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DECAY OF RADIOISOTOPES Ah~ PHOTOELECTRIC INTERACTIONS
A~u THEIR CONTRIBUTION TO ENERGY DEPOSITION

J.L.HUMNi

ABSTRACT
This work is a study of the microdosimetry of Auger

electrons resulting from inner shell ionization phenomena
in atoms of significance in radiation biology and medicine.

Inner shell atomic vacancies are produced in radio­
nuclides which decay by electron capture or internal con­
version or can be produced by the photoelectric effect.
The result of creating an inner shell vacancy in an atom
is a vacancy cascade process in which a large number of
low energy Auger electrons are released. Auger emitters
when present at the radiosensitive structures of biologic­
al materials have been shown to be highly radiotoxic, al­
though little is known about the energy deposition around
such sites.

The theoretical part of this work includes the use
of a Monte-Carlo technique to calculate discrete Auger
electron spectra for the electron capture decaying radio­
nuclides: iOdine-125, iodine-12], iron-55 and copper-64
and following photoelectric interactions in phosphorus and
argon. The individual spectra for 10,000 photoelectric
interactions were used as the basis for local energy de­
position calculations. Not only the mean energy deposition
has been calculated but also its fluctuation around the
mean where it is shown that the mean energy deposited may
be quite untypical of the energy deposition from single
disintegrations.

~irther the possibility of selective photoelectric
absorption in phosphorus bound DNA and DNA labelled with
cold iodine is-investigated. Using argon as a substitute
for phosphorus to study this problem further, energy de­
position measurements have been performed to examine the
patt~rn of energy deposition and-the mean energy deposit­
ion~€Fi at photon energies just above and below the K=9dge
of argon~ The problems encountered in such microdosimetric
measurements are discussed in detail and in particular an
anomalous double peak phenomenon observed in-proportional
counters employing a helix grid electrode is reported.
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A historical review of the effects of Auger electron

cascades in biology and medicine

Although the Auger effect was discovered as early
as 1925 by Pierre Auger it was not until fairly recently
that the possible implications of Auger electron emiss­
ion for radiation biology has been appreciated. In 1969
it was reported by Ertl and Feinendegen that the elec~

tron and internal conversion decaying radionuclide,
iodine-125. when incorporated into the DNA in the form
of the thymidine precursor IUdR, was found to exhibit
a far greater radiotoxicity than to be expected from
considerations of absorbed dose alone. ( between 5-10
times higher than tritium labelled thymidine ). Since
this time a considerable amount of work investigating
single and double strand breaks and cell death has been
performed, Burki et al 1973, Krisch 1972, Krisch et al
1976, Tis1jar et al 1978 etc. confirming the high effect­
iveness of 1251 when incorporated into the DNA of cells.

Considerable interest also quickly began to develop
for other Auger emitting radionuclides which could be in­
corporated into the cell nucleus. Some work has already
been performed with 64Cu ( Apelgot et al 1980), 55Fe
( Reincke et al 1978 ), 77Br ( Kassis et al 1982 ) and
there have been proposals to use others, e.g. 1231
(L .. E.Feinendegen "'" private communication ) ..

Some experimental research has also been performed
investigating the effects of Auger electron cascades in­
duced by the photoelectric effect. Halpern and Stocklin
1974 irradiated the th~~idine precursor BUdR with X-rays
of energies just above and below the K-edge of bromine.
Using ESR techniques they detected a marked increase in
the radical concentration as the bromine edge was trav­
ersed. Further investigations carried out by Diehn,



Halpern and Stocklin 1976 using the metalloenzyme carb­
onic anhydrase, an enzyme which contains zinc as an
active centre. Irradiating with photon energies above and
below the K-edge of zinc showed a sudden increase in en­
zyme inactivation accompanied by an increase in the zinc
release as the K-edge of zinc was traversed.

Goodhead, Cox and Thacker 1980, 1981 of the MRC,
Harwell in their low energy X-ray work looked for a sel~

ective photoelectric effect in phosphorus. It was thought
that because phosphorus is situated in the backbone of
DNA, where it occupies about 10% by weight, that it might

be a selective target for Xbray absorption and hence for
the production of strand breaks and perhaps cell death.
Irradiating several different mammalian cell lines with
monochromatic photons of energies just above ( titanium­
Kx 4.55 keY ) and below ( aluminium-K~ ~.55 keY) the
K-edge of phosphorus ( 2.145 keY) Goodhead and collegues
did not detect a significant effect.

To summarize, several works have been concerned with
the role of Auger electrons in radiation biology and medi­
cine whether induced by radionuclide decay or by the
photoelectric effect. Several questions remain unresolved
regarding the contribution to biological damage from
Auger electron cascades related to problems of local
energy deposition and the sensitivity of the immediate
neighbourhood of the cascade sites. It is clear that much

work is still to be performed in this field if an exact
quantitative understanding of the effects is to be achiev­
ed and it is hoped that this diss~ation will provide a
useful contribution to this complicated and mugh~gebated

region of study.



Survey of the content of the thesis

Besides the detailed theoretical work on the energy

deuosition of 125r by Charlton and Booz 1978, 1981, 'and

Gavron and Feige 1975, very little information has been

uublished on the microdosimetry of Auger electrons re­

leased by decaying radionuclides incorporated into bio­

logical matter or induced by photoelectric interactions.

It was the aim of this thesis therefore to investigate

relevant areas of this imuortant field where present

data is lacking.

To simulify uresentation the thesis has been di­

vided into three parts

1/ Auger electron emission following the decay of

radionuclides.

2/ Auger electron emission induced by the photo­

electric effect.

3/ Energy deposition measurements for uhotoelectric

induced vacancy cascades in argon.

Part r is concerned with the development and ex­

tention of the Monte-Carlo technique developed for
1251

by Charlton and Booz 1978,1981 to calculate the electron

and photon energy spectra for other radionuclides of im­

portance in radiation biology and medicine. Here the

computational techniques to calculate electron energy
spectra for the radionuclides : 125r , 1231, 55Fe and 64 Cu

are described and used to provide new energy deposition

data for these isotopes.
Part II is a continuation of this work for photo­

electric induced cascades. Using atomic photoelectric

cross section data and the atomic constitutions of DNA,

cell nuclei and tissue equivalent materials, the possi­

bility of selective absorption effects is discussed, with

particular emphasis on the problems of DNA bound phosphor­

us. Using a Monte-Carlo method photon interactions in

-3-



phosphorus have been simulated, the Auger electron energy
spectrum calculated and their local energy deposition
evaluated for a series of photon energies. The results of
additional calculations are presented for Monte-Carlo
simulated photoelectric induced vacancy cascades in argon.
It is shown that the Auger electron spectra produced by
photoelectric interactions in the corresponding shells of
argon and phosphorus are similar hence making argon a
suitable model in experimental energy deposition studies
for the radiation biologically relevant atom phosphorus.

Part III contains the experimental work performed
in the thesis . Using an argon filled proportional count­
er, energy deposition spectra were measured for photo­

electric interactions within the chamber with a series of
photon energies above and below the K absorption edge of
argon in simulated tissue equivalent volume diameters
between 0.5 - Slum. The experimental techniques and diff­
iculties are described in detail and an anomalous double
peak phenomeDon is reported when calibrating with low

energy photons a spherical Rossi counter with helical
grid electrode.



PART I

AUGER ELECTRON EI~ISSION FOLLOWING THE DECAY OF

RADIONUCLIDES





1 Physical properties of radionuclide decay

1.1 Decay schemes

rncorporated radionuclides are at present of con­
siderable interest in nuclear medicine because of their
high radiotoxicity. Incorporation has a particular advant­
age over external irradiation in that the effect is local­
ized and contained within a small region around the iso­
tone. The discussion here will be limited to 4 radionuc­
lides : J25r, 1231 , 55 Fe, 64cu on which the bulk of the

work in this part of the thesis has been concentrated.

1.1.1 rOdine-125

In figure 1 is the decay scheme for l25r. The decay

occurs in two stages: first a 100% transition by elec­
tron capture to a metastable state of tellurium ( mean
life 1.6 x 10-9 s ) followed by gamma emission ( 7% ) or

internal conversion ( 93% ) to the ground state.
In the process of electron capture an electron is

taken from one of the atomic shells leaving on inner shell
vacancy. The energy associated with this vacancy is lost
by a series of inner shell atomic transitions. Figure 2
shows an example of one of the many de-excitation path­
ways of the tellurium atom following the decay of 125r
by K capture. Such an atomic de-excitation process re­
sults generally in the emission of many Auger electrons
and possibly photons from electron transitions to the
deeper lying shells particularly the K shell. After this
atomic de-excitation, which is extremely rapid ( ~10-15s.

Cooper 1942 ), the tellurium nucleus is still in a high­
ly excited state and decays after a further 10-9 s pre­
dominently by internal conversion producing another
inner shell vacancy and hence a further cascade of Auger
electron emission.

For 93% of the 125r decays electron capture is

followed by internal conversion and two vacancy cascades
result. In the remaining 7% of decays corresponding to

-5-
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electron capture and gamma emission a single vacancy

cascade occurs.

1.1.2 Iodine-123

The decay of 123I resembles that for l25r with the

additional complexity that the electron capture decay
branches to 7 possible metastable levels of the tellurium
nucleus ( figure 3 ). These metastable tellurium levels
decay by either internal conversion or gamma emission, the
relative proportions of which depend on the level of ex­

citation and the multipolarity.of the transition. The
total percentage of internal conversion from all levels
amounts to only 18% of all decays. Therefore the proba­
bility for a second vacancy cascade for the radioisotope
l23r is considerably smaller than for l25r . This will be

shown late to have an important effect on the Auger
spectrum when compared to the case of l25r .

1.1.3 Iron-55

55 pe decays by 100% electron capture to the ground
state of manganese, ( see figure 4 ). For this radioiso­
tope therefore all decays result in a single vacancy cas­
cade process.

1.1.4 Copper-64

For 64cu there are two electron capture decay path-
d . . , ~ th d" ~. 1 1 ( 40 -% )ways, one lreccLy cO e groun scace or nlCKa_, .)0

and a second to a metastable state of nickel ( 0.6% )
which predominently de-excites by gamma emission. The
remaining 58.9% of the decays are by beta ray emission.

-7-
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Figure 5
Decay scheme for 64 cu
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1.2 Beta decay

1.2.1 Type of processes

Under beta decay are included all those nuclear
reactions in which the nuclear charge changes by one.
This encompasses three types of decay I beta-minus where

a neutron is converted to a proton with the emission of '
an electron and antineutrino, beta-plus ( the reverse
process) where a proton transforms to a neutron with
the emission of a positron and a neutrino, and finally
electron capture where an orbital electron is captured

by a nuclear proton resulting in a neutron and the emis­
sion of a neutrino. In beta-minus decay the nuclear
charge is increased by one, in beta-plus and electron
capture it is reduced by one. The latter two processes
are normally in competition. Electron capture becomes
the only decay process when the mass difference between
the mother and daughter nuclei is less than 2me where
me is the electron mass, Evans 1955, as is the case for
the radioisotopes : 125I, 123I and 55Fe• For 64Cu elec­

tron capture competes with beta-plus decay to the nickel
daughter. Also a certain percentage of the disintegrations
go by beta-minus decay to zinc ( figure 5 ).

Radionuclides which decay 100% by electron capture
produce an electron spectrum comparising of Auger elec­
trons only. For 64Cu the electron energy emission spectrum
consists of the superposition of an Auger electron energy
spectrum, a beta-plUS spectrum and because of branching
a beta-minus snectrum as well.

1.2.2 Shape of electron and positron spectra

Since for energy deposition purposes the charge
difference between electron and positron can be neglected
the beta-minus, beta-plus spectra have been combined.

The combination must be undertaken however after
the spectra have been individually calculated since the

nuclear Coulomb factor and electron screening factors

-10-



both intro1uce distortions which influence the beta-plus

and beta-minus spectrum shapes differently.

For allowed transitions taking screening into
1· . baccount the shape of a beta spectrum lS glven y

() ( "' V ) [("/_'{O)2 - 1] 1/2 • (VJ_-V
O

) (WO-'l")
2

N W = F Z. n- 0 ,- " ( 1)

where N(VI) = probability for the emission of a beta ray

of total energy VI,

VI total of the beta particle ( in 2
= energy mc

units ).

Vo = screening potential due to atomic electrons

V0 = 1 .13 oX 2 Iz i+ /3 where 0' is the fine structure

constant 11137 '

Wo = maximum total beta particle energy,
F(Z,W-Vo ) = Fermi function modified for screening poten­

tial due to the orbital electrons ..
The beta-plus, beta-minus spectra for 64 cu are

calculated using equation 1 , then combined to a single

spectrum by adding the N(W) components at each energy

interval VI. For further details on the calculation of
the beta spectra for 64 cu the reader is referred to
Appendix L

1.3 Electron capture

The orbital electron of an atom can be represented

by a wavefunction, which partially overlaps with the

nucleus. In electron capture an electron during its pre­

sence in the nucleus interacts with a nuclear proton to

form a neutron, an antineutrino being emitted for energy
conservation.

(2)

The probability of electron capture for an electron in a

To calculate the shape of beta spectra see Marschall
1955 and Mantel 1972.

-11-



shell is a function of the degree of overlap between the
electron from that shell with the nucleus. For the K shell
electrons this overlap is greatest, the degree of overlap
rapidly decreasing for the higher shells. The relative
proportion of vacancies produced by electron capture in
the individual sub-shells K, Ll, L2, L3, Ml etc represent
the distribution of initial vacancies in electron capture
decaying radioisotopes and thus are needed to calculate
the resulting Auger-electron cascades.

Relatively simple equations exist for the various
electron capture ratios Ll/K. L2/K, MIlK etc from which

the relative electron capture probabilities of each sub­

shell can be calculated, Bambynek et al 1977. Denoting
the electron capture probabilities AK and AI-I for the K­
and Ll-shells, the probability ratio for Ll to K capture
is given by equation (3)

(3)

n L.} and nK denote the relative occupation numbers of
electrons in the L.l and K shells respectively where for
closed shells n = I,

where EEC' the electron

capture transition energy, is QEC - Ey ( for electron
capture direct to the ground state EEC = QEC )
Ey is the remaining excitation energy of the nucleus
and EK, ELl are the electron binding energies of the K
and L.l she TLs respective ly.

~x is the electron radial wavefunction amplitude
Bx ' is a correction factor taking into account effects
of electron exchange and overlap.2

Equations for A L/ AK and all other ratios are entirely
analogous.

2I n this work all values used for ~ and 8x were from
Bambynek et al 1977 and Behrens and Janecke 1969.

-12-



For decay by 100% electron capture the sum of the
urobabilities for electron capture in each individual sub­
shell is one.

>. EC = AK +.AL 1 + \2 + •• , = 1 (4)

Using equations (J) and (4) the initial vacancy
distributions for isotopes which decay by electron capture
can be calculated. If the decay involves branching to
different excitation levels of the daughter then each
electron cauture transition must be considered separately

and normalized-to the probability of their decay path­
ways.

1.4 Internal conversion

Internal conversion is a process whereby the
excitation energy of a nucleus instead of being released
in the form of gamma emission is transferred directly
to an orbital electron, which is emitted with an energy
EI C equal to the excitation energy of the nucleus Ey
minus the binding energy of the released electron EB,
( Segre and Helmholz 1949, Emery 1975 )

(5 )

The nrocess of internal conversion occurs in com­
petition with gamma decay the relative proportions of the
two processes being given by the total conversion coeffi­
cient? do , where

N Total number ~-f' OTi"\,;++o,4 0101"'\+ ................ "'" in filling"e ~~ ....... iL-l.,. V \Iv ...... v..J,.v ..... v a, VJ.J.,.;)

0( = =
Ny Total number of emitted gamma rays in filling

N vacancies

N vacancies

and .J =.f + + ~ +'" "'K "'Ll ~L2 '"

-13-
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( 8 )

where ~K' ~Ll etc are the partial conversion coefficients
for the individual sub-shells.

As with electron capture the magnitude of a vacancy
cascade induced by internal conversion will depend on the
individual sub-shell in which the initial vacancy is pro­
duced. It is therefore necessary to know the initial
vacancy distribution for each internal conversion decaying
radionuclide. The partial conversion coefficients are

" .tabulated by Rosel & Fries 1978 and Hager & Seltzer 1968
per sub-shell according to the energy and multipolarity

of the transition. The multinolarity of a transition is
often given in tables of isotopes, Lederer and Shirley
1978, when known. Some transitions consist of admixtures
of two different multipolarities. the most common of

which is the admixture magnetic dipole ( Ml ) and electric
quadrupole ( E2 ). In this case the sub-shell internal con­
version coefficients can be obtained using the formula.

(;I.. K ( Ml ) + b2 c<. K ( E2 )
=

1 + ~2

where S2 is called the mixing ratio and is equal to the
ratio

1964.
Dillmann and Van der Lage 1975, Chu et al

Of particular concern here are the radioisotopes
1251 and 1231 which after decay by electron capture re-

main in a highly excited metastable state of tellurium.
For 1251 this state is a singlet, for 1231 many excita­
tion levels exist ( figure 3 ). In both cases the excited

tellurium nucleus can decay by either gamma emission or
internal conversion. For 125Te the total conversion

coefficient "'= 93/7. Dillmann and Van der Lage 1975. For
123 Te the value of ~ depends on the excitation energy

and multipolarity of each level. therefore the partial
conversion coefficients must be calculated separately for
each excitation level.

-14.:.



1.5 Radiative transitions

A radionuclide which has undergone electron cap­
ture or internal conversion will be left with an inner
shell vacancy. This vacancy represents a high atomic
excitation energy which can be decreased by an electron
transition from any higher shell to fill the deeper lying
vacancy. If the energy of this transition is emitted as
an X ray photon it is called a radiative transition. If
the energy gained by the transition is emitted in the form
of an electron it is referred to as a non-radiative tran­
sition ( see section 1.6 ).

In a radiative transition the energy of the emitted
uhoton hv is

where El is the energy level of the filled vacancy and EZ
the energy level from which the electron has come to fill
it. A list of the probabilities and energies of radiative
transitions for all elements is given in Storm and Israel
1970. Since the speed of radiative transitions is propor­
tional to ( ~E )-3 and non-radiative transition propor-"

tional to bE, ( Marmier 1965 ), the former predominate
when~E is large i.e. for transitions to the deepest inner
shell vacancies, in particular the K shell. Once the
vacancies have reached the higher shells and the differ­
ence in energy levels become small non-radiative transi­
tions are the faster and hence more probable.

A measure of the probability of radiative transi­
tions to a vacancy in shell X is given by the fluorescence
yield Wx' For a vacancy in the K shell,

~(nK)' nK + nK + nK + ...
Wx

..• .L <t, (;(L P. (rO)=
L NK NK

where (nK )i = the number of photons of spectral line i
emitted and N~ = the total number of vacancies created

n.
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and filled in the K shell.
The fluorescence yield depends on atomic number Z,

becoming greater with increasing Z, e.g., for tellurium
WK = 0.877 whereas for phosphorus WK = 0.060. Since for
increasingly higher shells the fluorescence yield rapid­
ly decreases, for inner vacancies in phosphorus radiative
transitions are less important than non-radiative transi­
tions. The same is true for the higher shells of tellur~

ium, e.g., once the inner-shell vacancy of tellurium has
reached the 1 shell, the fluorescence yields for 1i, 1 2
and 1) sub-shells are Wl = 0.041, Wz = 0.074 and LV) =

0.074 respectively) ( Krause 1979 ). In general radiation­
less transitions therefore form the predominant mechanism
of atomic de-excitation once an inner shell vacancy has
been introduced into an atom.

1.6 Non-radiative transitions 4

A non-radiative transition is one where the energy
gained by an electron transition, instead of being emit­
ted as photon energy, is used for the emission of an elec­
tron. This process is- knovm as the Auger effect and the
emitted electron an Auger electron in honour of the dis­
coverer Pierre Auger,1921. The Auger process plays a par­
ticularly important role in the de-excitation of atoms
after electron capture, internal conversion or the photo­
electric effect ( part II ). Whereas the effect of a pho­
ton transition is to shift the initial K vacancy to a

higher shell, an Auger transition in filling one vacancy
produces another two, i.e. increases the charge on the
atom by one. This progression of vacancies to the outer
shells of an atom is a statistical process depending on
the relative transition probabilities of all allowed
radiative and radiationless transitions to each initiated

J It is usual to drop the 1 in the subscript when express­
ing fluorescence yields for the 1 sub-shells.

4 Appendix 2:, 8ummarizesthe conventional notation to
classify Auger electrons.
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vacancy. The relative Auger transition rates are given by
Mc Guire 1975 and Chen, Crasemann and Mark 1979. Auger
transitions are extremely fast ( approx. 10-15 - 10-14s )
and vary only slightly with the transition energy ~E.

For DE ~ 10 keY radiative transitions are of the same
order of magnitude as non-radiative ones. However, for
transitions between the outer shells of atoms where bE

is small, they approach the rates of optical transitions
( approx. 1O-8s ) which are negligible in comparison with
Auger-transition rates. Hence, for all shells except the
K shell, radiationless transitions are in general the pre­
dominant processes of de-excitation for atoms with inner­
shell vacancies.

The probability of an Auger transition to a K-shell
vacancy is given by the Auger yield, a K, which is defined

in an analogous way to the fluorescence yield, i.e. by the
number of Auger transitions to the K shell relative to the
number of K-shell vacancies filled, Krause 1979. Together
the sum of the fluorescence and Auger yields for the K

shell is one, Le., the Auger yield is given by I.-WK'
Above the K shell it is usual to distinguish bet­

ween Auger and Coster-Kronig transitions. The Coster-Kro­
nig effect is an Auger process in which the electron tran­
sition occurs between two sub-shells of the same principal
shell. For example, in the Coster-Kronig transition
L1L3MI, an electron from the sub-shell L3 fills a vacancy
in LI and an electron is released from MI- The sum of the
fluorescence yield, W , Auger yield, a , and Coster-Kronig
yield, f, to any primary vacancy is unity

W +a+f= 1 . (11)

The value of f can be close to one, especially for a
vacancy in the first sub-shells, such as Ll' MI , etc •.
Krause 1979 gives values of the Auger and Coster-Kronig
yields for the L sub-shells for elements from Z = 1 to

Z = 59.
Although Auger and Coster-Kronig transitions to­

gether form the predominant means of atomic relaxation,
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there are other competing processes which playa small
role in the de-excitation process, Sevier 1972.

1/ Double Auger effect, Carlson and Krause 1965,
Larkins 1972

2/ Inter-atomic Auger effect, Citrin et al 1976
3/ Electron shake-up and shake-off, Larkins 1972,

Carlson 1975a
4/ Autoionization, Sevier 1972, Carlson 1975b
5/ Plasma excitations, Sevier 1972
For this dissertation, being concerned with energy­

deposition calculations following inner-shell ionization,

such processes make a very small contribution and there­
fore have been neglected.
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2 The incorporation of radionuclides in biological
material

2.1 The site of incorporation

Incorporated radionuclides which decay by electron
capture, internal conversion or beta decay produce several
consequences to the biological medium with which they are
bound. The list of influences which result in a biological
effect are, transmutation, nuclear recoil, beta-ray energy
deposition, Auger-electron energy deposition and the
charge build-up on the daughter product, many of which

produce only local effects. A discussion of the physical
consequences of each of these will be given in section
2.2. This section discusses the biological sensitive
structure, the DNA, and on the incorporation of radio­
nuclides into the cell nucleus and the DNA.

The DNA molecule ( figure 6 ) contains the genetic
code of a cell by the sequence of 4 nucleic acid bases,
adenine, guanine, cytosine and thymine. For review of the

chemical structure of DNA see Kronberg 1974. The incor­
poration of radionuclides in the DNA can take place via
thymidine precursor which is built into the DNA during
synthesis, Wilson 1966. The halogen analogJes of thymi­
dine, e.g. iododeoxyuridine -IUdR and bromodeoxyuridine­
BUdR, where the iodine atom may be 12 5r , 123r , or 131r
and the bromine 80mBr, differ from thymidine through a

replacement of the methyl group in position 5 of the
pyrimidine ring by the hot halogen atom ( figure 7 ).
Using a thymidine precursor has the advantage of a speci­
fic incorporation in DNA and hence in the cell nucleus,
but no incorporation in the cellular cytoplasm or the
cell membrane.

DNA is perhaps not the only radiosensitive struc­
ture of the cell but it is by f~T the most sensitive.
The high toxicity of radionuclides incorporated into the
DNA suggests a strong cor-r-e Iat i on be tween damage to the
DNA and cell death. Such effects as transmutation, charge
build-up and atomic recoil when occurring in the DNA may
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Figure 6
Illustration of the chemical single and spatial double

strand structure of the D~A molecule.
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be important for the induction of single strand breaks,
nucleotide base alteration leading possibly to cell muta­
tion. The possibility of energy deposition by ~uger elec­
tron emission at sites of the DNA other than the direct
location of the radionuclide may lead to double strand
break production with a decisive influence on a cells
chance for survival. It is for this reason that the de­
position in volumes of 1 nm - lO/um diameter is a signi­
ficant parameter with which to relate the probability for
double strand break production and therefore cell death.

For electron capture decaying radionuclides such
as 1251 which deposit a high concentration of energy by
an intense flux of low energy electrons it is essential
to get these isotopes in the sensitive DNA targets. This
was demonstrated for example by Hofer et al 1977 who com­
pared 'cell survival curves5for 1251 incorporated in the .'
DNA and the cell membrane of mammalian cells. The membrane
case gave a normal shouldered survival curve correspond­
ing to the dose induced by the X- and gamma-rays of 1251 .
But for 1251 bound directly to the DNA in the form of
IUdR, a steep shoulderless curve was obtained. Thus it
can be concluded that the radiotoxicity of incorporated
radionuclides depends not only on the nature of the decay
but also on their microdistribution in relation to the
sensitive areas of the cells. The same type of effect is
to be expected from the radionuclide 1231 with its similar
mode of decay.

Studies of tritium incorporation have shown that
the effectiveness of this isotope may even depend on its
posi tion of uptake in the DNAgfor mutation induction 3H
incorporated in the 5 position of the pyrimidine ring of
cytosine was found to be between 3-6 times more effective

5' A "survival curve" is generally a plot of the logarithm
of the relative frequency of biological entities not
sh0wing the particular end-point under observation as a
function of absorbed dose, ( see Alper 1979 ). Mostly
the term "cell survival" is not intended to describe
survival probabilities of individual cells but is re­
lated to non-inactivation of the colony forming ability
of cells in culture or even to other cellular end-pci~ts.
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than when incorporated in the 6 position or into the me­

thyl group of thymidine, Feinendegen and Cronkite 1977.
Other experimental incorporation work in the DNA

has been performed where the phosphorus atom in the back­
bone structure (figure 6 ) has been replaced by the
radioactive phosphorus isotopes J2p and JJp, Apelgot and

Adloff 1978 ( in part II of this thesis the prospect of
photoelectric induced Auger emission-from phosphorus

bound DNA is discussed ). Apelgot et al 1980 have also
published results on double strand break production for
cell incornoration experiments using 64 Cu. The high

effectiveness of 64 cu in creating biological damage,

( about one double strand break per disintegration ) is
unexpected since little is known about the microdistri­

bution of conper in relation to the DNA. The existence

of copper ion - nucleic acid complexes is described in

the literature and therefore a chemical bond with the

DNA may be possible, Bandekar and Sathyanarayana 1979,
although the bond might be formed first after the decay.

Another radionaclide of relevance to this thesis
. 55", f h'" t' t- h b d thlS _e or W•• lcn lnves 19a lons .ave een ma e on . e
susceptibility of reticulocytes to 55Fe_ loaded bone

marrow, Reincke et al 1978. The uptake of the 55Fe is

mainly in the haem which becomes incorporated in the

haemoglobin in the cytoplasm of red blood cells, i.e.
the quantity of 55Fe in the cell nucleus is likely to

be quite small, Reincke et al 1975.

2.2 The physical consequences of radionuclide decay

The chemical and biological effects produced by

incorporated radionuclide decay are the result of several

simultaneous mechanisms of local energy deposition where

the independent weight to be attached to each contribu­

tion is still a matter of debate, Ertl et al 1977, Martin

and Haseltine 1981. The most important of these mechanisms

is the subject of this section.
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2.2.1 Transmutation

The chemical transmutation of an incorporated ra­
dionuclide occurs whenever the decay is by beta emission
including electron capture 6. The effect of radionuclide
transmutation in the DNA is to lead to possible molecular

alterations due to the altered chemical relation of the
transmuted atom to its immediate enviroment. As examples
are the uhosuhorus radionuclei J2p and 33p which after

decay become sulphur. Auelgot and Adloff 1978 have shown
that SUCD a transmutation occurring in the DNA strand can
contribute greatly to the production of single strand
breaks.

With the principal radionuclides under discussion
in this work, namely 125r, 123 r, 55pe and 64 Cu , only the

former two are incorporated directly into the DNA. Both
125r and 123r decay by electron capture the iodine atom

transforming to tellurium which may feasibly contribute
to a harmful effect. For 55pe and 64Cu which are probably

not connected to any sensitive cellular target a notice­
able transmutation effect is unlikely.

Some mention should be made of the processes shake­

up and shake-off which usually accompany transmutation.
As a result of transmutation the atomic electrons must
readjust to the sudden change in nuclear charge. Electro­
nic rearrangement produces a small excess of free energy

which transferred to a single outer-shell electron is
sometimes sufficient to secure its release. An electron
released or excited in this way is referred to as a shake­
off or shake-up'electron respectively.

2.2.2. Nuclear recoil

The emission of any particle from the nucleus pro­
duces a nuclear recoil necessary for the conservation of

6 rn isomeric transitions
takes place.

such as 80mEr no transmutation
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momentum. The magnitude of this recoil increases with
decreasing mass of the radionuclide and increasing energy
of the emitted particles. For beta emission there is a
spectrum of recoil energies constituted of the vector
addition of the electron-neutrino recoils. The recoil
energy of a beta emitter can be of the order of several
electron volts and may therefore be sufficient to cause
bond breakage, e.g. by the decay of 32p the average re­
coil energy of the 32S nucleus is 38.7 eV, Apelgot and

Adloff 1978.
Decay by electron capture and internal conversion

also uroduces a recoil due to the neutrino and gamma
ray or internally converted electron respectively sup­
plemented by a very small atomic recoil momentum from
the emitted Auger electrons. The recoil in this case is
however usually too small to cause bond breakage. For
example, Ertl et al 1970 calculated the nuclear recoil
due to neutrino emission after electron capture for 125r.
The average recoil energy is a mere 0.1 eV

2.2.3 Beta-ray energy deposition

A beta-emitting radionuclide incorporated in the
DNA or somewhere in the cell nucleus will, depending on
the energy of the beta particle, deposit only a small
fraction of that energy inside of the sensitive DNA tar­

get or of the cell nucleus. The DNA molecule is a long
supercoiled double helix structure of 2 nm strand width

within a cell nucleus of about Slum diameter. The frac­
tions of the initial beta-ray energy remaining in both
the DNA and the cell nucleus depend on the ranges of the
beta particles. For beta energies greater than about
17 keY the range becomes larger than the diameter of the
cell nucleus, and hence one may consider the radiation
source to be homogeneous. For beta particles of short
range the radionuclide microdistribution becomes more im­
portant as the energy deposition becomes increasingly
localized at the incorporation sites.
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Such a inhomogeneity is of particular significance
for radionuclide which emit electrons of very low energy,

i.e. Auger electrons, whereby the local energy density
in the nanometer range can be extremely high. In this case
the absorbed dose when averaged over the entire cell po­
pulation could lead to a considerable und~estimation of
the biological consequences of that incorporated radio­
nuclide.

2.2.4 Auger-electron cascade

Radionuclides which decay by electron cauture or
internal conversion i.e. in which inner-shell atomic va~.

cancies are produced, emit cascadewise a number of Auger
and Coster-Kronig electrons. Since most of the emitted
electron energies are below 100 eV, the ranges of these
particles are often extremely short. Hence they deposit
most of their energy in the near vicinity of the decay
site, which is important for radionuclides incorporated
in the DNA.

The energy deposition resulting from the emission
of Auger electrons in a vacancy cascade is possibly one
of the most significant factors in causing the high radio­

toxicity of electron capture and internal conversion de­
caying radionuclides and for a radioisotope such as 125 r
largely outweighs the effect produced by transmutation or
nuclear recoil.

2.2.5 Charge build-up and neutralization

For the release of each Auger electron during a
vacancy cascade one positive charge is left on the decay
product. An Auger cascade therefore produces a rapid
build-up of charge at the decay site. This can create a
local disruption of the molecule since electrons from the
valence band of other atomic constituents which partici­
pate in chemical bonding may be drawn to neutralize the
charge on the daughter atom. This latter process is
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referred to as charge neutralization and can have con­
siderable molecularly destructive consequences, Carlson

and White 1963.

In conclusion, the extent to which the five factors
above playa role in creating molecular and subsequent
biological damage depends on the nature of the radionuc-'
lide decay and its incorporation site. For electron cap~

ture and/or internal conversion decaying radionuclides
incorporated in the DNA the Auger cascade and the thereby
arising charge effect are likely to be the domina~t modes

in which damage is inflicted. For beta emitters in the DNA
transmutation and recoil may be accredited an important
significance. Radionuclides elsewhere in the cell produce
their effect by the longer range Auger electrons or beta
particles.

Using a new Monte-Carlo approach energy deposition
calculations have been performed for the radionuclides
1251, 1231, 55Fe and 64cu. The technique and results of

this work occupy the rest of part I.
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3 Monte-Carlo calculations for Auger electron cascades

following the decay of radionuclides

3.t Introduction to Monte-Carlo methods

The Monte-Carlo method is a technique particularly

suitable for obtaining approximate solutions to problems
containing a number of random processes with a large

number of nossible outcomes, Sobol 1974. A typical example

of a Monte-Carlo tyne nroblem is the simulation of an
electron trac~ through a medium, where different inter­

actions are possible and the path has the nature of a ran­
dom walk.

The apnlication to which Monte-Carlo methods are

applied here is the simulation of electron capture/inter­

nal conversion or beta-decay processes together with the
random vacancy-cascade process, in order to obtain stat­
istical data about the electron and photon emission

spectra for the decay of radionuclides.

A ~onte-Carlo code developed by Charlton and Booz

1978, 1981, to calculate the electron and photon spectra
of 1251 has been modified and annlied, as part of this

thesis, to the radiobiologically relevant isotopes 1231,
55Fe , 64cu .

The programme consists of a large set of innut data

consisting of initial vacancy distributions after electron
capture and internal conversion, photon, Auger and Coster­

Kronig relative transition nrobabilities and energies, and
also of a beta snectrum in the case of 64cu . The charac­

teristic of a Monte-Carlo code is that at each stage of

the calculation a transition is forced to occur. In other

words at any stage in the programme the sum of all tran­
sition probabilities is always one. The programme is then

brought to an end when a particular set of criteria have
been fulfilled, ( see section 3.3 ). Using the random num­

ber generator GGuI1, Learmonth and Lewis 1973, a pool of

numbers between 0 and I are generated which are selected
at random and which determine successive transitions to be

taken. In this way a series of individual disintegrations

-27-



can be simulated. By repeating this process a large num,.

ber of times, a good statistical distribution of the

electron and photon emission spectra can be obtained. In

this section the entire input data and finally the struc­

ture of the Monte-Carlo programme will be discussed.

3.2 The input data

3.2.1 The initial vacancy distributions

The relative probability of creating a vacancy in

each individual SUb-shell of an atom by electron capture

or internal conversion, referred to here as the initial
vacancy distribution, can be calculated using the methods

described in sections 1.3 and 1.4. For the decay 100%
electron capture the sum of the probabilities to create a

vacancy in each sub-shell is normalized to give a probabi­

lity of one. If the decay scheme has branching, for exam'"'
pIe 1231, then the initial vacancy distribution must be

calculated for each decay pathway seperately and subse­

quently normalized to the branching frequency. In this
way a correct number of vacancies are initiated in each

individual sub-shell from Monte-Carlo calculations sim­

ulating the process of electron capture radionuclide

decay. The treatment of initial inner shell vacancies
produced by internal conversion is analogous.

Tables 1 and 2 give the calculated initial vac­
ancy distribution data for the isotopes 1231, 125r , 55Fe, -
and o4 Cu. The lines "Te level" in table 1 and "Ni level"

in table 2 Specify the levels of the excited states of
the nuclei after disintegration of l23r and 64 cu respect­

ively.
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Table 1
Initial vacancy distributions for 1231

>;'(' 7 T
7

.159 .440 .506
. 8

.159 .440 .506 .693 dTe level :~eV .693

K .797 .004 .003 .014 .146 - - .001
L1 .104 - - .002 .017 -
L2 .003 .002

I
I

L3 I .007 I. 001
jn .022

I l- 003 ,,
M2 .001 I I

I I I I - i1\13 .038 ,

II rf1
,

.005 :

I
I I

1 I i 169 I. 001: Sum .977 I .016 I
I I

.004 i.003 I' I

i: I
I , ,

Total electron capture probability = 1.0
Total internal conversion probability = 0.17

Table 2
I ." 1 d' t '0 t' f 125 T 55Fe ana' 64('unlcla vacancy lS rl u lons or _, ~

0.0
i I
I .405 1.006

.,2
M3
Nl
N2

Sum

.
1cu-64

9 .
I1-125 Fe-55

EC IC EC I EC i EC I rc
,
1

Ni level MeV I o 11.346 1.346 I
I

K /.808 1.795
.885

r-~- I.359, .005 - j

Ll .097 .0~91·0~1
I

I I.154: .095 :12 .004 .007 .00 1
L3 I - .004 .002 .001

I I1\11 ,
.035 .019 .015 .006

»s I ('\T ()
,

- - I

7 Electron capture = EC, internal conversion = IC
8' The .693 MeV level is an average of the two levels

.688 MeV and .698 MeV.
9 From Charlton and Booz 1981.
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3.2.2 Transition probabilities for radiative and non­
radiative transitions

One important set of input data is the one desrib­
ing the relative probabilities of electron transitions
to the inner shell vacancies produced in the atom. The
number of possible transitions to an inner shell vacancy
is in general quite large, depending on the size of the
atom and the position of the vacancy, ( see for example
the number of electron transitions for tellurium, appen­
dix 3 ). The nature of the transition can be either rad­
iative when a photon is released or non-radiative result­
ing in Auger electron emission. Experimental and theoret­
ical data are available on the photon transition proba­

bilities : storm and Israel 1970, Salem, Panossian and
Krause 1974. For the Auger and Coster-Kronig transition
probabilities the data is largely from quantum mechanical
calculations of oscillator strengths, experimental data
being far less complete. In this work the K-Auger tran­
sition probabilities were taken from Asaad and Burhop

1958, Chen, Crasemann and Mark 1979 and Casey and Albridge
1969. For the L-, M- and N- shell transitions the data of
McGuire 1972, 1975 and 1977 was used.

Since the form of the transition probability data
is generally relative to a single established strong

transition the photon, Auger and Coster-Kronig transition
probabilities were renormalized to the fluorescence, Auger
and Coster-Kronig yields, the sum of which are one for
each individual sub-shell. For all sub-shells higher than
M, the fluorescence yield becomes so low, for the elements

L

of concern here, ( less than 0.001 ) that radiative tran-
sitions have been neglected.

For decay by electron capture the nuclear charge is
decreased by one. Therefore all electron transition proba­
bilities were taken from the element having one nuclear

charge less than the decaying radionuclide, i.e. for the
decay of 1231 and 125I the transition data for tellurium
were used.

Appendix 3 gives further details on the form the
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electron transition probabilities to single vacancies in
K and L1 sub-shells of tellurium in the normalized form
used in this work.

).2.) Photon and Auger energies

In the data set presented in table )a, appendix)
are given the uhoton and Auger electron energies result­
ing from electron transitions to vacancies in the K and
Ll sub-shells of tellurium. The photon energies are
available from experimental sources, Storm and Israel
I970,or can be calculated from atomic energy levels,

Bearden and Burr 1967. using equation (12) ( see section
1. 5 ).

For the Auger and coster-Kronig electrons no pre­
cise analytical formula is known and experimental sour­
ces are scarce and incomplete. In many text books on ato­
mic physics Auger electron energies are given by the equa­
tion,

(12 )

where EA = kinetic energy of the emitted Auger electron,
El(Z) = binding energy of the vacancy level
E2(Z) = binding energy of the vacancy filling electron

from the neutral atom and

E3(Z+~Z) = binding energy of the emitted electron of the
atom with a single vacancy in the E) level.

The specification of Z is not easy, however, the
relation which gives reasonable agreement with experimen­
tal values is referred to as the modified Z+l approxima­
tion. Chung and Jenkins 1970.

In this equation average values are taken for the energy
levels between the element with a nuclear charge Z and the
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element with a nuclear charge Z+l thereby partly compen~

sating for the change in the screening factor involved in

the Auger process.
A catalogue of Auger electron energies have been

calculated in this way by Coghlan and Clausing 1973. In
this work the values of Coghlan and Clausing were used,

for those transitions for which data was available. The

rest were calculated using equation (12)
Lastly with reference to chemical shifts in the

electron energy levels, Sevier has published tables with

electron binding energies for different chemical phases,

Sevier 1979. The effect of phase is small, at most about
20 eV and therefore only the energy levels for atoms

have been used in this work.

3.3 The Monte-Carlo code

The computer code developed to simulate, using

Monte-Carlo methods, radionuclide decay is a single pro­
gramme consisting of more than 1000 internal statement

numbers ( approx. 130K bytes ). The structure of the
programme is given in fiow chart form in appendix 4, a

summary of which is presented here.

The input step in the code contains the various

input parameters such as the electron occupation numbers

of the individual sub-shells for the atomcin the ground
state, all transition probabilities and their respective

photon and Auger electron energies in the format of table
3a, appendix 3, the initial electron capture vacancy

distribution and other relevant data for the atom.

A random number is selected using the fortran

library sub=routine GGUW~ Learmonth and Lewis 1973. which
is used to determine the mode of decay. If electron cap­

ture as opposed to beta decay is chosen, then the random
number generated is used to produce a vacancy in one of

the inner atomic sub-shells. If beta decay, then a beta

particle energy is chosen from the spectrum ( see appendix
1 ) and the first disintegration is finished, i.e. the

programme goes on to the next disintegration. 10 The
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electron vacancy produced by electron capture is record­

ed, i.e. the electron occupation for the corresponding
shell reduced by one and the charge on the atom set at +1.

This leads to a loop of electron capture produced
vacancy cascades. First the relevant block of transition
probabilities to the electron capture initiated vacancy
n.us t be addressed. Then a renormalization of the transiticln

probabili ties is carried out ( see later for explanation ).
With a further random number one of the possible electron
transitions is chosen. For an Auger transition the value

the number of electrons released and the charge on the
atom are increased by one and the kinetic energy of the

Auger electron stored. For a photon transition the value

of the number of photons emitted, is increased by one and
its energy stored. The charge on the atom remains unchang­

ed in a photon transition. The atom must noVi be readjusted
for the new electronic arrangement within each sub-shell.

Consider the case of the first transition being an

Auger transition. The new state of the atom contains 2 in­
ner-shell vacancies. The assumption has been made that

the vacancy cascade proceeds so that the deepest lying

vacancy in the atom is filled first. Before choosing a
transition in an atom with more than one vacancy, the

transition probabilities are corrected for the changing
occupation numbers of each individual sub-shell. The

assumption has been made that the probability of any elec­

tron shell participating in a transition must be reduced

in proportion to the fraction of electrons remaining in
that shell e After this correction the transition probabi~

lity data must be renormalized to one~ In this way the

whole process of the vacancy cascade is simulated con­

tinuing until one of two criteria is fulfilled. Either

so many vacancies have been produced in the atom that the

sum of the unnormalized transition probabilities to the

10 64Beta decay only occurs for the radioisotope Cu in
the scope of this work.
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deepest lying vacancy is zero or extreme ly small, ( less

than 10-6 ) or all the vacancies have reached the outer

shells of the atom.
After comnletion of the pr~cess of atomic de-excita­

tion followi~g electron canture, a conditional statement
in the computer code asks whether the radionuclide has

reached the ground state. If the answer is yes the~ the
disi~tegratio'1 ends and the nrogramme goes 0'1 to treat

the next disintegration. Otherwise the atom returns to the
ground state either by internal conversion or gamma emis­

sion. The decision on the type of nrocess is again made
by the random-number generator. For gamma decay the gamma
energy is stored, i.e. the difference in energy between

the excitation level and the ground state. l l If internal
conversion is chosen then the random number determines

the inner shell vacancy. This vacancy is recorded, the

internal conversion electron energy calculated and stored

and the values of the electron emission number and atomic
charge increased by one. This new inner shell vacancy

initiates a second cascade ( the internal conversion
loop ), which runs analogous to the electron canture loop

with the same escape criteria. Once the second cascade is

finished the programme returns to the start to simulate

the next decay.

The calculations performed in this work were for
the simulation of 10,000 disintegrations per radioisotope.

3.4 Assumptions in the Monte-Carlo calculation

In most scientific models, simplifying assumptions

have to be made in order that a solution to the problem

set is at all possible. Before finishing this section,

therefore some of the presuppositions of the vacancy-cas­

cade model, used in those calculations, will be discussed
and their relation to reality clarified.

11 For 1231 various
ground state are

combinations of gamma routes to the
possible.
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There have been 4 major assumptions made in this

wor~ which contribute to systematic uncertainty of the
calculation.

l/ The first major aifficulty is that the electron tran­
sition probabilities are only known for singly ionized
atoms. In a vacancy cascade where several vacancies arise

nearly simultaneously within the atom one has no clear

knowledge about the changes in the relative transition

probabilities. In these calculations the relative proba­
bilities have been used for a singly ionized atom ad­

justed to take into account the positions of all the ato­

mic shell vacancies, whereby the probability of an indivi­

dual electron shell participating in a transition is re­
duced in proportion to the number of electrons remaining

in that particular shell.

2/ Only photon, Auger and Coster-Kronig transitions have

been considered. All other atomic de-excitation mechanisms
have been neglected.

JI The vacancy cascade has been treated stepwise i.e.

the transitions follow chronologically one after another.
In reality the cascade process is so fast ( approx.lo-14s)

that the electronic rearrangement for different transi­
tions are interwoven with one another.

4/ Also during the vacancy cascade the atomic energy
levels will not be constant. The assumption of constant

energy levels or of the modified Z+l approximation means

that the uncertainty in the photon and electron energies

increases, the greater the number of steps in the cascade.
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4 Results of Monte-Carlo calculations for iodine-123
and iodine-125

rn this section the results of new Monte-Carlo
calculations for 123r and repeated calculations for 125 r,

( first performed by Charlton et al. 1978 ) are presented,
The section is divided into 3 sub-sections. The first
contains electron number distributions and electron and
photon spectra for the decays of 123r and 125 r as isola­

ted atoms. The second considers similar calculations for
123r and 125 r incorporated within a medium, in which a

simple model is used to simulate the process of neutrali­

zation of the charge build-up during the vacancy cascade.
The effect of charge neutralization on the number of emit­
ted electrons and energy spectra is examined on hand of
new calculations. Thirdly the results of calculations are
presented for 123r and 125r in form of the molecule methyl

iodide. These results provide an opportunity to test the
accuracy of the Monte-Carlo calculational approach with
the experimental measurements of Carlson and White, 1963,
who measured the charge distribution on the fragmented
CH

3r
125 molecule after the decay of 125 r•

4.1 123r and 125r as isolated atoms

4.1.1 Electron number distribution

1?~ 1'?~

For each individual disintegration of k~Jr and k~Jr

a number M of electrons and N photons are emitted. The dis-
tribution of the number of electrons emitted per disinte­
gration is shown in figure 8 for 123r in comparison with
. . - - 1 ?:::1 ttne number !"or --~ per electron capture even and per
complete disintegration. The range of the number distribu­
tions for both isotopes is from 0 - 25 electrons, i.e. in a
single decay between 0 - 25 electrons can be released. The
shape of the distribution for 123r , however resembles more

that for 125 r per electron capture event, i.e. from the
first cascade only. This is because the isotope 123r only

has 0.16% chance of undergoing a second vacancy cascade due
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to internal conversion. The small percentage of dis­

integrations in which a double cascade occurs extends

the maximum of the distribution un to 25 electrons.

Figure 8

~1 t b d' t . b "'. ~ 123r d 125- ftn~ec ron num er .lS rl Uvlon ~or an 1 a er a
single cascade and a double cascade process.
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The average nu~ber of electrons emitted per disin­

tegration n are given in table 3 for both isotopes after
complete decay as well as ner electron capture event. The

values of n for both isotopes are the following I after
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electron capture almost identical, 7.9 for 123r and 7.8

for 125r. 2 For the full decay. however the high proba­

bility of a second internal conversion induced cascade
for 125r increases the average number of emitted elec­

trons to 13.2, whereas for 123r the increase is only by

a single electron to 8.9. These numbers agree with about

5.5 to 6 electrons emitted during the second cascade,
because for 125r n=13.2 ~7.8+0.93x5.5 and for 123r
n=8.9 <:: 7.9+0 .16x6; in other words, the difference in the
number of electrons emitted is mainly influenced by the

different internal conversion probabilities of 0.93 and
0.16 for 125r and 123r respectivelY.

4.1.2 Electron energy spectra

Each individual disintegration of 123r or 125 r
produces an individual electron and photon spectrum, a

fingerprint of the electron transitions which have taken

place in the process of nuclear and atomic de-excitation.

Two examples of individual electron spectra for
123r are shown in figure 9, the first one fo~lOwing a

single vacancy cascade after electron capture only in

which 8 electrons were emitted, the second a double va­

cancy cascade after both electron capture and internal

conversion in which 14 electrons were emitted. The high
energy electron in the lower figure at 127 keY is due to

an internal conversion electron in the tellurium K shell.

10,000 such individual electron spectra were gene­

rated for both isotopes and stored on magnetic tape. Us­
ing the individual electron spectra, the average electron
spectra could be calculated for 123r ( figure 10 ) and

125r ( figure 11 J. shOWing the emission probability of

individual electron energies. The two spectra are similar

since the inner-shell atomic transitions are of the same

12 For i~3r the value of ;:; is fractionally greater than
for 51 after the first cascade. This comes from the
slight~Y higher K shell electron capture probability
for 12~I ( see tables I and 2 ). .
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Figure 9
Two individual 123electron suectra produced by I after

a single cascade and a double cascade process.
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Figure 10
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tellurium daughter product. The two spectra differ, how­

ever, in the energy range of the spectra, i.e. for 1231

the internal conversion electrons are of much greater

energy than for 1251 , and secondly in the frequency of

electron emission per disintegration which for 1251 is

between 50 - 100% higher than for 1231 . This higher fre­

quency of electron emission for 1251 is the result of the

high internal conversion probability for this isotope,

( see table 1, section 3.2.1 j.

4.1.3 Photon energy spectra

In the process of radionuclide decay it is the

emission of electrons which are responsible for the high

local energy deposition around the decay site. However

photons are also released and although their contribution

to the loeal energy deposition is negligible the proper­
ties of the photon spectra for 1231 and 1251 are mention­

ed here for completeness.

The average number of photons emitted per disinte­

gration for 1231 is only 1.86 and for 1251 1.69, i.e. very

low in comparison to electron emission. However, it is

still possible to calculate average individual photon
energy spectra for 1231 ( figure 12 ) and 125

1 ( figure

13 ) with sufficiently large numbers of Monte-Carlo his­

tories. Both spectra consist of two distinguishable com­

ponents. Firstly, the gamma-ray component ( from the al­

ternative decay mechanism to internal conversion) which
for 123r represents an intense line at 159 keY together
with a series of higher energy lines of low probability

due to decay from the various metastable tellurium levels

whereas for 1251 there is only a single line at 35.4 keY.

Secondly there is the same characteristic X-ray spectrum

from tellurium due to inner shell transitions after elec­

tron capture or internal conversion. The higher intensity

of this part of the spectrum for 12 51 ( by about 75% )
results from the greater internal conversion probability,

which induces more inner shell vacancies and hence photon
transitions for 1251 2han 1231 . -
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4.1.4 Energy fractions

The total energy emitted in radionuclide decay is

equal to the sum of the energies of all emitted particles

plus the potential energy remaining in the form of charge
on the daughter atom. In the beta decay processes not all

the energy released potentially contributes to the ab­
sorbed dose since a certain fraction of the decay energy

is emitted as neutrino kinetic energy. Therefore in this

work the total energy per decay refers to the sum of the

energy depositing components i.e. electrons, photons and

potential energy.
From the simulation of 10,000 disintegrations per

Lso tooe; the average values for the energy per disintegra­

tion emitted in the form of electron and photon energy as
well as average potential energy of the multiple charged

atom were calculated. The values are tabulated together

wi th their sum, -::the 'aye rage total energy release per de- ,
cay, in table 4.

The results show that a greater average electron
energy, E, is emitted per disintegration for 1231
( 27.62 keY) than for 1251 ( 18.1 keY) although the
average number of electrons per decay, n, is lower for
123 - - 123I. The average photon energy per decay, P, for I is

also larger. Both result from the higher nuclear excita­

tion levels of tellurium involved in the decay of 1231
where the emission of high energy gamma-rays or internal

conversion electrons considerably weight the calculated
averages.

Lastly a small fraction of decay energy remains
as potential energy on the atom. The average potential

energy per decay, IF, is proportional to the average
charge, q, produced on the atom by the vacancy cascades.

This energy is equal to the SUJl o:fthe, ionizationpoten-

tials for a tellurium atom' of charge q. For 1251 where more
electrons are emitted per decay, the average potential

energy produced is 2.1 keY, whereas for 1231 it amounts
to slightly less than 1 keY.
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4.2 Iodine-12J and iodine-125 incorporated in a medium

4.2.1 The neutralization process

The discussion in 4.1 considered the decay of the

iodine radionuc1ides as isolated atoms, i.e. where the

process of atomic de-excitation remains uninfluenced by
any enviromental charge exchange effects. For radionuclide

incorporation in biological tissue the build-up of posi­

tive charge during a vacancy cascade produces an increa~l.

singly strong attractive Coulomb force on electrons in

surrounding atoms of the medium. Electro~s from neighbour­

ing atoms will then be torn from their bonds to neutra­

lize this charge build-up on the tellurium daughter atom.
For this work a simple charge neutralization model

was applied in which it was assumed that at all times
a sufficient number of free or weakly bound electrons

available to ranidly neutralize charge arising on the tel­

lurium atom. This assumption is perhaps more suitable for

a radionuclide incorporated in a condensed medium rather
than a tynical biological one. Nevertheless the condensed
phase model used is representative in the sense that the

charge on the tellurium will eventually be dispersed in

a biological medium also. Both sets of calculations for

the isolated radionuclide and the condensed phase model

represent two extremes i.e. the bounds between which a

real situatjon will lie.

The neutralization code works as follows. The.
charge on the tellurium atom is recorded throughout the

vacancy cascade. Once this charge becomes greater than +1
an electron from the medium is assumed to be drawn by the

charge on the tellurium into the outer orbital region of

that atom, thus becoming able to participate in Auger

transitions within the tellurium atom itself. The transi­

tion probabilities for tellurium are then so adjusted

that transitions to inner shell vacancies from the outer­

most shell ( which are proportional to the number of elec­

trons in that shell) become increasingly more probable.
The consequences of this neutralization are the subject of
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the next section.

4.2.2 Influence of neutralization on electron number

The effect of charge neutralization during a tel­

lurium vacancy cascade significantly increases the num­
ber of electrons emitted per disintegration. This is be­

cause for an isolated radionuclide the outer shells of
the atom become depleted during the cascade thus conti­
nually reducing the number of possible transitions, where­
as with neutralization the source of outer shell electrons
is never depleted, being constantly replenished by elec­

trons from the medium.
Electron number distributions for both 1231 and

1251 calculated using the assumptions of the condensed
phase model are given in figure 14. The average of the
distributions, n, are 12.3 for 1231 and 21.1 for 1251 in
comparison to 8.9 and 13.2 respectively for the isolated
atom calculations ( table 3 ).

The effect of neutralization on the electron number
distribution is more clearly sho~n in figure 15 where a
comparison is made between 125

1 as an isolated atom, in
condensed phase and in the form of methyl iodide 13. The
broadness of the distribution as well as the average elec­
tron emission number n depends on the maximum number of

participant neutralization electrons.

4.2.3 Electron number, electron energy and their frequency

The effect of charge neutralization is not only to
increase the number of Auger electrons emitted per dis­
integration but also the electron energy ller&isintegra­
tion. Because the photon energy remains unaltered irres­
pective of phase,14 the increase in electron energy comes

from a transfer from atomic potential energy.

13 In the case of methyl iodide the extent of charge neu­
tralization is limited by the number of electrons ava­
ilable on the ligand ( see section 4.3 ).

14- Radiative transitions occur in general only between
inner shell orbits and then at a time before any charge
build-Up.
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Table 3

Average number of electrons emitted after electron capture
and after the complete decay of 12 31 and 125r

-

n
Iodine-123 Iodine-125

[first full first I full

r I,cascade decay cascade decay ,
Isolated atom 7.9 8.9 I 7.8 r 13.2
P~ethyl iodide 9.5

I
10.5 9.4

I
15.4

Condensed phase 10.5 12.3 10.4 21.1 I
! I! ! I

Table 4

Average electron, nhoton and potential energy following
the decay of 1231 ~nd125I

1-1
&1
!

e I
5

42.,+

61.4

-t-1. :J

1.8
61.4

168.'7168.0

196.36

168.v
0.74

196.36

Iodine -123
i

Iodine-125i,

I i ~ " DilIsola- Conden- Dill- Isola- Conden-:
~ Ited sed man & I ted
"

sed ~ man
atom

,
atom

~

phase VanI phase I ~an derl ,
i

I .Lage I

•

! der
, ! Lag
I I,

I,-
27.62 28.36 I 28.25

I
18.1 19.9 19.

I~ I ,
J. r: i , ,. ! Jrv ~

E = average electron

P = average photon energy per disintegration
IF = average potential energy of the atom per disintegra­

tion

T = average total energy released per disintegration

In the condensed phase model, since the total charge on
the tellurium is neutralized the entire potential energy
of the atom is released in the form of additional low
energy electrons.

Average values of the electron energy for 1231 and
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Figure 14-

Comparison of the electron number distributions for 1231
and 1251 .
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l25 r ( condensed phase calculations ) are given in table

4. The effect of neutralization on the electron snectra

is to increase the intensity of the low energy Auger and

coster-Kronig electrons.
For energy deposition calculations statistical in­

formation about the number of electrons and the amount of

electron energy released for single disintegrations is re­
quired. This information is presented for 10,000 simulated
decays of l23 r and l25r in form of a 3 dimensional plot

of frequency against electron number and energy ( figure

16 and 17 ). For example if in the first cascade 8 keY is

emitted as electron energy distributed among 10 electrons,

then the first point would be ( 8, 10, 1 ) where the z co­
ordinate renresents the frequency of occurrence of this

event. The index z is increased by one each time a decay

is reneated in which 10 electrons are emitted carrying an

energy of 8 keY. Figures 16 and 17 give therefore a rela­
tive frequency distribution of the different decay possi~

bilities for l23r and l25r respectively.

The data in both granhs are arranged in various

discrete groups renresenting the most probable de-excita­
tion pathways through the tellurium atom after the decay
of l23r and l25r. The highest energy group corresponds to

those disintegrations in which the maximum electron energy

is emitted, i.e. a double cascade with no fluorescence

es~ane. The lower groups arise from both single and double

cascades with various possible combinations of escane

peaks, e.g. a single cascade with and without X-ray fluo­
rescence escane, a double cascade with fluorescence escane

in a single or in both cascades 1 electron capture in the
L shell and a second cascade or gamma emission instead

etc.

Such a representation of the data although relati­
vely comnlex gives a more realistic picture of that to

which the immediate enviroment of a decaying radionuclide

is exposed. rndividual cases can vary enormously but it is

the individual spectra which lead to the biological ef­
fect.

The average values for the number of electrons and
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Figure 16 ( previous nage )
3D histogram for 123 r of the relative frequency for the

emission of ~ electrons with an energy E per decay.

Figure 17
3D histogram for 125r of the relative frequency for the

emission of M electrons with an energy E per decay~

125 - Io<:iine

i
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-the electron energy ner disintegration, nand E, may re-

nresent a completely untypical disintegration. For the
case 123I , not even a single disintegration in 10,000
produces an electron number or energy which approximates

the average value n=12.3, E=28.36.
In conclusion it has been shown that considerable

care must be taken when using average values for energy

denosition calculations from the decay of radionuclides

since the resnonse of a biological system will depend on

the characteristics of the individual decays.

4.2.4 Energy denosition events around a decaying iodine

radionuclide

Each individual disintegration produces a number

of electrons M of energies El to EM' These electrons con­
verge from the decay site ( almost a point source) and

undergo a series of interactions with the medium until

their energy is reduced to the point where they are no

longer able to nroduce any further ionizations or exci­

tations, Using the electron energy data from individual

decays track structure calculations can be performed giv­
ing the spatial structure off energy deposition events in

the medium.

Figure 18 shows an example of the electron tracks

nroduced by a disintegration of iodine in which 13 elec­
trons were emitted 15. l~ The centre of the picture is the

position of the iodine. The concentric circles around the

source denict a logarithmic scale with the inner ring en­
closing all events which occur within a one nanometer ra­

dius of the iodine atom. The ionization events are renre­
sented by squares, the excitations by crosses. The biological

effect is the result of a chain of processes which begin
with the ionization and excitation events such as those

15 Calculation of electron tracks performed by H.Paretzke,
GSF Neuherberg, Munchen

16
In figure 18 the 3 dimensional track has been projected
into a 2 dimensional plane
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in figure 18.

4.3 -The case of the molecule: a test of-the Monte-Carlo
calculations and the neutralization model

4.3.1 The Carlson and White exneriment with CH 1125
3

So far the results have been presented for the ra­
dioisotopes 1231 and 1251 as isolated atoms and in the
condensed phase. The average electron and photon energies

obtained are in close agreement with the values of Dill­
mann and Van der Lage ( table 4 ). However, a further im­
nortant test would be with regard to the number of elec~,

trons emitted and the charge remaining on the tellurium
daughter atom.

Fortunately some experimental data is available
from Carlson and White. 1963. who measured the charge dis­
tribution on the molecular components of CH

11
125 after

the decay of 1251 . They found the decay of 251 extremely

molecularly destructive, only 1% the molecules remaining
intact after the decay. Using a snecially designed mass

spectrometer they were able to measure the charge abund­
ance of the various ionic fragments. The charge distribu­
tion they obtained on the tellurium daughter is shown in
figure 19 in comparison with the results from Monte-
Carlo calculations with a neutralization treatment now
to be described.

4~3~2 Calculation of the charge distribution on the
tellurium after decay of CHJ1

125

The process of neutralization when a radionuclide
is bound to a molecule is different from the condensed
nhase situation in two ways. Firstly the charge build-up
on the tellurium atom is not dispersed into a medium but
becomes shared with the ligand. This means that a cer­
tain balance is maintained between the positive charge on
the tellurium atom and the rest of the molecule. Secondly
since a positive charge builds up on both the tellurium
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and the ligand eventually the molecule will fragment due

to charge renulsion and the source of neutralization elec­
trons for the tellurium ion will be cut off.

In the calculations presented here for CHJI
125 the

neutralization programme was modified to consider both the
above mentioned points in the following way. Once the
charge difference between the tellurium atom the ligand

is greater than one a neutralization electron is trans-
ferred from the ligand to an outer shell of the tellurium.
For example at the start of the vacancy cascade the charge

9n the molecule is zero. The charge then begins to build­
un on the tellurium. When it reaches +2 an electron is
transferred from the ligand to maintain a charge balance
on the molecule. The charge is now distributed on the
molecule being equal to +1 on both tellurium and ligand.
Further charge build-up occurs on the tellurium until +J
when the charge difference is again two, therefore once
again there is neutralization and so the process repeats

until at some point the molecule ruptures. This cut-off
criteria defining the maximum number of electrons which

can be used for neutralisation before molecular fragmen­
tation has been set-at a constant value of 7. Although
the methyl group CHJ consists in total of 9 electrons,
( 6 associated with the carbon atom and 1 with each
hydrogen atom ) the 2 inner shell Is electrons of carbon
were assumed not available to particinate in any neutra­
lization.

This neutralization model is of course a very
simnle representation of what in reality is an extremely
complex process. Nevertheless the results thereby obtained
for the charge distribution on the tellurium are in extre­
mely good agreement to the experimental distribution
measured by Carlson and White ( figure 19 ). The peaks of
both distributions differ by a charge of only one i.e. in
the programme neutralization is slightly overestimated.

However the averages of the distributions are in close
agreement, the Monte-Carlo calculations yield 11.1 to
Carlson 11.J. Attempts to improve agreement by the use of
an alternative cut-off limit to 7. such as 6, or to use a



variable limit determined by a binomial function, did
not improve agreement.

Further tests of the programme calculations were
nerformed with data for photoelectric induced inner shell
vacancies in the iodine of methyl iodide for which also~

experimental data is available. This is a more appropri­
ate test since in this case there is only a single cas-
cade in an iodine atoffiG Since the details of photoelec-
tric induced vacancy cascades is primarly the subject of
Part II of this thesis, to avoid a lack of continuity
these results and their comnarison with experiment are
nresented in annendix c5.

Figure 19

Comparison of the charge distribution on tellurium
following the decay of CH

JI
125 with the experimental

results of Carlson and White.
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5 The radionuclides iron-55 and copper-64

The decay schemes of 55Fe and 64 Cu were discussed

in section 1.1 and the general method of computation of
the electron and photon spectra the subject of section J.

This chapter will therefore be devoted to a presentation

and discussion of the results obtained from calculations

for these two isotopes. Section 5.1 is concerned with the
number of electrons and photons emitted per disintegra~

tion and section 5.2 concentrates on their energies.

5.1 Electron and photon numbers

5.l.1 Iron-55

The radioisotope 55Fe decays 100% by a single elec­

tron capture pathway to the ground of manganese. The elec­

tron and photon output data are therefore the result of a

single electron capture induced vacancy cascade. The num­

ber of electrons which can be released in a single disin­
tegration of 55Fe ranges from 0 - IJ and the average num­

ber released per disintegration n amounts to 4.75 elec­

trons. A frequency distribution of the electron number
for 10,000 ~onte-Carlo simulated disintegrations of 55Fe

is given in table 5 and in figure 20 in graphical form.

Most notable is that the number of electrons re-·
leased after the decay of 55Fe is far less than for 12JI

l?.c::
or ~-/I, even if the comparison is made with the results

of the first cascade only. This results from the smaller

size of the iron daughter manganese ( atomic number 25 )

with filled orbitals up to the Nl sub-shell. The iodine
electron capture daughter tellurium possesses over twice

as many electrons ( atomic number 52 ) and has electrons

in orbitals UP to the OJ sub-shell. It is the Coster-Kro­
nig transitions between the outer sub-shells which pro­

duce a significant rise in the electron emission intensi-
~---s-

Also the effect of chemical phase is important for

the electron emission spectrum of an iodine radioisotope,
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yet for 55Fe and 64 cu the influence of neutralization is

very small ( the difference in the average electron num­

ber n between the isolated atom and the condensed phase
is a mere fraction of an electron ). For this reason all

results presented in this chapter are for the condensed
phase situation i.e, the case of radionuclide incorpora­

tion.
Finally the average number of photons emitted per

55Fe disintegration is 0.26. This results from the pro­

duct of the fluorescence yields of the K and L shells for

manganese (W K = 0.308 andw
L

= O,Oll, Krause, 1979) to

the probability of electron capture in those shells ( see

table 2, section 3.2.1 ).

5,1.2 Copper-64

64The average number of electrons released per Cu

decay is determined by two factors. Firstly in 41.1% of
the disintegrations decay is by electron capture resulting

in a statistical distribution in the number of emitted

electrons. Secondly the other 59.9% of the disintegrations
are by beta decay where just one electron is emitted. From

Monte-Carlo calculations an average number of Auger elec­

trons 3.9 per electron capture event was obtained. There-
64fore the average number of electrons per Cu decay is

( 3.9 x 0.411 0 ~ ( 1.0 x 0.589 ) which equals 2.2. The
frequency distribution of the number of electrons emitted
for 10,000 simulated decays of 64 cu is given in table 5

for comparison with 55Fe and again in figure 20 in graphi-

cal form v The large nu~ber of disintegrations in which
only one electron is emitted is predominently the result

of the beta decay component.
The photon emission frequency for 64 Cu is deter­

mined primarily by the number of X-ray transitions in the

nickel daughter atom when decay is by electron capture

and amounts to 0.137 photons per decay.Not all the elec­
tron capture decays of 64 cu h~wever fall directly to the

ground state but a small fraction 0.006 arrive at a high­

ly excited metastable level of nickel. Therefore to the
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Figure 20
Electron number distributions for 55Fe and 64 cu.
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photon number there is a

tion ( 0.006 TIer decay
of the nickel nucleus.

small additional gamma contribu­
accounting for the de-excitation

Table 5
FreQuency TIer 10,000 disintegrations of the electron emis­
sion number for 55Fe and 64 cu in condensed phase.

,

T
-

Iill 55Fe 64('vu
-- --

3 I0 0
1 706 6498
2 864 584
3 1552 781
4 1427 628
5 1778 599
6 1521 I 432
7 1110

I
278

8
I

624 126
9 253 49,

10 I 113 16
11 I 37 5
12 I 9 4
13 j 3 : 0,

t

5.2 Electron and photon energies

5.2.1 Iron-55

The electron and photon energy contributions for the

decay of 55 Fe are the statistical result firstly of the

probability of electron capture in the various electron

orbitals ( this determines the maximum energy ejected in

a vacancy cascade ) and secondly the course of the vacan­

cy cascade TIrocess itself. The average total energy re~

leased TIer decay of 55Fe has been calculated from 10,000

simulated disintegrations and amounts to 5.70 keY ( see

table 6 ). This total energy released is composed of the

energy emitted in form of Auger electrons and from X-ray
photons. From calculations the average energy released as

Auger electron energy per decay is 4.04 keY and as X-ray

photon energy 1.66 keY per decay ( table 6 ).. Important

is, for the biological enviroment, that a greater propor­

tion of the electron capture decay energy for 55pe is
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per electron capture event

emitted in for~ of Auger electrons i.e. shott range den­

sely ionizing particles and only about 30% as photon ener­
gy.

Once again as for 12J r and 125r in order to visua­

lize better the number of electrons and the electron ener­
gy released for 10,000 individual 55Fe electron capture
events a 3 dimensional renresentation of frequency versus
electron number and energy is presented ( figure 21 ).

This figure shows the statistical distribution of the
electron snectra to which the local medium around an in­
corporated 55Fe radionuclide is subject. For 55Fe three

discrete electron energy groups are distinguishable :
between 5.5 - 6.6 keY corresponding to electron capture

in the K-shell followed by a completely non-radiative de­
excitation of the atom, between 600 - 700 eV correspond­
ing to either electron capture in the L-shell or K-capture
with KL fluorescence escane and finally a very low proba~

bility groun between 35 - 55 eV from electron capture in
the M-shell or K-canture with KM fluorescence escape.

The photon spectrum for 55Fe consists of the

characteristic X-ray snectrum for the iron daughter man­
ganese and is basically only the K~ and K~ lines of that
element, ( average photon energy per decay 1.66 keV ).

Table 6

Data for the decay of iron-55

I .
I

Average No. of Auger electrons per electron capture

4.75
IAverage Auger electron energy

I~ .04 "". ,
jAVerage pnocon energy per electron capture event
1. 66 keY

Average total energy emitted ner electron capture event
5.70 keY
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Figure 21

3D histogram for 55Fe of the relative frequency for the

emission of M electrons with an energy E per decay .
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3D histogram for ~Cu of the relative frequency for the
emission of M electrons with an energy E per decay.
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5.2.2 Copper-64

64The electron and photon spectra for eu are slight-

ly more comulicated than for 55Fe since both are composed
of two components. For 64 Cu the electron spectrum consists

of the relatively low energy Auger electrons which are

emitted when the copper decays by electron capture ( 41.1%)

together with a beta spectrum produced by the other 53.9%
of the decays. The average Auger electron energy per elec­

tron capture induced vacancy cascade has been calculated
as 4.68 keY and the average beta energy 218.2 keY. This

data has been combined as in table 7 to give the average
total electron energy ner 64 Cu disintegration. However

an average electron energy per disintegration for a radio­

nuclide with a branched decay scheme can for energy depo­

sition purposes lead to a misleading estimation of the

radiotoxicity of such a radionuclide. Therefore once
again a 3 dimensional renresentation of 10,000 64 Cu dis­

integrations of electron number and energy against decay
event frequency is given in figure 22 demonstrating the

wide variation in electron energy release from such a
radionuclide. The discrete energy groups below 10 keV are

the result of decays by electron capture and the conti­

nuous spectrum between 118 - 600 keY the combined elec­
tron-positron spectrum.

As mentioned above the photon energy spectrum 64 cu
also consists of two components ; the characteristic

X-ray spectrum of nickel ( average energy 3.1 keY ) plus

a 1.346 MeV gamma photon due to de-excitations of 0.6%
of nickel nuclei. The two together yield an average pho­

ton energy per decay of 9.35 keY ( table 7 ).
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Table 7
Data for the decay of copper-64

Electron caDture events ( probability 0.411 ) -
Average no. of Auger electrons per electron capture event

3.9
Average Auger electron energy per electron capture event
4.68 keY
Average photon energy per electron capture event
3.1 keY
Average gamma energy per electron capture event

19.65 keY
Beta+ - Beta- events ( probability 0.589 )
Average no. of betas Der beta event
1.0

Average beta energy Der beta event
218.2 keY

The data given above are now combined to give values per
disintegration 0

Per disintegration
Average no. of electrons

3.9 x 0.411 + 1.0 x 0.589 = 2.2
Average total electron energy

4.68 x 0.411 + 218.2 x 0.589 = 130.4 keY
Average total photon energy
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6 Calculation of the energy deposition from Auger

emitting radionuclides

A Monte-Carlo programme was developed to calculate

the Auger electron energy spectra emitted from individual
disintegrations of the radioisotopes 1231 , 1251 , 55Fe and

64 Cu . 10,000 decay spectra were recorded on magnetic tape

for each isotope. These spectra were used to calculate the

energy deposition for a homogenous source distribution in
spherical volumes of variable diameter between 1 nm and

10 jum.

6.1 Energy imparted, lineal energy and their averages

In the
imparted E to

mation of all

new 1CRU report on ~icrodosimetry the energy
matter in a volume V is defined as the sum­

individual energy deposits E. in that volume.
c l

E = .2::E.
l l

(14 )

In figure 23 a volume V is illustrated in which a
radioisotope has been randomly placed ( incorporated l.
As a result of the decay of this radioisotope electrons

and photons are emitted which create ionizations, i.e.

deposit energy, both within the sensitive volume V and

outside of it. As given by equation 14 the energy impar­

ted in V is the sum of the individual energy denosits
within V.

Figure 23

Schematic diagram of the radionuclide 1231 decaying
within a sensitive volume.
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Inherent in the statistical nature of

tial distribution of the radionuclide

certain statistical fluctuation in the
the volume V. The mean energy imparted

radionuclides is then,

= ~ 2:
n

E6. n x=l x

decay and the spa­

in V, there is a
energy imparted to

for n decaying

(15)

A further important quantity in microdosimetry is

the lineal energy y which is defined as the ratio of the
energy imparted in a volume V to the mean chord of the

volume 17 ( ICRU Microdosimetry ).

Ii:
Y = d

(16 )

Like energy imparted, 6, the lineal energy is also a sto­
chastic quantity, i.e. is independent for each decay. Por

n source decays the mean lineal energy is,

n

"
1 2:-,)'P = x=lnl

E-
x (17)

~here yp is denoted the frequency-mean lineal energy and

1 is the mean chord length of V.

6.2 Calculation of <Sf and YP

The calculation of the ~ean energy imparted and

lineal energy for a homogeneous radioisotope distribution

in a spherical volume V, mean chord length 1, has been per­
f'or-med with the aid of Bergers point kernel data. A 'point
kernel is a differential function representing the distri-

bution of absorbed dose
electrons as.a function

to assist interpolation

the mean

around isotrouicnointsources 01
_L __ ,1. . .- _

of distance from the source, where
the di~'tance is scaled in terms of

17 The mean ch~rd length of a snherical volume is 2/3 d
where d is the sphere diameter ( ICRU Microdosimetry ).
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( c.s.d.a. ) 18 range r o at the source energy Eo ( Berger

1973, Berger 1974 ). The mathematical definition of a scal­
ed Doint kernel F(r/ro' Eo) as given by Berger is

(18)

where p(r, Eo) is the fraction of emitted energy Eo ab­
sorbed per unit mass of'the medium in a spherical shell
between rand r+dr and 4Jtr2dr~ is the mass of the spheri­
cal shell. Then the fraction 6/Eo(d, Eo) of emitted ener­
gy absorbed in a sphere 19 of diameter d is given by the

integral over the Doint kernel between 0 and d multiplied
by the geometric r~duction factor 20 -

E
E (d, E ) = ;hId

oroo
[ 3(r)" l(r) 3J Ir1 - Z a + 2 d F IF '

o
E \ droj (19)

Berger 1974, has given a tabulation of e/Eo for
electron energies from 0.5 keV - 10 MeV and for site dia­
meters from 2 - 14t2m. Using the data of Berger, Charlton

et al 1978, have plotted e/Eb as a function of R/f ( 95%
electron range in proportion to the volume mean chord
length) and made a best fit with third order polynomials

in 3 sections.

(20)

where

Co = 1.000582435, c1 = 0.517285702, c2 = 0.281280963,
c3 = 0.135740727 for 0 ~ R/T ~ 1;
c A = 2.326798619, c1 = -2.48168182, c2 = 2.485804861,

v

-0. J6!+732844 for 1 ,<'
j- 3;c

3 "" L "" R/l ~

Co = -2.23591098, c1 = 3.35376742, c2 = 0, c
3

= 0
for 3 ,,; R/l ~ 30

In Bergers notation c/Eo (d, Eo) is written A(d, Eo).
The geometric reduction factor, U(x), for internal '
source randomess in a sphere is [1-3/2 (r/d)+1/2 (r /d)3]
Kellerer 1981.

18
c~s~d.a. continuous slowing down approximation.

19
20
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The value of E~ and YF can then be calculated for

each radioisotope separately by summing over all the sto­

red individual decay spectra.

~
E· Ee = -'F E 0

0

and

YF = ~i~i Eo
1 0

(21)

(22)

6.3 Results of energy deposition calculations

When considering local energy denosition the influ­

ence of chemical phase is once again important. Of prime

concern in radionuclide incorporation are the results for
the condensed phase situation where the potential energy

build-up on the decaying atom is rapidly dispersed in the

medium in the form of additional electron energy. For the

isolated atom the charge produced on the atom following a
vacancy cascade can represent a large potential energy

which since located at the site of decay represents a con­
siderable contribution to the local energy deposition. How­

ever the case of the isolated atom is rather artificial
since by definition no molecular damage can be produced.

Nevertheless a certain charge build-up may occur when the

radionuclide decays in a medium in which electron transport

is difficult, with the potential of producing severe local

damage to the immediate enviroment. Damage from the charge

effect differs from that nroduced by Auger electron energy
denosition in that it occurs directly at the site of incor­

noration whereas Auger electrons can produce molecular dam­
age at some distance from the decay site.

To be discussed here are primarily the results for
the condensed phase situation i.e. the Auger contribution
to energy deposition. However for both radioisotopes 1231
and l25r isolated atom data is given with the inclusion of

the atomic notential energy remaining at the decay site.

In tables 8 and 9 and graphically in figures 24 and
25 are given the results of calculations for the mean
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energy deposition Ep for 123r, 125r and 55Fe, 64 cu respecti­

vely ( condensed phase) in site diameters from 1 nm ­

10/um.Also given are the standard deviations of E as a
measure of the broadness of the energy deposition distribu­

tion and the frequency mean lineal energy YF in units of

keY/fum.
The local energy deposition is highest for 125r at

all site diameters ranging from 113 eY at a site diameter

of I nm i.e. biomolecular dimensions, to nearly 12 keY at

IO/um i.e. the order of magnitude of a cell nucleus. The
energy deposition ner 123r decay is only about one half

that of 125r in site sizes to 10/um. However the distribu­

tion of E for 125r is broader as can be ascertained from

the higher standard deviation about the mean energy deposi­
tion for this isotone.

The average energy deposition per 55Fe or 64 Cu dis~
integration is considerably smaller than for the iodine ra­
dioisotopes. For 55Fe 6~ is 24 eV for a 1 nm site diameter

~ 64
and goes un to 3.81 keY for a diameter of 10 /um .. 'For Cu
cF is even smaller being only 3 eV for 1 nm and 2.861 keY

for-IO/um site diameters respectively. The influence of the
copner beta rays is to produce a much broader energy depo~

sition distribution for this radioisotope where the stan­
dard deviation of E is even greater than its mean value

at the smaller site diameters.

For all cF values the corresponding YF's are also

given calculated by mUltiplying the EFvalue by the mean

chord length of a sphere ( 2d/3 ).

rn table 10 and then graphically in figure 26 iso­
lated atom data for the radionuclides 123r and 125r is

also presented. For each site size the electron energy de~

position is given separately togeth~r with the total energy
deposition i.e. the electron contribution plus the average

potential energy of the remaining charged atom ( 0.74 keY
for 123r and 1. 8 keY for 125r ).
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Table 8
Energy deposition data for 1231 and 1251 condensed phase

r.rodine-123 Iodine-125· -

d~um er/keV 0E. I -1 Er/keV ctE. Yp!keVum-lYF" keVum

I
0.001 0.066 0.035 99. 4 .0.113 0.038 169.3
0.0018 0.123 0.066 104.0

I
0.211 0.072 177.9

I0.0032 0;202
16:U§ 95.9 0.347 0.12'3 164.6

0.0056 0.301 80.2 I 0.517 0. 188 1 137.8
0.010 0.423 0.238 63.4 0.729 0.267 109.3
0:018 0.604 0.335 51.0 1.046 0. 3721 88.21
0.032 0.879 0.475 41.7 1.531 0.521 72.63
0.056 1.158 0.624 30.89 2.045 0.683 54.56
0.100 1~406 0.768 21.09 2.540 0.847 38.11
0.178 1.722 0.968 14.53 3.226 1.088 27.21
0.316 2.279 1.339 10.81 4.537 1.557 21.52
0.562 3.023 1.839 8.065 6.487 2.226 17.30
l.000 3.600 2.250 5.401 8.099 2.791 . - 12.15
1.778 3.994 2.566 3.369 9.178 3.198- 7.742
3.102 4.297 2.872 2.038 9.948 3.548 4.718
5.623 4.639 \3.355 1.237 10.712 4.079 2.856

10.000 5.214 4.397 0.782 11. 914 5.324 1. 786

Table 9
55 64-Energy deposition data for Fe and Cu

o.OW/I lj. .lj.ZZ
0.070 3.924
O ....... "< ... n"'1.. J.L ......

1

.) <> 7 1 ""-

0.229 4.135
0.3461 3.508
0.446 ~.576
0.5581 1. 802
0.752 1.409
1.152 1.203
1.811 1.056
2.375 0.808
2.826 . 0.583
3 "6" 0.4.29• .J ./ '.

0. 029 1
0.047 1
" flQ41

0:1551
0.234J
0.305
0. 389 1
0.528
0.802
1.252
1.703
2. 184 1
2.861·

22.52
19.34
,- 6"..Lt)" (
16.27
11.81

7.96
5.41
4.08

-).37
2.48
1.61
0.976
0.572

\
D.• 062\
0.092

I O~156i
I 0.243,

\
0.324
0.410

1 0.543
0.844
1.416
1.969
2.333
2.549 1
2. 671 i

\
0 . 150
0.229

II O,,3~40.61.0

1
0 . 787
0.944

11.140
1.528
2.248
2.944

1

3 . 395
3.660

1)·810

..
II 55Fe 64Cu

I ~/keV
. -1

dl,um 6E. / -1 ~keV 6~ YF!keVulllYF' keY fum,
0.001 1°·024 0.011 35.56 0.003 0.006 5.124
0.0018 0.047 0.021 39.26 0.007 0.011 5.554
0.0032

1
0 •077 0.034 36.32 0.012 0.021 5.765

,0.0056 ,0.108 I 0.047 28.92 0.0~9, 0.033 ?'~2~

1
0 .010
0.018
i00032
10.056
0.100
0.178
0.316

1

0. 562
1.000

11.778

1
3 . 102
5.623

'0.000
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Table 10
Energy denosition data for 123r and 125r isolated atom

- . - .

rodine-123 rodine-125
; 21d/ um €f/kev it-r /keV C,,/keV E,/keV

0.0010 0.042 0.782 0.068 1.868 I
0.0018 0.081 0.821 0.131 1.931 I

0.0032 0.145 0.885 0.234 2.034 I
0.0056 0.233 0.973 I 0.379 I 2.179
0.0100 0.368 1.088 I 0.576 2.376
0.0181 0.525 1.265 , 0.885 2.685
0.032 0.797 1.537 I 1.366 3.166
0.056 1.076 1.836

I
1.878 3.678

0.100 1.324 2. 064 . 2.374 , 4.174
0.178 1.642 2.382 3. 067 I 4.867
0.316 2.202 2.942 I

4.398 6.198
I

I

0.562 2.952 3.692 6.380
! 8.180

1.000 3.533 4.273
I

8.019 9.819
1. 778 3.929 4.669 9.113 10.913
3.162 4.233 4.973 I 9.890 11.690
5.623 4.575 5.315

I
10.654 12.454

10.000 5.147 5.887 11. 847 I 13.647

21 €T/keV is the total energy deposition including noten­
tial e~ergy remaining on the charged atoffi o

Figure 24
Mean energy denosition E~ for 123r and 125r ( condensed. ~

phase) as a function of the sensitive site diameter.
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Figure 25
Mean energy denosition ~p for 55Fe and 64cu f condensed

phase) as a function of the sensitive site diameter.
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Figure 26
123 12'Mean energy deposition Ep for I and .:Jr as isolated

atoms as a function of the sensitive site diameter; the
electron contribution and the electron with potenial

energy contribution.
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PART II

AUGER ELECTRON EMISSION INDUCED BY THE PHOTOELECTRIC

EFFECT
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7 Photon interactions in matter

Electromagnetic radiation in the energy range bet­

ween 0 ~ 1 MeV interacts with matter by one of the three

principal mechanisms.
1. Photoelectric effect
2. Compton or inelastic scattering

J. Raleigh or elastic scattering

The first results in a total absorption of the photon ener­
gy. the second in only partial absorption and.a change in

the photon direction and the third to only a change in pho­

ton direction with no energy absorption.

7.1 Photoelectric effect
The predominant form of photon absorption in biolo­

gical media at energies below 200 keY is by photoelectric
interaction. In a photoelectric interaction the incident
photon energy h~ is totally absorbed by an atomic electron,

binding energy Be' which as a result is ejected with a ki­
netic energy T where

(2J)

The emitted photoelectron, can only be released from a

shell for which hv > Be'
A monoenergetic photon flux incident on any element

Z will interact predominantly with electrons in the most
""strongly bound shell for which h~ > Be'~~

For example, for photons of energies above the K shell

binding energy about 80% of the photoelectric interactions
occur with K shell electrons and only 20% with all other

shells. The distribution of inner shell vacancies produced
by photoelectric interactions is important for determining

the subsequent de-excitation steps in the atom and will be
treated in detail in section 11.2.1.

22 This results from the principle of conservation of mo-
mentum where the more weakly bound an electron. the less
probable energy transfer becomeso
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Once an inner shell vacancy has been produced in an

ato~ a vacancy cascade process proceeds in the sa~e way as

in electron capture or internal conversion decay ( see part
I ). Whereas Auger e~ission spectra are, for radionuclide

decay, characteristic of the de-excitation process in the

daughter product, for photoelectric interactions in a bio­
logical medium each individual spectrum depends on the atom

of interaction and on the incident photon energy.

For a single atom the probability of photoelectric
interaction is given by the photoelectric absorption cross
section 23 which depends on the atomic number Z of the

atom and on the photon energy hv in approximately the fol­
lowing way.

const. (24)

In reducing the incident photon energy the photoelectric

cross section increases very rapidly until the K shell
binding energy of the atom. If the photon energy is reduced
further, to energies below the K shell binding energy of Z,

there is a sudden decrease in the photoelectric cross sec­

tion due to the inability of photoelectric interactions

with the K shell, The discontinuous decrease in the photo­

electric cross section is referred to as an absorption edge

or more specifically, the K, L, M edge etc.

The photoelectric cross section also increases very

rapidly with increasing atomic number Z of the absorbing

substance ( equation 24 ), Since biological media consist

predominantly of low Z elements: hydrogen, carbon, nitro­
gen and oxygen, a selective absorption effect may be pos­

sible if a high Z element is incorporated within the low Z

medium. Therefore the problem under investigation was if
such an effect could have important consequences in the

case of high Z element incorporation in the sensitive tar­
gets e.g, DNA, of biological matter.

23 The photoelectric absorption cross section of an
given by the sum of the-photoelectric absorption
sections for the individual electron shells.
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7.2 Compton or inelastic scattering

In Compton scattering a nhoton interacts with a
lightly bound ( assumed free ) electron transferring a cer­

tain fraction of its energy to it. As a result the photon
undergoes a change in direction and a loss of energy. From

the principles of conservation of energy and momentum it is
possible to calculate a relation between the scattered pho­

ton energy, the energy transferred to the electron and the
scattering angle of the photon ( Evans 1955 ).

h ../
hv =

1

1 + hV2 ( 1 - cos $p )
mec

(25)

where hV' = photon energy after interaction

h v = incident photon energy

Gp = nhoton scattering angle

me = electron mass

and c = velocity of light
In the forward direction e p = 0 only elastic scattering

is nossible. The fraction of energy transferred increases
with the photon scattering angle, reaching a maximum at

1800
( back scattering ). At energies between 200 keY and

5 MeV Compton scattering is the predominant means of pho­

ton energy absorption in media. Further the probability of

Compton interaction with an atom is proportional to the

number of atomic electrons i.e. increases with increasing

atomic number Z. The Compton collision cross section, giv-

ing the probability of inelastic interactions, is defined
in section g e 4 .

7.3 Rayleigh or elastic scattering

Rayleigh scattering is a process whereby a photon

is elastically deflected from a tightly bound electron. In
this process no energy loss occurs therefore Rayleigh

scattering contributes_ only to beam attenuation and not to
energy absorption Which is of concern in dosimetry.
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The above effects account for the principal photon

interaction mechanisms at low photon energies ( below

1 MeV). Other interactions are either too infrequent,e.g.
Thomson scattering, or arise only at energies greater than
1 MeV, e.g. pair production etc.

7.4 Photon cross sections

When NO photons are incident perpendicular to an
absorber of thickness x, the number transmitted N is given
by the relation,

(25)

where jU is the linear attenuation coefficient and is a
measure of the photon beam attenuation per centimetre in
the absorber material.

A more fundamental quantity than the linear attenu­
ation coefficient is the mass attenuation coefficient de-
9" •
~lnea as the linear attenuation coefficient per unit dens~

ity (juj? ). This quantity has the advantage of being
independent"of the state of the absorber. The units of

(juj;D ) are usually given in cm2jg. The mass attenuation
coefficient has been defined for each photon interaction
mechanism separately. However before defining them here it

is important first to distinguish between absorption and

attenuation, During absorption a photon actually imparts,

( deposits) energy in the absorber, Attenuation is when

photons are removed from the primary beam by absorption
or by scattering.

The total mass attenuation coefficient (/ujp ) for
/ /

a photon beam incident on an absorber is given by the sum
of the mass attenuation coefficients for the individual
interaction mechanisms.

= t ~ ~+ - + -
P ??

(26)

where
~,

is the"IF
~ ,

is the~~
/

photoelectric mass attenuation coefficient

Compton mass attenuation coefficient,
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and ~1' is the mass attenuation coefficient for Rayleigh
scattering.

For low Z materials the nhotoelectric mass attenua­

tion coefficient (r~) and the nhotoelectric mass absorption
coefficient (~~) are apnroximately equal. In other words

each nhotoelectric interaction results in total absorntion
of the incident photon energy in the irradiated object. For
uhoton interactions in the K~shell of high Z materials the

equivalence of photoelectric attenuation and absorption
coefficients can no longer be assumed since the probability

of radiative transitions in the absorber atoms increases

together with the photon energies involved. This means

fluorescence escape from the irradiated target becomes less

and less negligible. For biological matter, consisting

primarily of carbon, nitrogen and oxygen, internal fluo­

rescence transitions are of very low probability ( < 0.01 )

and also of such low energy when they occur ( < 600 eV )
that in most cases they are absorbed within the sample.

The Comnton process on the other hand does not re­
sult in the total photon energy being absorbed in the tar­

get material. In this case the Compton mass attenuation

coefficient contains two components g the Compton mass ab­

sorption coefficient (~~) which relates to the actual pho­
ton energy lost to the absorber and the Compton scattering

mass attenuation coefficient (dsjo) giving the energy loss

due to photons being scattered out of the primary beam.

(27)

The Rayleigh mass attenuation coefficient (6,~) is

a small contributing factor and has been added for comple­

teness to the total mass attenuation coefficient in equa­

tion (26). Rayleigh interactions contribute nothing to the
absorption in the irradiated sample.

From the above, the expression for the total absorp­

tion coefficient (~"~) relating the incident photon energy

converted to electron kinetic energy is

-78-



(28)

So far only the cross sections for single elements

have been discussed. For a biological media ( or any chemi­
cal compound) comprising of several element constituents

the total mass absorption coefficient is equal to the sum
of the mass absorption coefficients for each individual

element i multiplied by their fraction per weight w present

in the medium.

w·. , (29)

Formula (29) enables the mass absorption coefficient
to be derived for target materials of interest in radiation

biology and dosimetry.
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8 Cross section calculations for biological and tissue

equivalent material

8.1 Description of the programme

A computer programme has been written to calculate

and plot the total mass attenuation and absorption coeffi­

cients for photons in the energy range from 100 eV - 1 ~eV

for biological and tissue equivalent media, on the basis

of equations (26), (28) and (29). As input data each ele­

ment constituent of the medium is given in percentage by
weight together with its atomic number Z and atomic
number fl..

The photoelectric attenuation coefficient for each
individual element is obtained using the following equation

t = 10a+blogE (:30)

in which a and b are interpolation constants obtained by

a least squares fit to the data of Veigele 197:3. The agre­
ement with Veigele' s data is better than 2% over the whole

range of interest. A library of interpolation constants
has been stored on magnetic tape in small files for those

elements of particular importance in tissue equivalent

materials. Each file of interpolation data is labelled by

means of the atomic number corresponding to the element

data it contains i.e. file 1 contains the data for hydro­

gen, file 6 for carbon etc. In this fashion it is possible

to address the data sets directly from the input condi~

tions. First the individual photoelectric mass absorption

cross sections are interpolated at the required energies.
Then using the analogous equation to (29) for (r/~ ) the
,tota.1:c~"hotoelectri c absorption coef~icient for the .nat­

erial of inter?Rt is calculated.

For}the Compton mass absorption, scattering and

attenuation coefficients the Klein-Nishina formulae were
used in the following numerical forms.
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= 2Jrr; [?(l+<I.) _ (1+3({) _ (1+,,) (2 ...2_2«_1)
2(1+2) (1+21X)2 ",2(1+20<)2

and

...L) In ( 1+20< ) J
2o,)

2em
electron

(31)

26 = j[rs 0
In(1+2o<)

'"0(../

2em

electron

where IX (32 )

with h~o = incident photon energy
2moc = rest energy of electron ( 0.511 ;.leV) -13

r 6 = classical radius of the electron ( 2.818xlO em )

The Compton mass attenuation coefficient is obtained
from the sum of the above two expressions. The units for

6 a • 6 and 6 in the above eq~ations are cm2/electron.
s c2To convert to em /g multiply through by the number of

atoms per gram. Since the Compton interaction is one with

atomic electrons it is also necessary to mUltiply by Z. the
number of electrons per atom. Again with the application
of equation (29) the Compton cross sections can be calcu­

lated for any desired material.

As output the programme calculates at each input
energy the mass absorption and attenuation coefficients

for the individual interaction mechanisms as well as the

total mass absorption and attenuation coefficients with
the aid of equations (26) and (28).

8.2 Selective photon absorption in the phosphorus and

iodine in biological media

The photon absorption cross section is arapi~ly

decreasing function of photon energy up until about 100 keY

after which loss by Compton absorption produces a further
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slight increase in the cross sections. Figure 27 shows the

photon mass absorption coefficient (~) for phosphorus as
a function of energy plotted with the cross section pro­

gramme described in section 8.1. The photoelectric absorp­
tion component has been shown separately and can be seen to

constitute virtually all photon interactions up to about
100 keY. Of particular importance are photon energies en­

compassing the electron binding energies of the irradiated

medium ( for phosphorus below 2.5 keY ). Here due to the
various absorption edges the photoelectric cross section

is a sensitive function of the incident photon energy and

becomes considerably more complicated when phosphorus is

a constituent within a biological medium, where the absorp­

tion edges of different elements overlap. Since the Auger

electron spectrum resulting from a photoelectric interac­

tion will depend on the atom and shell in which the inter­

action takes place the local distribution of energy deposi­
tion may also be a sensitive function of photon energy. Ex­
periments in which biological matter is exposed to low

energy monochromatic X-rays may therefore lead to novel re­

sults e.g. Goodhead, Thacker and Cox 1981, Halpern and
Stocklin 1976.

One interesting and much debated idea is the possi­

bility of using the photon energy range just above the K

shell absorption edge, where the photoelectric cross sec­

tion of certain constituent atoms in the sensitive regions

of cell nuclei is high. It is of interest to secure a pre­

ferential photoelectric absorption at those sites and hence

an enhanced biological effect. In this work two target

elBments have been under investigation : phosphorus and
iodine are both particularly interesting candidates for a

possible selective absorption effect with biological con­

sequences. Phosphorus is chosen because it is the heaviest
natural constituent of DNA ( and therefore has the highest

photoelectric cross section ) being present directly in the
DNA backbone structure and iodine because it can be incor­

poratedinto one of the DNA bases in the form IUdR and as
a high Z element possesses a cor-respondingly favourable larger

photoelectric cross section.

-82- .



Figure 27

Photoelectric ~ass absorntion coefficient (~/D) and the
~/

total mass absorption coefficient (f"'I;» for phosphorus.

10'
ENERGY (keVI

10"
10-3+-~~~TTTf-~"-'-"""'"'"'~~""""'TTTf-~I-r-~

10""'

-83-:



8.2.1 Phosnhorus as a target in DNA

Phosphorus constitutes about 10% by weight of the DNA

~01ecu1e. The percentages by weight of the other elements

in DNA, hydrogen, carbon, nitrogen and oxygen are given in
table 11 as obtained from the chemical formula for DNA with

the assumption that all four nucleosides are present in the
DNA in equal "quantity.

Using the cross section programme ( section 8.1 )

with the constituent input data of table 11 the photoelec­

tric absorption cross section was calculated for a DNA mo­

lecule for photon energies from 100 eV - 100 keV. The cal­

culated values for photoelectric mass absorption coeffi­
cients are given in table 12 and represented graphically

in figure 28. The photoelectric K absorption edges of car­

bon, nitrogen, oxygen and phosphorus are well visible at

energies 283 eV, 401 eV, 531 eV and 2.145 keV respectively.

Of particular interest here is the sharp reduction in the
phosphorus K edge against a medium of pure phosphorus ( fi­

gure 27 ). A measure of magnitude of an absorption edge is
given by the so called " jump ratio " which is the ratio

of the absorption coefficients at the upper edge to that

at the lower. The jump ratio for pure phosphorus is 10.78
and falls to 1.81 for phosphorus when a constituent of the
DNA.

The DNA molecule however represents only a small

component of a cell nucleus. Further calculations were
therefore performed in which the compositional ingredients

of a cell nucleus were studied. Using data on the relative
DNA, RNA, protein and histone contents ( dry weight ) of

. 24 "
HeLa cell nuclei from Altman and Katz Eds. 1976,it was
possible to estimate the relative weight percentage of each

individual nuclear element constituent ( table 11 ).

24 The relative individual element weight
also examined for other mammalian cell
tions in the nuclear constitution were
qu i te small.
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Figure 28

Photoelectric mass absorntion coefficient (~~) for DNA

as a function of the incident nhoton energy.
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Figure 29

Photoelectric mass absorntion coefficient (tip) for a cell

nucleus, ( constituents given in table 11 ) as a function
of the incident nhoton energy.
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Table 11
Percentage by weight of the atomic constituents in

biological matter

Atom DNA Cell nucleus
25!

."---
H 3.86 10.64

I
I

I
C 40.10 I 9.02

N 17.99 I 3.22
II

l 0 27.42 I 74.11

10.63
I

2.64 26
u

I
"

" - 0.37v

I
"

25
The relative weights of the constituent elements of the
cell nucleus were calculated using the following DNA,
RNA, protein and histone relative weight fractions:
RNA/DNA = 0.29, protein/DNA = 6.90 and histone/DNA = 3.6
( for HeLa cell nuclei from Altman and Katz Eds. 1976 ).
This gives the following percentage dry weights DNA =
8.510, m,A = 2.5%, protein = 58.4% and histone = 30.6%.
These values were renormalized to include a percentage
by weight of 80% water.

26 The value for phosphorus was obtained from an experi-
mental work by Mehard and Volcani 1976 for rat liver
cell nuclei, in which they found from studies using
X-ray microanalysis 165.4/ug phosphorus/mg protein.

From this nuclear constitution the photoelectric

cross sections were calculated ( table 12, figure 29 ),
The result shows a further decrease in the magnitude of

the phosphorus K-edge, ( the jump ratio reduces to L 15 )

due to the even lower phosphorus content 2.4% in the cell. - .
nucleus. It must also be emphasized that only about one

tenth of this 2.4% phosphorus sterns actually from the DNA,

the rest is present as non-DNA bound phosphorus in the
nucleus, Thus these results tend to indicate that a select­

ive absorption effect at the K-edge of phosphorus in the :
cell nucleus is, from a consideration of cross section data,
unlikely to produce an enhanced bilogical effect. Neverthe­

less, monochromatic photonS of energy just above the K-edge

of phosphorus might still induce per photon interaction in

a phosphorus atom, a different local energy deposition

-86-



3.330E 31
3.304E 3
1.261E 3
S.513E 2
4.so8E 2
5.181E 2
3.473E 2
3.534E 2
2.042E 2
6.200E 1
6.193E 1
s.187E 1

5.178E i I
4.188E 1
4.183E Ii
1 J;6o;'F. 1 I

5:S51E 0I
LS75E 0
6.418E-l I
1. 26oE-l
1.257E-l
3.353E-2
1.123E-2
3.530E-3
9. 475E-4 I
30749E~4

1.01SE-4 1
1.959E-5
6.632E-6 '1

2 .. l04E=6 I

2.573E 3
2.552E 3
9.620E 2
4.169E 2
3.403E 2
6.154E 2
4.142E 2
4.118E 2
2.393E 2
7.362E 1
7.353E 1
6.167E 1
6.156E 1
5.037E 1
5.031E 1
2.059E 1
7.066E 0
2.031E 0
8.318E-l
1.708E-l
1.705E-l
4.615E-2
1. 573E-2
5.035E-3
1. 38oE-3
5.521E-4
1. 518E-4
2. 986E-S
1.028E-5
30 293E=5

1.535E 3
1.524E 3
6.544E 2
3.166E 2
2.654E 2
2.861E 3
1. 956E 3
1.946E 3
1.154E 3
3.715E 2
3.711E 2
3.136E 2
3.130E 2
2.585E 2
2.583E 2
1.089E 2
3.889E 1
1.145E 1
4.768E 0
1. 023E 0
1.021E 0
2.809E-l
9.744E-2
3. 172E-2
8.854E-3
3.581E-3
9.996E-4
2.003E-4
6.941E-5
') '):::"1k"'_;::;'
L.. .. L.-vJ,..,>..J-../

Table 12
Photoelectric mass absorntion coefficients for phosphorus,

DNA and the cell nucleus
Energy(keV) Photoelectric mass absoDution coefficient(cm1g)

I L070E 0
1.073E 0
1.500E 0
2.000E 0
2.145E 0
2. 147E 0
2.470E 13
2.475E 0
3.000E 0
4.556E 0
4.558E 0

, 4.850E 0

I
4. 853E 0
5.187E 0

"

5. 189E 0
7.000E 0

I LOOOE 1
L500E 1

I 2.000E 1
3.316E 1
3.318E 1
5.000E 1
7.000E 1
LOOOE 2
1.500E 2
2.000E 2
3.000E 2
5.000E 2

I 7.000E 2
, f\r\{'\l:;' -z;I ..1." vvv~ .-"

j 1 Phosphorus DNA i Cell nucleus
1,1

1.000E-l 1.0l0E 4 3.729E 4

\

5.l74E 4
1.220E-l 7.455E 3 2.395E 4 3.308E 4

I 1. 230E-l 7.363E 3 I 2.352E 4 3.248E 4
1.310E- l 6.687E 3 2.041E 4

I
2.819E 4

L330E- l
I

5.393E 4 2.476E 4 2.850E 4
1.500E-l

I
8.867E 4 2.390E 4 2.300E 4

1.8S0E-l 7.434E 4 1.689E 1).
I

1.515E 4
L880E-l I 7.329E 4 1.646E 4 1. 1).66E 4
1.900E-± I 7.953E 4 1. 692E 4 i 1. 453E 4
2.831E-l : 3.868E 4 7.421E 3

,
5.839E 3I

2.845E-l 3.833E 4 2.564E 4 i 9.886E 3
3.000E-1 i 3.475E 4 I 2.288E 4 I 8.7DE 3
4.009E-l I 1. 828E 4 I 1. 238E 1). I 4.585E 3
4.023E-l I 1.812E 4 1. 743E 4 ! 5.468E 3
5.313E-l I 8.98oE 3 8.728E 3 I 2.734E 3
5.327E-1 8.921E-3 1.388E 4 L679E 4
6.234E-l I 5.999E 3 9.473E 3 1.158E 4
6.250E-l 5.96oE 3 9.414E 3 1.151E 4
7.000E-l I 4.478E 3 7.1S1E 3 8.808E 3
8.920E-l I 2.429E 3

I
3.906E 3 ,4.958E 3

8.940E-1 I 2.415E 3 3.884E 3 4.932E 3I
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around the target atom ( with possible biological con­

se~uences ) than photons of energy just b~low the edge.

For a detailed analysis of this problem see Booz, Humm

et al 1983.

8.2.2 Iodine in the DNA

In a further calculation the possibility of selec­

tive absorntion in iodine incorporated in the form of IUdR
in the DNA was studied. At the outset the most beneficial
situation possible for selective absorption was assumed

i.e. that 100% renlacement of the thYTtidine in DNA by IUdR
is attainable 27. This would mean 9.3% by weight of iodine

in the DNA and about 0.29% in the cell nucleus.
With such an incornoration the magnitude of the

iodine K shell jumn ratio would be 1.60 i.e. higher than

that obtainable for phosphorus. However this K edge re­

duces in proportion to the nercentage of iodine present
in the DNA. If replacement of only one in ten thymidine

takes nlace ( 10% incorporation) then the iodine Kedge

jump ratio is correspondingly smaller.
Calculated results for the total mass absorption

coefficients for DNA and the cell nucleus, with 100% IUdR

replacement of thymidine, are tabulated in table 13. Fi­

gures 30 and 31 give the values of table 13 in a graphical

renresentation. The results of this study show that the
possibility of a selective photoelectric absorption in the

sensitive targets of biological material are in general
limited by the small fractional weight of the selective

target atom in the irradiated medium. The advantage of the

high jump ratio of a pure element is lost when only a small
fraction of the photon interactions in the medium actually

take place in the target atom.

27 This work was purely concerned with the photon absorp-
tion cross sections for the extreme case where selec­
tive absorntion would be a maximum. The detrimental
effects of'such a high incorporation are recognised but
of no concern here.
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3.306E3
1. 263E .3
5.526E 3
4.520E 2
5.245E 2
3.518E 2
3.577E 2
2.o68E 2
6.292E 1
6.444E 1
5.400E 1
5e470E 1
4.433E 1
4.474E 1
1.794E· 1
6.049E a
1.744E 0
7e235E=1
IG559E"F"~

2.501E-l
8.402E-2
4•.352E-2
3.106E-2
2.919E-2
3.021E-2
3.191E-2
3.28oE-2
3$229E=2
3.082E-2

3.375E 3
1..323E .3
5.941E 2
4.892E 2
7.249E 2
4.924E ~

'"4.897E 2
I 2.882E 2

I

9.141E 1
1.429E 2
1.203E 2
"1 ll~Qk' 2 I...... '..,1,,",,"'-1

1.207E 2
1.356E 2 I

I
5.846E 1 I
...... "ihC~ 1

I
Co J..'+U~

6.825E 0
3.042E 0 I

7 e404E-l
I

3.785E 0 I
1.190E 0
4.693E-l
1.850E-l
7.527E-2
4.914E-2
3.610E-2
3·.182E-2
3 e039E-2

2.863E-2
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Table 13
Total mass absorption coefficient for 100% replacement of
thymidine by IUdR in DNA and the DNA of a cell nucleus as
a function of the incident photon energy- , ~

.----- i

Energy(keV) DNA with IUdR Cell nucleus with IUdR

1.OOOE-l 3.614E 4 5.125E 4
1.220E-l 2.288E 4 I 3.277E 4
1.230E-l 2.245E 4 I 3.217E 4
1. 310E-l 1.963E 4

, 2.793E 4'.

1.330E-l 2.332E 4 j o Q~lIE JI

I
I <:;"""-"'-/"7" ""?'

1.500E-l 2.223E 4
, 2.298E 4I

L850E-l 1.579E 4 I 1.517E 4
1.880E-l 1.56oE 4 1. 469E 4
1.900E-l 1.598E 4 I 1. 458E 4
2.831E-l 7.198E 3 I 5.881E 3I2.845E-l 2.286E 4 1.029E 4
3.000E-l 2.044E 4 9.134E 3
4-.009E-l 1.119E 4- 4.790E 3
4.023E-l 1.554E 4- 5.781E 3
5.313E-l 7.917E 3 2.900E 3 .
5.327E-l 1.324E 4 1.668B 4-
6.234B-l 9.118E .3 1. 150E'4
6.250E-l 9.058B 3 , 1. 143E 4-
7.000E-l 8.110E 3 I 8.786E 3
8.920E-l 4.483E 3 I 4.943E 3
8.940E-l I 4.700E .3 I 4.925E 3
l.070E 0 I 3.355E 3 3.331E 3
. .

1.073E 0
l.500B 0
2.000E 0
2.145E 0
2.147E 0
2.470B 0
2.475E 0
3.000E 0
4.556E 0
4.558B 0
4.850E 0
4.853EO
5.1B7E 0
5.189E 0
7.000E 0
l.OOOE 1
1.500E 1
2.000E 1
3.316E 1
3.318E 1
5.000E 1
7.000E 1
1.000E 2
1.500E 2

I 2.000E 2

I
30000E 2
5.000E 2

1
7.000E 2
LOOOE 3



Figure 30

Tota1 mass absorution coefficient !I'Ip) for DNA. with 100%
replacement of thymidine with IUdR, as a function of the

incident photon energy.
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Figure 31
Total mass absorption coefficient (r~) for the cell

nucleus, with 100% reulacement of thymidine in the nuclear
DNA with IUdR, as a function of the incident uhoton energy.
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Nevertheless certain factors other than the cross

section data also require consideration. Namely, the ener­
gy deposition per interaction in the selective target atom,
since it may be that a photoelectric interaction in a phos­

phorus or iodine atom alone is sufficient to inflict con­
siderable local damage. For iodine this question has al~

ready been largely dealt with in Part I of this thesis

since the results for electron capture induced vacancy cas­
cades in 1231 and 1251 resemble ciosely the situation of a

monochromatic photon irradiation with photons of energy
just above the iodine K edge. The next section therefore

treats in detail photoelectric interactions in phosphorus

and examines the Auger electron spectra and their respec­

tive energy deposition for computer simulated irradiations

with monochromatic photons of different energies.
Before this, however, the attention remains in the

next section with photon cross sections but for tissue
equivalent media.

8.3 Photoelectric absorption cross sections for tissue

equivalent media

In experimental microdosimetry special proportional

counters have been developed which simulate biological tis­

sue in order to make energy deposition measurements rele­

vant to studies in radiation biology and related subjects.

These counters, usually referred to as " Rossi counters "

in honour of their innovator, comprise of walls made from

tissue equivalent plastic and o~erate with a tissue equiva­
lent gas as a counting gas. Obviously there are practical

limitations to the exactness of the simulation i.e. for
operation of the counter the wall must be of conducting

material, the tissue equivalent gas mixture must have the

desirable properties of a counting gas etc.
In this section the tissue equivalence of tissue

equivalent media at low photon energies is investigated.

Once again using the photon cross section programme of

section 8.Ii;he~~hdt?electricmass absorption coefffcients
for the commonly used A-150 tissue equivalent plastic,and
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Rossi-Failla tissue equivalent gas were calculated as well

as for lCRU tissue equivalent muscle. The results are given
for all three tissue -equivalents 28 in table 14 where they

can be compared to the photoelectric cross section data for

the cell nucleus from table 12.
The greatest differences both between the various

tissue equivalent materials themselves and between the

tissue equivalents and cell nucleus data occurs at photon
energies below 1 keY, reflecting the variation in the rela­

tive weights of carbon, nitrogen and oxygen in the material
constitutions, ( A-ISO tissue equivalent plastic is carbon

based, Rossi-Failla gas has about equal amounts of carbon

and oxygen whereas lCRD muscle equivalent and the cell nuc­

leus have oxygen as the predominent constitu nt ). Above

1 keY the differences in the photoelectric cross section

are in general between 10% - 100% higher for the cell nuc­
leus than for A-ISO plastic or Rossi-Failla gas. For the
lCRD muscle equivalent however an excellent agreement is

obtained with the cell nucleus data over the entire photon

energy range. Figure J2 demonstrates this in a plot of the
ratio of the photoelectric mass absorption coefficients

for the cell nucleus to lCRD muscle equivalent as a func~

tion of energy. Once again the cell nucleus data is with

the exception of the photcn energy range between the car­

bon and oxygen K edges, greater than for the lCRD muscle
equivalent with deviations of up to about 16% at 100 keY.

These results show that in the photon energy range

below 100 keY tissue equivalent materials may not be accur­

ate in simulating cell nuclei, the most sensitive target

areas in tissue. The accuracy of simulation of a cell nuc-

leus or for that matter real tissue is sensitively depen­

dent on the precise atomic constituents of the medium.

Exact simulation is only then achieved when the relative
weights of all atomic constituents agree between simulant

and- what is to be s LnuLated , <t-:

28 The relative weights of the atomic components of seve­
ral of the most commonly used tissue equivalent mate4
rials are in the JeRU Report on Microdbsimetry 1983~
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Table 14

Photoelectric absorntion coefficients for A-150 tissue
equivalent plastic,Rossi-Failla tissue equivalent gas and
the ICRU tissue equivalent muscle as a function of photon
energy.

1--------;; (cm
2/g)

--------1

1.00
1.00
1.00
1.00
1.04
1.09
1.12
1.12
1.13
1.17

.94

.92

.91

.91 I

.91 It:gg I
1,,00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.14
1.15
1.13
~ -; J:
J. ... l."'t

L 11
1 .. 11

, "
.L 0' ..L..L

1,,12

1.11
1.11
1.11

1.13
1.13
1.13
1.15
1.15
1.15
1.15
L16

cell nucleus
lCRU equ.iv.

5.191E 4
3,318E 4
3.258E 4
2.828E 4
2.743E 4
2.103E 4
1.357E 4
1.310E 4 I'

1. 281E 1+
5.009E 3
1.056E 1+
9. 51+1+E 3
5.021+E 3
5.984E 3
2.980E 3
1.681E 4
1.159E 4
1 ~ 152E 4
8.813E 3
4.957E 3
4.931E 3
3.329E 3
3.308E 3
1. 260E 3
5.501E 2
4.497E 2
4.536E 2
3.030E 2
3.123E 2
1" 796E 2
5.589E 1
5.582E 1
4.669E 1
4.661E 1
3.763E 1
3.758E 1
1. 484E 1
4.932E 0
1.395E 0
5.664E-l
1.098E-1
1.096E-l
2.917E-2
9.747E-3
3.047E-3

4.039E 4
2.572E 4
2.525E 4
2. 18~E 4
2.116E 4
1.611E 4
1.003E 4 ,
9.674E 3
9.446E 3
3.672E 3
2.443E 4
2.173E 4
1.182E 4
1. 27~E 4
6.245E 3
1.393E 4
9.502E 3
a 4l!",,", "";;/ e .../.,l.;J./
7 1hXk' ~
I .. ..!. .................. ./

3.965E 3
3.943E 3
2.635E 3
2.613E 3
9.792E 2
4.217E 2
3.436E 2
3.427E 2
2.274E 2
2.261E 2
1,,288E 2
3.795E 1
3.7901'1 1
3.160E 1
3.154E 1
2.548E 1
2.545E 1
1,,004E 1
3.263E 0
9.059E-l
3.643E-l
6.953E-2
6.940E-«
1. 824E-2
6.030E-3
1.869E-3

A-150 rossi-Failla [ICRU-muscle-
5nergy(keV) plastic I gas ! equivalent

k--="- -- -- - --

.100 J 3.001E 4i

.122 L912E 4

.123 L877E 4

.13Ji 1. 9~BE 4

.133 1.573E 4
1~50 1.199E 4

.185 7. 487E 31

.188 7. 221E 3/

.190 7.052E 3
1.283 2.874E 3,

.285 3.827E 4/
.300 3.409E 4,
.401 1.914E 41
.402 1.998E 41
.531 9.866E 3
.533 1.079E 4
.623 7. 229E 3
.625 7.182E 3

1.700 " .578E 3'1
.892 S:OllE 3
.894 2.993E 31

1. 070 1. 966E 31
1.073 1.950E 3
1.500 7.167E 2
2.000 3.040E 2
2.145 2.459E 2
2.147 2.452E 2
2.470 1.613E 2
2.475 1.603E 2

t~~~ ~J~~i ~I
4.850 3.276E 11

;:~~~ ~:~+g~ ii'
5.189 2.673E 11
7.000 1.092E 1/

10.000 3.671E 0
15.000 1.061E 0
20.000 4.395E-l

133.160 19.144E-2
, 33.180 9.127E-2I 50.000 I 2.486E-2

1
70 . 000 I 8. 542E-3 1

100.000 , 2.758E-3
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9 Simulation of photoelectric interactions in phosphorus
using Monte-Carlo methods

9.1 The photoelectric effect in phosphorus

This section is concerned with the microdosimetry
of low energy photon interactions in phosphorus when irra­
diated with monochromatic photons just above and below the
K edge, Photons of energy below 5 keY interact with phos~

phorus almost totally by the photoelectric effect and then
predominantly with the innermost shell for which the photon

energy hv exceeds the orbital binding energy EB, Such an
interaction produces a photoelectron of energy T as given
by equation 22 ( Part II section 7.1 ) and leaves an exci~

tation energy on the atom equal to the binding energy of
the atomic vacancy. This energy is usually rapidly lost by
a cascade process of inner shell atomic transitions of pre­
dominantly non-radiative nature in a manner analogous to
that following electron capture or internal conversion as
already discussed in Part I of this thesis. Such cascade
processes can be simulated using a Monte~Carlo approach in
order to obtain information on the statistical distribution
of the electron emission spectra from which an estimate of

the local energy deposition in volumes around the photo­
electric interaction sites can be made.

9.2 Method

An inner shell electron vacancy which is produced

by the photoelectric effect gives rise to a chain of events

which are independent as to the nature by which the initial
inner shell vacancy was produced, For this reason much of
the Monte-Carlo computer code already developed to simulate
radionuclide decay by electron capture or internal conver­
sion could be directly employed for the purposes of calcu­
lations proposed here. That what is different is the simu­
lation of the photoelectric interaction itself. Since a
photoelectric interaction can in principle take place in- ~ '-. .;..

any shell for which h v > EB, the first step in the Monte-

-95-



Carlo simulation Drocess is to choose a shell for interac­

tion where the sub-shell interaction probabilities are cor­
respondingly weighted according to their respective cross
sections ( see section 9.3.1 ). The sub-shell containing

the induced vacancy is recorded and the energy of the pho­
toelectron calculated from equation 22 ( Part II, section

7.1 ). The programme then addresses the set of transition

probabilities to the shell with the vacancy, selects a

transition with the random number generator, records the

new vacancy/vacancies and so on until all vacancies have

reached the outer M shells.

The problem of neutralizing the charge build-up on

the phosphorus atom during the vacancy cascade is treated
with in the same way as described for vacancy cascades

induced by radionuclide decay ( Part I , section 4.2.1 ).
Figure 33 depicts a typical vacancy cascade resulting from

a photoelectric interaction in the K shell of a bound phos­
Dhorus atom, in a condensed medium, with the possibility
of ., . t' 29· 1 t ,., f"l f 'o aUcOlonlza lon l.e. an e ec ron wnlcn a~ s rom tne

conduction band of the medium to fill a vacancy in one of

the Dhosphorus levels leads to the release of a further
electron. In these calculations the free electrons in the

conduction band were attributed with an energy of zero

electron volts as a first approximation.

The computer code has been used to generate emission

spectra ( electron and photon) for 10,000 simulated photo­

electric interactions at five incident photon energies :

4.55 keY ( titanium K~ ), 2.145 keY ( just above the phos­
phorus Kedge ), 2.128 keY ( lust below the Dhosphorus K
4 ), ,'.

edge ), 1.5 ke V ( aluminium Ko( ) and 278 eV ( carbon KiX ).

The electron spectra for each photon energy were stored on

magnetic tape and used for energy deposition calculations

in spheres of variable diameter containing a homogeneous
distribution of phosphorus atoms.

29 The term autoionization generally refers to electrons
which when falling from a superexcited state are able
to set free a bound electron ( see T.A.Carlson, Photo­
electron and Auger Spectroscopy Plenum Press, New York,
pg 4, 1975 ).



Figure 33

Electron cascade process induced by a photoelectric
interaction in the K shell of phosphorus.
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9.3 Input data for phosphorus calculations

The programme simulating photoelectric interactions

in phosphorus requires three sets of input data.

L The· iriitial inner shell vacancy distribution

2. The electron transition probabilities

3. The electron and nhoton energies

9.3.1 The initial inner shell vacancy distribution

The distribution of initial inner shell vacancies

in a phosphorus atom produced by photoelectric interactions

after irradiation with monochromatic X-rays is directly

proportional to the sub-shell photoelectric cross sections

at the incident nhoton energy. In dividing the individual

sub-shell nhotoelectric cross sections at a photon energy
h~ by the total atomic photoelectric cross section one

obtains the relative sub-shell interaction probabilities

at that photon energy. In table 15 are given the relative

sub-shell interaction probabilities used for the phospho­

rus calculations in this work derived from the photoelec­

tric sub-shell cross section data of Scofield,1973, for

photon energies above 1 keY and from Band et aI, 1979, for
energies below 1 keY.

Table 15

Relative sub-shell photoelectric interaction probabilities
at photon energies: 4.55 keY, 2.145 keY, 2.128 keY,
1.5 keY and 278 eV

ISub-shell

r M~L~L~L,K

I
E~ergy t
(KeY) ,

I
I .1 I L I .J .1 I L I ) iI I

4.55 1 0.91T 0. 056 1 o.007 -[ O. 013 ,0. 006 1 0.002 0.004 1

2.145/ 0.900 0. 0551 0.01310.026 0.005 I 0.000 0.001

2.128 I -
I

0.547, 0.132 10.257 0. 052 1 0.004 0.008,
1 c; 0.470 1- 0 .. 159 . rv 3'2 r. r.t, I, , 0.005

~:~~~II ~: ;781 I
1 v .. ...L V .. <r-r-r i

- I 0. 143/ 0.267 I 0.531 0.018 I 0.013
I
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At nhoton energies above the K edge of nhosphorus

over 90% of the photoelectric interactions occur in the

nhosnhorus K shell. Once slightly below the phosphorus K
edge ( 2.128 keY ) photoelectric interactions in the K
shell are no longer nermissible and interactions occur

predominantly in the L shell. Since the L shell consists
of three sub-shells the initial vacancies are in general

distributed among all~three. At the photon energy 2.128 keY

the largest number of nhoton interactions take place in

the Ll shell. With decreasing photon energies i.e. 1.5 keY
and 278 eV, the probability of a photoelectric interactions

in Ll is reduced complimented by a corresponding increase

in the interaction probability in L2 and L3 . This change

in. the relative probability for interaction in the various

L sub-shells shows an influence on the electron emission

spectra ( see section 9.4.1).

9.3.2 The electron transition probabilities

Inner shell electron transitions in elements of low

atomic number such as phosphorus are predominantly non-ra­
diative Auger and Coster-Kronig transitio~s. In this work

the non-radiative transition data were taken from Mc Guire

( for transitions to the K shell :'/lc Guire , private communi­

cation, and to the L shells :~c Guire, 1972 ).

The probability of radiative transitions is given by

the fluorescence yield W which for the phosphorus K shell

is 0.06, Krause 1979, and for the higher shells negligible
i.e. a photoelectric interaction in the nhosphorus L shell

produces only an electron snectrum. The K shell radiative

transition probabilities were taken from Salem et al 1974.

In accordance with the fluorescence yield of the K shell

«(JK= 0.06 ) all radiative transitions to the K shell are
normalized to 0.06 and non-radiative transitions to 0.94.

The L shell transition probabilities are divided into those
to L1' L2and L3 . Since wL :< 0 each set of sub-shell non-ra­

diative transition probabilities is normalized to one. A
list of the normalized radiative and non-radiative transi­

tions to the K and L shells used in the work are given in
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table 6a, appendix 6.

The phosphorus atom also has electrons in the ~

shell. : two in Ml, one in M2 and a further two in MJ. The
possibility of super Coster-Kronig transitions in the 4

shell were however not considered in these calculations,
nrincipally because no data was found available in the ,

literature for these transmitions in phosphorus. However

the lack of such data implies that their probability is
small J? Also the energy differences involved are of the

of the order of only a few electron volts, therefore the

error introduced by their neglect is likely to be quite

small.

9.J.J Electron and photon energies

The energies of the electrons and nhotons result­

ing from inner shell transitions used in these calculations

are given in column 5 of table 6a, appendix 6. The photon
energies were taken from storm and Israel 1970, Auger and
Coster-Kronig electron energies calculated using equation

12, the so called modified Z+l approximation ( Part I, sec­

tion J.2.J ), and the photoelectron energies calculated
within the programme ( denends on the photon Energy) with

equation 22 ( Part II, section 7.1 ).

9.4 Results

9~4~1 Electron number distributions and their dependence

on chemical phase and photon energy

A single photoelectric interaction by a photon of

energy above the K edge of an isolated phosphorus atom can
lead to the emission of between one and five electrons.

Therefore in simulating 10,000 photoelectric interactions

in phosphorus one obtains a distribution of the electron

Jo Most vacancy cascades in phosphorus have the M shell
highly depleted since on average about four electrons
per K shell vacancy are emitted ( see section 9.4).
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emission number, the shape of which depends on the incident

photon energy. Also the chemical phase can influence the

shape of the distribution. In figure 3~ the electron number
distributions are shown for calculations of phosphorus

irradiated just above the Kedge .i , e. with 2 .1!~-5 keY

X-rays, as an isolated atom and in a condensed medium. The

influence of possible neutralization of charge build-up on

an element of low atomic n~~ber such as phosphorus is small
when compared to the similar study made for iodine ( Part I

section ~.2.2 ). The higher electron number end of the

distribution becomes marginally increased as well as the

average electron number per interaction as a result of the

additional autoionization electrons released.

The effect of the incident photon energy on the

electron number distribution is shown in figure 35. At pho­
ton energies above the phosphorus K edge, where more than

90% of the initial vacancies are produced in the K shell,

the change in the electron number distribution is small.

However at photon energies below the edg~ the spread of the
distribution is reduced to between one and three electrons

and the shape of the distribution becomes more sensitive

to photon energy due to a shifting in the sub-shell photo­

electric interaction probabilities. The mean number of

electrons emitted per photoelectric interaction n together

with further data e.g. 7he average electron energy per

interaction E, are given in table 16 for the different

incident photon energies.

Table 16

Average electron number n, electron energy ~,Dhoton

energy P and potential energy IP following photoelectric
interactions in phosphorus at different incident photon
energies hv

0.044 I
0.04-2 l
0.033 b

2.47
2.40
2.07

2.47
2~40

2.08

2.128
1.5
0.278

I
•

I
Condensed Isolated atomDhase - -

(keV) ~ n E D IPhI) n •

~:it5
4-.03 3.98 I 4 ""5 0.101 O.ll~ II

• .J~

3.99 3.94 1.934 0.100 0.111
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Figure 34
Electron number distribution for 4.55 keV nhotons incident

on ~hosphorus as an isolated atom and in the condensed

phase.
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9.4.2 Energy balance and ~article fractions

For a nhotoelectric interaction in a~ isolated

nhosnhorus atom the energy of all narticles released from

the nhosnhorus nlus that remaining on the phosnhorus atom

must be equal to the incident nhoton energy h~. from the

nrincinle of conservation of energy. Thus the energy ba~

lance equation for a nhotoelectric interaction can be

written.

hI? = .s:: '"'~l m~il- ,~

+ :> :P.
i=l n Ju -,

(J3)

where is the sum of the energies of m emitted
electrons including the photoelectron,

is the sum of the energies of n emitted

photons,

and I is the total ~otential energy for an atom with
m

charge +m equal to the sum of the first m
ionization potentials 31

The incident nhoton energy is converted to electron,

uhoton and notential energy of the nhosphorus atom. The

relative fraction of energy converted to each is shown

graphically in figure 36 for selected photon energies bet­

ween 278 eV and 4.55 ~eV. together with the variation in
the average number of electrons emitted ( insert ).

At photon energies below the phos~horus K edge the

total energy fraction is composed of two components, the

largest fraction is due to the incident photon energy be-

ing converted to electron energy ( 0.8 - 1.0 ) and a smal~

ler quantity remaining as potential energy on the phos~

nhorus atom ( 0.0 - 0.2 ). At the phosphorus edge there is

a slight drop in the electron energy fraction. This is due

firstly to the appearance of a fluorescence component ( 6%

of the transitions to an initial vacancy in the K shell are
radiative) and secondly from the nossibility of a larger

31 The ionization Dotential data from Handbook of Physics
and Che'1listry R.C.Weast Ed. 1980-81 were used.
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Figu.re 104-
Energy fractions and average electron emission number,

( insert ) for photoelectric interactions on phosphorus

at different incident photon energies in the range

279 eV - 4-.55 keY.
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number of Auger electrons being emitted ( see insert fi­

gure 36 ) which increases the average charge on the phos­

phorus atom and hence the atomic potential energy. With

increasing photon energies above the K absorption edge the
electron energy fraction increases asymptotically to one,

as the photoelectron takes a continually higher fraction

of the incident photon energy.
Figure 36 also shows the relative energy fractions

for phosphorus when in the condensed phase. In this case

the potential energy on the phosphorus atom will attract
electrons from neighbouring atoms eventually resulting in

the neutralization of the phosphorus. Therefore the poten­

tial energy becomes converted partly to further electron

energy by autoionization and the rest to various collective

sources of excitation energy e.g. phonons, plasmons etc.

dissipated in the medium.

9.4.3 Emission spectra

From 10,000 individual electron energy spectra at

each photon energy an average electron energy spectrum

could be formed. Figures 37 and 38 show two examples for

the photon energies: 4.55 keY above the K edge, and

1.5 keY below the K edge, of phosphorus. Such spectra are

not necessarily typical for the electron emission from a

single interaction, which can have a large statistical

variation, but 60 give the probability per interaction
with which an electron with a particular energy is emitted

from a large number of interactions.
The different co~ponents of the emlSSlon spectra

are distinguishable for a low Z element such as phosphorus,

therefore the individual groups of spectral lines in the

diagrams have been labelled. For the irradiation with

4.55 keY photons the addition of the phosphorus K fluores­
cence photon lines makes the emission spectrum complete.
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Figure 37
Average individual electron energy spectrum produced by

4.55 keY X-rays incident on nhasnhorus.

15

z

i hv = 455keV ELECTRa"S -
PI-!JTONS

"""<;; 10 K PHOTOELECTRON
ffi -,
0-

VI
LlJ
Q l-AIJ3ER K-AUGER

""" SERiES SERIES

2i ~

0: 05 ~LL
0

~

u

0:
~

LlJ l:'
CD COSTER-KRONiG

,Iii

K-FllX)RE$CENCE ! ~::;: ELECTRONS PH01ONS":i! ''i, >;

I . ~

00
r..,

0.01 01 10 10

aECTRa" ENERGY I keY

Figure 38
Average individual electron energy spect~~m nroduced by

1.5 keY X-rays incident on phosphorus.

15l

~ I
i I
<;; 10i
~ I
~ I
~ 05

~

hv=15keV

COSTER-KRONK;
ELECTRQ\6

l-AUGER
SERIES

-106-

aEC~-

l.M
Pr{)TCELECTRCNS



9.4.4 Energy deposition as a function of incident photon

energy

The energy of a photon which interacts by the photo­

electric effect in an atcm such as phosphorus becomes main­
ly converted to a series of low energy short range elec­
trons. This makes the site of a photoelectric interaction,

one around which a high concentration of energy deposition

can occur.
For a homogenous distribution of phosphorus atoms

in a spherical volume V the energy deposition in V was cal­

culated per interaction at different incident photon ener­
gies 32 . Using the point kernel data of ,,1.J.Berger and the

individual electron spectra data for 10,000 simulated pho­
toelectric interactions per photon energy the average

energy deposition E per interaction could be calculated

as a function of the volume diameter d , ( the method of

the calculation follows in an analogous way as for incorpo­

rated radionuclides, see Part I, section 6 ). Further the
assumption has been made that the potential energy, from

the charge build-up on the phosphorus, is locally deposited

and that the energy emitted in form of photons is carried

far from the interaction site making no contribution to
the local energy deposition. The values obtained for EF
from these calculations are presented in table 17 and

figure 39 for photon energies from 278 eV - 4.55 keV in

site diameters from 1 nm - 10/um.

At site diameters greater than about 5/um the mean
energy deposition approaches that of the incident photon

33 . 1 t' 11 t' " b l 1 -t- •energy l.e. a~mos a_ ne aval~a _8 e~ec~ron energy

becomes absorbed within the diameter of a cell nucleus.

Decreasing the site size reduces the mean energy deposition
as more and more electron energy escapes outside the

32

33

A homogenous distribution of phosphorus might be a good
approximation due to the superwinding of the DNA in the
cell nucleus, although the localization of the DNA is
.differenteat.di'fferent times in the ce 11 cycle.
For photons of energy above the K edge of phosphorus
about 100 eV is lost on average by fluorescence photons
per interaction.
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sensitive volume. For very small site diameters ( < 10 nm )

the mean energy deposition per interaction for electron

cascades induced by photons above the phosnhorus K edge is
about twice that for photons below the edge. There are

three reasons :
1. KLL transitions from 89% of the transitions to a

K shell vacancy. This results in the further

development of two vacancy cascades starting

from the L shell instead of only a single one

following a direct photoelectric interaction

in L.
2. The energy imnarted at the interaction site is

larger the greater the number of electrons re~

leased because of higher build-up of charge on

the phosphorus atom.

3. The additional K-Auger electron deposits a small

fraction of its energy even at such small site
sizes.

Table 17

Mean energy deposition EF around photoelectric interactions
in phosphorus as a function of photon energy and site dia­
meter

-(j-.lll
0.222
0.282
0.344
0.425
0.564
0.858
1.510
2.415
3.178
3.705
4.024
4.207
4.311
4.368

v. J-!-4­
0.220
0.272
0.320
0.373
0.458
O /11 ~

.0'+)

1.025
1.421
1.683
1.840
1.927
1.976
2.0.05
2.021

U.UbL
0.112
0.150
0.189
0.237
0.318
0.497
0.887
1.361
1.686
1.884
1.994
2.059
2.094
2.113

U.fl/jU

0.111
0.151
0.195
0.255
0.377
0.637
0.965
1.192
1.331
1.410
1.453
1.479
1.493
1.500

\J.lJ(':5

0.123
O~180

0.222
0. 249
0.265
0.273
0.278
0.278
0.278
0.278
0.278
0.278
0.278
0.278

v.o\))<:
0.0056
0.0100
0.0178
0.0316
0.0562
0.1000
O ' "7°~~( u

0.3162
0.5623
1.000
1.7'18
3.162
5.623

10.000

Mean energy denosition EF(keV)
h'1 (keV) 0.278 1.5 2.128 2.145 4.55

d ( lum)

0.0010 0.045 0.052 0.054 0.131 0.129
0.0018 0.056 0.062 0.064 0.146 0.143
~ .......... r. - -, .... "" - - ~- - _ ...... "" - - .-' ! -, - r- ~
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This higher energy deposition in volume diameters

less than 10 nm for photons of energies above the phospho­

rus K edge can be of importance when considering DNA bound

phosPhorus. If a certain initial energy within a particular
sensitive volume, ( say 100 eV in a volume of 2 nm dia~

meter ) is necessary to produce a significant biological
effect then photon interactions with the K shell of phos­

phorus might, on account of their high local energy deposi­
tion, give rise to an enhancement in the DNA damage. How­

ever a comnlete study of the energy deposition in the DNA

resulting from photon interactions in the cell nucleus

necessitates consideration of the energy imparted in the

DNA both due to photon interactions in elements other than

phosphorus in the DNA as well as energy being deposited

from interactions in the non-DNA parts of the cell nucleus.

This problem has been treated by Booz, Humm et al 1983.

Figure "39

Mean energy deposition EF for photoelectric interactions in
phosphorus produced by photons of energies from 279 eV ­

4.55 keY as a function of the sensitive site diameter.
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10 Photoelectric interactions in argon

10.1 Argon as a simulant of phosphorus for microdosimetric

spectra measurements

A further aim of this thesis was to compliment the

theoretical study of energy deposition from photoelectric

interactions in phosphorus of the previous section with an

experimental investigation of the K edge effect with res­

pect to energy deposition. A well established experimental

technique for the measurement of energy deposition in simu­

lated volumes of down to 1 ym diameter was developed by
H.H.Rossi ( see Rossi 1968 ). Conventionally this technique

employs a tissue equivalent proportional counter with a

tissue equivalent gas as a counting gas and measures the

number of ion pairs produced in the gas ( counting volume )

as a function of gas pressure ( simulated diameter ). For

a microdosimetric study of the K edge effect a gas of phos­

phorus would be preferred in accordance with the relevance

of phosphorus in radiation biology. However the few avail­

able gaseous compounds of phosphorus such as phosphine PH],

phosphorus trichloride PC1] and phosphorus pentachloride

PC15 are firstly unsuitable as counting gases and secondly

are all highly toxic and corrosive. Therefore for these

investigations argon gas was used which not only possesses
the appropriate physical properties and is agreeable to

work with but also can act as a good simulant for phospho­

rus.

From a monte-Carlo simulation of photoelectric
interactions in argon, using the computer code as for phos­

phorus, ( section 9 ) with input data for argon, the agree­
ment in the electron number distribution for phosphorus

and argon could be tested. The result has been plotted in

figure 40 showing an excellant agreement concerning both

the distribution shape and range. The closeness in the two

distributions is accredited to the similar size of the two

atoms. Also the electron energy spectra are similar because

of the comparable shell binding energies, ( the K edge of

argon is at ].2 keY, for phosphorus 2.145 keY ). Similarity
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Figure 40

Electron number distributions for phosphorus and argon

irradiated with monochro~atic photons of energies just

above their respective K absorRtion edges.
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in electron nu~ber, electron energies and also in the pho­
ton spectra justifies that argon can be used as a good

~odel substance for nhosphorus.
The choice of argon as a ~ounting gas for ~icrodosi­

metric ~easurements has led to the performing of calcula­
tions simulating photoelectric interactions in argon at

photon energies corresponding to those applied in the ex­
perimental part of this thesis. Electron spectra were gene­

rated and then used for energy deposition calculations. The

results of those calculations are now briefly discussed
before going on to the experimental studies.

10.2 Results of Monte-Carlo simulated photoelectric

interactions in argon

10,000 photoelectric interactions were simulated in

argon using the technique as described for phosphorus

( section 9 ) for the following five monochromatic photon

energies ': 4.55 keY ( Titanium K",), 4.09 keY (Scandium
K~ ), 3.34 keY ( Potassium K~ ), 2.63 keY ( Chlorine Kx )

and 2.28 keY ( Sulphur K~ ). The results obtained for the

average electron emission number and the average electron,
photon and potential energies are given in table 18 for

different nhoton energies. Fro~ individual electron spectra

at each of the above five nhoton energies the mean energy

deposition €F in a spherical volume V, variable diameter,

per photon interaction could be calculated for a homo~,·

geneous distribution of argon atoms in V. The results of

these calculations are given in table 19. They show compar­

able tendencies to the results for nhosphorus both with
regard to the difference in energy denosition at photon

energies above and below the K edges and also to the gene­

ral magnitude of energy deposition at corresponding inci
dent photon energies.
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Table 18
Average electron nQ~ber n, electron energy E, photon
energy P and potential energy IP of argon irradiated with
nhotons of different energies

h v (keV) n E P . IP
4.55 3.80 i 4.113 0.305 0.132
4.09 3.79 3.654 0.305 0.131
3.34 3.78 2.908 0.302 0.130
~ /~

J

2.33 2.573 0.057L.O) -
2.28 2.32 2.224 - 0.056

Table 19
Mean energy deposition 6p around sites of interaction With
argon atoms for different photon energies at varying site
diameter

IL.L)J. 1--<.)1:59 j<:..976 1 3.711 j 4.1611• ,1""'\ f'l r-:r,
~.LU • vvv

h v (keV) 2.28 2.63 3.34 4.09 4.55
d ( lum)

0.0010 0.064 0.065 0.143 0.143 0.144
0.0018 0.071 0.072 0.153 0.153 0.154
0.0032 0.085 0.086 0.173 0.173 0.173
0.0056 0.109 0.111 0.219 0.209 0.209
0.0100 I rv , r'L "... ., 5 ..... 0.309 0.283 I 0.282 II I V • ..L.:JU I V • .L a I0.018 0.232 OQ231

I
0.439 0.414 0.409

0.032 I 0.317 0.313 0.557 0.575 0.553
0.056 0,420 0.406 0.656 0.798 0.738
0.100 i 0.603 0.554 I 0.771 1.089 1.057
0.178 I 0.984 0.887 0.976 1.418 1.532
0.316 , 1.466 I 1.445 1.308 1.926 2.156
0,562 1.805 1.929 2.002 2.585 2.888

I
I

1.000 2.010 2.230 2.430 3.078 3.441
L778 , 2.126 2.404 2.693 3.382 3.786
3.162 I 2.193 2.503 2.843 3.557 3.985 II5.623 2.231 2.558 2.928 3,656 4.098, ~ ,-, ....... ~ -~ - .- .

10.3 Comnarison of the calculated electron emission
nQmber distribution with experimental results from
Carlson and Krause

~xnerimental data on the number of electrons emitted

following vacancy cascades whether induced by nuclear
decay or photoelectric interaction is scarce. Some experi-
mental results are however available on the relative ion

abundances following nhotoelectric induced vacancy cascades
in argon gas. Carlson and Krause, 1965, performed these
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measurements using a magnetic spectrometer and gave distri­

butions 34 for photon irradiations both above and below the

K edge of argon. This gave a special opportunity to test

the calculational methods annlied in this thesis since the

case of argon gas firstly involves no complications due to
charge neutralization and secondly the argon atom is small;

therefore, the number of inner shell transitions is limi­
ted, which nresents a fundamental test as to the accuracy

of both the calculational method and the basic assumptions

of the computer code.
Figure 41 shows the electron number ( charge ) dis_

tribution as measured by Carlson and Krause for X-rays from

a titanium target on argon compared with the distribution

obtained f'r-om ?,lonte-Carlo caLcu.Lat i ons s Lrnu.La t i ng photo­

electric interactions in argon with 4.55 keY ( Ti - K« )
photons. Figure 42 shows the comparison of the electron
number distributions for argon irradiated with X-ray ener­

gies below the argon K edge; the experi'1lental results of

Carlson and Krause using the X-rays produced by 3 keY

electrons on an aluminiu'1l target against calculations

simulating photoelectric interactions with 2.63 keY (Cl ­

Ko{) mono chr-omat i o photons.

The agreement with experiment is good in both cases
at the low electron number end and at the peak of the dis­

tributions. At unper end of the distribution the frequency

for the emission of higher electron numbers is greater for

the experimental distribution which also extends to higher

electron emission nU'1lbers than for the calculated distri-

bution. For exa'1lple fro'1l the experimental electron e'1lission

number distribution a charge of up to +8 has been measured
on the argon ato'1ls when irradiated with titanium X-rays.

Computer sinulated nhotoelectric interactions in argon at

this energy however permit up to a '1laximum of only 6 elec­

trons ner photon interaction. Also with photon energies

below the K edge of argon the experimental maximum electron

34 The charge on a gas '1lo1ecule is equal to the nU'1lber of
electrons emitted assuming no charge is neutralizied.
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Figure 41

Comparison of the electron number distribution. ( charge

distribution) from Monte-Carlo calculations with the
exnerimental data of Carlson and Krause. produced by

X-rays of energies above the K-edge of argon.
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Figure 42

compar i s cn of the e l.e.c tr-on number '1istributian. ( charge

distributian ) from" Nlante-Carla caLcu Ia t i on s with the

experimental data af Carlso:1 and Krause, produced by

~hota:1s of energy below the K-edge af argon.
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number is 6, ( although the probability of 6 electrons

being emitted is very small 0.004 i.e. 0.4% ), compared

to J electrons obtained from calculations.
Carlson and Krause accredit this discrepency with

the theoretically exnectedllaxima to the process of elec­
tron shake-off, i.e. the emission of an orbital electron
caused by a sudden change in effective charge of the atom,

after either the photoelectric effect or an Auger transi­

tion, which is not accounted for in the computer code. This

electron shake-off would certainly shift the electron num­

ber distribution to higher electron n~llbers and could even
nroduce an argon molecule irradiated with X-rays of energy

below the K edge with a charge of +6 if both the photoelec­

tric interaction and the two ensuing Auger transitions

nroduced electron shake-off
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PART III

ENERGY DEPOSITION ~ffiASURE)ffiNTS FOR PHOTOELECTRIC INDUCED

VACANCY CASCADES IN ARGON
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11 Techniques of experimental microdosimetry

11. Microdosimetry with Rossi counters

Experimental microdosimetry began with Rossi and

Rosenzweig 1955 who developed a technique for measuring

spectra of energy deposition f(E ) in small simulated tis­

sue volumes of the order of a few micrometers ( cellular

and sub-cellular dimensions ) when irradiated with ionizing

radiation. Their technique involved the construction of a
special SPherical proportional counter ( the so called

Rossi couter ) made with walls of tissue equivalent plastic

filled with a tissue equivalent gas acting as both the sen­

sitive volume as well as a counting gas. A counter with

matching walls and counting gas represents, When placed

in a radiation field, an instrument with a homogeneous res­

ponse; the Fano principle states that, " in a medium of

constant atomic composition, the fluence of secondary par­
ticles 35 is constant if the fluence of primary particles

is constant and that under this condition the fluence is

independent of the density variations provided the interac­
tion .cros s. sections and stopping powers of the particles

are independent of density" Fano 1954-, ICRU 1983,

Since the physical dimensions of the chamber are

fixed, the sensitive counting volume is regUlated by chang­

ing the gas pressure. The pressure p in pascal required to

simulate a unit density tissue diameter ds is given by

equation 34- ( Hogevieg 1978 )

d s = P D d
D I
, n

(J4- )

where ~ is the density of the gas at NTP,

d is the diameter of the gas volume in the counter
and p the normal pressure in pascal at which the densityn
is defined

However this technique to simUlate small tissue

35 Secondary particles are particles to which
peen transferred from the primary beam.

-llQ-
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equivalent volumes has an inherent limitation. At a certain

gas pressure, which depends on the counting gas but is

usually about 500 ~a, the multiplication region of the

proportional counter becomes so large that the signal

measured in the counter is no longer a function of the num­

ber of initial ion pairs alone but also depends on their

location of origin within the counter.
For gas pressures above 500 Fa ( corresponding to a

simulated tissue diameter of O.3/um in a 2 inch i.e. 5.08
i

em Rossi counter ), and with ideally tissue-equivalent

materials, the number of ion pairs produced by narticles
traversing the simulated volume should be equivalent to

the number of ion pairs that would be produced in a tissue

medium of the same dimension. Further, in measuring the

number of ion pairs created in the sensitive volume of the

counter, one has a direct relation to energy deposition

through the W-value giving the average energy expended by
the incident particle per ion pair formed. The W-value

depends on the tyoe of counting gas, the radiation and its

energy, and is tyoically 30 eV/ion pair.

~ach particle traversing the sensitive volume of a

Rossi counter produces a certain number of initial ion

nairs which after gas multiplication produces a signal on

the central wire proportional to the energy deposited by

that uarticle. By electronic urocessing and storage of each

individual event of charge collection on the central wire

a spectrum of these events is obtained which represents

the spectrum of energy deposition in the sensitive volume

and is a characteristic of the type of radiation. Another

important factor determining the shape of an energy deposi­

tion snectrum is the path-length distribution of the secon­

dary particles in the sensitive volume ( or chord length

distribution if all secondaries have a range sufficiently

greater than the diameter of the sensitive volume) and

this will depend on the counter geometry. "~ore about this
subject will be said in section 16.

From an energy-deposition spectrum, f(E), the con­

version to a lineal-energy distribution, f(y), results

from dividing each individual component of E by the mean
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chord length of the sensitive measuring volume, 1, ( see

Part I, section 6.1 ) This distribution f(y) plotted
against y and the alternative representation, d(y) ( the

so-called dose distribution of y ) are of particular impor­

tance in microdosimetry. These mean values yp and YD' de­
fined by equations 35 and 36, are measures of the quality

of the radiation and are reputed to be linked to the bio-

logical effectiveness of the radiation field e.ge, by the

dual radiation action hypothesis of Kellerer and Rossi,

1972 .

yp
fYf(y)dY

= r f(y)dy
o

= tif(y)dY
fa'" yf( y)dy

C4

= ~ f if(y)dy
yp c

(5)

(36)

~ore detailed accounts of the experimental techniques in

microdosimetry are to be found by Rossi 1968, Srdoc 1970,
Booz 1976 and Hogeweg 1978.

11.2 A microdosimetric method for low-energy photons

In order to apply microdosimetric techniques for

energy deposition measurements at low photon energies,

which is the aim of this work, considerable modifications

to the traditional methods are required. In this section

a very brief introductory outline of the general approach

employed in these investigations is given, as well as

mentioning some of the problems. A more detailed treatment
is to be found in the remaining sections of the thesis.

The system used for the measurements consisted of
an X~ray generator used in a configuration with secondary

targets of highly pure materials to act as a variable ener­

gy source and two microdosimetric chambers a spherical

Rossi counter and self-built cylindrical one. Since the
Dhotons employed in this work are of extremely low energy,

from 2.3 keY - 5.4 keY, too low to be able to penetrate

the walls of either counters, an isotrouic irradiation of
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the counter proved impossible and it was therefore necessa­

ry to design small entrance windows ( of 20;um thick mylar

with a 1 mm diameter opening) for both counters. All
measurements were performed under this narrow beam geo~

metry, the X-ray beam orientated perpendicular and travers­

ing a diameter of the counters. Such an irradiation produ­

ces a line of photoelectric interactions along the diameter

of the chamber with the emission of a photoelectron pre­

ferentially at 90 0 to the incident beam and with an isotro­
pic emission of Auger electrons. This approximate line

source of secondary electrons in the counter volume gives

neither a/u-random path-length distribution nor one of

i-randomness ( for a definition oflu and i-randomness see
section 16 ). Since the path-length distribution is such
an important factor in determining the shape of energy
deposition spectra this problem required detailed study

( section 16 ) for the special geometrical situation dic­

tated by the experimental conditions.

A further consideration concerning the path-length

distribution from low energy X-ray measurements is that all

of the secondary electrons produced are of very short

range 36 , many with ranges ~ar shorter than that of realiz­

able sensitive volume diameters. However this has a certain

advantage in that at relatively small simulated diameters

( > 8/um) Le. gas pressures:> 1 x 104 pascal, one has
complete secondary electron absorption within the chamber

and obtains a full energy peak corresponding to the inci­

dent photon energy. Such an energy spectrum can be useful

for calibration purposes and for measuring the resolution
and quality of the counter.

Two last problems to be mentioned concern boundary

effects between the solid counter and the gaseous sensitive

volume. The first relates to the loss of charge-particle

equilibrium at the window interfaces where the X~ray beam

enters and leaves the sensitive volume. This problem is

36 An electron of4-keV energy corresnondl"r-lg toa nhoto'::'·
electron from the ~ shell of argon irradiated with
scandium K~ X-rays has a range of only 0.6 um in unit
density tissue.
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avoided in traditional microdosimetry by using materials
of similar constitution as both counter wall and gas so that

the Fano principle applies. In these investigations where

irradiating through the counter wall is not possible due

to the low photon energy-and where argon is required as a
counting gas a certain material mismatch seemed inevitable.

Secondly, and perhaps more seriously, low-energy

electrons, in traversing the gas-wall interface i.e. in

escaping the measuring volume, may undergo a process of

discontinuous energy loss at the boundary layer. Electrons

which strike the counter walls can give rise to secondary

electron emission leading to an overestimation of the local
energy deposition. As part of these investigations it was

therefore also necessary to examine this wall effect.

Following this general introduction to the methods

and problems of low-energy photon microdosimetry the next
three sections discuss the experimental system and execu­

tion of the measurement in more detail.
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12 2xperi~ental syste~ components

This section concentrates on the individual com­

Donents of the experi~ental microdosimetric system : the
X-ray source, detectors, vacuum system and the signal

Drocessing electronics.

12.1 The X-ray source

As a pri~ary source of X-rays a Sie~ens X-ray gene­
rator, trade name Kristalloflex 4, was used. This generator

comprises of two parts : the Dower supply and the X-ray

tube which is interchangeable. Sie~ens manufacture X-ray

tubes with anti cathodes from chromium ( 2=24 ) for low­

energy X-ray work to tungsten ( 2=74 ) for the higher ener­
gy X-rays. In this thesis measurements were performed with

both a chromium and molybdenum X-ray tube ( figure 43 ),
which deliver the strong characteristic X-rays of the anti­

cathode ~aterial on a continuous bremsstrahlung background

sDectrum between 0 keY and the operating tube voltage.
To obtain monochromatic X-rays of different energies

the fluorescence Dhotons of secondary target ~aterials of

high Durity (> 99.7% ) were used being placed in a sDecial

target holder attached to the X-ray tube window. Secondary

target materials were chosen so as to give X-ray energies

as near to the argon K-edge ( 3.2 keY) as possible, e.g.

vanadium 5.0 keY, titanium 4.55 keY, scandium 4.13 keY and

sulphur 2.31 keY. The optimum fluorescent photon energies
for a study of the argon K-edge would be fro~ targets con­

sisting of the elements on either side of argon in the
periodic table i.e. potassiu~ and chlorine with nhoton

energies 3.34 keY and 2.63 keY respectively. Potassium

targets were made by pressing Dowdered potassiu~ carbonate

into tablet for~ with a hydraulic press; chlorine targets

were made in the same way using the compound lithium chlo­

ride. The extremely low energy of carbon, oxygen and

lithiu~ X-rays were found not to disturb the desired X-ray

line being totally absorbed before reaching the detector.

One final lithiu~ bromide target of 99.7% purity was used
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Figure 4J
The Siemens X-ray generator.
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giving bromine X-rays at 12.087 keY.
These targets were SlQtte8 into a target ho11er

which VIas so constructer1 that the primary beam iYlteracted

only with the target an~ not with any uart of its holder

which c ou ld give ad i i tional unwa-it eri X-ray liYl8s. ':Ii th a

target orientation of 45 0 to the urinary beam a maxinu«

yield of secondary fluorescence photons ( emitted pre-

ferentially at ;Q0 to
be extracted from the mai~ bean with minimum i~terference

f'r-orn the pr inar-y X-rays ( figure 44 ). 2 ,nm OI~ lead

shielded the detector from the primary beam, the secondary

beam reaching the detector through a sr1all collimator

centrally aligned between the secondary target and the

counter wi'1dow.

12.2 The detectors

12.2.1 Basic principles of a proportional counter

For the purpose of ~i(~rodosimetry the proportional

counter has nrove~ to be the most adautable and aunropriate

ra~iation detector. It has a relatively high resolution,

is simu1e and is a nost suitable detector for simulati'1g

tissue media. The basic construction of a proportional

cou'1ter is the same as for an ionization chamber or Geiger­

"~ller tube, i.e. a vacuum-tight chamber filled with an

appropriate gas and an ultra-thin central wire electrically

isolated fro~ the counter walls. By aunlying a high poten­

tial between the central wire and the walls, electrons

produced by ionizing radiation traversing the chamber are

attracten to the central wire. When they arrive at the

s~-called multiplication region, usually a short distance

from the central Wire, the electric field becomes so strong

that they gain suffi c i e-i t k i ne t i c energy to erea te further

ion nairs. In this way a cascade nrocess, so-called

Townsend avalanche, ~ay develop Whereby each created free

electron has the potential of -producing free electrons
by the same process.

In the so-called proportional region, the number of
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electrons collected on the central wire following a Town­

send avalanche is proportional to the initial number of
ion pairs produced in the chamber. The degree of charge

multiplication achieved by such a cascade process, often
referred to as the gas gain, can be anything between one

and several thousand. The great advantage of the propor­

tional counter is that a high amplification can be achieved
within the detector itself leading to an improved signal

to noise ratio.
In this work measurements have been perforl1ed with

two counters : a commercial spherical Rossi counter and

a self-constructed cylindrical counter.

12.2.2 The Rossi counter

The first experimental microdosimetric investiga­

tions were performed using the SPherical Rossi counter
shown in figure 45. This counter has an inside diameter

of 5.08 em ( 2 inch) and tissue equivalent wall ( A-150
plastic of 6 mm thickness. As a central wire electrode

a 0.12 mm steel wire suspended across a diameter of the

chamber is held taught with a spring. The chamber also
contains a helix electrode ( diameter 0.127 mm, J mm

pitch, at a distance of 1.6 ml1 from the central wire) to

provide a cylindrical electric field around the central

wire. Inside the chamber wall there is a small opening

into which a specially designed vacuU''1 tight plug can be

fitted. This plug contains a thi~ 20/um thick mylar window
ann a 1 ~~ collimator allowing a narrow bea~ of X-rays to

traverse the ctiamet2T of the chamber.

Lastly the counter contains two vacuum connections

the first one used for evacuating the chamber and the
second for filling it to the desired pressure with the

counting gas.

12.2.J Cylindrical counter

Due to unexpected difficulties, ( see section 15 ),

encountered in performing low-energy photon microdosimetry
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Figure 45
The Rossi counter with low energy X-ray window.
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with the Rossi counter descrioed above, it was necessary

to repeat the planned measurements with a self-constructed

cylindrical counter. The basis of this counter ( figure

46 ) is a standard aluminium Leybold vacuum cross piece

( 3.., 5 .. ~ ". ~ ) m· I t r1 .' .•
~. m~ lnS1Ue alame~er . ~ne e ec ro~es, co~prlslng

of a central wire ( I mm diameter steel ) and two field

tubes ( 6 mm inside diameter, 0.2 mm thick y, were mounted

on a specially designed frame which could be assembled as

a single unit outside of the chamber and then simply slid

into place in the counter body. The frame supporting the

electrodes consists of a standard vacuum blind flange into

which three thin aluminium rods ( 2 mm diameter, 60 0

apart) are screwed. These rods 37 support two 32 mm dia­

meter teflon discs onto which the field tubes are mounted.

The construction has been made in such a way that the

height of the cylindrical counting volume ( determined by

the space between the ends of the field tubes ) can be

adjusted as desired 38 . The central wire passes centrally

through both discs and is connected to the outside of the

chamber via a vacuum tight BNe plug soldered into the blind

flange at one end and held taught by a small ball bearing

at the other. Electrical connection to the field tubes

resul ts through a second B:~e p Lug at the other end of the

counter whereby the contact to the field tube at the far

end is made via a screened cable.

Irradiation is performed through the chamber cross

piece. One arm serves as an entrance for the X-ray beam

and contains a 20/um mylar window pressed between two

flanges. The other serves both as an exit window for the

incowing X-ray beal1 and as a vacuum connection for evacuat­

ing' and filling the cna.nbe r with argon gas. In order not to

An adjustment of the cylinder height is a quick opera­
tion requiring only a replacement of the central wire.

37

38

The rods were specially made to pass
counter walls as possible, where the
gradient is small; so as to minimize
tion in the measuring volume

as near to the
electric field
the field dis tor-
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distort the cylindrical electric field at the chamber

intersection ( which could severely reduce the counter

resolution ) a 2 mm aluminium collimator and a conducting

20jum thick mylar foil ( aquadag coated) were fitted
flush with the inner cylindrical measuring volume wall in
the X-ray inlet arm and in the output arm respectively.

12.3 Vacuum system

The vacuum equipment ( figure 47 ) consists of a

rotary pump with which to evacuate the measuring chamber

attached to one outlet of the Rossi counter and a supply

of argon gas to fill the chamber at a second outlet, ( for

the cylindrical counter both resulted through a single

connection ). By opening valve Vl the system can be eva­
cuated and the pressure in the chamber checked at two

aneroid manometers Ml ( 10 2 - 105 Pa ) and M2 ( 10 1 - 104

Pa ) and a thermatron pressure guage M
3

( 10-1 - 102 Pa ).

In closing valve Vl and opening V2, gas can slowly be let

into the chamber using the fine needle value V~ and the
.J

reading on the aneroid manometer for an accurate setting
of the chamber gas pressure,

12.4 Electronic signal processing

A 3 keV photon which deposits its total energy in

the chamber will produce on average about 100 ion pairs if

the W-value is 30 e1. Assuming a gas gain of 10 3 then about

10 5 electrons will be collected on the counter central
electrode representing a charge of 10 5 x 1.6 x 10-19 C.

This small charge pulse is collected at the innut stage of
,<,-,

a specially develoned charge-sensitive preamplifier /~ .

~he preamnlifier integrates the charge pulse on a 0.5 pF
1 1,

canacitor to produce a voltage pulse of 1.6 x 10-~~/ 0.5 x

10- 12 32 V h b .', . t' 1 ~h t '. . t .= m w. ere y 10 1S cr1 1ca~ c.a "TIe lnpu capac1-
tance is kept as small as possible in order to minimize the

39 A development of the electronic division of the CRR=
Ispra.
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Fi£u~e 47y

Schematic diagram of the measurement syatem
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noise level. The princiole functio~ of the preamplifier is

to ootimize the signal to noise ratio at as an early stage

as possible in the signal processing. and to clip the charge

on the preamplifier input with a time .coris t.an t of 40/us
to avoid charge saturation. In addition, the preamplifier

matches the high imoedance of the detector to the low inout

imoedance of successive amplifying stages.

Two main amolifiers were used in this work : a Ten­

nelec 205A Oak Ridge linear amolifier and a Canberra model
2n21 spectroscopy amplifier. Both exhibited a broad range

of linear amplification from 1 - 3000, where equipoed with

Gaussian pulse shaping and a base line restorer. The ampli­
fied and shaped pulses were collected and stored on a 4K

Canberra Series 80 multi-channel analyser, lK of storage

i.e. 1024 channels, being reserved for each individual
spectrum.

The quality of the pulses could be observed on a

Tektronix oscilloscope. One disturbance Which needed eli­
mination was occasional pulse overshoots leading to a

saturation of the main amplifier for a oeriod of up to

lOa/us. Such saturation pulses destabilize the amplifier

baseline and are therefore a potential source of spectrum

distortion. In order to avoid the measurement of pulses

arriving at the ADO when the amplifier has only partly
recovered from saturation, a single channel analyser was

used to discriminate pulse heights greater than 9.8 V and
trigger alms 5 V logic pulse which was fed to the multi­

channel analyser as a coincidence signal with the signal

innut. By operating the ADC in anticoincidence it was pos­
sible to close the gate for periods long enough ( 1 ms )

to assure a fully restabilized amplifier baseline. The

corresponding live time correction was performed automatic­

ally by the analyser.

A block diagram of the various signal processing

stages is featured in figure 47. Normally the quality of
any such functioning system is limited by the perfor~ance

of the weakest component in the chain. In nuclear instru­

mentation it is usually the preamplifier, directly between

the detector and the first amplification stage, that is
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the deciding factor for the overall signal to noise ratio.
To ~easure the prea~plifier noise level requires disco~­

necting the detector and auplying a test pulse from a high

urecision pulser to the input with a 50/us time constant
in order to simulate the detector outuut. The extent of

the peak broadening, usually ~easured as the full width at

half maximum ( FWH'1j ) of the arro I i ed test pulse, expressed

in charge or energy units, is then a specification of the

noise figure. Another is the number of electrons ( R;~ )

obtained by dividing the FW]{:,I in charge units by 2. J5 't i me s

the electron charge 1.6 x 10-19 C. All prea~plifiers emplo­

yed in this work were tested in this way and showed noise

figures of between 120 - 240 electrons RMS. With the coun­
ter attached the noise level rose to between J20 - 440 ­

Alectrons W'IS.



13 Theoretical exnectation of the syste~

It is always extremely valuable to make an esti~a­

tion of the size of the signal which one would exnect to

measure at the counter under precisely the exnerimental

conditions emnloyed in the measure~ent. This helps in cla­
rifying the extent to which the various experimental para­

meters determine the signal magnitude and therefore assists

the ontimization of the measurement configuration.
The number of nhoton interactions in the measuring

chamber denends nrinciually on five factors

1. initial intensity of the primary X-ray beam,

2. geometric attenuation ( the solid angle bet­
ween the X-ray tube and secondary target, and

secondary target and counter window,
3. absorntion of nhotons in their passage between

the source and detector,
4, transfer function of the secondary target foil

i.e. the number of primary photon converted

to secondary photons of the desired monochro~

ma t i o energy,

5, the number of photon interactions-in the sen­

sitive counter volume,

1) The intensity In of the primary chromium X-ray

beam was determined using the Beatty formula ( Bertin,_

1978 )

(37 )

where I is the beam current,

V the tube voltage
Z the atomic number of the tube target element

and k a dimensionless constant 1.5 x 10-9

Operating the tube ( chromium target Z = 24 ) at

10 kV with a 6 mA beam current one obtains a primary beam
• ., _ 0 -2. 14 'lntenslcy lp 01 2.16 x 10 J/s I.e. 1.35 x 10- key/so

Taking the average X-ray energy to b€ 5.47 ( the mean K~,

characteristic X-ray energy) this beam intensity corres=
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ponds to 2.47 x 101J Dhotons Der second. 4 0

2) The geo~etric attenuation factor of the bea~, G,

depends on the product of the solid angle,nl/4~. between
the tube window and secondary target foil and, fl 2/ 4 Jl ,

between the target and detector entrance-window ( figure

48 ). In this work a reduction by a factor of 0.56 x 10-18

in the beam intensity is to be expected assuming the beam

to be isotroDic. However this is a gross underestimation
since the emission beam from both the X-ray tube and secon­

dary target is preferentially at 90 0 to the incident elec­

tron/photon beam at such low energies.

J) The loss in the beam intensity due to photon

absorDtion, A, results from two components : absorption

of the primary beam in the X-ray tube window 0.5 mm
beryllium ) and the air layer between tube and target, as

well as absorption of the secondary beam in the air between
the target and detector window and the mylar window of the

counter. The reduction in the photon beam intensity A, due

to absorption is given by the expression,

A = e xp [-(f!. ) D, ? 3e, A F Be
p

- (#- \
jJ lair, J) x (Vo) ,? xJAprair J - pTly, .I'sTlY 4 ,

(38)

where ('* )Be, \', and (fa), \ are the absorption cross-
r A I a~r, A '. -P P

section for beryllium and air at the pri~ary beam wave~-

length), and (JR) " \, and (#) > the absorption
P r a i r , r; S Y ":QY, \ S

cross-sections for air and ~ylar at the secondary bea~

wavelength

xl' x2' xJ
respective

>. s '
and XI, are the corresponding thicknesses of the

"i'

absorption layers.

40 The correct average energy of on X-ray beam is the
weighted sum of the average characteristic line spectrum
and +hCl br-e-nss t r-ah 1 "."...,,...,. ( ......j 2 h, H' w'he"e H' .i s tn' e....... ~ v~ .................. '-"'~ ....... ~l....l.U.110 \ _ 1../ l.:.I. ' L ......... ., h t ) - 'th' max~, ]ax " 'maXlmum P 0 on energy .' in . lS case .ne aVerage ' x

characteristic line energy is a,good approximation.
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A nrior knowledge of the di~e~sions of the experi~ent

would give a value of 0,27 for A.

4) The transfer function T for the secondary target

is the ratio of the ari~ary bea~ intensity 11 incident on

the target foil at an angle 0 to the intensity 12 of the
. fl t h o t . -'~, d i + ' Iiiseconnary uorescen ano on oea~ 1 2 In one lreColon T'

Considering an interaction in the target foil at a depth t

then the total fluorescence photon intensity 1 2 is the su~

aroduced by interactions at each consecutive layer of

thic~ness t from t = 0 to t = to figure 48, see E.P.3er­

tin, 1978 ).

Figure 48

Irradiation geometry of pri~ary bea~ on the secondary fluo­

rescence targets.

Expressi~g this matheuatically the fraction of inci­
dent ahotons aenetrating to a death t is

cosec /J 1
.J

Where, (7 ~~iS ~he absoration cross section of the target

materlal, Q8TISlty F for the prlmary bea~ energy.
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cross section of the target

The fraction of photo~s absorbed in a layer of

thickness ~t at this deoth t is

(!j; \ ? Dot cosec ;j
'o

The fraction of interactions giving rise to a K

shell fluorescent ohoton is deter~ined firstly by the oro­

portion of interactions in the K she~l of the target

material ( rK - 1 )/ rK where rK is the jUITI-g ratio of the
target atom and secondly by the fluorescence yield for the

K shell Wf{'

The fraction of these secon0ary fluorescent nhotons

en i tterl i~ a direction Ip e s cao i ng reabsorotion is

exp [- (7)s r' cosec lfJ]
h (~\ .. , b ..were \;;) A .i s one a s orp t r on

sfor the seconrlary beam.

'tli:': ting the whole expression for the transfer f'un c-.

t i on T

(r y - 1)
~.

exo
~

(#)A ,)coseCijlltdt
I' e/ J

and integrating equation (41) over the target thickness one
obtains

T =

( M \ d 'r-)7i ) \ cosec " . LJ K . \ K - l
r ./\n

[(~)Ap cosec 0/ + (~)As cosec 0/1 r,<:
~

For a scanrlium target where 0 = ~= ll5°. T = 0.025,
i.e. 2.5% of the incident ohotons are reemitted as fluores-

cent scandium KCI.,p 'ohot.o-is .
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5) Fol18wing the attenuation nue to the factors 2)

to 4) the photo~ intensity arriving at the cha~ber is

a fraction 6Ich is absorbed in the sensitive v o Iu.r.e

given by

T .
-en'

T [ (11ft, dl1. 1 = exp - J::: J 0
en p >.s/ _

(41 )

S i:Tlu lati on

where ~ .
_~ lS the simulated

of l/um tissue

tissue-equivalent dia~eter.

-'AT ;~J8·~V'./U.1. eh .;.. ;J .. ~>. "-,.)

For a

The expected number of photoelectric interactions

plied by each of the reduction factors 2) - 5).

by scandium i(

initial pri-nary

inducei in the counter sensitive volume
-r ;l fT . • - 0 ~ th
~-rays per secon~. ~ h' 1S glv_n oy . ec.
beam intensity in nu-nber of photons per

N. = N GAT 6,1,en . p en

second" II • multi­p .

(42)

Putting in the various values for the experimental confi-

guration here one V~b t a .in s -f' 0 ~ ".1. . .r, F~ eh

,~ 8 <
i'ch = 2.47 x 10') x 0.56 i 10-' x 0.2? x 0.025 x J.8 x 10- J

= 3.6 uhotoelectric interactions/second

The actual number of photon interactions experimen­

tally measured under these conditions was about 50 per se­

cond for the scandium foil,higher than the number estimated

because of the pessimistically choosen geometric reduction

factor. For the chlorine X-rays ( a nhoton energy below

the argon K-erlge ) the intensity was about 20 tilnes s~al~

ler. Therefore great care had to be take~ in the experi-

~ental layout in order that the desired monochromatic

X-ray intensity is maximal without contamination from the

primary beam.
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14 Experimental narameters and execution of the measure­

ment

14.1 ;:leasure'1ent of the X-ray beam wi th a so lid state

c1etector syste1J

A high resolution lithium-drifted silicon detector

from Canberra, Series 7300, was used to test the intensity
and monochromaticity of the fluorescent X-ray beams from

the secondary targets. Care was taken that the measurements
were nerfor1Jed under the same beam geometry as those with

the Rossi and cylindrical proportional counter so that the

measured snectra differ singly with resnect to the detector

resnonse. Figures 49 - 51 show spectra measured for the

nrincinal secondary fluorescence targets empoloyed :

scandium, potassium carbonate and lithium chloride. Sharp

peaks are visible at the corresponding K~,~ line of the
target material and for the scandium target the detector

can even clearly distinguish between the K~ line at 4.09
keY and the K~ at 4.66 key, the detector having a resolu­

tion of about 200 eV at this energy. However, for the

Dotassium target ( figure 50 ), chromium K~ ,K p , charac­
teristic photons elastically scattered off the secondary

target become noticeable. 'I'h i s both undesirable and un­
advoidable source of X-ray background is of nearly constant

intensity irresnective of the secondary target material,

whereas the intensity of the fluorescent photons arriving

at the detector ranidly decreases with decreasing target
atomic number. This is due to the increase in absorption

between target and detector of the lower fluorescent photon

energies. Therefore, the ratio fluorescent photons to
Rayleigh scattered photons, decreases in the measured

intensities, the lower the atomic number of the target.
For the range of energies of interest in this work, with

the scandium target the Rayleigh scattered contribution is

Finally, in
about 50%

insignificant 7 for the chloride target scattering contri-
~ t' - - d . t . ~ 41LO ne overaLl measure In enslcy

order to exa1Jine whether the collimator-

butes

window attachment results in a degradation of the secondary
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Figure 49
X-ray bea~ fro~ the scandium target ~easured with a Si-Li

detector.

f, ,
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Figure 50
X-ray bea~ fro~ the potassium carbonate target ~easured

with a Si~Li detector.
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Figure 51
X-ray beam from the lithium chloride target measured with

a Si-Li detector.

CHLORINE TARGET
Cl-"~,JO ( 2.6) lee")

P...yl<o1<;h Scu~"red

}'<1."''''"' JhotOlls
o! Cll.""",t"",

Figure 52
X-ray beam from the scandium target measured behind the
Rossi-counter window attachment with a Si-Li detector.
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beam spectra, further ~easure~ents were undertaken with

the 3i(1i) ~etector behin~ this colli~ator-windowuiece,

i.e. the Rossi counter colli~ator-windowwas suspended

1 ~~ above the 5i(1i) detector which was sufficently

screened so that only photons traversing the window could

actually be detected. Figure 52 de~onstrates that the mono­

chro~aticity of the scandium fluorescence beam is ~ain­

tained. Only the intensity of the detected signal is cor­

resDondingly reduced due to the higher beam collimation.

14.2 Si~ulation of small tissue-equivalent volumes using

argon counting gas

For the uuruose of these investigations argon was

used as a counting gas but not in a uure form. Preliminary

investigations uerformed with pure argon incurred difficul­

ties due to the unstable oueration of the counter. This

Droble~ arises when using monatomic counting gases Which

during the gas ~ultiulication can lead to certain excita­

tion states which fall to the ground with the emission of

ultra-violet light. These UV uhotons are absorbed in the

counter walls, releasing lightly bound electrons from its

surface which subsequently create further ion pairs and

thus lead to counting instabilities. For this reason all

measurements reuorted in this thesis emuloyed the commer­

cially available counting gas PIO ( 90% argon, 10%

methane ). :'ethane absorbs the UV uhotons without electron

emission and thus leads to a stable operation of the pro-

Dortional counter.

The effect of the.1C% methane on the low=energy

nhotoelectric cross sectio~ is shown in figure 53 for pho­
~?

ton energies from 0.1 keY - 10 keY .-. The difference from

1easurements nerformed with the nroDortional counters
show a smaller scattering contribution ( see chapter 15
and 17) which .night be due to lower absorution in the
mylar counter window (the 3i(Li) detector has a 22.5/um
beryllium cryostat window J mm behind Which the actual
detector is seated ).

42
These calculations were uerformed using the uhoton cross
section program~e described in Part II, section 7.1.
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Figure 53
comparison of the photoelectric ~ass absorption cr8SS

section for Dure argon with PIO gas, ( 90% argon ~ 10%

methane ).
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nure argon is very small ensuring that only a small

Dercentage ( < l~ ) of the Dri~ary photon interactions

occur in the ~ethane.

The counter is filled with PIO counting gas ( den-

66 -" /"sity = 1.5 x 10 J kg mJ ) and regulated to a Dressure

deuending O~ the tissue equivalent dia~eter to be si~ula­

te0 as given by eQuation 34 ( see section 11.1

D

ds =0 r»
n

(J4)

-r-i ,. 1 R' t f -'.' 5 08 ~,~or a snnerlca_ 10381 coun er 0 dla~e~er .J em ~ne

pa"= 1.2JJ x 10-'

a unit de~sity tissue

~
X 10..-'

simulate

n =

Dressure D necessary to

volume of l/um diameter is

1 x 10-6x 0.981

For the cylindrical counter one could relate the
-

simulated tissue diameter to the mean chord length, 1, of

the measuring volume where for a cylinder of radius r,

, . h i i 2' / 'nelg.~ n, _ = rn r+rr, ( Bevan 1966 ). However, the mean

chord length is then a useful concept When considering an

isotropic external irradiation in which the energy deDosit­

ing charged Darticles fully traverse the sensitive volume.

Under these conditions the mean chord length acquires a

definite ~hysical significance, na~ely it is directly rela-

ted to the mean path-length of the Darticles traversing

the sensitive volu~e 43. For the low-energy photon micro­

dosi~etric investigations of this thesis where the irradia~

tion is anisotroDic, the source of charged particles

created within the sensitive volu~e and nost of the created

electrons have ranges shorter than the si~ulated volume

diameter, so that the mean chord length becomes an unsuitu­

able conceDt ( see section 16 ).

Therefore the si~ulated volu~e diameter was related

to the real d i a-ie t e r 0f the c:yli"10rical c:Ju"'1ter userl f'Jr the

4l
~In this context it is

lineal energy y.
used In the definition of the
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~easurements. Given the counter inside diameter of JJ ~~,

the P10 gas ~ressure required to si~ulate a tissue dia~eter

of "lum is, from equation (34), 1.9 x 103 Fa.

14.3 The counter o~erating potential

The usual operating potential of a Dro~ortional

counter is in a voltage range known as the proportionality

region, where the charge collected on the central wire is

greater but still Droportional to the initial number of ion

pairs produced in the measuring volucne. ?he proportionality

region lies between two threshold potentials : a lower one,

below which there is no gas multiplication i.e. where the

collected charge signal is either equal or lower than the
""1 f""" rl 44
Inl~la number 0_ Ion paIrs Iorme_ ,and an upper thres-

hold where the measured signal is no longer Droportional

to the initial number of ion pairs due to the too great

extension of the multiplication region around the central

wire into the counting volume, .i , e. there the .nagn i tude of

the gas mUltiplication might depend on the position where

the initial ion pairs are created within the chamber. For

a goo~ linear ~ultiplicatio~ it is necessary that the high

electric field region, in which charge multiplication

occurs, is limited to a regio~ as close to the central wire
as possible and that this field is precisely cylindrical.

The cylindrical counter in this work ( figure 46

had a thin ( 0.05 mm radius) smooth and regular steel

wire. Since the counter is cylindrical and the counter

body well earthed, the field within the chamber is cylin­

0rlcal around the central wire excent at the counter ends.

To avoid distortion of the electric field and hence a dif-

ferent gas -multiDlicatio'1. at the ends of the counter,

special field tubes have been employed. They provide both

a well defined counting volume and no discontinuity in

the electric field between the counting volume and the

II dead It region, when applying an intermediate Dotential

to the field tubes between that of the central wire and

44 This is the region of operation of an ionization cna~Der
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counter walls. The o~timum setting of the potential on the

field tubes is that potential which would exist at the
position they occupy in an infinitely long cylinder, in

their absence. The field tube voltage V~ can be calculated
~

using equation (4J) ( Eickel and Booz 1977 )

v =F Va' In
ln

r -'-'j' ')r: 0
,- ,

a/ o )

(4J)

where V = +' tension 0'0 the central wi.r-e ,unea
r p = the fie In. tube radius,

a = the radius of the central wire,

and b = the radius of the counter.

For the fixed counter geometry the ratio VF! Va is

a constant, ( for the counter shown in figure (46)

v~j V = 0.295 i.e. the field tube voltage must be main­
E a

tained at about J0% of the central wire voltage ).

With the snherical Rossi counter ( figure 45 ) a
suecial helix electrode is employed to obtain a cylindri­

cally uniform electric field around the central counting

wire. Once again using equation (45), the percentage of

the central wire ~ote~tial supulied to the helix electrode

in order to minimize the field distortion at the edges of
the counting volume can be calculated and amounts to 25%

for the narticular Rossi counter concerned.

The actual potentials applied in the measurements

were determined by the magnitude of the desired gas gain

which is an extremely sensitive function of the onerating

potential. For this reason very stable high tension sup~

plies are required if the counter resolution is not to be
- 4~ -
impaired ~. All measurements were therefore nerformed

with two stabilized power supplies from Canberra 205A; one
for the central Wire, the other for the helix electrode.

45 A small change in the central wire notential ca~ have
a large influe~ce on the gas gain a;d hence on the
~As;+l·"""'V\,-..f +hr.. u"" .... 1r..::~ ..;..t........ ,""C> ............ T'~,-'1 s ne c tr-u:ntJV ..l.. v Vll·....J lJ~"C:: ~ Get'>.. .Lil LJ:!:le:: .!lva.:=:-U._e::u :=:-0 v Lo' :,1.
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14.4 Gas gain a~~ counter resolution

A counter which is o~erated in the region of nro-

portionality nro1uces a sig~al on the central wire which

is nroJortional to the number of initial ion oairs created

in the measuring volume. The ratio of the number of elec-

tro~s collected o~ the ce~tral wire to the number of ini-

tially create n io~ pairs is a ~easure of the gas gain. In

practice the iegree of ~as ~ultinlication is not constant

f~r every initial ion Dair createrl but because of the sta-

tistical nature of the avalanche process has a certain

broadness. Therefore in nr-a c t i ce one must refer to the .nean

gas gain. Although formulae have been Geveloped relating

the mean gas gain to the various counter operating nara­

meters: voltage, gas nressure and the counter dimensions,

( see Diethorn 1956, for a cylindrical counter and Camnion

1971, for a snherical cou~ter ) in general their agreement

with eXDeri~ent in counters operated at low pressure is

Door ( ICRU Microdosimetry 1983. D 71 ). For this reason

the gas gain was always measure1 under the conditions of

counter operation emnloyed.

To measure the gas gain u~der any particular exneri­

~ental con~ition one requires at least one peak in a

~easured snectrum corresponding to a knovm energy or

energy neposition. For examnle, the low energy photo~

sources avail_able in this wor~ nrovided excella~t total

energy pea~s correspon~ing to the energy of the incident

bea~. From the channel address of the energy Deak, the

~ulti-channel analyser can be calibrated in ter~s of ener­

gy ( ;-r.eV ). By dividing by the Vi value of the counting

gas for the incide~t nhoton energy the average initial

~umber of ion pairs

the analyser can be

~ nroduced can be calculated. Thusa .
calibraterl. in terms of the number of

electrons Der channel. This calibration is with reference

to both a gas and electronic amplification of ons. I~ext

by applyin.g a known Dulse height from a precision pulser

directly at the preamplifier input the analyser can be

recalibrated with reference to the charge signal on the
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CQUYlter . . 46
OU"tDU-c The ratio of the two calibration

f8.\:tC'~"-S .in terms of elementary char.sse,s then gives the

magnitude of the gas gain.
The measure~ent of a ~onoenergetic X-ray bea~ gives

~ot a single line s~ectrum but an al~ost Gaussian peak

shaDe the broadness of which is ~eter~ined principally by

two factors. Firstly the ~ultiplication statistics general-

ly characterizert by a Dara~eter b of the order of about
0.6 ( Knoll 19?q ) and secondly by the Fano factor P,

usually be twe en C.15 - 0.25, ( ICRU Re nor t on Iicrodosi­

metry 1983 ) giving a ~easure of the statistical fluctua­

tion in the number of initial ion pairs !"1 f orned f'r-o.n a
/1'-' 0 ?

constant energy deposition ~!. The relative variance (orQ)-
of an energy peak of height Q measured by a proportional

cou~ter is written as

)2 = 1 ( F + b (44)

Fron equation (44) it follows that the counter resolution

~ecreases with ctecreasi~g photon energy a~d that the larger

influence on the peak broadening results from the ~ultiDli­

catio~ statistics. Therefore an increase in the gas gain

nroduces a decrease in counter resolution. For this reason

it was necessary to determine the opti~U8 gas gain consis­

tant with a good sig~al to ~oise ratio and high counter

resolution. Table (20) gives the results of measure~ents

for the counter resolution R, defined as the FWHM of the

energy peak divided by the peak position, as a function of

gas gain for the cylindrical counter ( figure ~6 ) exposed

to a sca~diu~ X-ray beam of ~ean energy 4.125 keY.

4-6 Fro":r! the Dulse height ~I the charge i:lput Q, and hence
the number of electrons, can be calculated from Q = CV
where C is the DreamDlifier innut canacitance.

2 . 2 .
<5 1'1 = ?i1o wher-e 6 n is the variance of the nu-ibe r of
. o. td' 1 ."lon palrs crea e, oy equa.~ amoun~s 01 energy.

-14-8-



'Table 20

Gas gain versus counter resolution

Gas gain

1918
1505
1092

540
3?4­
~q7

196
118

70

Resolution

22.1;;
21.8;;;
20 4 2~;

20.1%
19.8?·';
le.5>:;
19.15"0
2C) • C}~
20.5:;;

The results show the oDti~u~ counter resolution is achieved

at a gas gain of abDut 300. A further reduction In the gas

gain produces a further decrease in counter resolution due

to the increasing influence of noise.

14.5 Counter wall effects

In icrodosimetry under ccunter wall effects a whole

series of problems are understood which are related to dif­

ferent path lengths of electrons in the wall and the gas

( Kellerer 1971 ). In the experiments perfor~ed in this

thesis the narticular problem of secondary electron emis~

sian resulting from Auger and photoelectron i~pinge~ent

on the counter wall Vias investigated. This effect narticu­

larly arises for electrons of very low energy ( <150 eV )

incident on a gas~solid interface and can result in a
large fraction of the incident electron energy being re~

emitted into the counting volu~e ( Bruini~g 1954, Dekker

19 1 5 ). This secondary electro~ e~ission ca~ be a source

of overestimation of the local energy deposition.

In this work~ wh2re electrons reaching the counter

walls will be of very low energy, such secondary electron

emission pheno~e~a might be a source of spectru~ distortion.

Fortunately the exuerimental conditions are beneficial to a

minimum secondary electron emission for 3 reasons :

1) The majority of those electrons produced in

counting volume have insufficient energy to reach the

counter walls.
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2) Due to the field tubes secondary electrons

resulting from electron impingement at the caunter ends

will be nredominantly collected on these field tubes and

hence not contribute to the ~easured signal~

3) -1etalli C,i1a terials such as a Lu.ci n i um possess,

in general, a relatively low secondary e~issian yield

e.g. the -naximu-n yield S ..-,., being 1.0 at 300 eV .naasur-ed

in vacuo ( Dekker 1975 l.
To test the influence of the counter walls is not

easy, since the difference in secondary emission from

d ., L' 1 . l' Leg co ••

con_uc~lng ma~erla~s lS very S'1la~~ . however, Gne secon-

dary emission yield ca~ be greatly enhanced ( by a factor

of 3 ) by roughening the counter wall surface. Energy depo­

sition measurements were ~erformed9 under the same set of

exnerimental conditions, for a smooth aluminium walled

counter and a counter of identical dimensions with (rough)

graphite coated walls. Figure 54 compares the snectra
obtained for a 2/um simulated tissue dia~eter and shows

a slight influence of the counter wall~ However J such

measurements nerformed with simulated chamber diameters

greater than the produced electron ranges and where the

limit of the simulatable diameter has almcst been reached,

can not nrovide conclusive information on the magnitude

of secondary emission effects but only indicate that in

the e xne r-Lmen ta l arangement used the effect was s::1211.

48 Insulating material shows a far larger secondary
emission yield ( UD to 13 secondaries Der incident
e l.e c tr-cn -::''''"-''' .,..,.,,..... .....r. ...... ,::...:,,,....... ...... ~r..:...:Jo ,~ T T\e'-r1 r p ':" ",r. tJ 5 \ bu t-.l. vV.LVll .Lvl. ,Jld,5_1cv.l.UjJl VA.l.U,-, ..'"1.U.LJ :\..A.....,1. _L'j( ) U v

are impractical for use as a counter wall which must
be at constant earth notential.
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The effect of the counter wall. Energy deposition spectra
measured with an alu~iniu~ walled counter a~~ a counter

with a grauhite coated wall.

6.000~~----------------------'--~

d :1fJm
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l5 An anomalous Rossi counter effect

15.1 The ano~a18us photon energy reSDonse

Before making measure~ents with sensitive volu~es

simulating small sites, an initial series of energy spectra

measurements were -perforr:'led wi th the 2 inch FlO ( 9C5s
argon - 10~ ~ethane ) filled Rossi counter at a pressure

I,
of 2 x lO~ Fa corresponding to a si~ulated diameter of

16/um at un i t dens i ty. ',\lhen us ing an incident photon ener­

gy exceeding the K shell binding energy of the argon

counting gas , a spectrum with two peaks should be measur­

ed. A full energy peak corresponding to a total conversion

of the incident photon energy into electron kinetic energy,

which becomes totally absorbed within the counter, and a

second smaller peak, the so-called fluorescence escape

peak, corresponding to photoelectric interactions in the I

shell of argon followed by a IL or IM photon transition

where the photon escaD8S the measuring volu~e. The energy

of the latter peak is equal to the incident photon energy

~inus the mean KG~ :crT photon trans i tion energy for argon.

The ratio of the fluorescence-escane peak area to the total

e~ergy neak is given by the probability of the production

of a K shell vacancy in argon, YK' at the respective photon

energy multiplied by the fluorescence yield, ~v~, for the

argon ~-shell. For scandium X-rays where p~ = 0.9 and

WK = 0.12 this area ratio should be 0.108.

The sDectra as measured with the spherical Rossi
counte r ( -Pl' 0""'1' ...... L!.C; )

1 ~ '- ,'" 5'-"-- C . ./ I

characteristic X-rays

are shown in figures 55 = 58 for

of titanium~ scandiu~, potassiu8

chlorine respectively. Instead of the expected two peaks,

two double neaks were obtained ~aking a total of four.

Numbering the peaks from right to left with 1, 2, ), and 4

( figure 55 ), either the 1st and Jrd or the 2nd and 4th

could energetically correspond to the total energy peak

with its resnective fluorescence-escape peak. Not only do

the energies agree but also the areas under the matching

peaks. Assuming peaks 1 and 3 to be the genuine,ones

( since one can not have an energy denosited greater than
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the incident p~oton energv ) then neaks 2 and 4 ~ust be

the anomalous neaks ';'9. A remar~ably unusual property of

the peaks 2 an0 4 is that they rexain in constant ratio

to neaks l. an~ ], irrespective of the i~cident nhoton ener-

~y. This immediately rules out the possibility that they

are either foreign lt~9s due to dirty target JIaterials or

arise fro~ photoelectri~ i~teractions

central wire since su~h effect woul~ give rise to Dea~s

of definite e~ergy ani therefore at a co~stant dista~ce

f'ron the total e-.'>,er~y peak and not a c on s t a-t t r-a t i o or

energy fractio~. Double neaks of this nature would result

from pile-up, excent that in these exneri:nents the double

peak 'Jhe'1orrreYJ.on was independent of Dulse rate f'r-o.; 1 count/

sec to lO,OOO counts/sec, thus excluding this possibility.

The spectra in figures 55 - 53 were ineasured at an

average gas gai~ of a~Droxi~ately 1,000. It was observed

that the general s hane of these s oe ct r-a r-ena i n ed unchanged

1.8. the nea'{ ratios were constant, at gas gains above

1,000 up to 5,000. Howevpr, as the gas gain was rerluced,

the two psavs sradually 1-,-:oved closer together eva-rtua Liy

~erging at very l~w gas gains of below JG. He~ce the

double peak phenomenon is gas-gain deDende:lt, the s pe c t ru.n

tend.ing to the the'Jretically expected O'1e in the Lin i t JI a
gas gain of 1.

wher e the pea1.c

This is show Quantitatively in

Dosition difference CA (1) -

~,
j"

divided by the rhan~el address of D8ak 1 is Dlotted as a
function of the gas gain. low gas gains t~1e rl.ouble ne ac

phenomenon disappears and at high gas gains a nearly

constant ratio is reached

49

50

51

. + t . .Also from the notassiu~ and chlorlde varge s a cer~aln

amount of Rayl~i£h scattered chro~iu~ X-rays fro~ the
prinar-y beam" are'Jv i s i ble. If this Jeak corresponds to
the characteristic X-ray energy 5.47 keV of chro~ium

this gives a further indication of the correctness of
pe a'cs land 3.
CA (1) is the channel address of peak 1 and
CA (2) the channel address of peak 2.

This is further confirmation that the anomalous peaks
are not the result of foreign lines either due to photon
interactions within or outside of the counter since then
the effect would not be gas-gain dependent.

-153:'



Figure 55
Energy 3n9ctrum

"
for titanium X-rays 4.55 keY ), measured

with a 2 inch spherical Rassi counter showing double peaks.

ROSSI COUNTER
TITANIUM X-RAYS
hv =4.55 keY

PEAK1

CHANNEL NUM3ER

Figure 56
Energy spectrum for scandium X-rays ( 4.125 keY ), measured

with a 2 inch spherical Rossi counter showing double pea~s~

ROSSi COUNTER
SCA."iDIUM X-RAYS
hv;; !..125 keY

CHANNEL NUMBER
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Figure 57
Energy spectrum for potassium X-rays ( 3.31 keY ), measured

with a 2 ~~ch snhsrical Rossi counter showing a double peak.

ROSSI COUNTER
POTASSlUM X-RAYS
hv =3.3L. keY

ROSSI COLMER
CHLORit-iE X-RAYS
hv =2.63 kev

~,
z'

i!z

RAYLEiGH SCATTERING
/547 kev

CHANNEL NUrvsER

Figure 58
"' er-zv S "'.;. f . 1 . v ( ? 0/'1 "'0") mea sur-ed--'~ ..L.. 0... p,-, C vrum or cn~or2.ne .",-rays -...-1 .l.'-' V ,II;..... U. '-' ....:.

with a 2 inch spherical Rossi counter showi~g a double peak.

n

1\ ,~
I\I \
I V \ RAYLEIGH SCATTERING

\j, ,~.
CHANNEL NUMBER
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Figure 59
Peak separation between the double peaks relative to the

upper_p~ak position as a function of the gas gain.
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Figure 60

Energy spectrum far scandium X-rays ( 4.125 ke-V ) measured

with the Rossi counter with zero potential on the helix

e Lectrods·,

l\

,J
V

I

ROSSI COUNTER WITH
EARTHcCU HELIX ELECTRODE
SCANDiUM x-RAYS
hv :; 4.125 kev

CH.6.NNEL NUMBER
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to an incorrect setting of the helix potential ( see sec­
tion 18.3 ). However, it could be shown that this was not
the case, The double-peak effect was hardly affected by

the helix potential ( except for a small change in the gas
gain ), i.e. no helix potential could be found to give any­

thing like the expected counter response in a range of

helix potentials from 50% of the central wire voltage to

0%. In the latter case ( figure 60 ) the helix electrode

was well earthed so that any charge build-up on the helix

could be rapidly neutralized. Apart from a worsening of

the counter resolution the anomalous peak phenomenon

remained.
The properties of the anomalous peaks still, how­

ever, tend to suggest that they result from a charge

effect, probably around the helix electrode, which some­

how distorts the electric field in the vicinity of the
central counting wire thus giving rise to two discrete

gas gain regions. This hypothesis was further investigated

by performing a sequence of test experiments designed to

reveal more about the cause of the double peaks.

15.2 Further investigations into double-peak pheno­

menon

To test whether the anomalous peaks are the result

of the helix electrode a simple cylindrical counter was

constructed with a single central wire electrode and

measurements performed under the same set of experimental

conditions; geometry, counter window~ gas pressure, gas
gain, scandium X-ray beam etco, as with the Rossi countero

Figure 61 compares the spectra obtained with the Rossi and

cylindrical counters and shows that the double peaks i.e.
peaks 2 and 4 are absent.

To confirm with certainty that the presence of the

helix electrode is responsible for the anomaly, two further

decisive experiments were carried out. First the helix
electrode was removed from the Rossi counter and second,

the Rossi-counter helix was inserted into the cylindrical

counter. Figure 62 shows a spectrum obtained with the Rossi
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Figure 61

Comparison of the scandium e~ergy spectra as measured with

the Rassi coun t e r-, ( helix potential applied ) and with a

self constructed cylindrical counter.

f\ SCANDIUM A-RAYS
hv::: 4.125 keY

I
ROSS< COUNTER

~CYLlNDRICAL COUNTER

CHANNEL NUM3ER

Figure 62
<: ••
~,CanQlUm

counter,

energy spectrum measured with a spherical Rossi

( figure 45 ) with the helix electrode remaved.

l f\
~ rI i \
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~ [ I I \
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ROSS COUNTER \NFH
HELIX REMOVED
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hv::: 4.125 keY
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Figure 63
co .' •..... canolum

counter,
energy spectru~ measured with the cylindrical
( figure 46 ) with an inbuilt helix electrode,

demonstrating that the anomalous ueak results from the
presence of the helix electrode.

CYUM:lRICAL COUNTER
W11}1 HELIX
SCANOIl."I X-RAYS
hv =4.125 keY
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cou~ter without helix, and confirms the hypothesis about
<?

the helix since the double neaks are no longer ~resent ~-.

The second canfir~ation comes fro~ the ~easure~ent Der~

for~ed with the cylindrical counter with a helix ( figure

63 I where the ano~alous Deaks are now suddenly present.

The sDectra~easured with the cylindrical cou~ter

wrth helix dif'fer- f'r-o:n those measured VIi th the Rossi counter in
two resnects : the relative i~tensities of the Dea~s

different ani the distance between the Dea~s 1 and 2 are

s~aller ( the aSY~Dtotic value for [C'T(l) - CN(2)] /C:r(l)

de o i c t ed in figure 59 for the Rossi counter -:;'1easurements,

was only at a gas gain of 2, '';·OOt .i . e . about half

that obtained with -l-'une Rossi counter. This nr-o ol en vIas

further investigated and thus the reason for this dif=

ference is not <nown. However, it could be related to the

different helix geo~etries ( ~itch; dia~eter ) which were

23 turns in 67 ~m for the cylindrical counter and 23 turns
in 50.8 ~m for the Rossi counter. Such sensitivity to the

helix geoGetry further suggests the possibility of s~ace

charge effects at the ~ultinlication region.

1971,

Such spacR charge effects were reDorted by CampioTI t
c;--:::

when using tissue-equivalent gas, xethane ~~ and

ethylene counting gases which contained 1% of water vapour

for low energy ~hoton ~easurements. Indeed his snectra

show sase si~ilarity to those reported here. nowever,

Ca~pion did not observe the effect when using ~ethane

~uenched argon. In the experiments reported here the cha:n~

ber was evacuated to for u~ to J days and then fil~

led with highly pure PIO gas in order to especially advoid

water vaDour enteri~g the cha~ber, However,since the double

52 The bad resolution is the result or coun~er end effects
since in a snherical counter the electric field is no
longer cylindrically uniform around the central wire. It
is for this reason that the helix electrode is necessary.

Test ~easurements were
in this wor~ where the

also perfor~ed with ~ethane gas
same double pea~ pheno~enon arose

even in the absence of such a high pro~ortion of water
vanour.
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peak vanished UDon re~oval of the helix electrode it can

be concluded that the anomalous peaks do not originate from

any gas i'il",?uri ties such as water vacour .

Although no definite conclusions can be arawn about

the cause of the sDurious double peaks when proportional

counters are onerated with helical grid electrodes, it is

not unli~ely that a region of a space charge is for~ed

in the locality ~f the helix which distorts the electric

field thus c~eating yHO different gas gain regions, yerhaps

by reducing the nu~ber of electrons produced at later

stages in the avalanche. Such effects, known generally

under the name of self-induced snace charge effects, have

been reDorted in the literature ( see Knoll 1979 and

Hendricks 1969 ). Such snace-charge effects are sensitive

to gas gain and counter geo~etry but independent of count

rate which is in agree~ent with the discussed experi~ental

findings.

Consequences for Microdosimetry

It is unusual that in such a well established

measurement technique as microdosimetry that anomalous

effects have remainei unnoticed or unreported. Possibly,

such prob Ler.s have not arisen before because Rossi coun­

ters have so far been used exclusively for the ~easurement

of energy-deposition. spectra, i.e.:neasure'TIents in which

only a fraction of the incident particle energy lS denosit­

ed in the sensitive volu~e. Under such conditions one ob-

tains broad snectra of energy deposition and not sharD

high-resolution ~ea~s and therefore such ano~ali8s can go

an example of an energy-deposi-

tioD SDectru~ ~easured with the sa~e Rossi counter with

helix simulating a l/um tissue equivalent dia~eter ).

Further, because of the com~on rsnresentation of such

sDectra as yd(y) versus log y, the presence of any space­

charge effect becoxes even ~ore disguised so that any

double peak either vanishes in the main peak or becomes

visible only as a shoulder on the left ( lower energy)

·side of thatneak.
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The results presented in this section represent experi~ent­

al exneriences of the author over a neriod of two years

of systematic investigations in low-energy nhoton experi­

mental microdosimetry. They should give incentive to

scrutinize nrevious measure~ents perfor~ed with similar

counters on energy-deposition spectra of low-energy

nhotons and on the validity of calibration performed

with low-energy photons 0 Further~ special care should·be

taken to examine Rossi counters thoroughly to investigate

the influence of this possible space-charge effect for

energy deposition above the keV-range. Finally it is sug­
gested that for future investigations in ~icrodosimetry

the use of a helix be advoided.

Figure 64

Energy deposition spectrum f8r 4~125 keV X-rays incident on

a 2 inch Rossi counter ( figure 45 ) filled with argo~ at a

nressure simulating a tissue equivalent diameter of l/um.

ROSSI COLMER d=1urn
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Path 12ngth distributions

An imyortant factor det2r~ining the sha~e of an

energy-dsDosition snectrum for ~articles of constant LET

is the ~ath-le~gth distribution of the particles in the

counting volume. Therefore energy-deposition spectra and

their derived ~eans denend on the geo~etry of the counter.

In the pas t , :-nicrodosimetri'c :n2asure~nents have :nostly been

Derfor~ed with spherical counters but cylindrical counters

have also been used. Also ~easure~ents have al~ost exclusi­

vely been Derfor~ed with radiations such as neutrons or

ga~ma rays producing secondary charged particles al~ost

exc:!-usively from the counter walls energetic enough to ful~

lytraverse the sensitive measuring volu~e. In such cases,

assuming the secondary particle to travel straight lines

isotronically across the counter, the 9ath-length distribu­

tion of the energy depositing particles can be replaced by

their chord-length distribution in the ~easuring volu~e.

For a svherical cavity the chord length distribution is

triangular in s hao e , ( see Rossi 1968 and for a cylindri-

cal counter the distribution contains sharp cusp-like peaks

which vary according to the ratio of ths cylinder height to

dia~eter ( for a variety of cylinder geometries, see Bir-

~off at a1 1970, Hogeweg 1978 ).

In the snecial exnerimental geometry re~orted here,

the secondary-energy denositing charged particles, the pho­

toelectron and Auger electrons, are induced by Dhotoelec~

"., ,. 1 ,.:;" 4'..)..' •• 1
~rlC ln~eraC~lons a~ong a ~lame~er o~ Lhe coun~lng vo_ume.

It was therefore necessary to calculate the electron path-

length distributions under the geo'netry e~ployed in the

~easure~ent. For this purnose a special lonte-Carlo prog~

ra~me was developed si~ulating the electron path Droduced

by lO~OOO p~otoelectric interactions

~eter ( figure 6S ) of a cylindrical

along the central dia­
S4counting volume

Under the sa~e irradiation geo~etry as the experimental
energy deDosition measurements reported in section
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The calculation was based on 3 nr-Lnc i pa I assu:f1p-

tions

1) the probability of photon interactions is cons­

tant across the counter diameter, i.e. there is no attenua-

tion of the photon beam,

2) the electrons generated In the counter travel in

straight~line path between their point of origin and the

counter wa 11,

J) the direction of emission of all electrons is
cc

, • • .4-' , , •• ..J ' 1..... ~ . J:J
iso~roPlc Wlvn reSDec~ ~o the InCluenG nnovon oea~ ,

The method of calculation proceeds as follows.

First an interaction point is chosen at random along the

ohanbe r- diameter, ( random nunbe r- generator GGUW - lEI,!

Fortran library ). Each interaction ~oint is the source of

a photoelectron and a series of Auger electrons, the num­

ber and energies of which depend on the transition path­

ways in the vacancy cascade during atol1ic de-excitation.

Fr-om the work on s iru Lat ed vacancy cascades following pho­

toelectric interactions in argon, discussed in Part II,

section lOf individual electron~energy spectra were written

on ta~e for 10,000 individual interactions at the photon

energies of interest here. This data could be el1ployed by

reading i~ successively one set of electron energies for

each interaction point. For each electron of energy E the

range was calculated using the range f'o r-nu La of Iskef and
Watt ]982 56

In ( ~ R \ =-2xI
!

-4.5467 + 0.31104 In(E) +
?

C.0777J (lr3)""

(45)

Q ,_", sHex the extrapolated electron in jug/cm
2

55 This is true for Auger e~ission but not for the Dhoto­
electrons Which, at such

010w
photQn energies, are e~it­

ted preferentially at 90~ to the incident photon beam.",,,-
JV The authors clail1 this range for~ula to be valid for

electrons in the energy range from 20 eV to 10 keY with
a standard deviation of the mean of around 25%~
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Figure 65
Irradiation g?ometry fO-r"the cylindrical counter

measurements.
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and Z/A the a t oni c number to .nas s ratio for the stopping

me d i u m.

~ext for each i~dividual electron a random isotro-

TIle direction of proDagatio~ is chosen using the nethod

described by Sobol 1~74. This ~ethod entails the genera­

tion of two rando.:Tl nunbe r-s Rl and R2 to fix the angles ;:6
in the xz plane a~d ~ in the xy plane ( figure 65 ), the

'7
angles being ~eter~ined by equations (46) and (~7) )'.

9 = ? J1 R
• '1

cos ,0 = 1 2 .R2

(46)

p·7 )

Given the coor0inates of the interaction point and

the angles 8 and i, the distance the electron would have

to travel to the cylinder wall can be calculated in which

consideratio~ is ta~e~ of the cylinder ends. If the elec­
tron range is sufficient to carry the electron to the

cylinder wall, the electron path length in the sensitive

volume is equal to the distance the electron travels to the

counter wall, otherwise it is equal to the electron range.

In this way the path-length distribution of the individual
e Le ot r-on s o t' 1"'" 1 .. 1 " h'" •_ ~ 2n ne cY~lnarlca._ coun~lng VOLume lS Ov~alnea.

If the path-length distribution of the individual

electrons is Dlotted for cyli~der diaseters greater than

o ~ 5 fum, the d istribu t i cn is d 'J ..ni~'iated by the large Y1tLJOer

of short-range, low-energy Auger and Coster-Kronig elec-

trans emitted producing a series of peaks corresnonding ~o

'10 t -'-"' ' ., .,'""CHe mas r r equen t Ly occur i ng e t e ct.r on ranges. Also the

electron nath-le~gth

related to the shape

~istribution obtained is no longer

s oe c t run as

would be ~easured with a proportional counter, where elec­

trons ~esulting fro~ the sa~e photoelectric interaction are

not independently resolvable in ti~e. Rather, the nattern

'7
), Proof that these eQua"tlons give an isotropic choice of

direction is in sobol 1974.
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is more closely correlated to the total electron path

len~t~ D8r nhotoelectric interaction. For this reason the- - -:::> -, . • - -_.-

e Le ctr-on pa th Le ngth s produced by electrons resulting f'r-o:n

a single interaction were su~~ed and a distribution of the

tatal e1.8ctron path lengths per interaction plotted.

Figures 66 and 67 show the electro~ path length

distributio~s Der interaction for the incide~t nhoton ener­

gies 3.34 1\.8\{ ( »o tas s tu.n Kd,~ ) and 2.63 key ( chlorine

~if,~ ) X-rays resD8ctively for cylinder diameters : 3/u~,

1 ·U~ n ~ urn a'~~ 0 1 "m -J~ ~lnp abqc_issa +be p.lpc+ro-.-.-","/,.l, """oJ"' • ... ",.< • /~. 1_ ~ _ _ v~~ v

path length ~er interaction is plotted as a fraction of

the cylinder dia"eter d and on the ordinate the relative

path length probability Der bin width of d/lOO.

For the volume dia:neters alum and 1 .u:n, at these
Dhoton energies, the electron ranges are shorter than the

cylinder dimensions i.e. Dractically all electrons become

fully absorbed within a distance a fraction of the counter

diameter. This results in sharD Dea~s in the distribution

corresponding to the total fractional electron range Der

interaction in the counter. For the potassium X-rays a

second Dea~ arises due to fluorescence escaD8 at a position

determined by the total electron range minus that of the

~issing ~ Auger electron.

At volume diameters the ranges

of the -nos t energetic electrons ( t-he ~ Auger electron for

the potassium x-rays and the ~hotoelectron for the chlorine

X-ray energy) become comparable or greater than the cavity
n '. .' 0 ~, • b i 1 . t ~ 1 + ., .
~l~enSlons ana Ln8 praoa l._l y or e~ec~ron lmplnge~en~

with the counter walls therefore inc~eases. That determines

the distribution form at these counter diaTieters is nri­
5a

~arily the path length of the most energetic electron

58 On average 4 electrons are 8!litted ~er photoelectric
interaction induced by a Dotassium X-ray photon. The
K shell Auger electron from argon essentially deter~i­

nes the sha~e of the path length distribution, the
other low energy electrons contributing only a constant
modulation to the distribution so long as their ranges
are s~all compared to the counter dimensions.
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Figure 66

Calculated total straight line electron path length

contributions for electrons released following 3.34 keY
X~ray induced photoelectric interactions in an argon

filled c~lindrical counting volume simUlating O.l/um.

o.5/um, l/um and 8/um tissue equivalent diameters.

POTASSIUM X~RAYS

hv = 3.3.t. keY

- O.11Jm
--- O.5lJm
---'-- 1.0 11m
_._.. 8.0)Jm

, ,
0.2 D." 0.6 08 1.0 1.2

RELATIVE PATH LENGTH PER INTERACTION
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Figure 6?

~alculated total straight line electron path length

distributions for electrons released following 2.6J keV
X-ray inducedpnotoelectric interactions in an argon

filled cylindrical counting volume simulating O.l/um,

O.5lum, Ijum and Slum tissue equivalent diameters.

CHLORINE X-RAYS
hv: 2.63keV
- 0.1 urn
--- 0.5 pm
_._..._- 1.0~m
_.- 8.0jJm

!
"'I,.
"
,I
,I

"
"
"I'

"I'"

"

"
"
"
",,.

02 0.4 0.6 0.8 1.0 1.2
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~lectr0ns incident with the cylinder body give rise to a

flat broad distribution stretching fro~ zero to values

slightly greater than the cylinder dia~eter. The peak at

the UDDer end of the distrioution results from electron

incidence with the cylinder ends ( where there is a higher

densi ty of paths of s ini Lar- length). The sharp rise in the

lower side of the peak is from electrons striking perpen­

dicular to the cylinder ends. The ~ore gradual falling

upper side results fro~ electrons e~itted al~ost perpendi­

cular to the photon bea~ but at ever decreasing angles
~ivi~g ri~e +0 'nAroasl'~qly lo~~or eleAtron pa+~ 'en~+'ns_~ __•. _0 v ..r.. ....... "-- .~:::>-'- _ L1:::>...... • '-'. ~, \.n~ ..L 1 0 t,.,

but with continually decreasing probability, as the solid

angle between the interaction points along the photon path

and the cylinder ends becomes increasingly s~aller. The

position of the peak is higher than the cylinder half

height, h/2, by an amount corresponding to the total path

length per interaction of the accompanying lower energy

electrons.

The smaller the cylinder diameter the broader and

more complex the distribution due to the continually in­

creasing influence of lower-energy Auger electrons which

no longer sim~ly contribute a linear ~odulation to the

total path length distribution. This influence starts to

be visible at the O.l/um volume diameter.

A brief final comment requires mention regarding the

choice of irradiation geo~etry applied in the ~easurements

and for which the path length calculations, the subject of

this section, were perfor~ed. Since at low photon energies

an isotronic exposure of the cha~ber is not possible a

X-ray bea~ geometry was employed, the photons entering

thin

counter through a thin ~ylar window and traversing a dia~'

~eter of the counter: whereby the nroblem arises that at

low counter d i a.ne t er s ( < l/uj1 ) the electron na th length

nistribution j and hence the energy deposition spectru8 j is

dependent on the position whore the photon beam traverses
...l.' • -'- • 1 .,., . l • 1 l . h " 1"· ..cne sens r t i ve vorume . .t'"ro:n -"Cne 'oa t n .re ng tt ca.LCU" a t i oris a t

couli be shown that, because the peaks in the distribution

result fron electron incidence with the cylinder end

nieces, a distribution containing a single peak is only
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then obtaine~ when the uhoton bea~ traverses central and

perpendicular to the cylinder axis where all secondary

electrons have their origin at equal distances between the

two cylinder ends. When this condition is not fulfille~

and uhoto- an~ Auger electrons are uroduced at uoints
other than on the central dia~eter of the counter, then

an extremely complicated electron path length distribution
results containing two peaks,corresponding to the differing

electron path lengths to the two cylinder ends. The result
of such an electron uath length distribution would be to

produce a far ~ore complicated energy denosition spectrum
and add to the difficulties in counter calibration.
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of energies

17 Energy rteposition spectra far low energy photons

17.1 Measure~ent variables

In this section energy-deposition spectra are pre­

sented for measure~ents Derfor~ed with an argon filled

cylinirical l'roportio'1al counter irradiated with ohotons

lust above ( l.)4 ~eV Dotassiu~ K n ) and') ./ -- ct.,I>
just below ( 2.63 keV chLor i ne K",13 ) the K edge of argon
( 3.2 keV ). A further secondary target, scandiu~, was
use" to give a supplementary photon energy ( 4.125 ke\! )

above the K edge of argon. For excitation of the secondary­

target fluorescence radiation, both a chromium and molybde­
num X-ray tube were ello1oyed. With thello1ybdenull primary

beam anditional energy-deposition spectra were ~easured

usi'1g a lithium bromide secondary target giving X-rays of
energy 12. OS7 '{eY producing s ornewha t higher energy photo­

electro'1s in the measuring chamber.

Energy-deposition soectra were measured at five

tissue equivalent vo tumc diameters : 8/um, 4/.l:1l, 2/um, l/um

and O.S/um: whereby the s inu La't ed d i ane t er- is referred to

the actual dia~eter of the cylindrical counti~g volu~e

( S gnt l' on 1/1_ 2) ~he n~i~a~y 0h~,~~cr aaome+ry use~ 1''1 t'nis,-'.-" , •._"'t'". _ ..... ~ ~'"' .... _.:~ .._ ·,-.-l~Cl..,lU,---, 0'.-" -a ... u._

wor~ was a cylinder of equal diameter and height, i.e.

d = h, where the nhoton bea~ traverses central and perpen­

dicular to the cylinder axis ( see figure 65 ). However

further spectra were ~easured for the cylinder geometry

h = 6d i.e. a long cy l i nd e r-, where at the .sinu La t e ri vo Iu.ne

diameters of i~terest here~electrons have insufficient
e~ergy to reach the cylinder ends.

The spectra sho~~ in this work are Dlotted as

iirect energy deposition, E , on the abscissa aga i ns t

number of counts on the ordinate on a linear~linear scale.

At the Slum sillulated tissue diameter the measured sDectra
represent, at all photon energies used hers, energy spec­

tra. However, at increasingly smaller si~ulation diameters

the main energy oeak will become less and less suitable for

calibration nur-oo s es since some of the .no r e energetic elec=

tronswill lose energy to the counter walls. The lowest
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energy well resolve0 D8ak above the noise level obtained

was the argon fluorescence escaue peak from the scandium

li~e, i.e. 4.125 - 2.975 = 1.15 keY. It was this ueak

together with the channel zero baseline which were used to

caU brate the energy scale. For each sinulated d i a.ne t.e r­

the scandium snectrum was used not only for calibration

but also for spectrum normalization.
For the scandium suectrU!D a region of interest was

defined, with a lower level set at the ~lnlmum between

the fluoresce~ce escaue ueak and noise, and a~ upper level

set at the minimum between the sca~dium main peak and the

Rayleigh scattered chromiun neak , 'The integral number of

counts within this region of interest was used as the crl­

terian for the collection time for each measureTlent, i.e.

suectra were measured until the number of counts in the

region of interest matched a predetermined integral amount.

This meant that the area under all spectra, ( except those

measured with the bromine X-rays were identical in the

region of interest advoiding the necessity of a separate

nu~erical nor~alization. With the bronide target the gain

of the a no l i t i e r was reduced by three, ( checked v;i th a

nrecision ~ulser ) and so reducing the calibration in

keV/channel also by three. The region of interest designa~

ted for the bromine SDectru~ differed from the other

measurements and hence a separate normalization was carried

out.

17.2 Energy deposition snectra and their sean values

The first set Jf energy denosition sDectra are pre-
sentee in figure - ?O ~easured with a chro:niu:~ X-ray

tube with notassiu~ and chlorine as secondary and

at tissue equivale'1t di2meters of 8
/um,

2
/

u m, l/um and
590.5 fum
i\.t':'Ul.e 8/um' diameter, corresponding apor-ox i mate ly

to the average cell nuclear dia~eter, the spectra of energy

5° A measurecte~t performed at 4 pm equivalent diaSeter pro­
ved essentially the same as 8 Mm and therefore was omit­
.ted to avoid a0ditional compiexity of the figures.
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d epcs i 't i on i:.-r the counter are eauivalent to energy spectra., -

Therefore the ~easured SDectrum consists of a total ener­

gypeak equal to the energy of the incident ~hoton, a~d for
~h0ton Qne~a~~Q a'o·J'lQ +~Q ., Q~aQ o~ arao~ there is a second, .... l.\.V ,-_ '---' •• -'.-~-'-~'-' "-_ \..>1.\."-- :\.. '---':"-:'0"-- • -.L r> 11

.-';.,.

peak corresponding to fluorescence escape fro~ the argon

counting gas, equa 1. to the incident photon energy ':'linus the

average photon transition energy for argon. For the pot-
~ - "1

8. S SlUL'l i'.-rays

its energy (

the

365
fluorescence escape Deak is not visible,

eV ) being too low to be discri~inated

from the noise level.

As the diameter of the simulated volume is reduced,

the magnitude of the total energy ueak decreases, as in­

creasingly more and more electron energy is deposited out­

side of the counter sensitive volume. This decrease in the

total energy peak intensity is compli~ented by an increase

in the nu~ber of energy deuosition events below the inci~

dent nhoton energy.

The snectra in figure 68 - 70 have equal areas

between the noise level and the elastic scattering peak,

so that a ~irect interccffiuarison of all sn8ctra is pos~

sible. After calibration the total energy deposited in the

cha~ber at any uarticular volu~e dia'Deter is obtained by

integrating the snectrum over the region of interest. The

mean energy del'bsitior! per event EF is then the total

energy denosited divided by the total nu~ber of energy

deposition events in this region. In table 21 are given

the va Lues of E: '" for a chromium urinary beam incident

on the secondary targets , scandium, potassiu~ and chlo­

rine in tissue equivalent dia~eters ( cylindrical counter

d = h from 8/u~ - O.S/um.
The same series of '"neaSUrelle;lts wi th the sa.ne 58 ccri-.

dary targets in tissue equivalent dianeters fro':. 3 -un

l/umwere r2Deate~ using ~olybdenu~ in ~lace of the

chromium'X-ray tube. The major differences with the :"'101yb­

denum tube measurements are the higher operating tube

Dotential producing a ~ore intense pri~ary beam, more

br-e-ns s t r-ah l.ung an" the no Lybd enu-n characteristic photon

energy ( 17.8 keV ) in ulace of the chromium line. This

<leads to a ::slight depreciation in the secondary beam



Fi~.lre 6.8
Energy denosition spectra for scandiu~ X-rays, ( 4.125 keY)

measured in a cylindrical counter for tissue equivalent

d:l:ameters: 8/um, 2/U'J] , l/um and a.5/um.

6,OOO-,---------------------~

CHROMiUM TUBE SCANDIUM X-RAYS
hv .4.125 kell

~ 8.D~m

_.- 2.0~m

••.•.••• 1.0~m

--- 0.5~m

1.15 4.125 ENERGY (kell)

Figure 69
Energy deposition spectra for potassium X-rays, (3.34 keY
measured in a cylindrical counter for tissue equivalent

d i ame t er-s , p/'um_ _ I.. ~ '" J.. ~ 0 V . , 2 jum t l/urn and a.5/um.

POTASSIUM X-RAYS
hv .134 keY

=-- 8.0l-lffi
_.- 20 urn
_•.•_- 1.0 urn
--- 0.5 pm

ENERGY (keV)5.47
t

3.34

0.000~--------
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Figure 70

Energy deposition spectra for chlorine X-rays, ( 2.63 keY

measured in a cylindrical counter for tissue equivalent

dia~eters, 8/um, 2/um, llum and O,S/um.

6,000,----------------------,

CHROMIUM TUBE

n
)._.

II !i-~

l If \'

~
I \\....__/: \\
... \ "-

................... ' .......~............

CHLORINE X-RAYS
hv. 2,63 h'l
~ Bpm
---- t urn
--- 05~m

2.63 51.7 ENERGY Ike'll

Figure 71

Energy deposition spectra for the scandium, potassium and

chlorine X-rays produced by a molybdenum tube, ( for com­
parison with the 8 / um measurements with X-rays induced

by the chromium tube ).

6,000 \

ENERGY I keVI

d.8~m

- hv =4.125 keY
-'-'--- hv.3 34 keV
--- hv .263 keV

263 3.34 4125115

MOLYBDENUM TUBE /\

I \ (\
1,\; \/ \

I / \! V \
\ f \i f
\\ ,1;\ 1\
,\\ : \ \

W\\ f\ I! \ \\\ I. \ ~
'.~., ...
'.. ...... J:" \.-" - '" .. ...... ',.,...-............ ..... -- ...............
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monochro~aticity, however gave the opportunity to observe

both the reliability of Drevious measurements with the

tube as well as allowing a~ additional~hotonchr-omi.u:n

of higher energy ( the
60

to the ;'leasu~

oh o t one

be added

V
;""0\, f3
) totargetLi t h i u-n brcr-r:in8

~nergy

f'r-o-n a

re:~~ents .

Table 21

Mean energy 0enosition ~~ for low energy Dhotons induced

by a chro~iu~ X-ray tube, as neasured by a cylindrical

counter of di~ensions d = h.

<1 ( -urn) Ep ( 1{8 1 )

Photon energy(l:\:eV) I, l?5(~' ) I 3. 3Lf- C~) 2.63(Cl)'"'Y. _ _ .;C

8 3.680 3.214 2.5b7
4 3.620 3.212 2.587
? 3.578 3 ..201 I 2.587
1 3.462 3.091 2.556~

I0.5 3.076 2.852 2.489,

The energy snectra as obtained for the scandiu~,

Dotassium and chlorine secondary targets with the :nolyb­

denu~ tube are given at the 8/u~ tissue equivalent dia~eter

• n' ? 1 61 -ru .o •f'~+ . '.' t e r i t'In Ilgure ,_ . .rne ri L.... leren ... prlmary osan cnarac erlS a cS

give rise to a ~ore Dolychro~atic scattering off the secon­

dary target most visible for the chlorine target. The va-

lues for the ~ean energy denosition as obtained with the

mo Lybdenum tube measure~ents are given in table 27 and are

generally in better than 30 eV agreement to those obtained
wl th

from

the chromium tube. Also in table 27 are the

measure~ents with the higher energy bro~ine

E_:l vaLu es
I'

characte-

ristic X-rays, the snectra for which are shown in figure

72 for tissue equivalent counter d i a ne ters : ,3/u:n, 4
/

U !:} ,

2 j u :r! and l/um. At the 8 ju:n diameter a sharp total energy

60

61

The yield of bro~ine X-rays one can obtain with a chro­
~ium tube is very 3~all since these can only be produ­
ced by the bre~sstrahlung spectrum.

Figure 71 has been plotted on the same energy scale and
with the sa~e integral nu~ber of counts in the region
of interest as the spectra in figures 68 - 70. They are
therefore also rJirectly co~parab1e.
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peak occurs at the bro~ine fluorescent photon energy of

12.087 keY. At 9.11 keY is the fluorescence escape peak

( from the argon counting gas) sitting on a background

of energy deposition events between 0 - 12 keY. As the

tissue equivalent counter diameter is reduced the inten­

sity of the total energy peak rapidly declines and the
whole spectrum shifts to lower values of energy deposi­

tion a new peak arising at a value corresponding to the

most probable energy deposition per interaction.

'Table 22

Mean energy deposition E F for low energy nhotons induced
by a molybdenum X-ray tube.

I '+.o~\.J

I

1

d (/um) EF(keV)
fPhoton energy(keV) 4.125(8c) 3.34(K) 2.63(Cl) 12.087(Br)

and target

8 3.723 3.228 2.564 10.061
4 3.591 ;,.208 2.558 8 . .383
2 3.561 3.182 2.535 6.292 I'"

1, ,..,,..,
'" ,~'" '" ""'''' t , n",~

Finally a series of energy deposition measurements

were nerformed in a cylindrical counter of sensitive volume

dimensions h = 6d ( cylinder height is 6 times its diame­
ter ). Of narticular interest were the 1 um and 2 u~ volume
" t t i f ".p' ... hUlame ers 0 see l any slgnl~lcanv c,arge

energy deposition occurred where electrons
in the mean'

e~itted perpen-
dicular to the-direction of the uhoton beam traversal would

be in all cases fully absorbed in the sensitive volume.
rrn . -., d'" 1 ... ' '1 ... l' d~ne SDe~~ra Ob~alne a~ a pm ~lssue equlva~e~v CY_ln er

dia~eter with DhQtons energies 4 G125 keY, 3.34 keV and
2.63 ~eV ( the secondary targets excited with a chro~iu~

Dri~ary tUbe) are shown in figure 73. The Ep values for

the counter diameters 1 f~ and 2 pm are given in table 2.3.

The results show values of f -rn comnarable to those
l' -

measured with the right cylindrical counter ( table 21 ),

the differences probably being the result of Bxperimental
i~accuracies rather than genuine differences
of energy deposition.

.~, ,In l"ne amoun-c
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Figure 72

~nergy deDosition sDectra for bro~ine X-rays, ( 12.087 ~eV)

in a cylindrical counter at the tissue equivalent dia~eters:

8/um, 4/um, 2/um and Ijum.
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Figure 7J

Energy deuosition suectra for 4.125 keY, J.J4 keY and
2.6J keY X-rays ~easured in a cylindrical counter of dimen­
sions; height = 6 X diameter where the tissue equivalent
d · t . 1.la~e er lS _fum.
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Table 23

Mean energy deposition ~F for low energy Dhotons measure~

in a cylindrical counter of dimensions h = 6d

d ( fum) 6 p(keV)
Photon energy (keV) 4.125(5c) 3.34(K) 2.63(81)

2 3.561 3.192 2.589 j1 3.464 3.080 I2.549
t

The close agreement in all the results presented
here tend to suggest that, at the cellular di~ensions si­

mulated in the counter, a Lrios t all the incident nho t on

energy transfor~ed to electron kinetic energy in the sensi-

tive volume becomes absorbed there i.e. at least for Dhoton
energies below 5 keV. Any considerable" change in the oa t-,
tern of energy denosition would be expected, when measure­

able, first at tissue equivalent counter diameters less ."
than 0.5/um.
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18 Summary and conclusions

It was the aim of this thesis to ~ake a broad

contribution to the understanding of the microdosi~etry

of Auger e~itters.

Part I VIas concerned wi th the energy deposition

nrocesses resulting fro~ i~cor~orated radionuclide decay

in which the emission of 10'."1 energy Auger electrons for:n

a nredominant contribution to the high radiotoxicity. The

radiobiological effectiveness of an incorporated radio­

nuclide will 1epend firstly on the local pattern of ener­

gy 1e~osition around the decaying radionuclide and second­

lyon the degree of overlau of this energy deposition nat­

tern with the sensitive areas of the biological system.

Part I of this thesis addresses in particular the first

of these.

Pour radionuclides

tioD
55pe

biology and medicine
64and Cu. Certainly

of current relevance to radia-
. t" d 123- 125-were lnves 19a-ce' : - 1, 1,

all four of these radionuclides

when incornorated in the cell nucleus denosit sufficient

energy in the nucleus to produce a D~'{A double strand break

( DSB ). However. what is decisive is the concentration of

the energy

For

deDosited at the critical sites.
'?~ lA5"--)T . c; - h" -b' ~ d

~ ana - 1, W. len can e lY1COrporaG8 direct-

ly into the DNA, the concentration of energy deposited

within a site size of 2 nm ( the distance between the 2

strands of the DNA) is high; calculations performed here

show aDprox. 123 eV for 1231 and 211 eV for 125 1 Der decay.

For 1251 this is nrobably sufficient for a DSB since
Tn~ ~ _ ~,"~~.,...'~~ ~ ,~. , A" ~,,~~ 125 _, '~~A _~~~~~~ . ~
_l.-'·.J';l ~Aut:: .... l,;.t::n Lr .1. v 18 :-cn,...... l,n G~la. G _ .l.11\....Ur!-JU1..d.. L,::;,--, lTI LoO

the DNA in the for--n 125IUdR Droduces about one DS3 per
1 ?,

decay. For -L-../IUdR in.corporation no figures on D.3:S and SS3

( single 3trand break) production are available. Of par­
'?'ticular interest is whether ~-j1 is as effective in pro-

1?5ducing DS3's and SS3's as ~- I i.e. the energy deposition
t'r-o:a 125,- , ' . h t' t t.n . , 't i , ~,.1 .... ,<1 J...LS so n i g na Vl ere lS aarur'a z.on , or wne liner

a reduction in the effectiveness occurs which is in pro­

portion to the ~ean local energy deposition.

Por the radioisotoDes 55 pe and 64 cu the situation
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is less clear. The 2 radiaisoton8S are Dresent somewhere

in the ce 11 nucleus, probably randomly dis tri 'outed w i, th

resn8ct to the DNA unless some che~ical cO~Dlex is formed.

The considerably smaller local energy de~osition of these

radionuclides plus their i~direct Dosition of incorDora­

tion in relation to the DNA sensitive target volume would

i~Dly a far smaller radiobiological effectiveness of both

these isotopes in nroducing any biological endnoint unless

non-radiological effects also playa role. The high radio-
. . t ~ 6L ~ . t"tOXlCl y OJ. 'Cu tound by Anelgot' et a l lS no 1;0 De ex-

nlained by ~icrodosi~etry but ~ust be in nart sunnlemented

by so~e chemical effect.

The choice of radionuclides nresented in this thesis

was orientated towards current work under discussion in:-~ra-

diation biology and medicine and does not in any way renre­

sent a li~itation in the apnlicability of the technique.

A continuation and develonment of this work together with

more exnerimental data could lead to a far better under­

standing of incor~orated radionuclide toxicity, the role

of the Auger effect in this toxicity and ultimately to

notential benefits in the annlication of Auger emitters to

nuclear ~edicine.

In part II a c0~Duter code was developed to calcu­

late froq the element cross sections the nhotoelectric,

ro~nton and total absorntion coefficients for biological

~e0ia in the range of nhoton energies between 100 eV -

1 ~eV. This progra~~e was used to analyse the ~agnitude

of selective absorDtion at the K nhotoelectric absorntion

edge of both nhosnhorus and iodine in the DNA and as a

constitu~nt of the DNA in a cell nucleus. - , . ,
JU:T.tD r-a t i os a t

the K edge of Jhos~horus of 1.81, for ?hos~horus in the

DNA and 1.15 for a 2.64~ weight ~ercentage of phos~horus

in the cell nucleus were obtained. For incoryorated iodine

in the DNA as a selective target in the cell nucleus, under

the optimal conditions of 100% reDlace~ent of thymidine by

IUdR, a~ore substantial selective absorption could be ob­

tained than for nhosnhorus ( a jU~D ratio of 1.60 is nos~

sible at the iodine Kedge ). However, this value renre~

sents a theoretical maxi~u~ by this incornoration method
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an~ ~ust be re1ur-ed a~cor1ing to the nercentage weight of

actual iodine nresent in the nucleus. Selective absorption

is therefore increased the higher the relative weight per­

centage of the target element in the mediu~ and the higher

the at1'~ic ~umber of the target at~m.

Even under the condition of low selective absorDtion

in the target ele~ent i.e. s~all ju~p ratio, an ele~ent of

atomic nunb s r higher than that of' the usual constituent

e18-nsnts of biological:naterial i.e. hydrogen, car-bon, nit­

rogen ann oxygen, -nay pro,'.:luce an inho:nogenei ty in the local

absorbed dose which for ato~s present i~ a critical sensi­

tive 'biological structure, e.g. phosphorus in the DI'-,JA,

cou1i be sufficient to cause effective da~age to the cell.

For this reason a 4etailed study of photoelectric interac­

tions in nhosnhorus was undertaken in which nhotoelectric

interactions and the ensuing vacancy cascades vlere s inu l a-,

te0 for different incident Dhoton energies above and below

the ;-C edge of nhosnhorus using a -:onte-Carlo conout e r code.

In this way electron s~ectra could be generated and then

used to ralculate the local e~ergy i~Darted as a function

of Dhoton energy ani site dia~eter In snherical volu~es

containing a ho:nogeneous distribution of:'.h.osph0rus a t o-ns ,

The results of this work show that for the photon energies

stu~ied ( from 278 eV - 4.55 kef) practically the entire

incident nhoton energy is absorbed within a site dia~eter

to small site sizes below 10 nm, the mean

energy d eoos i tion be c ones about twice as great for photon

e~ergies above the { edge of ~hosDhorus than for photon

energies· be LOV:.

lonte-Carlo calculations were also Derfor2ed to si-

~ulate Dhotoelectric interactions

ran b8 use1 as a g000 si~ulant of nhosnhorus for exneri­

~eDtal ~icro~osi~etric studies 01 the energy deDosition

following nhotoelectric interactions at different uhoton

energies. Calculated values are given for the TIean energy

denosition for a homogeneous distribution of argon ato:ns

in a snherical volume of variable diameter irradiated

with monochromatic nhotons of different energy. In addi­

tion the electron nu~ber distribution for argon irradiated

-183-



above an~ below the { edge comnare to the experi~entally

measure~ iistributions of Carlson and Krause with good

agreeme~t nroviding i~Dortant confir~ation of the the ore-

tical approach.

Part III of this jissertation was concernsd with

ex-peri nerrta l energy d e po s i tion:neasure:nents for low energy

Dhot,::rn.s wher-e the a in of the study was to measure the

effect on the local energy 0enosition in a~ argo~ filleQ

proportional counter of photon interactions of energies

just above and be Low thet\: edge of argon. '-':ii th the as su.no­

tioD that the de-excitation nrocesses in argon following

photoelectric interactions resemble those in phos;horus,

any result obtainen wouln have direct bearing on the ener­

gy deposition in a cell fro~ nhotoelectric interactions

in the phosphorus of DNA.

After a netailed descrintion of the experi~ental

-net nod ,going through the individual sys t e.n co':nponents, the

exnerimental set-up and execution of the ~easureTIent, the

results of energy rlenosition measurements are nresented

for the photon e~ergies : 2.63 ~eV, 3.34 ~eV, 4.125 keY

an~ 12.08; keV in a cylin~rical counter at si~ulated

tissue equivalent d i a ne t e r-s of between 0.5 /um -3 /ueD..

The mean energy deposition E·~ obtained at all simulated
"counter diameters, for which the measurement tech~ique is

applicable, yields values close to the calculated ~ean

electron energy released as a result of nhotoelectric

interactions in argon. This leads to the conclusion that

if the sensitive biological target is of cellular di~en­

sieDs then the radiobiological effect Der ~hoton interac­

tion would be expected to be aDDroxi~ately 0roDortional

to the incident photon energy, ( + 1 'a t .i e a s t ener-
gies be twe en 2.6 k.eV ani] 5 ke V ). If from biological in­

vestigations this is not 8xJeri:nentally shown to be the

case, and there is evidence that it is not so ( Goodhead

et al ), than one would susyect that the critical target

size is sna Lle r- than that for which the e x oe r-inen t.a l

technique can be applied.

Finally it has been shown,fro~ energy s~ectra

measurements with a spherical Rossi counter employing a
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helix electrode to maintain cylindrical field uniformity
around the central counting wire, that spurious peaks can
arise leading to a serious distortion of the spectrum. It
could be verified that the anomalous operation of the
counter was connected with the presence of the helix elec­

trode, whether applied with a potential or not, by perform­
ing a series of measurements with and without the helix
present. It is the view of- the author that the anomalous
peaks are the result of self-induced space charge effects
produced by the presence of the helix. The author would
therefore like to see a further investigation of this
effect and the scrutinizing of previously performed measu­
rements with helix containing Rossi counters for the pre­
sence or absence of space charge effects often disguised
in spectra of partial energy deposition and by the art of
spectra representation.
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Appendix 1

The shane of beta spectra

The formula for the shape of a beta spectrum is

given by equation 1 ( nart I section 1.2 ). The sense in
which a beta snectrum is required here is as input data

for a ]onte-Carlo programme which calculates the electron

emission snectrum for individual decays of the isotope
64cu . For this purpose the spectrum has been divided up

into 10 energy intervals of 60 keV width and the relative

number of beta particles in each energy interval calculat­

ed with equation 1.

For the values of the Fermi function F(Z,W-V), Fano

1952, Z equals 28 for beta-plus decay and 30 for beta­
minus decay. These values of Z then yield for Vo ' where

2 4 /3'10 = 1.13 ~ IZ\ ; the values 0.0051 for beta-plus decay
and 0.0056 for beta-minus decay ( mc2 units ). The steps
in the calculation of the shape of the beta-plus spectrum

are given in table la,

Table la

Calculation of the beta~nlus snectrum

.j)9

.011
3.2 3

• .LO 1.

.004
.L.';I';I8

2.117
510
570

480-540
540-600

E(keV) ;,1id . poin t VI (W-V )_12 (W-V ). F(28, W-VO) N(E)E0 ("101")2
\ "'" fl

0- 60 30 }.?5d .332 1.577 .008 I .004
/- 90 .609 1.432

I
.088 .077OU-12OI 1. rib 1/ I I120-180 150 1.2935 .812 1.259 .208 .213

180-240· 210 1.4110/ .988 I 1.067 - yo • .369
240-300/ I I . j v

I270 ,1.528 1.149 .866 .510 .507I I

300-360 330 /1.646/1.301 I .664
I

.683 .590
360-420 390 1. 763 1.446

I
.474 .873 .598

420-480 450 I~·~~l I ~.5~7 .302 I 1.075 .515
, /, , ,.., ........ -~
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The values N(W)dW are normalized so that Z::;N(W)dW
c

is equal to the probability of beta decay ( 0.193 ), Dill-
mann and Van der Lage 1975.

The beta-minus spectrum is split up in the same way

and normalized to 0.396, the probability for beta-minus

decay. The two normalized fracticns for beta-plus and beta­

minus decay are added since for energy deposition purposes

the charge difference can be neglected.

Table lb
Relative intensities of the beta-plus, beta-minus spectra

E(ke'l) N (E)dEe N (E)+N (E)dE
p e

0- 60
60-120

120-180
180-240
240-300
300-360

I
360-420
420-480
480-540
540-600

.0002 .0081

.0046 .0278

.0127 .0486

.0220 .0588

.0302 .0765

.0350 .0717

.0356 I .0561 I

.0306 I .0360

.0214 I .0124

.0007 I -

.193 I .396

.0083

.0324

.0613

.0808

.1067

.1067

.1117

.0666

.0338

.0007

.589
I

The relative intensities of the combined beta spec­

trum in column 4 of the table Ib are now in a convenient

form as input data for the Monte-Carlo calculations, ( see

Appendix 2

A given inner shell vacancy can usually be filled

by a series of Auger transitions. The notation used to
characterize individual Auger transitions is similar to

that used for photon transitions in X-ray spectroscopy.

For example,the Auger transition KLIL3
denotes an elec­

tron transition from Ll to K with the emission of an
electron from L3 & From the three sub-shell symbols the

first gives the initial vacancy~ the second the electron

-ii...;-



shell from which the vacancy is filled and the third the

shell from which an electron is released, the so called

Auger electron.

Appendix 3

Table Ja
Electron transition probability a~d energy data

tellurium

1 3 . 3 0
1 3 . 7 5
13.80

1

3 . 8 0
3·14

1

3 . 44
3. 44
3.86
~ 9";;. 0

3.96
3.96
~ 7';;. -'
); 73
3·75

2 5 9 .0329
2 ::> 10 .0057
2 ::> 11 .C047
2 5 12 .0048
2 6 6 .0002
2 6 8 .0030
2 6 9 .0734
2 6 10 .0203
2 7 10 .0588
2 7 11 .0024-
2 7 12 .0025
2 8 8 .0)22
2 8 9 .0601
2 9 9 .0431

/Looo
I

11.000 I
I I

I .0033 I 26.6

"

.0001 I 27.1
•0001 I 27.1

I •0001 I 27. 1
I .0142 I 23.0
I . ~~2§ ! 2§. 4
I .uU30 i 20.6
I .0037 I 26.6
, . 0010 126.9

.0009 26.9

I .0008 I 27. 4
.0008 , 27.4

I .0008 I 27. 4
1. 0002 127.4
I .0060 31.0

1 3 9
1 3 10
1 3 11
1 3 12
1 4 4
1 4 5
1 4 6
1 4 7
1 4 8
1 4 9
1 4 10
1 4 11
1 4 12
1 4 13
1 7 12

- --

Transi tior: p E(keV) Transition p E(keV)

1 3 0 1·2~4 I 27.2 2 6 0 .01QO 4.07
1 4 0 .4)6 27.5 2 1 0 .0160 4.12
1 6 0 .045 30.9 2 12 0 .0037 4.83
1 7 0 .087 31. 0 2 3 10 .0382 .122
1 11 0 .013 31.7 2 3 11 .0302 .172
1 12 0 .014 31.7 2 -x 12 00477 .182-'
1 2 2 .0095 21,8 2 3 13 .0137 ,,264·
1 2 3 .0154 22.1 2 3 14- .0249 .265
1 2 4 .0181 22.4 2 3 1 ~ .0042 ·302 I-::>

I 1 2 5 I .0038 25.8 I 2 3 16 I .0028 .314 I
1 2

~ .0030 25.9 I 2 3 17 .0042 ·315°1 2 7 .0025 26.0 2 4 10 .0658 ·392
1 2 8 .0007 26.2 2 4 11 .0264 ,441
1 2 9 .0007 26.2 2 4 12 .0658 I .453
1 2 10 .0008 26.8 2 4 13 I .0676 .533
1 2 11 .0008 26.8 2 4 14 , .0875 .535
1 2 12 .0009 26.8 2 4 15 .0052 .572
1 3 4 .0359 22.7 2 4 16 I .0017 .581
1 3 5 .0021 26.1 2 ::> 5 I .0100 2.88I
1 3 6 .0022 26.3 2 5 6 I .0124 2.99
1 3 7 .0022 26.3 2 5 7

,
.1161 3·12

1 3 8 i .0033 26.6 2 ::> 8 .0003 13.30
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Table Ja gives as an example the electron transi­

tion probability data-set to the K and Ll shells of tel­
lurium following either l25r or l2Jr decay. The termino­

logy is as follows. The first three integers denote the

transition where the number 1 represents the K shell, 2

the Ll shell, J the L2 shell and so on until 15 denoting

the outermost OJ shell of tellurium. Using this termino­
logy a transition from L

J
to K with an electron ejected

from ~l would be represented by 1 4 5. Photon transi­
tions are characterized by a zero in the third column.

The fourth column gives the relative probability of the

transition and the fifth the energy of the emitted photon

or electron.
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Appendix 4-

Flow chart of the-computer code

( start)

I

Read tran­
sition proba
bili ties

M = 0
N = 0

IQ = 0

I'll -~

'\T =,,
IQ =

No. of emitted electrons
No. of emitted photons
Charge on the atom

(

decay
:11 + 1
IQ + 1

iB~t~
I lH ­
I IQ =
I

f
Random num­
ber generated

;;,lec
~ ~ No

< tron cap-" n ~>

~urede/

~Yf'''it Yes,

( Start of decay )l--------E---------(A)
I '-(

Inner shell ~ I
vacancy produ­
ced by eiectron,
capture I

I •
Position of inner/
shell vacancy .
recorded . l

I

IQ = 1 J

Correction of tran- I
sition probabilities I
to account for exist­
ing shell vacancies

,
Start of elec- )
tron capture loop

!

~ '----'-=-=r---=::....:..=..::.=--.J

I

.:..v-



Sum 0
transition

probabili ties
f'Teater thaI'

/

10-0

No

Yes

I
®

Norna1ization I
of transition I
probabili ties.

I
Random number l

I
Transition

chosen

Auger No
trans i tioY! '>---.:....::--'F-------.

Yes

Auger electron
emitted

M - ',,1+1
IQ = IQ+l

Photon emission

N = N+1

,---1---
I storage of1electron energy

+

IStorage of
I nhoton energy
I

Readjustment of
electron distribution
in the atom

Is the
radionuclide ~o

In a bound
tate

Neutralization
TQ = IQ-r

SlectrJn readust­
ment after

nputralization

I
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c
Deenest lying
vacancy sought

deCay!

o
+-

J Next

BIs the
deepest lying
caney in an outen

shell
~es

End of the electron
cao ture loon

No

J.s the
radionuclide
till excite

No End of ~

d i s integra- 0/0)
tion

No
~nt~~~al .

~erslo

I. __

ryes

Gamma emission
~~--~--~energy stored

Calculation and
storage of internal
conversion electron

energy

t

Internal conversion
inner shell vacancy

recorded

I'II = IVI+l
IQ = IQ+l

i
Internal I
conversion

loop I

End of

disintegration(
-_-- J

INext decay!
. ,

-vii-



Appendix 5

Photoelectric interactions in the iodine of CH3I

Following the decay of
bution on the tellurium atom

the statistical processes of

CH 1125 the charge distri­3
is greatly smeared out by
the second cascade. Calcula=

tions of a single cascade process such as after photo­

electric interactions in cold iodine would be therefore a

more reliable test of the computational method.

Carlson and White 1966 irradiated CH
3I

with 8 keY

X-rays, i.e. just above the Ll edge, and measured the

charge distribution on the iodine as well as on the mole­

cular fragments after the Coulomb explosion. Figure 5a

compares their results for the charge distribution on the

iodine with those of Monte-Carlo calculations simulating
an 8 keY photoelectric interaction in the iodine of CH

3I
and the thereby induced vacancy cascade. Again agreement

is good with the ex~erimental results. The calculations

give a peak at 4, Carlson and White at 5. In the high and
low charge regions between 1-3 and 5-10 agreement is ex­

cellent,the largest discrepency being around the peak
values. Further agreement was obtained also with regard

to the charge on the fragmented ligand, i.e. the number
of neutralization electrons employed.

Both this result and that for CH
3I

125 demonstrate

that the number of electrons emitted as well as the number

of active neutralization electrons is consistant with

experiment for single and double cascade processes.
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Figure 5a

Charge distribution on the iodine atom after an 8 k~V

photoelectric interaction with CHJI. Comparison of the

'!fonte-Carlo calculations with the experimental values

of Carlson~
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Appendix 6

Table 6a

Transition probaqility data and energy data for radiative
and non-radiative transitions in phosphorus as used in
these calculations.

1.966
1.966
0.012
0.013
0.022
0.022
0.023
0.023
0.149
0.159
0.159
0.16q
0.169
0.101
0.1l1
0,,111
0.121
0.121
0.121
0.100
0.110
0.1l0
0.120
0.120
0.120

1 4 6 .0057
1 4 7 .0057
2 3 5 .3330
2 4 5 .3330
2 3 6 .0760
2 3 7 .0760
2 4 6 .0760
2 4 7 .0760
2 5 5 .0080
2 5 6 .0100
2 5 7 .0100
2 6 6 .0010
2 6 7 .0010
3 5 5 .0410
3 5 6 .1970
-z c: '7 e 1970./ J I

3 6 6 .1880
3 6 7 .1880
." 7 7 .1880
/

4 5 5 .0410
4 5 6 .1970
4 5 7 .1970
" 6 6 .1880"i"

4 6 7 .1880
4 7 7 .1880

1 .•.•.--

("'V1Transition Probability
\ ,-

EnergyTransition

I i 3 0 .019 1.991
4 0 .038 I 1.992I

I 1 6 0 .001 \ 2.122
11 7 0 .002 2.122
i 1 2 2 .0392 1.716
! -
I 1 2 3 .1257 1.767
! 1 2 4 .1251 1. 768

i 1 3 3 .1500 1.818
I 1 3 4 .2988

I
1.819

1 4 4 .1500 1.820
1 2 6 .0026

I
1.914

1 2 7 .0026 1.914
1 3 5 - .01l6 I 1.955
1 4 5 - .01l6 I 1.956
1 3 6 .0057 I 1;965I
1 3 7 .0057 i 1.965
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