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PART ONE,

INVESTIGATIONS 1IN BETA-RAY DOSIMETRY
USING 32p,
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CHAPTER I.
INTRODUCTION.,

The investigation of the effects produced by
external irradiation with P-raya is of importance in
radioblology and especially in work on radiation pro-
tection. To carry out surface irradiation of animals
for this purpose, a convenient method is to place the
animals in an enclosure having p-active walls, A
suitable material for constructing such an enclosure
is phosphorus-Bakelite, a homogeneous mixture of
roughly equal parts by weight of red phosphorus and
Bakelite, Its properties are described by Bizzell
et al, (1). On activation of this material in a
thermal neutron flux the isotope 32p is formed, which
emits F—radiation of mean energy 0,69 leV, and high
specific activities are readily obtained, In an en~-
closure of radioactive phosphorus-Bakelite, called for
convenience a 32P box, the thickness of the walls
usually exceeds the range of 32? P—radiation. The
construction of various 32? boxes is described by
Raper et al. (2) end debails of the -°P box used in the
present experiments are given by Neary and Young (3).

The theoretical and experimental investigation
described here is concerned with the surface dosage

received by various masses of soft tissue of simple



3.
shape when placed in a 32p box. In particular, the
effects due to backscattered radiation are examined
in detail,

In the following chapters the general problem is
first discussed and a simple method is described for
deriving surface dosage rates (Chapter II), The
method is only approximate and limited in its appli-
cations and to correct it and extend it to more
general conditions, data on the backscattered radia-

tion produced by 32

P P-radiation are required.

The experiments carried out to provide this informa-
tion are described in Chapter III. A detailed
analysis of the problem of surface dosage follows in
Chapter IV and equations are derived for finding the
surface dosage in many systems of interest. Finally,
the experiments by which the theory was tested are

described in Chapter V,
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CHAPTER II.

ELEMENTARY METHOD FOR DERIVING SURFACE DOSAGE,

When tissue is irradiated with fi-rays, the dose
rate is defined as the energy absorbed per second per
unit mass of the tissue at the point under considera-
tion. The dose rate is usually derived fron
measurements of the ionisation rate in a small sir
cavity placed at the point considered. Thus for
such a cavity if J is the ionisation rate, expressed
as the number of ion pairs produced per second per ce
of air at N.T.P., 7 the average energy expended by a
fs-purticle in producing one ion pair in air, fﬁ the
ratio of the linear stopping power of tissue to that
of air at N.T.P. and d the tissue density, then the
dose rate, E, the energy absorbed per second per gm.
of tissua)is according to the Bragg-Gray relation
(Gray (4), (5) and (6))

E = Iep (1).

This equation spplies equally well to points on
the surface as well as in the interior of a tissue
mass,

The dose rate E may be expressed in ergs/gm./sec.
or since this unit is small in rad/sec., one rad
representing an energy dissipation of 100 ergs/gm.

For convenience in clinical work i&—ray dose rates
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are often expressed in rep/sec., one rep representing
a dose of 93.1 ergs/gnm. If D is the dose rate in
rep/sec. and J is expressed in e.s.u. per sec, per ce
of the cavity and if it is assumed that W = 32.5
electron volts and that the electronic density and
electronic stopping power of soft tissue are the
same as those of water then

D = jiJ (2)
where f"- is the electronic stopping power of water
relative to air and is about 1,01 for the f3—rays
emitted by radium, according to Neary (7).

In the theory and experiments to follow it is
convenient to discuss the problems for the most part
in terms of J, the ionisation rate. The ionisation
rate bears a fixed ratio to the dose rate and where
necessary the latter can be found from equation (1)

or (2).

Elementary Theory.

When a mass of soft tissue is placed in a 32P
box, i.,e. an enclosure whose walls are of radioactive
phosphorus-Bakelite, it is of ten difficult to measure
the surface ionisation rate snd hence dosage rate at
a given point on the mass. On the other hand it is
comparatively easy to measure JLH" the ionisation

rate in the empty 32p box when air absorption has
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been corrected for. It is therefore of interest to
find out under what conditions Ja", the surface ion-
igstion rate at a point on the tissue mass when air
absorption has been corrected for, can be derived
from J“".

Consider a system (Fig. 1) in which a large
sphere of soft tissue is placed centrally in a spher-
ical 3°p box, a very thin air film separating the
two. Initially the inner sphere is supposed replaced
by an exsctly similar one of phosphorus-Bakelite.

If the latter were given the same specific}:-activity
as the enclosure, then since absorption in the air
fiim is negligible, the ionisation rate on the surface
of the sphere would be equal %o J,, the ionisation
rate {corrected for air absorption) in the empty 32p
box. Further this surfuce joaisation rate would be
due equally to the inner sphere and the enclosure.
It follows that when the inner sphere is not radio-
active the surface ionisation rate Jzn.will be equal
to iJLﬂ‘ If the backscattered radiation produced in
soft tissue by P-—rays is the same as that for
phosphorus-Bakelite then when the inner sphere is of
soft tissue the surface ionisation rate will be the
same, So for the system considered (Fig, 1)

Jonp = 04500 J o (3).

This equation is discussed briefly by Raper et
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al, (2). It is argued that a point on the surface
of any large object in a 32p box reccives rsdiation
over a solid angle of 2mand hence the surface ion-
isation rate is %q*n. It is stated that the equa-
tion is only approximate because of p-ray scatter-
ing, but no further analysis is made.

Returning to the argument above it is clear,
in the first place, that equation (3) will require
modification if the backscattered radiations from
soft tissue and phosphorus-Bakelite differ signifi-
cantly.

Secondly, if the inner sphere of soft tissue 1s
made appreciably smaller than the 32P box while still
being large compared with the range of 32P 13‘
radiation in soft tissue, it is doubtful if equation
(3) will still apply. Since the tissue sphere mno
longer acts as a complete shield, preVe_nting ls-raya
from one part of the box reaching another part by a
direct path, the radiation received at a point on the
tissue sphere will be supplemented by radiation
emitted by one part of the wall and backscattered by
another,

Thirdly, if the radius of the inner sphere is
made comparable with the range of 32p fa-radiation
in soft tissue, then the inner sphere will be partiale

ly trensparent to F—ra.dia_tion and the surface
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ionisation rate will be increased,

To treat the first two effects in detail and
find the modifications required in equation (3) re-
quires data on the properties of the backscattered
radiation produced by 32p P-ra,ya. The experiments
to fulfil this need are described next and following

this the theoretical discussion is resumed.,
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CHAPTER III.

EAPERIMENTS ON BACKOSCATTERED DLTA-RADIATION,

If a thin air film separates a thick F—active
plaque of phosphorus-Hakelite of large area from a
thick layer of inactive material of large area (Fig.
2), the ionisation rate Ji at the centre of the film
may be split into two components:

(1) the ionisation rate Jg due to forward radia-
tion, i.e. to F—-rays making their first
traversal of the air film and

(2) the ionisation rate due to P—rays backscattered
one or more times, i.e. making their second or
higher order traversal of the air film., This
component is proportional to Je and will be
denoted by RJ, where R is called the total
backscatter coefficient.

Hence Jg = Jg(1 + R) (4).

Sometimes it is convenient to analyse the ion-
isation rate caused by backscattered radiation into
a series of components, The ionisation rate of the
nth component is due to F-rays making their (n + 1)Th
traversal of the air film, When the inactive layer
(Fig. 2) is of phosphorus-Bakelite, the total back-
scatter coefficient is denoted by R,. If the ion-
isation rate due to the first component of the backe

scattered radiation is rlJf where r, is called the

1
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single backscatter coefficient, it seems plausible

th

to teke the ionisation rate due to the n component

as rian. Summing all the components we obtain
!

If the inactive layer is not of phosphorus-
Bakelite but of another materisl of total backscatter
coefficient Ry and has a single backscatter coeffic-
ient r,, then since the F—rays are backscattered
alternately by the phosphorus-Bakelite and by the ine

active material, it follows by summing the series of

components that

R =;‘_..f._1.".g__._
25T, - (6).

Experiments were carried out to determine (1)
the relative values of (1 + R) for various materials,
(2) the absorption coefficient of the backscattered
radiation, (3) the values of R and r for various
materials. The resul®s are needed to develop the
theory of surface ionisation rates in a 32p pox but

the accuracy required is only moderate,

Relative values of (1 + R),

In the first experiments a small coin-shaped
ionisation chamber was inserted between a F-plaque

of phosphorus-Bekelite (5,2 x 7.7 cm,) and a thick

plaque (12,5 x 10.0 cm.) of the material under test,
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X1,
called the backscatterer (Fig. 3). The ionisation
chamber (height 0.90 and diameter 2.3 cm.) was de=-
signed to be as transparent as possible to the P-
radiation. It was made from graphited paper (8.8
mg./cm.a) except for the side facing the back-
scatterer, which was made from a disc of very thin
aluminium foil (0.25 mg./cm.z) of diameter 1.9 cm.,
surrounded by a rim of graphited paper (8.8 mg./cm.g)
of width 0.4 cm. The central collecting electrode
was a thin cylinder of aluminium foil of radius 0.5
mm. end thickness 5 mg./cm.z. This electrode was
fitted to a standard chamber stem (radius 0.45 cm,),
equipped with a guard ring and a lead carrying the
H.T. supply to the outer electrode.

The ionisation currents were measured with a
Townsend balance system using a Lindemann electro-
meter as the null detector. The high ionisation
rates at the surface of the plaque - of the order of
500 e.s.u./cec./hr. - allowed accurate measurements
%o be made, Frequent tests were made by plotting
chamber current : voltage curves to ensure that com-
plete ion collection was obtained and that no ion
multiplication occurred., DBecause of the fragile
nature of the chamber, frequent checks were necessary
to ensure that no distortion had occurred snd this
was done by meassuring the chamber current when the

chamber wass returned to a fixed position between a
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fs-plaque and a backscatterer at a fixed distance
apart.

For the measurements of the relative values of
(L + R) a sheet of acrylic resin (Perspex) was taken
as the standard. The ionisation rate in the chamber
was read for a variety of values of hl' the distance
from the chember mid-point to the plaque and h,, the
distance from the mid-point to the backscatterer,
both for the material under test and for the standard,
It was found that the ratio of the ionisation rates
varied linearly with h1 ard h, for values of h2
ranging from 0,60 cm. to 1.50 cm., and for values of
h; from 0.60 to 1,00 cm., and therefore an extrapola-
tion process was permissible to find the ratio of
total ionisation rates at hp = 0, h) = 0., It was
found that on extrapolating the experimental ratios
fér a fixed value of hy and variable h, that the
valugs corresponding to h2 = 0 hardly changed as hy
was varied. The total extrapolation factor for
aluminium was 1,035 and for lead 1.10, both measured
from the lowest velues of h; and h, used.

The extrapolated velue of the ratio of total
ionisation rates gives the value that would be obtain-
ed in the idesl system of a thin air film separating
a plague and backscatterer of large area, but a small

correctlion is necessary for the backscatter



TABLE 1
RELATIVE VALUES OF (1 + R)

Material l+ R
Acrylic Resin| 1,000
Aluminium 1.137

| copper 1.290
Lead 1,510
TABLE 2

RELATIVE VAIUES OF (1 + R)

Relative Total
laterial Ionisation Rate l1+R
at hy = h, = 0,85 .cm.

Polythene 0,982 0.970
Polystyrene 0,994 0.990
Acrylic Resin - 1,000 1,000
Tissue FPhantom liaterial 1,000 1,000
Soft Tissue 1,021 1.033
Phosphorus-Bakelite 1,046 1,067
Aluminiun 1,088 )«137
Copper 1.205 1,290
Lead 1,383 1.510

Note: All values in Tables 1 and 2 afe uncorrected for chamber
backsecatter,
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contribution from the chamber itself and this is made
later (p.23 ).

The full extrapolation process was carried out
for three materials relative to acrylic resin and the
uncorrected values of (1 + R) relative to that for
acrylic resin are shown in Table 1.

Ihe total ionisation rates were then measured for
e veriety of materials for a fixed value of hy = 0,85
cm, and hy, = 0,85 cm., and the corrections required
to give the relative values of (1 + R) were derived
from the known corrections for the three materials of
Table 1. The relative lonisation rates and the
values of (1 + R), uncorrected for chamber backscatten
gre given in Table 2.

The acrylic resin and polythene used were I.C.I.
commercial products, and the polystyrene was made by
B.D.X. The tissue phantom material was liix D, as
described by Jones and Raine (8), The material
chosen to simulate soft tissue was an agar gel, con=-
taining 1% by weight of agar. The layer of sulphide
and oxide on the lead backscatierer was carefully
removed,

In a supplementary experiment lhe pho sphorus-
Bakelite plague was covered with an aluminium absor-
ber (428 mg./bm.z) which reduced the ionisation cham=—

ber current to 3% of ite previous value. The



TABLE
EFFECT OF ALUMINIUNM ABSORBER.

Relative Values of (1 + R)
Material
Bare Plague Al Filter
Acrylic Resin - 1.000 1.00
Aluminium 1,337 1.12
Copper 1,290 1,32
Lead lo 510 l. 65
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relative values of (1 + R) were determined by the
same method as before for eluminium, copper and lead.
The results (Table 3) show that for aluminium and
copper the relative values of (1 + R) change very

little.

Absorption of Backscattered Radiation,

To derive the absolute values of (1 + R) it is
necessary to investigate the absorption of back-
scattered radiation in materials coﬁposed of light
elements.

Consider a system (Fig. 4) consisting of a fa-
plaque of phosphorus-Békelite of infinite area
separated by a thin air film from a thick layer of
backscattering material, It is assumed:=

(1) that the ionisation rate produced by forward
radiation in the material decreases exponenw
tially so that at a depth of m mg./cm.? the
ionisation rate due to forward radiation may
be written as er1““'where‘fi is the absorp=-
tion coefficient of the forward radiation,

(2) that the ionisation rate produced by the P-
radiation backscattered by a thin layer AB of
thickness dm mg./em.2 at this depth is
kJpeM™ dm at AB, and

(3) thet the ionisation rate produced by the
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’s-radiation backscettered from AB falls off

exponentially so that its contribution fto the

total ionisation rate in the air film is

ddy = kae")‘"'.e")"'“dm (7)

whero)u'is called the absorption coefficient

for the backscattered P-radiation.
Integrating over the whole thickness of the back-
scatterer to find the ionisation rate Jy due to the
Lackscatterer, we obitain

kdg

o Ty (8).
But by the definition of R
Jp = Rds.
e k = QP +}J')R (9).

If a composite backscatterer (Fig. 5) is now used,
consisting of m, mg?./cm.2 of material A covering a
thick layer of another material B, the ionisation rate
in the air film nay now be found, The contribution

due to backscatter from A, denoted by jl, is
‘m| ]
J = !QiQP'fFJ):& . Qﬂrﬁp hmchn
(o)

where suffix one is used for the constants appropriate

to A and suffix two is used for those of B.
( ')
o i = BT - e AT (10).
The contribution made by the thick layer of B is.

o Rl

m
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assuming that the backscattered radiation from B has

also absorption coefficient }JJ in material A.

)
~ - m
. on’:Rsza (/J'+)" )l (ll).
Hence the ionisation rate due to the total back-

scattered radiation is
;-i-).lg)m, - |*‘)‘| )m
T = 'J; LR (! + Ry e :I (12).

The total ionisation rate including forward radiation

is

|‘|' - + l)
;l}_[l-l-ﬂ(l /u)) Re“(‘u)‘ :l (13)s
But for a complete backscatterer of material A the
total ionisation rate is
Jq =.Jf(1 + Rl)
and for material B the total ionisation rate is
J2 = Jf(l + Ra)o
Substituting these values in equation (13) we find
Je = J )
i SRR R P (14).
Thus by measuring J¢ for various values of m it is
possible to derive the value of (/.a.+/.',' ) and since
ju,can be readily measured the value of'}m’ can be
found. While equation (14) is derived for a system
of infinite area, a reasonable approximation to the
value of (j4‘+,P: ) will be obtained with a system of

moderate area if the ionisation rates are determined

over the central region of the air film,



-0
T - T\ o g
- A SN

N
ObT Ng
\\
P X
\\'Q\
OLT A
.\\“
(W] ! + ' 4 - y + : ' , —
(@) 20 40 .o 80 100 120

ALUMINUM  THICKNESS (mg./cmd)

FIG. 6. Curve showing how total ionisation rate

decreases as aluminium layers are added to a

lead backscatterer,




ﬂ‘o__onw,:.m E _@nﬁdon_m.
Lead

PE EET
PERSPEX SH Goard Rig
Am:-O_...w—.:ﬁm.

Im:mwoﬂwﬂ%l . mﬂ_m_mﬁwm ALUMINIUM FOIL

— . 2

o P |}u|-.q1\-\l\|\..\ .u_.nucu\..o\\
. ve ol S o iy - €T ST Ty o Ll >
- - . . .M L P . - .l "‘ "‘
"oty eb, "0 L ¢ rh\oo\h‘h\o. _s.__fg- \i\. .(\m!l-\ * .V\_!'u tat_\”...___.\-\\\.-c 4 \\\l \... ._.-r .\” (Y 4 l
“'e Al " . ". iy e th-‘ﬂ“ﬂﬁ“\/lh § \ﬁ‘u\h-m» gt l.-" .t-.'ovl\.ll“ﬂ-a\.ual.\\/

RADIOACTIVE PHOSPHORUS-BAKELITE

Fig. 7. Apparatus used to measure mdmou.wﬂ..on.o& umw B-radiation in aluminium,
] L

Note: \mlwm% ionisation chamber is the "2rr" ionisation chamber
wﬂ.._..._.% described on p. 52.

1



17.

The same apparatus (Fig. 3) was used as in the
experiment to determine the relative values of
(L + R), the mid-point of the coin-shaped chamber
being 0,65 cn. from the plaque =znd 0.90 cm. from the
composite backscatterer. Lead was used as material
B and aluminium ass material A in order to obtain a
reasonable difference in the total ionisation rates.
Measurements were made of the total ionisation rate
vwhen foils of eluminium, of 20.5 mg/cm.? thickness,

Ji =
were used %o cover the lead, The values of ij——jl
27 Y1

were calculated, their logarithms plotted against
the values of aluminium thickness (Fig. 6), and the
value of sp,+/u:) found, A small correction (24%)
was made for the fact that with a finite spacing of
the plaque and backscatterer a slightly lower value
of (p,+p' ) is obtained due to the difference in the
extrapolation factors for lead and aluminium,

It was found that

(/”'+¢F: ) = 0.0214 * 0,0006 cm.?/mg.

In the experiment carried cut to find the value
of)m , A small fa-ray ionisation chamber of shallow
depth (Fig. 7) was placed with its base flush with a
large sheet of ascrylic resin at a height of 0.8 cm,
above 8 F—plaqua of phosphorus-Bakelite. Readings
of the chamber current were made with different

thicknesses of aluminium on the plague, and from the
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results (Fig. 8) it was concluded that the absorptiom
obeyed the exponsntial law. A small correction (1%)
was nmade to cover the slight increase in the back-
scatter when aluminium foils were placed on the
plaque and it was found that for aluminium

M, = 0.0088 X 0.0003 cm.?/ng.
and that hence

/u,' = 0,0126 % 0.0007 cm.?%/mg.

The value of /pﬁ derived is sufficiently accur-
ate since it is used only for making small correc-
tions in the experiment to follow. From this result
it appeasrs that the ionisation due to the back-
geattered radistion from a thin layer is reduced to
half its initisl value when the radiation traverses

a layer of 55 mg./cm.2 of material,

Determination of R.

(a) Ionisation Measurements.

In a previous experiment the relative values of
(1 + R) were found for various materisls and hence,
if R is determined for any one materiel, the values
of R for all the materials can be derived.

If the total ionisation rate at the centre of
the surface of a ’B-plaque of phosphorus-Bakelite of
large area, separated by a thin eir film from an
overlying thick layer of acryliec resin, is denoted by
Jp, and if the total ionisation rete at the seme
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point when there is only sir above the F-plaque
is denoted by J,, air backscatter Leing corrected
for, then since J, is the ionisation rate due solely
to forward F-radiation

Jd
P
.3; = (l + R) (15)

where R is the total backscatter coefficient for
acrylic resin,

The same apparatus (Fig. 3) was used as in the
experiment to determine the relative values of
(L + R). To determine Jp, the chamber current was
measured with the chamber at various distances from
the ,a—plaque snd the overlying sheet of acrylic
resin, By an extrapolation process the chamber
current and hence the value of Jp were found for an
infinitely small air gap. The correction required
for backscatter from the components of the ionisation
chamber is negligible since the materials used in the
chamber had much the same total backscatter coeffic-
ient as acrylic resin, and slthough a small chamber
effect exists for finite spacings of the plagque and
the acrylic resin sheet it disappears in the extra-
polation process.

The ionisation rate at the surface of the plaque
with no backscatterer present was measured. The
plagque was exposed in a large room, of height and

width exceeding 30 feet, with only the ionisation
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chamber and its stem above it. Readings of the
chamber current were taken at various heights above
the plaque and by extrapolation the chamber current
and the ionisation rate at the surface of the plague
were found. This ionisation rate still requires
correction for the backscatter due to the chamber and
the air but denoting the uncorrected value by Ja' it
was found that

J
2 = 1.162,
Ja'

(b) Air and Chamber Corrections.

In celculating the corrections for air and
chamber backscatter, it is permissible to introduce
some approximations. The air correction was assess=
ed by éaloulating the value of the ionisation rate at
the centre of the plaque due to the backscattered
radiation from the air. The first simplification
introduced is to replace the rectangular plaque by a
circular one of equal area, If the ionisation rate
due to forward fs—radiation is Jg at the centre of
the surface of the plaque (radius a) then assuming
that the plaque surface obeys the cosine law of
emission the ionisation rate Jh due to forward fa_
radiation at height h above the centre of the plaque

is
Iy, = Je(l - L P, (16)
(h2 + a2)%




21,
when air absorption is neglected. When air absorp=
tion is taken into account an%)ﬁ‘is the linear absorp-
tion coefficient then
Tp = JeN1 - m) (17).

The forward ionisetion rate at height h cm, is
less at points distant from the centre. The varia-
tion of Jg is difficult to express in analytical form
but a simplification may be introduced by which the
forward ionisation rate is regarded as remaining cone-
stant at the value J),, over a circle of radius r and
is zero outside. The radius r is given by

Jpemr? = J a2 (18).

This implies that in the absence of air absorp-
tion the integrated ionisation rate remains the same
at all heights,

For a thin layer of air of thickness Sm at
height h cm. above a F-@laque of infinite area, the
ionisation rate at the surface of the plaque due to
radiation backscattered from this layer is

Jp = (/ul+ﬂf )R.Tfta"()"'L +M)hgp
whera.)hfis the linear gbsorption coefficient of the
backscattered radiation and R is the total backscatter
coefficient for air.

For the F-plaque of radius a, it is assumed
that the ionisation rate along the central line of

the system due to the backscattered radiation
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decresses according to a law similsr to that for
forward P-radiation (equation (11)). dence the
contribution to the ionisation rate nt the centre of

the plaque by a thin layer of air at height h cm. is

STy =1y + 1 ) RJ;O._f_Fﬂ-)( C:;j)'ﬁ&vw%
.09)

This equation was used to compute the total ione
isation rate due to the rasdiation backscattered from
the air. Since the value of R was required and to
derive this from equation (15) the air correction is
required, a method of successive approximations was
necessary. The velues Of,*ﬁ anﬂ./qf were derived
from the measured mass absorption coefficients for
gluminiun, The rapid decrease in the contributions
made to the ionisation rate as the height of the layer

is increased is shown in Fig. 93 it is mainly due to
h
(h2 + 32)5‘

the rapid decrease in the factor (1 -

At the temperature and pressure of the air during
the measurement of J,', the ionisation rate due to
the air bacikscatter was found to be

Jp = 0.013Jd¢.

The correction required for the chamber back-
scatter was made in a sinmilar way. The parts of the
chamber were regzrded as radistors of backscattered
radiation and the ionisation rates produced by them

in the chamber were calculsted. The contributions



TABLE
IONISATION RATE DUE TO CHAMBER CONIONENTS,

Ionisation Rate
Component (relative to that for

forward radiation)

Circular Vall 00,0059
Stem - 0,0088
Collecting Electrode 0,0022

Top Wall 0.0033
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made by the four components - the circular wall of
the chamber, the ionisation stem, the collecting
electrode and the top wall of the chamber snre given
in Table 4, The sum of the contributions was

0.0202J ¢.

(e) Final value of R.

Since Ja' = Ja + OcOlBJa + 0.0202‘}‘&
and 9p . 1,162
=

J
o.. -I-j" = 10197

Ja
and .*, (1+ R) = 1,197 for acrylic resin., The
experimental error is estimated at X 0.02 and so we
finally obtain
R = 0.20 I 0,02.

Final results.

The relative values of (1 + R) can now be cor-
rected for the small backscatter produced by the
chamber, To do this it is necessary to calculate
the ionisation rate produced by this backscatter and
the reduction in the ionisation rate for the material
under investigation, caused by the absorption in the
chamber, The correction as seen from Table 5 is
small for most materials and even for lead amounts to

only 2.5%. From the corrected values of (1 + R) the



TABLE 5

BACKSCATTER FROM VARICUS IMATERIALS.

Relative Values of (1 + R)
Material , R X

Uncorrected Corrected
Acrylic Resin 1.00 1.00 .20 .16
Polythene 0.97 .97 .16 13
Polystyrene 0.99 0.99 .19 «15
Tissue Phantom Material 1.00 1,00 .20 .16
Soft Tissue 1,033 1.035 24 «19
50% Fhosphorus-Bakelite 1,067 1,070 .28 22
Aluminium 3.137 1.145 «37 .28
Copper 1.290 1,310 o 5T 42
Lead 1.510 1.545 .85 .61
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values of R and r can be derived and are given in
Table 5.

The s%andard error in the relative values of
(1 + R) is estimated to be less than f 0.0l for sub-
stances of mean atomic number lower than aluminium,
For lead the error is estimated at X 0.045 and for
copper ¥ 0.02. The values of R and r carry a stand-
ard error of I 10%.

The results given in Table 5 are in general
agreement with those of Neary (7) obtained under
sinmilar conditions but using the F-radiation from
radium applicators.

Most investigations on the backscattered radia-
tion produced by P—radiation have been carried out
with end-window counters, Usually the increases in
counting rate obtained when a thin source of 32P is
backed by various materials have been measured. The
results of such experiments, as reported by Zumwalt
(9), Burtt (10) and Yaffe and Justus (11), exhibit an
increase in backscatter with increasing atomic number
similar to that found here.

When a f&-ray ionisation chamber of conventional
design, i.e. having a solid base snd a shallow col-
lecting volume, is used to find the dose rate in

32

tissue for “"P applicators, the results of Table 5

may be used to correct the readings when the base
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material differs significantly from soft tissue, e.g.

aluminium,

Note. In a published account of part of this work

(MeInally and Neary (12)) the value of r for
soft tissue is erroneously given as 0.20 instead

of the correct value.0.19.
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CHAPTER IV,

THEORZTICAL DERIVATION OF SURFACE DOSAGE RATES,

It is now possible to correct and extend the
method, given on p. 5, for finding the surface ion-
isation rate and hence the dosage rate for a mass of
soft tissue placed in a 32? box. Three factors will
be considered in turn:

(a) the modification in equation (3), (p. 6), re-
quired by the difference in backscatter from
soft tissue and phosphorus-Bakelite

(b) the effect of having a finite air gap between
the tissue mass and the 3°P box, and

(e¢) the effect of making the dimensions of the
tissue mass comparable with the range of 32p
P-radiation in soft tissue.

The theory is first developed for systems having
spherical geometry and then the applicability of the
results to other systems, including that used in the
experimental tests, is discussed, Usually explicit
reference is made only to the surface ionisation
rate, but this bears a fixed ratio to the surface

dosage rate (p. 5).

Modification of Flementsry Theory.

The surface ionisation rate Jz" for a large

sphere of soft tissue placed centrally in a closely-
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fitting spherical 32p pox was considered previously
(p. 5). It was shown that, if the inner sphere
was replaced by one of inactive phosphorus—Békelite,
the surface ionisation rate was equal to half Jhﬂ’
the corrected ionisation rate in the empty 32? box.
In the absence of information on the difference in
backscatter from soft tissue and phosphorus-~Dakelite,
it was concluded tinet the ionisation rate on an inner
sphere of soft tissue would be the same,

But from the results given in Table 5 (p.24 ),
when a thick plaque of ’3-active phosphorus-Bakelite
of large area is separated by a thin air film from an
overlying thick layer of material, the ionisation
rate at the centre of the film for a layer of soft
tissue is 0.966 of that for a layer of phosphorus-
Bakelite. A similax ?acresse will hold for the pre-
sent system and hence on the surface of a laxge
sphere of soft tissue in a closely-fitting 32P box
the surface ionisation rate is

Jy, = 0.4839 (20).

Effect of Finite Air Gap.

Consider a spherical mass of soft tissue (Fig.
10), placed centrslly in a 32P box of spherical shape,
the radius of the tissue sphere, a, being less than

that of the 32D box, b, but still large compared with
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radiation from the inner sphere is emitted from a

2 and is received and backscattered by

surface of 4na
a surface of area 4wb2. Hence the ionisation rate
at the inner sphere produced by this backscattered
radiation, being proportional to %;, is negligible
for the present system. The decrease due to this
effect is annulled by an increasse due to }s-radiation
emitted by the outer sphere and backscattered by the
walls of the outer sphere before reaching the inner
sphere. In effect, the outer sphere is thus res-
ponsible for more than helf of the surface ionisation
rate on the inner sphere. Therefore, when the inner
sphere is not rasdioactive, the ionisation rate at its
surface is greater than half J .. A similar effect
will occur when the inner sphere is of soft tissue.
To derive the actual increases, the inner sphere
is first considered to be of radioactive phosphorus-
Bakelite. Let r) denote the single backscattier
coefficient and Ry the total backscatter coefficient
for phosphorus-Bakelite (p. 9 ). The surface ione
isation rate on the inner sphere may be divided into
three components. The first, Jyx', is due to }3-
radiation from the inner sphere itself and as may be

seen from the case of a closely-fitting spherical 32p

box
2Jx'(l + Rl) = Jhn‘

I 0= 3l - 1)  (2).
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that
Jzﬂz 0.4833&11 (20).

Thus there is a considerable increase (23%) in

the surface ionisation rate and hence dose rate when

the air gap separating the sphere and enclosure is

large.
The intermediate case may be investigated by

introducing some simplifying assumptions. It is
assumed that when a flux F of fs—rays is incident on
a surface a backscattered flux rF is produced, This
is assumed to hold whether or not the incident flux
is isotropic. The backscattered flux is assumed to
be emitted according to the cosine law. The ionis-
ation rate at a point is proportional to the flux at
the point, and the constant of proportionality is
taken to be independent of the number of backscatter-
ing processes which the flux has undergone.

These assumptions are not strictly velid.
Neary (7) has shown that for fs-radiation incident
mainly normally the amount of backscatter is less
than for an isotropic beam, but the error introduced
by disregsarding this is believed to be small, Fur-
ther the constant of proportionality relating ionisa-
tion rate and flux increases as the mean energy of
the flux fealls, The error introduced is small since
the contribution made to the surfaceionisation rate by

radiation which has undergone more than two back-
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scattering processes is small,

_The surface ionisation rate, J,» on the tissue
sphere of radius a, centrally placed in a spherical
32P box of radius b, is due to lﬁ-r&diation= which
impinges directly or has suffered one or more back-
scattering processes by the inner sphere or enclosure,
The various streams of fs-rays may be divided into
groups (Figs 11). The first group includes all =
rays waich reach the tissue sphere without being
backscattered by phosphorus-Bakelite. The second
group includes all those which have been backscattered
orice by the phosphorus-Bakelite. It includes /3-
rays backscattered once by soft tissue and then once
by phosphorus-Bakelite as well as those reaching the
inner sphere for the first time after being backe
scattered by phosphorus-Bakelite, The nth group
includes all those which have been backscattered
(n = 1) times by the phosphorus-Bakelite.

Zach element of area d5 of the outer sphere is
taken to emit a flux f.ces ©.4d3 per unit solid angle
at an angle & to the normal of the element, Unit
area thus emits a total flux nf over a solid angle of
21MMe The incident flux per unit area of the tissue
sphere due to the primary flux from the whole of the
outer sphere is isotropic and of magnitude Mf, The
ionication rate produced by this flux together with

the first-order backscattefed radiation i%¥ produces is



Radius of sphere of soft tissue:a

Radius of 32P box=b.

Fig. 12,
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i = mkf(l + r2) (28)
where k is a constant, being the ionisation rate pro-
duced by unit isotropic flux without backscatter.
Equation (28) thus gives the contribution made by the
first group of P-raya.

The primary flux of P-rays on the tissue sphere
produces a total backscattered flux of 4ua2.nfr2, and
this falls on the outer sphere of total area 4wb2,
thus causing each element dS of the outer sphere to

2
produce a backscattered flux rir2'§?'f cos @ dS per

unit solid angle at angle 8 to the normal of the
element. Due to this, a flux per unit area of
amount

2

“frir2%E (29)

falls on the tissue sphere, this being the first
component of the second group.

There is a further component due %o Pwradiation
which is backscattered once by the phosphorus-
Bakelite before reaching the tissue sphere for the
first time. An element of the outer sphere dS,
(Fig. 12) receives from another element dS, an amount
of primary flux given by

£ cos & dwgds,, (30)
where Auﬁ is the solid angle which d435; subtends at
dSo and 8 is the angle of emission, The total inci-

dent flux of this kind received bydS; is given by
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summing over the whole sphere except for the region
PQ (Fig. 12) which is screened by the inner sphere.

Since
dS1 cos O
X

' dw|_=

where x is the length of the line joining 43, and
dSp, we cen rewrite the primary flux received by dS;
from dSpo as f cos @ clu.;zdsl, where dwa is the solid
angle which dS, subtends at dSl. The contribution
made by the area of the sphere which lies between
angle © and € + @ is thus

2nf sin 8 cos 6484sS

1
end therefore we %&nd theat the total incident flux
2
= 21f sin © cos 6 do dSl
wir™! %
2
= ipfds,(1 - & (32,

Thie flux is backscattered and the backscatter
forms the second component of the second group. The
flux which is incident per unit area of the tissue

sphere due to this component is mr,f(1 - a2). The
4 b2

2
first component produces a flux ﬂfrirzég and thus we
b

obtain for the ionisation rate at the inner sphere

due to the second group
2 2
Jo = (1 + ra)nkf[? rof. + (1 - )](32)
2 8 12 %2

or
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Jo = M
where M = rlrz§§ + (1 - %;) a3
The flux of the third group is evaluated simi-
larly. It has four components (Fig. 1l):

(1) B -rays which have not been backscattered by
soft tissue.

(2) F-rays backscettered alternately by soft
tissue and phosphorus-Bakelite.

(3) P-raya backscattered first by soft tissue and
then twice by phosphorus-Bakelite.

(4) fs-raya backscattered first by phosphorus-
Bakelite then by tissue and lastly by phqsphdmkh
Bakelite.

It is found that the total incident flux per unit!
area of the inner sphere is “f(rlri!%; + rl(l - :3-‘2?-))
for this third group. Thus the ionisation rate pro-

duced on the tissue sphere is

33 = M2y, (34).
For the nth group the ionigsation rate is
31’1 o }“&1 i l)jl (35)-

Summing for the infinite series of groups we find
that the total surface ionisation rate on the tissue
Bphere is

Jon = Tg'l"‘ﬁ

= (1 + ro)nkf (36).
T =W
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Lquation (36) will also apply to an inner sphere

of inactive phosphorus-Bakelite if we put rp = ry,

If we consider a system in which an inner sphere of

insetive phosphorus-Bakelite is enclosed in a closely-

fitting 32p pox then, since U -)*qa-,

iz
But Jan = %'Jkﬂ

e nkf = 39, (1 - 1)

(37).

(38).

Returning to the generasl equation (36) and substitute

ing for wkf we find

Jzn =

glun(l + T2)(1 - T1)

T - %)

(39).

Substituting for M from equation (33) and rearrang-

ing the expression we finally obtain

(1 + ro)

Jz.rr = %Jhﬂ

1 + rlae(l - r2)

bz(l - 1)

(40).

This equation includes the two special cases dis-

cussed before:

(1) when a—Dd

(1 + 7)1 - 1)

JZIT = Nhﬁ i rlra

(1 + Ro)
(1L + Ry

which is equation (20) (p. 27)

- %JI.JI

(2) when %-}0

which is equation (27) (p. 30).
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From equation (40) it is deduced that equation
(27) will hold to within 1% if % <, 0.22 and hence
the solid angle subtended by the tissue sphere at a
point on the outer sphere is less than 0.024. 2m,
Thus, when the air gap is more than 3.5 times the
radius of the tissue sphere, the surface ionisation
rate on the tissue sphere is within 1% of that ob-
tained with a very large air gep. Further when %
= 0.71 the surface ionisation rate is

Jp, = 0.5399 o (41)

giving half the maximum increase in surface ionisation

rate attained.

Effect of Transmitted Radiation.

Whan a tissue sphere whose dimensions are come
parable with the range of 32? P—radiation in s0 £t
tissue is placed centrally in a spherical 32P box,
an increase in surface ionisation rate is caused by
P—rays which are psrtially transmitted by the tissue,

Consider first that the tissue sphere lies in a
closely-fitting 32P box. The tissue sphere is now
replaced by one of phosphorus-Bakelite. If this
inner sphere is considered to have the same specific
activity ss the 32? box then the surface ionisation
rate on the inner sphere is Jhn' But it is not due

equally to the inner sphere and the 32p box, in
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contrast to a system of large radius.

The surface ionisation rate due to the inner
sphere itself may be derived approximately by making
some simple assumptions about the absorption of P-—
radiation in msterials composed of light elements,
It is assumed here that the fs-radiation is exponen-
tially absorbed with a linear absorption coefficient
M up to the range d,, beyond which no radiation pene-
trates, Thus the ionisation rate dJ' produced in a
minute air cavity by a volume element dv at distance
r is given by

4yt « SETD8Y. o L 8
i (42)
= 0 r > dg
where C is some constant. Loevinger (13) and (14)
has suggested more rigorous equations to supplant
equations (42), but the latter are sufficiently
accurate for the present purpose.
| For a radiocactive sphere of phosphorus-Bakelite
of radius a (TFig. 13), the surface ionisation rate at
the point 0 due to_}s-radiation from material lying

between distance r and r + dr from 0O is
-y

r
2 r
Since dv = 2nr<(1 - Eﬁ)dr
e . dJ' = 2 C(1 - »=)e/ ar (43).

Vhen 2a £ d,, by integrating over the whole sphere
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we find that the surface ionisation rate is

2a
(- (1 - L )e™MT
J J 2nC(1 Eﬁ)e dr

o)
=2nCf (- e'“ﬁ)}
2 B S (44).

hen 2a '>/ do a
JY J 2oy w -Q%)e"}"rdr

(o}
2 4 _ 1

For a sphereaf very large radius
b AL - 2nC Jhl‘T

M 2
Substituting for C in equations (44) and (45), we find

J 5 (1 - L=
= ) (1 = =) for 2a < d, -
46).

= 3 (1 = Q%F) for 2a ;; dg
These equations show to what extent the inner
sphere fails to provide half the ionisation rate at
its surface, when it is enclosed in a closely-fitting
3%p pox. The deficiency is of course made good by
the }B-radiation partially transmitted by the inner
sphere, Hence, when the inner sphere is not radio-

active, its surface ionisation rate is

-2a
Tom= Wil + 22877 £00 20 ¢ do

3 (47).
= %‘Jhﬂ(l + -E}J) for 2a > do

WWhen the inner sphere is of soft tissue and not



TABLE 6
RELATIVE SURFACE IONISATION RATES
FOR TISSUE SPHERES IN
CLOSELY-FITTING 3°P BOXES.

Radius of Sphere Relative Surface

ca, Ionisation Rate
0.1 1.473

0.2 1.279

0,5 1,115

1.0 1,057

2.0 1,029

4.0 ) 1,014

6.0 1,0095
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of phosphorus-Dakelite, these equations must be modi-
fied and the values ofI/A and dy for soft tissue
used. The first term }J, , must be multiplied by the
factor %—E—gf but the second term, which refers to
transmitted }3—radiation,will be unchaenged. The
assumption is made th-t the backscatter coefficients
appropriate to a system of very lerge radius may be
used. This is only approximately true and in fact
the backscatter coefficients must be slightly less.
By carrying out a calculation, similsr to that above,
for the backscattered rasdiation produced in the
inner sphere, it can be shown that the backscattering
coefficients should be multiplied by a factor
1 - e~2a(p "'}‘I )

28()3 +/.x' )
where /p’ is the absorption coefficient for backe

1l - (48)

scattered radistion. Since the correction involved
is small, it is permissible to write /p’sz and the

factor becomes

(1 - l—ﬁﬁ;lfi‘) (49).
The surface ionisation rates for tissue spheres
of various sizes in closely-fitting 32p boxes are
given in Tgble 6., The vslue used for M is 8.7
cm.'l, corresponding to a half-value layer of 80 mg/
cm.2 and d, is teken as 0.80 cn, For tissue spheres
of radius 6 cm. or greater the increase in surface

ionisation rate is less than 1%,
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and to extend the applications of these equations to

other systems,

Lxtension of Results.

For a large sphere of soft tissue placed in a
closely-fitting 32p pox the surface ionisation rate
is

Jon = 0.483Jk" (20).
This result holds tc an accuracy of 1% for a sphere
of radius exceeding 6 cm, For smaller radii, trans-
mitted P-radiation has to be taken into account,
The equation will also apply to other systems in
which the air gap is minute. The usual kind of 32P
box has rectangular sides and for a closely-fitting
tissue phantom the surface ionisation rste will be
given by this equation, except for points affected by
transmitted f!-radiation. Transmitted radiation
will be negligible at points further than 7 mm. from
the edges of the tissue phanton,

When the air gap in a spherical system is large
there is a considerable increase in the surface ion-
isation rate of the tissue sphere. It becomes

Jopm = 005957 1oy (27)
as long as transmitted ls-radiation is negligible.
The value is accuraste to 1% provided the air gap ex=

ceeds 3.5 times the radius of the inner sphere, i.e.
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when the solid angle which the inner sphere subtends
at any point on the 32P box does not exceed 0.024.2m,
The equation will be valid for any small tissue mass
in any shape of 32? box under similar conditions, It
is essential that the solid angle subtended by the
tissue mass at a point on the 32p pox should not ex-
ceed 0,024.2 , that transmitted }s-radiation should
be negligible at the point considered, and that the
point should not be screened by sny surrounding part.
As an example the system used in the experimental
tests may be considered. A small cylindrical tissue

2p

phantom (Fig. 14) is placed centrally in a large 3
box with rectangular gsides. On the flat ends of the
cylinder et points further than 7 mm., from the edges
the surface ionisation rate will be given by equation
(27).

Lastly the effects of transmitted P-radiation
may be estimated by the same method as for systems
having spherical geometry. Thus for a small sphere
of soft tissue in a large 32P box of eny shape,
equation (40) with ro, replaced by expression (50)

will Dbe wvelid.

Sunmary.

If a mass of soft tissue of simple shape is eXe

posed in a 32P box the surface ionisation rate Jzn
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and hence the surface dosage razte can be derived from

Jﬁn’

factors have to be considered: (1) the difference in

the ionisation rate in the empty box. Three

backscatter from soft tissue and phosphorus-Bakelite
(2) the size of the air gap between the tissue mass
and the box and (3) the transmission of fs-radiation
through the tissue mass. For points on a tissue
massg unaffected by transmitted radiation, the surface
ionisation rate in a closely-fitting 32P box, when
air ahsorption is corrected for, is

Jon= 0.483J -
When the air gep is not negligible an increase in
surface ionisation rate results. For a large air
gap the ionisation rate at points unaffected by
transmitted radiation is, when air absorption is
corrected for,

Jorr = 0.595d
The effects of transmitted radiation are negligible
for points on an object where the radii of curvature
exceed 6 cm, For a tissue sphere of radius 1.0 cm,
the values of JZR are increased by 6% by transmitted
fa-radiation and the increase rises steeply for

spheres of smaller radii.
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CHAPTER V,
EXPERINENTAL INVESTIGATIONS.

In the last chapter it was shown thst, when a
small cylindrical mass of soft tissue is placed cen-
trally in a large 32P box with rectangular sides, the
surface ionisation rate sz on the flat ends at points
greater than 0.7 cm, from the edges is given by

Jon = 05959 (27)
where J, g is the ionisation rate in the empty 32p pox,
It is assumed that both ionisation rates are correc-
ted for air absorption.

The object of the experimental investigation
described here was primerily to test thia_equation.
At the same time a test was made of the equation pre-
dicting the ionisation rate Jzﬂ on the surface of a
tissue phantom of rectangular sides in a closely-

2

fitting 3 P box, nemely

Jom.= 04830 1yt (20).
32P Box.

The 32P box used was designed by Neary and Young
(3). It had rectengular sides and its internal size
was 38,6 x 21,6 x 21.6 ecm. It was built from
phosphorus-Bakelite plaques, each of area 7.7 x 5.2
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cm, and thickness 0.45 cm., the plaques being fitted
to the walls of a thick Perspex box (Fig. 15). At
the front of the box there was a small portal fitted
with sliding doors, which was useful for inserting
small ionisation chambers into the box. The rear
end of the box was fitted with a hinged door so that
large tissue phantoms could be inserted into the box.
The floor of tﬁe box carried two thin reils which

were used to support the phantoms.

Test on Phosphorus-BEakelite.

In the manufacture of phosphorus-Bakelite it is
possible that the layers near the surface may be
given a concentration of phosphorus appreciably diffe-
rent from that in the interior, If this occurs then
the theory given previously will no longer be strict-
ly epplicable,

To test for any surface layer effect five squares
of phosphorus-Bakelite of 1 cm., side were used. One
face of each square was left intact while from the
opposite face a weighed amount of material was re=
moved by filing. The squares were then activated
together in a thermal neutron flux and after suffic-
ient time had elapsed to ensure that any extraneous
activities were negligible, each square was assayed
in a counter assembly (Fig. 16). The narrow

aperture of the diaphragm covering the samples ensured



IEST OR

LABLE

¥
-

HOSTHORUS=DAFELITE,

Semple Leyer Hemoved Counts Recorded # Increase
(6 min, Peﬂocl
ng. /em, @ Intact Filed (with filed

race Face fuce)
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2 333 9,690 10,200 + 543

4 55.1 2,872 9,871 - 1.0

5 1.4 10,224 10,120 - 1,0
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that the p-radiation was received from a well-defined
area, The counting rates were determined both for
the intact and filed faces, the results being given
in Table 7.

From the results the mean counting rate over the
filed faces is 0.7% greater than for the intact faces.
If a surface layer of 10 mg./cm.2 possessed no phos-
phorus, then the filed face would show an increase in
counting rate of 10% over the intact face. It seems
safe to conclude that with the phosphorus-Bakelite
used the surface layers were not significantly en-

riched or deficient in phosphorus,

Ionisastion Current lMeasurements.

Before describing the ionisation chambers used
in the experiments, it is convenient to comment
briefly on the current measuring system. As in the
experiments in Chapter II a Townsend balance method
was used with a Lindemann electrometer as the null
detector,. The instrument was fitted with three
Townsend capacitors: (1) a small air gap condenser
of 39.6 pF (2) a small Plastapack condenser of 2117 pF
and (3) a large Plastapack condenser of 54800 pF.

The Plastapack condensers were subjected to stringent
tests as regards leakage but no defect was found.
The values of the capacities were measured with a de

Sauty bridge, using a small air condenser of 10.76 pF
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(N.P.L. calibration) as standard. The values were
checked by measuring the ssme ionisation currents
with different condensers and agreement to within
} 0.5% was obtained.

Using these condensers it was possible to
measure currents ranging from 3 x 10'B amp. to 10-14
amp. with high accuracy. Throughout the experiments

the equipment gave trouble-free service.

leasurements of J n.

The ionisation chambers used to measure J ., the
ionisation rate in the empty 32P box, were designed
to be as transparent as possible to 32p P-radiation
and at the same time to be sufficiently robust to
ensure that they were not easily distorted. A cyl=-
inder of thin graphited paper (radius l.2 cm., length
3 cm,) was used as the high voltage electrode with a
coaxial collecting electrode and guard ring (Fig. 17)
Two chambers were used, the first with a paper thick-
ness of 11.5 mg./cm.” snd the second of 8.7 mg./cm.2.
In both chambers the centrsl collecting electrode was
a cylinder of aluminium foil (0.1 cm, in diameter,
2.4 mg./cm.? thickness), which was mounted on the 1
mm., high projection of the aluminium wire used in the
ionisation chamber stem,

Several corrections had to be applied to derive

the value of J“" from the readings of chamber current.
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These covered:
(1) absorption of the F-radiation by the air
(2) absorption of the P—radiation by the chamber
walls
(3) shielding of the collecting volume by the
chamber base
(4) shielding by the central electrode
(5) shielding by the rails on the floor of the 32p
box.
The first two corrections were determined experimen-
“tally. This is desirable since p-ray absorption
curves depend on the relative dispositions of the
source, absorber and detector. To find the correc-—
tion factor for air absorption, a light sluminium
freme (17.6 x 18.0 x 35.5 cm.) was used to support
boxes of paper of various thickness, the 4m chamber
being placed at the centre of the 32p yox. The re-
duction in chamber current, allowing for the reduc-
tion due to the aluminium frame, was meassured for
various thicknesses of paper and the mesn path of the
P-radiation in the paper was calculated. The mean
air path was then worked out and the air absorption
found. At 20°C, 760 mm, Hg pressure, a vorrection
factor of 1,11 was found to be needed.
The wall absorption was corrected for by finding

the reduction in chamber current produced when the



TABLE 8
CORRECTIONS T0O READINGS

OF 4 CHANBERS.

Correction Factor
Effect Chamber 1 Chember 2
(11,7 mg./cm.g) (8,7 me./cm.?)

Air Absorption d+11 S &
Wall Absorption 1.075 1,06
Bage Shielding 1.023 1.023
Electrode Shielding 1,005 1,005
Rail Shielding 1,02 - 1.02.

Total ' 1.25 1.23
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chamber was enclosed in closely-fitting paper hoods
of various thicknesses. The correction factor was
found to be 1.075 for the ionisation chamber of 11.5
mg./cm.© wall thickness and 1.06 for that of 8.7 mg./

cm.z.

The other corrections, which were small, were
calculated (Table 8) and the total correction factor
was found to be 1.25 for the first chamber (11.5 mg./
cm.2) and 1.23 for the second (8.7 mg./cm.z).

The collecting volume of an ionisation chamber
ig less than its geometrical volume since & small
amount of the ionisation is slways collscted by the
guard ring. To find the collecting volume here, the
ionisation chamber was enclosed in an aluminium cyl-
inder of 3.0 mm, wall thickness and the chamber
currents were measured when a radium needle of known
strength (194 mg, - N.P.L. calibration) was placed at
measured distances from the ionisation chamber.

According to Gray (4) and (5), the ionisation
rate at 1 cm, distance from 1 mg. of radium filtered
by 0.5 mm, platinum is 8.4 e.s.u./cec./hr. for an air-
wall chamber (the walls of the chamber being thick
enough to ensureuequilibrium‘eleotron emission and
wall absorption being corrected for). For an slu-
minium chamber the ionisation rate is increased, being
multiplied by a factor 1.07. In the present system

a factor of 1,06 was used since part of the ionisation



DEDIRIMINATIONS OF Juy o

Chember Time .. mxtrapoluted J,.
€y Bau, /CCe /hTy e.8.u,/cc. /hr,

13,00 hrs,

1 - 16,050 1060
1lth Cept.
9.00 hrs,

2 : 1,230 1060
4th Tov,
15,00 hrs.

2 1,082 1065
Tth Tov,.

Mote: Ctandard time to which readings of J,, &re extrapolated
is 10,00 hre, 7th Fov,
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rate in the chamber was due to secondary electrons
generated by the ¥ -rays in the paper wall of the
chamber, It was necessary to employ fairly large
spacings between the radium needle and the ionisation
chamber to minimise the varistion in ¥-ray intensity
over the chamber volune, The final velue for uni-
form intensity was derived by extrapolating the curve
of id2 against 4 where i was the chamber current and
d was the distance from the centre of the needle to
the centre of the chamber,

When ionisation chambers are employed to measure
high ionisation rates, the effective collecting field
is reduced by the large space charges which form
(Boag (15) and (16)). This effect was observed here
and at tl.e peak ionisation rate of 13,000 e.s.u./cc./
hr. it was found that the voltage required to obtain
complete collection of the ions was 1300 volts.

Ifhree determinations of J, ., the ionisation rate
in the empty 32P box were made, In each experiment
the value of the chamber current was measured both
before and after the volume calibration. The exper-
iments were made over & period of two months and the
values were extrapolated to a standard time using a
half-life for 3°P of 14.5 d. (Lockett end Thomas
(17)). There was remarkably close agreement in the
revults (Table 9). The chief sources of error were

in the estimation of the chamber volume (2%), the
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measurement of the current (1l¢) and in the determina-
tion of the chamber corrections (1%). A standard
error of 2.5% in the final result sccrued from these.
Thus from Table 9 it was found that at the standard
time snd at S.T.Ps
Jiq = 1060 2 25 e.s.u./cc./nr.

2r Tonisstion Chamber,

The 2r ionisation chamber (Fig. 18), whiclL was
used to measure surface ionisstion rates, had a cyl-
indrical collecting volume of small thickness, The
high voltage electrode was a cylinder (0.90 om. dia-
neter,0.24 cm. height) of thin graphited paper, the
flat top being of thickness 3.5 mg./cm.2 and the cir-
cular wall 5.8 mg./cm.z. This was supported by a
solid base of diameter 2.03 cm. The base was of
graphite (0,70 cm. thickness) except for the small
central portion which carried the guard ring and the
central electrode wire together with the intervening
insulators of amber and Perspex. The Tufnol dise
behind the graphite base was merely used to support
the wire carrying the H.T. supply to the graphite.,
The collecting electrode was the small projection of
the aluminium wire from the chamber stem. This was
of height 0.12 em, and of radius 0,045 cm., and was
fitted with a thin disc of graphited paper (radius
2)_

0.2 em,, thickness 3.0 mg./cm, In early
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FIG. 19, Small Cylinder System.
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FIG. 20. large Plane System.
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experiments, when this disc was not used, it was
found that the current readings were variable due to
substantial ion collection on the amber insulator,
then the disc was introduced this difficulty dis-
appeared., When ionisation chambers with shallow
collecting volumes are used, the current readings are
sometimes erroneous due to ion multiplication. To
guard against this effect and to ensure that complete
ion collection was obtained, chamber current: collect-
ing voltage curves were taken for each determination
of ionisation raste.

The 2nt ionigation chamber was used in two ways.
In the first it was used alone (Fig. 19) and the
readings of chamber current were used to find the
value of Jzn' the surface ionisation rate, at the
centre of the flat end of a cylinder of soft tissue
of the seme dimensions as the graphite cylinder.
This system will be called the small cylinder systen.
In the second system (Fig. 20), the ionisation chem-
ber was fitted so that its base lay flush or just
above a thick square sheet of acrylic resin (17.2 x
17.2 x 1.0 em,). The readings of chamber current
were used to derive the value of JZH at the centre of
the surface of a plane of soft tissue of the same
dimensions as the sheet of acrylie resin, This

system will be called the large plene system.
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The corrections needed to derive the values of

J rt from the chamber currents differed for the two

2
systems and for different positions of these systems
in the S°P box. As with the 4m ionisation cham-
bers, corrections were required for air and wall
absorption and these were experimentally determined
in the same way. It was found difficult to deter-
mine the air sbsorption correction for the large
plane system when it lay close to the walls of the
32p vox. This was chiefly because of the large
differences in path length of the F-raya reaching
the chamber. The corrections for the small cylinder

32P box and for the

system at the centre of the
large plane system at 1.65 cn., from the centre of one
of the long sides of the 32P box are given in Table
10. The correction for wall absorption includes a
correction for the small absorption effect due to the
paper disc on the central electrode,. The correction
for the shielding effect of the aluminium needle of
the collecting electrode was calculated.

Two special corrections were necessary. The
first arose because the chamber measured the ionisa-
tion rate at the mid-point of the chamber volume and
not at the mid-point of the Sase as required, At
the mid-point of the chamber volume the ionisation

rate i1s greater than at the base since radiation can
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reach the point over a solid angle greater than 2 .,
The correction required to give the ionisation rate
at the base is given to a close approximation by the
inverse ratio of tha solid angle over which radia-
tion is received 2t the mid-point to thet over which
it is received at the base (2 ). In calculating
the former solid angle allowance was made for the
partial penetration of the }a—rays through the edge
of the graphite disc (small cylinder system) or the
acrylic resin sheet (large plane system). The
correction factor for the small cylinder system was
0.89 and for the large plene system 0.987.

The second correction arose because the back-
scatter coefficient for soft tissue is slightly
grester than for the base of the chamber, A correc-—
tion factor of 1,02 was used.

The volume celibration of the 2fr ionisation.
chamber was made in the same way as for the 4 iénp
isation chamber, but here the chamber was enclosed
by a graphite cap of 3 mm. wall thickness. It was
assumed that the ionisation rate inside a carbon
chamber at a fixed distance from a radium source
enclosed in 0.5 mm, platinum is 0.99 times that in-
side an air-wall chamber at the same distance (wall
sbsorption being corrected for and the walls being

thick enough to ensure "equilibrium" electronic
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emission in both cases).

Uniformity of Box.

Eefore describing the actual measurements of Jé”
for the two systems, it is convenient to digress and
discuss the experimental tests on the uniformity of
activiﬁy of the surface of the 32p box.

In the first test a special ionisation chamber
was used to survey the long sides of the box. The
chamber (Fig., 21) hed a cylindricel high voltage
electrode with a coaxial collecting electrode and
guard ring and was in genecrsl design similar to the
4¢r ionisation chambers. But this chamber was de-
signed to be directional in its response. The high
voltage electrode was s thick aluminium cylinder
(4.0 cm. length, 1.4 cm. redius and 6 mm. wall thicke
ne.ss) and P-radiation vas received only through a
long narrow window, this being a slit cf 0.9 cm.
width, 3.0 cn, 1engfh covered with a thin sluminium
foil (1.0 mg./cm.z). The chember thus received
radiation only over a fairly small angle at right
angles to its axis, The chamber was placed with its
axis along the longitudinsl axis of the 32? box and
was turned round to face the four sides in {urn while
readings of chamber current were taken. The readings

wer: repeated st verious distances along the axis of



TABLE 1l
DETERMINATIONS OF Jaﬁ

FOR LARGE PLANE OSYSTEM,

Time T . Extrapolated J,_
€,8,U./CC, /Iy, e.5.u./cc,/hr.
10,00 hrs,
24145 512
3rd QOct.
13.00 hrs,
' 2,090 502
8th Oct.
15,00 hrs.
704 513
31lst Oct.

Note: ©Standard time to which readings of J,, are extrapolated

is 10,00 hrs. Tth Nov.
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of the box.

The measurements of J,  for the large plane
system (Fig. 20) were made using a light aluminium
frame to support the large sheet of acrylic resin and
the 2¢r ionisation chamber at a small distance from
the centre of a long side of the 32p vox. The frame
was inserted into the box through the hinged end and
because of the intense beam of F—radiation which
emerged through the open door, it was necessary to
use remote-handling tools. To avoid damage to the
delicate walls of the ionisation chamber in the insew
tion process, the spacing between the acrylic resin
shect and the walls of the 3°P box was not reduced
below 1,65 cm,

Readings of chamber current were taken with the
ionisation chamber facing the centres of the right-
hand and left-hand long sides of the box. Before
and after each reading the ionisation chamber was
removed from the large plane system sand placed alone
at the centre of the 32P box, where its current was
read. In this way it was possible to detect any
distortion of the chamber brought about by the inser-
tion process.

Three separate determinations of Jon Were made
using the correction factors given in Table 10, The
results(given in Table JJJextrapolated to the

standard time agreed closely and it was concluded
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that the surface ionisation rate at the centre of a
large sheet of tissue of the same size as the sheet
of acrylic resin at a distance of 1.65 cm, from the
centres of the long sides of the 32p pox was

Jpq = 509 X 13 e.s.u./ce,/hr,
The experimental error was due chiefly to three
causes: the determination of the correction factors
(2%), the volume calibration (1.5%) and the measure-
nent of currents (14%).

At first sight it might appear that the above
value of Jyq would also hold for a plane of tissue
infinitely close to the walls, But as can be seen
from Fig., 20 it is still possible with the above
arrangement for a small smount of }s-radiation from
the rest of the box to be received and backscattered
by the wall immediately opposite the ionisation
chamber, It seems reasonable to suppose that the
correction factor required to the sbove value of
Jog Will be proportional to the solid angle over
which radiation from the rest of the box is received
by the wall Jjust opposite the 2m ionisation chamber,
To determine the correction factor the solid_angle
was reduced by using an enlarged plane (34.6 x 17.2
cm.,) in the large plane system and readings of I
with the enlarged snd normal plane were taken, With

the normael plane a point on the wall just opposite



61,

the ionisation chamber receives P—radiation over a
solid angle of 0,185,2m and with the large plane
over a solid angle of 0,130.2f7., The decrease in Jé“
brought about by using the enlarged plane was deter-
mined as (1.4 & 0.8)%, and it was concluded that for
zero solid angle the decrease would be (4.7 * 2.8)%.
Hence the correction factor by which the value of J,,
for 1,65 cm. spacing must be multiplied is 0.95 I
0.03. Therefore it wes concluded that the ionisation
rate at the centre of a large sheet of tissue placed
infinitely close to the walls of the 32P box would be

Jon = 485 I 20 e.s.u./cc./hr.

Final Results and Discuasion.

A comparison can now be made of the experimental
results and the theoretical prediections, It was
found that at the standard time

Jun = 1060 X 25 e.s.u./cc./hr,
The value of J,, was found for two cases. In the
first it was found that at the centre of the flat
end of a small cylinder of tissue at the centre of
the 3P box
619 X 15 e.s.u./cec./hr.
(0.583 % 0.02)dp .

JZn

L}

and «'e dop
The predicted value from equation (27) was, allowing

for a small error (2%) in the constants,
JZI‘\’ = (0.595 % o O'OI)JLHT
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showing satisfactory agreement. From the measure-
ments with the large plane system it was found that
the ionisation rate on the surface of a large plane
of tissue placed infinitely close to the walls of
the 32P box was
Jpq = 485 2 20 e.s.u./cc./nr.

2
and te J, = (0.46 £ 0,02)J,,.

=
The predicted value from equation (20 was

Jop = (0.483 % 0.005)Jpn.
Here the difference lies just at the extremes of the
standard errors, and the possibility arises that the
difference may be a real one. But in view of the
difficulties surrounding accurate measurements of
surface ionisation rates, it is reasonable to suppose
that the difference is due to experimental errors,

On the whole the results sre in reasonable
agreement with the theoretical predictions. They
confirm that there is a large increasse in surface ion-
isation rate and hence dosage rate when the air gap
between the tissue mass and the walls of the 3?P box
is large, They slso show that the_actual dose rates
at points on tissue phantoms of sinmple shape where
radiation transmitted through the.tissua is neglighle
may be derived with fair accuracy (X 54) from measure-

ments of the ionisation rate inside the empty 32p box.

-
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SIUDIES OR
TI’E SUOPFING POWER OF LIQUID VATER,



65.
CHAPTER I.
INTRODUCTION.

With the growth of radiobiology and radiation
chemistry in recent years, there has been renewed
interest in the gquestion of whether liquid water shows
any significant anomaly as regards its stopping
power for &k =particles, According to Bragg's law,
the-stopping power of a given atom is unaffected by
its chemical attachment to other atoms and by the
phase = gaseous, liguid or solid - in which the atom
is present, and hence the stopping power of a sub-
stance may be derived when its composition and the
stopping poviers of its constituent atoms are known,

There are two quantities generally employed in
the discussion of the validity of this law, The
first is the molecular stopping power s,0f a substence
at a particular & —-particle energy, sometimes called
the differential molecular stopping power, This is
defined as the stopping power of one molecule of the
substance relative to that of the average atom of
air, The second quantity is the integral molecular
stopping power,S,of the substance and is defined as
the ratio of the range of a given A =-particle in air
to its range in the substance, the range in air being
expressed as the number of atoms per unit zrea in the

thickness of air traversed and the range in the
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substance as the number of molecules per unit area,
If we denote the absolute stopping power of the
average air atom at a particular &=-particle energy
as 8, and the absolute stopping power of one molecule
of the substance as s, then the molecular stopping
powexr of the substance is

8q

The integral molecular stopping power of the sub-

stance for an R-particle of energy E is then

J’ --AE
L e o

If s, and s, vary in exactly the same way with energy
then 8 and S will be equal, The Bragg law is often
assumed to hold for both & and S, but it would appear
more likely to apply 1o & and discrepancies in the
value of S might be expected due to different varia=-
tions of s with energy for the constituent atoms of

a substance,

In an extensive review of the experimental
evidence available in 1944, Gray (1) concluded that
the integral molecular stopping powers of polyatomic
cases for &K=particles of energy 5.3 eV to 8.8 leV
could be derived to an accuracy of % 2% from their
constituent atoms using the Bragg law, The evidence
for the validity of the law for solid materials is

not so extensive but measurements on mica by
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Bennett (2), on polythene by Wilkinson (3) and on
polystyrene by Ellis, Rossi and Failla (4), reveal
no anomalies greater than X 3%, Recent measurements
by Phelps, Heubner and Hutchinson (5) on the stopping
powers of various organic materials at an ol=particle
energy of 6,0 eV reveal small anomalies which are
less than 4,5%,

The question of whether the Bragg law applies
to liguid water has been the subject of several in-
vestigations but conflicting results have been ob-
tained, An early experiment by lichl (6) gave a
range for Po ®=particles 20% less than would be ex=-
pected from the ranges in hydrogen and oxygen, in=-
dicating that the integral molecular stopping power
of liquid water is 20% greater than the prediction
of the Bragg law, Another early experiment by
Philipp (7) revealed a similar anomely for the range
of RaC' eA=-particles. lobre recently, Appleyard (8)
found that the molecular stopping power for ' o-
particles at an energy of approximetely 4.5 lMeV is
15% greater than expected, On the other hand
measurements of the ranges of the R—particles of Po
and RaC' by de Carvalho and Yagoda ( 9 ) reveal ano-
mzlies of much smaller amount, namely 3% for Po o=
particles and 4% for RaC' & -particles, Recent
measurements by Ellis, Rosesi end Failla (10), reveal

no difference in stopping power for Po K=-particles
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between water in the liguid phase &nd in the vapour
phase., It may be added that Forster (11) found a
small anomaly (3%) for the molecular stopping power
of water vapour for o=-particles of mean energy about
4,0 lieV but this is of the opposite sign from those
reported for liquid water., Appleyard (12 ) found
that the range of Po «=particles in water vapour
agrees with the prediction of the Bragg law.

The present investigation was planned to find
the molecular stopping power of liquid water at an
A=particle energy of about 6 leV, It wes at first
hoped to do this by using a small cell with a thin
layer of liquid water enclosed by two thin windows
and finding the air equivalent of the cell with and
without the water layer. This method was found im-
practicable due to the ease with which the water lgyer
was distorted and due to the difficulty in obtaining
a uwniform water layer, Instead it was decided to
use an agar gel containing a high percentage of
water in place of ordinery water, and this artifice
proved successful, An agar gel containing 2.5% by
weight of agar is surprisingly rigid and a layer of
the gel has the same air equivalent to an accuracy of
0.,5% as & layer of equal mass thickness of water
even if the molecular stopping power of water is
anomalous to the extent of 15%, In the present

experiments a thin layer of this gel was enclosed in
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thin mica covers to form a mica-agar sandwich and
the air equivalent of the layer of gel was found by
determining the air equivalents of the sandwich with
and without the gel present.' The meagurements were
made with a source of ThC' & =particles, A calibra=-
ted p-ray thickness gauge using a source of 353 was
used to measure the mass thickness of the agar layer,
From the two measurements the thickness of gel equi=-
valent in stopping power to 1 cm. of dry air at 15°¢
and 76.0 cm, Hg pressure was found and hence the
stopping power of one molecule of water relative to
the average atom of air was derived.

The P-ray thickness gauge and the construction
of the mica—-agar sandwiches are described in Chapter
b i In Chapter III the application of the }s-ray
gauge to the measurement of the thickness of a layer
of agar gel in a mica—-ager sandwich is described and
details are given of the methods by which the cali-
bration was made, Finally in Chapter IV the method
of determining the air equivalent of the layer of
agar gel and the experimental measurements from
which the molecular stopping power of liqguid water

was deduced are described,
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CHAPLIER TI.

LiTA=-RAY THICKNESS GAUGE

AND CONSTRUC.LION OF MICA-AGAR SANDVICHES,

PB=ray Thickness Gauge.
7§

It is convenient to describe first the }S-ray
thickness gauge as this was employed for a variety of
purposes during the investigation. The application
of the gauge to the measurement of the thickness of a
layer of agar gel enclosed in mica covers is described
in Chepter III,

The radioactive isotope of sulphur, 35

S, forms
a suitable source for a fs-ray thickness gauge for
the measurement of thin films of the order of 5 mg./
cm.? thickness, since it emits only p-radiation of
maximum energy 0,167 1leV and in a suitable geometri-
cal system has an absorption coefficient of roughly
0.28 cm.2/mg. corresponding to a half-value layer of
2,5 mg./cm.g. It has the advantage of a reasonably
long half-life, 87.1 days, =nd a source once prepared
can be used over a period of several months,

The gauge used (Fig, 1) consisted of a thick
source of 328 placed below an end-window Geiger—
Iller counter with the absorber under measurement
inserted between the source and the counter, The
counter wasg an EIM2 tube of internal diameter 2,54

cm, with a mica end-window of 2.1 mg./'cm.2 thickness,
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and was mounted on a standard counting stand inside
& sBquare lead castle. The source was a disc of
blotting paper of 14,0 mg./cm.2 thickness and 2,5 cm,
diemeter, impregnated with 355 end fixed by adhesive
to a thin eluminium disc which was mounted on a
gtandard plate, The plate was inserted on the third
shelf of the counting stand so that the péper disc
lay 3.5 cm. from the counter window. The impregna—
tion of the paper disc with 355 was carried out by
adding some drops of a dilute solution of carrier-free
355 and allowing the disc to dry. In order to fix
the 35S to the paper, a few drops of amyl acetate to
which a trace of Durofix adhesive had been added were
placed on the paper disc and the disc finally dried.
The specimen plate, on which the absorbers under
measurement were placed, was a brass plate of 4.2 mm,
thickness and had a central hole of 3,0 mm, diameter.
It was mounted on the first shelf below the counter
so that its top surface was 0.80 cm, from the counter
window, Both the source plate and the specimen plate
were specially made to ;ive very close fits in their
respective shelves, The second shelf was used to
carry a guard plate, which was inserted before the
specimen plate was withdrawn, to prevent the counter
being subjected to an intense beam of P-radiation.

The source strength was adjusted to give a

counting rate of roughly 13,000 counts per minute
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with no =bsorber on lhe specimen plute, In carrying
out measurements it was found that a small Perspex
plate of 1,0 mm. thickness with & central aperture of
1.5 em, diameter, which could be screwed down on top
of the sﬁecimen plate, was useful for keeping flat
certéinlabsorbers such as cellophane which tend ‘o
curl. = Cereful measurements with and without the
Perspex plate in position showed that the addition of
the Perspex plate produced no change in counting rate
%o an accuracy of ¥ 0.3%. -

A F—ray thickness gauge must of course be cali-
brated for any particular material before use, Cali=
bration curves for aluminiun, mica, polystyrene,
cellophane and polythene are shown in Figure 2, The
method employed in obtaining these curves was to pre—
pare smell sheets of the materials of area roughly
3,0 x 3,0 cm, and determine their eaverage mass thick-
ness by weighing them end measuring their areas,

Each sheet was measured with the fa-ray thickness
gauge at nine points, the sheet being divided into
nine sguares, and if the sheet was uniform to within
a few per cent., the mean of the readings was taken
a8 corresponding to the average thickness of the
sheet,.

All readings of counting rate require correc-
tion for losses due to the dead-time of the counter

and for the background counting rate, Frequent
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readings of the zero-absorber counting rate are
necessary since small changes may occur. In addit=-
ion to the effect of temperature variations on the
counter, there is another effect due to the long air
path, 3.5 cm,, between the source and the counter,
At 15°C and a pressure of 76.0 cm, Hg the thickness
of the air between the source and counter is 4,3 mg./
cm?, and a change of 1% in the sbsolute temperature
or the pressure changes the zero-absorber counting
rate by roughly 1%,

Tiie calibration curves show that mica and alu=-
minium give guite different curves from those obtained
with the other materials, It is possgible to obtain
approximately the same curve for all five materials
up to thicknesses of 5 mg./cm.° by placing e fixzed

2 of mica over the aperture of

screen of 3 mg./cnm,
the specimen plate, but in the present investigation
this additional screen was not used,

The accuracy conveniently obtainable in the
meagurement of an absorber of unknown thickness with
a.ls-ray gauge of the present type is of the order of
* 1,0%, There are two determinations of counting
rate to be made, one with the absorber present and
one with it absent, snd these are always subject to a
statistical error due to the random variations in the

disintegration rate of a radioactive substance, i

the calibration curve is agsumed exponential and the
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half-value layer m, has been determined to high
accuracy, then if A r denotes the statistical error
in r, the ratio of the counting rate for the absor—
ber to that for zero absorber, the standard error
Am in the determin:tion of m, the mass thickness of
the asbsorber,is given by

& O
(D) = et [y (3).

Therefore for a gauge having a zero-absorber counting
rate of 10,000 counts/min., a measurement accurate to
+ 1% for an absorber approximately equal to the half-
value layer requires a counting period of 4 minutes
for the absorber reading and a counting period of 2
minmites for the zero-absorber reading. This is on
the asgumption that no other sources of error affect
the measurement. In practice the calibration curve
is difficult to determine to an accuracy better than
1,0%, and an allowance must be made for this,

The salient advantages of the gauge are its
simplicity and the fact that it measures the thick=
ness of an absorber over a small area, It is
extremely useful for testing the uniformity of ab-
sorbers, Its applications in the present investi=-

gation are described in the course of the report.

Mica=Agar Sandwiches,

In the determination of the stopping power of

water the measurements were made on & thin layer of



15
agar gel enclosed in mica covers, i,e, a mica-agar
sandwich, The sandwiches had mica covers ranging
from 1,65 to 2.3 m.g./cm.2 and the thickness of agar

° %o Py ¢ mg./cm.z.

gel used varied from 1,9 mg./cnm,
Each sandwich had mica covers of nearly equal thick-
ness, The pieces of sandwich used were squares of
1.5 cm, side and these were mounted inside a small
brass holder with a central aperture of 5,0 mm,
diameter (Fige. 3).

Each small piece of sandwich was cut from a
selected area of a large sheet of the order of 8.0 x
8.0 cm, in area, The mica sheets used in the large
sandwiches were all obtained from the same piece of
Bengal Ruby mica, this mica being of the muscovite
group. A given sheet of mica waes split into two
sheets by using a very fine tungsten needle to make
the initial split and then completing the separation
by inserting a small piece of moistened cardboard to
force the sheeis apart. With this technique it was
poseible to obtain thin sheets almost free from
scratches, In all about two hundred thin sheets of
thickness rengirg from 1,65 to 2,3 mg./bm.z were pre-
pared, The p=ray thickness gauge was used to
measure the sheets, an accurate calibration being
nade beforehand,

The agar gel was made with powdered agar supplied

by the Oxo Laboratories, Agar is made from seaweed
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CHAFTER III,

IIEASUREMENT OF THICENESS OF AGAR GYXL LAYERS.

liethod.

The major difficulty in this investigation was
the accurate measurement of the thickness of the
agar gel layers in the mica—-agar sandwiches, The
possibility of measuring the thickness with an
optical microscope was explored but due to the diffi-
culty of locating the surfaces of the layer, the
possibility of errors due to the birefringence of
mica and the difficulty of obtaining a suitable
microscope, it was decided to seek some other method,

The device chosen wag the F-ray thickness gauge,
the method being to place the mica~agar sandwich on
the specimen plate and find the ratio of the counting
rate for the complete sandwich to that obtained with
the agar gel absent. The method seemed sufficiently
sensitive for layers of agar gel of thickmness 1.5 to
3.5 m.g./cm.2 and the sole difficulty wees establishing
the calibration curve for the device,

In the early experiments on this method it was
found that the counting rate obtained with an
absorber placed in the brass holder used for the
mica~agar sandwiches and with the holder mounted
centrally on the specimen plate agreed to an accuracy

of £ 0,2% with the counting rate obtained with the
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absorber merely placed on the specimen plate. The
absorbers used in this test ranged from 1,5 mg-/bm.z
to 9.0 mg./cm.?. It follows that a calibration
curve obtained for mica-agar sandwiches merely placed
on the specimen plate will also hold for sandwiches
mounted in the holder and placed on the plate,

It was decided to carry out trial experiments
first with various solid naterials replacing the agar
gel leyer in a mica-agar sandwich. Since the thick=-
ness of the absorbers could be found directly, cali=
bration curves for the materials could thus be
obtained., Two shects of mica each of 2,0 mg./cm.2
thickness were selected as the covers and to ensure
that these could be accurately replaced in the same
position on tue specimen plate, small ink circles
were nmade around the portion placed over the aperture
of the specimen plate, The counting rate with the
mica covers on the specimen plate was determined, an
absorber of known thickness was placed between the
mica covers and the counting rate again determined.
Readings were taken with absorbers of polythene,
polystyrene, cellophane, mica and aluminium ranging
in thickness from 1.0 to 5.5 mg./cm.z. The cali=-
bration curve obtained with polythene (Fig, 4) is
approximately exponential but there is a small
increase in slope with thickness beyond 4,0 mg./cm.z.

The half-value layers obtained with the five absorber



TABLE 1
EALF-VALUE LAYERS WITH BETA=-RAY THICKNESS GAUGE

FOR _MATERIALS INSIDE MICA COVERS

Thickness of Single lica Cover = 2,0 mg./cm.2
Half-value layer reduces counting rate

(with mica covers alone) by 50%,

Material ialf-value Layer
mg./cm.2
Polythene 2,43 £ 0,03
Polystyrene 2.53 = 0,05
Cellophane 2.52 X 0,06
Mica 2,55 £ 0,03
Aluminium 2,58 I 0.03




TABLE 2
CORRECIIONS FOR MICA COVERS.

If mica covers different from 2,0 m,g./'cm..2 are used
to enclose polythene, readings of polythene thickness

from calibration curve for 2.0 mg/cm.d covers require

correction,
Thickness Correction
from mg./bm.z
Calibration Curve Cover Cover
mg./cm.2 (1.65 mg./cm.2) (2.35 mg./bm.z)
2,00 ] + 0,02 - 0,04
3.00 + 0,02 - 0,06
4,00 + 0,03 - 0,08
5.00 + 0,04 - 0,11
6.00 + 0,05 - 0,13
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mnaterials (Table 1) show a change of 6,0% in going
from polythene to aluminium, but there is a difference
of only 4% between polythene and polystyrene., This
suggests that the calibration curve for layers of
agar gel will not differ by more than 4% from that
for polythene in view of the fact that the electronic
density of water (number of electrons per gm,) is
intermediate between the electronic densities forxr
polythene and polystyrene,

The calibration curve obtained for polythene is
not greatly affected by using mica covers of thick-
ness 1,65 mg./cm.2 or 2,35 mg./bm.z in place of the
2,0 mg./'cm.2 covers, lleasurements were made with
these two thicknesses of cover enclosing polythene
ebsorbers, Iine ratio of counting rates obtained
with the thinner covers for a given polythene sheet
was slightly greater than the ratio obtained with the
2.0 mg./cm.2 covers, while the ratio obtzined with
the thicker covers was always less. From the results
obtained with these covers, corrections were derived
(Teble 2) so that velues of thickness read from the

2

calibration curve for 2,0 mg./cm.“ covers could be

ad justed to give the true values,
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Direct Calibration of Gauge,

In view of the reported anomzly in the stopping
power of water for O -particles it was thought that
perhaps a similar anomaly might occur in respect of
absorption curves obtained with soft }S-Tadiation;
The fact that these so-called absorption curves are
deternmined by both scattering and absorption does not
rule out the possibility of some anomaly existing.

It was therefore decided to attempt a direct cali-
bration of the gauge for mica-agar sandwiches, The
plan was to prepare & fairly uniform sheet of sand-
wich, measure the thickness of the &agar layer at a
large number of points by assuming that the calibra—
tion curve for polythene held far water, and thus
find the mean thickness of the agar layer. This
value could then be compared with that obtained by
weighing the sheet of sandwich with and without the
agar layer present and the correction required in the
assuned calibration curve could then be worked out,

Trials were carried out with small areas of
sandwich roughly 2.5 x 2,5 cm, in area and it was
found possible to reduce the variation in thickness
of the layer of agar gel to within X 15%, It was
decided to measure the thickness with the }B-ray
gauge at nine points, the points being at the centres
of the nine sguares into which the sheet was geo-

metrically divided, lieasurements with various sheets
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showed that there was negligible change in counting
rate at any of these points over a period of ten
minutes, and that therefore a sheet could be assayed
by counting at these points for a period of 30 secmds
each, allowing time for moving the sheet on tue
specimen plate,

Ifhere are however some pitfalls in this method.
The small sheet of sandwich is cut from a large sheet
and in the cutting process the perimeter of the small
sheet is compressed so that in this region the layer
of agar gel is reduced in thickness. Further,
evaporation losses occur from the perimeter during
the measgurements with the /S-ray gauge, and the rate
of evaporation is not constant, being greatest
immediately following the cutting and then decreasing
rapidly. The fB-ray determination of average thick-
ness of the layer of agar gel corresponds to a sheet
which is perfecily cut and free from evaporation
losses so that all perimeter effects are negligible.
The determination of the average thickness by weigh-
ing is affected by the perimeter effects and these
must be corrected for to give the average thickness
of & perfect sheet. The error made by neglecting
this correction may emount to about 15%,and in fact
in early experiments when this correction was deemed
negligible’resulta were obtained which seemed to

show that water had a much lower half-value layer



IABLE 3
DIRECT CALIBRATION OF BETA-RAY GAUGE

Sheet Perimeter Correction Agar Cel Thickness % Error
as % of thickness mﬁ'/c"@ in Gauge
P—ra,y Gauge Veighing
1 16,2 1.95 1.88 + 3.6
2 14.5 2443 2445 - 0,8
3 12,7 2.29 2,23 + 2.6
& 10.5 2.49 2,40 + 346
5 12,0 506 5.18 - 2.4
6 14,0 5ed2 540 * Bed
7 10.5 5.20 4.94 + 5.0
8 11.5 5.48 525 + 4.2

liean Value

+ 1.3
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measured at six places @nd the error in the deter—
mination of the area was estimated at X 24, The
square was then weighed at a noted time, The peri-
meter effects were then corrected for by the proced-
ure detailed above, and the corrected weight of the
square was found, As the micé sheets were of known
thickness, the corrected thickness of the agar gel
layer was thus found, The standard error in the
corrected thickness was estimated at 3%, arising
chiefly in the determination of the perimeter correc-
tion (2%) and the measurement of area (2%). The
standard error in the measurement of thickness by the
fS-ray gauge was estimated at 2%,

In Table 3 the results are given for the eight
sheets tested. In the first column is given the
correction for the perimeter effects, end in the
gsecond and third columns the mean thicknesses derived
by welghing and by the gauge. In the final column
the percentage error in the gauge reading is given,
The estimate of each error is subject to an error of
X 4%, due to the errors in the determinations of
thickness. 1In the region of 2.3 mg./cm.® there is
the possibility of a small systematic error in the
gauge of less than 3%, but viewing the results as a
whole it seems reasonable to conclude that the poly=-
thene calibration curve is valid for the agar gel to

an accuracy of £ 3%.
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wide Tunk Experiment.

A5 the direct calibrution of the guuge is a
difficult procedure, an independent test was carried
out to find if there was uny difference in the
absorption curves for polythene and water for 358 P-
rudiation,

Tiie principle in this experiment is to mount a
capillary tube with a flat cover on top below the
water surface in a large tank, place a 355 source
below the capillary tube and an end-window counter
above, and determine the change in counting rate as
the water level is altered, In such a system the
change in level of .ater can be accurately controlled
and measured by withdrawing or adding a weighed
amount of water with a hypodermic syringe. The thick=
ness of the water layer above the capillary tube can
be reduced only to a certain level which depends on
the degree of flatness and horizontality of the capill-
ary top, but above this level an absorption curve can
be determined, An absorption curve for polythene can
then be derived by removing the water and placing
polythene absorbers on the cap. By allowing for the
zero level of water above the capillary tube in the
water measurements, it is possible to compare the two
curves and detect any significant difference between
the two materials,

Ine wide tank used (Fig. 5) was of brass and was
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mounted on three levelling screws, Its internal
diameter was 14,30 cm., «nd its depth 2.90 cm. At
its centre was fitted a small hollow brass stem of
diameter 1,25 cm, and the brass holder carrying the
capillary tube was placed on this stem, The stem
protrudeéd 1,0 cm. below the base of the tank and was
threaded so that a 353 source mounted on a screw
could be inserted below the capillary tube. The tank
was fitted with a circular plate of brass, of diameter
13,0 cm, 2nd height 1.25 cm. with a central hole of
2.50 cm, dismeter, to reduce the total volume of
water in the tank, A thin brass 1id was screwed to
the top of the tank «nd this had a central aperture
of 2,54 mm, diameter above which the counter was
placed. Tiere was also a small hole 1,27 cm, diameter,
at 3.0 cn, from the edge of the 1lid through which a
syringe could be introduced to withdraw or add water
to the tank.

Tiie brass holder (Fige. 6) which fitted on the
central stem consisted of two main parts, The first
was & brass cap of height 1,2 cm. and soldered into a
central hole in its top surface was a 4,0 mm, length
of surgical steel tubing of external diameter 0,8 mm,
and internal diameter 0,5 mm, The second purt was
an auxiliary cap of brass with a small hole of 1,2 mm,
diameter drilled at the centre of its top surface,

It was 0.5 cm, high and was machined to fit closely
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over the first cap. The auxiliary cap was used to
hold down a cover of thin polythene over the steel
capillary tubing. Before fitting the cover the top
of the capillary tube was carefully ground flat,
Then the top surface of the main brass cap was lightly
smeared with Durofix adhesive, A piece of polythene
sheet about 1,0 x 1,0 cm, in area ond of 1,2 mg./cm.2
thickness was next placed to form & small tent over
the capillary tube, the adnesive seccuring the base of
the tent to the top surface of the main brass cap,
The auxiliary brass cap was then pushed on to the main
cap, thic causing the polythene to be pulled down to
form a taut skin over the capillary tube. The peoly=-
thene cover over the top of the capillary tube was
inspected with a microscope to detect any scars ox
pinholes. Usually three or four covers were fitted
before a satisfactory one was found. With the auxil=-
iary cap in position the length of capillary tubing
above the holder was 1.5 mm,

The source of 3°S P-radiation (Fig. 7) was a
small piece of blotting paper (14.0 mg./cm.2) and was
of approximately 1,0 mm, diameter, This piece of
paper wae placed in 1 millicurie of carrier-free 335
solution in a standard Harwell isotope bottle, the
solution was dried by an overhead lamp and the paper
was removed, It was then fixed with a little adhes-

ive in a small cavity 1,0 mm, deep at the top of a
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thin brass rod, Ihe rod was fitted to a screw and
~inserted in the stem of the brass tank so that the
paper source was approxinmately 5,0 mm, below the top
surface of the capillary tube.

The counter was an EHMZ tube with a mica end-
window of 2.2 mga/hm.z thickness and was mounted 1
mm, above the central aperture of the 1id so that its
window waé 1.6 cm, above the top of the capillary
tube. The syringe used had a capacity o 2.0 cc.
and was fitted with a needle of 1.0 mn. exterﬁal dia=-
meter. The welghings of the syringe were carried
out on a quick-weighing Stanton chemical balance,

Before use the wide tank was carefully cleaned,
Then the brass holder carrying the capillary tube was
ingerted on thie stem and the source placed in posi=-
tion, The counting rate was then measured, After
this the tank was flushed several times with dis-
tilled water, It was finally filled with distilled
water containing a minute amount of Teepol, the con=
centration being 100 mg. per litre. The addition of
this Teepol removed a troublesome tendency of the
water surface to recede from the top of the capillary
tube,  Any bubbles of air on the water surface and
on the brass were carefully removed,

Rough absorption curves were first taken by
ad justing the water level above the capillary tube to
about 12 mg./cm.® thickness and reducing the level by
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removing known quantities of water with the syringe,
Since the area of the tank was 160,6 cm.2, removal
of 0,1 cc, of water produced a reduction of 0,622 mg/
cm.2 in the water level. At a certain level there
was a sharp bend in the absorption curve indicating
that the water surface was being affected by the top
surface of the capillary tube. The tank setting
was then adjusted by means of the levelling screwa-
g0 that this bend in the absorption curve occurred
at the smallest possible level of water, The mini-
mum value was found to occur at a water level cor-
responding to a uniform layer of 2,5 mg./bm.z.

The zero level of the water was then fixed
slightly above this at a thickness of 3.0 mg./'cm.2
and the absorption curve was carefully determined by
finding the reduction in counting rate brought about
by increasing the level of the water by known amounts,
The procedure followed was to weigh the syringe, con-
taining ebout 2,0 ce, of water, in a small cardboard
box, while at he same time determining the counting
rate at the approximate zero level, A small quan-
tity of water was then added to the tank, the divi-
sions on the syringe sten being used as a guide and
the exact amount being found by reweighing. The
addition of the water was made slowly and no bubbles
of alr were formed. About 30 seconds after the

addition a determination of the new counting rate was
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made and the reduction in counting rate calculated,
r‘he syringe was then used to withdraw a gquentity of
water roughly equal to that which was added, the
exact amouﬁt being determined by weighing, and the
clterution in counting rate was found, From the
cuantity withdrawn, usually about 5% less than that
added, the change in counting rate produced by a
layer of ihe same thickness as was first added was
calculated, The two changes in counting rate ob=-
tained by adding and removing water differed usually
by less than 3% and the mean of the two changes was
taken as the final value, By carrying out the de=
termination in this way any steady change in the
water level due to evaporation or alteration in
tenperature was corrected for, By using different
alterations in level up to 7.2 mg./cm.z, the absorp—
tion curve in water above the zero level was deter-
mined.

The absorption curve obtained (Fig., 8) is closely
'exponential with a half-value layer of 2.40 mg./dm.2
down to a thickness of 5 mg./bm.z. Beyond this the
curve begins to slope more steeply.

Absorption curves for polythene and polystyrene
absorbers were next determined. The tank was
draeined and the polythene cap dried, A esmall alu-
minium cylinder (Fig. 9) with a central hole of 2.0

mm, was fitted on the brass holder carrying the
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capillary tube. The surface of the cylinder was
less than 0.5 mm, @bove the top of the capillary
tube, so that absorberse placed on the cylinder were
fairly close to the polythene cover on the capillary
tube. The aluminium cylinder was surrounded by a
disc of Fhrspex to simulate the conditions in the
meagurement of water absorption, The 1id of the
tank was kept in position as it was found that
slightly different readinges were obtained when it
was removed,

In carrying out the measurements it was found
desirable to use a small thin disc of Perspex with
a central hole of 5 mm, diameter io keep the absor—
bers flat, It was also found that when a polysty-
rene absorber was placed in position for a short
time and then removed the counting rate was often
about 6% lower than its original value and that 1t
slowly returned to this value in a period of about
five to ten minutes. No explznation of this effect
could be found other than that it was due in some
way to electrostatic forces. The effect disappeared
when a thin aluminium leaf (0,2 mg./cm.2) was placed
over the central aperiure of the aluminium cylinder,
and this leaf was retained during the rest of the
measurements,

It was found that the absorption curves (Fig.l0)
for both polythene and polystyrene were both closely
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exponential up to T.5 mg./cm.z. Tie half-value
layer for polythene was 2,37 mg./cm.2 while that for
polystyrene was 2,50 mg./cm.z. Before comparing the
absorption curves in polythene and water it should be
noted that in the water measurements the layer of
water used as the zero level, although equivalent to
a uniform layer of 3,0 mg./cm.z, was probably not
uniform above the aperiure of the capillary tube.
However, with a uniform layer one would expect that
the same absorpiion curve as the experimental one
would be obtained over the main portion with a posse=-
ible difference in the region where the curve begins
%o bend down. It therefore scems reasonable to
compare the water curve up to 4.5 mg./cm.2 thickness
with the polythene curve in the region from 2,8 mg./
cm.2 to Te3 mg./bm.z. Both curves are exponential
in these regions, water giving a half-value layer of
2,40 mg./cm.2 and polythene 2,37 mg./cm.z. Since
the experimental error in both values is about 2%,
it appears that to an accuracy of 3%, avsorption in

polythene and water are the same.

Discussion.

Althoush the geometry used in the alove experi-
ment is different from that in the P-ray thickness
gauge, the half-value layer obtained, 2,37 mg./bm.z,
ig fairly close to that found for polythene sheets



96.

placed alone on the specimen plate (2,43 mg./cm.?).
It therefore seems probable that the absorption curve
meapured with the P—r:ay thickness gsuge for poly-
thene films inside mica covers will also hold for
layers of the agar gel inside similar mica covers.,
The resulis of the experiment in which a direct cali-
bration of the gauge was attempted lead to a similar
conclusion, It was therefore decided to take the
calibration curve for polytiiene as holding also for
the agar gel in measuring the thicknesses of the agar.
gel layers in mica-agar sandwiches in the main experi-
ment and allow for a possible error of X 3% in the
values of thickness obtained.

It may be added that the above apparatus used

to compare the absorption of 35

S P-—radiation in
water and polythene can be modified to study the
stopping power of liquids for ek=-particles, By using
a source of ThC' A -particles in place of the 355
source and using a movable proporiional counter
mounted on & vernier movement it appears possible to
find the air eqguivalent of a small increment in
thickness of the liguid level, Preliminary tests
have already been carried out with such a system and
with a few improvements in the apperatus, including
8 more accurately machined capillary tube, it is

hoped to make precise measurements on stopping powers,
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number of o =particles detected per unit time against
the air pressure is usually nade. The pressure re=
quired to cut off 50% of the «=particles is found
and the thickness of air between the source and
counter at this pressure is expressed in terms of
standard air i.e. dry air at 15°¢ and a pressure of
76.0 cm, Hg. Another measurement is made with the
absorber absent and the difference in the air thick-
ness found is the air equivalent of the absorber,

A variable pressure apparatus of this type was
built for the resent investigation and seversal
menths were gpent on its construction, It was found
unsuitable however, Although evaporation losses
from the mica-agar sandwiches used were made negli-
gible by sealing the &ir gaps in the brass holder
with a stiff grease, it was found occasionally that
the layer of agar gel at the centre of the aperture
of the brass holder increaged in thickness when the
air pressure was lowered, As an effect of this
kind made exact measurement of the thickness of the
agar gel during the A=particle measurements ex—
tremely difficult, the experiment was abandoned.

Instead it was decided to carry out the measure-
ments of air equivalents with the mica-agar sandwich
at atmospheric pressure and employ & system in which
a movable source was used so that the distance

between the counter and source wasg variable., Before
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considering the actual system used it is convenient
to discuss briefly a simpler system, In this an A=
particle source (Fige 11) is fitted with a collimét-
ing system so that a fine cone of A-partiicles
impinges on the end-window of a counter. If the
distance between the source and counter is varied
and the counting rate determined, then a number :
distance curve of the conventionel shape (Fig. 12)
will be obteined. ;f an absorber is placed between
the counter and source and a second number : distance
curve is determined then the air equivalent is given
by finding the spacing between the final parts of
the curves, a correction being applied to give
standard air conditions, Either the 50% end-point,
the point at which the counting rate falls to half
its initial value, or the extrapolated number end=-
point, the point at which the steepest tangent to
the number : distance curve cuts the horizontal axis,
may be used to find the spacing as long as the curves
are of the samé shape.

In the actual experimental system (Fig. 13) a
counter with a small aperture was used with an un-
collimated source, the counter having been construc-
ted for the veriable-pressure apparatus, The
number : distance curve for such a system for the
region where the distance between source and counter

is large compared with the aperture of the counter
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end the widith of the source is an inverse sguare
curve with a final steep portion (Fig. 14). If,
however, the number of «=-particles detected per unit
time for a given spzcing of counter and source is
expressed as a percentage of that which wuld be
detected if no air layer were present between the
source and counter, then a curve will be obtained of
the same shape as the conventional number : distance
curve, For convenience this kind of curve will be
called a percentage nuuber : distance curve, The
percentage number of oK=purticles detected per unit
time may be found by geometrical considerations,
since with no air present end for distances large
compared with the aperture of the counter and the
width of the source,the counting rate will be in-
versely proportiional to the square of the distance
between the counter and source., When an absorber
is present, the percentage number may also be fcund
by measuring the counting rate with and without the
absorber present. This latter method was usually
employed with a slight modificati&n. If a button
coated with thorium active deposit is used as a
source of ThC' «=particles of energy 8.78 leV, -
particles of energies below 6,08 lieV are also pres—
ent. The percentage number of « —=particles of
energy 8.78 lieV may still be found by cariying out

readings of counting rate first with the absorber
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under test and secondly with an absorber which is
thinner but still sufficiently thick to screen off
the o =particles of lower energy,

Tine method of determining the air equivalent
of a layer of agar gel in s mica-ager sandwich con-
sists then of finding the percentage number : distance
curves for the sandwich with and without the agar
present, If the curves obtained are of the same
shape then it is immateriasl whetuer the 50% end-points
or the extrapolated nmumber end-points are used in
finding the air equivalent of the layer of agar gel,
If on the other hand the layer of agar gel is not
rerfectly uniform over the region traversed by the
K=particles while the layers of mica are, dissimilax
curves will be obtained, If the variation in
thickness is Gaussian a pair of curves as in Fig, 15
will be found with the curve for the complete sand-
wich having & final portion of less steepness, In
this cese the 50% end-points should be used to derive
the air equivalent of the agar layer, Use of the
extrapolated number end-pointe will lead %o an
underestimate, I.The distance PQ, the difference
between the 50% end-point and the extrapolated
nunber end-point, depends on the uniformity of the
layer of agar gel. If the variance in range of the
ot =particle beam produced by this effect is @,° and

that due to other causes such as ordinary straggling,
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defects in the source and oblique traversal of the
absorbing media by the o-particles is 0':, then the
total variance is

o = U’uz* C’za (4).
The intercept PQ is then equal to & %%. In the
experiments only sandwiches giving a value of PQ less
than double the standard value for ThC' K-particles
in air were used, According to Bethe and Ashkin
(14) this standard value is 0,11 cm,

So far the question of the effect of the varia—
tion in stopping power of mica with o« =particle
energy has not been discussed. In the measurement
of the percentage number : distance curve for the
empty sandwich, the mica covers should at the 50%
end-point be traversed by o=particles of the scme
energy as in the measurement on the complete sand-
wich. Fortunately the variation in stopping power
of mica with «=-particle energy is small, a measure-
ment of this being described later, and it is thus
permissible to measure the percentage number : dis-
tance curve with the sandwich covers close together
at the same position as the complete sandwich and
apply & small correction to the air equivalent of the
layer of ager gel derived using tiis curve to give
the true air equivealent,

In compensation for the laboriousness of the

above method compared with the method in which a
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collimated source and counter of large aperture is
used, there is one advantage for the present problem
in tnat it allows a amalleé spacing between the
source and the mica-agar sandwich to be used and
thus permits measurements at higher ™K=particle

energies.

Variable Distance Apparatus.

In the apparatus used, which will be referred
to as the variable distance apparatus, a small
counting stand of conventionul design was employed
(Fig. 16). A proportional counter with a window of
2,1 mm, diameter covered with thin mica was mounted
with the centre of the window accurately set zlong
~ the longitudinal axis of the system, The brass
holder carrying the mica-agar sandwich was mounted
on a brass plate with a central aperture of 6,0 mm,
diameter, so that when the plate was inserted in a
closely-fitting slot on the stand the centre of the
mica-agar sandwich was accurately set on the longi-
tudinal axis of the system and was at a distsnce of
1,23 cm, from the counter window. The source of
thorium active deposit, 3.5 mn, in diameter, was
mounted on & thick brass rod on the axis of the
system &nd the rod was attached to a travelling micro-
scope stand so that_the.distance of the source from

the counter window could be varied and accurately
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measufed. The brass plute currying the mica-agar
gandvich could be withdrawn znd replaced by a
similar plote carrying a mica absorber of air equi-
valent 1.6 cm. less than the sandwich under measure=-
ment, thus allowing the percentage number : distance

curve to be measured,

Counter. )

Thie counfer (Fig. 17) was originally designed
for a variable pressure system where a small thin
window was required which could withstand a change
in external pressure of one atmﬁsphere. It was
constructed from a defunct G2 tube. Ihe usual base
was replaced by a thick brass base of 1,0 mm, thick-
ness, which had a small aperture of 2,1 mm, diameter
at a distance of 0,70 cm, from the axis of the tube.
The lead filling stem at the top of the tube was
fitted with a glass extension so thet the counter
could be readily attached to a filling line and
sealed off after filling.

The aperture in the brass base of the counter
was covered with very thin mica, which was sealed to
the brass_with Picein wax, Some difficulty was ex-
perienced in finding & suitably thin piece of mica
which could withstand a change in external pressure
of one atmosphere but success was eventually achieved

and the final window is still in good order after
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undergoing about two hundred reversals of external
preasure of the order of one aimosphere. The window
was 0,8 mg.fcm.g thick, being measured with the A=
ray thickness gauge, A emall cylinder was fitted
to the base near the window so that a protective cap
could be fitted when the counter was not in use.
The counter filling was 6.6 cm., Hg of urgon and 0,8
cm, Hg methyl alcohol,

The counter was used both as a Ceiger-iuller
counter and as & proportional counter, Its charac=
teristic curve in the Geiger-luller region wae satis—
factory, giving a plateau of 140 volts along which
the slope was 0,05% per volt., The working voltage
used was 1120 volts. When used as a proportional
counter with a supply of 920 volts, a Type 200 power
unit was used and the output pulses, after being
amplified with & 1008B amplifier set at 26 db. atten-
uation of full amplification, were fed to a 1009B
scaling unit where the discriminator was set at 5
volts, The tests on the proportional counter

system are described later (p./08 ).

Source.

lhe source (Fig. 18) was a platinum disc sol=-
dered on top of a 4 B.A. screw, The disc was
activated with thorium active deposit by exposing it

in a conventional thorium pot. After activation
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thie screw was fitted in a thick brass rod «¢nd to cut
off AA=particles from the edges of the disc, a small
cap with an aperture of 3.5 mm, was fitted over the
screw, The oA=purticles uéed were those from ThC!
which are of energy 8.78 MeV but there were also
present a group of energy below 6,08 lieV due to ThC.
A8 will be scen from the disintegration scheme for
thorium active deposit, the decay in specific activ—
ity of ThC'is controlled by the half-lives of ThB
and ThC and the time of activation of the source.
Tiie brass rod carrying the source was fitted to a
travelling microscope stand eguipped with a vernier
device so0 that distances could be measured to 0,02

mnm,

Variable Pressure Apparatus.

The variable pressure apparatus (Fig. 20),
although originally designed for the main ﬁroblem,
was eventually employed for secondary purposes such
as determining the veriation in stopping power of
mica with K =particle energy and testing the delector
system used in the varigble distance apparatus. It
consisted of a small cotnter stand with the counter
described above mounted on top. The stand was
fitted with shelves so that various absorbers and
sources could be placed at fixed distances from the

counter, The counter stand was mounted in & large
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brass chamber with a removable top, the chamber being
connected to a filling line so that it could be
filled with dry air at any desired pressure. A
manometer was fitted to the filling line to read the
difference between the chamber pressure and the ex-

ternal pressure.

Preliminary Tests.

The variable pressure system was used to test
the general equipment. In some of these tests a
small polonium source was used, the polonium being
electrodeposited a few weeks before the tests on the
centre of a small platinum disc, The minimum range
of ok=particle required for detection by the counter
was measured for both types of operation i.e, in the
Geiger-=luller and proportional counter regions,
Counting rate : pressure curves were determined for
both types of operation and compared, A deternmina-
tion of the variation in stopping power of mica with
K=particle encrgy was also made.

In the first experiment with the counter used
in the Geiger-lmller region the air thickness re-
quired to cut off 50% of the polonium =particles
was measured for two different spacings of source and
counter, namely 4,407 cm. and 6,422 cm, There was
a small detectable slope of the counting rate :

pressure curves over the theoretically flat portion
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und the 507 end-point wes teken as half-way down
the final steep portion. The air thicknesses found
agreed to within 0.2%, giving a mean of 3.25 cm.
Using the mean range for Po A-~particles found by
Holloway znd Livingston (16) of 3,842 cm. it was
concluded that only X=particles of range greater
than 0,59 cm. on entering the counter were detected.

. Next the counting rate : pressure curves were
measured with the Po source at a distance of 4,407
cn. from the counter when the counter was used first
in the Geiger-liuller region and then &s a propor-
tional counter with the fixed settings of the equip-
ment mentioned, Similur curves were obtained (Fig.
21) but there was a spacing between the curves
corresponding to an air thickness of 1,74 mm. of
standard air indicating that with the proportional
counter an -particle required to spend at least
the final 1.7y mnm, of its range in the counting
volume of the counter to ensure detection. From
the previous result it was concluded that an K =
particle of range greater than 0,76 cm., on reaching
the window of the proportional counter was detected,

The counting rate : pressure curve was then

determined for a scurce of thorium sctive depesit.
I'ine source was placed at 5.0 cm, from the counter
end was covered by a mica screen of about 4.0 cm, air

equivalent. A similar curve to that for a To source
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TABLE 4
VARIATION OF OSTOPPING POWER OF MICA

WITH ALPHA-PARTICLE ENFRGY.

2
Thickness of Mica = 1,88 mg./cm,

Air Equivalent at Mean Energy of 7.7 MeV = 1,36 cm,

Enerzy of Alvha=-Particle Decrease Stopping Power
Shelf eV Air Eq%%?a}enx relative to that
Entry  FExit _ lMean o at T.7 VeV
1 4,70 3,30 4.00 0.034 0,975
2 6,10 4,90 5.50 0,014 0.990
3 7«30 6425 6,77 0,008 0.994
4 8,20 T.25 T.72 - 1.000
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was found with a final portion of smaller steepness
(Fig. 22), Again the theoretically flat portion
was found to have a slight slope,

Apart from the slight slope in the theoretically
flat portion of the counting rate : pressure curves
it was concluded from the tests that the proportional
counter system and the ThC' sources were satisfactory
and could be used with confidence in the variable
distance apparatus.

The variation in the stopping power of Bengal
Ruby mica with «=particle energy was next measured
with the variable pressure system, A thin sheet of
mica, 1.87 mg./cm.z, was placed in turn on four differ-
ent shelves above a fixed source of ThC' and the dis-
placements in the final pErts of the counting rate :
pressure curves were used to find the difference in
air equivalent of the mica in the four positions.

Tie actual air equivalent in any position was found
from the known mean range of ThC' &« ~particles and
the measured 50% end-points of the counting rate
pressure curves, The ranges of the ®K=particles on
entering and leaving the mica were calculated and
the mean energy of traversal found. The results
(Teble 4) indicate that there is little variation in
stopping power vwith oK=particle energy in the region
of interest and that the simplification in the final

method mentioned zbove (p.l02 ) is permissible., The
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experimental results of Bennett (2) though not ex-
tending to the lowest energy of K -particle used

here, are in good agreement with the present results,

Preliminary leasurements with Variable Distance

AEEaratus.

In early measurements with the variable distance

sy stem using verious absorbers snd sources it was
found that a percentage number : distance curve was
found of the expected type. However there was a
slight slope in the theoretically flat portion which
amounted to about 2.5% per cm. in the region just
before the final steep slope. The slope decreased
with distance from the final portion. A slight
slope of this nature may result from several causes,
There will always be a slizht slope due to the back=
scattering of K=particles from the source mounting.
Defects in the source producing deviations from the
ideal thin source will also tend to produce such an
effect and a defect in the counter window such as an
increase in thickness near the rim may play a part.
In addition there must always be a decrease due to
the scattering of A=particles from {the narrow cone
employed.

An effect of this nature in a variable distance
apparatus of the present type is not serious, The

theoretical 50% end=-point of the percentage number :



¥ it O
distance curve is given by the point half-way down
the final steep portion. There is a slight un—-
certainty, about 2%, in finding this point as the
slope of the theoretically flat portion dianges,but
the effect is of no significance in determining the
air equivalent of a layer of agar gel of the order of
2.0 cm, air equivalent,

Lo check that the apparatus wss working satis-
factorily a preliminsry measurement was made of the
difference in range of the X-particles from Po and
ThC*, The apparatus was not enclosed and the air
may have been slightly different from standard dry
air but, from the general climatic conditions in the
laboratory, it was assumed that the water vapour con-
tent of the air was negligible, Percentage number :
distance curves were determined for both sources.

The percentage number of c(-parficles detected per
unit time was determined by multiplying each deter-
mination of counting rate by the sqguare of the dis—-
tance from the source to the counter, taking a read-
ing 1,0 cm, from the final steep portion as 100%.
Readings were made only of the last 1.4 cm, of the
curve for the Po source and for the last 2,5 cm, 0of
the ThC' curve, The points half-way down the final
steep portion were taken as the theoretical 50% end=-
points. It was found that when the readings were

corrected to standard air conditions the 50% end-
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point for the Po source was 3,08 cm,, agreeing per—
fectly with the previous determination made with the
varieble~pressure apparatus, For the ThC' source
the 50% end=-point was 7,79 cm,, giving a difference
in mean range of the two K =particles of 4.71 cnm.
The difference in mean range according to the data
given by Holloway and Livingston (15) is 4.73 cm.
It was concluded from the good agreement that the
apparatus was functioning satisfactorily. Through=-
out the measurements, checks were made on the 50%
end-point for ThC' o=particles, It was sometimes
impossible to maeke a check on the actual sources used
to measure the mica-agar sandwiches as {the sources
were too weak for the large distances used in the
determination of the 50% end-point for the source
alone, The measurements made however did not
differ by more than & 0,5% from the value found

above,

lMeasurements of Stopping Power of Water,

In the final measurements of the stopping power
of the agar gel, ten separate measurements were made,
liica~agar sandwiches were used with matched mica
covers ranging from 1,65 to 2.3 mg./cm.2 and with
layers of agar gel ranging from 1,9 to 3.7 mg./bm.z.

The procedure in each experiment was first to

measure the thicknesses of two large micea sheets with
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tue P-ray thickness gouge. If the sheets were of
equal and suitable thickness, they were used o make
a lerge sieet of mica—agar sandwich, This wes tes=-
ted over the central region with the thickness gauge
and if it was of suitable thickness, a small portion
approximately 1.5:x l.5 cn., in area was cut out and
inserted in the brass holder. The holder was then
placed on the specimen plate of the gauge and the
counting rate determined.

The holder was next placed on the brass plafe
used in the variable distance apparatus, 4 guick
determination was made of the approximate 50% end-
point, the rough &ir equivalent was found and a
second brass plate was fitted with a mica absorber
of air equivalent approximately 1.6 cm, less than
the mica-agar sandwich, An accurate determination
of the 50% end-point followed in which alternate
readings were taken with the two plates and the per-
centage number : distance curve was drawn. One ad-
vantage of this method compured with The method in
which the percentage counting rate is found by geo-
metrical considerations is that corrections for de-
cay of the activity of the source become negligible.
It will be seen from one of the experimental curves
(Fig. 23) that the "horizontal" portion was at 96%
indicating a slope of 2,5% per cm, near the last pari

of the curve. If the distance between the 50% end=-
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point and the extrapolated numbers end-point exceeded
2,0 mm, the experiment was abandoned and a new sand-
wich made, About one in three sandwiches were re—
jected on this score, At the end of the determina=-
tion of the percentage number : distance curve, the
holder containing the sandwich was transferred to
the specimen plate of the thickness gauge and the
counting rate determined, This reading was some=
times less than the previous reading, corrected for
variations in the zero-absorber reading of the gauge,
but the decrease on the average corresponded to a
decrease in thickness of the agar el layer of less
than 24, The mean of the two readings was taken
as that corresponding to the time of measurement of
the 50% end-point.,

Next the top plate of the holder was gently
rrised up to open the sandwich, The fragments of
agar gel adhering to the mica covers were wiped off
with a piece of filter paper and the covers were
dried under a lamp to remove traces of moisture.

The top plate was then replaced in the holder to fom
an empty sandwich and the measurements detailed above
were repeated for this, A reading on the fs-ray
thickness gauge was made before and after a determin-
ation of the 50% end-point,

The readings of the P -ray thickness gauge for

the empty and complete sandwiches, duly corrected for
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any shift in the zero-absorber counting rate, were
usged to derive the thickness of the agar gel layer,
the calibration curve for ﬁolythene being employed,
A correction was made where the covers differed
significantly from 2,0 mg./bm.z.

The temperature and pressure of the air were
separately measured for the two determinations of the
50% end-point, and the latter were corrected to give
the values in standard air i.e, at a temperature of
15°C and a pressure of 76,0 cm, Hg., The difference
in the two end=points was teken as the air equivalent
of the layer of agar gel, after a few minor correc-
fions were made,

The first correction was that for the variation
in stopping power of mica with K=particle energy.

A correction was made in the 50% end-point for the
empty sandwich to give the 50% end-point obtained
with mica covers traversed by X =-particles of the
same energy as in the determination for the complete
sandwich, The correction required was small and
caused a change in the &ir equivalent of the ager
layer by amounts varying fyom 0.3 to 0.6% in the
ten measurements made, The next correction was for
the water vapour content of the air, At a relative
hunidity of 100% at a temperature of 24°C, the
temperature at which most of the experiments were

carried out, the decrease in stopping power of 1 cm,
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of air compared with 1 cm. of dry air is 0.7%. As
no measurements were made of the relative humidity
of the air, it was decided to assume 50% relative
humidity and make the appropriate correction,

The effect of oblique traeversal of the mica-agar
gsandwich was considered, For the closest spacing
of counter and source employed namely 2,0 cm,, a
calculation of the average increase in path length
in the sandwich shows that it is 0,2% greater than
for traversal at 90°, The 50% end-point for the
complete sandwich was corrected for this effect,
The maximum correction in the air equivalent of the
agar layer on this account was 0,5%. Finally the
displacenent of air by the sandwich required a cor=
rection of 0.1% in the air equivalent of the agar
layer.

The air equivalent of the layer of agar gel,
corrected for these effects, and the measured mass
thickness were used vo find the stopping factor f
for the agar gel i.e. the thickness of agar gel in
mg./cm.2 equivalent to 1 cm. of standard air. At
an A=particle energy of 6 lleV the stopping factor
for an agar gel containing 2.5% of agar is 0,075%
greater than the stopping factor for pure water,
assuming no anomaly in the stopping power of liquid
water, Even with a supposed anomaly for liguid
water of 15%, the difference in stopping factors is
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Oed 5%, It follows that there is negligible error
in taking the two stopping factors as equal.
The molecular stopping of liquid water i,e,
the stopping power of one molecule relative to that

of the average atom of standard air is

= 10004

where d is the density of standard air (1.226 x 103
em./cc. ), M is the molecular weight of water, and A
is the atomic weight of the average atom of air
(14.56)., This equation was used to find the mole-
cular stopping power of liguid water,

The energy of the A =particles on entering and
leaving the layer of agar gel was worked out from the
known range of ThC' &« =particles in air and the mean
energy of traversal was calculated,

As a check on the meésurement of stopping power
for liquid water, the 50% end-point of the empty
sandwich was used to find the stopping factor for
mica i.e. the thickness in mg./c:m.2 equivalent to
l em, of air, The actual 50% end-point for the ThC!
source with only air between the source and counter
was not alﬁays measured, but the mean of the deter-
minations made was used in those experiments where
the source was too weak to make a separate determina—

tion.
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Results,

The results of all ten experiments are dis-
played in Table 5. The values deduced for the
molecular stopping power of liguid water show very
little varietion, The mean energies of traversal of
the KA =particles are all fairly close to the mean
value of 5,9 MeV although there is a large variation
in the entry and exit energies for the various sand-
wiches,

Thie mean value of the molecular stopping power
of liquid water is 1,47 &t a mean ol =particle energy
of 5.9 MleV, In assessing the error in this deter—
mination, it appearse that the main source of error
may lie in the measurements of thickness with the
P-ray thickness gauge. Use of the calibration
curve for polythene may produce an error of X 3%,
The individual measurements of stopping power show
very little variation from their mean and an allow=-
ance of 1% appears adequate to cover the possibility
of systematic errors in the determination of air
equivalents, It may be added that use of the
extrapolated number end-point.instead of the 50% end=-
point in the determination of air equivalents reduces
the mean value of stopping power by 2.0%,

It is concluded that the experimental error in
the determination is 3.5% and that therefore the

stopping power of one molecule of liquid water
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relative to that of the average atom of alir at an
A=-purticle energy of 5,9 MeV is
8 = 1,47 = 0,05 (6).
In Table 6 the determinations made of the

stopping power of mica are reported, At a mean
energy of traversal of 4,7 lleV the thickness of mica
equivalent to 1 cm, of standard air is 1,41 mg./cm.z.
From the data given by Bennett (2) the value for

e at the same

Green Madras mica is 1l.45 mg./cnm,
energy. Bennett found however that there is a
variation in stopping power of about % 2% emong
saaples of i;his kind of mica and concluded that there
would probably be lorger differences among micas of
the same general type but of different origins., No

* significance can therefore be attached to the small
difference of 3% in the present value from that given
by Bennett, The results given are only a rough
check on the functioning of the apparatus, ruling
out the possibility of errors greater than 5%.

liore conclusive evidence is provided by the satis=-

factory result for the difference in range of the

A=particles from ThC' and Po.

Discussion.

In the tables of stopping rowers given by
Wilkins (16 ), the values of "differential" stopping

powers are based on the semi-theoretical calculations
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made by Livingston and Bethe (17), small adjustments
being made to cover the corrections suggested by
Hirschfelder and Magee (18) and by Varshaw (19),
The physical constants used in the calculaticu are
derived from the ranges of various «=particles in
the gases. FProm the tables the atomic stopping
power of hydrogen at 5,9 MeV is 0,205 and that of
oxygen is 1,056 so that if the Bragg law is valid
the molecular stopping power of liquid water at 5.9
eV is |

8 = 1.47 X 0.04 (7)
when an error of 3% is assigned. The value is the
same as the present experimental result,

According to CGray (1) from a review of the
experimental data on the ranges of K-particles in
oxygen and hydrogen, the integral molecular stopping
power of liquid water, assuming no departure from
the Bragg law is 1l.51 for K=particles of energy
5.3 MeV and 1,49 for those of energy 7.7 MeV, A
small difference would be expected in the values of
the "differential" and integral stopping powers at
an o=particle energy of 5,9 lMeV, but this is un-
likely to exceed X 2%, It is concluded that as the
above values exceed the experimental value by 3% at
moet and this lies within the limits of error of the
experimental result that there is no evidence for

any significant failure of the Bragg law,
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FPhelps, Heubner and Hutchinson (5) have used
the experimental results on stopping powers of
various liguid gases and organic compounds for protons
at a mean energy of 270 MeV obtained by Thompson (21)
and the equation given by Livingston and Bethe with
a small correction factor given by Walske (22) to
calculate the stopping powers of different aJoms at
an KA=particle energy of 5.9 MeV, They teke account
of the small effects of chemical binding found by
Thompson, If we take the atomic stopping power of
a hydrogen etom with a saturated binding in a carbon
compound, namely 0,204, and that of an oxygen atom
in the liguid gas, 1.075 and use the Bragg law to
compute the moleculer stopping power of liquid water
ve find

s = 1.48 £ 0,03 (8).
The excellent agreement with the present experimental
result shows that the stopping powers of hydrogen
and oxygen atoms are substantially the same in water
as in the liquid gases and various s0lid materials
used by Thompson,

It is difficult to reconcile the above experi=-
mental result s = 1,47 at an A=-particle energy of
5.9 MeV with that of 1,71 found by Appleyard (8) at
4,5 MeV unless there is a large increase of stcpping
power for a fairly small decrease in energy of the

A=particle, an event which does not seem very
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probable, The present method could possibly be
used to investigate the variation in stopping power
of liquid water with AR =particle energy but the
sandwich would require to have much thinner mica

covers and a thinner layer of agar gel,

Conclusion.

It is concluded that at an oA =particle energy
of 5.9 MeV the stopping power of one molecule of
liquid water relative to that of the average atonm
of air is

8 = 1,47 = 0,05.

Tuis value is in close agreement with the values
derived from the atomic stopping powers of hydrogen
and oxygen in the gaseous state and it is concluded
that at an K=particle energy of 5.9 eV the Bragg

law is valid to an accuracy of 4% for liquid water,
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