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DOSIMETRY, FIELD SHAPING AND OTHER CONSIDERATIONS
FOR INTRA-OPERATIVE ELECTRON THERAPY

PETER J. Brccs, PH.D.*, EDWARD R. Epp, PH.D.*, CLIFToN C. LING, PH.D.I,
DEVORAH H. NovAcK. M.S.* AND HowARD B. MICHAELS, PH.D.*

In rhe eady prrt of 1978, r pitot program of intE-ope.ltive rsdiothenpy wss initirted !t the Massiclus€tts Generrl
Hospitll (MGH), usiry besms of high emrgy €lect.ons. A leclmique has been employ€d to ir.tdirt. the tnnor
b€arine rrer using a sterilized lcrylic resin cone thst slides into a metll holder ttttched to tle herd of the
rcc€lerutor. Tie rcrylic r€in corc tu ifte €d iDio tbe pllienl directly oYer the tumori the patienl couch is ld.iusied
until the cone b correctly rligned inside ane holder. The dosimetrx for this procedure hss be€n inrstigsted ts r
function of the primrry collinrtor setting of the lin€tr scceleritor. A ffxed setting wls chosn !! i conprohise
betre€n incretsed b.€ffshahhn& low €fl€cthe el€clron dose rrte obs€ned *iu mrrote. s€ttings, rnd more
rouded b€lm proffles logeiher fith somenhit poorer depth dose chlncteristics found wilh lrrger setti4s. Fi€ld
shrpiry rd blocking of critic.l org s *rs ichieved using sterile lead sh€€ts thra rre ctlt to the lpProPriate size.
Conrideratlon hrs be€. gire. to imprcved b€rm d$ign by incr€isi4 the itrcident electron dose rlt€lnd by improving
the d€pth dose rl eich en€rsy. The d$ign of a dedicaied int.t-op€ratirc frcility, usins ! hign energy linerr
rccelerrtor, h pr€sented with r6p€.1lo shieldine requir.ments for the Frchine md th€ room.

lntm-op€.rtiye ndiolherapy, Eleclrons, Lin€r. accelerrtor, Dosimetry.

INTRODUCTION
Intra-operative .adiotherapy has been employcd at
seve€l instilutes over the past decades.ita3 The rationale
ior this procedure is based on the facl thal despite high
doscs ofcxternal beam irradiation, thereare several areas
of disease where a significant proportion oi patients fail
locally. Thc upper limit to the doses that can be given is
governed by normal tissue tolerence. Thus, if additional
radiation can be given to thc tumor bearing volume
wilhout overdosing thc noimal surrounding thsues or
crilical organs, then pcrhaps grealer local €ontrol might
be achieved. Interstitial ;mplants are clearly one way this
addit'onal dose can bc administered. However, somc
anatomic sites are nol amenabl€ to this modality because,
afler reseclion, there may be v€ry little tissuc overlying a
6xed slruclure such as the pelvic side wall or sacral
plexus regions. Moreover, some unresectable lesions
mighl be roo large 10 implant wirh a homogenous dose.

An aliernalive approach is to expose the area 10 be

it irom the radiation field. This, in effect, increases tbe
therapeutic ratio. Thc obvious di6culty ofthis procedure
js tbar sterility must be maintained throughout: since
therapy machines do not generally exist in a surgical
area, thefe is the additional probtem of transpo(ing a
patient with an incision that h only lemporarily closed
and draped, through non-s[erile arcas.

Experience to datc at the MGH with thh procedure
has shown that very few (l /42?) post-surgical complica-
tions havc occurred as a rcsult oi infection, testifying 10
the adequacy oi the slerile procedures adopted. Botl in
Japan,'t and at Howard University,t6lhe intra-operative
lechnique has been used to deliver a single high dose of
radiation. usually without a course of pre- dr post-
operative fractionaled irradiation provid€d by an external
beam. The approach at MGH, however, is io give the
intra-operativc radiation as a boost therapy either after
the normal course of fractionated tberapy or at some
point during tbe course.

treated by surgery and rhen apply radialion to thal area. It is thc purpose of this paper to describe the design
with this technique, normal tissue is spared by renoving and construclion of th€ physical apparatus developed at
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I
the MGH that enables the intraopefative procedure to be
carried oul, and to describe ihe characlerislics of the
dosimetry system. Ce.rain characreristics oflhe beam are
very sensitive lo the setting of lhe primary photo. jaws of
the linear accelefator* and it was necessary to choose a
conpromise value fo. thejaw setting. Additional shapins
oflhe 6eld, when rcquired, las been achieved by cutting
,l:" sheets of lead to the appropriatc shape and in
sumcienl number to stop the electron beam. This Iead is
used either directly below ihe cone, or below the tumor
area. to protect a cdticalorgan.

A method for checking the dosimctry of the syslem,
using LiF thermoluminescent (TLD) chips is described
and thcre is good agreement b€tween the dose calculated
from the dosimetry and tbe TLD measurement. A
number of suggerl ions arc made lor Lhanges in 'cdl ter ing
foil design to improve thc bcam charact€ristics, such as
depth dose and effectivc clectron dose rate bas€d on
experience using this intrA-opcrative tecbnique. Finally,
lhe room shielding rcquircmenls are analyzed for a
dedicated intra-operalive therapy facility using only elec-
tron beamsi some suggestions arc made to r€duce the
room shielding by changing the shiclding on the accelera-

METHODS AND MATERIALS
Aplarclus and inlra-operative procedure

The linear accelerator available for this pfoccdure had
a wide fange ofeleclron energies namely,6,9, 12, 15, I8,
23, and 29 MeV. This energy range corresponds to a
depth range from 1.7 to 6.1 cm at thc 90% dose lcael,
which allows the possibility ol trcating large unresectablc
tumors. such as thc pancreas. and permils the pfovision of
addit ional ster i l izat ion tosurgical  margins whef€ a resec-
lion may b€ involved.

Of pa rticular impofta nce in !h c design considera lion of
thc apparalus is the need for maintaining a ster i le 6eld
for the irradintion procedure, the ability to kecp normal
tissucs out of the radialion neld, the need to have a clear
view of the area to be irradialed and above 4ll, a mcans
whereby the radirtion 6eld can bc aligncd with the area

The equipmcnt fcsulting from these considerations is
shown schematical ly in Fig. I  and i l lust.ared in Fig. 2.  In
addiiion li) the adjustablc phoron jaws of lhe machine,
henceforth referred !o as tbe primary collimator. a sct of
adjustable jaws (the sccondary collimalor) adapted fron
a Cobalt-60 tclcthcrapy unit were used to define the
elecrron field size at the suriace. These are attached to a
plal€ thar is boli€d lo ihe iront fdce oflhe linear accelera-
.1or*. The jaws of the secondary collimalor were aligned
to bc parallel to 1be photon jaws of th€ accelerator. The
purpose of the secondary collinator was !o provide an
adjustable collimatof, thus eliminating the need fbr a

- n-
;:"#*- \ f- f- - -

\ , U U /

Fig. l. Ccneral collimrtion layout of lhe lincar accclcrator for
inlra'opef alive eleclron therapy.

large number of f ixed apertures. A ihin (^0.25 mm)
transparent acrylic resin shcet was fastcned dircclly ovcr
the jaw aperture to prevenl the possibi l i ty of  any stray
maler ial  f tom the machine fal l ing direct ly into the
pat icnt.

At this point i t  should bc cmphasizcd thdt rhe neld size
defined by the secondary coliimators was squafe and set
equal to the diamelef ol  the cone used. For examplc, a 5
cm cone would require a sel l ing of lhe secondary col l ima-
tors that corresponded to a l ie ld size of 5 x 5 cm'?al 100
cm sourcc-skin-dislancc (SSD). Thc circular cones col l i -
mate the electfon bcam lurther. hom a squarc 'lcld !o a
circular field. The choicc ol icttinBs- for-1hc-ptimary
collinalor will be discussed latcr. Thc ficld in thc paticnl.
h def ined by a transparent acryl ic resint cone. ei therr/ ' '
or |y'" thick and approximately l0 cm long, that slidcs
inlo an aluminum jacke!.  which in turn. is r ig idly
attached to the secondary col l ima!or.  In order toal ign the
treatmcnt f ie ld * i lh the electron beam. the acryl ic resin*
tubc har !o bc "docked" wi lh the aluminum jackel.  Thh
is acbieved by rotat ing the ganlfy and moving the l reat-
mcn! couch along its three oflhogonal axes as well as
rotat ing thc couch un1i l  the head oi  the cone is al i -qned
with and almosl touching the metal jacke!. The couch is
thcn movcd in very shorl sleps so as to ease the cone up
into thcjackel until it has reached lh€ desired depth. The
Lonc \  f ree ro nove r long i t '  a\ i \ .  s ince clampiag ir  in
posilion might causc some compression in the palienl
because of breathing mo!ion.

Tube thicknesses of ya" were originally used becausc
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Fis. 2. Photograph of circular conc sct up in intra-operalive

lhesc werc rcadi ly avai lable from the suppl ier.  I t  is our
intcnt ion !o rcducc !his wrl l  th ickness 10 Ll"  by machining
down thc par! of thc cone thal nh into the patient, since it
has bccn found that a smal l  wal l  thickness is essenl ial  in
certain casesi for example in lrying 10 lit a cone of an
app.opriale size inlo the pelvis.  The length of the lube
wrs sel€cled to €nsure thal for the deepest iose(ion, the
cone would project out at  lcast l0-15 cm to al low
adequalely lbr docking. Whcn lhe conc is correctly
dockcd in !hc aluminum jackc!.  thc cnd of !hc cone is at
0 0 c r r  S S D  S h o r r c r S S D , .  $ i r h  r h c i n L c n l o l  i n c r c d , i n g

rhe dur -Lrc.  wcrc nur IU,\ ib lc bcr.rusc rhc maximum
elevation of the couch would no1 allow cornplele docking
ior the deepesl insertion oflhe cone.

Thc mdjor i l )  of  rhe coner are ci .culdr n cross secr ion.
ranging in inne. diameter from 4 cm to 9 cm in steps of I
cm; in addition. two rectangular ones have been fabri-
c a r e d .  p r o v i d i l g  h c l d s  o f  l 5  ' c m ) r n d  r )  .  7  c m ) .  t  h e
reclangular cones opcratc at 120 cm SSD because of the
maxirnum 6eld size limilalion of thc sccondary collima-

tor. Fabrication of the rectangular cones lo the specified
toleranccs is morc di$cult than lor the circular cones
because of the Iack of rotat;onal symmetry about the
collimator axjs. Thedocking procedure is also made more
difficult by the lack of symmetry. The discussior of the
dosimetfy system below is concerned principally wirh the
circular cones and only brief mention w;ll be made of the
rectangular cones. A1 tbe top of each cone there is a 2"
decp, acelal Ruorocarbon resin cylinder which slides into
the metal jacket. Thh cylinder is of variable wall thick-
ness so that all the cones may slide into lhe same metal
jacket. The cone is aligned properly when the lower edge
ofthe cylinder is flush with thc end ofthejacket. The gap
between the cylinder and the jacket was made 10 be a
compromise belween an easy 6t and minimal lateral
displacement of the cone at its lower end. Typically, the
gap is belween 0.05 mm and 0.075 mltl and lhe lateral
displacement is I (l 2) mn1. The cones and the melal
jacket are gas stcrilized at about 85'F, sinc€ autoclaving
would delorm the acrylic resin. The head oi lhe machine
witb the secondary collimator in place is washed down
with bactericidal solution prior to the intra-operative

The following cquation can bc writtcn ior the dose a! a
depth d in water for a 6eld sjzo A.

Dose: M * calibration factof t conc ralio * 70 depth
dose-where M is the number of monilor units of beam
delivored and thc 70 dcplh dosc is thc ratio of the dose
delivefed at depth d to the dose delivered at the depth of
maximum dose, d.,,. The caljbration factor is lhe
number of fad delivcred at d.,,, per monitor unit, for a
l0 x l0 cm'?6eld size at I00 cm. This cal ibrat ion is
pefiofmed prior to each inira-operative proc€dure usi0g
the standard l0 x I0 cm'? conct suppl ied wi lh this

The conc ratio is defined as the ratio ofthe dose al dn",
for the intfa-operative neld of area A, to the dose al d,"^
for the I0 x l0 cm'conef for thc same number of
monitor units of beam delivcred. I1 should be noted tliat
all lhc parameters in the above equation aredependent on
thc elcclron energy.

A I cm diameter. I mm gap parallel plale ionization
chambef**, with an aluminized polyesi€r lilm froni
window 0.011mrn thick, was used in conjunct ion with a
eleclrometer+ to measure cone ratios and surface doses.
Thin sheets of polystyrene, 15 x 15 cn'zin size and
approximately 0.16 g cm 'rhick, were used as bui ldup
material. For these measurements, the chanber was
located on the central axis. For every data point, readings

*'SHM N ucloaf Corpofation. Sunnyvale. CA-
+Kei lh ly  616.
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were taken wi lh posit ive and ncgat ive bias and averaged.
A commcrcial  water scanning systemt using a 0.1 cmr
cyl indr ical ,3 mm inncr diameter ionizat ion chamber,
was used to measure the depih doses and bremsstrahlung
background. Thc beam profiles were measufcd with a
scanner consrructed in thh laboralory thal uses a 0.1 cmr
ionization chambcr$ in a polystyrene phantom at vafious
depths. In what fol lows, al l  dose measufem€nts were
derived from ionizalion measuremcnts by uslng the
appropriale CE faclor for lhe pafticula. chambcr. cnergy,
deplh and phantom matcr ial .

Ream characlerizatbn
An extensive study was made of the cone ratio, the 70

depth dose. the beam profiles, thc surface dose and lhe 7.
bremsstrahlung background as a lunction of primary
col l imaror ser r ing to derc_minc rhe opl inum sel l  ing.

Cone rutio. The varialion of thc cone ralio as a
funclion of the primary collimalor sctting of !he accelera-
tor for cone sizes 4, 6, and 9 cm urilizing clectrons at 9
and 23 MeV is shown in Fig. 3.  As the p. imary col l inalor
is opened from a minimum setting just greater than the
field size, the cone rario rises rapidly a1 first and then
8altens oll 10 dn asymplotic value. Clearly. thc collima-
tor cannot bc scl 1oo narrowly because (a) ihe conc ralio
becomes too small. so thal the number oi monitor units
required to delivef a givcn dose becomes very large, and
(b) the uncefrain!y in the cone ralio and hence also the
delivered dose. incrcases. A poss;ble explanalion for this

)  5 1 0  1 5 2 0 2 a  3 0 3 5  0  5 4 0  l 5  2 0  2 5  3 0
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Fis. 3. Graph ofconc ratio !s. primaly collimator setting for (a) 9 Mev clcclron beam and (b) 23 Mcv eleclfon
bedm. r r )  a .m conc.  (^)  6 cm cone.  ( . )  4  cm cone

03

variat ion in the cone rat io wi lh pr imary col l imator sett ing
is givon in thc dhcussion section.

% Depth dose. A comparison of the dose curves for
three different primary collimator settings at 9 and 29
MeV for a 4 cm cone is shown in Fig.4. The curves are
displayed only to thc 50% dosc lcvel 10 dcmonsrate the
eflect of varying lhc primary collimator sctting on thc
depth of the 9070 dose. It can be secn that at 9 Mcv lherc
is a shi f t  in the depth ofthe 907o ionizal ion levcl  by 2 mm
at most whcn changing lrom a 5 x 5 cm: sett ing 10 a l5 x
I5 cml sctt ing, whcfcas at 29 Mev there is l i t l le di f fer-
ence b€tween points laken for different primafy collima-
tor sellings al depths grcatcr than d.",. The elTects of
prirnary collimator size on % depth dose has also been
qLudrcd for inrermediare encrBicc Jnd orhe- core ' i7es:
the maximum shift in the dcpth oi the 907. dose was
iound 1l) be 2-3 mm.

Bean profle. A conp rison is shown in Figure 5 ofthe
beam profiles in the radial plane ior different collimator
sel l ings at 9 and 23 MeV and a! a depth of 6.5 nm. The
profile is laken perpendicularly to thc ccntral axis of the
electron beam and parallel to thc secondary collimators.
The flahess is seen to dete.ioratc as thc primary collima-
tor is widened. The flainess of the beam also worscns as
the clcclron energy and cone size increase. The beam
profiles have also been studied as a funcrion of rhe angle
of thc central axis of the electron beam with respect to
normal incidence on the measurement phantom. The
effect on tbe beam pronles depends strongly on tbis
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intra-operative therapy using a high energy lirear accel
erator. Sincc a dose ir excess of 1000 rad is usually
delivered, thc number of monitor units (MU) may reach
several thousand. The accelerator* is normally run ai 800
MU/rnin. for tbis Drocedure. to minimize tbe amount of
time the anesthetized patient is left unattended in the
treatment room, Therefore, any electron accelerator used
for this procedure should be capable ofdose rates up to at
Ieast 1000 MU/min. By the same loken, a digi tal  counter
should be provided ro register th€ dose up to several
thousand M.U.

A compromise was selected in the setting for the
primafy collimator because ofthe varied effects it had on
many of the beam characteristics. One interesting aspect
of the dosimetry for thh systen h the behavior of the
cone ratios. In the previous section it was noted thal they
increased with both energy and neld size. It was also
observed that the bremsstrahlung component of the 7.
depth dose curves increased as the field size set by the
primary collimator was decreased. Both of these enects
have been observed befo.er and the explanation is related
to the thickness ofthe scattering foils. For a 6cld size of4
cm. the electron beam is col l imared b) rhe pr imary

l o  14  t a  22
ELECTRON ENERGY (MeV)

Fi8. 10. C.aph ofsuriace dose vs. eleclron energy for all circular @nes
4 cm, (^)  5 cm, ( . )  6  cm, ( - )  7  cm. (o)  8 cm, (+)  9 cm.
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collimators to an area subtending an angle of approxi
mately 20 .elative to the scattering foil. Thus, a large
fraction ofthe electrons scauered from the fixed collima-
tors that would otherwise contribut€ to the dose h elimi-
nared and the electron dose per MU is strongly reduced.
Thus the electron dose per monitoi unit, and hence the
cone ratio, will increase as tbe p mary collimator is
*idencd. This explains the primary collimator setting
dependence shown in Fig. 3. Th€ fact that the cone rAtios
approach a conslant value bcyond a certain primary
collimator setting probably indicates that the fixed colli-
mators are completely exposed at that point. This is borne
out by the fsct that the curves for the smallest cone
saturate before the larggr ones do, For the same reason,
the cone ratio will increase with secondary collimator
setting, since the secondary collimators permit more
scattered electrons to contributc to the dose, The same
rationale aho explains the energy d€pendence of the cone
ratio, As the electron energy is raised, the electrons,
scattered by the lead foil, emerge more in the forward
direction, resulting in a greater contribution to the dose.
For example, the root mean square scattering angles for 9
and 23 McV electrons for a 0.6 mm Pb foil are 3l,5. and
12.3' resp€ctively. However, since tbe bremsstra}lung
lail produ€ed in the larget is extremely forward peaked, it
does not depend upon 6eld size. Thus, as the field size is
reduced to a very small area, the percentage of brems-
strahlung increases lor a given energy.

The scattering system jn this linear accelemtor+ is of
the single foil type and the foilthicknesses wcrechosen by
the manufacturer to achieve as flai a dose distribution as
possible for a 30 x 30 cm':field size. By using a double
foil scaitering system, optimized ro obtain a ffal dose
distribution over a l0 x l0 cm'? field, for example, the
tbickness of the foils could be greatly reduced.'y This in
turn will increase the etreclive electron dosc ralo ano
reduce the amount of bremsstrahlung background.

Ir js well known that el€ctron beams flattened by
scattering foils have a much shallower depth for the 9070

1.2t.tto0a 09
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Table L Shielding calculations for a 25 MeV eleciron bc,m

Ju ly  1981.  Vo lune ? ,  N lnber  7

An additional consequ€nce of the thickness ol the
scauering foil lies in tlre bremsstrahlung tail. the magni-
iude ol which has implications fo. the amount of room
shi€lding. The thicker the foil, ih€ greater tlre percent
bremsstrahlung in the tai l ,  so the thickness and weight oi
the shielding incrcase. Table I  shows a calculat ion ol  thc
shi€lding requirements for a facility dedicated to intra-
operative !herapy using clcctron beams with en€rgres up
10 25 M€V and bascd on certain assumptions shown ai
1be 1op. S€veral  qual i la( ive aspecls are immediately
apparent: (i) despit€ thc fact that only elect.ons ar€ being
used, thc shielding required for thc prirnary beam is
neverthclcss very lhick and dircctly dependenl on th€
dcgrec of b.emsstrahlungl ( i i )  s ince the beam is always
pointcd downwards. the shielding lor thc cei l ing is domi-
nated by the leakage componcnt.  Thus, addit ional shield-
ing a.ound the head wi l l  lessen thc need for a thick
cci l ingi  ( i i i )  radiat ion in ihc direcl ion of the wal ls is
dcr ivcd equal ly from scattcrcd and leakage radiat ion, so
i i  bolh the scatter ing loi l  system and the head shielding
are improvcd, a reducl ion can be achiev€d hcrc too.
Linear accclcralors tha! use a scanning clcciron beam
havc a part icular ly low brcmsstmhlung background and
might therefore be very sui tablc as dcdi€atcd intra'
opcrat ivc machines.

CONCLUSIONS
Thc intra"operal ivc program has achieved a hiSh

degrccofsuccess to datc. Noproblems have been encoun-
lefed with lhc running ol  thc machinc or any parl  ol  th€
dosimetry systcm that entai lcd a cancel lal ion of a proce-
dufe. Thc radiorheraphts havc cxpressed sat is lact ion
with thc way in which this tr ia l  hds proceeded and the
surgeons and anacsrhesiologists havc considerdble conll-
deoce in the gcncral  surgical  saicty of lhe procedu.e. As
cl inical  data is accumulaled, thc cl l lcacy of in lr t -
operal ive mdial ion therapy as a cutal ivc procedure wi l l

Dis l
Lo€ation Sou.ce (n) ( jn) '

CeilinS Scatter l l 5 0
4
2.5
1 . 3
l
l

6 8
7

2 l
12.6
12.5

+Densrty :  l47lb/cu fr .
Workload: I patienl/dayi 5 palicnls/week. 2000 rad deli!-

ared at the deplh of marinun dosei % brcmstrlhlung back-
ground ir cleclron beam : 5.0. Workload : l0' elcctron
radlweek : 500 photon rad/wcck. Allovins a iactor or two ibr
lunins and cal ibral ion, workload - l0 'photo. r ld/wk. Bcam
curcnt in e mode = 5% of bedm currcnt in Lray modc.

Other a$umplions: X rdy leakasc thtuugh lead :0.1' l ,  o i
dose al koccnt€r h€.ce x ray lcakage through lcad In elect.on
modc :  0.1' l ,  r  57".  Dcsisn cxPosure.atc :  l0 mR/wkl Ficld
sizc = 225 cm:r room sizc : 20 t 20 ft'; Room height 12 froor
10 lloorr Occupancy and use lactotr = | 0.

isodose level than those beams oi  the samc ini t ia l  energy
that use a scanning magnet to achicvc l je ld Ratness:
Thcrefore. any attcmpl to fcduce the thickncss of the
scat ler ing foi ls wi l l  a lso hclp improve thc qual i ty of the
electron bcanr by incfea$ing thc depth oi thc 907. isodose
Icvel for a f ixcd clectron cncrgy. l f  t rer lmcnt !o a
parl icular dcpth is rcquircd, a lowcr enorgy bcAm can be
used, thereby sparing undcrly ing normal l issue An
cxample of thc importance ol  this is t realmcnt for unre_
scclablc carcinoma of thc head of thc pancreas. In this
casc thc spinal cord or onc of the kidncys wi l l  prcbably bc
in thc radint ion f ie ld.  Al though thc dcnsi!y ol  thc vcr lc '
bral  bodies wi l l  rcduce the dosc to most of thc cotd to a
relat ively low valuc, this could st i l l  bc qui le high at thc
lcvcl  of  the intcrycrtcbral  discs. Thus. an improvemcnt in
the qual i ly ol  thc clcctron beam by rcducing foi l  lh ick-
ncss or by empbying the scanning bcam i tsel i  wi l l  rcduce
the dose lo thcsc normalstruclutcs.
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angle. For angles up to about 20o, the eflect is negligible.
while at 30', rhc profile begins to fall o[ more rapidly on
one side wi lh a larger penumbra. At an 6ngle oi  45o,
these prolile changes become more pronounced. Quanti-
tatively. these effecls are similar to the change in 70
ionization when the angle of lhe electron beam is
cnanges, \

In all cases, the profiles become mo.e .ounded as a
function ofd€pth.

Brensstrahlung. Therc is a dramatic effect of the
primary collimalor s€tting on the degree of bremsslrah-
lung background. Fig. 6 shows the 7. bremsstrahlung,
deGned as the ionization at the deplh ol the practical
range extrapolated from tbe br€msslrahlung tail, as a
percentage of the ionizrtion al d."", for three energies.9.
12, and 15 MeV, for a 4 cm cone. This data was takcn
witi tbe water scanning system. At 9 MeV, the back-
ground is 35% for a primary collimalor setting of 5 x 5
cm'z. As the setting is increased to 20 x 20 cm2, this value
is reduced to about 1570. The corresponding values for l5
and 23 MeV arc 24E" .educing to I 4% and I 57. reducing
to 9%, respectively. Thus, a primary collimator set{ing
close 1o the field size gives an unacceptably large brems'
strahlung component to the dose curve, particularly at
low energies. The bremsslrahlung background al 6 MeV

is less than it is at 9 MeV because the thickness of the
lead scaltering floil used at that €nergy is about 0.3 mm
compar€d with 0.6 mm at 9 MeV. This impl ies that most
of the bremsslrahlung tail originates in th€ lead scatler-
ing foils. For all other electron energies, the thickness of
the lead scattering ioil is also0.6 mm, except for 29 MeV,
where it is 0.9 mm. To veriiy tbat the high values for the
bremsstrahlung observed were rcal and not artifacts of
the water phantom instrumentalion, the E ionization
curves for the smallest 6cld size were checked at all three
enefgies using the SHM chamber in polystyrene. The
results are in excellenl agreement with the water phan"

SurIa.e dose. The s\tt^ce dose increases slightly with
increasing pr imary col l imator se.t ing (Fig.4).  In our
;nstiturion, the doses for intra-operative therapy are
normally specified ̂r rhe 90% isodose level, so it is
desirable 1o have thesurface dose equal to or greater than
907., since the surface is assumed 10 involve rhe 1umor. It
is well known that the surface dose for electron beams
increases wilh energy;''u this has been verified by our

It can be seen from th€ foregoing results that the
choice ofthe primary collimator setting is not unambigu-
ous. On the one hand, a sett;ng just grealer than the
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choscn l ic ld  s i re g ivcs the bcsl  dcpth dosc d is l r ibur ion
and l la t lcs l  bcanl  pro l l les.  whi lc  on ihc othcr  i1  prov idcs

c o n e  r . r r i " .  s \ ( l  J 1  u l d c ' r , b l y  l u s  r r d . ( n r L ' v c  r . ,
co l l imalor  sct t ing.  Fur thcrmore.  lh is  rcsul !s  in  a largc

bfemsslrahlung 1ai l .  l i rhc col l jmator  sc! ! ing is  madc too
hrge.  the bcanr pf t t i lc  bcco cs too roundcd,  contr rbuL_
ing to a non-uni fornr  dosc d is t r ibu l ion.  Morcovcr ,  bcyond
a cc.h in col l imator  s i re,  thc conc ra l tu  app.o iches i r
constanl  va luc,  rcsul l ing in  no lur thcr  incrctsc in  the
ef fec l ive e lccrron dosc r . r ie .  

' fhesc 
considcraLions h lve lcd

to the choicc o l  a f ixcd set t lnS o l  l5  x  15 cnrr .  This  i \  r
corrproDr isc bctwccn the advanlagcs and d isrdvtnt rges
oul l i red abovct  Iur thermore.  i1  is  hrgcr  thrn thc mrxr-
mum ci rculaf  l ic ld  s ize that  could lcas ib ly  be uscd in
int ra-operat ivc f  adio lhcrapy.

Whcn l rcat ing les ions deep wi lh in the pelv is ,  i t  is  of ten
ncccssa.y ro sel  the conc in lo rhc t reatmenl  area at  a
sha.p anglc wi lh  respecl  to  the sur lacc o l  the t issue.  In
these cases, onc hrs 10 be concerned aboul corrccting for
dose fa l l 'o l l  (by an invene square correc l ion)  rnd the
dccrcasc in  penel fabi l i ty  of  the berm. F ig.  7 shows lhe ta

25  x  25  cmz
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cm @ne for elccrron cncfgiss of (.) 9 Mcv. (l) 15 Nlcv and
(^) 2.1 MeY.
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Fig. ?.  % ionizat ion curycs for a 7cm coneond 9 McV eteclrons
rrkrn at nurmrl  incrde.cc r .) .  2oo incrdcnJc (r / .  t0.  in{dcnce(L_l)  ard 45o i lc idcnce I  t  *rLh rcsf(J lo lhe

ionizal ion cu|vc lbf  a 7 cm cone al  9 McV, incl incd ut
vaf ious ungles to ihc surfacc,0s mc!$ured by thc SHM
chrmbcr in i  Folycl l rcne thrnrom. Ihc pl in,r  ot  rhc
chan)ber is always nrral tel  Lo lhc rur lacc. Thc,rnglc
shown is del lncd wi!h respccl to rhc nofmal to thc
surface. The dcpth pk) l led is along !he ccntfal  axis oi  thc
incl ined beam. Betwccn 0o and 20o therc is l i t t ic change
In the curue. but al  30o thc depth oi  thc 90% ionjzar ion
porot drops from 2.1 cm to 2.t  cm, whi le at 45o i t  is
reduccd to L7 cm. This decrcase in penetmbi l i ry for
obl iquc anglcs of incidencc hrs been trev,ou,ty nurcd I
The er lccr {r \  iourd ro bc grealcr i .  ihc Iowc{r ercrAie\
and dccreascd wirh jncrcasing cnergy.

In order to simpti fy the t jctd al ignmenr and docking
proccsses, a serics ot cones have becn devctoped whose
ends are angularcd a1 l50, 30" and 45o wi lh respccr ro rne
normal concs. Thcle havc lhe addir ionat advanrage thal
. jncr ' \e) rrc RL:\  u I 'h rhe \urr :rcc orcr I  huir  p{r imercr,
lbere 's noproblem keeping normatr issue out ofrhc f ie ld,
as lbcre would be wi lh thc srrndard cones.

Somelim€s addir ional shieldjng is requireo. u,urer ro
prolccl an area of lissuc no1 at risk or an undcrlyjng
o r g r n .  \ u L h  a s  t h c  r e c t u m .  r h r r  m i g h . o t f c " u r s e  r e c e i \ e
dn exce"srve dosc Thrs .  dcl .rcved b\ inscf l ing,rent. /ed
l h i n  s h e e r \ o I  l c r d .  / ,  r h i c k . , u r  l o r \ c a p D - o t  J r c . r J | e
ut lhe Ume ol rhe procedure. i r  suf l lc,cnr rumbcr ro

.cduce the dosc to rhe levet of rhc bremssrrahlung tajt.
The lcad she€ts are wrapped in gauzc and soaked in
sal ine solut ion pr ior to inscrt ion in ihe pat ienr.  Studies of
rsodose dislributions using ltms have shown lhat proxim_
jty ol  the lead ro tbe t issuc does no! resul l  in any..hot

In some cascs. il is desirabtc to detiver a dose ro a field
of a pa.ticular size, iottowed by an addiliorar oose ro .]
sm,r l lcr  6eld wi lhrn rhe l : r 'Bcr Jrcr.  I  or rhjs furpose. J
ster i l ized low nel l ing poinr a oy r ing has been madc ro
i i l  into thc end ol  rhe cone ar rhe r issuc sur iace 1() shape
lhe 6eld down 1<] the required sizc.

In olhcr circumslanoes, i l  js required to l rcat an
r.regular ly sbaped t ic ld,  as d€termined by the ihe.apisr
with the aid oftemplares al  rhe l imc ofsu;gery. This has
been achicvcd by fabricaling ciroular lcad inserts, |l,
th ick. out oi*hich ihedcsired shrpe is cur in th€ machine
shop. This inse.t  k then ster i l ized and raxen lo rne
treahent room. This whole proccdur€ of. , instanl 6eld
shaping" takcs about 3O minures, but docs not delay the
inlra-operativc pro€edurc becausc it lakcs placc concur"
rently wilh rhe move fronr the opefating room 10 the
rrealmenr rcom and thc sctt ing up ol  rhe pa{icnt for the
irradiat ion treatmenr. The ef lcct of  this l lc lq snaprnS on
thc conc r0t ios is gencmlty very smalt  . : (2-3)% i f  lhe
degrcc of l ic ld blocking is nol too largc (<2524).

TLD
An rnrportanl aspect of the intra-opcral ive procedurc is

an in ylyo vcr incat ion of !hc dosc del ivcrcd. F.or thh
purposc, LiF TLD cxtruded r ibbons w€re used to
measurc thc dose al the surfacc, Threc such extfudcd
f ibbons, ench measuringdpproximately 3 x 3 x I  mmr,
$erc plrccd ! losc togerhcr In r  shorr lengrh of plasr ic
tubrnB rSl cm 1un8) and thc cnds hcrnrer ical l )  5cr lcd
wi lh a hor i ron. Thjs asscmbly was thcn gas ster i l izcd in
lnc samc way as the acrylic resin concs. The only problem
occasional ly encountcrcd wi lh thk syr lem so iar has been
blood f lowing inro thc tube,due to incorrect seal ing oi the
ends. damaging thc TLD s. As far as possible, care is
lakcn 10 place the TLD package in the c€nter of the 6eld.
Bccausc ir  is dimcul!  to ensure th4t this is !he case, olhcr
mclhods of l in ing up rnd holding rhe Tl .D in J, lace arc
currcnlly bcing cxplorcd. Chcck measuremcnrs wcre
madc !o ensure tha! therc was no sysremal ic efror rn thjs
melhod ofdose vcr j f ical ion, by comparinS the dose at the
sunace. rs measurcd wjrh lhe SHM chamber in a poty_
slyrcne phanrom. to lhe dose mcasurcd with the TLD
package when placed a! thc surfacc of it polyslyrene
phantom. The rcsul ls, tgree 10 wirhin 137a.

RESULTS
To drtc,42 pat ienrs have bccn treated with 5t nelds

usrng thc intra-operxtivc proccdure with doscs rangrng
lrom 1000 1750 rad. The distr ibur ion of f ie ld sizes and
encrgy scl l ings used are shown in Fig. 8.  The circtes
rcprescnt thc c 'rcular cones and rhc squarcs represent thc
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rectangular cones as cqui!alent c irc les Morc cases
involvcd rescct ion and hcncc lowcr el€ctron cncrgy than
unrcsectable cases such as thc pancrers. whcrc an cncrg)
of l8 23 Mcv would t lp ical ly bc uscd. The 6 cm and 7
cm cones wcfc most commonly uscd for thc intra'
opcrat lvc proccdurcs.

Thc mcAsurcd conc rar ios with the pr imnry col l imrtor
sct al  l5 r  l5 c '  r rc prescntcd in Fi8. 9.  Thc rcp.oduci_
bi l i ty of  ih is drta.  rs vcr i l icd through chcck mcnsurc-
mcnts, is i2%. Notc thal  thc conc r i t ios monotonicr l ly
decreased with both cnergy and conc sizc. At 29 Mcv,
the cone rat io droppcd lrom about 0.8? lb.  a 9 cm conc lo
about 0.?4 for a 4 cm cone. Correspondingly,  the cono
ral io at 6 Mcv dropped from 0.50 to 0.20.

Fig. l0 shows lhe surfacc dosc lor al l  f ie ld sizes as a
iunct ion oi  c lcctron energy. As lhc electron cncrgy wrs
raised the surfacc dose increased. Fo. energics grcdler
than l2 McV, lhc surface dosc was approximatcly 903'
A1 12 Mev ir  was approximarcly 887.,  whi le for 9 and 6
McV. i! dccreas€d b A67. and 82'ii,. rcspectively. Use of
the lovcr cncrgics, the.efore. cntai led a larger dosc
non'uniformi ly.

A comparison bctwcen the calculatcd dose. using thrs
dosimetry syslem, and the measurcd dose. using the
encapsulated TLD's. is shown in Fig. I  l .  The calculated
doses wcre corfcclcd io. elTecls invol!ing angulalion oi
the cones, when thcsc *cre used. In al l  cases. the absolute
cal ibrat ion of thc clcclron berm was dctermined Prior lo
the intra-operat ive procedure using a 0.6 cnr '  Farmer
chamber in water.  Thc average value of the i ,  l ivd
mersured dose was rn rcasonable agreemcnl wi lh the
calculaled dose. The slandard dcviar ion in the data wrs
aboul 16%, larger than the 13% indicaled ent l ier.  This
impl icd that thc uncerlainty in thc dose calculal ion was
greater than supposcd, probably becausc of ihe clinical
environment.  Bcttcr stat is l ics wi l l  help to sh€d l ighl  on
tbis problem. The TLD dosinelers were lsed in other

rrcas whcrc .r  knowlcdgc of thc dosc is dc\ l rrblc.  such as
thc rcctum, lor vhich cr lculat ions qould not bc rs
J ( ! L r . ' r c . r r  c r c n  | o s s i b l c .  b i . J L . "  I h f  r r U u n ' 1 q u L .  u l
was closc to ihc cdgc oi  thc l lc ld or just at  thc cnd ol  lhc

DISCUSSION
Blscd on our cxpcricncc wi lh this modal i ly.  rccom-

mcnd!1ions can bc rnadc for r  i . rc i l i ly dcdicatcd lo
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Fig. 9 Graph of cone rdtio vs. field size: (O) 29 Mevi {^) 23
M€v;  (^)  l8  Mev:  ( r )  15 Mevi  ( ! )  l2  Mevr ( . )  9  Mev and
(o)  6 Mev.


