc<.,1 01 II,. 'e,y ,".fU<! 
«0.5 mm). Figure 7 , how. 1 oomp •• ;son of Ih, lola! cl_ II \"", dept'" •• SSD 
in. b,oad, unfilteted beam. The If:.~menl at 0.1 ,.cm- · i. ,00<1 al all SSU., 
bul lb. caIc"lalionl unde .... lim.te Ihe d_ at lb •• ",fU<!. To in ... tir;ate Ih. 
limilati"". of llLine th. pr~romp"ted, nOlmltly iAdd.,,1 deplh·doH c" ..... ...., 
ha". d"". Ih. much mo •• tim. con. umin, "(ull" calculation It an SSD 0(200 cm 
whe ... only air !:en ... ted , Iecl.onl ... i"' po"lOl. 1l ... lhe ei<'<lro ... "'.re (oll~ 
dow. 10]0 k,V ... d full account w .. I.k~n 01 It..,i. ""B·no.ma! ;ncid~R<~ Oil Ih~ 
phanlom. Th. poinll m ... ked -luU" i~ 6,u,. 7 d~m<>n.trat. thl Ihe approx,male 
m"hods wo.k ... n U Ihe Il.eale. d'pth •. hut Ih~y If. IOm,what '"acc.ral. II 
tM v"y .u,face. Howe""., _II Ih. fun alcul>,liotl d_ IKlI. '"I:'~ wei] wilh 
lhot .x~.imuta! ..su]ts for Ihe ""'y , v,lau. ]n pra.clical Inm. Ihi. ;. o( no 
con"",U'''''' ~I"oe th~ do.. i. ,<lat' •• ly omallth.,., Ind Ih_ deplh ..... still 
",ilhin th. d • .d ]aye. of Ih. plti.nl's . ki ... Nonelh.] .... I~_ di'<J'epude •• ", 
u ..... pl ... lled &lid r.p' .... BI "". of Ihe wOlll c..." of diu.g .... mul w. ha .... r""nd 
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b<1_D MOIl'" C&rlo calcul~lion. ~nd .xp"" in .. nlall'n~lto. Tbe di'"I:."""",nt 
"'''1 be tb< ,,,",,It 01 problem. witb th. ox"",;",."lal "".Ito at th. '."y .urfac.: 
they may b< upl~~od by a sliPt oIT .. t i. tbe dept k ocale; .... Ihoy may r' p,.,...1 
lbeoretiul problem. in calculuio~ th. dose al .... inlO.f",e. 

FiK~,e S .how. a comp ... i ..... of Ihe complete deplh.d_ e" ...... calc.lal"! 
.... d m'''.'od. From r.,,,I"<' 7, it a:rr b< _:rr tbal Ihi. i.o lbe depth of ... om 
"&H'""'ODI. Yel il i, cleat Ihu lb •• oJulu"'''' ~. Ion, .... y lowatdo explaiNn, 
th. e1ectrOll CO:rrUrn:iUlioD. Ref .... c. 161 1'",",,"11 !nUY <omp>""""1 10, fill<'lod 
be"",. whicll aIoo .how ,<><><I ",,""""'01. 

5. Conclusions 

The Uoo" Catlo r.ode dK<.ibN k ... 1, ... b..... uood 10 denrolllol,a", lba.t 
e1 .. lroo coolamiutl"" ""ploJo. lb. c~I.rII" I. lhe buildup '<p0II of a broa.d 
"Co thH~Pl' beam. PhotOA <oA\:o.minali"" i. prim .. i1y from ,lie oo.,ce <a"""le, 
<o.' rihut .. oi,nif,<utly to Ihe d.-, but b .. littl • • If .... t on Ih •• b.p" of tho d.pth· 
d_ •• r .... Th. oI .. lr"" ""ut_iUlio. COlD« from •• id. "", ;"ty of 1'1&< .. hut 
1M apnl. itsell;. the major oo •• ee al d_ SSD. and air ,ene.aloe! .1"'1I0Il.' 
dominate allaq;er dillu .... A"""m'nl ",ilh '1p".iment i. exedl.nt ex"pt nca, 
Ib< •• ,face. 
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