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ABSTRACT

The usual starting. point for-ciinical dosimetry is the dose
distribﬁtién due to a radiation beam in a homogeneous medium like water.
' Tﬁe.modification of the standard distribution for the case of an inho-
vmbgeneous medium (patient) fequires detailed information about internal
structures. For heavy chérged particle beams and foi photon beams of
" high enough energy, the single paramete?_which most nearly determines
the penetration of the radiation is the electron density (electrons/
cm3). The integrated electron density along a path (electrons/cmz) is
‘ uniquely related to the na;row—beam y-ray transmission along that éath. 

Hence, a measurement of v-ray transmission should pfovide useful infor-

mation.

This work describes a new technique for performing these mea-
éuréments. We have used a 60Co therapy source with a rectangular fileld
‘long enough in one direction to span the width of a human cross section
and narrow in the other direction to minimize the effects §f scattered
radiation. Rather than collimate our detectors, we have devised a sim-
ple’mathematical procedufe‘tq calculate the scatter contribution at each
point of interest along the width of the radiation field. Narrow-beam

transmission values can then be evaluated from the original measurements

by simple substraction of this scatter contribution.

An iorization chaﬁber,»because of its energy indepéﬁdenée and
accuraéy, was used to acquire the basic transmission data. X-ray film
-and silicon-diédes, because of their superior resolution and response

speed,.were selected for the measurements performed with an inhomogeneous
»phantom. The energy dependence of the latter dosimeters has not been a

drawback when used in the experimental conditions described here.
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The method thus permits that rapid transmission measurements
be performed along various paths of a transverse cross section. When
tested with an inhomogeneous phantom, the accuracy obtained compares

favourably with published values using collimated detectors.

*

Information obtained by this method is directly applicable to
the dosimetry of treatments performed with photon beams of energy greater

than 0.6 MeV and heavy charged particle beams like protons and m mesons.
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1. INTRODUCTION

Routine radiotherap& treatment plaﬁning involves the calcu-
lation of the dose délive;ed to & tumour and the surrounding tissues.
These dosimetry estimates,'because of‘the similitude between most tissues
and water, are usually made on the basis of méasurements performed wi-
"thin a wéfer phantom which is approximately a cube of 30 cm a side. Cor-
rections are then applied to take into account the exact contour of the

patient and the presehce of tissue inhomogeneities, primarily lungs and

bones.

In order to calculate the effect of these inhomogeneities on
the absorbed dose distributioh, various information is réquired. For
each patient, one would iike an anatomical cross section where the boun;
daries of regions wifh differing atténuation prqperties could bhe locé—
lized. In general, the chemical composition and densit& of the tissues

are of interest.

Technological constraints, in the past, have made the acqui-
sition of acéurate cross-section data difficult. Recently, however,
:versions of traﬁsaxial»tomography units, featuring'horiiontal couches,
have been employed clinically fér_this purpose [Marinello et al. (1),
Houdek et al. (2)]. Moreover, a complete cross-section atlas, produced
with such an instrumént,lhas recently been pubhlished by‘Takahashi (3).
The gccﬁracy attainable has been shown (1,2) to be of the order of 0.2 cm
for the external contour of a test phantom. If this accuracy is main-
tdined for internal_structures, the.method appears capable of providing
" a suitable cross-section map of a patient. There are other methods, such
-as -ultrasonography, whidh.could be used to give similar and additional

- information.



'Most conventional radiation therapy treatments make uee of
photons nith energies greater thanA0.6 MeV; Over this range, for mate-
rials of low atomic numter‘snch as all biological materials, Combton
scattering is the predominant interaction process. Therefore, the linear

attenuation coefficient, u, is proportional‘to Pa? the electron density,

where
P = p(Z/A)Na (electrons/cm3) (1)
and p = density of the material.
2 = atomic number of the material.’
“A = mass number of the material.
-Na = Avogadro's constant.

Sinoe the linear stopping power of heavy charged particles is also, to a
good approximation, proportional to Pa> this quantity should also be use-

ful in the dosimetry of beams of pions and protons.

Calculations of u/p, assuming incident photons of 1.25 Mev and
using mass attenuation coefficients due to.Hubbell (4) for the various
ielements specified in the material's chemioal composition, are presented
in tables I and II. As shown, u/p is anproximately constant for various
tissues and for the different compositions of a particular one. The
‘attenuation process of both particle and photon beams is thus strongly
dependent of the density of the irradiated tissues. Table III gives a

range'of densities for normal biological materials.

While the large variations indicated by these figures would
seem to warrant the determination of tissue electronvdensities in indi-
Qidnal cases, they primarily point out the necessity.of defining accep-
table accuracy limits of dosimetry oalculations. The American Association
of Physicists in Medicine (AAPM> has defined "the criteriabfor acceptable
‘dosimetry" as "an agreement to * 3% on exposure or absorbed dose.measu—

rement and agreement to ivS% on fulfillment of tumor dose prescription" (13).
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"TABLE I
MASS ATTENUATION COEFFICIENTS OF 1.25 MeV

PHOTONS IN VARIQUS HUMAN TISSUES ASSUMING
' THE CHEMICAL COMPOSITIONS OF KIM (5)

. Tissue _ o u/e

' ' ‘ (em®/a)
Bone (compact) ~.0597
Bone (spongy) | L0611
Brain | L0614
Lung : ' ..0627
‘Muscle (leaﬁ somatic) , . 0625

TABLE II

MASS ATTENUATION COEFFICIENTS OF 1.25 MeV
PHOTONS IN COMPACT BONE

u/p Chemical composition
> reference
(em™/g)
.0585 Woodard (6)
. 0597 Kim (5)
.0603 ICRU (T7)

. 0608 _ Tipton and Cook (8)




..

TABLE III

DENSITY OF VARTIOUS NORMAL TISSUES

Tissue Density, o Referencé*
(g/cm)

Brain 1.07 Allen (9), Kim (5)
Bone (ribs) 1.09-1.25  Debois & de Roo (10)
Bone (femur) 'l.h?-?.lO Id.
Bone (vertebrae, mandible) bl.lh-1.65 I4d.
Heart 1.05 Allen (9), Kim (5)
Kidney 1.0k Id.
Liver 1.05 I4.
Lung 0.25-0".1»;._; - ICRU (11)
Muscle (lean) 1.07 Allen (9), Kim (5)
Muscle {striated) 1.00 Spiers (12)
Spleen 1.05 Allen (9), Kim (5)

* The data of Allen et al. (9) give the density of fat-free tissues.
. These densities were corrected to that of average tissues using
the biochemical compositions quoted by Kim (5).
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For a 60Co beam, this uncertainty of + 5% corresponds.to an equivalent
thickness change of approximately * 1.0 cm. The equivalent thickness of
" a material is the thicknésslﬁf water neéessary to produce the same atte-
: nﬁétion. However, because of unavoidable unqeftainties such as patient
movement , fér example, a more realistic guideline for the uncertainties

permissible was felt to be an equivalent thickness of *+ 0.5 cm.

Various workers have proposed y-ray transmission techniques to
determine equivalent‘thicknesses of human tissues. The basic method is
that of Holt and Laughlin (14) where a small collimated 6000 source and
cdllimatgd_scintillation detector'aré moved laterally across‘the patient -
by 2 cm increments. Pulse-height discrimination is emplqyed to reject
thé.detected scatter. The transmission measurements are thus performed
in narrow-beam geometry. While basically excellent, the method doeé ne-
cessitéte a period of approximately 30 minutes to complete a full cross-

sectional survey. This was felt to be not acceptable clinically.

The other published methods of interest have made use of 60Co
therapy sources. They were developed for the dosimetry of treatment pro-
cedures where a knowledge of the equivalent thicknesses present between
two opposing fields is sufficient (i.e., complete rotation fields, oppo-
sing pair of fixed fields). The measurements were performed, in all cases,
along the central axis of standard field sizes, often corresponding to
those‘used during the actual treatment. Various techniqﬁes have been pro-
posed to eliminate or take into account the scatter reaching the detector.
Pfalzner (15) used an ion chamber positioned at 70 cm behind the patient
to minimize this scatter. Fedoruk and Johns (16) proposed a heavily col-
lTimated ionization chamber to be used at a closer distance to the patient.

Another method due to Woodley et al. (17) consisted in placing
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a tﬁin-window ion chamber directly behind the patient. From the exit
doses recorded, equivalenﬁithicknesses could then be inferred from cali-
" bration curves determined fof specific field sizes. The methods (15,16)
involve the relative rotation of both source and detector aboﬁt the pﬁ-l
vtiént and could be used to pfovide a compleﬁe cross-sectional survey.
The dlsadvantage of this ‘approach, however, is that the information ob-
tained is too heavily weighted toward the centre while neglecting the

outer edges of the body cross section.

Because of this, we felt an investigation of a different method
of pbtaining clinicéily useful transmission data using a standard fherapy .
source was warranted. It was decided to use a recténgular radiation beam
with iés longitudinal dimension large enéugh to span the transvérse cross
section to be measurea, the other field dimension being narrow to minimize
scattered radiation.‘ fransmission determinations along a large number of
paths could then be performed rapidly if film or a light-weight scanning
detector is used. The major difficulty, however, is the elimination of
the produced scatter. It was felt that collimating our detector would be
impractical. Instead, we ehose to devise a simple mathematical procedure
to determine the scatter contribution at each measurement point. It is
possible by this technique to oﬁtain narrow-beam transmission data from
the original measurements by mathematically subtracting.the scatter and
thus to determine the equivalent thickness along each y-ray path of inte-
rest. Measurements of an inhomogeneous phantom were performed to test
the validity of the method and, as will be shown, the agreement between the
equivalent thicknesses calculated from the transmission-data and those cal-

culated from the phantom's geometry and composition was better than * 0.5 cm.
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2. BASIC TRANSMISSION MEASUREMENTS

2.1 Introduction

The amount of scatter reaching the detector in a transmission
measurement dependsAon a number of factors. éonéider'the géometrj used
for such a,measurement shown in figure i. - Various parameters will in-
fluence the amount df.scatter measured. In pafticular;'

(a) An incréase of the absorbereto—detector-distance,

| B, will decrease the scatter reaching the‘detectdr.

* (b) An increase of the field size, S, will increaée
'_the‘scattér.A Note that field diﬁensions'thrbughgut
: this paper are quoted as measured ét a disﬁance A

from the source.

It was found convenient to choosé'A equal to 120 * 0.5 cm. We
then investigated the effect of independently varying the distance B and
vthe field area on the relative transmitted dose, T. This quaﬁtity is
" the quotient of the dose measured with an absorber present in the beam‘
path by that measured with no absorber. Mathematically, the relative
dose transmittéd by an absorber of thickness, t, can be expressed, for a
specific’absorbingImaterial, as. |

| TsT(P,é,s,t) | (2)

where P describes the position of the measurement point, usually the

distance off the central axis of the field.

Tablé IV lists the various experimental conditions investigated.
The radiation source used was housed in a commercial therapy unit (Atomic
Energy of Canada Ltd., Eldorado Model 8) equipped with a éloping sided

3

collimator. -..Most measurements were performed with a Baldwin-Farmer 0.6 cm
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Beam axis

60

Co source

\

A .
Absorber /" Detector

plane

FIGURE 1  EXPERIMENTAL LAYOUT USED TO PERFORM TRANSMISSION MEASUREMENTS
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TABLE IV

SYNOPSIS- OF MEASUREMENTS PERFORMED

. ' .  Absorber’ .

Flelq shape Material thickness A B Section
A (em) (em) (cm) '
Square Water . 18.106 120 . 0, 15, 30 2.2.1
: 45, 60
Square oAl 2.592 120 35, 55, 75 2.2.2
Square : Pb 2.519 120 35, 55 2.2.2
Rectangular Water - 9.436, 13.443 120 30 2.3.1
18.106, 24.136

Rectangular  Water 18:106, 24.136 120 30 . 2.3.2
(off-axis) : :

ionization chamber polarized by 3QO volts. The ionization current was
integrated by an electrometer (Keithley, Model 610C) for one minute pe-
riods. A voltage proportional to this charge was read with a digital
voltmeter. Both leakage and‘environmental conditions were monitored.
Their effects were less than the statistical variation of the measure-

ments (* 0.15% on the average) and were not corrected for.

2.2 Transmission Measurements with Square Fields

2.2.1 Measureménts using a large water absorber

A large water phantom of uniform thickness was first used to
measure T along the central axis for various beam areas. Table V shows
the data obtained with a 18.106 cm thick absorber. Additional measu-

rements with a 24.136 cm water thickness showed a similar trend.

The variation of T with area, for a fixed B, is fitted to better

than the experimental accuracy (+ 0.3% on the average) by a quadratic
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TABLE V

- MEASURED RELATIVE TRANSMISSION USING
SQUARE BEAMS FOR A THICK WATER ABSORBER

Field area at 120 cm . . T(O,B,>S,18_.106)
from the source . ‘
(cm2)' | =15 cm B=30cm B=45 cm B=60 cm
ok 4029 .363k .3451 .3339
32k .3875 .3520 .3362 .3275
225 3710 .3402 3277 .3221
1k . .3529 3297 .3199 .3158
g1 .3350 23193 .3132 .311k
36 .3205 | .3116 i .3090  .3076
Zero extrapolation B .3093 .3054 .3050 .3048

equation using a ieast-squares method. The zero-area extrapolation calcu-
lated from such.a fit is indicated in table V. Except for the value ob-
tained with B equal to 15 cm, ﬁhese extrapolated values lie within 0.3%

of each other. from tﬁese latter figures the zero-area linear attenuation
coefficient, ug, was estimated to be .0656 iv.0002 cmfl. Further discus-

sion of this result will be presented later.

Figure 2 illustrates the variation of T with distance B for
field sizes of 36 and 225 cm2 respectively. The exit doses (B = 0) were
measured ﬁith a thin-window ;onization chamber in direct\contact with the
absbrber.v The centre'of the flat cylindrical cavity lies.O.l cm below
the thin mylar window. The procedure and readout circuit previously des-
cribéd were again used. A buildup cap of 0.5 cm of watér—equivalent ma~
térial»was employed in the absence of the absorber.. The ion chamber was
polarized by 45 volts and a correction was applied for the small leakage

current present.



Relative transmission, T
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+. 225 cm2 field - . —

Tf\\‘¥~\\\j3 36 cm® field R

_ ] ' 1 | l
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»
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FIGURE 2 TRANSMISSION MEASUREMENTS SHOWING THE EFFECT OF
MODIFYING THE ABSORBER-TO-DETECTOR DISTANCE »
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" We attempted to comparé puﬁlished results to our experimental
data. Results similar to those of figure 2 were preéented by Fedoruk .
and Johﬁs_(l6) for distances extending from 5 to 20 cm. Interpretation
.of.their‘data is made difficult, however, by.the fact that the»experi—‘
mental layout is not specified. Moreover,. they doinof state where the
quoted field dimensions were measured. Pfalzner (15) commented that at
Yd_cm from the absofbgr "the”scatter contribufion has been found expe—‘
rimentally to be negligible". Since no details of the radiation beam
dimensions were provided, one is led to assuﬁé that the_statemént applies
to.all field sizes. The_criferion used to define_acceptability was not

stated.
2.2.2 Measurements usihg thick Al and Pb absorbers

It ié.known that the spectrum emitted from a 6oCo teletherapy
source contains low energy_coméonents. This is due to scatter from the
source itéelf, the source housing, the collimator and the interposed air
column between the source and the detector. Published calculations (18),'
using Monte Carlo techniques, have been performéd to determine the spec=
trum from a 60Co source. However, because of thé complexity and varia-
bility of the collimator geometry, the scatter contribution from it was
ignored.. Since the narrdw-ﬁeam attehuation.coefficiehts derived from
our measurements also exclude collimator scatter, a realistic comparison

of the Monte Carlo calculations and the experiments seems possible.
‘ \

In an effort to further characterise the composition of the
:phOtbn spectrum, transmission measurements were performed with materials
of higher atomic number. Aluminium (p = 2.70 g/cm3) and lead (p = 11.3k4
g/cmB) were used and thé results appear in table VI. fhe distance B was

larger than 30 cm to facilitate zero-area extfapolation.' Least-squares



-13-

. TABLE VI~

MEASURED RELATIVE TRANSMISSION USING SQUARE
BEAMS FOR THICK Al AND Pb ABSORBERS -

ALUMINIUM ABSORBER

Field area at 120 cm - 7(0,B,5,2.592)
from the source :
(cm?) : ' B=35 cm B=55 cm B=T5 cm
380.3 - 6904 .6837
32 7033 . - -
e12.3 - .6851 L6797
pp5 e L6950 — -
182.3 — L6792 .6753
1k .6866 - -
110.3 _ _— L6755 L6726
81 - 6185  .6732 L6710 -
36 | .6733 L6707 .6698

Zero extrapolation - .6685 -.. L6679 6678

LEAD ABSORBER

‘Field area at 120‘cm - 7(0,B,5,2.519)

from the source . : :
(cm2) B=35 cm B=55 cm
95 ' 1911 .1855
81 ' .1899 .1845
- .1886 1838
56.3 .1868 -.1832
36 .1848 .1820

Zero extrapolation .1810 .1800
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curve fitting techniques were egain employed; a quadratic equation was
used for the aluminium data while & straight line wa$ found satisfactory

for the lead data.

4

Calculations of ug for water, aluminium and lead were done using
a published spéctrum [ICRU (18)] based on the modei of figure 3. Note
that the scatter due to thé source housiné is ignored. Table VII compares
the parameters of this model.to those of the actual source. For calcu-
lation purposes the following was assumed: |
(a) Photons emitted from the front surface of the tungsten
glgeve are considered to be absorbed by the collimating
system ;nd not reach the detector.
. (b) Photons emitted from the front surface of the core are

attenuated by & stainless steel (type #316L) plate of"

0.11 cm thickness.

‘The calculated values of up are shown in table VIII with the
correSponding experimental results. The experimental.value in the Téble"
for water was obtained_from.rectangular beam dafa and will be discussed
later. Attenuation coefficients from Hubbell's cbmpilation (4) were used
in all caseé except for lead where the work of Storm and Israel (19) was
also used. The variation.ih the_caICulated’uo for the case of lead lies
within the accuracy limits specified by the latter authors:

(a) Accuracy of 3% for Compton scatter coefficients.

(b) Accuracy of 3% for photoelectric coefficients at photon

energies hv such.that .006 < hv < .200 MeV.

(¢) Accuracy of 10% for photoelectric coefficients at

energies hv > .200 MeV.

Agreement between calculated.and measured valﬁés is good. Since
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~+ Plane view of cylindri!cal source

7‘0 cm

—

‘
Detector XA'”
(1) steel back plate
@ Cylindricel tungsten sleeve
: @ Radiocactive core
‘ @Steel front plate

FIGURE 3 MODEL USED TO REPRESENT THE 60Co SOURCE AND ITS

SURROUNDING SLEEVE
[Adapted from reference (18)]
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TABLE VII

DETAILS OF THE APPROXIMATE AND ACTUAL SOURCE

Parameter¥ ~ Model Actual source
r (cm) 1.0 1.0
s (em) , 0.75 0.86%#*
Z (cm) . 1.3 2.5
Zy; (cm) . 2.2 1.1
Z, (cm) 0.0 -0.11
Packing density (g/cm3) 5.88 5.61
¥  Gee figure 3.
*¥¥ Does not include the source's stainless steel
wall of 0:.1lL4 cm thickness.

TABLE VIIT

CALCULATED NARROW—BEAM ATTENUATION COEFFICIENTS OF RADIATION

FROM A 60Co THERAPY SOURCE FOR VARIOUS MATERIALS

Material =~  Measured up Calculated up Origin of attenuation

coefficient data
(em™) (em™) '
H,0 . 0653 .0648 : Hubbell (4)
Al 156 sk ' 1a.
Pb. .680 .686 14.

Pb © .680 .669 v Storm & Israel (19)
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. the scatter conﬁributed by the source housing was neglected auring the
calculation, ﬁe woﬁid expect slightly larger attenuaﬁion’coefficients'
~ to be obéerved experimentally. While this is indeed the case, the sta-
tistical significance of this trend is diffiéglt to deﬁermine. We can
only conclude that the actual.beam probably possesses>é spectrum of si-

milar shape to that of our assumed one.
2.2.3 Calculation of the first scatter contribution

The calculation of the amount of radiation écatteredAfrom thick
- slabs irradiated by finife area beams can iny be adequately‘performed
using é Monte darlo procedure. However, the first scétter contribution
"may be aerived exactly from the Klein-Nishina equations. This was doné
here for various water thicknesséé irradiated by 36 and 225 cm2 circular

fields of 1.25 MeV photons under two specific geometries.

The case where the detector is 30 cm from the absorber was inves-
tigafed.first.' Figure 4(a) illustrates the observed results.- The full
line is drawn thiough the calculated first scatter points derived from the
general method outlined in appendix A. The circles afe experimental re;-
sults and represent the tdtal scatter contribution expressed as the func-
tion A where

2(0,30,5,t)

7(0,30,S,t) - T7(0,30,0,t)

exp (-uqt) ' (3)

‘where 7(0,30,0,t)
Similarly, A1(0,30,S,t) is the calculated increase in relative transmission

due to first scatter only..

The general shape observed for Aj; can be explained rather simply
by the following argument. Neglecting the attenuation of the scattered
'photons, one would expect the first-order scaﬁter to increase with absorber

thickness since the total number of Cbmpton interactions increases with
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DOSIMETER PLACED AT 30 cm FROM THE ABSORBER AND b) BY AN EXIT DOSIMETER
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the number of electrons present. _Howevér,'fqr thick absorbers, the atte-~
nuation of the scattered photons cannot be neglected. This effect, be-
cause of its exponential fofm, compensates for the production of once
scattered photops for absorberé about 12 cm thick and becomes the domi-

nating process for thicker absorbers.

As the attenuation becomes predominant; the production of mul- .
tiple scatter also increases. This is demonstrated particularly for the
larger area field where the difference, (A—Al), while being small, increases

with the thickness of the water absorber considered.

Since the effecp of multiplé scatter should be greatest at the
exit surface (B = 0), it was decided to compare first‘scatter_calculations
to total scatter meésurements here. Figure 4(b) presents the results des-
cribing the first scatter reaching an exit dosimeter using the method des-
cribed in ap?endix B. Also presented are sdme experimental observations
where the total scatter contribution.was recorded. The same general shape
of the functions A and A} is again observed. The main difference is due
to the presence of a large multiple scatter contribution that accounts for

,

a major portion of the total scatter measured.

We have thus characterized the nature of the scatter emitted
under two particular conditions. The calculations could be generalized

to other similar experimental situations.

2.3 Transmission Measurements Using Rectangular Fields

2.3.1 Central axis measurements

As was previously mentioned, the choice of a long and narrow
field would appreciably reduce unwanted scatter while permitting‘trans—

mission measurements to be performed along the full width of a human
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transverse cross section. The Eldorado 8;cobalt unit has a minimum field
dimension of 6 cm at 1201§m from the.source. The field length, 2b, can
be.#aried from 6 to 48 cm. Central exis transmission data was obtained
using water absérbers of 9.436, l3.hh3,418.106 and 24.136 cm thicknesses
‘with field sizes of 6 x 2b cm; 6 < 2b < 48 cm. * The detector was bositio-
ned at a disfance of 30 em from the absorber. These meésurements have.
been tabulated in table IX. Eaéh entry is the average of two determina-
tions. The notation has been slightly modified as follows: |
 2(0,30,8,t) = 4(0,5,t) )

since B remains equal to 30 cmbiﬁ all subsegquent measuréments and -

| 8(0,8,6) = 4(0,5,8) - | (5)

" for a rectangular field of dimension 6 x 2b.

Relative transmitted doses graphically extraﬁolated to zero
ares are presented in table X. From thesé a value of uy ; L0653 * .0002
cm ~ was derivéd. This value is cqnsistent with that determined previously
from the square field data (ug = .0656 * .0002 em™). Different workers
| have reported up = .066 cm_l.[Jones et al. (20), Johns et.al; (21)] and
pg = .065 em™t [Payne et &l. (22)] for various therapy units. Our coef-

ficient is in agreement with these.

Figure 5 shows A(O,b,t) expressed as a functioﬁvof-water thick-
ness for various field sizés. . We have shown at each point the range of
the two experimentally derived values. The continuous lines indicated
were used in performing the calculations discussed in appendix C. For
thicknesses ranging from 8 to 20 cm, the function was assumed constant
within the experimental limits and numerically equal to the mean of the
.déta for the 9.436, 13.443 and 18.106 cm thick absorbers; The general

shape of this curve is in agreement with that observed previously using
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TABLE IX

_ RELATIVE TRANSMISSION INCREASE CAUSED BY SCATTERED RADIATION:
CENTRAL AXIS MEASUREMENTS OF WATER SLABS IRRADIATED BY RECTANGULAR BEAMS

| Field dimensions, A '
6 x 2b, at 120 em : A(0,b,t)
from the source . ’
(em) T +=9.436 com 13.443 em©  18.106 cm 24.136 cm
6 x 6 .005, .00k 005, - 005,
6x12 o1z, 011, .0lg .0l
6 x 18 | o7, i'0162 ..0170 0Lk,
6 x 24 ) .0?12 . .0216 C .O?lh' - .0187
6 x 30 ' .02k, .02k g .025, .0216
6 x L2 ' .0292 .0288 .0296 .0256
TABLE X

EXTRAPOLATED NARROW-BEAM TRANSMISSION
' VALUES FOR WATER

Relative transmission determined by
Thickness Extrapolation Calculation_l
to zero area (ug = .0653 cm )
(cm) .
©9.436 .5383 .5400
13.1443 - .u1s6 4157
18.106 .306k4 .3066
2k.136 .2077 - .2068
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square fields of similar areas.

As stated previously, the method of measurement outlined in
this paper relies on the development of a mathematical procedure to quan-
tify the scatter reaching the measuring instrument. A convenient proce-~

dure is one analogous to the method proposed by Clarkson (23) for depth-

dose calculations of irregular fields.

Consider figure 6. The scatter reaching a detector at point O

can be expressed, assuming the validity of Clarkson's method, as

A(0,b,t) =

[ I =

1 ,
Z = A(O,Si,t) | . (6)

where.Si = area of square field of equivalent radius = wria.

The validity of equation (6) was verified by calculating A(0,b,t)
for a range of field sizes. The comparison with experiment is presehted
“in table XI. The calculation is restricted to a maximum field of 6 x 30 cm

‘because the square field data could not be further extrapolated with

TABLE XI

VALIDITY OF CLARKSON'S METHOD

Field dimensions _
6 x 2b, at 120 em A(0,b,18.106)
from the source ' '
Measured Calculated
(cm)
6 x 12 | .0118 .012l
6 x 18 .OlTo ' .0169
6 x 2k .021h' .021l+
6 x 30 , '025h .02h7
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FIGURE 6 ILLUSTRATION OF CLARKSON' METHOD

Longitudinal axis

FIGURE 7 GEOMETRIC DESCRIPTION OF THE QUANTITIES
' USED IN EQUATION (T7)
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confidence. The agreement is'good and proves the applicability of.a

Clarkson-type calculation in this situation. -
2.3.2 Off-axis measurements

We ndﬁ wish to compute the scétter reaching‘a detector éosi-
- tioned at én arbitréry diétance X along the longitudinal axis of a rec-
tangular field. Figure 7 illustrates the relevant geometry. |
Then, .
A(X,b,t) = [A(0,x1,t) + A(0,x2,t)]/2 (1)
Assuming A(X,b,t) and_A(O,xz,t) to be known, it is possible to determine
A(0,%x71,t) = 2A(X_,b,t) - A(o,xz,t) o (8)
It is thus possible, from the above equation, to extend the data of the

previous section using the results of off-axis measurements.

These measurements were performed with a field size of 6 x 45 em
and with water thicknesses of 18.106 and 2L4.136 cm. It was assumed that
. the results obtained with the formér absorber would apply to thickneSses.
ranging from 8 to 20 cm. The data is presented in figure 8 where the opeh
éymbols refer to the original measurements. Each'of these was theﬁ cor-
rected for the increased attenuation caused by the oblique path trévelled
by the y rays through the phéntom. These corrected points, shown as full
symbols, then represent the relative transmission through an oblique path
of 18.106 and 24.136 cm respectively. By uéing equation (8) and subse--
quenfly fitting the obtained results, the Values of table XII were deter-
mined. Figure 9 collects the data of tables X and XII for thicknesses of
©18.106 and 24.136 cm respectively. The dots are the values from the tables

while thé full line was employed to perform the calculations of appendix C.
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TABLE XII

- RELATIVE TRANSMISSION INCREASE CAUSED BY SCATTERED RADIATION:
» CALCULATIONS FROM OFF-AXIS MEASUREMENTS
ALONG THE LONGITUDINAL AXIS OF A RECTANGULAR BEAM

Field dimensions,

€. x 2b, at 120 em : A(0,b,t)
from the source ' A '
+=18.106 cm t=24.136 cm

(em) L ’
6 x 48 | | | .'030h .0268
6 x 54 .031, ' 027,
6x60 032 028,
6 x 66 .0325 ‘ .0288
6x T2 . . .0328 .0292
6x 718 | | 032 029,
6 x 84 .0330 .0297 |
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3. TRANSMISSION MEASUREMENTS WITH AN INHOMOGENEOUS PHANTOM

3.1 Introduction

The basic measurements discussed in'the previous chapter have
been>applied here to the_detefmination of equivalent thicknesses along
various paths in an inhomdgéneous phantom. Two new detecting systems
were used and a aescription of these will precede the presentation of

the results.

3.2  Apparatus

3.2.1 Silicon diode as a dosimeter

Silicon diodes have been employed extensively in dosimetry
.-applications for over a decade [Jones (2L4)]. Our work was performed
_using a commercial device (Solitron CER #71). Both short circuit current

and open circuit voltage modes of operation were initially investigated.

For these preliminary éxpefiments, the diode and a Baldwin-
Farmer 0.6 cm3 ion chamber .were placed éide by side in a 60Co beam. The
diode was positioned iﬁ a closed end aluminium tube which served both as
buildup layer and electromggnetic shield. No polarization voltage was
aﬁplied.to the PN junction and tﬁe leakage current was found to be negli-
gibie. The ion chamber was again polarized with a 300 volts battery. A
variation of dose rate was aéhieved by raising and lowering thé source
from a specific point of known dose rate. A Keithley electrometer (Model
610C) was used to measure the voltage and current from the diode and the
current from the ionization chamber. A digital voltmeter again monitored
ﬁ‘he electrometer output. Environmental-conditic.msAwere not recorded but

variations of 0.5 °C were typical and should not have affected the diode
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results.

The short circuit results of the diode are presented ih figure
10. As expected, the current variation is linear with dose rate. Fi-
gure 11 presents the voltage ﬁeasurements obtéined with an input impe-
dance of about lO10 ohms. This inputvimpedance, as figure 12 indicates,
is sufficiéntly large to guarantee that the junction was operating in £he~
open circuit mode. Jones (24) showed that open circuit measurements should
" be proportional to the logarithm of the dose rate. However, this is only

approximately true for our device as figure 11 demonstrates.

The linearity with dose rate shown previously makes the short
circuit mode of operation the logical choice.  Moreover the time constant

and the temperature dependence of the detector [Parker and Morley (25)]

are also minimized by this choice.

For the results to be presented in Section 3.3, the diode was
moved at constant velocity alqng the detector plane of figure 1. A recor-
ding of the diode current as a fUnction:of time was obtaiﬁéd by replacing
the voltmeter by a strip-chart recorder. During each cycle, the diode
crossed the field.twice?_thus producing two complete transmission scans.
The time required for one cycle was about 0.7 minutes. By triggering the
recorder's event marker at five known positions, it was possible to re-
late these points on the trace to the object. Some typicai re;ults will

be presénted.
3.2.2 X-ray film as a dosimeter

The use.of film for dosimetric measurements is well recognized
and is widespread in.spite of the associated difficulties [Ehrlich (26)].

Moreover, the advent of automatic processors has reduced the amount of
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work necessary to obtaim acceptable results. We have used Kodak type
RP/TL (in "ready pack" form) in all our film measurements. This film is
routinely used for therapy verification applications and is processible

in standard medical processors.

A scanning'densitometer (Kipp & Zonen, Model DD 691-D) was used
for the optical density measurements. The output was displayed by a strip-
charp recorder. An approximately rectangular slit of 0.0l by 0.4 cm was
employed to illuminate the samplef Densities were determined with base
apa fog contributions included. It has been recommended by Ehrlich (26)

.that diffuse density determinations be made. However, the geometry of- our
instrument does not permit a measurement of ail the optiéal photons scat-
tered by the sample. Censequentiy, the optical densities reported in this
paper are larger than the correspopding diffuse densities. A calibration
strip provided with a diffuse densitometer (Macbeth Corporation, Model TD-

‘ 1004) wae measured with our‘densifometer and the results are presented in

table XIII. The ratio calculated is known in sensitometry as Callier's

coefficient and the trend observed here is typical [Label and Dubois (27)].

- The influence of this effect must be considered when comparisons to pu-

blished results are attempted.

When selected peiﬂts of a epecific.sheet of’film‘were irradiated
by the saﬁe'dose, the density uniformity achieved was * 0.7% on the ave;
.rage. »It was found adventageous to calibrate each film in order to eli-
minate the effects of variations in processing. The following procedure
was used.v About half of phe sheet's surface was used for the measurement
of interest. Then,.over the remaining area, a number of points were irra-
diated by a 13705 unit (Picker X-ray Corporation, Model‘Ce—600> for dif-

ferent exposure times. These were measured from the unit's timer, cor-

recting for any timer error present and are thus proportional to the dose.
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TABLE XIII

COMPARISON OF MEASURED OPTICAL DENSITIES TO THE
CORRESPONDING DIFFUSE DENSITY VALUES

|Diffuse density* Measured density ‘ Ratio‘(2)%(l) =

(1) | (2)
.20 - .28k - 1.29
.38 ’ .532 1.33
.58 .80k 1.3k
.78 ' 1.05 1.31
'98. o 1.28 : - 1.29

1.17 1.48 1.2k

1.37 | 1.67 1.20

1.57 1.81 | 1.1h

¥ From calibration strip iﬁcluded with diffuse
densitometer indicated in text.

A source-to-film distance of about 40 cm was used and 0.5 cm of water-
equivalent material provided a buildup layer. Figure 13 shows a cali-
bration curve obtained by averaging the results of 13 films (from the
same pfoduction batch) processed over a period of 45 days. Note that
both scales are linear. The data from one of these films is presented
~in table XIV. A leaét—squares fit of the measured points to a third-
‘order polynomial [Price (28)] was pefformed and the results of this fit

are also presented in table XIV.

0

3.3 Inhomogeneous Phantom Measurements

These measurements were performed with a horizontal 60Co beam

(Eldorado 8). A rectangular field measuring 6 x 45 cm at 120 cm from
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TABLE XIV

CURVE FITTING OF DENSITY VS DOSE RELATIONSHIP USING
A THIRD-ORDER POLYNOMIAL FOR KODAK RP/TL FILM

Optical -density Irradiation time Calculated time
D o - £(D)*
‘ S (s) (s)
578 6.61 / 6.58
962 12.60 12.75
1.29), ‘ ‘18.61 18.33
1.57, - 2461 24.89
1.7h, - 30.60 ~30.50
¥ £(D) = - 9.3452 + 40.083D - 27.496D% + 10.085D° as
determined by a least-squares polynomial fit.

the source was employed throughbut; the absorber-to-detector distance B
.ﬁas 30 cm. Figure 14 shows a top view of the inhomogeneous phantom that
was built. Its walls are vertical and are madevof 3/16 inch perspex;
They extend 10 cm above a bottom plate of the same material. Inside are
Apositioned a 1.90 cm diameter aluminium tube and & hollow polystjrene
tube of 2.53 cm inside diameter and 0.18 cm wall. The dimensions of the
" wood block can be determined from the figure. Lincolnshire volus (29),
a tissue-equivalent material, was used to fill the remaining volume of

‘the phantom.

Diode scans were taken with and without the phantom in place.
From fhese scans, the relative transmitted doses were determined at points
across the field. The unattenuated beam profile was also used as a base
line for the film measurements. The same geometry wés used to obtain the
attehuéted beam profile with.film. fhe time requiréd to expose the film

was about 0.3 minutes.
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The results obtained from the diode and film observations are
presented in table XV using the calculation method outlined in appendix
', C. Also shown are the equivalent thicknesses determined>from the geome-
try of figure 14 and from the electron densities relative to water of

table XVI.

The RMS difference between the.equivalent thicknesses obtained
from transmission data and from calculations based on the phantom's geo-
metry and composition was estimated using the expression
! 2] 1/,

RMS = | (t,-1.) } - (9)

|| e B o

i=1

where ti = equivalent thickness along path i, determined from transmission
measurements '

equivalent thickness along path i, computed from the geometry

and composition of the phantom.

T.
i

The obtained RMS for the average of both diode scans was 0.29

em while it was 0.43 cm for the film observations. This is within the

limit of * 0.5 cm set at the beginning of this paper

Most workers whq have performed equivalent thickness determi-
nations have neglected to‘mention the accuracy attainable by their ﬁe—
thods. Woodley et al. (17) compared the equivalent thicknesses measured
using their exit dosimeter to those obtained from narrow-beam measurements.
The RMS difference that they obtained at a variety of sites in humans
was slightly less than 1 cm. We feel‘our method advantaéeously compares
with this while offering the adaed capability of measuring a large number

of paths simultaneously.
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TABLE XV

EQUIVALENT THICKNESSES DERIVED FROM THE TRANSMISSION MEASUREMENTS
' AND THE PHANTOM'S COMPOSITION AND GEOMETRY -

BEquivalent thicknesses

Position
Dicde scan#* Diode scan¥* Film#* Phanton¥*#*
#1 o #e
(em) (ecm) - (cm) (em)
1 21.35 21.35 21.34 20.75
2 20.26 , 20.79 20.73 - 20.29
L 20.22 20.42 21.00 20.34
6 20.37 20.6L 20.82 20.39
8 ' 20.84 20.81 - 20.61 20.45"
10 20.18 20.38 20.48 20.35
12 19.95 19.62 . 19.78 19.90
1k 18.72 18.36 18,52 18.87
16 ©17.1h 16.83 16.67 17.13
18 15.02 1k.76 1k.18 14.80
.20 : 11.88 11.06 10.86 11.17
3 20.60 20.60 20.88 20.20
5 20.30 20.47 20.91 20.22
7 - 17.6k 18.69 18.01 . 17.80
9 17.23 17.26 17.52 16.83
11 16.67 16.69 16.77 16.78
13 16.32° * - 16.47 16.68 16.40
15 15.78 15.72 16.13 15.95
17 16.53 16.46 17.00 17.07
19 1L4.09 15.02 14,54 14,75

21 10.46 11.75 10.62 . 11.00

From transmission measurements performed with the specified

7 detector. , '

¥¥ From the phantom dimensions and the electron densities of
table XVI.
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TABLE XVI

ELECTRON DENSITIES OF THE MATERIALS
COMPOSING THE INHOMOGENEOUS PHANTOM

~Electron density relative

Matérial to that of water
Aluminium 2.35%
Perspex 1.15%
Polystyrene 1.03*
Water 1.000
Bolus (29) '9572**.
Wood .h905**

¥ From the mass attenuation cocefficients for
1.0 MeV photons of Hubbell (L4) and density
values quoted by Trent et al. (30).

*¥ From y-ray transmission measurements using

6000 photéns:
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4, DISCUSSION

The measurements presented in this paper were performed with
tnree'detection syetems. A Beldwin—Farmer 0.6 cm3 ion chamber, because
‘of its approximate energy independence was used to acquire the basic infor-
mation necessary to gquantify the produced scatter; The chamber does not,
however, possess the spatial resolution:and response speed that are re-

quired during clinical measurements.

Silicon diodes were'initially investigated as possible alter-
‘natives. For silicon, the active volﬁme per unit of ionization current
produced is approximately 3,000 times smaller than‘thef of an ion chember.
- Cpneequently, the size needed for a perticular signal level is small,
:resulting in an increased séatial resolution. Moreover, when operated

in the shoréncdrcuit enrrent mode, they possess a faster response time
‘than ionization chambers. Prolonged radiation exposure will produce a
decrease in sensitivity of these devices and, for this reason, we have

used them primarilyyto perform relative measurements.

From the point of view of resolution and response speed, how-
ever, film is a superior alternative. Its greater energy dependence does
constitute a major drawback and one would expect this detector to be of

limited value in situations where scatter is present.

In spite of thie, henever, film has proven to Beban adequate
dosimeter as the results of table XV clearly indicate. The reasons for
this are illustrated in.figure 4 where it is shown that the major scatter
cemponent reaching the film ie due to photons scattered only once and
scattered predominantly in the forward direction with minimum energy degra-

dation.
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'Film, because of its ease of handling, is surely the detector

of choice if routine measurements involving patients are to be performed.

We initially required that our method permit us to measure the
equivaleht_thicknesses of an inhomogeneous phantom with a maximum inaccu-
racy of * 0.5 cm. - The RMS deviations that we have experimentally ob-
served are smaller than this but we wished to confirm these estimates

'bf the accuracy by an independent evaluation.

'Figure 15 shows transmission prbfiles measured using the inho-
mogeneous phantom (figure 1k4). The only difference between case (a) and
'casé (p) is thaf in the latter a small aluminium cylinder of 0.31 cm dia-
meter is present in the mia—plane of the phantom. This additional 0.42
em of water-equivalent material modifies visibly the transmissionlpattern
as the scan indicates. Similar modifications were observed when the cylin-
dér was moved to other positions in the phantom. The ability to detect

such an object is in agreement with the previous estimate of accuracy.

We have perfofmed no measurements of patients at this time and
a complete appraisal of the method cannét be attempted before these measu-
‘rements are made. We feel, however, that the method offers decided advan-
tages over similar proéedures ag described in the literatpre,.with compa-~

fable or better accuracy.
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5. CONRCLUSION

A methéd has been devised for the determination of water-equi-.
- valent thicknesses along the full width of a human transverse cross sec-
tion. Both fiim.and commercial siliconldioﬁes were employed to perform
the &-ray transmission meésurements. The scatter reaching the detector
was then determined using‘a Clarkson-type mathematical procedure and uéedA
to calculate narrow-beam transmission data. Water-eguivalent thicknesses
werénthen deduced using a measured linear attenuation coefficient, ug,

of .0653 * .0002 cm_l which is in agreemgpt with published values. With
either detector.it was possible to deduce, from transmission measurement,
the equivalent thickness along a path in an inhomogéneous phantom to better
than t.O.S cm. The exposure time needed-to obtain the information,'O.B
and 0.7 minufes for film and diode respectively, is clinically acceptable
from the point of viéw of patient movement. The simpler procedure with

film makes it the choice for routine measurements involving patients.

then used with a transaxial tomography unit or any instrument
capable of producing an image of a transverse cross section, the method
will permit the determination of the electron density (relative to water)
of the variéus tissues present. It will then be possible to account for
the presence of these tissues when dosimetry calculations are performed

during treatment planning with beams of X rays, Yy rays or heavy charged

particles.
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APPENDIX A

' CALCULATION OF FIRST SCATTER FOR THE GENERAL CASE

Figure Al illustfates the conditions under wh%ch the‘calcu-
lation is pérformed. We assume a monoénergetié source of 1.25 MeV photons
falling on an annular ring of volume 2nydydx. We wish to evaluate the num-
‘ber of photons dN; scattered bnlyionce at an angle 6 from this annular
ring and reacﬁiﬁg fhebdetector. From.ﬁavisson and Evans (31),

S dN; = [No(cgs2¢o/(A—x)2)2wydy exp(—uo(xo—x)sec¢0)] [k(8)p dx]
11

[exp(-ulxsec¢1) s(secdy)e(o )/((B+x) sec ¢1)] (a-1)

fl

‘where Ny number of photoné emitted by the source per unit time.
s = area of plane detector.

K(®) = Compton cross section of the number of photons scatfered
per unit solld angle in the direction 8. (cm /electron)
K(8) = r02[1+a(l—cos 6))-'2 (l+cos26+(a2 (l-cose)z)/(l+a(l-cose))]/2.
K(8) = o k(8)/2. )
ce(B) = energy dependence of detector relétive to'l.25 MeV photons.
ro = classical radius of the electron
ro = 2.818- 1073 cm.
p = electron density of the scatterer.

o = 3.3hh~1023 electrons/cm3 for water.

g = narrow-beam attenuation coefficient of the primary 1.25 MeV
photons.

pg = .0653 cme/g for. water.

u] = attenuation coefficient of the scattered photons neglecting
photoelectrlc absorption.

pp = uofla')/f(a).

£(a) = 2mrg (1+0)/a2) ((2(1+0)/(142a)) - o~ 1n(1+2a)) + (2a) " 1n(1+2a)
- (143a)/(1+20)%). |
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- energy of primary photons in units of electron mass.

o =
o = i.25/.5110."

o' = energy of scﬁttéred photons in units of electron mass.
a' = a/(1+a(l-cos8)).

' The description of the'equation is reproduced from Davisson
" and Evans:

- "The first bracket in the equation is the number of photons
'~ incident on the annular ring per second; the second bracket
~is the fraction of the photons scattered per unit solid angle
in the direction 6; the third represents the loss in the num-
ber of scattered photons due to absorption in the absorber;
and the last bracket is essentially the solid angle subtended
by the detector at any point of the scattering volume."

" 'The number of primary photons measured by the detector without
the absorber is Nos/(A+B)2. Then, from equation (A-1), the relative num-

ber of photons singly scattered dF; from the volume element is

.08343[ (a+B)/( (A=x) (B+x) ) 1%cos 6 geosdy
expl-up(xg-x)secdp-uixsecd;Jk(6)e(6)dxdy (A-2)

dF,

where .08343

2
mrQ pe.

The measured ionization current is assumed proportional to the
energy, dA;, absorbed in the perspex cap of the chamber. For dF; photons
== ! ' —
sy = aFja'u, (a')/u (o) (A-3)

where uen(a)/p = mass energy absorption coefficient of perspex at energy o.

By integrating equation (A-3), it is possible to determine the

first scatter reaching P,

. ‘o v :
ap = g g an, - (A-k)
/0 70 ' : .
where xg = total absorber thickness.
R = field radius of circular field measured at depth (xg-x). It

is, for a diverging beam, a function of the thickness x.
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CHAMBER CORRECTED FOR THE PRESENCE OF THE BUILDUP CAP .
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=
"

Ro(A-x)/A.

= field radius of circular field at distance A from the source.

=
o
|

Equation (A-l4) was evaluated by numerical integration. The

_Afollowing relations were used to express equation (A—3) in terms of the

variables x and y only,

b = Arc tan(y/(A'-_x)).-'
¢ = Arc tan(y/(B+x))>
6 =

bg + 1. . . (A-5)

Evans (32) has tabulated vélﬁes of ﬁen/p for perspex. His data
éan be fitted, for photon energies between 0.10 and 1.25 MeV, by the empi-
rical expression, _ | |

u_ (a)/p = (.0352-.00260)/(1+.455 exp(-b.29(a-.196))). (A-6)
Table AI shows the quality of the fit.

The energy dependence, €(6), of the Baldwin-Farmer 0.6 cm3 ion
chamber used in our experiments is not known. Our chamber is.of an older
design for ﬁhich typical calibration curves have been recently published
(33). An average of these calibration curves is presented in figure A2.

The calibration was made relative to 2 MV X rays at the National Physical

Laboratory. -

A difference between calibration gnd experimental conditions
‘does exist, howéver. During our measurements, the ion chamber was perma-
heﬁtly fitted with a buildup cap suitable for irradiation in a 6000 beam.
. The presence of this additional absorbing material must be accounted for
and suitable correctiqns abplied,to the calibrafion curve before e(8)
can be inferred from it. Figure A2 shows the effect of. this correction
using éome fesults of Barnard et al. (34). The energy variation is then

of the order of 0.7% over the range of half-value layers extending from
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TABLE AI

COMPARISON OF EVANS' TABULATED VALUES OF u_ /e (32) FOR

PERSPEX TO THE VALUES USED IN THE CALCULATIONS

o Mop/P
Tabulated Calculated®
(cm®/g) (en®/g)
.1957 .0238 .0238
.2935 : .0265 .0265
.391k .0286 . 0287
.58T1 .0310 .0310
.7828 .0320 .0318
.9785 ‘ .0321 .0322
1.174 .0319 o .0319
1.566 .0311 : .6311
1.957 .0301 .0301
2f935 .0275 .0275
* From equation (A-6).

.1 to 12 mm of copper. We thus feel justified in neglecting this effect ’

and €(6) = 1 was used throughout the calculations.
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APPENDIX B

CALCULATION OF FIRST SCATTER AT THE EXIT SURFACE OF AN ABSORBER

Bruce and Johns (35) have described a method to calculate the
first scatter contribution inside a water phantom irradiated by circular
. photon beams of various energies. The method can be applied to the exit

dose situation by simply neglecﬁing the backscatter contribution.

Figure Bl is adapted from their paper and defines some of the
quantities used. The relative energy fluence 4I; for photons of energy
between hv' and hv' + dhv' scattered af an angle 6 is-

-dI) = pehv'/hv(dc/dhv')[(exp(—uoxo))/(ui—uocose)]
- [1-exp(-(u1-ugcose)x )] dnv' (B-1)

. where do/dhv' = Compton cross section of the number of photons scattered
: per unit energy interval at energy hv',

= ﬂr02(ahv)_l[(l+cosze)+a2(l-cose)2/(l+a(l—cos6))].
hv = incident photon energy = 1.25 MeV
hv' = scattered photon energy

= hv/(1+a(l-cose)).

Xm = maximum absorber thickness between the edge of the beam
and the point P.

The meaning of the other symbols is specified in appendix A.

Ay can then be determined by integration with respect to the

energy of the scattered photon,

hv
= ' AB-
Ay S aryu, (a')/u (o) (B-2)
hv .
min .
whére hvmin = minimum energy of the photons scattered in the forward

direction reaching P.

hv/(1+a).



- =54

Y

Parallel incident beam

of 1.25 W

Surface

U/

Scattérer T

P

'~ FIGURE Bl DIAGRAM TO ILLUSTRATE THE CALCULATION
OF THE FIRST SCATTER REACHING A POINT P INSIDE AN
HOMOGENEQUS SCATTERER
- [Adapted from Bruce and Johns (35)]
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In this paper, equation (B-2) was evaluated as a summation ex-

tending from 0.35 to 1.25 MeV by 0.10 MeV intervals.
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APPENDIX C

CALCULATION OF THICKNESSES FROM TRANSMISSION MEASUREMENTS

The mathematical method employed to. calculate water—equivélent

thicknesses from transmission results is described here.

The measurements yield values of relativé.transmitted dose T at
peints distributed aldng a line in tﬁe detector plane;‘ This line corres-
ponds to é geomefrical pfojection of the longitudinal axis of the rectan-
vgular 6OCO'beam. The field dimehsions, at 120 cm from the source, are
6 x 2b Where'2b.isbthe length éf the 1ongitudinalrside. Mathematically,

where Pi = distance of point i off the central axis of the field,’
(i= 1,...,n). '

d.
1}

water-equivalent thickness along the path joinihg the source
and point i. ‘

Since ti is related to the primary transmitted dose, exp(—uoti), we can
-write, from equation (3),

t, = [nlo(P ,b,t,) - 8(P, 05t )]1/-ug (c-2)
The quantity A(Pi,b,ti) must then be evaluated in'the general case where

the absorber is an inhomogeneous body. We have assumed for this evalu-

ation that the primary beam-is uniform over the length of the field.

We consider the case where the points, i, are equally distri-
buted along the measurement line. This is shown in figure Cl for the
case where n = 5. Similarly, we segment the radiation beam into n smaller

beams indexed as shown.
At each point i, we then write

A(Pi,b,ti) = J

H s

l‘A(Pi,b/n,tJ) _ (c-3)
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Detector:
plane

FIGURE C1 ILLUSTRATION OF THE GECMETRY USED TO CALCULATE
THE SCATTER REACHING THE MEASUREMENT POINTS
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relative scatter reaching point i from beam j.

where A(Pi,b/n,tj)

water-equivalent thickness along the path 301n1ng
the source and the p01nt J.

In the particular case of points on the central axis of the
rectangular beam (i.e., point 1 in figure Cl), the determination of the
terms of equation (C-3) follows from the results presented in section

2.3. Thus,

A (Pi,b/n,ti)

i=3 A(O,b/n,ti)

5 odd [a(0,50/n,t1) - 4(0,(3-1)p/n,t1)1/2

J
[A(O,(j+1)b/n,t3) - A(O,jb/n,tj)]/Z (c-4)

Aj even (Pi,b/n,tj)

where t! = t, cos8
J J J
ej- Arc tan[(j-2)b/n/120], j=3,5,...

I}

Are tan[(j-1)b/n/120], j=2,k4,...

For the general case of points off the axis of the original beam,
the calculation is performed in a similar fashion assuming the‘validity of

the procedure described in the text.

The caiculations performed.in section 3.3 were based on an ite-
rative procedure. We initially assumed specific thicknesses‘ti and solved
~equations (C-2) and (C-3). The newly determined £hickness values were
then incorporated in equations (C-2) and (C-3) and a new solution obtained.
The procedure was continued until a specific criterion of convergence was
satisfied. Usually a few iterations were sufficient to ensure that the
variation of A(Pi,b,ti) was less than 1% and thus well within the expe-

rimental accuracy.



