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ABSTRACT

The first part of this thesis describes measurements made with .
medical radium sources to determine the ratio of the exposure in a large
(essentially infinite) water "phantom" to the exposure at the same point
in air, i.e., to determine the fractional transmission in an "infinite"
water phantom. The fractional transmission was measured as a function of
the distance between the radium sources and the megsuring instrument.

The radium used was sealed in platinum containers which absorbed the primary
alpha and beta rays from the radium so that the exposures were due to gamma
rays only. All measurements were made with small air-filled ionization
chembers with plexiglas walls. -Ionization currents were measured with these
chamberé in water and in air. Theuqorrections which were required to deter-
mine the ratio of exposure in water tolexposure in air from these measure-
ments and the preliminary experiments necessary to determine the required
corrections are described in the thesis. The fractional transmission
through water is shown graphically as a function of the distance between
source and point of measurement.. Also, thg relationship is described by

an empirical equation. The curve drawn fits the experimental points ob-
tained under a variety of conditions of measurement within the experimental

error of 1/2 to 1%.

The secohd part of the thesis describes measurements of ionization
currents made with an experimentel set-up in which the ionizétion chanmber
was at a fixed distance vertically below the radium and the whole assembly
was moved relative to the surface of a water phantom. From measurementé

made with the radium above the surface, in the surface and below the surface
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of the water, it was possible (a) to obtain data which could be compared
with the results of Part I and (b) to obtain correction factors which could
be applied to the results of Part I to correct for reduced scatter when the

radium was in the surface, rather than well immersed in water.

The results of the present experiment are compared with those of

previous workers.
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INTRODUCTION

Small sealed radium sources are frequently used as sources of gamma
radiation in the treatment of cancer. There are three methods of application:
(a) "Interstitial" where the radium is implanted in the tissue to be treated,
(b) "Intra-cavitary" where the radium is inserted into a body cavity by means
of special radium applicators, (e.g., for treatment of cancer of the cervix
uteri), and (c) "Moulds", for treatment of superficial lesions, where the rad-
ium sources are mounted on a surface, usually built up from tissue-equivalent
material, which carries the radium at a fixed distance from the surface to be
treated (e.g., for treatment of skin cancer). In the first two methods the
radium sources are normally surrounded on all sides by soft tissue; in the
third method of application there is usually tissue or tissue-equivalent mat-
erial on one side of the radium only. Where the site of the lesion permits
treatment with radium, it has the advantage over treatment with "external”
x-ray or cobalt 60 sources in that the radiation source is located in or very
close to the malignant tissue to be treated and the dose delivered to surr-

ounding normal tissue is minimized.

Typical radium 'needles'" and "tubes'" are linear sources containing
0.5 to 20 mg. of radium as a radium salt sealed.in cylindrical platinum-irid-
ium containers having a wall thickness of 0.5 to 1.0 mm. This wall thickness
is sufficient to remove all primary alpha and beta rays.. Hence treatment is
due to gamma rays only, mainly from the RaB and RaC produced by the disinteg-

ration of radium.

When radium is used for gamma-ray therapy it is essentisl to be

able to estimate the distribution of "absorbed dose'¥* over the treated volume.

¥ The definition of absorbed dose adopted by the International Commission on
Radiological Units and Measurements in 1962 (ICRU Report 10d) is as follows:
(continued on next page)
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In general, the absorbed dose at a point may be calculated if the "exposure''#*¥
at the point is known. Hence, the exposure must be determined as a step in

finding the absorbed dose.

The gamma-ray exposure at a point in air due to & linear radium
source (and, therefore, due to any array of linear sources) may be calculated
by well established methods. The exposure rate in roentgens. per hour at a
distance r cm., in air from a point source of M mg. of radium shielded by

0.5 mm. of platinum is given by the equation

Exposure rate = C ME' : ' (1)
r

where C is the specific gamma-ray constant of radium in equilibrium with its
disintegration products and filtered by 0.5 mm. of platinum. This constant
has been measured very carefully; the accepted value is 8.25 roentgen-cm.2
per mg.-hour (1,2). Sievert has evaluated the integrals which are required
to calculate, from the basiec equation 1, the exposure in air due to a linear

radium source. Sievert's integrals include a correction for oblique trans-

mission through the wall of the platinum container and a correction for

(Continued from the previous page)

"The ABSORBED DOSE (D) is the quotient of AE by Am where AE is the
energy imparted by ionizing radiation to the matter in a volume
element and Am is the mass of matter in that volume element."

This is the quantity which is biologically significant. It is usually
measured in rads where 1 rad = 0.0l joules per Kg. :

*¥¥ The definition of exposure adopted by the International Commission on Rad-
iological Units and Measurements (Report 104) is as follows:

"The EXPOSURE. (X) is the quotient of AQ by Am -where AQ is the sum of
the electrical charges on all the ions of one sign produced in air
when all the electrons (negatrons and positrons), liberated by photons
in a volume element of air whose mass is Am, are completely stopped
in air." :

Exposure is usually measured in roentgens where 1 roentgen = 2.58 x 107"
coulombs per Kg. It is to be noted that exposure is.a measure of the rad-
iation only; a statement of the exposure at a point is a statement of the
ability of the radiation:reaching the. point to produce ionization in air.
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self-absorption in the radium salt can be included in the integrals (3,4,5).
To determine the absorbed dose in radium therapy, however, it is necessary to
know the exposure at different points‘in'tissue, not in air. This requires a
knowledge of the ratio of the exposure in tissue to the. exposure in air for
the same geometry. There is no praétical method of c;lculating this ratio
since the apparent absorption in water depends, in general, on true absorption
and on multiple scattering. It is, therefore, necessary to measure the ratio
of the two exposures. The experimental results will be valid only for the

geometry in which the measurements are made.

Early experimental me;surements by Bruzau (6) and by Griffith (7)
indicated that the gamma-ray exposureuffom a radium source was the same in a
"large water phantom"¥* as in air. This was explained on the assumption that,
in large phantoms, scattering compensates completely for absorption. More
recent experimental measurements have not cdnfirmed~Bruzau's and Griffith's
results. Measurements have been reported by Ter-Pogossian, Ittner and Aly (8),
by Van Dilla and Hine (9), by Wootton, Shalek and Fletcher (10) and by Kartha,
Kenney and Cameron (11). All these investigators have found that the exposure
in water is smaller than the exposure in air but their results have not been
in good agreement. Further? all the measured values of the effective trans-
mission are lower than values calculated by Hale (12) from published absorp-
tion coefficients (13) and published build-up factors (14). Most radium dos-
imetry to date has been based on the assumption that apparent absorption in

tissue is negligible but recently attempts have been made to improve the

# Tt is not practical to make measurements in soft tissue. Water is very
nearly tissue-equivalent with respect to electron density and effective
atomic number and is, therefore, the most universally accepted '"phantom"
material for exposure and absorbed dose measurements. If the measuring
instrument and the radium source are surrounded in all directions by a
thickness of water equal or nearly equal to the separation of the instru-
ment and the source, then the phantom can be considered as essentially
infinite. '
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accuracy of the dosimetry by correcting for tissue absorption (15,16). In
view of these attempts, it appeared useful to try to improve the accuracy of

the basic data.

The above measurements, made in large water phantoms, are applicable
to the dosimetry of interstitial and intra-cavitary radium but not to the
dosimetry of radium moulds. Some measurements of the apparent transmission
through water made with geometry similar to that pertaining to radium moulds,
i.e., with the radium sources in-the surface of the phantom, have been
reported by Roberts and Honeyburne (17) and by Cook (18,19).' The results of
Roberts and Honeyburne must be questioned since they found greater apparent
transmission through water in- the limited phantom than others have found
using "infinite" phantoms. Cook made somewhat different measurements and it
is, therefore, difficult to compare his results with other published data but
where the comparison can be made his values of the apparent transmission
through water are lower than those of other investigators. In view of these
discrepancies, it appeared that there_was,need for more reliable data for
limited phantoms, as well as for large phantoms, and that these data could
be obtained most conveniently and most reliably by measuring correction factors .

to be applied to the data for large phantoms.

The purpose of the present project was, therefore, twofold.
(a) To repeat the measurements .with radium gamma rays of the ratio of the
exposure in a large water phantom to the exposure in air, with a view to
improving the accuracy of these basic data and, if possible, determining
the causes of the discrepancies in the published data.. .
(b) To determine correction factors to be applied when the radium sources
lie in the surface of a water phantom to provide data applicable to the

dosimetry of radium moulds.
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PART T

MEASUREMENTS OF THE: APPARENT ABSORPTION OF. THE. GAMMA
RAYS OF RADIUM IN. A LARGE WATER PHANTOM .-

1. Outline of Project

To determine the apparent absorption of the gamma rays of radium in
water it was necessary to measure thé exposure in air due to radium sources
in a fixed ggometry relative to a sultable exposure meter. The whole set-up
was then transferred to a large water phantom to measure exposure in water
with.the same geometry. After suitable corrections (to be discussed later)
were made the ratio of the second measurement to the first gave the fractional
transmission through water. By repeating these measurements with the radium
sources at different distances from the detector it was possible to determine

the dependence of the fractional transmission on the path in water.

2. Bxperimental Set-up

All measurements of exposure were made with small cylindrical air-
filled ionization chambers with graphite-lined plexiglaes walls and with thin
aluminum wires as central electrode. On the basis of other work ddne with
these and similar ionization chambers, they are known to be energy-independ-
ent¥ over the energy range involved in .this work. This was an essential re-
guirement for the exposure-measuring instrument used in this project since
filtration and scattering in the water change the.energy spectrum from that

of the primary radiation in air.

Ionization chambers of two different volumes were used. The essen-

tial dimensions of the two chambers were as follows:

¥ 1In general for ionization chambers,.I = XE where I is the ionization curr-
ent and E is the exposure rate. TFor an ionization chamber constructed of
materials having the same effective atomic number as air (Z = 7.5) the con-
" stant of proportionality k is independent of the energy of the x- or gamma
radiation to which the ionization chamber is exposed..
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Size Length of - - Internal diam- .. Wall
cavity ~eter of cavity thickness
Small 1.9 cm. ©0.32 cm. 0.24 cm.
Large 1.9 " 0.95 " 0.16 "

The construction of the larger chamber is shown in figure 1l.. The possible
effect of the finite size of the sensitive volume of the detector will be

considered in the discussion. of. the results.

The ionization chamber was connected directly to a preamplifier
which, in turn, was cable—connécted to the main amplifier. The amplifier
circuit used was essentially that;describedbby Fedoruk, Johns and Watson (20).
It was not neceésary to have an absolute calibration of the instrument since

only ratios of ionization currents were required in this work.. ..

The experimental arrangement used for the measurements ié"shown in
figure 2. The ionization chamber and the preamplifier were supported from a
horizontal circular plexiglas pla%e and cable-connected to the amplifier
which measured the ionization”current;' Rédium tubes or needles were supported
by fine nylon threads (shrinkesge negligible when wet) in a circle with the
ionization chamber at the center qflthe circle. Holes were drilled in the
plexiglas plate so the radium could be placed on circles of radii 3, L, 5,
ete., up to 10 cm. The diameter of the circle in<which the radium was placed
in ahy particular experiment was accurately known and exact centering of the
ionization chamber was obviously not critical The center of the radium
sources and the center of the sensitive volume of the ionization chamber. were

adjusted to the same horizontal'planés'

Some measurements were made with radium tubes and some with radium

needles. The dimensions of the sources were as follows:



Zzzzzzg 12.5 cm.
To 77 = ve z 7 —r—1r—

preamplifier

Aluminum Insulated copper wire shielded Aquadag
vire with colloidal graphite coating coating

m Aluminum Plexiglas EPolystyrene

FIGURE 1. CROSS-SECTION OF THE LARGE. IONIZATION CHAMBER (Full scale).

*9 EDVd MOTIOL 0L
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FIGURE 2. EXPERIMENTAL ARRANGEMENT OF IONIZATION CHAMBER
AND RADIUM SOURCES
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Type Quantity Quter - Platinum Active - Total

P of radium - diameter filtration.. . length - length
Tube 20 mg. . 0.32 cm., - 1.0 mm. . 1.2 cm. 2.2 cm.

| Needle 10 " 0:19 " 0.5 " 1.0 " 1.9 "

For exposure measurements in air, the apparatus was used as shown
in figure 2. The lead bricks which can be seen in the photogr;ph provided
protection from excessive radiation exposure when placing and manipulating the
radium. Exposure measurements in air with and without the bricks showed that
they did not contribute measurable scatter to the total exposure. For expo-
sure measurements in water, the whole equipment was placed over the water
phantom shown in figure 3 so the ionization chamber and the radium were in
water. The phantom used was a plexiglas tank of elliptical cross-section
(which was available from previous work) having minor and major diameters
34 and 39 cm., respectively, and a depth of 29 em. This phantom was large
enough, even with the radium at 10 em. from the ionization chamber, to be

considered as an infinite phantom.

3. Preliminary Experiments

Three preliminary experiments were necessary before attempting the

measurements of the main experiment.

First, it was necessary to test the stem of fhe ionization chamber
and the preamplifier for leakage ionization current since any air spaces in
the stem of thg chamber or in the preamplifier were -exposed to radiation in
the experiment and would, if in thé field of the collecting voltage, contri-
bute to the measured ionization current. The stem of the ionization chamber
was designed so that therevwés‘né'colleéiing field since the lead carrying
the collector Voltage.was placed in & grounded shield. Further, it had been

proved that exposure of the stem in.a cobalt 605radiation fiéldvdid not give



TO FOLLOW PAGE T.

FIGURE 3. EXPERIMENTAL SET-UP INCLUDING WATER PHANTOM AND
AMPLIFIER
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a detectable reading. The preamplifierdésign, however, did not preclude the
possibility of having a measurable‘leakaég curreﬁt and direct tests fqr leak-
age current ha@ not been made. It ﬁas,itherefore, necessary to make a direct
test under ghe.conditionS'of the présent experiment. This was_done by setting
up the radium and preamplifier’aS'required for the experiment but without an
ionization chamber connected to the preamplifier, Under these conditions,
there was no measurable ionization current. Hence, any lenization current
.measured in the e#periment weas due entirely to exposure-ofithe-ionization

chamber proper.

The second preliminary experiment was necessary to determine that
the conditions under which an ionization chamber measures éxposure were satis-
i

fied. These conditions are as fopllows: . :

(a) The effective atomic number of the chamber must be the same as. that
of air.

(b) The thickness of the wall surrounding the air cavity must be greater
than the maximum range of the secondary electrons liberated by the priﬁ—
ary photons since, if an air-cavity ionization chamber is to measure
exposure, all the electrons which produce ionization in the cavity must
originate in air-equivalent material and, also, the mass of irradiated

"air" must be such that any further .increase in mass will not produce

¥ In a "free-air ionization chamber" exposures are measured directly from the
definition of exposure, i.e., a mass of air Am is irradiated and the charge
Aq of all the ions produced by the secondary electrons liberated in the
irradiated air is measured wherever the ions are produced. In other words,
a defined alr mass is irradiated and the resulting ions are collected
wherever formed. In a cavity chamber the process is the inverse, i.e., an
essentially infinite mass of air is irradiated and ions are collected in a
defined mass Am. If a cavity chamber satisfies the conditions stated in the
text, it can be shown that the measured ionization in the cavity chamber is
the same as in the free air chamber, if the defined mass Am is the same in
each case,
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Further, if the wall of the ionization chamber attenuates the primary radia-

tion appreciably, correction must be made for this.attenuation;

Requifement (a) is the condition that the measurements be independ-
ent of the energy of the radiation. As already pointed out, for gamma rays
from radium for which Compton effect is the predominant absorption process
in low atomic number materials, ionization chambers of the construction used.

are known to satisfy condition (a) adequately;

Condition (b) required investigéfion since thermaximﬁm range of
secondary electrons liberated in an air-equivalent material by the gemma rays
of ‘radium is of the order of a few millimeters and the attenuapion of the
gamma rays in this wall thickness is appreciable. For this pu;pose, ioniza-
tion chambers with relatively thin walls were used and close-fitting plexi-
glas 'caps'" of different thicknesses were placed over the chamber to increase
the wall thickness. For the small ionizastion chamber, measureqents were made
with total wall thicknesses ranging from 0.2L4 to 0.90 cm. and.éor the large
chamber from 0.16 to 1.20 cm. These ﬁeasurements provided the data (a) to

-determine the wall thickness required for maximum ionization and (b) to deter-

mine the correction for the attenuation of the gamma radiation in this wall.

The third preliminary experiment was necessary to determine whether
or not secondary electrons or other soft radiation originating in the platinum
containers of the radium sources, were contributing to the exposure in air.
This contribution, if any, must be eliminated since it is not included in the
specific gamma ray constant 8.25 rpentgen-cm? per mg-hour of equation 1 which
is used to calculate exposure in air and would not contribute to the measured
exposure in water. For this purpose, ionization in air was measured with and

without close~-fitting plexiglas "sleeves'" placed over the radium sources.
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Sleeves of wall thickness 0.25, 0.50, 0.75 and 1.0 cm. were used. It was,
of course, necessary to correct for the gamme ray attenuation in the sleeves

but the ionization measurements provided the necessary data.

Figure 4 is a photograph of the experimental set-up with an "added

cap" on the ionization chamber and "sleeves" over the radium sources.

To investigate the wall thickness required for the ionization
chamber and to obtain data to correct for gamma ray.attenuation in the wall,
measurements of ‘ionization in air were made with different added caps on the
ionization chamber, all other factors being kept constant in any one experi-
ment. Since the change in the -ionization produced by the addition of any
cap was at most a few perdcent and since the .sensitivity of the amplifier
drifted slightly, the reading with any added cap was 'bracketed" with two
"no-cap readings' and the difference produced by the cap was expressed as a
fraction of the no-cap reading. For each experiment the logarithm of the
relative ionization was plotted against the total wall thickness of the ion-
ization chamber, the ionization with no added cap being taken as unity.
Tﬂese measurements were made with both large and small ionization chambers,
with the radium at different distances from the ionization chamber, with and

without plexiglas sleeves over the radium soﬁrces, with radium needles and

with radium tubes.

The dependence of the relative ionization on the wall thickness
of the ionization chember, as measured with the large ionization chamber
with radium tubes at 4 em. from the chamber and without any sleeves over the
radium sources, is shown by the circles in figuré 5. Results obtained with
the small ionization chamber under the same conditions are shown by the +

symbols in figure 5, the latter having been adjusted to allow for the fact



TO FOLLOW PAGE 10.

FIGURE 4. IONIZATION CHAMBER WITH ADDED CAP AND RADIUM SOURCES
WITH PLEXIGLAS SLEEVES
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FIGURE 5. LN(RELATIVE IONIZATION) VERSUS TOTAL WALL OF IONIZATIQN CHAMBER

WITHOUT SLEEVES ON RADIUM SOURCES.
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that, since the two ionization chambers had different wall thicknesses, the
reference points in the two cases were different. With this adjustment, all
the points can be fitted by a single curve. The increase in relative ioniza-

‘tion with increase in wall thickness for small total wall is due to the in-
creased yield of secondary electrons originating in the wall end contributing
to the ionization in the cavity. The rapid decrease beyond the maximum is
interpreted by Wootton (10) and by the present inveétigator as decrease due
to absorption of photoelectrons (or, perhaps, some other very soft component
of radiation) from the platinum container. In fact, in.the'region of the
maximum, two processes, i.e., build-up of ionization with increasing number
of secondary electrons and decrease of ionization due to absorption of a soft

component, are in competition resulting in maximum ionization current with\
somewhat smaller wall thickness than would be required for maximum ioniza-
tion with the uncontaminated primary gamme radiation. Beyond the region of
the rapid decrease the ionization current decreases exponentially due to the
attenuation of the primary gamma radiation in the wall of the chamber. It
wvas the region of rapid decrease in the central portion of the curve which

suggested the desirability of making measurements with plexiglas sleeves

fitted over the radium sources.

The measurements to determine the effect of sleeves over the radium
on the ionization produced were similar to the measurements with different
~ caps on the ionization chamber, i.e., the relative ionization was determined
‘with different radium sleeves, all other factors constant in any one experi-~
ment. As in the previous ‘experiment, any réading Qith radium sleeves was
bracketed with two "no-sleeve" readings. The following parameters were
varied in different experiments: added cap on the ionization chamber, size
of ionization chamber, distance from radium to ionization chamber and the

platinum filtration of the radium sources.
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The results obtained with radium tubes at a distance of 4 cm. from
the large ionization chamber are shown in figure 6. In this figure the log-
arithm of relative ionization has been plotted against the total wall thick-
ness aof the lonization chamber for different sleeves on the:radium, ell read-

ings relative to the reading with ne added cap and no sleeves. (It is to be

curve on the graph).

Curves were obtained similar to those of figure 6 for each combina-
tion of the parameters shown in table I. The curves obtained for the differ-

ent conditions were similar in shape and spacing but differed in absolute
TABLE I

COMBINATIONS OF PARAMETERS FOR WHICH THE ATTENUATION DATA WERE MEASURED

Tonization chamber Radium used D}stance from
radium to chamber
Large 4 x 20 mg. tubes 4.0 em. *
1. 8 x 20 " 1" 6.0 1"
" 8 x 20 " " 8.0 1"
Small 8 x 20 " " h,o " *
" 8 X 20 1" " 6.0 1"
Large 8 x 10 " needles L.o "

¥ Complete curves like those of figure 6 were obtained for the
two conditions marked by asterisks. To avoid excessive radia-
tion exposure of personnel, .less complete data . were taken for
the other cases.

values due to different reference points for each set Qf conditions. The ab-
sdute values were,”thereforeg,adjpéﬁédﬁtombrih@“ﬁhéﬁﬁﬂéwés%inté ééihcidence
for a total ionization chamber wall of 0.5 cm. and radium sleeves of 0.5 cm.
The adjusted values for all conditions of measurements are shown in figure 7.

(The shift of scale for each curve is the same as in figure 6).

The straight lines shown in figure T were plotted from the following
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empirical equation
Ln(Adjusted relative ionization) = 0.0352 - 0.0306W - 0.03988 (2)

where W = total wall thickness of ionization chamber in cm. and S = thickness
of sleeves over redium sources in cm. It can be seen that beyond the region
of build-up and the region of absorption of the soft component, all points are

fitted very well by this empirical equation.
Equation 2 can be rewritten in the following form:
ILn(Adjusted relative ionization) = .0.0352 - 0.0306(W + 1.38) (3)

Therefore, the logarithm of the adjusted relative ionization can be plotted
against total effective thickness of plexiglas (= W + 1.38) for all condi-
tions of measurement on a single graph. This has been done in figure 8 where
.the straight line was plotted from equation 3. Again it is evident that for
large values of total effective plexiglés the.attenuation.is exponential and
. is described by the empirical equation 3.
\

On the basis of the.above results, for the measurements of the main
experiment a total ionization chamber wall of 0.6 cm. or greater was used.in
all cases to ensure full build-up. Further, to ensure complete absorption of
any soft component of radiation originating in the radium sources, a tofal
thickness of plexiglas of at least 0.9 cm. was placgd.somgwhére_in the path
‘of the radiation, ei£her in the ionization chamber well or in the sleeves over
the radium sources. To correct for gamme-ray attenuation in the plexiglas in
the radiation path, all ionization readings in air were multiplied by the

correction factor obtained from figure 8-and equation 3, namely,

Correction factor = e0+0306(W + 1.38) (L)
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L. Measurements of the Ratio.of:the.Exposure in Water.to.the.Exposure in Air

The ratio of.the.exposureAiﬁ:water to the. exposure.in air was meas-
ured as.already described for different combinations of the following paramet-
ers: type of radium sources, size of ionization .chamber, total.wallvfhickness
of ionization chamber, thickness of .sleeves, if any, over the radium sources
and distance from radium sources to ionization chamber (center to center).

These results are shown in table II.

Column 1 of table II shows the number-of sources,‘quantityfof redium
per source and type of radium which were used for each measurement. Tﬁe size
of ionization chamber used is shown in column 2: The dimensions of the radium
sources and the ionization chambers have already been given. Column 3 gives
the. wall thickness of the ionization chamber, including the added cap, for
each measurement. The thickness of the slee?es, if any, used over the radium

sources is.shown in column k.

R of column 5 is the radius of the circle on which the radium sources
were .placed, i.e., the distance from the center of the radium sources to the
center of the ionization chamber. The equivalent path P in water as shown in
column 6 is;tgken-as the actual path in water plus the water equivalent of the
path in plexiglas. For radium gamma rays.in low atomic number materials, ab-
sorption is almost entirely due to modified scattering (i.e., Compton effect)

for which electron density is the only significant factor. Therefore,

Water equivalent of plexiglas = Thickness of plexiglas

Electron density ofvplexigla8~x_Density of plexiglas
Electron density of water Density of water

3.25 x 1023 electronsvperggx 1.185 g per cm3
3.34 x 1023 electrons per g 1.0 g per cm3

Thickness of plexiglas x

-1.153 x Thickness of plexiglas



TABLE II

~ RATIO OF EXPOSURE IN WATER TO EXPOSURE IN AIR

Total _ , : Readings
_ ion. Sleeve - Equiv. — »
Radium Ion. |chamber| over "~ |'path in | : Air .
used “Jchamber wall | radium R vatér t——— Gorreo—T Corr Water Ratio Symbol
_ W S P Reading |, . ain
. - ion |reading
N N FER- N N T L 5 6 .| 7 8 | 9 { .10 | 11...] . 12 |.
: (em.) | (em.) | (em.) | (em.)
.20 mg. tubes | Large |  0.6..| 0.5 3.0 | .2.53.1.39.98 | 1.039 | 41.54 | L40.00 | 0.963 +
20 " oL L o " " " | 40.03 " 41.59 | 40.13 | 0.965
oo " " "o " " "1 39.96 | " L1.52 | 40.03 | 0.96L
20 "o "o S " L.0 3.53 |.L0.02 " 41.58 | 39.45 | 0.949
" L L L " mop | 39.98 ] "o b1.54} 39.18 | 0.943
l" - 1" ] mn " 1" 1" 1" 39.92 n hl.hB 39.3)4 0.9)48
" " I " 5.0 4.53 | 40.03 | " 41.59 | 38.34 | 0.93L
oo " o " 6.0 | 5.53 | 40.05 " 4L1.61 | 38.12 | 0.916 |-
20 " N " " 7.0 6.53 |.39.96 " Li.52 [ 37.22 | 0.896 .
" LR DENELEE R B " 8.0 |- -7.53 {39.94% " 4L1.50 | 36.12 | 0.870
" " " " " 9.0 | --8.53 | 39.99 " " L41.55 | 35.57 | 0.856
" " " " " 10.0 | 9.53 | 39.94 | " | bh1.50 | -3k.52 | 0.832
.x.20 mg.:.tubes | Large-| :0.6. | 1.0 .{ 3.0 2.60.(.39.94 | 1.060 [ L2.34 | L40.99. .0.968 X -
IR AT AR RRE R " .| 4.0 | 3.60. | ko.08 " 42.48 | .40.30 | .0.9k49
M. " " B " " "1 39.98 " L2.38 | 40.09.| 0.946
20 " " e " " 7.0 6.60.1°40.13 " | ka2.sk | 38.08.| 0.895
3 .x..20.mg..tubes | Large. | 0.9.. 0...| 3.0 2.50.1.40.12_}..1.028 | L1.2k | 40.02 .} .0.970 o
hyxo0 " v }owo W "] 5.0 “4.50.1 39.99. " 4b1.11| 38.45| 0.935
8 x.20 ." o " 8.0 7.50.1.39.92. ". |.-41.04{ 36.02| 0.878
oo o L ] 0.0 | 9450 39.89 "o ] kl.01| 33.98| 0.829

. Continued-on,next_pagé)
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TABLE II (Continued)

Total Readings
ion. Sleeve Equiv. ' -
Radium , Ion, ‘|chamber over path in Air . .
used chamber| wall | radium | R " water c = c , Water Ratio | Symbol
| » : W S P . [Reading| OTiccT| VOrT:
e o tion | reading v
1 2 3 L 5. 6. T_ 8 | .9 _ 10 11 12
' (cm.) (cm.) (em. ) (em.) ' |
8 x 20 mg tubes Small 0.9 0 3.0 2,82 | ho.64 | 1.028 | k1,78 | L0.19 | 0.962 )
1" 1" 1" " o " " 1t 1" ] i )40.13 " ul.25 39.8)'+ 0.966
n L " " " 4.0 3.82 | 4o.6k " 41.78 | 39.61 | 0.948
m toon " " " " " 40.08 " 41.20 | 39.15 | 0.950Q
" e " " " 5.0 4L.82 | 40.01 " 41.13 | 38.23 | 0.929
8 x 20 mg tubes | Small | 0.9 | 0.5 3.0 2,80 |39.98 | 1.049 | 41.9% | 40.%Lk | 0.957 o
" "moon " " " k.o 3.89 | L0o.5k4 " . 42,53 Lo.48 | 0.952
n mtoon " " " 5.0 4,89 | Lo.0o8 " - 42.03 | 39.20 | 0.933
4 x 10 mg needles | Large 0.9 0 3.0 2.56 | 39.90 | 1.028 | L1.02 | 39.87.| 0.972 A
8x10 " " . " " " 4.0 3.56° | 4Lo.01. n 41,13 39.26 | 0.955"
) .!! 1" " n 1 1" 5.0 ]+.56 39.97 1" )_'_l'o9 38.76 0.914_3 ]
" woon " " " 6,0 5.56 | 39.91 " 41,03 | 37.81 | 0.922
" mooon " " " 7.0 6.56..|.40.18. " 41.31 1 37.36.] 0.90k4
" moon u " " 9.0 8.56. |.40.00. .| bk1.12| 35.40 | 0.861
4 x 10 mg needles | Large 0.9..| 0.5. 3.0 2.63 .| L40.04 | 1.049 | L2.00| L0.31} 0.960 v
8 x.10 ™ " ne- "o " 5.0 L.63.].40.21 " 42,18 | 39.28 | 0.931
woo.oomon " " " 7.0 6.63. | 39.54 " | L4L1.,48 ] 37.10 | 0.894
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Hence,

. Total equivalent path in water

P = Actual path in water + 1.153 x Path in plexiglas

(R - Radius of air cavity of ion. ch. - Radius of Ra sources

-~ thickness of plexiglas) + 1.153 x Thickness of plexiglas

R - Radius of air cavity - Radius of Re sources

+ 0.153 x Thickness of plexiglas  (5)

Net correction = - Radius of air cavity - Radius of Ra sources

+ 0.153 x Thickness of plexiglas

" The net corrections to R for all the combination of parameters which were used

in the experiments are shown in table III.

Columns 7 and 10 of table II are the ionization readings obtained in
air and water, respectively, as already described. Each ionization reading in
air was multiplied by a correction factor calculated from equation 4 to correct
for gemma-ray attenuation in the total effective plexiglas in the radiation
path. This correction for the particular values of W and S shown in each line
ocholUmns 3 and k4, respectively, is given in column 8. and the corresponding

-value in’column 9 is the corrected ionization in air.

The vaiue given in each line of column 11 is the ratio of the value
in column 10 to the value in column 9, i.e., it is the ratiq of the exposure
. in water to the. exposure in air under the conditions of the measurement.

This ratio is, in fact, the fractional transmissiop through the corresponding

‘equivalent path in water as given in column 6.

The results given in table II are plotted in figure 9 where the

symbol used for each combination of parameters is as shown in the last column



TABLE III.

NET CORRECTION TO R TO- OBTAIN. EQUIVALENT. PATH P IN WATER

Radium Correction Ionization | Correction for Wall of | Sleeves over | . - _Tota]__ . Net.
_ for o . .r. .. | ionization X correction .
sources . chamber - air cavity . o radium B - correction
S radium source. N ~ :Chamber - » for. plexiglas S
Tubes -0.16 cm. - Large -0.48 cm. 0.6 cm. 0.5 cm. . +0.17 cm. -0.47 cm.
" " - " | 1.0 cm. +0.24 cm. -0.40 cm.
" " " " 0.9 cm. 0 _ +0.1h4 cm. -0.50 cm.
" " Small -0.16 cam. o o . +0.14 cm. -0.18 cm.
" ‘ " " " oo | 0.5 em.. | ~+0.21 cm. '-0.11 cm.
Needles -0.095 em. |~ Large | -0.48 cm. " . 0 +0.14 em. 20.L4k4 cm.
" " " " " - . 0.5 cm. '! - +0.21 em. | ~0.37 cm.f
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of table II. In this graph, fractional transmission has been plotted against
equivalent path in water, i.e., the values in column 11 of table II have been

plotted against the corresponding values in column 6.

The ionization readings in air. and in water as given in columns T
and iO, respectively, are in each case the averages of several readings taken
6h the same day. Where more than one reading has been-given'in the table for
the same combination of variables, the readings were taken on different days

and have been plotted as separate points in figure 9.

The curve shown in figure 9 is plotted from the following empirical
equation:

Fractional trensmission = e~(0-0110 + O'OQQGGP)P (6)

where P is the equivalent path in water. The fit of this equation . is at least

as good as the data being fitted.

5. Discussion of Results

Most of the measurements were made with the large ionization chamBer.
‘Since the volume of the air cavity of the large chamber was about nine times
that of the smell one, the required sensitivity of the amplifier was smaller
and the stability was better. Some measurements, however, were made with the
' small chamber to determine whether there was any systematic difference in
results which depended on the diameter of the air cavity. Due to the reduced
sensitivity of the dété&tor'all'these measurements were made with the radium
sources on circles of radii 5 cm. or less. In figure 9 the difference between
the results with the small chamber (symbols usedvu, o) and with the large one
(symbols used +, x, o) does not appear -to ﬁe greater than the general scgtter
6f the experimental points, i.e., for chambers of the size used, the diameter

of the air eavity did not appear to affect the results.
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No measurements were made to determine Whether the length Qf the
air cavity and.the active length of radium sources influenced the results.
The effect, if any, would be to change the effective distance R between the
radium sources and the detector and would be most important for small values
of R. Calculations were made to estimate the magnitude‘of this effect. The

geometry -of the arrangement is shown in figure 10.

dy - dx x
\ |
- - - - - - |
1
| ‘ [
|
|I |
L L
'
I
|

M.
Raedium source

Tonization
chamber

FIGURE 10. GEOMETRY OF THE EXPERIMENTAL ARRANGEMENT (3 x full scale)

In this diasgram, L is the active length of the radium source, % is
the effective length of the air cavity of the ionization chamber, R is the
perpendicular -distance from center to center, x is the distance of an element
of the air cavity from its center, y 1s the corresponding variable for the
raaium source and r is the oblique distance between an element of the
detector andban element "of the source. If S is the response of the detector,

then

ax .
2

ds = K M %%

HIO
(M)

where M is the quantity of radium, C is the specific gamma-rey constant of

radium and K is a constant of proportionality which depends on the sensit-
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ivity of the detector. (In this differential equation, oblique filtration in
the platinum container has been omitted since it would have negligible effect

on the results). Integrating

L 2 L 2
_ 2 2 2
. _ KoM 1 _ KeM 1 .
5 =55 /rzdxdy_% e
=L =2 -L -2
2 2

2

5

_ keM ~1fL+ 8\ -1{L - %
= I (L + %) tan (2R >-(L—2)tan <2R)

_Rln{l+<L2; R’>2}+Rln{l-(L2§ ’L)Z} )

For the values of L, £ and R used in the experiment, an acceptaeble approxima-

tion to the exact solution given in equation 7 can be obtained by using

tanZ=Z-%Z3 . and ln(l+Z)=Z--32;Z2 for 22 < 1.

With these approximations, equation 7 reduces to

2 22
=Ko /) 112+ a2} kM (8)
R? 12\ , R RZ

where Re is the effective distance between source and detector. For the

vorst case where L = 1.2 cm., £ = 1.9 cm. and R = 3.0 cm., Ry = 3.07 cm.

A change of 0.07 cm. in the abscissae of the points in figure 9 would not be

Jdetectable in view of the scatter of the.points.

Most of the measurements were made with 20 mg. radium tubes since
these were the largest sources available and it was desirable to obtain the
‘required activity for any given measurement with the minimum number of

sources. By this means the amount of manipulation and, hence, the radiation
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exposure of personnel was reduced. Some measurements were made, however,
with 10 mg. needles to determine #hether the difference in the gamma-ray
spectrum“resulting fromAthe.smallér)filtration affected the results. These
points are shﬁwn as triangles in figure 9. There may be some suggestion that
the transmission through water is_greatef for: the more lightly filtered radi-
ation but it would not bé justified to conclude from this experiment that
there is a real difference. If, in fact, the radiation from the moré lightly
filtered source is less rapidly attenuated in water than the radiation from
the heavily filtered source, as suggested by figure 9, it must be argued that
the degradation by scattering in the additional platinum ié more important

than the additional filtration.

Apart from a possible small dependence on the filtration of the
radium, there do not appear to be any systeﬁatic differences between results
obtained under different conditions of measurement, i.e., the differences
appear to be random. All experimental points lie within 1% of the empirical
curve fitted. to the data.. This is about the scatter which might be expected
from the sensitivity of the measuring equipment. The smallest ionization
currents measured were about 0.6 x 10"!2A.. Therefore, for 1% accuracy it
was necessary to read. a change in the ionizafion current. of 0.6 x 1071%4,
This was about the 1imit of sensitivity of the equipment used.* It appears
that if the curve drawn is in error more than 0.5 to 1%, it must be due to

systematic errors common to all the measurements.

The equation of the curve drawn in figure 9 has already been given,

namely,
Fractional transmission = e~(0.0110 + 0.00086P)P (6)

¥ The limit of accuracy of the measuring equipment used appears to be deter-
mined by a small erratic surface leakage of the polystyrene insulation used
in the ionization chamber when the insulation is exposed to radiation.
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The bracket of the exponent of thisnéQuation is of the nature of an attenu-
ation coefficient which increases with in¢reasing P. 'The experimental data

can be fitted equally well by the following empirical equation: -
Fractional transmission = 1 '- 0.01 P1:25 (9)

This equation differs from equation 6 by less than 0.2% for any value of f up
to 10 cm. For some purposes‘(16),.equatidn 9 is more. convenient to use than
equafion 6. Either equation must be considered as simply an empirical fit
of'thewexperimental data for the range of the measurements. Neither should
be extfapolated to larger values of P since neither has. a form to be expected
for large P. From equation 9 the fractional transmission becomes negative for
very largé values of P, which is impoSsible; 'In equation 6 the bracket rep-
resehting an attenuation coefficlent increases indefinitely with increasing P

instead of approaching a constant value as would be expected. .

- It ig to be noted that, from either equation 6 or -9, the apparent
absorption in water depends not only on the path in the water but also on the
distancé of the water from the source. For example, 1 cm. path in water be-
tween 9 and lO'cm, from the radium reduces the fractional transmission more
than 1 cm. path between 3 and MICm. from'£he radium. It was for this reason
that the ionization readings in air had to be'correctéd for gamma-ray atten-
uation in plexiglas and the plexiglas. included aé part of the equivalent path
in water. 1In other words, the fractional transmission as plotted in figure 9
is the transmission through water from the surface of the radium source to the
air cavity of .the ionization chamber. This is the closest possible expérimen— v
tal approach to-the usual situation in interstitial and intracavity radium
therapy in which the radium sources are surrounded by tissue and the point of

measurement lies in tissue.
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The results of the present work are compared with thOS¢’obtained
" by previous workers in taBle IV and in figure 11. Van Dilla and Hine's
fesulfs (9) have been omitted from this comparison since, due to the scale
used, it was not possible to read values in the range of ‘0 to 10 cm: with
reasonable accuracy from their published curve. In table IV the first column,
the distance from the source, is‘for the present.work the_equivalent path in
water. It is not clear from_the papers of the other investigators whether
they used the geometrical distance or corrected this to an equivalent path in
water. The values of fractional transmission in column 2 were read from the
empirical curve of figuré. 9 and those in columns 3 and-h'ﬁere read from the
curves published by the respective authors. The results of Kenney's group in

column 5 are as tabulated in their paper. In figure 11 thke best curves have

TABLE IV

A COMPARISON OF THE EXPFRIMENTAL  VALUES OF THE RATIO OF EXPOSURE IN WATER
TO EXPOSURE IN AIR OBTAINED.BY DIFFERENT INVESTIGATORS

Distance Present Ter-Pogossian Wootton KeiizchSd
from source work et -al (8) et .al (10) Cameroi (11)
1 2 : 3 ’ 4 5
2 cm. ©0.975 | 0.966 0.979 0.98
o 0.9Lk : 0.9k4k © 0.9k46 0.95
6 " 0.908 0.920 0.888 0.90
g " 0.866 0.890 0.822 0.88

0 " - 0.822 | 0.858 0.762 - 0.84

been plotted for Ter-Pogossian's, Wootton's and the present work (i.eﬂ, the
curves from which the data of columns 2, 3 and 4 were taken) but the individ-
ual points only have been plotted fof'Kénney's group. The scatter of Wootton's
points about his best curve is similar to the scatter in the present experiment,
i.e., about 0.5% on either side of the curve: In Ter—Pogossiﬁn’s work the
points scatter 1.5 to 2% on eithef side of the curve. The results of the

present work appear to differ from those of Ter-Pogossian et al and from
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Wootton and co-workers by morewfhan;the‘random expérimental error -of any one
of the experimernts. On the other hand, the results of Kenney's group are

scattered about the line of equation .6.

It is difficult to find reasons for the discrepancies between the
results of different investigators. . Possible causes of disagreement include
differences 'in the following factors: -

(a) Type of detector used.

(b) "Build-up" cap on detector ‘and correction for gamme-ray attenuation
in this cap. -

(c) Size and filtration of -radium sources used.

(d) Presence of secondary. electrons (or other soft component of radi-
ation) originating in the ‘platinum cohtainers of the soﬁrcés.v

ke) Method of supporting tlie radium sources,
(f) Size of water phantom used.

(g) Meaning of "distance fromeOurce to detector".

There is no suggestion' that the results of the different groups
differ due to the size .of water pliantom used since the phantoms in all cases -
were of adequate dimensions.. Neither is it possible that-the differences
depend on the radium sources used since all (with the exception of Van Dills
and Hine) used typical medical radium sources with 0.5 or 1.0 mm.‘platinum
filtratibn, Thefe weré diffe#enCes in the methods of'suppofting the rgdium
sources which might resuit-intémall”differences~in*théfscattef contribution
to the'peadingSvin'air but if;is.hard to believe that this factor is sufficient
to explain the discrepancies in.the final results. (It is to be noted that an
added scatter contribution to the air reading results.in a lower apparent
transmission through water). As already pointed out, it is. not clear from the

published papers that '"distance from source to detector" has the same meaning
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in each case but, at most, this factor would produce only a small lateral
shift in a curve whereas the curves obtained by different investigators differ

appreciably in slope.

Wootton's group made some measurements with a small ionization
chamber very similar to that used in the present work and some measurements
with a small anthracene crystal. In each case a total wall thickness of
0.57 cm. was used around the sensitive volume to provide.build—up and correc-
tion was made for gemma-ray attenuation in this wall. The results obtained
with. the two detectors were in fair agreement. The results with the anthra-
cene scintillation detector were, at small diétaﬂces, lower and, at large dis-
tances, higher than those measured with the ionization chamber but for large
distances were still appreciably lower than values obtained by Ter-Pogossian
et al with a similar anthracene crystal or obtained with an ionization chamber
in the present work. It appears from figure 5 that the wall thickness of
‘0.57 cn. used by Wootton was Justvadequatevto.prévide.ig;lbeiléfgpAand-tQ
absorb ény soft‘coﬁponent of radietion originatiﬁg'in the platinum wall of -the
- . source. The factor'bf 1.017 which was used to. correct for gamma-ray attenua-
tion»in the wall agrees almost\exactly-with the correction factor calculated
from equation 4. In view of the similarity of the experimertal conditions
" used it is very difficult to account for the Aifferences between the results

obtained by Wootton and. co-workers and those reported in this thesis.

It is more difficult‘to compare. the results of Ter-Pogossian's
group with those of the presenﬁ work since they used a small anthraéene cfyé— i
té# (3.5 mm. diametef and L mm. long) instead of an ionization chamber as the
detector. The crystal waS’surrounded by slightly more than 1 cm. of plexi-
glas which was certeinly sufficient. to.ensure full electron puild—up and £o

remove any soft component of radiation originating in the platinum container
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of the radium source. Correction was made for gemma-~ray attenuation in this
plexiglas but the correction used is not stated. As in all experiments of
this type, there is uncertainty about the values of "distance from source to
detector" but, as already noted, this factor could not explain the difference
in results. It is to be noted that the differences between Ter-Pogossian's
results with an anthracene crystal and the present results with en ionization
chamber are similar in both direction and magnitude to the differences ob-~
served by Wootton's group with the two types of detectors.. This suggests that
the response of the anthracene crystal is energy-dependent and for this reason
gives results different from those obtained.with the ionization chamber. Some
other factor of factors must be found, however, to explain the fact that
Wootton's results with either deteqtor are lower at large distences than thé
corresponding results obtained by Ter-Pogossien's group or by the present

investigator.

Kartha, Kenney and Cameron used an experimental set-up very similar
to that used by other workers except they used lithium fluoride thermolumin-
escent dosimeters which after irradiation were.read on a commercial reader.
The dosimeter capsules were surrounded by plastic of unstated thickness. The
average standard deviation of several readings.of the same exposure was found
to be 1.6%. Within this limit their experimental points are in agreement as

shown in figure 11 with the best curve obtained in the present work.

While the differences in the results of the different investigators
are still unexplained, iﬁ view of the genersal agreement with Ter-Pogossian
and Kenney it is unlikely that equations ‘6 and 9 are in error by more than
1 or 2% for distances of 10 cm. or less. it should be emphasized, however,
that neither equation (particularly equation 9) can be extrapolated apprec-

iably.
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PART IT

MEASUREMENTS OF . THE -APPARENT ABSORPTION. IN A .WATER. PHANTOM
WITH RADIUM SOURCES..IN.THE.SURFACE OF .THE.PHANTQM. .

1. Outline of Project

In the first part.of this experiment, exposures in a large water
phantom were compared with exposures . in air to determine the apparent frac-
tional transmission through water when radium sources and measuring instru-
ment were surrounded on all sides by several centimetres of water, i.e.,
were immersed in an essentially infinite Water‘phantom. The purpose of this
part of the experiment was to measure correction factors to be applied to the
above results to correct for the reduced exposuré in water resulting from re-
duced scatter when the radium sources were in the surface of the water instead
of immersed in the phanton. These'measurements are of interest in radium dos-
imetry because they provide useful data for the estimation of tissue doses due
to redium moulds in which, in general, the radium lies in the surface of
tissue~equivalent material and has absorbing and scattering material on one

side of the radium but no scattering material behind the radium.

In fact, the scope of this part of the experiment was broadened
to obtain more data than merely that required for the dosimetry of radium
moulds. The radium sources were placed in a plane with the detector on a
normel to this plane through the center of the radium and at & fixed distance
from the plane. This whole arrangement could be moved relative to.the surface
df a water phantom so that the radium sources and the detecfor could be com-
pletely immersed in water, could be in air well above the water or in any
intermediate position ineluding the one of particular interest in this experi-

ment, namely, the radium in the surface of the phantomn.
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2. Experimental éet-up

The geometry of the experimental-anrangement is shown in figure 12,
The radium sources were supported on a 1/8th-inch thick plexiglas plate
grooved so that the centers of the radium sources were at the level of‘the
upper surface of the plate. The 20 mg. radium tubes described in the first

part of this work were used for all measurements in this part.

All measurements were made with the large ionization cheamber al-
ready described using‘an added plexiglas cap to bring the total well thick-
ness to 0.9 cm. A plexiglas post cemented to the cap as shown in figure 12
supported the plexiglas plate carrying the radium sources at a fixed dlstance
vertically above the center of the ionization chamber. This‘distance could
be chenged by 1 em. intervals from 3 to 10 cm. by means of plexiglas spacers

inserted between the plate and the post.

Ionization currents were measured with the same preamplifier and

amplifier as in Part I of this work.

The ionization chamber with the supporting platform for the radium
soﬁrces was used in a plexiglas water phantom of surface area 50 cm. x 60 cm.
and 50 cm. deep which was already available. This phantom was provided with
a remotely controlled motor drive* which could be used to raise and lower the
ionizétibn chember and the radium in the tank. The arrangement is shown in
the photograph of figure 13. With the tank about half full of water and with
the ionization chamber and its associated preamplifier completely water-
proofed, the whole measufing assembly could be lowered so it was completely
immersed in water or raised 80 it was entirely in air abové the water or

could be placed in any intermediate position.

¥ The tank with its motor drive was designed for measurements of isodose
curves for a Cobalt 60 teletherapy unit. Its construction and use has
been described previously (21). ‘ -
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FIGURE 13. EXPERIMENTAL ARRANGEMENT FOR MOVING IONIZATION
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3. Measurement and Results =

Tonization current medsurements were made starting with the ioniza-
tion chamber at least 10 cm. above the surface of the water.and,ﬁhe relative
ionization was determined as the assembly was lowered into and below the
water. Measurements were continued until the radium was at least 15 cm.
below the surface of the water (but the ionization chamber at least 10 cm.
from the bottom of the tank). These,measuremehfs were made for distances of
3, 4, 6, 8 and 10 cm. between the center of the ionization chamber and the

plane of the centers of the radium sources.

The results of the above measurements are shown in figure 1L where
the ordinate is the ionization in any position relative to the ionization with
the assembly well above the water and the abscissa is the actual distance of
the plane of the centers of the radium below the surface of the water. One
curve has been plotted for each separation of“deﬁector and radium as indicated
by the legend on the figure. The points plotted are, in éeneral, averages of
two or more readings taken-onndifférent days. Particular émphasis was placed
on determining the maxima and minima of the curves.-accurately. The ipdividual
readings scattered up to 0.5% on either side of the average. It is to be .
noted ﬁhat the ordinates are uncorrected ratios of-ionizafion;currents, i.e.,
no corrections.have been made for gamma-ray attenuation in the wall of the

ionization chamber or in the platform supporting the radium.

-

To.improve the accuracy. of measurement a bracketing procedure was

|

used as in Part I of the project, i.e., leach reading was bracketed with read-

}

ings at a reference point so the differences could be détermined with meximum
accuracy. For convenience, two reference points were used, one on the flat
part of the curve with the asSemblyfwell above the water and one on the flat

{
part of the curve with the assembly completely immersed. This reduced con-
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siderably the time spent in moving from the point of measurement to the ref-
erence point. To relate the two parts of the curve accurately, a careful com-

parison was made between the two reference points.

4., Discussion of Results

- The explanation of the curves of figure 1lh4 is as follows. All
ionization currents were referred to the ionization current with the ioniza-
tion chamber at leaét 10 cm. above the water as already stated. As the assen-
bly was lowered so the ionization chamber approached the wgter, the ionization
current increased due to backscatter;from_thevwgterf-aThe.maximum was.regched
when the ionization chamber was just immersed in water, i.e., for a chamber ‘
-of -the dimensions used, When the center of the air cavity was 1.4 cm. below
the surface of the water or the radium was (d - 1.4) cm. ebove the water. As
 the assembly was lowered still further, the ipnization current fell rapidly
due to the increasing abéorption in water which much more thgn compensated
for the increasing scatter. The minimum ionization current occurred when the -
plexiglas plate carrying the radium touched the water, i.e., when the center
of “the radium was 0.3 cm., above the water, since in this position the absorp-
tion was a maximum. Beyond this position the absorption was cénstant but the
scatter contribution increased resulting in an increased . ionization current.
The ionization current reached a constant value when the assembly was immersed
in”an“essen%igilyminfinite4phantom.. For a separation d =10 cm.,.this required
.about 10 cm.iof water above the radium. If the ionization chamber had been
brought too close to the bottom of the tank the ionization current would have
decreased ggain due to decreased scatter. It wéé fof tﬁis reason that the

ionization chamber was kept at least 10 cm. from the bottom.

It is evident that, for any curve of figure 14, the ratio of the

reading with the assembly well immersed in water to the reading in air well
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above the water can‘be cémpared with the results of the previous part of the
experiménﬁ_if>the”distance d is converted to the equivalent path in water and
the air reading is corrected for gamma-ray attenuation in the plexiglas. By
comparison with equation 5 it is seen that the equivalent path in water for

the present case is given by the following:

Equivalent path in water

d - Radius of air cavity - Radius of Ra sources
+ 0.153 x Thickness of plexiglas

d - 0.48 - 0.16 + 0.153 (0.90 + 0.16) = (d - 0.48) cm.

Equation L4 was used to determine the correction for gamma-ray attenuation in

the plexiglas. From this equation

Correction factor = e0+0306(W + 1.35) _ ,0.0306(0.90 + 1.3 X 0.16)= 1 g3y

The values of the.fractional transmission through water.as. deter-
mined from the corrected readings for each value of 4 used in this part of the
exﬁeriment are compared in Table V with the corresponding.valuesAfrém Part I.
Column 3 gives the uncorrected ratios of the ionization.current in wﬁter to.
that in air as read from figure 14 and column U4 gives the ratios obtained

after correction of the air reading for gamma-ray attenuation in.the plexiglas.

TABLE V

A COMPARISON OF THE EXPERIMENTAL -VALUES OF FRACTIONAL
~ TRANSMISSION OBTAINED IN PART I AND PART IT

Distance 4 Equiga%ent Uncorrected Corrected :tFract%Qngl
o d pati in ratio ratio ransmission
- water . _ from fig. 9
3 ecm. 2.52 cm. 0.991 v 0.957 0.967
y o 3.52 " 0.975 0.9k4k2 0.951
6 " . 5.52° " 0.937 0.905 0.917
g " 7.52 " © 0.896 0.866 0.876
0 " 9.52 " 0.854 . 0.825 0.833
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The last column of the table is the-value>of thé‘fractiona1~transmission fpf
each equivalént path as-read from the curve of figure.9. These values are
seen in all cases to be intermediate between the uncorrected and the éérrected
ratios of the present experiment, being about 1% higher than the corrected
ratios with which they should agree. The consistency of the differences in
the values in the last two columns of the table suggests a systematic error

in one or the other experiment. There aré two possible sourﬁes of error in
the ratios determined from this part of the experiment. First, the distance d
which has been tabulated was the perpendicular distance between the ceﬁtre of
the ionization chamber and the plane of the radium. The average distance be-
tween the centre of the chamber and the centres of the radium sources would,
in fact, be a little greater than d. The differ;nce, hoWever, would be scarce-
ly significant. The more important source of e;ror in the second part of the
experiment 1s the correction used fbr-gamma-ray attenuation in the plexiglas-.
Equation 4 should still give a valid,cdrrectioﬁ for the wall of the ionization
chamber since the geometry is unchanged. It may, however, give an over-correc-
tion for the plexiglas plate carrying the radium since the absorption was due
to 0.16}cm. thickness of pléxiglas{but the scatter from the plate wquld be
greater than from a 0.16 cm. thick cylindrical sleeve, i.e., the overall atten-~
‘uation would be less than that due to the corresponding sleeve. In view of

" these uncertaintieé;‘the agreement between the values in the last two columns
of table V may be accepted as reaéonable verification of the results of the’
second‘part of the experimenf;‘ The“values_of the fractional transmission in
waterlas determined in pé?t I should, however, be considered much the more

reliable since they were measured in an experiment designed for the purpose.

The particular purpose of this part of the experiment, as stated in

the outline of the project, was to determine correction factors to be applied
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when the radium sources, instead of béing completely immersed in_a wvater phane_
tom, were located in fhe surface:oflthe phantém. The correction can be ob-
tained difectly from figure 1b fof each value of d used in the experiment by
teking the ratio of the ionization current when the radium was in the surfaée
of the water (i.e., abscissa = 0) to the'cohstant_ionization current with the
assembly well immersed in water (i.e., large positive abscissa). These,natips

are given in table VI.

TABLE VI

CORRECTION FACTORS FOR THE RADIUM IN THE SURFACE OF THE PHANTOM

JTonization with radium in surface
. Ionization with radium well immersed

Separation, 4

cm. 0.987
" - 0.983
M o 0.980#%

- 0.983
" : . -0.9Th
" . 0.967

1

¥ For d = 5 cm., this ratio only was measured, not the
- complete curve. . -

ThejcorrectiOn facters shown in table VI have been ?l@ffed in_fig-
ure 15 againsf the geparation d..wThe‘daté are not accuréte énouéh‘to dét¢r5
mine the exact quantiféfife rélationship between the céfrectidn factor and the
separation. Howevef, the correction factor must have a value of unity for
Zero separation. Thg straight line.draﬁn in figure .15 satisfies this con-
difion and fits all the points within experiméntal error. The equation of the
line is

Correction factor = 1 - 0.003kd ' (10)

To use the results of.this part of the experiment to determine the
exposure at a depth 4 in water (or tissue) when the radium sources are in the

surface of the water, the exposure at. the point in air is determined and this
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FIGURE 15. CORRECTION FACTORS FOR DIFFERENT VALUES OF 4.

isAmultiblied by a factor from figure 9 or from equation 6 or 9 (using Pi= a)
to find the exposure at the point when the sources are well immersed in water.
Then this product is multiplied by‘a second factor read from figure 15 or
equation 10 to correct for the reduced scatter when the sources are in the

surface of the phantom.

. ‘The work of Roberts and Honeyburne .(17) was not exhaustive and was
intended to determine semi-quantitatively to what degree 5cattering_compen—
‘sated for absorption for different geometries in a water phantom. - Their data

are not directly comparable with the present results.

Cook's measurements (18,19) were more extensive than those of this
part of the present emperiment in that he used extended sources of various
areas in the surface of the water phantom whereas compact souréés only (max-

imum overall area of radium sources = 2.2 cm. x 2.6 cm.) were used in the
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present work. On the other hand, Cook did not make measurements at distances
greater than-2 cm. from the plané erfhé radium. At s distancé 6fv2 cm.. from
a small radium distribution he fouhd'§5QUCh.larger apparent absorption in

water than would be obtained from the results of the present experiment..

The present experiment does not supply complete data for the dos;
imetry of radium moulds éince”measurements havé been ﬁade only along & nor-
mal through the centre of a,compgct radium source. It would be useful to make
similar_measurementé along parallel lines at various distances from the normal
through the centre of the source since this would make it possibie to aéter—
mine the exposure due to any arrsy of radium sources in the surface of the

phantomn.

It should be possible by further work to get a more quaqtitative
explanation of the curves of figure 1i. The absorption in the mediﬁﬁ between-
the radium source or sources and the point of measurement.can be calculated
from the total absorption coefficients of the phantom material, i.e., the
exposure at the point due to tﬁe primaryfgamma radiation can be celculated.
However, there are not date available-which make it possible to estimate the
. exposure af a point due to scattered radiation except fbr one or two partic-
u;ar‘geometries in which measurements have been madg.A'An analysis of the
cur?es of figure'lh which gave further information on the scatter contrib-
utions’from different parts of thé'irrddiatéd medium would be useful in prac-

tical radium dosimetry.
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