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Abstract

The development of cavity ionisation theory has been reviewed and an
experimental examination of recent theory underitaken. The necessary
Physical measurements on the 0060 unit used for the experimental work were
carried out.

A general theory of cavity ionisation has been used to calculate the
variation of the response of dosimeters with the size of the dosimeter and
with the atomic -number of the surrounding.medium. The results of the
calculations have been compared with experimental measurements.

" The linear dimensions of condensed state dosimeters between 10—3 cm
to 10 cm have been considered; this renge extends from cavity sizes smell
compared with the ranges of electrons generated by Coéo gamma Trays, up to
sizes large compared with the electron ranges. Experiments have been per-
formed using the Fricke dosimeter and also using "Perspex" surrounded. by
media with atomic number ranging from 4 to 82. It was found that in all
cases theory and experiment wefe in agreement. t is concluded that the
general theory of cavity ionisation is valid, at least for photons of this
energy. .

The general theory of cavity ionisation was then applied to several
problems in condensed state dosimetry, including the dosimeters FeSOA,
1iF, Li23407,

The magnitudes of the corrections to the response of these dosimeters due

CaSO4 and CaF2 in spherical containers of various dimensions.

to the interface effects were calculated. The derivation of the absorbed

dose in a medium from the dose absorbed in a detector embedded in it was

considered. Special attention has been given to the absorbed dose in soft

tissue inclusions in bone irradiated by low energy photons.
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CHAPTER 1

REVIEW OF THEORIES AND EXPERIMENTS ON CAVITY IONISATION

I Introduction

The physical, chemical and biological effects of ionising radiation
are produced by the energy deposited in the system of interest. Tor
this reason, a fundamental concept in radiation dosimetry is absorbed
dose. _'The absorbed dose of any ionising radiation is the energy
imparted té'the matter by ionisiﬁg particles per unit mass of irradiated
material at the place of interest' (ICRU, 1962)., The same ICKU report
defines the unit of absorbed dose: the rad, where 1l 'rad = 100 ergs per
gram, ‘

In order to measure the absorbed dose in a medium exnosed to
ionising radiation, it is neceséary to introduce a radiation-sensitive
device into that medium, In general this de&ice will differ in its
density and in the atomic number of its constltuents from the madium,

A physical discontinuity occurs between the medium and the device, which
will therefore be referred to as a cavity., The ionisation chamber has
been and still, is,one of the most widely used devices in rodiation
dosimetry and the theory relating its response to the absorbed dose in
the irradiated medium surrounding the cavity was formulated several
decades ago, There have been refinements of cavity ionisation theory
but always applied to the interpfetation of the response of an
ionisation chamber. In recent years'an increasing number of non-
ionmetric dosimeters have come into use (e.g. chemical dosimeters,

- thermoluminescent dosimeters, photoluminescent dosimeters and
conductivity dosimeters).

Thig thesis :discusses the application of cavity ionisation theory
to the condensed state. A recent theory of cavity ionisation is
evaluated for a chemical dosimeter and for two solid state dosimeters
over a large range of photon energy and dosimeter size. These
calculations are compared with the experimental response of these

dosimeters to 1.25MeV photons. The theory is also applied to the

T



of
calculatibn/the dose received by soft tissue elements in irradiated

bone,

IT Assumptiors Occurring in Cavity Theories

The assumptions occurring in the theories to be discuésed are
stated here and will be referred to in the discussiocn of each theory,
1. The stopping power ratio for electrons may be treated as constant.
2, ILlectrons lose energy'continuously (i.e.)é-ray production is
neglected).

'3, The cavitj is small so that the electron spectrum set up in the
chamber wall is not modified by its presence,- '

b, The generation of electrons by the absorntion of phoitons in the
cavity itself is negligible. To satisfy assumpticns 3 and L, the size
of the cavity shouid be very much smaller th@n the range of electrons.
In practice this can be a very severe limitation, since there are many
low—-energy electrons, ) )

5. ,Photonuclear reactions and positron fofmaﬁion are disrergarded.

6. There is uniform primary photon fluence produced in the region of

the cavity.

III Bragg-Gray Theory

The first rigorcus derivation of cavity ionisation theory was by
Gray (1929) but since it was anticipated qualitatively by Bragg (1910,
1912), this has come to be called the Bragg-Gray theory. All of the
six assumptions in Section II. were made in this derivation,

Gray (19%6) considered two small geometrically similar volumes,
Cne composed part oift&;uggémber wgll and had a volume Vw, The other
was a gas filled cavity,Va, the linear dimensions of Va being greater
than Vw by a factor S. Suppose that Vw and Va are exposed to a
uniform field of electrons, The number of electrons crossing the

. larger volume, Va, is greater than the number’ ¢crossing the smaller

volume Vw by a factor Szjbut the volume of Va exceeds Vw by a factor Sa.

Hence the energy lost bj the electrongin volume Va per unit .

b e e e s
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volume will be less than that in Vw by a factor 1/S. Hence if La and
Ew are the energies lost by the electrons per unit volume in traversing
the volumes Va and Vw respectively, then the Bragg-Gray relation is
expressed as |

By = S Ea _ 1.1 A
Ea s proportional to the energy giving rise to ionisation in the
. cavity and vis'given by WJ where W is the average energy expended in the
gas per ion pair formed and J is the number of ion pairs formed in the

cavity per unit volume Hence

Eav = S VV’J- o2

Gray. subsequently 1dent1f1ed S as the ratlo of the stopping power .1t
for electrons of the wall to that of the gas;i.,e. 8 = (a;/dx)w/(ai/dx)a.
InherentAln this derivation is the assumption that the energy lost by
electrons in crossing each volume Va or Vw is equal to the energy
deposited in that volume., This is obviously true 1f the enecrgy lost by
secondary electrons is absorbed ‘on the spot i. e. the continuous energy
loss model stated in assumption 2 is adopted.

Reviewing the information available in 1936 Gray assumed his
Iactor of proportionality S (i.e. the total stopping power ratio) as
practlcally constant over a very w*de range of electron energies, at
least to within the limits of experimental error. De£&¥atlons of the
stopping power ratio from constancy are discussed below.

IV- ILaurence Theory

Lauren%gs(l937) also assumed the continuous loss model in
formulating/%heory but unlike the earliest form of Bragg-Gray theory,
it took into account the dependence of the stopping power ratio in a
medium on the electron velocity. Thus assumptions 2 to 6 were made in
his theory.

He considered two small air-filled cavities, one surrounded by

'a solid wall end the other by a gaseous wall. The cavities are exposed

to a uniform field of electrons. The number of electrons and their

energy spectrum crossing a cavity vary with the atomic numbter of the
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surrounding wall, He calculated the energy of an electron entering the
cavity boundary. The amount of ionisation produced by the electron in
traversing the cavity can be obtained from a knowledge of its specific
ionisatien in the gas knowing the electron energy at the cavity
boundary. The specific ionisation G(T), is the number of ion pairs
formed in a gas'per unit length, G(T) is related to the average energy
. expended in the cavity per ion pair formed, V,by the following
expression .

G(T) = [ﬂ(//dx)a w A /+3
where Vi is assumed independent of the energy of the electron.

Flnally, Laurence expressed the total 1onlsatlon as being

T= conston = | @t fla s A7 72 12

- A is the rate of production in the Wall/c,c.,‘par ¥ ~ray per cmz;bf
¢lectrons having initial energies between To and To + d7. (dZ/dx)a and
(dT/d&x)w are the stopping powers for the gas-and wall respectively. The
secqnd integral is the total stopping power ratio for the electron, which
is treated as an energy dependent variable. It should be noted that not
only (dT/dx)a is treated by the continuous energy loss model but also
(a%/ax)w, .This-is because the electron distribution is derived from

the reciprocal of the stopping power. Spencer and Fano (1$54) have

shown that this is only correct in the case of the continuous energy

loss model.

\ Seencer-Attix Theory

The theories in the previous sections so far have assumed that the
electron loses.energy continuously. The Spencer-Attix theory (1955)
approached the ionisation in a cavity by teking into account discrete
energy losses réﬁlting in the secondary electrons (&-rays) which carry
this energy outside the oheéigézéaii Thus assumptions 3 to 6 (Section
II) are inherent in this theory. '

In formulating the theory, Spencer and Attix chose an arbitrary
energy.limigz&, in which secondary electrons originating with energy

less than Awere regarded as dissipating their energy at their point of
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origin. Theretvenzthpee points to be considered as a consequence of this
assumption. Iirstly, all electrons having enérgies greater than A did not
- dissipate their energies on the spot and these electronswere included in
the fast electron spectrum Iw(To,T). Secondlg'because tlle electron
spectrum included the fast electrons, the stovping power had to be

- limited to energy losses below A, Thirdly, the lower limit for the

_ integration of the energy deposited in the cavity by the electron flux

was 431ether than zero, as electrons with energies less than A deposited

their energy on the spot,

Spencer and Attii expressed the mass stopping power ratio for
- electrons of the gas to the wall, ﬂgTé,ll),by the following eguation,
This is of course the reciprocal of the stopping power ratio in

equation (f.2).

fulr,): G {1, LTS R, (B ) T

FEVRCTR

1
where To is the initial energy of the electrons,
Z is the atomic number,

A is the atomic weight,

P
1 PRI - N - “ v e erans be

Ba(T) and Bu(T) are the sfopping numbers of the electrons of energy T
for the gas and wall respectively, :
Rw(To,T) is the ratio of the total electron flux to the primary electron
flux at an enérgy T when the initial energy of the electrons is To,
[\ is the energy of an electron which will span the cévity.

fw(To,A ) in equatioﬁ 1.5 is clearly a function of A which depends
on the size of the cavity. fw(To,Z; ) will therefore vary with the
cavity size or the gas pressure, This size dependence fgctor
distinguishes the Spencer and Attix theory from the theor;es of Bragg-
Gray and Laurence which result in the ionisation per unit mass of gas

being independenti of the cavity size or the pressure.

ey e ———
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VI Burch Theory
Burch (1955) presented a theory which rested on the same assumptions

as Spencer and Attix. He also predicted that the ionisation per unit mass

- of gas would be dependent on-the size of the cavity. However, the detailed
atténtion he gave to the problem prevented him from obtaining az full
numerical solution so that it is not possible to calculate the mass stopping
power ratio. For this reason, no experimental tests have been applied to

the theory.

VII Burlin's General Theory of Cavity Ionisation

VIIg Basic Problem

As this thesis is primarily concerned with the application of
Burlin's theory (1966) to the condensed state, his theory will be

reviewed in more detail than were the earlier theories. The basic

problem with all the earlier theories is that they assume the modification
of the electron energy spectrum in the chamber wall due. to the presence

of the gas in the cavity is negligible (assumptions 3 end 4). This -
necqssitates the size of the gas cavity being small compared to the range
of electrons passing through it. Experiments with gas filled ionisation
chambers indicate that this condition is not fulfilled when the cavity
size exceeds 1cm. diameter in the case of 1.25MeV photons. This wopld
imply that the mean linear dimensions cannot exceed 10-3cm; for condensed
state dosimeters for 1MeV photons. Linear dimensions must be smaller for
loﬁ energy photons and neutrons. Hence, these theories are of limited
practical use in condensed state dosimetry; and, indeed,no theory will be
useful unless it treats the effect of the cavity on the electron spectrum
(i.e. it i®liminates assumptions 3 and 4). Several experimental workers
(e.g. Greening (1957), Attix et al (1958), Burlin .(1961)) have found
deviations from the Spencer-Attix theory in the variation of the ionisation
with the cavity size and atomic number of the wall, which they attributed
to the modification of the electron spectrum by the cavity. This also

indicates the need for a theoretical treatment of this problem.
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VIIb Hodification of the shape 6fi the Electron Spectrum by the
Cavity Gas

The presence of the cavity gas modifies the electron spectrum in

two waysZ(1l) the shape of the electron spectrum, (2) the energy in the
electron spectrum. The first will be considered in this subsection,

Wihen the size of the gas cavity is comparable to the electron
range, a significant number of photon interactions occur in the cavity
and an e;ecﬁron'spectrum is set up in the gas which may differ from that
set up in the wall material, The spectrum of electrons in the cavity.
may therefore bé regarded as having two components: the wall spectrum
and the gas spectrun. .As no theoretical méané existed for treating an
electron spectrum in the region of an interfaée, Burlin introduced
approximations, which were based.on experimental findings, in order to
render the problem soluble, His approach was to modify the Spencer-
Attix theory so as to account for the influence of the cavity on the
electron spectrum, -

Thg electrons originating from the wall electron spectrum are
atteduated as they cross the cavity gas. Burlin deduced from
experimental data (e.g. Schmidt (1906), Hahn et al (1908) and Cdeblad
(1955)) that the attenuation was nearly exponential having an
attenuation éoefficient B. .

Since both the 'wall spectrum' and the 'gas spectrum' are generated
by the same incident photons, the maximum electron energy, Emex,will be
the same for both, Burlin also noted that experimental data indicated
that the maximum energy'determines the effective mass absorption
coefficient of a spectrum (e.g. Curie (1931), Gleason (1951), Katz et al
(1952)). In fact,he used Loevinger's expression for the effective mass
absorption coeificient for beta rays in air, ignoring a term concerned

with forbidden spectra:
R/ . . .
F O [ —0-036)™% cwfgm of an [

Hence, he argued that if g is the average path. length of electrons

crossing the cavity, the 'wall spectrumf on average would be reducgd by



a factori- -

ff‘ '/‘3 d /- Pl
; ff dx ) ‘ ; )

and that on average the gas spectrum would build up td-é fraction (1-d)

/v7

of its eguilibrium value since
Jit-ePax fg el I
[F dx Py

Applying these correction factors to the ferm.in the Spencer-Attix

/- &

formula (equation 1.5) representing the influence of the shape of the

electron spectrum resulted in two terms:i-

A LS R (BT —/)A, 2 RulTs 8)(E )]

+ U )[Rl T ,fj% -/) Arrd 'r‘)"("’"’)(?“}[j))‘/)]

/9

and in fact, the second term kS zero because in a perfectly matched
chamber (e.g. an air-wall chamber) the electronic stopping power is

wity.,

ViIc Modification of the Energy qﬁ the Electron Spectrum by the

~ Cavity Gas
The presence of the gas in the cavity also modifies the total

energy in the electron spectrum. As-stated in subsection VIIb, the
electronic stopping power ratio is unity in the case of electronic
equilibrium existing in a cavity matched for atomic number with the
surrounding medium, In generai’this is not the case and the electrons

generated per gm are different in the two materials. Therefore Burlin

14,

multiplied the electronic stopping power ratio which was treated as unity
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by a ratio a}ﬂ.@/yﬂ;‘whereyl.;g and ydzicare the electronic energy
absorption coefficients of the photons 6 in the gas cavity and wall medium
respectively, i.e., of the form /x ;;Lt;i . The gas spectrum would
then on average attain a fraction (1 - 4) of its equilibrium value so

that the contribution to. the electronlc stopping power ratio is
(/ d)x/xw/w‘ - | : /~r0

instead of (1 - d) x 1. The correction to the electronic stopping power

ratio \&5 therefore

(1-2)x 1 x (222 -/) -
(/-4 [EEF |

| LG ) | /12

- whereéTf?Land(Z%jLare the mass energy absorption coefficients of the

cavity material and the medium respectively, -

VIId iGeneral Theory of Cavity Ionisation

The final expression for the mass stopping power ratio obtained by

.applying the above considerations to the Spencer-Attix theory is

£ (70)-GEk {/+é(— [ [ Rtz ‘)/8“% - Fe s ﬁ,//a,d)gﬁ“f’j)]

G
[/—A)[(’é')((%); -/]} | 413

Referring to equations(l.7) and (1.8) it is seen that when the average

path length g of the electrons crossing the cavity approaches zero (i.e.

for very small cavities compared with the electron range), the welghting
factor d is unity. The expression for the general theory of cavity
ionisation (i.e. equation 1.13) reduces to the Spencer-Attix expression
(equation 1,5). When g approaches infinity (i,e. for cavities with

dimensions very much greater than the range of the electrons) equétion
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1.13 reduces to the ratio of the mass energy absorption coefficients of.

the gas to the wall .
JC,(_/:,A){ (/%)d/(/f(;)w . .

This theoretical- approach to cavity ionisation aﬁplies to all sizes
jof cavity and to any combina#iop of atomic numbers for the medium and
the cavity. Moreover, the cavity may be in the solid, licuid or gas
phase and may be more or less dense than the medium, Tor these reasons,

Burlin refers to it as a general theory it vy of cavity ionisation.

VIII Earlier Experiments in Cavity Ionisation.Using a Gas rilled lMedium

Most of the earlier experiments in cavity ionisation used gas.-: as
the sensitive volume, These will be revieﬁed in this section. The use
of liquid or solid as the sensitive volume will be discussed in the
chapters dealing with these dosimeters. Gas filled cavity experiments
are discussed under the headings of the following parametérs and are
summ?rised in Table 1.1 .
(a) Variation of the gas pressure or the size of the davity;

(b) Variation of the atomic number of the gas;
(c) Variation of the atomic number of the Qall;

(4) Variation of the energy of the incident photons. -

VIIIa Variation of the Pressure of the Gas or Size of the Cavity

The variation of the gas .pressure and the cavity size are considered
to be different aspects of the same effect. The variation of the
' ionisation per gram with pressure provides the most direct test of a
theory of cavity ionisation in thagiifﬂindllary constantg(e,g, mass
eﬁqrgy absorption coefficient) which would introduce additional
uncertainty in the experimental results nor :™: any corrections are
required (e.g; wall absorption and scattering,. Varying the pressure
in the cavity also provides a crucial test forlcavity theories in that
the theories of Gray and Laurenceé predict that the lonisation per gram of

the gas is independent of cavity sigze,whereas the theories of Spencer

and Attix, Burch, and Burlin predict that the ionisgtipn per gram of the



17.

gas varies with the cavity size.

The only experimental evidence to support thé constancy predicted by
the Bragg-Gray theory is due to Cormack and Johns (1954). Cormack (1967)
has since expressed doubt éonéerﬁing their experimental results. The
Spencer-Attix theory is supported by experimental evidence of Greening
(1957), Attix, De Le Vergne and Ritz (1958), Attix and Ritz (1958),
Burlin (1961, 1966a, and 1966b), Engelke and Oetzmann (1967). Thus the
majority of the experimental evidence reveals that the icnisation per
gram depends on the gas pressure or size of cavity.

Burlin (1966b) has compared the calculations obtained by the Bragg-
Gray, Spencer-Attix and his general theory with the experimental results
obtained by varying the gas preééure in large chambers (10cm diameter)
and has found that the best agreement with the experimental results was
with the General theory. .

For the following three gubsections, 6niy the Bragg-Gray and
Spencer-Attix theories are compared with the éxperimental results as no
other} comparisons have appeared in the literature. However, it should
be noted that for small cavity sizes the Qeneral theory is identical’

with Spencer-Attix theory.

VIIIb Variation of the Atomic Number of the Gas

Few experimenters have actually used different gases to test cavity
theory. - Clarkson (1941) employed different gases but his work may °
have been affected by ionisation by collision occuﬁang in the region of
his wire collecting electrode (Greening, 19514),

Burlin (1966a, b), employing hydrogen, air and argon as the gases

in chambers of about lem diameter, found the Bragg-Gray and Spencer-
Attix theories agreed well with the results for argon at 10 and 70cm
Hg pressure, Both theories disagreed with the resultsfof hydrogen at
10cm Hg pressure but this was attributed to slow electron transfer
between the electrodes. With hydrogen at 7Ocm Hg pressure, the Spencer-
Attix theory agreed bhetter with the results than did the Bragg-CGray
theory. Thus,these results showed that the variation of the ionisation

with the atomic number of the gas agreed with the predictions of the

ey en
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Spencer-Attix theory but there were some deviations from the predictions

of the Bragg-Gray theory for high atomic number chambers filled with
_ hydrogen,

VIIiIc Variation of the Atomic Number of the Wall Material

Lxperiments performed in chambers of different materials reqguire-

- correction for the following factors:

(a) Absorption and scattering arising from the walls due to photons;

(b) 'Scattered radiation from the source;.

'(¢) Fluorescent radiation from the wall ;

(d) Difference in volumes of ionisation chambers;

(e) The presence of a low atomic number insulator forming part of the
chamber;

(f). The purity of the wall material.

Differences in the results reported by various workers may well be
due to differences in the way these corrections were underteken, making
thisya rather.unsatisfactory method of testing the basic theory. The
published data in the 6rigina1 papers on these corrections is inadequate
for ugeful comparison. TFor high energy, monocenergetic Y-ray sources,
the uncertointy associated with these corrections is minimal,.but even
under these conditions, large differences have been reportéd as =
illustrated in Figure 1.1 for the case of Co6o Y-rayé (1.25keV),

At high energies, the majority of experimenters found reasonably
good agreement with the theory of Spencer and Attix but not with that of
Bragg and Gray (Greening, 1957, Attix, De La Vergne and Ritz, 1958,
Burlin, 1966a, b), the most notable excepticn being Cormack and Johns
(1954)., At lower energies, where the above corrections become very
large, the experimental results do not agree with either theory well.
Thus, for example, Burlin (1966a) found at O.4lMeV (Au198 Y

' experimental results obtained using high atomic number chambers (copper,

-rays) the

tin and lead) do not agree with either theopahs. Nevertheless,even at
lower energies, the overall experimental results correlate better with

the Spencer-Attix than the Bragg-Gray theory.
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VIIId Variation of the Energy of the Incident Radiation

Estulin (1953), using seven Y-emitting isotopes,obtained the ratio
of the ionisation in a lead chamber to that in a carbon chamber. His
results showed that with decreasing incident photon energy, the ratio
was lower than the Spencer-Attix theory predicts,

In his experiment to study the ionisation per gram with the atomic
. humber of the wall, Burlin (1966a) has used 0.41, 0,66 and 1,25MeV
photon energies but did not comment specially on photon energy as a

variable parameter.

" IX The Object of the Present Work
The Bragg-Gray theory, Spencer-Attix theory and Burlin's general

theory have been subjected to experimental tests using various gas-filled
cavities as discuséed above. The experiments extending to large sizes

of gas cavities appear to fit in best with the general theory rather

than the Bragg~Gray and Spencer-Attix theorieé. However, even these
1arg$ gas cavities do not offér a very stringent test to the general -
theory, in that it claims to extend to any cavity size (i.e. up to

cavity dimensions which are very much larger than the range of the
electrons)., - To proﬁide an adequate examination of this theory using
1,25MeV phétons, gas filled ionisation chambers would have to be

extended to 10%cm diameter at 1 atmosphere pressure, or smaller chambers
be used at 10* atmospheres, Neither alternative is practicable.'
However, the required range of size could be covered using condensed state
devices as the sensitive volume (cavity) and this would provide a
stringent test of Burlin's general theory of cavity ionisation, This
work is undertaken in the present thesis,

The influence on the response of the container for condensed state
dosimeters which must be encapsulated,and the deduction of the gbsorbed
dose in a medium from the absorbed dose to a condensed state dosimeter
'imbedded in it, is of considerable practical importance. Therefore
application of the general cavity theory to this problem has been

considered for several systems,vlz, the Fricke dosimeter, clear perspex,



thermoluminescent material (LiF). The generality of Burlin's theory is
further explored by a theoretical consideration of the dosimetry’

problems associated with irradiated human bone.

20,
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Summarising. the parameters used experimentally in cavity ionisation
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Table 1

polystyrene

- Author Z wall 2 gas Volune (c,c) Pressure Energy (MeV)
' . cm (Hg) .

Gray (1936) 6 - 82 Air 0,1-20 10,0 - 76,0 1.1 (RaB + C)

Clarkson (1941) . 6 - 82 1-8 -0,098 -~ 6,25 1,0 - 152,0 0,025 - 0,063

Tbrahim and Wilson (1952) 6 - 29 Air 0,25 - 4.9 76,0 0,025 - 0,12
Estulin (1953) 6 - 82 Air 100 76.0 0.33(cr”Y) - 2,06(ua")
Myers (1952) 6 - 82 Air 7.9 - 196 76,0 1.12(RaB + C) - 1.25(0060)

Cormack and Johns (19514) 6 - 82 “Air 0.3 - 3.0 76,0 1~25(Co60) - 22(MAx) -

' Iarson (1956) 13- 29. - Adr 1957 0.2 - 76,0 0;008 - 0,03l
+* Whyte (1957) . L - 29 Air 128 7.0 - 76.0 1,25(co%)

Greening (1957) 6 - 82 Adr 1,0 5.0 ~ 76.0 p.ul(nu198) - 1.25(0o?%)
Attix and Ritz (1957) 6 - 29 Air 62 6.4.- 70,0 1.25 Co60 )
Attix et al (1958) 6 - 82 Aip 0.8 - 19,7 76,0 - 0,038 - 1,25(c0%0)

Burlin (1961) 6 - 82 1, 18, Air 1,24y - 740 10 - 90 1.25(0060)

. Burlin (1966b) 6 - 82 1, 18, Air 1.2 - 740 0 ~ 90 L4517 - 66(ant98)
. Engelke and Oetzemann (1967) 6, 13 Ady 2.5 ' 5 - 78 . .41(65137}, 1;25(0060)

30 and 1,5 X-rays

'Lz
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CHAPTER 2

PHYSICAL MEASUREMENTS ON THE IRRADIATION UNIT

I Description of the Irradiaztion Unit

This is a self-contained irradiation unit, made by Nuclear Chemical
Plant Ltd., The source of gamma radiation is provided by twenty metallic
Co60 rods singly encapsulated into stainless steel, forming a concentric
ring about the irradiation chamber. The length and diameter of the Co60
rods measure 15 20cm and 0,95cm respectively. The total activity of
these rods weye 3,079 curies on lst August, 1966, Figure 2,1 shows a
section through the umit, ' '

&'The irradiation chamber is 15,25cm diameter and 19,0cm heigh’ and
hasAl2.7Ocm aperture. There are four connections through the upper part
of the irradiation chamber and these are used for lead connections and a
stirrer, The irradiation chanmber i; raised and lowered by a2 drive

-

mechanism operated electrically.
1

Ix Protection Measurements for Co60 unit

IIa Measurement of Leakage Radiation from Co60 unit

The leakage radiation from the Co60 unit was measured using a 350c¢,c,

ionisation chamber (E.I.L., model B37), connected to a battery. operated
could

electrometer (model 37C). The lowest exposure rate which.;;n be read

accurately on this dosimeter is d.l milli-roentgen per nour, Since the

leakage radiation at certain positions outside the 0060 unit was less than
this minimum value measured by the dosimeter, an EMI gamma probe type
.GP2 scintillation counter fitted to a portable contaminatgylmonitor was
also used., One problem that arises using the scintillation counter is
that it is energy dependent. Since the leakage radiation will include
multiple scattered radiation, the energy of the leakage radiation will

be less than the Co6 1. 25Mev gamma rays. The energy of the leakage
radiation was assumed to be that of 05137, 0,66MeV gamma rays which

corresponds approximately to the once-scattered photon radiation of the
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'Co60 gamma rays. To ascertgin that thiswis a reasonable choice, the
ionisation chamber and the scintillation counter were both used to
measure the dose rate of a convenient magnitude of a few positions on
the table top of the irradiation unit. The number of counts per second
registered by the scintillation counter was converted into milli-roentgen
per hour from a 'counts per second vs milli roentgen per hour' graph
tabulated for 05137.
the graph agreed well with the reading registered by the ionisation
chamber,

The amopnt of lezkage radiation at various positions on the irradiation

The value in milli roentgen per hour obtained from

unit depends on how far the vertical column is raised above the table top,
For each measurement taken, the column was raised to a position that gave
the maximum leakage radiation,
Figure 2,2 shows a cross-section of the table top of the irradiation
unit and the positions of the measurements taken. The units are milli-
roentgens per hour. Numbersin brackets represent the length in cm of the
vertical column when it was raised, This length was measured from the
top éf the column to the top of the table. The Iengths ~ have only been
placed by three points,as all other readings in Figure 2.2 vere
measured when the height of the vertical coiumn was raised ©o 45.5cm.'
Figures 2,3 and 2,4 show a cross section of the base and a plane
60cm from the base of the irradiation unit, The maximum leakage dose
. rates, (in milli-roentgen per hour)for the two planes were obtained with
the vertical column totally raised with 89,5cm between the top of the
column and the top of the table.

IIb Surface Contamination of Co 0 Unit
The possibility of faults in the sealing of the 0060 rods was

investigated by conducting 'wipe tests' over the unit, Two scintillation

counters, one fitted with a beta ray window made of polycarbonate
aluminised to a maximum thickness of 1.7 milligram per sq, cm, were used
in conjunction with an EMI portable contaminator monitor to detect

contamination on the cloth used for wiping, 4 count rate of 5S¢/ sec

above background could be detected with ease, corresponding to 10 +©
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curie per sq., cm, .

The inside surface of the irradiation chamber, the table topu
surface and the side surface of the Co60 unit weré in turn wiped
vigorously with clean pieces of cloth., The monitor was placed near the
cloth andfiegligible reading over the background was registered for
both the coupters. The experiment was repeated with some acetone in
further pieces of clean cloth and again the monitor registered negligible
readings, There was therefore no evidence of radioactive contamination

arising from deficient source encapsulation,

III Analysis of the Radiation Field

- The use of large 0060 sources requires considerable shielding and

as a result, a certain proportion of the emitted gamma rays (1.,17¥eV and
1.33MeV) are scattered, giving photons of lower energy. In addition,
electrons generated by photo-electric and Compton and pair production
interactions are also present, Experiments were carried out (a) to
study the amount of contamination of.the photdh field by electrons and

(b) to obtain the photon spectrum.

IITa Electron Contamination in the Photon Field

This was done using an electron detector, shown in Figure 2.5. It
was a cylindrical perspex chamber having a clamping ring at one end which
could be unscrewed to accommodate disc shaped absorbers. The absorber
used was Mylar (aluminised polyethylene terephthalate sheet, 2,7 x 10 “cm
thick). The inner surfaces of the perspex were coated with alcohol
aquadag, and a groove was machined to insulate the collector from the
guard electrode. Similarly,a region of ungraphited perpsex insulates
the guard from the H,T. electrode formed By the aluminised coating on
the Mylar, The detectorwias fixed at the top of the irradiation chamber
in the 0060 unit, |

The ionisation current in air at atmospheric pressure was measured
on a vibrating reed electrometer, The averége of the ionisation current

with positive and negative polarities was determined. Figure 2.6 shovs
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the ionisation current versus applied voltage. 4 voltage of 360 volté
was used to obtain the saturation current, Figure 2,7 shows the variation
of the ionisation current with thickness of absorber.: .The curve
indicated a 'build down' of ionisation current, This suggested that the
radiation field contained electrons or very low energy scattered photons
besides the 1.,25MeV (mean value) gamma rays., The amount of ' '
' contamination was obtained from Figure 2.7 by taking the difference
between. the maximum and plateau ionisation currentsand was 20 per cent.,
To establish whether the contamination was due to electrons or-

very low energy scattered photons, the mass-energy absorption coefficient,

e , of these ioﬁising particles was found from the graph of in I
against absorber thickness, Figure 2.8., by drawing a tangent (T7) at

the boint A, where the filtration of the contaminant radiation is least,
as this was the minimum thickness used. The value of 4%?} was found to

be 9.03cm?/gm of mylar, If the ionising radiation were lov energy j
scattered photons, this value of‘ééh would correspond -to a vhoton - !
energy of 10keV, For an initial 1.25MeV photon to reach this value, it
“has fo undergo many Compton interactions and the probability of doiné i
so is negligible, Therefore,it is not conceivable thgt the contamination

consists of -low energy scattered photons.

[

In the case of electrons, the effective mass energy coefficient |

has been related to the maximum energy spectrum by the equation:

— 1T _\rrm
Eoax = | A=

e :
(Evans 1957). The average energy is approximately ;
AR g

Substituting 9.03cm?/gm for e gave an average electron energy of
581keV, The average energy of the Compton electrons associated with
‘once scattered radiation from 1,25MeV photons is 58%keV. The

contaminant radiation was therefore electroms,

IITb The Photon Spectrum in the Irradiation Chamber

Cylindrical ionisation chambers shown in Figure 2.9 : 1> made of

-
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graphite, aluminium, copper, tin-and lead were used to study the
photon spectrum, The walls of the chamber were of adequate thickness
to provide full electron build-up. The wall thicknesses and nominal
purity are given in Table 2,1, The central electrode had a thickness
of 1.,5mm, The volume of air enclosed in each chamber; 6.5cm®, was

~ constant,

' A saturation curve was measured for the carbon and lead ionisation
chambers, as given in Figure 2,10 and Figure 2,1l respectively., A
saturation voltage of 600 volts was subsequently used, leasurements
were carried out for each ionisation chamber with three different
thicknesses of caps, O,lmm,, O,3mm,, and O,5mm of the same ﬁaterial
placed on top of the chambers, .From these measurements correction ‘
factors for absorption and scattering iﬁ the chamber walls for the Co60 ‘
Y-rays (discussed in the next section) were calculated. The ionisation
current for each chamber measured without caps and normalised to the
carbon chamber w4sSe obtained. These normalised values when corrected ;
for absorption and scattering in the walls were used in analysing the |
Co ~ spectrun, '

Initially an attempt was made to represent the 0060 spectrum in
the irradiation chamber by thrgiﬁgggfg? energy components at 1.25, 0.66 ,
and O.41MeV, The 0,66 and 0,41MeV, closely represent the average energy
of the once and twice scattered photons respectively. The contribution o
of these three components to the corrected and normalised ionisation ’

current I for a particular chamber wall is

A K( I%L‘)/.zs—)[w [7;)1-25 +B K ‘,%&éa.c Lﬁ:[ 7;)5-54 ‘f( k (/%‘241]€v [ E)o-le = I l s

where A, B and C are percentage intensities of 1,25, 0.66 and 0.41MeV _ é
photons respectively, Gz%gﬁbzgis the mass energy absorption coefficient |

for the chamber wall at Ll.25MeV, jquzj;)hlfis the mass stopping power

ratio of the chamber wall to air at 1,25MeV, and K is a constant.

Five equations similar to equation 2,1 for the five different walls

were obtained., The numerical values obtained for A, B and C by solving
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these equations were very inconsistent, one having a negative value,
The sécond attempt was to use an equation similar to equation 2,1

but with the values of the relative ionisation in the different chambers

determined by small Y-ray sources which were nearly scatter free. at

these photon energies (Burlin 1961), i.e.

CAK(Dmas + BK(Dage + Ckl(Dhar= I 22

where (i)bzs, (1)544 and(l p.4) were Burlin's experimental values.
Negative values again appeared for one of the three components,
After these two unsuccessful attempts at trying to represent the -
photon spectrum using three énergy components, it was decided to
represent the photon spectrum using only two energy components i.e,
the primary photons (A) and the whole.of the scattered photon spectrum which
was represented as a single energy component (B)., This leads to the

"equation

A K( )/-25')( (——)/zs- +Bk{ )041][ [/ )o 4y 2.3
AK (I)/.zs- * B-/(/I)o.zu | = ] | 2.4

The mean energy of the scattered photons was taken to be 0.4lileV,

an

Table;ﬁ%ﬁ,%igif the percentage of A and B for four combinations of
material N calculated using equations 2,3 and 2.4. The mean values of
A obtained using equation 2,3 and 2,4 are 81.4 and 80,4 per cent
respectively and for B, 18,6 and 19.6 per cent,

" Costrell (1962) did an extensive series of measurements of the
photon spéctra emerging from teletherapy housings using a scintillation
spectrometer, He obtained a very similar result for the ratio of
primary to scattered radiation 85.4 per cent (1.0-1.33MeV) and 14.6 per
cent (0-1,0MeV). The photon spectrum emerging from a small aperture

should be very similar to that existing in the source housing close to
the source. It was therefore decided to accept Costrell's results

shown in Table 2,3 as a reasonable indication of the photon spectrum in

the. irradiation chamber,
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IV Corrections for Absorption and Scattering of Photons in the Wall
Material
Various theoretical corrections for absorption and scattering in the
wall materials had been put forward (e.g. Mayneord and Roberts, 1939,
Greening, 1957, Barnard, Axton and Marsh, 1959). The method of Barmard,
Axton and Marsh was adopted here., They stated that after electronic '
equilibrium had been obtained, the change in the. ionisation with

increasing wall thickness could be accurately represented by an

expression of the form

et [ 4int X

where = is the mass attenuation coefficientfof the photorsin the wall

materialﬁhﬁg is the effective wall thickness of the chamber, allowance

having been made for the curvature of the wall, X is the wall thlckness

of the chamber, J//Sb{ ( )Xe j represents the decrease in the 1on:.satlon ;

due to absorption of the primary photons, o belng a scattering constant,
Thus the appropriate correctlon for absorption and scattering of

photons in the wall materlal is : . -

,&x,o{("‘)xe}{H i X ]
Barnard, Axton and Marsh had calculated the percentage increase in
the effective wall @hickness'of a cylindrical chamber, Their data wrare
reproduced in Figure 2,12 and géﬁzused for determining the effectiye

thickness (Xg) of the walls plus caps. The mass attenuation coefficient

was weighted for 0060 gaﬁma ray according to the percentage of the

photon energy using Costrell's data in Table.2.3. Values of the mass
attenuation coefficient obtained are shown in Table 2.4, The values of

o were determined empirically by multiplying the primary photon attenuation
curve (i.e.z¢P{{%éL&J> by the factor (1 + sinx X), & being chosen so |
that the resulting curve closely fitted the experimental points. In !
general, a good fit was obtained by this technique as shown in Figures
2,13~2,17 where the points'represent the experimental measurements and

" the lines the fitted curve, Table %.5 gives the values of o obtained.

L3 (~()Xe J{ I+ 4ent X}

was found for'

The correction
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the ionisation chambers with equilibriuﬁ wall thickness (Table 2.1)

. andare presented in Table 2,6 normalised on carbon.

. - In Chapter 5, a correction is made for absorptlon and scatterlng
of photons in boxes contalnlng perspex., These boxes have exactly the
same equlllbrlum thickness as the ionisation chambers but their
geometry is dlfferent Nevertheless,lt was assumed that the effective
thlckness of the wall, Xquziflqg from the oblique incidence of the

photons was the same for, boxes, and therefore the corrections in Table

2.6 were applied to thehn e mvsa,

\' Measurements of Dose Rates Tnside Co60 Irradiation Unit

Measurements of the absorbed dose rates at the centre of the
irradiation unit were carried out using (a) ionisation chamber, (b)
Fricke dosimeter, (c) perspex HX dosimeter, In the experiments, the
dosimeters were supported by péper cylinders so that the centre of the
dosimeter'coincided with the cenﬁre of the irradiation chamber, All

the measurements were corrected for decay of the Co60 source,

Va HMeasurement of the Absorbed Dose Rate .Using an Tonisation Chamber

A cylindrical ionisation(Earioﬁ\gEiTBeryshown in Figure 2.9 was
employed, Having determined the voltage, 360 volts, to give the

plateau current from a I-V graph, the ionisation current in air at
atmospherio pressure was measured with a vibrating reed electrometer
for both polarising potentials, A small correction was made to-the
measured ionisation current for lack of saturation using an expression

suggested by Greening (1954) which was based on Mie's theory (1904),

Leakage current was measured before and after the experiment and was founﬂlfobei

negligible, The input resistor of the electrometer was calibrated by
a capacity leak method and the voltége calibration was performed
relative to a Weston standard cell, The average ionisation current
thus obtained was 185 x 10-9 amps., The measured ionisation current was
, corrected for the attenuation of the photons in the wall by the method
described in Section IV (viz.,the method of Barnard et al). The

correction factor for attenuation reduced the absorbed dose rate

———y -
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throughout the volume of the ionisation chamber by 3.0 per cent. A
correction was made for the non uniformity of the photon field in the
region of the ionisation chamber but the average dose rate was in fact
"equal to the dose rate at the centre of the irradiation cell,

The value of the average energy expended per 1on pair formed, Y,
recommended by the International Commission on Radlologlcal Units and
Measurements was adoptedé W= 33.73er The mass stopping power ratio
of air to graphite, f, was calculated from Burlin's theory (see Chapter
3), using the photon spectrum given in Table 2,3.- Suitable weldhtlng
was made for the photo~-electric, Compton and pair-production processes
and yielded a mass stopping power ratio of 0,998.. These values were

substituted in the Bragg-Gray equation
- _J____i

-

) .tw- . Ve
The masc mum uncertaiﬂty in'these parameters was estimated as

f: * 1 per cent

=
I+

1l per cent ) ) '

J=i|number of ion pairs formed (input resistor 1 per cent: potential
drop 1 per cent): It 2 per cent -

V= volume of ionisation chamber: f 1 per_cept

Q= density of air calculated to-N.T.P.: * 0.5 per cent.

Hence the absorbed dose rate in graphite at the centre of the 1rrad1at10n
cell was found to be 75.5 rads per second. The maximum error was 5.5

per cent -and the most probable error 3 per cent.

Vb lMeasurement of the Absorbed Dose Rate Using a Fricke Dosimeter

The experimental procedure with the Fricke dosimeter is discussed
in Chapter 3, The ferrous sulphate solution was placed in a cylindrical
silica tube, closed at one end and was 1Ocm long and O.6¢m in diameter,
An outer glass sheath enclosed the tube so as to ensure electronic
equilibrium, The increase in optical density of ferrous sﬁlphate
solution due to the'formation of ferric ions on irradiation was

measured on a 'Uvispek' spectrophotometer at 305mu, The irradiation
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induced optical density averaged for four similar experiments was 0,157.
The absorbed dose rate in ferrous sulphate is given by the equation (see
Chapter 3)

NLalo. 3. )] joo
Q€. 103 G(Fe?) ¥ p- L. &

The maximum wuncertainty in these parametefs was estimated as
N= 6,023 x 102% molecules per mole

A (0.0.)= increase in optical density: I 1 per cent

- D rads per second

A€ = difference in molar ektinction coefficients (M *cm *) of ferrous
and -ferric ions at 305mp, A€ = 2,197: * 1 per cent.

G= the yield in Fe®*, It increases slowly with photon emergy between
0.1to0 16MeV (H, Fricke and E, J, Hart, 1966) and a value of 15.3ue¥ Fe'ions/iepeV.’
was obtainéd by weighting according to the photon spectrun in the f} :
irradiation géll: ¥ 1 per cent,

£ 6,28 x 10*? eV/rad . .

@ = density of ferrous sulphate , 1.024gm/c.c.: * O,1 per cent

é =! optical path length ofc¢ell used, 0,10lcm: - 1 per cent

t

Hence the absorbed dose rate in ferrous sulphate solution was 80 rads

time of irradiation, 542 seconds: I 0,4 .per cent,

per second. This must be corrected for (1) effects of the silica wall

" which increase the response by 1.26 per cent (see Chapter 3), (2) the

non uniformity of the photon field (section VI) which resulted in the
"average dose rate throughout the volume of the dosimeter being greater -

by 6.82 per cent than the dose rate at the cerntre of the irradiation

cell, (3) the absorption of photons in the silica wall, which reduces

the absorbed dose rate by 2,75 per cent (section IV). Thus the

absorbed dose rate in ferrous sulphate solution was 76,0 rads per

second. The maximuﬁ error was L.5 pér cent and the most probable error was

2,0 per cent,

Ve Measurement of Absorbed Dose Rate Using Perspex Dosimeter

Experimental details for‘using the perspex dosimeter are discussed

in Chapter 4, The increase in optical demsity measured at 292mt on a
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'Uy ispek" spectrophotometer, after four hours of irradiation of ten
O.1 x 1 x 4em perspex pleces containéd in a 1 x 1 X 4oem perspex box of
sufficient thickness to establish electronic equilibrium,was found to be
0.32. Figure 2,18 shows the increase in optical density of the present
batch -of perspex with absorbed dose, measured four days after the
irradiation by Co60 gamma rays. Tp%ﬁzdata“gég cbtained from the United
Kingdom Panel on Gamma and Electron Irradiation, Since the optical
density in this experiment was measured twenty four hours after
irradiation, a correction was made for the fading which occurred four
days after irradiation, 4.0 per cent (see Chapter 4). The dose rate
was corrected for photon attenuation in the equilibrium wall (3.1 per
cent) and for the non uniformity of the photon field 1.25 ver cent. The
absorbed dose rate in perspex waé found to be 76.4 rads per second,

The maximum uncertainty in the parameters arising in this
measurement was estimated as "
Measured optical demsity: * 1 per cent
Calibration data in Figure 2,18: * 7 per cent. _
The maximum error was 8 per cent and the most probable error 2.8 per

cent,

Vd Bxposure Rate from Ionisation Chamber, Fricke and Perspex Dosimeter

Measurements
The absorbed dose rates obtained by the three methods were
measured in different media (i.e. air, ferrous sulphate and perspex) and

are therefore not directly comparable, The exposure rate at the centre

of the irradiation cell may, however, be determined from each of these
measurements, The relationship between the absorbed dose in a medium,
Dy, in rad to the exposure deee X in roentgen is (ICRU 1964) :
Dy = 0817 /_{L” X 2.5
e AR
The mass energy absorption coefficients appropriate to the photon
spectrum in the irradiation-cell are given in Table 2,7 and were used in

this calculation. The values of the exposure rate found using equation

e e et b wn e pemaans

B T e S,
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' 2,5 are given in Table 2,8, The three independent measurements of the
exposure rate agree to within the limits of  the experimental uncertainty,
The granﬁ mean was calculated as 81,0 roentgens per second and its

~ precision index + 1,2 roentgens per second (Worthing and Geffner, 1943),
- Thus, on 10th Ma&, 1968, when the Co60 unit contained 2,447 curies of
Co60 in the rods, the exposure rdte at the centre of the irradiation

cell was 81,0 £ 1,2 roentgehs.per second,

Vi Dose Distribution in the Irradiation Chamber
VIa Calculation of the Dose Distribution .

The dose raé% D, at a polnt distant r cm from a point source

emitting Y-rays.ls given (Hine and Brownell, 1956) by

Do = LZZZZ rad  per Agter o awr 2.4

where'T'ls the gamma ray dose rate constant, Tor 0060, 1.25HeV gamma

ray ¥ 4 23 12 9 rad cm® per hour per millicurie (Rad. Dosimetry, 1968).
%.15 the strength of the point source in millicuries at a distance lcm
avay. ' in al(

For a line source of length ‘'a' cm, the dose ratg(at a point is
found by integrating over the length of the line,

])52‘4 772 :

-Dﬂ T Jyze ar’ A rad per hour
-7, P ! - T '
Yt /A /2~
:‘_,Z'Z’Z-M“/Z)#Zﬂ’” z—)/ 2.7,
- . ah _

h is the perpendicular distance from the peint to the line source,
b is part of the line source between one end and the foot of the
perpendicular. .

Figure 2,19 shows a horizontal cross section of the irradiation
chamber;and the positions of the twenty equally spaced Co60 rods are
denoted by A, B, C . . ., T. Seven concentric circles, each of
increasing radius of lcm are drawn, Take a point X such that it lies

on the fourth circle and at a known height from the base of the Col*
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rods, The distance h in equation 2,7 is equivalent to the distance XA,

XB, ... y XT in Figure 2,19, These disténces are expressed as

XA = R+ 0 - 2RN, css (031424}
where R is the distance from the centre of the chamber to the rods, R
being constant, n,; is the radius of the fourth circle (i.e. ng4 = 4em),
i is an integer depending on the angle subtended at the centre, i takes
the value from i =1, 2, 3, . . . .20,

éumming the contribution from the twenty sources obtained from
equatlon 2. 7)the dose rate at the point X was obtained. The exact
strength of each rod was used in the calculations which were normallsed
at the centre of the irradiation chamber, The isodose curves are
plotted and shown in Figure 2.20, .

Since the rods have a diameter of 0,95cm and are encapsulated by a
stalnless steel sheath self absorption (Evans and Evano 1948) and wall
absorption have to be accounted for if the absonpﬁzpa’dose is to be
determined, However, these corrections will be identical for each
source and will not affect the dose distribution,

Scattered radiation presents a more difficult problem, Accurate
calculation of the scattered radiation in these_'broad beam' situations
is rather complex and is treated by Fano et al (1959). A simplified way
of estimating the scattered radiation is discussed in Section III, The
energy of the scattered radiation is estimated as about "O.4lleV and
the percentage contribution to the total observed dose rate by the.
scattered radiation is estiméted as 19 per cent, Much of this
scattered radiation will originate in the sources and the rest will
either pass through the sources or originate close to them., It is
therefore a close approximation to regard all the scattered radiation as
having a pbint of origin within the séurces,and to apply the saume
'equation for. calculating the dose distribution arising ffom both the

primary and scattered photons,

VIb Measurement of the Dose Distribution

A perspex dosimeter is used to investigate the dose distribution,



The experimental technique of using perspex is described in Chapter i,
the size of the perspex used being 0.1 x lvx Lem, Seven of these
pleces were placed in a perspex holder, standing vertically, having a
wall thickness of O.3cm to ensure electronic equilibrium, This was
mounted on a base which permitted rotary and radial movement so that the
holder could be placed at various positions in the irradiatién chamber,
Table 2.9 represents part of the experimental results., The experimental
points and isodose curves,normalised at the centre of the irradiation
chamber, are presented in.Figure 2,21, The comparison between the
calculation and measurement of the dose distribution is shown in Figure

2.22 and the agreement is considered good.
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Table 2,1, Data for Wall Thicknesses and Purities of
: .Cylindrical Ionisation Chambers

Material- Thicknesses | Percentage
mm . Purity
Carbon 2.5 99,90
Aluminium’ 1.7 99.85
Copper 1.0 99.85
| Tin. . 1.1 99.90
1 Lead 0.8 99090

Table 2.2, Scattered Incident Radiation Intensity as a
. Percentage of Total Incident Radiation Intensity for Co ®° source

i

1
'

Combination °6 obtained using % obtained using

of Materials calculated “4% and | Burlin's experimental
fw(Ty) values 131)1.25 and (I)O.ui} -
' . ] values

1.25 MeV | O,41 MeV | 1.25 MeV | O 41 MeV

C, Al 93-1 609 6804 .31057 :
{1¢, Cu 4.9 25.1 87.1 12.9

c. su 68.6 31,4 78.0 22,0

c, Pb _ . 88.9 11.1 88.0 12,0

Mean 81.4 18.6 . 80.4 19.6




Table 2,3, Scattered Incident Radiation Intensity as a Percentage of Total
Incident Radiation Intensity (Costrell 1962) for Co%° source

Energy (Mev) | 1,25-1,0 | 1,0-0,8 {70,8-0,6 | 0,6=0,4 | O,4-0,2 | 0,20

Percentage 85.4 . 3.8 3.7 3.8 " é.6 0.74

Table 2.4, Mass Attenuation Coefficients weighted according to Costrell's (1962) spectrum

Eo | Attenuation Coefficients of Materials (cm3/gm)
(MeV) C Al Cu Sn Pb
oo 1"10 25 0061 00599 00595 .0686 . 1153

°gt
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Table 2,5, Scattering constants, a, for use in_the Equation of Barnard et al for éo .
Units are arbitrary ’

pes

Materials { Carbon | Aluminium | Copper Tin ) Léad

o 4,750 8,267 36,040 | 19,934 | 61.021

Table 2,6, Correction féctors for absorption and scattering in chamber wélls for'Co60

3

' Materials | Carbon | Aluminium | Copper | ."Tin | Iead

Correction . ’
Factors 1.00 +9981 .9984 1,0%01 | 1,0787

*6€
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Table 2,7. ‘Values of Mass Energy Absorption Coefficients
appropriate to the photon spectrum in the Irradiation Chamber
Material ~ | Carbon Air Ferrous | Silica | "Perspex

) Sulphate
’4%5* (cm?/gm) | 0,0287 | 0,0271 | 0,0296 Q.0265 {0Q.0289
Table 2,8, Measurement of Absorbed and Exposure Dose Rateg

Using Various Dosimeters

Dosimeters Absorbed - Maximum Most Probable Exposure .
Dose Rate |i.Errofirnly Error Rate
(rad/sec) | (per cent) (per cent) (R/sec)

, —

Ionisation 75.5 in 5.5 3.0 82.0

chamber carbon )

Ferrous 76,0 in L5 2.0 80.0

Sulphate ferrous
sulphate

Perspex 76,4 in 8,0 2.8 82.4
perspex

40,



Table 2,9. Dose Distribution in GoéO irradiation chamber

—

s
,

i
f

Position (m.m,) 0.D./m.m, {.(0,D,)292 | (0,D.fufi,; (0,D.)305 Av; NOR.,
at 292mp NOR, at'305m |  NOR, 0.b, ie.
! teol.y + col,6)
Vertical | Radial %]

16 0 .1581 . 86,7 .1206 83.9 85.3

36 o +1693 92,8 <1296 90,2 91.5 -
56 . 0 .1798 98,6 L3 100,14 99.5
76 0 - ,182y 100,0 1437 100,0 100,0
96 0 .1828 "100,2 J1437 100,0 100,1
116 (o] .1660 91,0 .1336 93,0 92,0
136+ 0 .1580 86.6 1253 87.2 86.9
16 io 1561 . 85.6 1213 8Ly 85,0
36 10 1713 93.9 <1338 93.1 93.5
56 10 .1809 99.2 J1437 100,0 99,6
76 10 .1828 .100,2 - 147 102,14 101,3
96 10 .1811 99.3 |- <1418 .98,7 99.0
116 10 .1689 . 92,6 . <1354 oL,2 93.3
136 10 14,99 82.2 .1216 84.6 83.4
16 20 1561 85.6 .1270 88.4 87.0
36 20 .1738 95.3 1361 oL, 7 95.0
56 20 1835 100,6 . 1440 100,2 100,3
76 20 1860 102.0 1494 104,0 103,0
96 20 .1875 102,38 J1471 102,k 102,.6
116 20 .1720 O3 - L1367 95.1 94,7
136 20 ,1591 87.2 .1239 86,2 86,7

‘LY
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Table 2.9, contd, Dose Dostribution :i.n.Co60 irradiation chamber

-
-

Position (m.m) 0.0./m.m, | (0.D.)292 | (0.D./mlm.| (0.D.)305 Av. NOR,
at 292m. |.  NOR, at 305m | NOR. 0,D, i.e. -
' ' {-(col.L} + col.6)'
Vertical | Radial .
16 30 1642 90,0 .1299 90,4 90,2
36 30 i J1749 95,9 +1415 98.5 97.2 -
56 30 . L1917 105.1 | L1507 1 1049 105,0
76 30 1937 106,2 +1543 107.4 106,8
96 - 30 1926 +105,6 «1509 105.0 105,3
116 30 JA751 96,0 | WAyl |- 98,2 97.1
136 20 1603 87.9 .1280 89.1 88.5
16- | 40 JA700 ¢ 93,2 1319 91,8 92,5
36 40 1882 | 1032 Lo1497 b 104,2 103,7
56 40 ,2019 | - 110,7 1588 i 110,5 110,6
76 40 2043 | 112,0 C.1625 1 113.1 112,6
96 40 1985 | '108.8 " ',1609 | 112,0 110, 4
116 40 1893 | 1038 ¢ |7 1493 1 103.9 103.9
136 40 .1658 l 90,9 +1315 | 91.5 9l.2
16 S0 1773 l 97.2 1390 1 96.7 97.0
36 50 .1988 109,0 1581 i - 110,0 109,5
56 50 2167 1 118,8 JA719 . 119,6 119,2
76 50 " ,2216 128.5 = L1759  122.4 122,0
96 50 2189 | "120,0 - | 1729 1203 120,2
116 50 .2033 ¢ 110,9 I ,1609 1120 111,5
136 50 A751 0 96,0 L1395 971 96,6
{ H

A



Table 2,9, ::ontd. Dose Distri'@lltion'in‘ 0060 irradiation chamber

(0.D.)292

i
(0.D./&lm,

Position (m.m) 0,D./m.m, (0.D.)305 Av, NOR,
‘ at 292mp NOR., af’305mn NOR, / 0.D, i.e.
| . 3(eol.l + col.6)

Vertical | Radial _
16 60 1924 105.5 1512 105,2 105.4

36 60 .2187 119.9 1733 120,6 120,3

56 60 ,2307 126.5 1811 126,0 126,3

76 60 .2%18 127.1 .1847 128,5 127,8

96 60 . 2311 126,7 1818 126,5 . 126,6
116 60 .2218 121,6 1768 1230 122,3
136 60 .1977 108.4 1552 108,0 108,2
16 70 . 2026 111,1 .1638 114.0 112,6

36 70 . 230 126.3 1831 127.4 126,8

56 70 2389 131,0 .1898 132,1 131,6

76 .70 2455 134,6 «1953 135.9 135.3

96 70 2397 131, 4 -. ,1880 130.8 130,6
116 70 42316 127.0 ,1811 - 128.1 127.6
136 70 .2225 122,0 1727 120,1 121,6

OEV
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FIG. 2.18, DIAGRAMMATIC REPRESENTATION OF THE LOCATING OF
THE POSITION OF A POINT "X’ IN THE IRRADIATION
CHAMBER FROM THE CG°RODS AB,C —-..T. TOTAL
SOURCE STRENGTH 3078 CURIES (1.8.1966}
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CHAPTER 3

THE EXPERIMENTAL EXAMINATION OF GENERAL CAVITY THEORY
APPLIED TO A LIQUID STATE DOSIMETER '

X, Introduction

The use of liquid dosimeters, in particular the ferrous sulphate
dosimeter, is now widely established. A great advantage of liquid
desimeters over gas or solid dosimeters is that the liquid can be
prepared from reagents which are water or tissue equivalent in respect
to density and atomic number, It therefore absorbs ionising radiation
in a mammer more similar to body tissues than those of gaseous or solid
systens,

The aims of the experiments with a liquid dosimeter described in
this chapter are, (1) to test Burlin's general theory of cavity
ir isation when applied to a liquid state dosimeter, (2) to provide a=
¢ . 7.:tion and theoretical treatment for the 'wall effec?s' (Weiss,
10,1, Jeiss et al (1955)) of the vessel which have been frequentl;

¢ ...%2d on in the literature.

7 Uoguirements for a Idquid Dosimeter

“hen a beam of ionising radiation passes through a liquid medium,
¢. »ical changes occur. If the chemical changes can be measured then

Zhgquid system can be used for dosimetry, Ideally, any liquid used
= o wosimeter would have the following properties.
(~) +he response should be proportional to the absorbed dose
irrespective of the nature of the incident radiation,
(b) The final product after irradiation should be stable and
accurately measurable, The reprogucibility of any measurement should
be better than 1 per cent.
(c) The solution should be prepared easily, and should be stable,
having a reasonable shelf life and not varying significantly with
temperature and pressure.

There are at present no liquid systems .that meet all the above

requirements completely., The ferrous sulphate dosimeter was chosen
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for these experiments because it fulfils most of the conditions stated
above, In particular the refetition accuracy was stated to be betier
than 1 per cent, which was an essential requirement in this work where
the differences in response with dosimeter size were only expacted to

be a few per cent.

III' General Principles of the Ferrous Sulphate Dosimeter

IITa Preparation of Ferrous Sulphate Solution

The standard ferrous sulphate dosimeter contains ImM' ferrous
ammonium sulphate, 1m M sodium chloride (to counteract the effect of
possible organic impurities) and usually O.8N sulphuric acid., It is
made up to 1 litre using water triply-distilled from acid dichromat&te
and alkaline permanganate solutions in an all-glass system. The
chemicals \Qre of analytical grade (ICRU, 1964).

IIIb Chemical Interactions in Ferrous Sulphate Solution.

‘ The oxidation of ferrous ions to ferric ions on irradiation with
ionising particles was found to be linearly proportional to the
absorbed dose (Fricke and Morse, 1929, Miller 1950). It has been
known as the Fricke dosimeter, Improvements have been made by
Dewhurst (1951) and Weiss et al (1955) who suggested that an amount
of chloride ions should be added to the solution in order to neutralise
the effect of possible organic impurities in the water, Hardwick .
(1952) found that the ferric ion so formed by oxidation should be
measured at a wavelength of 305mu which represents the absorption peak
of the ferric product.

The mechanism of the reaction.in ferrous sulphate is now under-
stood through the work of Weiss (1955) on free radical theory, Allen
(1952) on aqueous system and Allen et al (1957), Complications in the
chemical reactions arise at very high dose rates (108rag/sec). A
simplified account of the chemical reactions of ferrous sulphate
solution in 0,8N sulphuric acid, receiving a dose less than 106 rad/sec
is given in the following paragraph.

The water molecuiles in the solution decompose into Hz and HgOg
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molecules and simultaneously H and OH radicals are also formed, i.e.
2H,0 —> Hy + Hz0p . . . . . (3.1)
H,0 —>H + OH S & )
The molecules and radicals so formed in turn oxidise Fe3* to Fe3T
according to the following equations
Fe?* + OH——>Fe®+ + OH . . . . o (3.3)

" H + 05 — >HO, e e e e e (3
Fe?' + HOp —sFe®r +HO; . . . . . (3.5
HOZ + H'— > H0q O & Y

Fez"' + Hgog —_ Fea'*' + OH + OH— . . - (3.7)

© IIIc Stability

In the absence of radiation, aerated ferrous sulphate solutions are
slowly oxidised by dissolved oxygen. The rate of oxidation is
proportional to the square of the concentration of the ferrous ion and
to the first power of the oxygen concentration (Haffman and Davidson 1956).
For a 10mM: ferrous sulphate solution, this oxidation amounts to
2uM/1litre per day at 25°C (ICRU 1959). This sets a lower limit to the
concentration of the solution with which accurate measurement can be
made., It is essential that a control or blank reading be taken on the
solution before ¢rradiation. The difference between the final reading

and the blank reading indicates the dose received by the specimen,

III4 Temperature effects

—

The most significant temperature dependent factor is the molar
extinction coefficient, which increases with the temperature at which
the optical density of the irradiated solution is measured by + 0.69
per cent per degree in the range 20-30°C at 304-305mp (Scharf and Iee
1961). For high accuracy measurements, a thermally insulated cell
holder is desirable.

It has been suggested (ICRU, 1962) that there are advantages in
measuring the optical density at 22ymp instead of 304-305m, Firstly,
the value of the extinction coefficient at 224mp is 4,565 litre per
mol per cm compared with 2,196 at 304-305ms, Since the optical density
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is directly proportional to the extinction coefficient, the sensitivity
of the optical demsity reading will be doubled at the lower wavelength,
Secondly, the value of the extinction coefficient is only + 0,13

per cent per degree in the range 20°-30°C.

It has also been suggested that the value of G (yield of ferric
ion per 100eV energy absorbed) for Fe®* increases with the temperature
at which the solution is irradiated, Hochanadel and Ghormley (1962)
found a 0,09 per cent per degree increase between 2 and 6500; Schwarz
(1954) reported (0,04 ¥ 0,003) per cent per degree increase between 0°
to 70°C; however Shalek et al (1962) could not observe any temperature
dependence fron 20° to 45°C. The overall results indicate that this
temperature effect probably occurs though its magnitude is small, and

is not a significant source of error at the 1 per cent precision level,.

IITe Relation between absorbed dose and optical density
The ICRU report (1962) stated that a dose of 5,000 to 50,C00 rads of

X-rays, Y-rays or fast electron radiation may be given to a Ilm M

ferrous sulphate solution., The upper limit of dose is fixed so as to
avoid depletion of the oxygen content of the solutiom, If doses'greater
than 50,000 rads are to be measured, the solution must first be saturated
with oxygen and a higher concentration of ferrous sulphate solution
(4m M) used.

The relationship between the absorﬁed dose and the optical density

measured is given as

N. [ ato.D.)]. 100
AE). /0% G(Fe3t) £ P.z.

Dmads) =
where N = 6,023 x 102%° molecules/mole,
A @) = aifference in 0.D. between irradiated solution and
unirradiated solution (control))
A€ = aifference in molar extinction coefficients (M *cm *) between
ferric and ferrous ioms, at the wavelength used for the 0.D, measurement
Q = density of irradiated solution
L = optical path length (em)
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f = 6,28 x 10*%eV/rad, a conversion factor, G(Fe®*) is the yield in

the Fe®¥ solution = 15,6 (Hochanadel et al 1953, Lazeo et al 1954)for
cof ¥-rays. ‘

IV  Calculation of Stopping Power Ratio of Ferrous Sulphate .in Silica

IVa Monoenergetic Electron Sources

. The equation that was used in evaluating the stopping power ratio

of a cav1ty (gas, liquid ?r solld) in a medium is
J((! /—f'af‘#//) Lo d/?')](/d);ﬁ(ﬂz -l1% 59
m ‘ " (BLE ‘

Equation 3,9, is similar in form to equation 1,13.

d is the attenuatlon factor explalned in Section VIIb Chapter land it should
ba noted that d 1s drfferent From the Function du(T;) dedined below,

I and I, are the average excitation potentials of the cavity material

and medium respectively.

bw(To) and aw(To) are functions whlch have been tabulated for many of

the materials employed in this thesis (NBS Handbook 79, 1961). bw(To)
~accounts for the energy depen&ence of the mass stopping power ratio.

dw(To) accounts for the effects on the mass stopping power ratio of

the density differences between the two materials, When both the

cavity and walls are in condensed phases, this term is negligible,”

(/M"‘? a.nd ,,are the mass energy absorption coefficients of the ¢awt Y mq‘er/-zl
and medlggr fwe,constants which occur in equation 3,9 will first be
discussed in the following sub-sections before equation 3,9 is

applied to a particular dosimeter.

IVb BElectron Source with a Spectrum of Energies

In any situation where the initial energies of the electrons are

" distributed over a spectrum, fw(To) must be averaged over the spectrum,

The equation for the spectrum of recoil electrons from Compton scattering

is
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Jg'(]}) .Z’): /+da (/a)ﬂ« j,quw/T)] /d/%w(z)a“ 3. 10,

2w(Ty ) and Cw(Ty) are tabulated functions analogous to bw(To) and dw(To).

-IVc The Average Excitation Potential for Elements and Compounds

The average excitation potential, I is the only constant that is
not known to a high degree of accuracy. The data for average excitation
.potentials can be obtéined-from'NBS handbook 79 (1961) and a report from
Fano (1963). Subsequent to this work, a review on the avérage
excitation potential was given by Dalton and Turner (1967). Since the
average excitation potentials quoted in the above two sources differ
in the worst case by 6 per cent, and since the average excitation potential
occurs in a logarithmic term in equation 3,9, there is little difference
in the choice, Although Fano's data is the more recent, the values of
the average excitation potentials were taken from the NBS handbook 79
as direct comparisons can then be made with extensive earlier .
calculations based on the same values.

The values for the average excitation potentials for compounds were
calculated by Bragg's law,. Brégg!s law assumed that the atoms in a
compound act independently of one another and independently of
molecular binding forces, so tﬁ?t the stopping power of the compound is
the sume- of the stopping powers of its constituents, Bragg's law may be

expressed as

/éd(f)cmpowv) (A) w‘ §‘ ’&‘ I’:

where wg is the fraction by weight of the itk element,
For low atomic number elemepts,slight departures from Bragg's law
have been demonstrated when these elements are in chemical combination

(Thompson, 1952). For these elements,a simple method of correction is
to use values of the average excitation potential adjusted for the
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chemical state (e.g. saturated, unsaturated, highly chlorinated, etc.,)
and these values were also taken from NBS Handbook 79, A table of the
values of the average excitation potentials used appears in Chapter 4
(Table 4.5).

These values of I were substituted in equation 3.9 and 3,10 to
determine the mass stopping power ratio, For the few materials where
the” tabulation was not available for the function, bw(To), it was

calculated, It is given fairly accurately by the expression

(%) 2 TS Y, 3.0
w o/ =~

/_/d
where E is the exponential 1ntegra1 and To is the energy of the
incident radiation (NBS Handbook 79)., Attix et al (1958) estimated that

the greatest error in bw(To) ‘involved in using this expression is a few

per cent. Since tw(To) is a small fraction of unity and is added to
unity in the bracket of equaéion 3.9, the overall error in fw(To) is even
sma%ler. The materials for which bw(To) had to be calculated were all
of low atomic numbers and aw(Ty ), the value of bw(To) averaged over

the starting spectrum of Compton electronsl was taken to be equal to
bw(To)., For low atomic number materials, this approximation only

alters the mass stopping power by at most 0,2 per cent which was

considered acceptable,

IVa Mass Attenuation and Mass Energy Absorption Coefficients

The International Commission on'Radiological Units and Measurements
(Handbook 84, 1962) defines the above coefficients as follows: 'The
mass attenuation coefficient ( ) of a-material for indirectly ionising
particles is the quotient of dN by the product of Q N and d{ where N is
the number of particles incident normally upon a layer of thicknesscdll
and density and dN is the number of particles that experience

1

interactions in this layer
s L dn
R gV de

For X or gamma radiations

/‘,E- : —'—':-t--(;-t‘o—""’
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where & Q is the mass photo-electric attenuation coefficient, e is the
~total Compton mass attenuation coefficient, —éﬂ is the mass attenuation
coefficient for coherent scattering and %? is the pair-production mass
attenuation coefficient.'’ .
'The mass energf absorption coefficient ALt of a material for
indirectly ionising particles is /t—L—'s'( -G ) where £ is the quotient of
dEk_by the product of E’.P and d{ where E is the sum of éhe energies
(including rest energies) of the indirectly ionising particles incident
normally upon a layer of thickness dd and density (4 and dE, is the

sum of the kinetic energies of all the charged particles liberated in
.this 1ayer and G is the proportlon of -the energy of the secondary

~ charged particles that is last to bremsstrahlung in the materlal
Al att:k
I3 ::w(z

For X or gamma rays of energyliil)

Mr | Ta o G Ke

v . R ¢ ¢ R
where ’ T T ([ _éL )
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6 being the average energy emitted as fluorescent radiation per photon

\

absorbed —
cx: 0~ ke

"R Av
Ee being the average energy of the Compton electrons per scattered’

photon

e 50-5)

[N

Table 4.5 gives the values of the mass energy absorption coefficients
(Evans 1968) used in this work.

IVe The Average Path Length Across a Cavity
As explained in Chapter 1, it is necessary to determine the average

path length across a cavity in order to evaluate the weighting d 6 and to

determine the energy of an electron which will,on average, just cross the
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cavity. The expression for finding the average path length, g, acrpss a ‘

non reentrant volume is
_ . X wvolume
8 = Total surface area
This has- been shown by various authors including Weinberg and Wigner (1958).

v Ixperimental Procedure

“ The measurenments on ferrous suiphate dosimeters were carried out
at the Mount Vernon Hospital and then repeated using the 0660 source at
The Polytechnic, The 0060 source at Mount Vernon Hospital approximated
to a point source with nearly monoenergetic photons (i.e. the two gamma
lineg from 0069 1.17 and 1.33MeV) and very little scattered radiation; but
the dose rate was rather low, The 0060 source at The Polytechnic was a
distributed source with a significant scattered photon component as
described in Chapter 2. The measurements at each place are discussed

" in the following sub~-sections,

Va  Measurement of Ferrous Sulphate Dosimeter at the Mount Vernon Hospital
.The irradiation cells employed were 1Ocm long tubes of 0,05, 0,2 and '

0.6cm internal diameter, and spherical flasks of 3.79cm and 10.%cm

internal diameter. To establish electronic equilibrium,a further tube

used as a sheath enclosed the tubes and in the case of the flasks ,

aluminium sheets were used to wrap round the exterior of the flask,

Aluminium has nearly the same atomic number; 13, as silicon, 14, so. that

equilibrium electron spectra of the two materiais will not be very

different;and in any case,the lmm thickness of silica which is in contact

witi the solution will be by far the most important factor in

determining the electron spectrum entering the solution (Gray, 1937).
Ferrous sulphate solution was prepared as described in Section Illa,

The solutions were irradiated by 'a 500 curie 0060 source which was l2cm

long., This was situated in a brass guide tube of about 0.65cm thick so

that the scattered radiation should be minimal, The irradiation cells

were placed on a turntable, which rotated during the irradiation to

ensure an equal exposure of all the cells, The distance from the centre

of the source to the centre of the solution was 33.4cm, Irradiations
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of 2, 4, 6, 8 and 10 hours duration were given to the solution, The
maximum dose did not exceed 40,000 rads,to avoid an excessive depletion
of the oxygen content of the solution. .

The increase in optical density due to the oxidation of ferrous ion
to ferric ion on irradiation was measured at 304m on a 'Uyispek’
spectrophotometer. The increase in optical density was measured for
each irradiation time for the five cell sizes and was normalised to the
result obtained with the O.6cm diameter tube, Colum 2 of Table 3.1
gives the average reading of the measurements normalised in this way,
averaged for the five different times, A correction for attenuation of
the photons in the ferrous sulphate'solution vas made to the measurements
and is shown in-Téble 3.1, The normalised op%ical density corrected for
the attenuation effect.is given in the same table., The repetition
accuracy of the measurement was poor, possibly due to initial lack of
experience with the technique, but probably also due to some evaporation
loss. and temperature'difference.of the solution before and after
irradiation.c . 1.1 L. .-~ T, .The average of ten results is quoted
in Table 3.1 together with the standard error of the mean., Theseinéasirements

ake also shown in figure 3,1 wherefﬂ@fﬁiecoﬁpared with cavity theory
calculated for the 0060 Y=-lines, The agreement is within the experimental

uncertainty,

Vb  Measurement of Ferrous Sulphate Dosimeter at The Polytechnic

The irradiation cells and the method of preparation of the ferrous
sulphate solution were as described above, The change iﬁ optical density
was measured at 22ymp (see:Section IIId) and 305mu on a 'Uvispek’
spectfophotometer. The following precautions were taken in the course
of the measurements. '7 .

(1) The initial temperature before and after an experiment was noted,
and the maximum difference in temperature was I 4PC. A small
corredtion was made to optical density for this temperature difference.
(ii) The experiment for each silica cell size was repeated five times.
(iii)The irradiation cells were placed exactly at the centre of the

irradiation chamber.
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-(iv) Each cell after irradiation was washed thoroughly with distilled

water to remove any irradiated solution left, dried with a hair drier
and left to cool before filling with ferréus sulphate solution.

A correction for non-uniformity of the photon field in the
irradiation chamber was made to the measurements, A graph of the
average path length against the percentage change arising from the
non;uniformity of the phofon field was obtained from the perspex
measurement (see Section VI, Chapter 4) and is shown in figure 3,2,

The average path length of the silica cells was found using the method
described in Section IVe, The corresponding percentage change in the.
non-uniform photon field was obtained from the graph, figure 3.2,

Tdble 3.2 gives the measuréments at 224mp befofe and after being
corrected for non-uniformity of the photon field,and the étandard error
of the mean, One per cent precision was achieved in these measurements,
The measurements performed at The Polytechnic are compared with cavity
theory calculated for the photon spectruﬁ in the cell shown in figure
3¢5 Bnd the agreement is again within the experimental uncertainty, i.e.

i per cent,

VI Discussion

A dependence of response on dosimeter size has been reported by
various authors., Weiss (1952) observed a significant increase in the
response in the irradiation cell when the internal diameter fell below
0,8¢cm, His measurements werexrepeated-py Ghormley (1956) who found the
response in cells of O.4jcm internal diameter was 3 per cent greater

than in the larger ones, a much smaller effect than that observed by

" Weiss, The ferrous sulphate solution used by Weiss did not contain

any sodium chloride to counteract organic impurities and the large
increase in response which he observed may be due to the presence of
impurities on the walls, Weiss, Allen and Schwarz (1956) repeated the
measurements and found a 6 per cent greater response in cells of O.4cm
iﬁternal diameter than in the larger ones., Cavity theory predicts a

2,5 per cent greater response for a O.hcm internal diameter cell than

| for the larger ones irradiated by 0060 gamma rays, Since the photon
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used
energy spectrum‘¢5ythese authors was not stated, this seems possibly

to be a reasonable agreement., Weiss et al (1956) did not notice this
effect in polystyrene cells., This is also in accord with cavity theor&,
which predicts very little change in the response with size of irradiation
cell for closely-matched cavities, Weiss et al (1956) have stated that
'the size and shape of the dosimeter container is not important as long
as the internal diameter is greater than 8mm', Calculations from cavity -
theory indicate that thié statement is only true for a fairly well
'matched' dosimeter and container, For a Fricke dosimeter in an 8mm
diameter silica cell irradiated by Co60 gamma rays the yield is 1,35 per
cent greater than fpr a very large container according to cavity theory,
.and the theory indicates that it is not until 6ecm diameter that the
effect falls to below O.1 per cent.

Sehested, Brynjolfsson and Holm (1963) found that the response of
the Fricke dosimeter depended on the ratio of the surface area to the
volume of the irradiation cdll. The ratio is related to the average
path length across the cavity, which occurs in cavity theory. Sehested
et 41 obtained a change in the absorbed-dose ratio of 6.5 per cent with
irradiation cells which had dimensions equivalent to spherical cavities
of radius O,4 to 1l.,2c¢m, * This result was obtained using glass and polyethylene
irradiation cells, where the 'matching' of the container with the
solution is closer than with silica, Since silica irradiation cells
were used in our exﬁeriment, a larger change in the absorbed-dose ratio
would be expected., However with the measurements done at Mount Vernon
Hospital and at The Polytechnic, no significant change in the absorbed-
dose ratio was observed in the range of irradiation cell size from
O.4 to 12,cm, This is in accord with the predictions of cavity theory.
Sehested et al have suggested that—'for the glass ampoules, the effect
may be due to the ‘lack of gamma-electron equilibrium on the boundaries
between glass and dosimetric solution', However, it is unlikely that
their results can be explained entirely .on the basis of cavity theory.
As their irradiations were performed in a large.scattering medium, the
photon spectrum in the region of the cavity is uncertain and it is

therefore not possible to make a quantitative comparison of cavity



theory with their measurements. '

Other workers (Whittaker 1963; Miller and Wilkinson 1952, Puig and
Sutton 1959) have reported a size dependence for the Fricke dosimeter
but there is not sufficient data in their reports to perform the
theoretical calculations and make comparisons with their experimental
results, It is particularly interesting to note that Puig and Sutton
(1959) using rectangular cavitiesn from 1 to 26mm wideqnobtained a net
increase in response of 6 per cent over this range and,almost identical
variation of response to that presented in figure 3. They also
formulated an empirical equation which has qualitatively the same

behaviour as cavity theory.

VII Summary
The measurements performed with 0060 gamma rays have shown a size

dependence of the Fricke dosimeter contdized in silica radiation cells,
The magnitude of this size dependence can be accounted for by cavity
theory. Thus the calculation of the response of a dosimeter which must

be ePclosed in a container, will need to include cavity theory.

.
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Table 3.1, Measurements of Optical Density at 204mi of Ferrous Sulphate Solution in
Various Diameters of Silica Cells (Mount Vernon Hospital Co%° Gamma Ray Source)

Size © 0,D, normalised | Standaxrd Photon o.,Db, 0,D, corr, for
(cm) at O,6cm - Error Attenuation | corrected for attenuation
diam, tube . Factor attenuation and nor, at
’ ) ) 0,6em dia, tube
0,05 (tube) 1,065 r o005 0,998 1,067 1,050
0.2 (tube) 1,01y + 006 | 0,99 1,020 1,004
0.6 (tube) - 1,00 * .003 0,984 1,016 1,00
3,79 (flask) oLl + ,004 0,943 1,001 .985
10,3 (flask) 861 + 004 1 0,852 1,011 «995.

Table 3,2, Measurements of Optical Density at 224ymp of Eerrous Sulphate Solution in
Various Diameters of Silica Cells (Polytechnic Co®’ Gamma Ray Source)

Size Optical | Standard Photon 0,D, corr. | O0,D, normalised
(cm) Density Error Attenuation for at O0,6cm diam,
Factor _Attenuation tubd
0,05 (tube) 322 + ,003 1,064 . 303 1,049
0.2 (tube) 2311 + ,003 1,064 .292 1,013
0.6 (tube) .307 + ,003 . 1,061 .289 1,00
3,79 (flask) .297 + ,002 1,038 .286 .991
10,3 * (flask) .286 + ,002 1,00 .286 - ¢ 991
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CHAPTER 4
THE EXPERIMENTAL EXAMINATION OF GENERAL CAVITY THEORY

APPLIED TO A SOLID STATE DOSIMETER

I ~Introduction

The primary concern of this chapter is a detailed experimental
examination of Burlin's theory of cavity ionisation, Since generality
' is claimed for this theory it should be valid for all cavity dimensions
and any combination of the atomic numbers of the cavity wmaterial and
surrounding medium, Previous to. the work reported in this thesis, the
only experimental tests conducted were on gas-filled cavities whose
. dimensions were much smaller than the range of the electrons. The work
on the Fricke dosimeter reported in Chapter 3 covered a'large range of
cavity size extending up to cavity dimensions very much greater than the
range of the electrons, but the atomic number of the cavity and the wall
were iot greatly different so that the test of cavity theory was not the
wost severe, The high degree of cleanliness and chemical inertness
demanded by the Fricke system prevented higher atomic number walls being
used, This chapter describes experiments performed with a solid state
dosimeter of low atomic number surrounded by walls varying from low to
high atomic number and also cover$: g a large range of cavity size
_extending up to cavity dimensions very much greater than the range of the
electrons, It is the most stringent test of cavity theory possible,

A secondary concern: of this chapter and Chapter 5 is to demonstrate
the application of cavity theory to golid state dosiqeters. Rapid
progress has been made in solid state dosimeters in recent years due
mainly to the work of Schulman (1959), Attix (1962), Boag (1963) and
Fowler (l963a, b). The advantages of these dosimeters are as follows.
(a) High density (1000 - 4OOO times more atoms per cm® than air) leads
to small dosimeter size'; further, the average energy required to '
produce an ion pair (i.e, W) in solids is less than that in air,

(b) Frequently;the charges induced by irradiation remain for a long
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period which enables measurements to be made at a later time,
(¢) Colour changes during irradiation are useful for determining
spatial dose distribution,

(d) Higher dose-rates can be measured with solid state dosimeters then

- lonisation chambers.,

II  Requirements for the Solid State Dosimetexr

The choice of a particular solid state dosimeter depends on the

following factors. .

(a) Since experiments are to be performed with various sizes of
- detecting material surrounded by different wall materials, a low cost

solid state detector would be preferred. -

(b) " A reproducibility of 1 ﬁer cent is an essential requirement in this
. work, since some of the vapiations in response with dosimeter size which
are being investigated are expected to be a few per cent,

(¢c) The response should be proportional to the absorbed dose,irrespective
of the nature of the incident radiation,

(d) Normal fluctuations in room temﬁerature should not produce
significant changes in the measurement., '

(e) The induced changes in the measurgable parameter should not vary
greatly with time after irradiation,

Clear perspex is chosen as the doé;meter for the present work since
it éatisfiesrnost of the above requirements, Perspex was first suggesteg
as a radiation dosimeter by Day and Stein (1951); andwas described fully
by Boag et al (1958) and to a lesser extent by Davidson and Sutton (1961),
Orton (1966) and Whittaker and Lowe (1966), The perspex used in these
. experiments was obtained from a batch specially made for dosimetry
purposes, It is known commercially as 'perspei acrylic HX' but will be
simply referred to as perspex throughout this chapter.

III General Principles of the Perspex Dosimeter
IITA Relationship between Optical Density and Absorbed Dose.
The calibration between optical demsity at 292 mp for O,3cm
thick perspex and absorbed dose was carried out by Boag et al (1955)
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using calorimetric dosimetry and the relationship obtained for a
rarticular batch is given by ' ) . -

_ )
R[wwjmdd)_ ’lg,-r{éz_ ,

t is the thickness in millimetres of the perspex,
D is the difference in optical density between the irradiated and
‘ .unirradiated sample, the par freafar
" ks and K; are determined experlmentally and may vary with batch of
" perspex and thickness of perspe; (Orton 1959, 1965).
The linearity between R and D applies between doses 0£0.06 to 3
megarads in O.lem thick samples and 0,06 to 1,5 megarads in O,3cm thick

samples,

IIIb Preparation and Handling
The thicknesseof the special‘perspex obtained commercially :are
specified as O,lcm and O,3cm, However,for the O,lcm perspex, there is
a vaFiation from ,070 to ,11l6cm from piece to piece, For the 0,3cm
material, the variation is between 0,260 to 0,320cm, The exact thickness

of each plece was therefore measured with a micrometer,
The following proceaure for cleaning the perspex is recommended by
the United Kingdom panel in Gamma and Electron Irradiationm. )
The samples are soaked and stirred (by finger) for 30 minutes in
a detergent soiution such as Teepol, They are dipped in dilute acetic
acid, washed several times in distilled water and then washed with
alcohol. TFinally they are dried between filter papers. The optical
.Gensity of the perspex pieces used in the experiment was measured both .
before and after irradiation on a Hilger and Watt 'Uswispek'.
Investigation of the variation of optical density witﬂ wavelength for
~ this batch of perspex receiving & dose of 1,17 megarads using the present
spectrophotometer,showed a peak around 292 mp as is given.in figures
4,1 and 4,2 for theolcin and 43pm perspex pieces respectively., This was in
agreement with the measurements of Boag et al (1958) who also observed
a peek around 292 mp using a Unicam spectrophotometer, This presence of
a peak was later shown to be due to the particular type of spectrophotometer
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used, When the measurements were commenced in 1967, there were some
doubts as to whether a maximum in the induced optical density occurred
at around 292 mp, In discussion, Berry and Marshall of the United
Kingdom Panel on Gamma and Electron Radiation suggested that two
wavelengths 292 mp and BOB.ZKUAibe used, Measurements were made at
botg these wavelengths throughout the work reported here,

" Before irradiation, the thickness of each piece was measured, This
was found to be necessary because preliminary checks were made on fifty
pieces of O,lcm and O,3cm perspex, each taken at random, The initial
optical density corrected for thickness varied by up to * 6 per cent.

If uncorrected, this would have exceeded thé other experimental errors,
Table 4.1 shows the measurements on some of the pieces and illustrates
the importance of measuring the optical density prior to irradiation for
accurate work, | .

It was observed that scratches on the perspex hardly cﬁangedthe
optical density reading but any traces of grease from the fingers in
hand}ing reduced .the reading by as much as 4 per cent., Therefore
" tweezers were used for handliﬁg the clean perspex.

IIIc Fading 4
Fading occurs in the ultra v1olet absorption induced in

- perspex by radiation (Boag et al 1958). The fading characteristic of the
O.lcm and O,3cm pieces were studied over a period of one year, ’

The O, lcm pieces in groups of seven were given doses of 1l.41, 2,47,
3.53 and 5,65 megarads, The optical density after irradiation was
measured at 292 mp and 305 mp at convenient intervals for the first 48
hours and then daily, later weekly and eventually monthly.

Table 4,2 gives the results of seven pieces of O.,lcm perspex receiving
a dose of 1,41 megarads, Column 2 represents the average optical
density measured at 292 mp of the .seven pieces)and.this average value
is normalised to the average maximum ﬁalue of these pieces which occurred
between 10 and 60 hours after irradiation. Column 3 gives the standard
error of the mean of the seven pieces.. The measurements at 305 mp are

_ given in Columns 5 and 6,
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The fading of the induced optical density with time at the four
dose levels for O.lcm perspex is shown in Figures 4.3 to 4.6, The
induced optical density for all these doses reached a maximum w1th1n
forty-eight hours after irradiation and then decreased by approximately
four per cent per week, After six.months it remained constant,

The 0.3cm pieces (10 altogether) were given a dose of 1l.41 megarads
and measurements were repeated at intervals as above., The induced
optical density reached a maximum between 10 and 80 days after -
irradiation)depending on the individual piece)and then decreased by
approximately 3 per cent a month (Figure 4,7).

A poséible explanation which could account for the fading suggested
by Orton (1965) is as follows., Radiation which causes an.. increase in
optical density produces free radicals in the perspex. After
irradiation, free radicals produced in the perspex either react with
one another forming some type of 'conjuéated doublé bond system' which
increases the optical density and is very stable, or they decay, ' If the
persPex is stored in air, oxygen diffuses into the perspex from the
edges eil reacts with any free radicals and 'bleaches out' the optical
desity associated with them, The TV absorptlon in the perspex decreases
during this process of 'bleaching' by oxygeﬁ. When the bleached zones
meet, the fading stops. The fact that there is ‘an effect remaining

when fading stops is due to the stability of the 'conjugated double

- bond systems' which give rise to the permanent change'in optical

density observed after complete oxygen diffusion.
Orton (1965) developed in deta11 a diffusion theory equation based
on the above processes)and'thls fitted quite accurately with his

experimental points. A comparison with Orton's results indicates that

F’the general trend of the decay curves shows Little dlfferenc€)and the

optiea/ density
remaining effect of ¢ 0 is about 25 per cent of the maximum value in each

~case, The time after irradiation (3000 hrs) in which fading stops is -

also the same in both cases,.
Table 4.3 shows the 'residual’ optical density of O.lcm perspex

pieces at various doses measured 420 days after irradiation and was

expressed as a fraction of the maximum optical density.
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IV  Experimental Procedure

Eight different sizes of rectangular box were made from each of
the following materials:-- perspex, carbon, aluminium, copper, tin and
lead, The total impurity content in each of the materials is specified
by the manufacturers as being less than O,1 per cent. The first five

box sizes formed parallel plate cavities having a cross section of lcm

X 4em and thicknesses of 0,1, 0,2, 0,3, 0,5 and lcm. The dimensions in-
cm of the other three larger boxes are 2x 2 X 4, 4 x 4 x 4 and 8 x 8 x 8cm?,
The thicknesses of each material for all the eight box sizes are
-sufficient to establish electronic equlllbrlum within the material as
shown in Table 2,1. |
_ The following procedures apply to all the experiments using

_ perspex pieces described in this chapter.

(2) The irradiation time for each box size was four hours, which .
corresponds to a dose of 1.4l megarads.,

(b) The boxes containing perspex pieceswere supported by various

'paper cylinders' (paperwis used to minimise absorption and scattering)
of different heights so that the centre of the perspex inside each box
coincided with the centre of the 0069 irradiation chamber unit,

(¢c) Before irradiation, the perspex pieces were cleaned as described in -
section IIIb their thickness measured and the optlcal density measured
at 292 mp and 305 ap on the same spectrophotometerAthroughout the
experiment,

(a) After irradiation, the perspex pieces were kept in a dark dry

place at room temperature and then measured 24 hours later at 292 mp
and 305 mp, The reéding which will henceforth be called the experimental
result is obtained by taking the difference between the irradiated
measurement and the unirradiated measurement and then dividing the
difference by the thickness of the perspex piece so as to express the
experimental result as optical density per mm .

(e) The optical density per mm thus obtained is related to the

aﬁsorbed dose averaged over thicknesses of lmm and 3mm, The absorbed
dose in the perspex cavity varies with distance from the walls. To
determine the absorbed dose averaged throughouf the cavity the mean.
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value of the optical'density was foﬁnd from all the perspex pieces
within the boxes up to a size of 4 x 4 x 4ecm, For the 8 x 8 x 8em

h box, 108 pieces spaced evenly throughout the volume of the cav1ty were
measured and the mean optical density and mean absorbed dose found.

(£) Tho experimental resultswere normalised to the theoretical value -
of the largest box, as a convenient way to compare experimental and
theoretical results,

(g) Measurements were corrected fﬁr decay of 0060 sourcc,

(h) The O,lem thick perspex pieces were used for the 0,1, 0.2, 0.3,
0,5 and lcm thick boxes as described earlier, For the 0,1, 0,2 and 0,3
" thick boxes, the experiment was repeated five times for each'case. For
the 0,5 and lcm thick boxes, it was repeated twice, " The O,3cm thick
perspex was used for the three largest box sizes and becauso of the
large number of pieces to be meaéured, pho experiment was performed

once,

1) ‘Cross Calibration between the O,lcm and O.3cm thick Psrspex

Both the O.lcm and O,3cm perspex pieces were used for each complete
range of box sizes made of porspsx., Since the fading characteristic of
the O,lcm (Fig. 4¢3 = 4.6) and O,3cm pieces (Fig. 4.7) were not the
same, in particular since the maxdmum optical density difference from
controls does not occur at the same time after irradiation, a cross
calibration was carried out between the O,lcm and O, 3cm perspex. '

ThaJl x 1 x yem perspex box was filled with a mixture of O,lcm
and O.3cm perspex piepes : which:; were arranged as shown in Fig. 4.8a.
The positions of the O,lcm and O,3cm perspex were interchanged as
shown in Fig, 4.8b to eliminate the effect of slight nonuniformity iz
the radiation field, From these two-arrangemeats, the average reading
(OD) per mmbof the eight O,lcm perspex and the average reading of the
four O,3cm perspex were determined, The ratio of the optical density
per mm of the O,lcm to the O.3cm perspex was found to be 0.966 at
292 mp and 0,956 at 305 mp, Since the O.Bcﬁ perspex pieceswere used
to £ill the three largest boxes, 2 x 2 x 4, 4 x L4 x 4 and 8 x 8 x 8cn,
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the average readings in each of these boxes wére multiplied by 0,966

- and 0,956 for 292 mp and 305 mp respectively, thus calibrating the O,3cm

rerspex against the O,lcm perspex.

VI Correction for Attenuation of the Photon Field

" The general theory of cavity ionisation assumes an unattenuated

.radiation field. In contrast, the radiation field in the experiments wgs

subjebted to both ggzmetric attenuation arising from the source geometry
(sée Section VI Chapter 2) and attenuation due to absorption in the
dosimeter (Section IV Chapter 2). To correct for attenuation effects, use
was made of the fact that the stopping power ratio of a perfectly

matched dosimeter (i,e, identical wall and cavity material) is unity,

irrespective of dosimeter size, Therefore any variation in the response

- of a matched dosimeter with size must be due to attenuation effects.

Eight boxes of the same dimensions as before were made of perspex
(i,e. a perspex wall) and were filled with perspex pieces, The correction
which was employed is illustrated with the followmng example., In
column 2 of Table 4.4 the readings for perspex pieces in perspex walls weye
normalised on the reading for the largest box., The normalised values
obtained with the lead walls im given in column 3 of the same table,

These 'lead values' for each box size (vere corrected for attenuation effects
by dividing them by the'perspex value of the same box size, shown in
column 4, ’

"The same procedure was applied to the other wall materials.

VII Calculations by Cavity Theory
The. equation used for calculating the mass stopping power ratio of

perspex in various wall materials is

£,(T:) = 22 [17 A &ilT) b lw]+(, 6‘)1

(ZJW 4. ]




The suffixes 'p' and 'w' refer to the perspex and wall material in this
context., The average excitation potential, Ip, of perspex was calculated
using Bragg's 1aw-described in Section IVc of Chapter 3. The values of
Ip, Iw,(/-a-é‘“ Pand (/L"g"z,a.re given in Table i, 5. j(w (Ty) was averaged over the .
slowing down spectrum of photo-electric and Compton electrons., Table '
L,6 presents the mass stopping power ratio at various incident photon
energies for perspex of various sizes enclosed in perspex, carben,
4aluﬁinium, copper, tin and lead msterials.

It was stated in Section 1IIb of Chapter 2 that Costrell's (1962) .
results (Table 2,3 of Chapter 2) ‘for the photon spectrum from teletherapy
._units was used for the photon spectrum in the irradiation chamber.

Table 4.7 gives the mass stopplng power ratio weighted according to

Costrell's spectrum.

VIII Variation of Optical Density with Cavity Size (Calculations and

Experiments) -
Figures L,9-4,13 show the measurements of the mean optical density

per mm with size variations for the ﬁlve materials, The experimental
values are shown as ‘crosses and the lines represent the theory. A4s
explained earlier, the calculations and measurements are normalised to
the value of the largest size Box. -The experimental results have been
corrected for (a) cross calibration between 0,1 and O,3cm thick perspex
(described in Section V) and (b) correction for attenuation of the
photon field (0060 Y-rays). Table 4.8 gives these measurements.

The measurements in the carbon boxes (Figure 4.9) show that when
the cavity medium (perspex) and wall (carbon) are nearly matched, there
is little change in the response for variation of size, which is in
accord with cavity theory. R

The measurements in the lead boxes (Figure 4,13) show the greatest.
variation in optical density with siée, where a large difference in
atomic number between the wall and catity occurs, Even under such severe

experimental conditions, the agreement between results and calculations

is good,
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The' measurements with aluminium, copper and tin (Figures 4.10-
4,12) all show good agreement with the calculations.

IX Variation of Optical Density with Atomic Number (Calculations

and Experiments)

The mean optical density per mm was determined as described earlier
and is‘recopded in Table 4,9. These values had to be corrected for the -
effécts of absorption and scattering of photons in the chamber wall,
This has been discussed in Section IV of Chapter 2 and the values of
the mean optical denéity per mm were multiplied by the correction
factors contained in Table 2,6, The correction factor of perspex was
aésumed to be the éame as carbon., The resulting values are shown in
Table u.i%'normalised.gaiﬁélues'for perspex for each box size.
‘ Cavity theory,predictshgie'variétion in‘the response (i,e. mean’

optical density) with the wall material will be ,

Régﬁoﬁs'e = [onf{dh{‘z—(@z%y‘J- JlW[l}) 4.2
. </P

The!mass energy absorption coefficients were taken from Table 4.5 and
the mass stopping power ratios from.Table 4.6, Table 4,11 shows the -
val&ps obtained by equation 4.2 weighted aécording to Costrell's spectrum’ﬂ
and the values are normalised on the values for perspex.

Figure 4,12 compares these experimental results shown as points
with the predictions of cavity theory shown as continuous lines for
various box sizes, IExperimental values agree closely with theor& in
that both show a marked dependeﬁqe on atomic number for small cavity
sizes but little dependence ‘on atomic number for large cavity sizes.

.In view of the uncertainty in the mass energy absorption coefficients
arising from uncertainty in the photonuspectrum, this result is
considered an excellent confirmation of the theoretical treatment, It
is therefore concluded that Burlin's general theory of cavity ionisation
is correct since it predicts-accurateiy the fesponse of a perspex

dosimeter with size and atomic number of the surrounding medium when
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irradiated by .0060 Y-rays. This cavity theory should therefore be
capable of pred;i.cting the response of any other solid state dosimeter, :



Table 4,1
Optical density of unirradiated lmm and 3mm perspex

measured at 292 mp with respect to air as blank

lmm pieces 3mm pieces
Optical | Thickness | OD/mm | Optical | Thickness| OD/mm
Deusity (. ) Deugty ) (Fran)
o231 .81y .2842 684 .2812 .2381
24l .853 .2865 .679 .2871 .2365
255 . .891 .2858 67 .2819 2342
274 942 <2904 675 .2898 «233
274 .950 .2884 693 .2901 + 2390
282 979 .288 .700 .2917 .2401
.288 .981 . 2940 .670 - .2928 .2288
. 287 990 .2901 | .695 2942 .2362
295 .991 2974 | 675 . «2943 .2295
.286 992 .2885 .696 2945 2362
.286 <994 .2881 | .698 . -2916 .2371
«2952 1,013 © | .2915 .677 .2958 .2289
+293 1,013 .2924 .70y .2978 2365
.291 1,027 .2833 .719 .2985 .2409
.301 1,036 .2905 .711 . «2996 2374
<3135 1,04y 23005 | 740 3004 2465
3145 1.048 J3001 | .731 3008 2431
325 1,062 « 3041 J711 <3034 « 2343
<3175 1,070 « 2967 .715 »3038 .2355
«3175 1.075 «2953 .752 «3042 2471
31590 1.078 .2959 | 753 +3060 2462




,Measurement of Optical Density at 292 mp and 305 mp of O.lecnm

Table 4,2

perspex receiving 1,41 megarads over a period of 1 year

Time (OD) 292 |Standard| Time (0D)zg5 | Standard
NOR, error Nog? error
HOURS HOURS
1 .9661 .0048 1 .9840 .0048
L +9840 .0048 L «9944 .0048
20 .9988 ~ 0069 20 .9988 .0069
27 .9685 .0048 27 .9802 0046
47 9784 | L0048 47 .9797 | .0069
92 .9597 008y 92 9558 | .0069
121 9317 .0066 12 9174 | 0048
149 9172 .0052 149 " .9034 .0062
169 .9010 | ,0048 169 +8904 0074 .
265 .8558 .0062 265 8312 .0068
290 8467 0050 290 8214 | ,0033
DAYS DAYS *
25 .7187 0063 25 6601 .00y2
33 6190 © |- ,0048 33 5715 | .0036
39 5507 0064 39 . L5057 | .oon7
48 4891 0036 . 48 4392 | L0037
60 421l .0038 60 3164 .0021
73 03768 .0026 73 .2531 .0015
85 3365 .0015 85 .2382 | L0015
110 .2681 -0034 110 .2198 .0020
133 .2360 .0021 133 2043 0012
151 .2255 .0012 151 «1997 .0026
182 02220 .0015 182 .2008 .002y
208 .2290 .0015 208 .2015 .0018
218 .2301 .0018 218 .2021 .0017
239 2194 .0021 239 . 2017 .0013 .
2259 2211 .001y 259- .201y 0016
278 .2262 .0012 278 .2002 .0010
300 .2210 ,0010 300 .2002 .0014
332 .2210 ,0012 332 .2012 0016
361 .2217 L0011 361 2017 .0010
388 .2210 .0012 388 .2009 .0018
421 . «2208 .0013 421 .2012 .0020

88.
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Table 4,3, Residual Optical Density 420 days after Irradiation

for O.lcm Perspex pieces at Various Doses Expressed as a
Fraction of the Maximum Optical Density )

Dose (OD) 420 days at 292 mp { (OD) 420 days at 305 mp
(Megarads) (OD) max at 292 mp (OD) max at 305 mp

1.2 o221 202

2.47 «253 o214

3.53 272 .218

5.65 .278 2221

Table L.4. Correction of the Réadings Obtained in the Iead Box
for Attenuation of the Photon Field by Reference to the
Readings Obtained in the Perspex Box

~

1
Size (OD)ggg NORM (0D)292 NORM (OD)292 NORM
(cm) perspex in perspex | perspex in lead| perspex in lead
. ’ corrected

O lxIxy 1,064 - 1.511 1.420
0,.2x1x4 1,062 1,340 1,262
O¢3x1Ixl 1,065 1.2780 1,200
0.5x1Ixy 1,065 1.192 1.119

Ixixy 1,056 1.124 1,064

2x2x1 1.048 1,089 . 1,039

Lxhxh 1.029 1,059 1.029

8x8x8 1,00 1,00 1,00




Table 4,5, Values of the Average Excitation Potential I and the Mass Energ&
- Absorption Coefficients of Photons in Various Materials

——

Material I ’égﬁ (cm?/gm) at Various Energies (MeV)
. (GV) .15 : .3 t .5 07 .o9 1025

| | |
reso, @ | 69.8 | .0277 | .0319 | L0330 | .0325 | .0315 | .0206

solution

Silica (2) 129,2 { ,0280 0291 | ,0297 | ,0293 | ,0277 | .0265

Perspex(a) 68.1 | ,0266 _.0310 .0322°| 0315 | ,0306 | ,0286

Carbon & | 78., | .0245 | .0287 | .0297 ,0292 | 0284 | ,0268
Aluminiiz) 164 | ,0285 0282 | L0286 | 0282 | .0273 | .0258
Copper & 306 | .106 .0570 | 0298 | 0279 0265 | ,0247
inte) 517 | 442 | .0843,@§;6416 032, | 0279 | .0248
tead® 812 | 1,154 .2596 é

.095L | ,0596 | .0429 | .0328

Sources where 4%?5 were taken

(a) Evans, R, D,, (1968)

" (b) Jayachandran, C,, (1968) Obtained from Davisson, C..H, (1965)
(¢) Interpolation from Lvans, R, D,, (1968)

(@) ICRU Handbook 78 (1959) L
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Table 4,5,(continued), Values of the Average Excitation Potential I and the Mass
Energy Absorption Coefficients of Various Materials

—

Materials I i ’é?% (cm?/gm) at Various-Energies (MeV)
(eV) é | .01 | .02 ! .03 oA | .06 ' .08
Ferrous Sulphate(® 69.8 f 4.7900,  .5120 % 490 | L0677 | L0320 |,0262
Silical® 129.2 :18.4310 2,1805 ; 6207 2596 | 084y | 0460
pirt® 85.0 | 4.61 | 11.5110 | .1,80 | .0668 .ojos 0213
Teflon'?’ 101.1 % 6.0 | L6760 , (1997 | .0878 | 0370 | 0264
Lithium Fluoride(b) 84.3 f 5.687 5860 .1610° | ,0685 | ,0%03 | ,0229
Lithiﬁm Borate(b) 85.4 | 3,830 459 117 0562 | ,0270 .0227]
Calcium Fluoriée(C) 149 |50.81 6,662 | 1,966 8216 | 2484 | 1134
Caloium Sulphate'®  |141.3 |41.14 _Jstjéf' 1.553 L6460 | L1971 | .0917
Muscle'®) 721! yo6 | Loy | sy | L0677 | .02 | L0255
Bone (&) 79.7 |19.0 2,51 253 | L305 | L0979 | L0520

g e e v v — ——
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Table 4.5,(continued).

Values of the Average Excitation Potential I and the Mass Energy
. Absorption Coefficients of Various Materials

Materials . /4%?# (cm®/gm) at Various Energies (MeV)

.10 .20 .40 .60 .80 1.0 |, 1.50
Ferrous Sulphate’® | 0256 | ,0297 .0328 | 0329 | 0321 | 0309 | .0282
Silica® 0341 | 0279 | 0296 | 0206 | ,0289 | ,0277 | .0253
airt® 023, | ,0268 | 0295 | ,0295 0289 | L0278 0251,
Tefion(b) . 021 | .0266 | .0202 | .0293° | .0285 | ,0275 | .0251
Lithiuﬁ Fluoride(b) .0215 0249 | .0273 .0273 .0266 0258 | 0236
Lithium Borate(b) .| 0224 0266 .0293 .0293 .0286 0277 | ,0253
Galoium Fluoride'® | .0683 | .0319 :9366 ,0295 | ,0286 | .0276 | 0243
Calcium Sulphate(C) 0571 | 0308 | .0%01 | .0297 | .0298 |°.0278 | .0253
Muscle‘d | 0252 | 0207 | .0325 | .0326 :| .0518 | ,0308 | .0281
Bone(®) .0386 3 0302 | 0316 | 0315 | 0306 | .0297 | .0270

°z6



. “Table 4,6,

Mass Stopping Power Ratio.. of Perspex to Various Materials of the

Boxes used in the Experiments at Different Incident Photon Enecrgies

L

Material |Energy Size of Perspex Boxes (cm)

(MeV) | 0,1x1xy | 0.2¢Ax4 | O0.3x1Ixk | O.5xIxf4| IxIxy | 2x2xk4 | 4xixy | 8x8x8

Perspex 1,25 | 1.00 1,00 1,00 1,00 1,00 1,00 1,00 1,00

0,90 | 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00

0,70 | 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00

0,50 1,00 1,00 1,00 . 1,00 1,00 1.00 1.00 1,00

0.30 1,00 1.00 1,00 1,00 1.00 1,00 1.00 1,00

0,15 | 1.00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
Carbon 1.25  |1,0738 | 1,0710 | 1,0700 | 1,0692 | 1,0685 | 1,0679 | 1,0676 | 1,0673
0,90 | 1,0799 | 1,0788 | 1,0784 | 1,0781 | 1.0779 | 1.0777 | 1.,0776 | 1,0775
0,70 | 1,08 |1,0797 | 1,0794 | 1,0791 |1,0789 | 1,0788 | 1,0788 | 1,0788
0,50 | 1,0848 | 1,0845 | 1,0844 | 1,0843 |1,0842 | 1,0842 | 1,0841 | 1,0841
0,30 | 1,087 | 1,084 | 1,0803 | 1,0803 | 1.,0802 | 1,0802 | 1,080L | 1.080L
0,15 | 1,0859 |1.0858 | 1,0857 | 1,0857 |1,0857 | 1.0857 | 1,0857 | 1.0857
Aluminium 1,25 | 1.1508 | 1.1331 | 1,266 | 1,1713 |1.2274 | 1.1134 | 1,1113 | 1,1100
C 0,90 |1.1478 |1.1359 | 1.1319. | 1.,1287 | 1,1263 | 1,1238 | 1.1226 | 1,217
0,70 |1.1377 |21.,1285 | 1,1254 | 1.1230 |1.1211 | 1,1195 |-1,1183% | 1,1177
0,50 |1.,257 |1.,22% | 1,2200 | 1,1165 |1,1106 | 1,1101 | 1,1098 | 1,1097
0,30 |1.,1072 |1,1037 | 1,1025 | 1,1015 |1,1008 | 1,100l | 1,0998 | 1,0995
0,15 .9392 J9366 | .9357 09339 | .9337 | .9335

.9350 | ..9348
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Table 4,6 (continued), Mass Stopping Power Ratio of Perspex to Various Materials

of the Boxes used in the Experiments at Different Incident Photon Fnergies

Material| Energy Size of Perspex Boxes (cm)
(MeV) 0,1x1x4 | O42x1xh | O¢3xlxh | 0.5x1xh | 1xlxy 2x2xh | hxhxh 8x8x8

Copper " 1,25 | 1.2479 | 1.2102 | 1,1964 | 1,1852 | 1,1678 | 1,1684 | 1,1639 | 1,1610
0,90 | 1,218; | 1,1903 | 1.1808 | 1.1732 | 1,1675 | 1,1618 | 1,1588 | 1,1568
0.70 | 1,1802 | 1,1575 | 11,1499 | 1.1438 | 1.1392 | 1.1347 | 1.1323 | 1,1307
0,50 | 1.,1187 | 1,1017 | 1,0961 | 1,0915 | 1,0881 | 1,0847 | 1.0829 | 1,0818
0,30 .8678 8545 8500 8465 8438 | 8411 | 8397 | .8388
0,15 2722 « 2627 +2596 «2570 +2552 « 2533 2523 .2516

Tin 1,25 1.3279 1.2548 | 1,2280 1,2063 1,1899 | 1.1736 | 1,1650 | 1,1593
0,90 1.2321 1.1725 1.,1523 1,1361 11,1240 |1,1119 | 1.,1055 | 1,1013
0,70 1,0912 1,038y 1,0207 1,0066 9960 9854 +9798 .9761
0,50 .8705 .8726 8133 .8019 « 7933 7847 . 7802 7772
0.3 | .4349 | .4050 | .3950 | L3871 | 3811 | 3751 | 3720 | .3699

Lead 1.25 1,2110 1,0691 | 1,0171 |~ 9749 9643 32 +9115 8947
- 0,90 +9795 .8625 8226, | © ,7908 | 7669 74351 7305 7222
0,50 +1981 4272 #4035 3816 «3799 s3204 | 1.3562 3438
0,30 .2092 1694 1562 1456 1376 | 1296 | 1256 | 1227

*¥6



Table 4,7,

Mass Stopping Power Ratio of Perspex to Various

Materials for the boxes used in the experiment Weighted

according to Costrell's Spectrum

Size of

tlall Materials
Perspex (cm) | Perspex] Carbon | Aluminium | Copper Tin Lead
0,1x1xy 1,00 |-1,0738 | 1,1508 1,2184 | 1.3279 | 1.2117
0, 2x1xl 1,00 1,0710 1,1331 1,1903 | 1,2548 | 1.0691
0.3x1x4 1,00 1,0700 1,1266 1,1808 | 1,2280 | 1,0171
0, 5x1xl 1,00 1,0692 1,1213 1,1732 | 1.2063 9749
Ix1xL 1,00 1,0685 | 11,1174 1,1675 | 1,1899 | 9432
2x2xL 1,00 1,0679 1,113, 1,1618 | 1,1736 .9110
Lxlpxdy 1,00 1,0676 1,1113% 1,1588 | 1.1650 8947
8x8x8 1,00 1,0673 1,1100 1,1568 | 1.1593 .8838

Table 4.8, Measurements of mean Optical Denéity of Perspex in

Various Materials Normalised to Largest Box, The Data have

been Corrected for Cross-Calibration and Attenuation of the

Photon Field

Wall Materials

Size of -
Perspex (cm) | Perspex | Carbon | Aluminium | Copper Tin Lead
0,1xIxy -~ 1,00 1,016 1,042 1.103 1,194 | 1.420
0.2¢1xl 1,00 1,007 1,023 1.077 1,107 | 1.262
0.3x1x4 1.00 1,008 1,015 1,054 1,090 | 1.200
0.5x1xL 1,00 1,002 1,010 1.034 1,063 | 1,120
IxIxh 1.00 1,001 1,008 1,023 1,026 | 1,066
2x2x4 1,00 1,003 1,006 1,009 1,026 | 1,037
hxixlh 1,00 1,003 1,002 1,005 1,012 | 1,026
8x8x8 1,00 1,00 1,00 1,00 1,00 | 1,00

95.
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Table 4,9. Measurements of Mean Optical Density of Perspex in
Different Materials Normalised to the Mean Optical

Density in the Perspex Box

Size of ) Wall Materials
Perspex (cm) | Perspex | Carbon., Aluminium | Copper Tin Lead
0.1xIxy 1,00 1,002 11,0302 1,067 1.142 | 1.292
0. 2x1xl; 1,00 991 | 1.011 1.044 | 1.062 | 1.141
0,3x1Ixy 1,00 .986 1,003 1,027 1,051 | 1,091
0,5xIxl 1,00 .976 .992 1,016 1.019 | 1.034
Ix1xly 1.00 .985 999 | 1.019 | 1.010 | .997
2X2xL 1,00 $992 1,008 1,001 .598 976
Lxhxly 1,00 985 1,004 .998 - 4992 .953
8x8x8 1,00 .980 1,007 .1,008 .983 .oL6

Table 1,10, Measurement of Mean Optical Density of Perspex in
- Different Materials Normalised to the Mean Optical Density

in the Perspex Box and corrected for Absorption and

Scattering of the Photons

Size of ] Wall Materials
Perspex (cm) | Perspex | Carbon | Aluminium | Copper Tin Lead
0.,1x1ixy 1,00 1,002 1,030 1,066 1.176 | 1,394
0.2x1xL 1,00 .991 1.010 1.043 1,094 | 1.231
0..3x1Ixy 1,00 .986 1,002 1,026 1,062 | 1,177
045%Ixy 1.00 .976 991 1,015 1,050 | 1.115
21zl 1.00 .985 .998 1,018 | 1,040 | 1,076
2xX2x14 1,00 .992 - 1,007 1,00 1,028 | 1,053
Lxlpxl, 1.00 .985 1,003 977 1,022 | 1,028
8x8x8 1,00 «980 1,006 1.007 1,012 | 1,020

96.



Table 4,1l. Variation of Mean Optical Density with Box Wall

Material Relative to Perspex Box Calculated by Cavity Theory

Wall Materials

Size of
"Perspex (cm) Carbon | Aluminium| Copper Tin lead
0,1x1Ixl 1,00 1,006 1,035 1,073 1,152 | 1.412
0.2x1Ixl 1.00 1,004 | 1.021 1.043 1.088 | 1,238
0.3x1x4 1,00 1,003 1.015 1.032 1,065 | 1.175
0.5x1x4 1,00 1.002 1.011 1.023 1.046 | L.124
1x1xy 1.00 1,002 1,008 1,016 1,032 | 1,086
2x2x1 1,00 1,001 1,004 1.009 1,006 | 1,048
Ll 1,001 | 1.001 1,003 1,005 1,018 | 1,028
8x8x8 1,00 1,001 1,002 1,003 1,011 | 1,015
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CHAPTER 5

APPLICATION OF CAVITY IONISATION . THEORY AT IOW
PHOTON ENERGIES TO RADIATION DETECTORS -

a

I ' Introduction - _ .

A general theory of cavity ionisation (Burlin 1966) which toock into
account the modification of the eleétron spectrum by the cavity has been
discussed in Chapter 1. The weighting factér, d, in equation 17.wvas
evaluated by the use of the mass energy absorption coefficidnt for
electrons, ﬁ,vaﬁd'B\yié calculated from Loevingers(1956) formula. In
this chapter, an example of the use,with high energy photOns}of general’

" . cavity ionisation theory with Loevinger's formula is:given first,

However, the application of cavity theory to photons of energy less
than 200keV presents difficulties because the electrons have energies
below the range for which the Loevinger formula wts intended, Therefore,
later in this chapter, another method of evaluating the mass energy
absorption coefficient for electrons and hence the weighting factor, d, .
is developed., ' - ‘

II Application of Cavity Theory to & Solid State Dosimeter at High

Photon Energies _ . ’

The experiments of Bjarngard and Jones (1966) can be used to
illustrate the application of cavity ionisation theory to a solid state
dosimeter at high photon energies, Bjarngard and.Jones, using 0060
(1,25MeV) Y-rays, irradiated discs of different thicknesses of
thermoluminescent materials. They used up to 20 per cent by weight of
"either LiF or CaFg:iMn incorporated in teflon. The materials were
sandwiched between.carbon and lead, The disc of the dosimeter was cut
" with a micfotome to various thicknesses between 15 = 380 microns.

The calculations were performed using Loevinger's exbression for
the mass energy absorption coefficient of the electrdns with due
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Aweighting for the photo-electric and Compton electrons., To cover the

extremes used in the experiment,BO per cent LiF, 30 per cent CaFz:Mn

~ in teflon and 100 per cent teflon were considered, These are shown in

Figgre 5.1 as the ratio of the response of the dosimeter sandwiched

between lead to that of carbon versus dosimeter thickness. The

" agreement between the calculations and Bjarngard and Jones' measurements

is within experimental error, Thus for high energy photons, the general -
theory of cavity ionisation (incorporating Loevinger's expression) which
was found successful for ionisation chambers is also correct in

predicting the .response of a solid state dosimeter.

III ZEvaluation of the Mass Energy Absorption Coeffiéient,ﬁvof Electrons

at Low Energies

Few direct measurements of the mass absorption coefficient of

 electrons, B, .at low energies have been reported, The most plentiful data

on directly ionising particles, especially électrons,aég on their range,
althﬁugh these are by no means satisfactory. A method of relating the
mass absorption coefficient of electrons to their range was therefore
sought, Since the attenuatlon of electrons is approximately an
exponential function (Schmldt Hahn and Meitner, 1908), the simplest
method is to define the range as a fixed attenuation (i,e. e-BR = constant)
and to solve the equation to obtain 8,

The range, R, of an electron is a rather imprecise quantity due
to the effects of straggling and change of direction. The two ranges
referred to most frequently are as follows ,
(a) The extrapolated range, Ro; which is usually determined by
extrapolating the slidpe of the percentage of particle transmission
against the thickness of absorber. The extrapolated range corresponds
to & residual electron transmission of 2-5 per cent (Bichsel 1968),
which in turn corresponds to a residual energy transmission of 0,66 to
1.66 per cent (Cole, 1967). Rox R 3 per cent particle transmission =<

R 1l per cent energy transmission,



(b) The ‘maximum rangé, Rmax, . i1 i8 usuall& determined by the absorber
.-thickness necessary to attenuate the incident electrons to an
'Undetectable level', This undetectable level will in fact depend on the
measuring system., The méximun range corresponds to the thickness in an

" absorber where the energy transmission has dropped to about 0.1 per cent
of its initial value, which in turn corresponds to a residual electron
transmission of 0.3 per cent (Berger and Seltzer, 1964),

Ruax 2 R.\ o37particle transmission X ?&O»IZenergy transmission,
This choice probébly gives undue weight to the few electrons that’

. happen to have long ranges. -Also, thé maximum range is less well
defined than the extrapolated range because it depends on instrument
sensitivity, While it is true that the maximum energy in a spectrum of

" electrons is the dominant parameter in determining the range, it was felt

that some allowance should be made for the fact that,in cavity ionisation

theory, the relevant spectrum of eléctrons is not monoenergetic and has

pany electrons with less than the maximum energy. Thus a range equal to -

1 per cent of particle transmission was considered the best choice in
calculating B at low energies, vizi- e-BR = 0,01,

Iv Investigation of the Criticality of the Input Parameters

To shqw that the choice of the percentage of the particle'
transmission was not too critical, calculations by cavity theory for 0,3,
1 and 3 per cent particle transmission were performed for lithium
fluordide in air, ferrous sulphate in silica and tissue in bone, using
ranges from Berger and Seltzer's (1964) tabies (to be discussed later).,
The computer calculatioﬁs covered all practical sizes for each system,
Results from these calculations‘are presented in figures 5.2, 5.5 and 5.4
which give the change in response of these systems with photon energies.
The sizes in each system.were chosen to show the.greatest variation for
the 0,3, 1, 3 per cent particle tramsmission. In figures 5.2 and 5.3,
for IiF in air and ferrous sulphate in silica respectively, there is
1ittle difference in the cglculations for the 0.3, 1 and 3 per cent
particle transmission, In figure 5.4 for tissue in bone, the differences

111,
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are greater and this is due to greater differences that occur in'the -
atomic numbers between tissue and bone,
Two methods of defining R were considered in the equation e PR _ 0,01,
The first was Katz and Penfold's (1952) range-energy equation o
Ro(pufons?) = 0412 ET | s
‘m{{xm A = [2b8 - 00954 Ln E '

forr 0.0/ £ E L 2.5 Mel j |

The second was the range calculated using the continuous slowing
‘down approximation (CSDA) and tabulated by Berger and Seltzer (1961). s
olEG -1, . These CSDA ranges are multiplied by a ' foreshortening factor'’
F, where F = Rmax/Rggps where Rmax is the experimental range. from
. Gubernator and Flammerfeld (1959)., F is not a sensitively varying
parameter with energy. Thus the range obtained by the second method is
R =T x Rggpa. | |

' The two methods of -evaluating R were found not to gffect significantly I
the fﬁnal calculations by cavity theory. This is illustrated in Figure
5.5 for lithium fluoride in air, Figure 5.6 for ferrous sulphate in
silica and Figure 5.7 for tissﬁe in bone. The figures relate to a
photon energy of 500keV where the variation,using Katz and Penfold, Bergér
and Seltzer ranges;was found from a whole series of computer calculations
. to be maximal, Since the range data of Berger and Seltzer were much
more recent, and cover:.an exﬁensive,range of atomic number! these were
* - selected whenever they were avgilable. Otherwise, Katz and Penfold's
expression (equation 5.1) was used for cavity theory calculations at

- low rhoton energies,

V  Application of Cavity Theory to Thermoluminescent Dosimeters

Irradiated by Low Energy Photons -

Four materials, lithium fluoride, calcium fluoride, calcium
sulpﬁate and lithium borate have been used as thermoluminescent
dosimeters. These dosimeters are frequently irradiated as'powders'either
with air between the ?articles or embedded in a teflon matrix, The




energy deposited in the particles and hence their light emission will"
be influenced by their surrqundings.' Cavity theory has been used to
calculate the variation of thermoluminescent response with photon

energy and particle size in the extreme case (i,e., when the particles

' are separated by distances of the same order as the electron range)

‘ using equation 4.,2. The ranges used in these calculatlons were found

using Katz and Penfold's expression (equation 5.1) since Berger and

Seltzer's data did not include the ranges in calclum_fluorlde, calcium

materials were found using Bragg's law (Section IVc, Chapter 4) and are

" given in Table 4.5." The mass energy absorption coefficients used are

also shown in Table 4,5,

Ya Apg;;éation of Cavity Theory to Lithium Fluoride Dosimeter in
Air and Teflon Irradiated by Low Energy Photons
Lithium fluoride (IiF) is a widely used solid state radiation

dosiPeter and has been shown experimentally to exhibit a respomse at

low énergies which is dependent on the grain size of the powder (Zanelli;

1968), Cavity theory adapted as described above was therefore applied

113.

" sulphate and lithium borate. The average excitation potentials of these .

to calculate the response of LiF for various particle sizes when irradiated

in air, Figure'5.8 shows fhe variafion of response of LiF with photon
energy when irradiated for various diameter grains., Zanelli's
experlmental points are shown in Figure 5 9 and compared with the
predlctlon of cavity theory for his partlcular particle sizes, The
trend of the experimental results is the same-as the theory, though
the magnitude of the variation is greater, ) :

Figure 5.f0'shows the variation of response with energy for a 180

micron$ diameter IiF particle when irradiated in air. Measurements by

‘ Jayachandran (1968) using 180 * 30 microns diameter LiF particles and’

irradiating 40-45mg of LiF on a 0,001 inch melinex tray at  four

_ different energies are also shown in FPigure 5.10, Both the calculated

resulté and Jayachandran's measurements are normalised at 48keV photon
energy and agree to within the limits of experimental error,

-
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It should be noted that in most experimental work, including thal of

: Zapelli and Jayachandran, the lithium fluoride particles are in contact

and in consequenée the variation predicted from cavity theory will be

reduced, This is not necessarily the case when lithium fluoride

. particles are imbedded in a teflon matrix,and the results of similar

calculations for this case are shown in Figure 5.1l.
. s

. Vb  Application of Cavity Theory to Calcium Fluoride, Calecium Sulphate

and Lithium Borate in Air and Teflon Irradiated by Low Energy
Photons' .

Figures'5.12 to 5.17 show the response of various diameter grainé '

of calcium fluoride, calcium sulphate and lithium borate in air and .
teflon)with'ene;gy. A maximum or minimum response occurs for these
thermoluminescent dosimeters between 0,03 and 0,09MeV photon energy,
depending on whether the stopping power of the surroundings are
greater or less than the dosimeters, The explanation of the shape of
the Fprves in Figures 5.8; 5.9 and 5.11 and Figures 5.12 to 5.17 is

basically the same as.that presented in discussing the Fricke dosimeter

below,
VI  Application of Cavitj Theory t6 the Fricke Dosimeter Irradiated
by Photons of Energy 0.02 - 3,0MeV .

"Experiments and calculations using cavity theory with Loevinger's

expression for p have been discussed in Chapter 3 for the Fricke

dosimeter irradiated by 0060 Y-rays. The calculations are now extended

" using th method described above, using Bergers and Seltezer's ranges,

to evaluate the Fricke dosimeter response to photons of energy 0.02 =

- 3,0Me¥,

Figure 5.18 shows the variation of dosimeter response with photon

energy:s for spherical irradiation cells of various radii, At O.OQMeVI‘

~ photo-electric absorption is the dominant process but the bhoto-electrons

barely penetrate into the ferrous sulphate solution even in the
smallest cell, As the incident energy increases, the energy of the

photo-electrons and their range increases and they penetrate through a
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considerable depth into.the solution in the smallest cel}. In
consequence the response of the dosimeter rises to a maximum at about
«05#eV, Further increase in the incidente energy, say at 0.2MeV reduces
the proportion of photo-electrons to approximately 10 per cent but the
proportion of Compton electrons ingbeases to approximately 90 per cent,
At 0.2MeV incident energy, the mean energy of a Compton electron is
-mrtev Thus again,the electrons generated in the silica contribute llttle
to the energy depos;ted in the ferrous sulphate solution. This accounts
for the 'dip' in the curve at 0,2MeV, As the incident energy is further
"increased, the mean energy of the Compton electrons increaSeS,

depositing ﬁore of their emergy in the dosimeter resulting in an increase
in the respénse. The 'hump' in ‘the curve for the O.,lcm radius spherical
cavity just below 1lMeV-is associated with the values chosen for the mass
energy absorption coefficients and 1ts magnltude is not greater than the

- uncertainty in these values. B
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CHAPTER 6

CAICULATION OF THE ABSORBED DOSE IN SOFT TISSUE
INCLUSIONS IN BONE BY CAVITY TONISATION THEORY

I Introduction

» In many diagnostic and therapeutic processes involving the use of
;adiation in patiénts, the bone is subjected to radiéfion. Since bomne
has a higher atomic number than soft tissue, the absorbed dose in bone
will be different from that in soft tissue., When the body is irradiated
- with low energy X~-rays (less than O.2MeV), electfons are ejected from
the bomne, through photo-electric and Compton interactions which have a .
. sufflclent range to give rise to an additional dose to the layers of
soft tissue adjacent to the bone, It is necessary to knou the dos%AtSn
" these adjacent tissues in order to avoid a level of dosage which would
' result in their malfuﬁction' For example, bone formatiom micht no
longer be maintained by the osteoeytes.

! There. are three cases which are of interest in the dosimetry of
*'bone and tissue (Spiers, 1967); (a) the osteo@ytes and tissues within
© the Haversian canals, (b) endosteal layers, one or two cells deep in
cortical and trabecular bone and (¢) active bone marrow in trabecular
cavities, '

This chapter reviews some of the earlier theoretical and
experimental work in bone dos?metry for extrnal and internal radiaéion‘
sources, Cavity theory is then applied to calculate the dose in
irradiated trabecular.bone. The célculations, which are limited to

external photon sources, are compared with the results of other workers,

I1 Basic Assumptions of Barlier Theoretical Calculations in Bone

Dosimetry '

The assumptions occuring in early theoretical approaches were as follqws.

1. The electrons are liberated isotropically .
2. They travel in straight lines ,

.3.. The range (R) of these electrons is equivalent to 70 per cent of
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the range L which is calculated from the continuous slowing dovn

approximation, i.e. R = 0,78 X/ d://d:/;{x) O 70x L

L, The energy d1$$1pated along the track is unlform i,e., the linear
energy transfer is uniform,

Other gssumptions will be discussed later.

o . . .
IIT Tissue Cavi.ties Surrounded by a Thickness of Bone Adequate to

Establish Electronic Eouilibrium

. Most workers have assumed that the thlckness of the bone surrounding
a soft tissue cavmty is sufficient to establish electronlc equilibrium,
The following aspects of this problem have been treated:
(a) the distribution of dose with distance from the bone/tissue
‘ interface, | | |
(b) the mean dose in a cavity of a particular éize;
. (¢) ' the mean dose in a group of cavities.
These afe reviewed below.

1
ITIa The Distribution of Dose with Distance from the Interface

Spiers (1949) calculated the variation in ionisation density
perpendicular to a plane bone and soft-tissue interface, irradiated by -
monoenergetic photons (20 - 200 kVp X-rays)., He added the contributions
from two plane bone surfaces, sepéréted by a thin. soft-tissue element,
and obtained curves showing the ionisation density in small parallel
plane cavities from 1 micron to 100 microns in width, Voodard and
Spiers (1953) extended Spiers (1949) calculation to take account of the
complete photén spectrum of X-rays generated at 185 - 1000kVp, They
obtained a summation for the energy absorption in the tissue over all
seconaary electron energies produced in bone by the photon spectrum,
Due to the difficulties involved, these calculations were limited to
plane parallel slabs, although the tissue elements within bone are very
unlike this geometry. Fowler (1957) using 40 - 200kVp X-rays, measured
the dose to polythene adjacent to plane élass (representing bone) by
means of conducting charges induced in the polythene, His results
showed general agreement with Woodard and Spiers (1953) calculation,
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The next advance was due to Kononenko (1957) who determined the
mean doses in cyllnders and the dose at any point in a spherical cav1ty
_irradiated by a—partlcles (4 46MeV) arising 1ﬁ&bone medium, His
expression was-a fundtion of the monoenergetic particle ranges and
could be applied to any type of charged particle provided that the
energy distribution was known, Using a cylindrical ionisation chamber,
whose walls were impregnated with isotopes emitting a-particles; he
varied the pressure of the ionisation chamber and his measurements agreed
with his calculations to within 10 per cent. - |
Charlton and Cormack (l962a, bz;using numericél inﬁegration,derived
the dose near a plane interface and within cylindrical cavities both for.
external irradiation by X-rays (20 200kVp) and internal irradiation by
'u-partlcles (1 - 10MeV) Assumptions 1 to.3 were made in their
". calculations, Instead.of using a lineai-energy transfer model (i,e.
"assumption 4) Charlton and Cormack used an expression for the varization
of energy deposition along the particle track of the ionising partlcles

!

by a range~energy relat:.on, R=AE m)- where A and m are constants

v determined from experimental data, They used a value of 1.75 for m for

X-rays of 200kVp and 1.5 for m for a-particies;
. ﬁowarth (1965) using a-particles, extended the basic formula of
Charlton and Cormack Assumptions 1 to 3 -and the range-energy relatlon:
above (i.e. m-= 1.5) were used in his calculatlons. He computed
detailed tables giving the geometric function D/Dg for planar,
cylindrical and spherical geometries,where D is the dose at a point and
‘Do the dose to g very small volume of soft tlssue surrounded by bone.
Burlin and Hancock (1967) using a vacuum chamber irradiated by’
csto! Y-rays,measured the dose in tissue-like material (carbon). next to
higher atomic number materials, They measured the current due to low
energy electrons emerging from the surface and thus estimated the

e
absorbed dose in a very thin layer (~ 100A) near an interface,

IIIb Mean Dose in a Cav1tv of a Partlcular Size

Most of the authors mentloned in sub-sectlon IIIa also calculated _




the mean dose in d cavity of a particular size, .Their work, and that
of others,is summarised in Table 6.1, |

Wingate et al (1962) ﬁerfdrmed a detailed measurement using an
extrapolatlng chamber with both bone and tissue equivalent walls, and-

obtalned dose in. parallel plane cavities for various X-ray energies’

- (20 - 210kVp), Their results agree_to within 5 per cent with Spiers .
(1949, 1951) calculations,

Aspin and Johns (1963) computed the values of the dose 1n51de

cylindrical cavities by taking into account the spectrum of the electrons

_Benerated by the known incident photon energies (70 - 250kVp X-rays and
1.25MeV Y-rays). They used the inactivation of a bacteriophoge, which

is tissue equivalent, as a detector to measure the dose in microscopic

.capillaries (2 = 22p in radius), Their experimental and calculated

- results are in reasonable agreement at the photon energies used.

IIIc lMean Dose in a Group of Cavitiés ;

133.

{The mean dose in a group of cavities surrounded by bone has received

little attention., This is because little,if any, information has been
available on the distribution of cavity size to form a basis for
calculation,ﬂhile measurement has been hindered by the physical
difficulties of imtroducing a dog&meter into cavities.a few microns in
diameter, The calculations used by the vérious people mentioned in
sub=-section EIIa could be apﬁlied to.find the mean dose in a group of
cavities provided the distribution of the cavity size: is known, '

Ellis (1966) employed five radiation (gualities, 20 - 100keV
effective X~rays and 1.25MeV Y-rays, and used ferrous sulphate as the
dost¢meter within a sintered glass disc having a.range of pore sizes..
His results agreed with Woodard and Spiers.(1953) calculation: for
-cavities greater than 40 microns diameter and for effective phbtons
energies greater than 3%0OkeV, o

Recently, Zanelli (1967) filled the spaces in a trabecular bone
with finely ground LiF particles (2.3 microns diameter), 'Using
various X-ray energies (22 - 100 keV) and 0060 Y-rays, he measured the
mean tissue dose, His results,agree_reasonably'with the calculaﬁion

e o e ey
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of Spiers (1967) based on a knowledge of the distribution of the bone

cavity:sizes,

IV Tiséue Cavities Surrounded by a Thickness of Bone Inadeguate to

Establish Electronic Equilibrium

kngstrom (1957) et al using a 'sandwiched' bone model have 7
calculated the dose distribution in plane layers of marrow between plane
9 :

slabs of bone with a uniform deposifion of Sr o-+ Y90 emitting p-particles,

The thickness of boné was fixed at 70 microns and the layers of marrow
~ varied between 50~microns to 900 miéroné. The mean dég:iko marrow of a.
particular thickness was also evaluate@. Their calculations were not
comparable to other people's results because the thicknessexof the 'bone’
f.andv'parrow' were different. '

Spiers and Chesters (1962) used 125 microns thiék layers of a dense
liquid (50 per cent solution of CaBry and density 1.5 gm per c.c)

90'+ Y90

containing Sr as bone equivalent and 500 microns thick layers

b}
of pplyethylene as marrow equivalént, thus forming a sandwiched model of
trabecular bone, They measured the éhparticle dose rate in the
polyethylene layer-by usingla plastic scintillator. Their results,
obtained by increasing the layers of 'bone' and 'marrow' until

equilibrium was reached, were 10 per cent less than the calculated results

of ‘Spiers (1949).

v Calculation of Absorbed Dose in Séft Tissue Inclusions in Bone by

- Cavity Theory

Equétichéﬁ]relates the inclusion dose to soft tissue dose, I.-

o 7) -G abtn)n s ) (EGA N 4,

(/-{-{,3/5 (E

where the suffixes 'B' and 'M' refer to the bone and muscle in this

context. The stopping power ratio for muscle. to bone‘was first -

calculated using the Bragg-Gray equation,i.e.(?zb {7+‘444[72)¢$:Z? A
: : ' - (Fhls! Tat f
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with the aid of Table 8.3 of ICRU (1959). The stopping power ratio is
then mbdified by considering the other terms in equation 6,1, The manner
in which 4 is being'gvaluated‘for low energy eléctrohs has been
discussed'in Chapter 5. " The values‘of the mass energy absorption
coefficient are taken from Table 4-.5 £ .i:‘( ICRU (1959).

. The mean thickness of the lamellae in spongy bone is 100 microns
(Engstrom et al (1958), Robertson and Godwin (1954)) and this would be
.'penetrated by an electron of about 130keV. The calculations using -
equation 6,1 were confined to a photon energy below 200keV, TFor a
- 200keV photon traver51ng bone, . Compton 1nteractlons are dominant (92
per cent) and the mean energy of the Compton electron is ahout 45keV,
Thus these calculations were performed for the case where the tissue

" cavities are surrounded by ‘a thickness of bone adequate to establish
. electronic equilibrium, '

. The calculated results are presented in figure 6.1 and figure 6.2
for a range of cavity sizes, A maximum value of the mean excess dose
(i.el the mean dose in tissue surroundéd by bone minus the mean dése in
tissue surrounded by tissue) occurs between 4O - 60keV for sizes ranging
from 2 microps to 900 microns diameter.

. The variation of the energy‘absorbéd with photon energy in a 5
micron diameter cylindrical soft tissue cavity in Eone,calculated by
several WOrkers;is presented in figure 6,3. This is compared with the
calculation by“cavity theory for a sphericél cavity of 5 microns diémeter.
Figure 6,4 represents similar comparisons for a 10.6 microns diameter
cavity. . B

Figures 6.5 and 6.6 give the ratio of the inclusion dose to .the
soft tissue dose as a function of cavity szzes The present results are
compared with the calculated resultsof Woodard and Spiers (1953) and the
experimental results of Ellis (1966) at effective photon energies of -
34keV and 71lkeV. , . : o

The differences in the results between cavity theory and other
calculations are attributed to the different assumptions involved.

Differences'bétween the calculations for monoenergetic photons irradiating



a 51ngle pore size and experiments involving a spectrum of photon
energies and a spectrum of pore sizes (e.g. Ellis 1966),are to be expected
SubJect to these quallflcatlons the results thus obtained from cav;ty
theory calculations agree reasonably well with other approaches to the
problem of bone’ dosimetry and. certalnly are within the spread of values
given by other methods. '
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Table 6.1

Calculations and Measurements of the Mean Doses for

Tissue-Filled Cylindrical Cavities Surrounded by Bone

Photon Energy

Diameter of

Author KeV cavities in
milcrons
Spiers (1949) 20 - 200 1 - 40
Woodard and Spiers (1953) 185 ~ 1250 1-50 |
Kononenko (1957) " 20 - 200 1-5
Charlton and Cormack (1962a, b) 20 - 200 1-750
Aspin and Johns (1963) 70 - 1250 2 - 50
Wingate et al 20 - 210.: 2 -25 !
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CHAPTER 7
DISCUSSION

I The validity of General Cavity Ionisation Theory.

The earlier theories of cavity ionisation applied to cavities

whose dimensions are small~coﬁpared with the ranges of the directly
. ionising particles. In practice, their validity was limited to gas
.filled cavities irradiated by high energy photons or electronms, For
example, the Spencer-Attix theory is satisfactory for nisation
chambers filled with gas at ajmo;pheric pressure and irradiated by

lMeV_ﬁhotons up to a size of cayity witﬁfmean linear dimension of lcm

(Burlin, 1962). Burlin (1966) introduced a theory of cavity ionisation

" that removed the size restriction and potentially was quite gemeral in
its application, Before this theory could be widely used,its validity
needed to be established over a wide range of atomic number and size
(i.e. from cavity sizes’very much smaller than the electron range to
tho;e very much greater than the electron range), Burlin demonstrated
the reliability(of the theory using ionisation chambers of widely \
different atomic number. However, the ionisation chambers were small
‘compared with the electron ranges and therefore only covered a small
fraction of the range of cavity size required. Using monoenergetic
isotope sources,it is not practicablto increase the -dimensions of
ionisation chambers to values where all the electroms within the

chamber are generated therein by photons, However it is possible to

achieve such a condition when condensed state dosimeters are used)and this

has been undertaken in this thesis, ‘
. Due to its greater density,it was possible to increase the size
of the Fricke dosimeter until virtually all the electrons within the

143.

dosimeter were generated by photon interactions within the dosimeter and

the number entering from the wall &ZE% negligible., A sphere of about
10cm diameter realised this condition for Coso-gamma rays, The general
theory and the measurements on the Fricke dosimeter agreed to within
the limits of experimental error, The experiments with the Fricke

] .



dosimeter extended the dimensions of the dosimeter to the largest sizes

'. it is desired to examine, but only for a combination where the atomic

numbers of the dosimeter and the surrounding medium do not differ
greatly., It was not feasible to surround chemical systems with media

of high atomic number due to difficulties associated with chemical

impurities, In order to cover the same size range with materials having

greatly differing atomic numbers,solid state dosimeters were employed.

It was possible with s0lid state dosimeters to make measurements
extending from dosimeter dimensions small relative to the electron
ranges up to the dosimeters which are very much larger than the electron
ranges and to do this for media having widely differing atomic numbers,
Bjarngard and Jones' experiments, with very thin slices of teflon .
_incorporating thermoluminescent materials in the matrix sandwiched
between layers of lead, have been compared with cavity theory. The
smallest thickness they used was comparable with the size of the
ionisation chambers (in gm/cm®) and their results thus cover:lthe small
cavity sizes. The response of the dosimeter versus dosimeter thickness
was in reasonable agreement with theﬁry.

The intermediate and large cavity sizes have been covered by the
extensive measurements made with the perspex dosimeter. The experiments
using clear perspex as a low atoﬁic number dosimeter embedded in
perspex, carbon, aluminium, copper, tin and lead gave a wide variation
of the atomic number between the dosimeter and the wall materials, - The
dosimeter size was increased until virtually all the electrons in the
dosimeter were generated therein, The agreement between experiment’ and
the prediétions of the general cavity .theory.for the variation of
dosimeter response with (a) atomic number of the walls and (b) with size,
were in éood agreement,

It is therefore concluded that the general theory of cavity
jonisation is valid for dosimeters of all phases for all possible

combinations of atomic number and cavity size,at least for phoﬁon energies

‘of 1.25MeV at which these experiments were conducted,
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II Some Applications of General Cavity Ionisation Theory to Condensed
Media

The applicationgof cavity ionisation theory to condensed state”

media may be grouped under three headings: (a) where it is desired to 3
measure the dose in the matgrial of a dosimeter but the surrounding
medium or its container interferes with its response, (b) where it is
desired to derive the dose in the medium from a dosimeter embedded in

it, (c) specisal situations,

IIa Correction for Interface Effects

All liquid dosimeters must be contained within an irradiation cell,
which will probably not be matclied ideally to the dasimeter. A correction
.to tﬁe dosimeter will then be necessary due to the effects of the walls,

- This may be done by cavity ionisation theory and has been illustrated :
by the calculation on the Fricke dosimeter, which has been confirmed -
experimentally (Chapter 3), Similarly, where a powder is incorporated
in aiteflon matrix, its response with photon energy will be influenced
by the teflon and the particle size, Calculations have been undertaken
to illustrate this effect in the case of thermoluminescent powders
incorporated in teflon (Chapter 5), Similar effects will occur
whenever small dosimeters, such as powders, are irradiated even when
they are situated in air or vacuum, .Representative calculations have
also been undertaken for thermoluminescent powders (Chapter 5).

IIb Dose in a Medium .
The derivation of the dose to a medium from the dose in a dogimeter

embedded in it is of course the basic function of cavity theory. This
application will occur with the use of most dosimeters but,by way of
illustration the relation between the dose to lithium fluoride embedded

in tissue to the tissue dose is presented in figure 7.l1.

IIc Special Situations
Various specialised applications of cavity ionisation theory may
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occur and the most obvious of these, bone dosimetry, has been considered
(Chapter 6). These calculations and others have necessitated an
alternative method to Burlin's of evaluating the electronic energy
absorption coefficient, B. -Using this method, cavity theory is extended
to low energy photons ( £ 200keV) and the absorbed dose in tissue
surrounded by bone was calculated (Chapter 6). The calculations agree

well with those of other workers.

- IIX Conclusiaﬁ

The general theory of cavity ionisation has been verified
experimentally for cavity sizes extending from dimensions very much
smaller ﬁhan)up to dimensions very much larger than,the range of the
electrons over a wide range of étomié numbers, It may therefore be
* ‘applied with confidence to fhe condensed state, In particular it may
be used to correct for the.interface .o’ effects, to calculate the
absorbed dose in a medium from the measured dose in a detector and is used in
special situations such as bone, Examples of each of these applications

have‘ieen presented,
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500
.60

80

PROGRAM FOR DOSE DISTRIBUTION IN COBALT-60 UN!T

DI'MENSION Q(20),B(8)

IF(Q(
PRINT 9
DO=0

DO 80 I=1,20

D1=(T#0 (1)) /(A*R)

D2=ATANF (B1/R)+ATANF ( (A-B1) /R) -
D3=D1%D2

DO=D0+D3

DO 30 K=1,8

EN=0

DO 10 J=1,7

. EN=EN+10.

20

10

250
30

Lo
70
90
50

DR=0
DO 20 1=1,20

S=1

H= SORTF((R’R)+(FN=EN)+2 *R¥EN*COSF (.3142%S))
DR1=(T*Q(1))/(A*H

DR2=ATAN(B(K) /H)+ATANF( (A=B(K) ) /H)
DR3=DR1*DR2

DR=DR+DR3

DRDO=DR/DO

N=EN

NB=B (K)

PRINT 70,NB,N,DR,DRDO

PRINT 250

FORMAT(//)

CONT I NUE

PRINT 250

PRINT 250

GO TO 500

FORMAT(FL.0,F4.0,E9.1,Fk.0)
FORMAT(20FL.0)

FORMAT(8F4.0)
FORMAT(5X,13,5%,13,3%X,E11.L 3X F7.4)
FORMAT(7X. 1HB' 7X, 1HN,°X 2HDR, 8X SHDR/DO/)
CALL EXIT

END
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PROGRAM FOR STOPPING POWER RATIO OF FERROUS SULPHATE IN
SILICA USING CAVITY THEORY AT VARIOUS PHOTON ENERGIES.

DIMENSION D(17), G1(17)
READ L50, (G1(1).1=1,17)
450 FORMAT(13F6.0)
READ 6,ZAM,ZAB
PRINT: 140 ZAM ZAB
DO 50 K=1 6
READ 51, E EMUM, QBM, EMUB R
EMU=k,6052/R
IF(E)150,100,150
150 PRINT 52,E, EMUM ,QBM, EMUB
PRINT 503
PRINT 170°
Y=.667E-0L
C. TO WORK OUT D
- DO 1 1=1,17
EMUSG=EMU%GT (1 )Y
IF(EMUSG-LL1.)111,2,2
2 D(1)=1./EMUSG ,
GO TO 1 .o
111 D(1)=(1.-EXPF(-EMUSG))/EMUSG * .-,
1 CONTINUE i
C 1 TO WORK OUT MAIN EQUATION 4
A3=EMUB/EMUM
DO 11 1=1,17

FZT1(1)=(ZAM/ZAB)* (1 ,+D(1)*QBM+(1.-D(1))* ((EMUM/EMUB)*'

1(ZAB/ZAM)~1.))
FZTZ(I)~.869 FZT1(1)
11 FZT3(1)=A3*FZT1(1)
DO 331=1,17
33 PRINT 5 GI(I) FZTI(I) FZTZ(I) FZTS(I)
5 FORMAT(8X,F11.3, h(ux Fo.L))
50 CONT INUE
6 FORMAT(2F7. hg
51 FORMAT(5F7.L

52 FORMAT(5X,3HE= ,F7..4, hX OHMEUA (M) =,F8.4,4Y,5HQAL =

1F7 b, bX, 74MU(B) =, F8 4/
140 FORMAT (75X,5HZAM = F8.L,5X,5HZAB =,F8.4)

170 FORMAT€14x THG, 1 2X30HFZT1 EzT2  FZT3)

503 FORMAT(5X,3HR =,F10.2)
100 CALL EXIT
END

149.

ENT(17),FZT1(17),FZT2(17), FZT3(17)



PROGRAM FOR STANDARD DEVIATION OF PERSPEX
EXPERIMENTAL VALUES FOR DECAY CURVES.

*FANDKOLO8
8 PRINT 23

235

17

6
100

101
555

5
FORMAT(///)
READ 17
PRINT 17
FORMAT (20H /)
DIMENSION M(4), 0(21) N(L
READ 100, (M(1),1=1,4),(D(1),1=1,1
FORMAT (A3,AL Au AL 16F3.2)
IF(M(1)-4555450087,8,7
XN=0.
S-—-Oo

)
6)

'Ss=00

DO 1 1=1,20
IF(D(1)-8.)2,9,2 R
XN=XN+1. sy
p(1)=D()/10. -
S=5+D(1) e
SS=SS+D (1 )**
AV=S/XN

SE=SQRT (ABSF ((SS-
PRINT 101, (M(1),
FORMAT (A3, 3AL F
GO TO 6

CALL EXIT

END

S/XN)/ ((XN=1.)*XN)))

S/
,4) AV, SE, XN
F7.h,14)

1

55

150,

[



 PROGRAM FOR STOPP.ING POWER RATIO OF PERSPEX IN VARIOUS :
MATERIALS USING CAVITY THEORY AT VARIOUS PHOTON ENERGIES.

DIMENSION FZTT(13), Fg;P(IB) ,FZTC(13),D(13),G(13),FUZ(13)

- 100
360

READ 200, (G(I) I=1
READ 300, A,B,Ti ,Z7.AZ ,EMUG, EMUZ,
lF(G(1))360 §5o 360
PRINT L0OO

PRINT 600,T1,7Z,AZ
PRINT 70, A B.FIZ

PRINT 80.F1A.EMUG, EMUZ
PRINT 90 EMUJE . .
DO 1 1=1,13

EX1=EMU*G (1)

EX2=EXPF (~EX1)
EX3=1,-EX2
D(1)=EX3/EX1

T2=ZZ /AZ

T3=T1/T2

AB=F1Z/F 1A

AL=A*L0G (AB)

BL= B*LOG(AB)

- T5=EMUG/EMUZ

3
70
80
90

200
300
100
500
600

350

T6=T2/T1 L,
DO 2 J=1,13 -

FIA,FIZ,EMU,E

Th=1,+D(J)*AL e
: T7—Tu+((1,—D(J))*(TS*T6-1 ))

FZTC(J)=T3*T7

T9 = 1.+ D(J)*BL

T8 = T9+((1. —D(J))*(TS*T6—1 ))
FZTP(J)~T3*T8
FZTT(J)=ob5*%FZTC(J)+35*FZTP(J)
FUZ (J)= (EMUZ/EMUG)*FZTT(J)

DO 3 K=1,13

EN= FZTT(K)/FZTT(13)

PRINT 500,G(K),FZTC(K),EN,FUZ(K)
FORMAT(5X,LHA = ,F8.4 kX, 4HB =
FORMAT(SY SHIA = ,F6. i hx SHUG =
FORMAT (5X LHU = ,Fo.k, 5 LAE =
FORMAT (11F7.k)

151.

,F8.4 4X BHIZ = ,F6.0/)

,F9.5 Ly snuz 2
FO.Lr73

,F9.5/)

FORMAT (2F7.4,F6.4,F4.0,F6.1,2F8,5,F5,1,F5,0,F8.4,F8.4)

FORMAT (5X, 168 LEAD 1NPOT DATA//7)
FORMAT (BX . 6 (F7 .k, 4X) )
FORMAT (5X,8HZG/AG = F7.4,4x,5Hz

1F7.1/)

GO TO 100
CALL EXIT
END

Z = ,F5.0,4X,5HAZ =

?



PROGRAM FOR STOPPING POWER RATIO OF LITHIUM FLUORIDE,

- LITHIUM BORATE, CALCIUM SULPHATE AND CALCIUM FLUORIDE

IN AIR AND IN TEFLON USING CAVITY THEORY AT VARIOUS

PHOTON ENERGIES.

DIMENSION D(17);,G1(12),EN1(17),FZT1(17), FZT2(17),
1Fz73(17),FzTH(17)
READ 150, (G1(1),1=1,16)

- READ 222’

150

11

33
50

5
6
51
52

140
170

222
450
100

PRINT 222
READ 6,ZAM,ZAB -

PRINT 140, ZAM ZAB

DO 50 K=1,13

READ 51,E, EMUM, QBM, EMUB
IF(E)150 100 150

PRINT 52,E, EMUM QBM, EMUB

EN = 265 - 0.0954 % LOGF(E)

R = .412 E%**EN :

PRINT 170

EMU=4,6052/R

Y=0.92E-0L

TO WORK OUT D

DO 1 I=1,16 e
EMUS G=EMU G1(l)*Y » L
IF(EMUSG-LhLT.)111,2,2 s
D(1)=1./EMUSG "
GO TO 1

D(1)=(1. —EXPF(-EMUSG))/EMUSG
CONT INUE

TO WORK OUT MAIN EQUATION
A3=EMUB /EMUM

Do 11 |=1,16

FZT1(1)=(ZAM/ZAB)* (1 4+D (1 )*QBM+(1.-D( 1) )% ( (EMUM/EMUB)*

1(ZAB/ZAM)=1.))

FZT2(1)=.869%FZT1(1)

FZT3(1)=A3*FZT1(1)

FZTH(1)=FZT1(1)*(1./A3)

DO 33 1=1,16

PRINT 5,G1(1),FZT1(1),FZT2(1),FZT3(1), FZTA(1)
CONT INUE

FORMAT§8X F11.3,4(4X,F9.4))

FORMAT(2F7 . 1t)

FORMAT (4F7.4)

FORMAT (5X, 3HE= ,F7.k4,4X
1F7.4, bX, 70MU(B) "=, F8 4/
FORMAT(/SX SHZAM =,F8.4 5X,5HZAB = F8.4)

FORMAT (15X, THG, 12X30HF 2 T1 FZT2 FzT3,9%,

T1L4HFZTh)

FORMAT (50H
FORMAT(13F6.0)
CALL EXIT

END

OHMEUA(M) =,F8.k,4X,5HQAL =,
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PROGRAM FOR ABSORBED DOSE IN SOFT TISSUE INCLUSION IN BONE
USING CAVITY THEORY FOR PHOTON ENERGY LESS THAN 200KEV.

EN1(17), FZT1(17) FZT2(17),FZT3(17)

DIMENSION D(17),Gi1(17)
READ 450, (GT(1),1=1,17)
450 FORMAT(13F6.0)
READ 6,ZAM,ZAB
PRINT 140,ZAM,ZAB
DO 50 K=1.6
READ 51,E.,EMUM,QBM,EMUB,R
EMU=4.6052/R
IF(E)150,100,150
150 PRINT 52,E EMUM ,QBM, EMUB
PRINT 503,R ;
PRINT 170°
. Y=.7186E-04
C . TO WORK OUT D
, DO 1 I=1,17
EMUSG=EMU*G1 (1)*Y -
IF(EMUSG-L41.)111,2 e
2 D(1)=1./EMUSG AR
, GO TO 1 - "
11 D(1)=(1. —EXPF(-EMUSG))/EMUSG
1 CONTINUE
c TO WORK OUT MAIN EQUATION
A3=EMUB /EMUM
DO 11 I=1,17

FZT1(1)=(ZAM/ZAB)*(1.+D(1)%*0BM+(1.-D(1))* ((EMUM/EMUB)*

1(ZAB/ZAM)-1.))
FZT2(|)=.869*FZT1(I)
11 FZT3(1)=A3*FZT1(1)
DO 331=1,17
33 PRINT 5 Gl(l) FZT1(1), FZTZ(I) FZT3(1)
5 FORMAT(8X,F11.3, 4(4X,F9.4))
50 CONTINUE
6 FORMAT(2F7.%)
51 FORMAT(5F7.4) .
52 FORMAT(5X,3HE= ,F7.h4, 4X
1F7.4,4X, 76MU(B) ' =,F8 4/]
0 FORMAT(/5X,5HZAM =,F8.4, 5X,5HZAB =,F8.4)

3 FORMAT(5X, 3HR = ,F10.2)
0 CALL EXIT
END

1
1
5
1

9HMEUA (M) =,F8.4 LX 5HQAL =

5
go FORMAT (14X, THG, 1 2X30HFZ T1 FIT2 FZT3)
0
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Abstract

SOME APPLICATIONS OF CAVITY THEORY TO CONDENSED-STATE RADIATION DOSIMETRY.
Measurement of the absorbed dose in a2 medium exposed to fonizing radiation necessitates the introduction
of a radiation-sensitive device into the medium, Normally this device differs from the medium in both
atomic number and density and therefore constitutes a discontinuity, which is referred to as a "cavity”.
Through association with the fonization chamber the term "cavity” often denotes a gas-filled space in a
solid. There is no fundamental reason for this limitation and generally the cavity may be in the solid,
liquid or gaseous phase,

Both the Bragg-Gray and the Spencer-Atttx theories are applicable to sizes which do not modify the
electron energy spectrum established in the surrounding medium. This limits the application of these
theorfes to solid and liquid radiation dosimeters having dimensions of about 10°3 cm and they aretherefore
seldom of practical use.

Cavity theory can be modified to account for the change in the shape of the energy spectrum due to
the presence of the cavity and also for the change in the total energy in the spectrum, This modification
removes the limitation of the size of cavity, to which cavity theory is applicable, thus permitting its
use with solid and liquid state dosimeters,

The ferrous sulphate dosimeter is considered as a specific example. The response as a function of the
size of the frradiation cell is calculated, The results are compared with experiment and many in part
explain the area/volume dependence of this dosimeter reported by other workexs,

1. INTRODUCTION

Measurement of the absorbed dose in a medium exposed to ionizing
radiation necessitates the introduction of a radiation-sensitive device
into the medium. Normally this device will differ from the medium
in both its density and the atomic numbers of its constituents, It there-
fore constitutes a discontinuity, which will be referred to as a 'cavity'.
Through association with the ionization chamber the term 'cavity' often
denotes a gas-filled space in a solid medium. There is no fundamental
reason for this limitation and generally the cavity may be in the solid,
liquid or gaseous phase and may be more or less dense than the
surrounding medium,

Consider a cavity in this general sense, situatedinaninfinite medium.
As a specific example, assume there is in the medium a uniformly-
distributed source of 8 rays and that the production of bremsstrahlung
X rays by the electrons is negligible. The absorbed dose, D, imparted
in a time interval, t, is equal to the energy released from the radio-
active nuclide per unit mass of material, i.e.

= CmEmt 1)
393,
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FIG.1. Cavity within an infinite medium. The broken and full lines represent B rays from the cavity
material and the medium, respectively

] ® @
CrEmt

Caf, % CmEmt

E.t

FIG.2. Dose diswibution In the region of cavities of different sizes relative to the B-ray ranges
(a) Very large

(b) Intermediate

(c) Very small

where Cy; is the mean activity per unit mass of the medium during time
interval t, Ep is the mean B-ray energy per disintegration.

Into this medium is introduced a cavity of a second material con-
taining a uniformly-distributed S-emitter of mean activity per unit mass,
C., during a time intervalt and of mean 8-ray energy E. per disintegration.
If CyEnt> CcEct the modification of the absorbed-dose distribution
produced by the presence of the cavity will be as represented in Fig. 1.

At sufficiently large distances fromthe cavity boundary, the absorbed
dose in each material reaches a constant value which is equal to the
absorbed dose in an infinite medium composed of these materials and

is given by Eq. (1). Near the cavity boundary the absorbed-dose distri-
bution will also depend on the scattering properties of the two materials,
as has been shown by Dutreix and Bernard [1, 2]. At the boundary there
is a discontinuity in the absorbed dose due to the difference in the
electron stopping power of the two materials.

Now consider the dose distribution for three sizes of cavity. Fig.2a
represents the distribution for a cavity, whose linear dimensions are
very much greater than the ranges of the §-rays. The scale prevents
the detail in the region of the interface being shown. The energy de-
posited in the cavity in the interface region is a negligible fraction of
the total energy deposited in the cavity. The mean absorbed dose in
the cavity is determined by the source within the cavity, namely (C.E.t).
Figure 2c represents the other extreme, where the linear dimensions
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of the cavity are very much smaller than the ranges of the § rays. In
this case the fluence of electrons within the cavity is virtually that which
exists in the medium in the absence of the cavity. The mean absorbed
dose in the cavity is determined by the source outside the cavity, namely
CmEmt, times the ratio of the mass stopping powers for electrons of the
two materials, rather than the source within the cavity. Figure 2b re-~
presents the intermediate case, where the linear dimensions of the cavity
are comparable with the ranges of the 8 rays and the mean absorbed dose
in the cavity is between the extremes already considered. It can be
considered as a modification of the situation for a very small cavity; the
cavity size now being adequate to perturb the fluence of electrons crossing
it from the medium. ’

This simple picture is essentially the same as will occur when a
radiation detector is placed in a medium. If the medium is irradiated
by X or v rays the directly-ionizing particles generated in the medium
and the cavity are secondary electrons rather than 8 rays. If the
medium is irradiated by neutrons the directly-ionizing particles gene-
rated are protons and recoil nuclei, Solid state and chemical radiation
dosimeters usually do not have linear dimensions which are small
compared with the ranges of the directly-ionizing particles, though
some work has been done under these conditions, Ritz and Attix [3].
Sometimes the linear dimensions of condensed-state dosimeters are
very much greater than the ranges of the directly-ionizing particles,
in which case the relation between the dose in the cavity and the dose
in the medium is simple. In the case of X and ¥ rays, for example,
provided bremsstrahlung production is negligible, the absorbed doses
are in the ratio of the mass-energy-transfer coefficients of the cavity
and the medium. Often the linear dimensions of condensed-state
dosimeters fall into the intermediate class, where the relation of the
absorbed dose in the detector and its response to the absorbed dose in
the medium is much more complex., Evaluation of the absorbed dose in
the radiation-sensitive device from the measured parameter will vary
with each dosimeter. The correction arising due to any container
necessary for a particular dosimeter or the deduction of the absorbed
dose to the medium from the absorbed dose in the device must be calcu-
lated from a theory of cavity ionization. This paper outlines a theory
of cavity ionization which treats the entire range of cavity sizes discussed
above and applies it to the Fricke dosimeter as a specific example.

2. DEVELOPMENT OF CAVITY THEORY

The first formal statement of cavity ionization theory was due to
Gray [4, 5], but because of Bragg's [6, 7] qualitative anticipation of
Gray's work, his result has become known as the Bragg-Gray equation,
viz:

D ==D

m c

| 1=

(.-_-—]i; WJ, for an ionization chamber)
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where D, is the absorbed dose in the medium
D; is the absorbed dose in the cavity
f is the mass stopping power ratio for the directly-ionizing
particles of the gas to the medium for a particular cavity.
W is the average energy expended by the directly-ionizing
particles per ion pair produced.
Jm is the ion pair formed per unit mass of gas.

Early theories evaluated the stopping power ratio on the assumption
that the directly-ionizing particles lose energy continuously, initially
treating the stopping-power ratio as independent of energy [5], but later
averaging over the slowing-down spectrum of directly-ionizing particles,
Lawrence [8]. Later theories, Spencer and Attix [9], Burch [10], took
account of the discrete-energy losses by directly-ionizing particles in
evaluating the stopping-power ratio. All these theoretical treatments
of cavity ionization rest on the assumptions:

(1) The spectrum of directly-ionizing particles set up in the medium is
not modified by the presence of the cavity;

(2) The number of interactions of indirectly-ionizing particles which
generate directly-ionizing particles within the cavity is negligible.

To satisfy these requirements the linear dimensions of the cavity
must be kept very small compared with the ranges of the indirectly-
ionizing particles (i. e. these theories are limited to the situation repre-
sented by Fig.2c). For a condensed-phase dosimeter in a medium
irradiated by 1MeV photons the linear dimensions of the cavity would
have to be kept below about 103 cm if this condition is to be fulfilled.
For low-energy photons and neutrons this size requirement would be
even more restrictive. It is for this reason that the above cavity theories
have seldom been of practical use in solid state and chemical dosimetry.

3. MODIFICATION OF CAVITY THEORY

Experiments, Greening [11], Attix, De La Vergne and Ritz [12],
Burlin [13, 14], particularly those where the gas pressure in an ionization
chamber has been varied, have shown the superiority of the Spencer-Attix
theory, and where deviations have been observed they have been attributed
at least in part to the perturbation of the electron spectrum established
in the wall by the cavity. Therefore the Spencer-Attix theory only will
be considered here, and will be modified to account for perturbation
effects of the cavity. The description given here will be brief and non-
mathematical but a fuller account will appear elsewhere, Burlin [15].
While cavity theory can be applied to neutrons, protons,f rays etc., in
order to avoid vagueness or repetition this discussion will be limited
to a cavity situated in a medium irradiated by photons.

The Spencer-Attix theory, Spencer and Attix [9], Spencer [16], ex-
presses the stopping-power ratio for electrons of the gas to the medium
by the equation:

(%) |,

<TO,A> ( ) [[R (1, 7) (gt ((?r)) 1>dT+ARm(TO, -gmi((-%q }
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where Ty is the initial energy of the electrons

Z is the atomic number

A is the atomic weight

R(Ty , T) is the ratio of the total electron flux to the primary electron
flux at an energy T when the initial energy of the electrons is T,.
B(T) is the stopping number of electrons of energy T

A is the energy of an electron which will, on average, just cross the
cavity.

The term in the outer brackets is the electronic stopping-power
ratio. When the cavity material has the same density, atomic composition
and molecular binding as the medium (i.e. the cavity is perfectly
'matched'), this term is unity, the second term in the outer bracket
being zero. When the cavity is not perfectly 'matched' to the medium
in which it is stituated, the stopping number of the cavity material and
the medium are not equal so that the second term in the outer bracket
is not zero and its magnitude will depend on the electron spectrum
established in the medium through the factor, R,;(Ty, T).

Now consider a cavity of intermediate size (see Fig. 2b). The basic
assumptions of cavity theory listed above now no longer hold. The first
condition is violated in that the electron spectrum set up in the medium
is. now significantly attenuated as it crosses the cavity. Let us be guided
by experimental results in deciding how this affects the shape of the
electron spectrum and hence the Spencer-Attix equation. The energy
distribution of an electron spectrum changes little during absorption,
Fournier and Guillot [17], Dudley [18], Brownell [19], Parker [20], so
the electron-energy spectrum and hence R,(T,, T) will be assumed to
be constant during the absorption of the electron spectrum of the wall
as it crosses the cavity. Then, if the electron spectrum emerging from
the wall is reduced on average by a factor, d, in traversing the cavity,
the contribution of the second term in the outer bracket of the Spencer-
Attix equation will be reduced by a factor, d. The factor d is evaluated
by noting that the absorption of electrons is nearly exponential,

Schmidt [21], Hahn and Meitner [22], Odeblad [23]. The effective mass
absorption coefficient, 8, is determined uniquely by the maximum energy,
at least for B-ray spectra (Curie, Debierne, Eve, Geiger, Hahn, Lind,
Meyer, Rutherford, and Schweidler [24], Gleason, Taylor, and

Tabern [25], Katz and Penfold [26] and in this case was calculated

from the expression of Loevinger [27]. If g is the average path length

of electrons crossing the cavity, then on average the electron spectrum
emerging from the wall will be attenuated by a factor

'E e ax _l-e? =d
£ dx 33 -

The second basic assumption of cavity theory is violated in that the
photons do generate electrons in significant numbers within the cavity.
Since the resulting electron spectrum will have the same maximum
energy as that generated in the medium, it can be shown to be a corollary
of the above treatment that the electron spectrum generated in the gas

on average builds up to (1-d) of its equilibrium value. If this spectrum
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has its equilibrium-energy distribution, and total energy, then its
electronic stopping-power ratio would be that of a perfectly 'matched'
cavity, namely unity. Therefore, as far as the spectral shape is
concerned, the contribution of these electrons to the second term in the
outer bracket of the Spencer-Attix equation is zero. However, the total
energy in the equilibrium electron spectrum per unit photon fluence per
electron in the two materials is not equal but is proportional to the
electronic energy-absorption coefficients of the photons in the medium
and in the cavity material {huen ¢ ¢ Hen). Thus, while for a 'matched!
cavity the contribution to the electronic stopping-power ratio of the
equilibrium spectrum of electrons generated in the gas would be unity,
for an unmatched cavity the contribution will be 1 X e fin Hen - In the
case we are considering the electron spectrum generated in the cavity
only reaches a fraction, (1~d), of its equilibrium value. Thus the
contribution to the electronic stopping-power ratio should be

(1-d)X 1 X o iy fm Hen and not (1-d)X 1, which is inherent in the treatment
so far. This necessitates the electronic stopping-power ratio being
corrected by the addition of a term

(1-d)X1X<°—""97“- - 1\)=(1-d) (%& >c (;ZA>m -1
mHen Z

G (5

where (“;" )nand ("—;'—'— >m are the mass energy-absorption coefficients

of the cavity material and the medium, respectively.
Introducing these corrections into the Spencer-Attix equation we
obtain

Z_ T
fz'(To.A)=(%% 1+%[[ Rm(To, T) %%-1>+§%(TO,A %;% -1)]
m
+(1-d) (iﬁz—:_c %\m A

This expression does not impose on the cavity dimensions the limita-
tions resulting from the basic assumptions of earlier theories. It is
therefore applicable to any radiation dosimeter, regardless of its
dimensions. For condensed-phase radiation dosimeters situated in a
condensed-phase medium differences in the correction for the polari-
zation of the medium by the charged particles, the 'density effect’
between two materials, Sternheimer [28, 29],can often be neglected and
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the equation has the simpler form

(Kl " Ru(Ty, ARm(To, A) ]

T)
£,(Ty.A) = (—75 148 m!gx[J I w7

en (|
+(1-d) (:) s—)v‘
() (3),

where Iy and I, are the mean excitation potentials of the medium and
the cavity material, respectively.

If the cavity is very large, d approaches zero and the expression
reduces to the ratio of the mass energy-absorption coefficient of the
cavity material to the medium (see Fig.2c). If the cavity is very small,

d approaches unity and the expression reduces to the Spencer-Attix theory
(see Fig. 2a). When data from the Spencer-Attix theory are not available.
a similar modification may be applied to obtain the mass stopping-power
ratio from the Bragg-Gray theory.

4. FRICKE DOSIMETER-

It was decided to initiate an experimental examination of the appli-
cation of cavity theory to condensed-phase radiation dosimetry using the
Fricke dosimeter (ferrous sulphate dosimeter). The Fricke dosimeter
was chosen because it i$ a well-established dosimeter, for which the
reproducibility and ease of measurement are good and which is capable
of 1% precision, ICRU{[30]. As pyrex or silica irradiation cells are
preferred [30], silica irradiation vessels were adopted. §9Co gamma
rays were selected for the first irradiations, and later 250-kV X rays
were used. This choice was in part motivated by the report of a size-
dependence of the response of the Fricke dosimeter in some experiments
using a 6°Co gamma-ray source, Sehested, Brynjolfsson and Holm [31].
It was of interest to see if similar observation could be repeated inde-

1 1] ]

1
Radius of  Spherical  Cavity (cm)

F1G.3. Absorbed dose in ferrous-sulphate-solution cavity In sflica relative to the absorbed dose in an
infinite cavity irradiated by ®Co y rays
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pendently with a different experimental set-up, and to determine to
what extent they could be explained by cavity theory.

The calculations were performed using data on the mean excitation
potential of the elements from a US National Committee on Radiation
Protection Report [32] and from Fano [33] and data on the mass energy-
absorption coefficients obtained from Grodstein [34] and White [35].
The results are represented by the line in Fig. 3 for 60Co gamma rays.
The ratio of the absorbed dose received by a ferrous-sulphate solution
in a cavity of finite size surrounded by silica to the absorbed dose
received by a ferrous sulphate solution in an infinite cavity is plotted
against the radius of a spherical cavity.

5. EXPERIMENT

The irradiation cells employed were 10-cm-long tubes of 0.05, 0.2
and 0.6 cm internal diameter and spherical flasks of 3.79 and 10.3 cm
internal diameter. To ensure that electronic equilibrium was established
within the silica, the wall was built up to 2 mm of silica equivalent, This
was achieved in the case of the tubes by using a further tube as a sheath
round the irradiation vessel, and in the case of the flask by wrapping
aluminium sheet round the exterior. Aluminijum has nearly the same
atomic number, 13, as silicon, 14, so that equilibrium electron spectra
of the two materials will not be very different, and in any case the 1-mm
thickness of silica, which is in contact with the solution, will be by far
the most important factor in determining the electron spectrum entering
the solution, Gray[36]. The solution was 1 mM in ferrous sulphate, 1 mM
in sodium chloride (to counteract the effect of possible organic impuri-
ties) and 0.8 N in sulphuric acid [30]. The water was triply-distilled
from acid dichromatate and alkaline permanganate solutions in an all-
glass system, and the chemicals were of analytical grade [30]. The
maximum dose did not exceed 40 000 rad to avoid an excessive depletion
of the oxygen content of the solution.

The solutions were irradiated by a 500-Ci %°Co source which was
120 mm long. This was situated ina brass guide tube of about 6.5 mm
thickness so that the scattered radiation should be minimal. The
irradiation cells were placed onaturntable, which rotated during the
irradiation to ensure an equal exposure of all the cells. The distance
from the centre of the source to the centre of the solution was 33.4 cm.

The ferric ion was measured with a Hilger Type H700.307 spectro-
photometer at 304 nm. The thermal oxidation was taken into account
by measuring the difference in the ferric-ion concentration between the
irradiated solution and the unirradiated solution which had been stored
for the same length of time. The measurements were not made in a
constant temperature cell holder. This, together with possible evaporation
losses and lack of experience by the authors with this particular dosimeter,
may explain why the 1% repetition accuracy indicated by the ICRU [30]
was not achieved. These results are regarded as provisional and it is
hoped that further work will enable us to achieve the same order of
accuracy as other workers,
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6. RESULTS

The results of ten measurements, which had a mean absorbed-dose
ratio and a standard error of the mean as shown are presented for the
60Co irradiation in Fig.3. The mean path length across the cavity must
be known in order to compare experiment and theory. The mean path
length across a sphere of radius, R, is 4/3 R and this has been used in
presenting the theoretical results for spherical cavities, The mean path
length across the tubes has been taken as 8/3 R so that the tubes would
correspond to spherical cavities of radius 2R. The experimentalresults,
corrected for photon attenuation in the solution, have been normalized
on the theoretical value for a spherical cavity of radius 0.05 em and are
recorded as the points on Fig.3. The results show reasonable agreement
with the predictions of the modified cavity theory.

7. DISCUSSION

Sehested, Brynjolfsson and Holm [31] found that the response of the
Fricke dosimeter depended on the ratio of the surface area to the volume
of the irradiation cell, This ratio is related to the mean path length
across the cavity, which occurs in the above theory. Sehested et al.
obtained a change in the.absorbed-dose ratio of 6.5%, with irradiation
cells which had dimensions equivalent to spherical cavities of radius
0.4 to 1.2 em. This result was obtained using glass and polyethylene
irradiation cells, where the 'matching' of the container with the solution
is closer than with silica. A larger change in the absorbed-dose ratio
would be expected in our experiments, using silica irradiation cells.
With the experimental set-up described in this paper, we were not able
to repeat the results of Sehested, Brynjolfsson and Holm and, in point
of fact, in the range of irradiation cell size from 0.4 to 1.2 cm, no
significant change in the absorbed-dose ratio was observed. This is in
accord with the predictions of cavity theory. Sehested et al. have
suggested that '"for the glass ampoules, the effect may be due to the
lack of y-electron equilibrium on the boundaries between glass and do-
simetric solution'". (This is of course essentially the problem dealt
with by the modified-cavity theory presented here). However, while
this effect may explain in part their results, it is unlikely that they can
be explained entirely on the basis of cavity theory. As their irradiations
were performed in a large scattering medium, the photon spectrum in
the region of the cavity is uncertain and it is therefore not possible to
make a quantitative comparison of this theory with their measurements.

Weiss, Allen and Schwarz {37] found a 6% greater yield in glass
cells of 0.4 cm diam. than in larger ones, while Ghormley {38] obtained
a 3% greater yield for the same cell size, but neither indicate the energy
of the radiation source employed. Cavity theory indicates that a 0.4~cm-
diam. silica irradiation cell irradiated with 80Co ¥ rays would give a
2.2% greater yield than larger cells. In the absence of any knowledge
of the photon energies used by these authors, this seems reasonable
agreement. Weiss et al. did not notice this effect in polystyrene cells.
This is also in accord with cavity theory, which predicts very little
change in the yield with size of irradiation cell for closely-matched

26
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cavities, Weiss, Allen and Schwarz [37] have stated that ''the size and
shape of the dosimeter container is not important as long as the internal
diameter is greater than 8 mm'', Calculations from cavity theory
indicate that this statement is only true for a fairly well-matched’
dosimeter and container. For a Fricke dosimeter in an 8-mm diam.
silica cell irradiated by $°Co ¥ raystheyieldis 1.3% greater than for very
large containers, according to cavity theory, and the theory indicates
that it is not until 6 cm diam, that the effect falls to below 0.1%.

Other workers [39-41), have reported a size dependence for the
Fricke dosimeter, but there is not sufficient data in their report to
perform the theoretical calculations and make comparisons with their
experimental results. It is particularly interesting to note that Puig
and Sutton [41] obtained similar experimental results to those reported
here, and also that they formulated an empirical equation, which has
qualitatively the same behaviour as the above theory.

The experiments reported here with high-energy photons, 1.25 MeV,
have demonstrated a size dependence of the Fricke dosimeter contained
in silica radiation cells. The magnitude of this size dependence can be
accounted for by cavity theory. Similar situations will arise in many
solid state and chemical dosimeters which are used in practice. Thus
the calculation of the response of a dosimeter which must be enclosed
in a container, will need to include cavity ‘theory. The deduction of
the absorbed dose in a medium from the absorbed dose to a solid or
liquid dosimeter embedded in it is, of course, the essential function
of cavity theory.
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DISCUSSION

J.W. BOAG: Dr. Burlin's very interesting paper will demonstrate

to those working in solid state and chemical dosimetry that they can
use in their studies the mathematical and analytical methods which have
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proved so valuable in ionization dosimetry. The problem, as Dr.Burlin
says, is the same, and yet sometimes one feels that the proper mathe-
matical and analytical treatment has not been applied sufficiently to the
newer systems. It will be interesting to see whether the kind of agreement
which Dr. Burlin has in fact shown to exist in the case he has taken as

his illustration is also found in other systems when they are analysed

in the same careful way.

T.E. BURLIN: Since there are confhctmg reports as to the extent
to which cell size affects the response of Fricke dosimeters in plastic
irradiation cells, and I am at a loss to explain many of the reports on
the basis of cavity theory, may I myself ask the experts on chemical
dosimetry a question? It has been said that if you clean or pre-irradiate
plastic cells, repeatable results are obtained and there is therefore no
chemical effect at the walls, This does not seem conclusive to me. It
is a necessary, but not a sufficient, condition for the elimination of
chemical action at the surface. Is it possible that radiation-induced
chemical reactions which are proportional to absorbed dose can occur
at the walls of plastic irradiation cells? This would still yield repeatable
results for a particular cell size but would give rise to a size dependence
which may differ from one plastic to another.

W. MINDER: Chemical changes must surely occur in the container
material, and this may be of some importance under conditions of
irradiation with heavy particles, especially neutrons. I do not think
that effects of this kind would influence the results of measurements
with photons.

J. BOOZ: You say that a liquid or a solid state detector irradiated
with 60Co-gamma rays can be regarded as infinitely small, in the
meaning of the Bragg-Gray principle, if it is smaller than 10um. How-
ever, the results obtained by Dr. Berstein with an LiF dosimeter of
15um thickness and presented in paper SM-78/24 indicate that the do-
simeter thickness can perhaps be greater than 10 um without deviating
from the Bragg-Gray principle too much. Would you comment on
this, please?

T.E. BURLIN: The size I quoted is based on results obtained with
ionization chambers. With 80Co v rays (1.2 MeV) the Spencer-Attix
theory is in reasonable agreement with experiment for a chamber of
about 1 em diam. no matter how different the atomic numbers of the
wall material and the filling gas. This would be true for air (Z=~17)
in a lead (Z = 82) chamber, for instance. However, if the walls are
more closely matched to the gas, it is not until the cavity size is larger
that the departure from the Spencer-Attix theory is significant. In the
limit (i.e. a perfectly-matched cavity) there is no departure from
theory whatever the size of the cavity, as has been established rigo-
rously by Fano's theorem. If we look carefully at Fig. 5 of paper
SM-78/24, we note that the agreement is good for carbon (Z=6) and
aluminium (Z=13) which are not too grossly mismatched with the
plastic, but there is considerable disagreement for lead (Z=82). The
cavity theory described above would give a lower value for lead than
the Spencer-Attix theory and you will note that this was found to be the
case experimentally.

In Fig. 4 of the same paper the theoretical point is for a 1-um
thickness and the available data for the Spencer-Attix theory only cover
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thicknesses of a few microns in solid, with the result that comparison
is difficult. However, the Bragg-Gray theory would predict a line
parallel to the abscissa, while the same theory as modified above
would certainly give a qualitative dependence such as was in fact found,
and possibly reasonable quantitative agreement also.
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(The Editors do not hold themselves responsible for opinions expressed by correspondents)

THE EDITOR-SIR,
CaviTy JonisaTioN THEORY APPLIED TO SOLID STATE
RabiaTion DETECTORS
Cavity ijonisation theory has traditionally been associated
with the determination of absorbed dose using gas-filled
ionisation chambers by means of the equation:

Dn— Jl—,D,

f

where D, is the absorbed dose in the medium (the wall
material in the case of an ionisation chamber),

D, is the absorbed dose in the cavity,

f is the mass stopping power ratio for the directly ionising
particles of the cavity material to the medium for a par-
ticular cavity,

W is the average energy expended by the directly ionising
particles per ion pair formed, and

J. is the number of ion pairs formed per unit mass of gas.

As the average energy expended by the directly ionising
particles per ion pair formed can be regarded as constant
in nearly all practical situations, the mass stopping power
ratio is the critical parameter to evaluate. This has been
done with increasing refinement (Gray, 1936, Laurence,
1937, Spencer and Attix, 1955, Burch, 1955).

Experiments with 1-:25 MeV photons (Greening, 1957,
Attix, De la Vergne and Ritz, 1958, Burlin, 1961) indicate
that even with gross differences in the atomic numbers of
the wall and the gas (e.g. an air-filled lead chamber), the
Spencer-Attix theory is satisfactory for ionisation chambers
filled with gas at atmospheric pressure up to a size of cavity
with mean linear dimensions of 1 cm. (The parameter
entering the theory is the mean path length across the cavity
and this depends on both its linear dimensions and shape.)
This would correspond to a condensed state device with
mean linear dimensions up to about 10 u. The photon energy
considered is favourable to large cavity dimensions. For
low-energy photons and neuttons the maximum cavity
dimensions to which theory can be applied are very much
smaller. It is for this reason that the above cavity theories
have seldom been of practical use in solid-state and chemical
dosimetry.

A recent theory of cavity ionisation (Burlin, 1966), which
took acount of the pertubation of the directly ionising
particle fluence by the cavity material, has been successfully
applied to ionisation chambers with linear dimensions
larger than 1 ¢cm and it has been pointed out that this theory
is also applicable to solid-state dosimeters.

One recent set of experiments, which can be used to
provide a fairly stringent test of the use of this theory with
solid state radiation dosimeters, is that of Bjarngard and
Jones (1966). They were concerned to demonstrate the uses
of thermoluminescent dosimeters of LiF and CaFz:Mn
incorporated in teflon. This material can be cut into thin
discs (15 ) with a microtome and used for surface dosimetry
studies. In one set of experiments discs of different thick-
nesses were sandwiched between different materials and
irradiated with 8°Co ¥ rays.

Bjarngard and Jones (1966) used up to 30 per cent by
weight of either LiF or CaF2:Mn in the teflon so three
calculations were performed (viz. 30 per cent LiF, 30 per
cent CaFz:Mn, and 100 per cent teflon) to cover all possi-
bilities. The three cases are shown in the figure as the ratio
of the response of the dosimeter sandwiched between lead
to that between carbon versus dosimeter thickness. The
differences which occurred between the three calculations

WY¥. for an ionisation chamber
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The ratio of the dose in phosphor-teflon dosimeters im-
bedded in lead to the dose when imbedded in graphite
irradiated with 6°Co y rays, as a function of dosimeter
thickness.

Experimental results (from Bjarngard and Jones, 1966):

LiF-Teflon discs — ©

CaF2:Mn-Teflon discs — X
The lines represent the calculations from the madified
cavity theory (Burlin, 1966).

A—Teflon

B—30 per cent LiF + 70 per cent Teflon

C—30 per cent CaF2:Mn 4 70 per cent Teflon

were small. The experimental results of Bjarngard and
Jones (1966) are also shown in the figure.

The reasonable agreement obtained in this situation
where the cavity material (mainly teflon) and the medium
(lead) have very different atomic numbers suggests that
cavity ionisation theory can be usefully applied to solid
state radiation detectors. It also lends support to the treat-
ment of cavity jonisation employed by Burlin (1966), al-
though the details of that treatment are obviously capable
of refinement.

Yours, etc.,
T. E. BURLIN,
Department of Mathematics F. K. Cnan.
and Physics,
The Polytechnic, Regent Street,

London, W.1.
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THE INFLUENCE OF INTERFACES 'ON DOSIMETER RESPONSE
T.E. BURLIN and F.K. CHAN
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309 Regent Street London, W.1. GREAT BRITAIN
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ABSTRACT

A dosimeter is rarely'identical.vith the medium in which the absorbed
dose ié to be measured. When an unmatched dosimeter is placed in a
medium its response will be modifigd due to interface effects. The
magnitude of the interface effects on the dosimeter response will be
a function of the size of the dosimeter relative to the range of the
directly ioniging particles. A theory, which accounts for interface
effects, has been examined experimentally on several different dosi-
f'mqters and results covering‘a large range of dosimeter gize and atomic

number are presented.
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1, Introduction

A radiation sensitive device placed in a medium irradiated by X or Y rays
to measure the absorbed dose is not always matched' to the.medium. Indeed,
perfect matching demands that both the mass energy absorption coefficients of
the photons and the mass stopping power of the electrons are identical for the.
medium and the radiation detector., This is seldom true. in a rigorous sense,
The 'unmatched' radiation detector is bounded by interfaces, which will influence
its response., The magntitude of the interface effects on the dosimeter will
depend on the extent of the difference in the mass energy ébsorption coefficients
of the photons and in the mass stopping power of the electrons between the
medium and the dosimeter. Gray (1) derived the relation between. the absorbed
“ose in a medium and the absorbed dose in a dosimeter within the medium, His
theory was limited to dosimeters small compared to the range of the directly
ionising particles, Such dosimetefs, usually -ionisation chambers, are
conventionally called Bragg-Gray cavities, This paper considers the response
of a dosimeter in a medium when its size is increased to dimensions very much
greater than the conventional Bragg-Gray cavity, A later paper in this
symposium considers the dosimeter's respanse when its' size is reduced to

dimensions very mucﬁ smaller than a conventional Bragg-Gray cavity.

The situation in the region of the interface is represented diagrammatically
'in Figure 1, The solid lines represent the electrons generated by the photons '
in the'médium, K, while the broken lines represent the electrons generated in the
dosimeter, 0. In the region of the interface the electron Epectrum within the
dosimeter is comprised of a contribution from the electron spectrum entering
from the surrounding medium and a contribution from the electron spectrum
generated within the material of the dosimeter. The relative magnitude of these
two contributions varies with distance from the interface, as is illustrated in
Fi&ure 2, Suppose the medium is of higher atomic number than the dosimeter and
that it is irradiated by low energy photons, The number of electrons generated
in the wall per gm will be greater than in the dosimeter, These electrons, M,
will enter the dosimeter from the medium and be attenuated with the distance
from the wall until they are reduced to zero at their maximum range. The ghotons
also generate in the dosimeter electrons, U, which build up to an equilibrium
value, The number of electrons, N, at any point in the dosimeter will result

from the summation of these two components,

This distribution will be modified when the size of the dosimeter is such
that the regions of influence of the opposite interfaces overlap as illustrated
in Figure 3a. The number of electrons falls to a minimum at the centre of the
dosimeter though not down to the equilibrium value of electrons generated in

the dosimeter, This represents the intermediate case between two extremes,
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slectrons in the region of an interface

- DISTAHCE FROM IHTERFACE

Number of electrons versus distance from the interface
M - electrons entering the dosimeter from the medium
O = electrons generated in the dosimeter by photon interactions

N = total number of electrons
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When the linear dimensions of the dosimeter are very much smaller than the
range of the electrons, as illustrated in Figure 3b, the electrons in the
dosimeter are virtually only those generated in the medium and crossing the
dosimeter, when the linear dimensions of the dosimeter are very much greater
than the range of the electrons, as illustrated in Figure 3c, the electrons
in the dosimeter are virtually only those generated within the dosimeter,
The energy deposited within the dosimeter, and hence its response, will be
‘a function of the net electron spectrum within the dosimeter and of the
stopping power of the dosimeter material, This must then be related to the
energy deposited in the medium in order to determine the absorbed dose in
the medium from the dosimeter response.

2.Cavity Ionisation Theory
The first formal treatment of this problem was due to Gray (1), although
Bragg (2) discussed it in qualitative terms. The resulting relation between
the absorbed dose in the medium, D , and the absorbed dose in the caq%ty, Doy

D z-i—:])
o c
. where f is the mass stopping power ratio for the electrons of the dosimeter

| ‘material to the medium, The application of this Eqpation has primarily been
to ionisation chambers in which case

is known as the Bragg-Gray equation vig,:

1
Dm = f\i’J

where J is the ion pairs produced per unit mass of gas and W is the average energy
expended in the gas per jon pair formed and can be regarded constant for
nearly all practical situations,

Gray evaluated the mass stopping power ratio for the situation represented by
Figure 3b, His theory had to be limited to dosimeters, which were small
compared with the electron range, in that it was assumed that:

1, The electron spectrum set up in the medium was not modified in

crossing the ﬁosimeter.

2, The number of electrons generated within the dosimeter itself

was negligible,

Since Gray's work,the mass stopping power ratio has been evaluated with
increasing refinement, some theories including the effects of discontinuous
energy losses by the electrons (3, 4, 5), but all resting on the above two
assunptions and therefore limited to very small dosimeters,

Recently a theory which does not make these assumptions (6) has been
presented, The Spencer-Attix expression for the mass stopping power ratio is




452

This expression has been taken and modified by the introduction of two terms
which account for the interface effects viz,
1. An attenuation term, d, which accounts for the attenuation of

the electrons entering the dosimeter from the medium, thus .
eliminating the first /Efumpt'on.
2
2, A build-up term, ({-l) T )4 pzl8la U which accounts

for the build-up of t % éctrg;g within the dosimeter, thus
eliminating the second assumption,
Thus the two components of the electron spectra, which occur in the region
of an interface are both dealt with in evaluating the mass stopping power
ratio from .the result:.ng equation viz, )‘

/% >6T> / 2 ,e (rq{&@ /)5/7’1-41 kG )@%)‘l)]*{ (F '/

Bince d is a i;;%iion of the dimensions of the dosimeter this £ mula
{applioable to any size of dosimeter be it large or small compared to the
range of the electrons, It has therefore been called a general theory of
cavity ionisation, '

The most critical test that can be applied to these theories is the
variation of response with dosimeter size (or the gas pressure in the case of
ionisation chambers) for two reasons,

1. ZXarly theories predict the response per unit mass of the .

dosimeter is independent of its size while later theories predict

a slze dependent response,

2. No additional data (such as mass energy absorption coefficients

when the wall material is varied or values of the average energy

expended per ion pair formed when the gas is varied,) is required.
There is therefore less uncertainty associated with the comparison with theory, .

These theories have been tested over the entire range of dimensions
represented in Figure > with several different dosimeters, Some of the results
of these experiments on gaseous, liquid and solid state doasimeters are presented
below.
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3.Gaseous Dosimeter ~ Jonisation Chambers
When ionisation chambers with linear dimensions less than lcm are

irradiated by photons of about 1MeV, the electron spectrum emerging from the
wall is virtually unattenuated in crossing the cavity and the number of
electrons gemerated in the cavity is insignificant (see Figure 3b). In such
a situation the Spencer-Attix theory is found to be in -excellent agreement
with the experimental results, as illustrated in Figures 4 and 5, Figure 4
shows the ionisation per gm in a lead chamber filled with air and irradiated

by 0.66MeV photons (P37%cay rays) is plotted against the pressur; (7). The
variation in the respcnse of the ionisétion chamber with the pressure is in
close agreement with the predictions of the Spencer-Attix theory but did not
support the constancy prediéted by the Bragg-Gray theory, Figure 5 shows
the variation of the ionisation per gm with the atomic number of the wall
for an air filled chamber irradiated by 1.25MeV photons (6000 Y rays)., (8)
The experimental results agree with the Spencer-Attix theoxry rather than the
Bragg-Gray theory again demonstrating the importance of discontinucus energy
lqgsea. If the dimensions of the ionisation chamber are increased by an
order of magnitude the Spencer~Attix theory no longer agrees with experiment

~ as 1s illustrated in Figure 6, The ionisation per gm of air in a lead

| ‘chamber of the guarded field type - of 10ca diameter
and height is plotted against the pressure, a 198,, source being used (6).
Considerable dev;ation from both the 3ragg-Gray and the Spencer-Attix
theories occurs but the general theory is in close agreement with the
experiment.

Vhile the experiments performed with ionisation chambers at these

energies show excellent agreement with the general theory of cavity ionisation,

they only cover a small fraction of the range of sizes discussed earlier and
represented in Figure 3, Using these mgnoenergetic isotope sources it is not
practical to increase the dimensions of ionisation chambers to values where
virtually all the electrons within the chamber are generated therein by the
photons, However it is possible to achieve such a condition when condensed

state dosimeters are used, These are now considered,

. liquid Dosimeter - Fricke
The most frequently used liquid dosimetexr - the Fricke dosimeter - has
frequently been the subject of discussion as to interface (wall) effects on

its response (9, 10, 11), As pointed out above, the general cavity theory
should describe such effects quantitatively. Due to its greater demsity it
is possible to increase the size of the Fricke dosimeter until virtually all
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the electrons within the dosimeter are generated by photon interactions within
the dosimeter and the number entering from the wall are negligible. A sphere
of about 10cm diameter realises this condition for 6000 Y raya.

Measurementé have been made using silica irradiation vessels having a
wall thickness adequate to establish electronic equilibrium for the 6000 Y rays
used in the irradiation (12), The response of the Fricke dosimeter has been
plotted relative to the response of a perfectly matched dosimeter in Figure 7.
It will be noted that for vessels in excess of 6cm diameter the response is
constant, This is because interface (wall) effects are negligible, the number
of electrons entering the ferrous sulphate solution being negligible compared
to the number of electrons generated within it. (See Figure 3¢}, The
general theory and the measurements agree to within the limits of experimental

error.,

The expericant with the Fricke dosimeter extended the dimensions of the
dosimeter to the largest sizes it is desired to examine (Figure 3b), but only
~ for a combination where the atomic numbers of the dosimeter and the surrounding
medium do not differ greatly., It did not seem feasible to surround chemical
!"systems with media of high atomic number due to difficulties associated with
chemical impurities, In order to cover the same size range with materials
having greatly differing atomic numbers, solid state dosimeters were employed.

§.501id Dosimeters - Thermoluminescence, Perspex

It-is possible with solid state dosimeters to make measurements extending
from dosimeter dimensions swall relative to the electron ranges (covered by
ionisation chambers) up to the dosimeters which are very much larger than the
electron ranges, and to do this for media having widely differing atomic
numbers, For example, Bjarngard and Jones (13) have reported experiments
where very thin slices of teflon, *incorporating thermoluminescent materials
in the matrix, were sandwiched between layers of lead and irradiated by 6000
Y rays. The smallest thickness they used are comparable with the size of the
ionisation chambers in gn/cm® and their results all fall within the intermediate
range of dosimeter size depicted by Figure 3a. Figure 8 presants Bjarngard
and Jones experimental points together with the prediction of general cavity
theory TR Bjarngard and Jones used up to 30 per cent by veight of either
LiF or CaFa:Mn in tho teflon so three calculations were performed (viz,

30 per cent LiF, 30 per cent.CaFgiMn, and 100 per cent teflonm) to covexprall
possibilities, The response of the dosimeter sandwiched between lead to that
between carbon is shown versus dosimeter thickness and reasonable agreeqment is

obtained with theory.
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T.L. RESPONSE IN LEAD
T.L. RESPONSE IN CARGOX

Figure 8
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RADIUS OF SPHERICAL CAVITY (cu )

Response of the Fricke dosimeter versus size of silica container,

The line has been calculated from the general ‘theory.

3 100 0 300 wo
DOSIMETER TREKKESS  (MICRONS)
The ratio of the dose in phospher-teflon dosimeters imbedded in
lead to the dose when imbedded in graphite irradiated with
60Co'Y rays, as a function of dosimeter thickness,
wxperimental results (from Bjarngard and Jones, 1966):
IiF-Teflon discs = O
CaFgiMn=Teflon discs = x
The lines represent the calculations from the modified cavity
theory (Burlin, 1966),
A - Teflon
B = 30 per cent 1IiF + 70 per cent Teflon
C = 30 per cent CaFsiMn + 70 per cent Teflon
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Clear perspex was chosen as a suitable low atomic number dosimeter to

imbed in a high atomic number material, lead in this instance, and increase
the size- until virtually all the electrons in the dosimeter are generated
therein, A batch of perspex specially prepared for dosimetry purposes was
used in these msasurements, The increase in optical density ét 292 millirmicrons
due to radiation was measured. The results for 6060 Y irradiation are
presented in Figure 9 where the dosimeter respons} has been plotéed relative

' to the response of a perfectly matched.dosimeter. Zven under such severs
experimental conditions as these the general theory of cavity ionisation
correctly predicts the size dependance of the response of the dosimeter,

6. Conclusion

A theory of cavity ionisation, which is free from the assumption of
earlier theories #nd hence unlimited in the size of dosimeter to which it is
aéplicable; has been formulated. This general theory has teen tested ueing
several dosimeters situated in media whose atomic number differs greatly from

. the media and have extended from a size where the dosimgter response is
idetermined solely by electrons entering from its surroundings up to'a size
where its response is determined solely by the electrons generated by photon
interactions wkthin it, No significant deviation of experiment from theory

was noted over the entire ran,e. It is therefore concluded that the general
theory .of cavity ionisation successfully accounts for the influence of interface
effects on dosimeter response,

One qualification must be associated with thié general conclusion, It
has been shown that ionisation chambers of small dimensions énd/or at.low gas
pressure cavity theory cannot be applied with confidence because low energy
electrons (O = 25eV) transferred between the electrodes contribute to the
current (15), This is discussed in detail in the later paper in this
sympoéium. ‘ o ’
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