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THE ANALYSIS OF AUGER ELECTRONS RELEASED FOLLOWING THE
DECAY OF RADIOISQOTOPES AND PHOTOELECTRIC INTERACTIONS
AND THEIR CONTRIBUTION TO ENERGY DEPOSITION

J.L.HUMM

ABSTRACT

This work is a study of the mzcrodos;metry 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 atonm
is a wvacancy 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 radiotoxie, 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=123, iron-55 and copper-64
and following Uhotoelectrlc interactions in phosphorus and
argon. The individual spectra for 10,000 phovoelectric
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 auite untypical of the snergy deposition from szngle

disintegrations.
Further the possibility of selectiv thtuelep%rlc
absorption in pvhosphorus bound DNA and DNA labelled with
cold iodine is investigated. Using argon as a substitute
Tor phosphorus to study this problem further, energy de-
position measurements have been performed to examine the

pattern of energy deposition and the mean energy deposii-
ian, {'..? at ‘nhn‘tnﬂ eﬁerglnq 11?::: apove and below the K- aﬂgg
of awvgw The problems enc ountered 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 reporied.
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A historical review of the effecis of Auger electron

cascades in biology and medicine

Although the Auger effect was discovered as early
as 1G25 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 radionuclidé,
iodine~l25, when incorporated into the DNA in the form
of the thymidine precursor IUdR, was found to exhibit
a far greater radiotoxicity than %o be expected from
considerations of absorbed dose alone, ( between 5-10
times higher than itritium 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, Tisljar et al 1978 etc. confirming the high effect-
iveness of 1251 when incorporated into the DNA of cells,

Considerable interest also guickly began to develop
for other Auger emitting radionuclides which could be in-
corporated into the cell nucleus. Some work has already
been performed with 6#Cu ( Apelgot et al 1980), 55?8
{ Reincke et al 1978 ), 73y ( Kassis et a8l 1682 ) and
there have Dbeen proposals to use others, e.g. 1231
( L.E.Feinendegen - private communication ).

Some experimental research has also been performed
investigating the effects of Auger eleciron cascades in-
duced by the photoelectric effect. Halpern and Stocklin
1974 irradiated the thymidine precursor BUAR with X-rays
of energies just above and below the K-s2dge 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-
gyme inactivation accompanied by an increase in the zinc
release as the K-edge of zinc was traverssd.

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 occuples about 10% by weight, that it might
be a selective target for Xw-ray absorvtion 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-
K, 4.55 keV } and below ( aluminium=-K_ 1.55 keV ) the
K-edge of phosvhorus ( 2.145 keV ) Goodhead and collegues
did not detect a significant effect.

To summarize, several works have been concerned with
the role of Auger electrons in radiation bioleogy 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 1s still to be performed in this field if an exact
gquaniitative undersitanding of the effects is fo be achiev-
ed and it 1s hoped that this dissgtation will provide =2
useful contribution to this complicated and much_gebated
region of study.

-




Survey of the content of the thesis

Besides the detailed theoretical work on the energy
devosition of 1251 by Charlton and Booz 1978, 1931, *aad
Gavron and Feige 1975, very little information has been
published on the microdosimeiry of Auger electrons re-
leased by decaying radionuclides incorporated into bilo-
logical matter or induced by photoelectric interactions.
It was the aim of this thesis therefore to investigate
relevant areas of this important field where present
data is lacking.

To simplify opresentation 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 ohotoelectric
induced wvacancy cascades in argon.

Part I is concerned with the development and ex-
tention of the Monte-Carlo technigue 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 czalculate electron energy
spectra for the radionuclides : 1251, 1231, 55Fe and 6&Cu
are described and used to provide new energy deposition
these isotopes.,

Part II is a continuation &f this work for photo-
electric induced cascades. Using atomic photoelectric

"cross section data and the atomic constitutions of DNA,
cell nucieil 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 lonte-Carle 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 ophoton energies. The results of
additional calculations are presented for Monte-Carlo
simulated photoelectric induced wvacancy cascades in argon.
It is shown that the Auger elecitron specira produced by
photoelectric interactions in the corresponding shells of
argon and ohosvhorus are similar hence making argon a
suitable model in experimental energy deposition studies
for the radiation biologically relevant atom phosphorus.

Part JII contains the experimental work verformed
in the thesis . Using an argon filled proporitional count-
er, energy deposition specitra 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 - 8 um. The experimental techniques and diff-
iculties are described in detail and an anomalous double
veaX phenomenon is reported when calibrating with low
energy photons a spherical Rossi counter with helical
grid electrode,

I




PART I

AUGER ELECTRON ENISSION FOLLOWING THE DECAY OF

RADICONUCLIDES







1 Pnysical properties of radionuclide decay

1.1 Decay schemes

Incorporated 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 1so=-
tope. The discussion here will be limited to 4 radionuc-

. 25 123, 55, 64 .
lides T, I, Fe, Cu on which the bulk of the

work in this part of the thesis has been concentrated.

1,1.1 Todine-123

in figure 1 is the decay scheme for 125I, 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 1077 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 1251
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=15sg
Cooper 3942 ), the tellurium nucleus is still in a high-
ly excited state - and decays after a further 1077 s pre=
dominently by internal conversion producing another
inner shell vacancy and hence a further cascade of Auger
‘electron emission.

For 93% of the 1251 decays electron capture is
‘followed by internal conversion and two vacancy cascades
fesult;_ln the pemaining ?%jof decays_cqrresponding to

_;5;“:_”_
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electron capture and gamma emission a single vacancy

cascade occurs.
1.1.2 Iodine=123

The decay of 29I resembles that for +<7I 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
1231 is consideradbly smaller than for 1251, This will be
shown late to have an important effect on the Auger

spectrum when comvared to the case of 1251.

1.1.3 Iron-=55

55?9 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

&4
For Cu there are two electron capiure decay pathe-

ways, one directly to the ground state of nickel ( 40.5% )
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.
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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 : 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 wnere an orbital electron is captured
by a nuclear pro%on resulting in a neutron and the emis-
sion of a neuirino. In beta-minus decay the nuclear
charge is increased by one, in beta-plus and electron
capture 1t is reduced by one. The latter {wo 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 Zme where
m, is the electron migz, Eyggs 1955g5as is thz@case for
the radioisotopes ¢ 7 “I, "7-I and Fe. For Cu elec=
tron capture compeites with beta~plus decay to the nickel
daughter, Alsc a certain percentage of the disintegrations
go by beta-minus decay %o zinc ( figure 5 ).

Radionuclides which decay 100% by electron capture
produce an electron spectrum comparising of Auger elec- .
trons only. For 6aCu 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 spectrum 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 électron-screening factors

=10~




both introduce distortions which influence the beta-plus
and beta-minus spectrum shapes differently.
For allowed transitions taking screening into

account the shavpe of a2 beta spectrum 1 is given by

(W) =z, W=v, ) [-vg)? - 1) TR wav ) (e E ()

where N{W) = probability for the emission of a beta ray
of total energy W,
W = total energy of the beta particle ( in mcz
units ),
VG = screen%ng pztential due to atomic electrons
Vo = 1,127 {Z]7 3 where ¢ is the fine structure

sonstant 1/]3? ,

W, = maximum total beita particle energy,
Fermi function medified for screening poten-
tial due to the orbitzal electrons..

The beta-plus, beta-minus spectra for 640u are
calculaied using equationl., then combined to a2 single
spectrum by adding the N(W) components at each energy
interval W. For furihgi details on the calculation of

the beta spectra for Cu the reader is referred to

F(2,W-V

o)

Appendix 1.
1.3 Electron capture

The orbital electron of an atom can be revresented
by a wavefunction, which partially overlaps with the
nucleus. In electron capture an electron during its pre-
sence in the nucleus interacts with @ nuclear proton to
form a neutron, an antineutrino being emitted for energy

conservation.

¥ i e s on o+ v (2)

d

The probability of electron capture for an electron in a

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




shell is a function of the degree of overlap between the
electron from that shell with the nucleus, For the X shell
glectrons this overlap is greatest, the degree of overlap
rapidly decreasing for the higher shells. The relative
provortion of vacancies precduced by electron capture in
the individual sub-shells K, L1, 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
eleciron capture ratios L1/K, L2/K, M1/K etc from which
the relative electron capture probabilities of each sub-
shell can be calculated, Bambynek et al 1977. Denoting
the electron capture probabilities A and Ay, for the K-
and Ll-shells, the probability ratio for Ll to K capture
is given by equation (3)

M/ Ae = (npqad BB ) / (na®( BE B ) (3)

Ny 1 and Ny denote the relative occupation numbers of
electrons in the L1 and X shells respectively where for

closed shells n = 1.

2 [ Fge = Bry\ C
. = | e yhere E_.., the elesciro
( qu/ qr{ ) \EEC _ EK } wner EC ciron

capture transition energy, is Qg - E>,( for €lectron
capture direct to the ground state E_. = Qun )

Ey is the remaining excitation energy of the nucleus

and EKg EL1 are the electiron binding energies of the K
and L1 shells respectively.

Bx 1s the electron radial wavefunction amplitude

B, . 1s a correction factor taking into account effects
of electron exchange and overlap.

Equations for )\Ll/)\K and all other ratios are entirely

analogous,

_:HZIn this work zll values used for B, and 3, were from
Bambynek et al 1977 and Behrens and Janecke 1969,




For decay by 100% electron capture the sum of the
probabilities for electron capture in each individual sub-

shell is one,
AEC=>\K +AL]_+AL2+°°°21 (i,l.)

Using equations (3) and (4) the initial vacancy
distributions for isotopes which descay by electron capture
can be calculated. If the decay involves branching to
different excitation levels of the daughter then each
electron capture 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
EIC equal to the excitation energy of the nucleus Ey
minus the binding energy of the released electron EB’

{ Segre and Helmholz 1949, Emery 1975 )

y = Eg (5)

The yrocess 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, & , where

Ny - Total number of emitted electrons in filling
Ny Total number of emitted gamma rays in filling
N vacancies
(6)
N vacancies
and & = o, + + ) (




where Kooy H g7 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 mulitivpolarity of z 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 ( M1 ) and eleciric
guadrupole { E2 ). In this case the sub=shell internal con-
version coefficients can be obtained using the formula,

(M1 ) + S%x. ( B2
= OF ) 8y ) (8)

K
1+ 87

where §% ig called the mixing ratio and 1s equal to the
ratic ®2/M1, Dillmann and Van der Lage 1975, Chu et al
1964,

0f particular concern here are the radioisotopes
1251 and 1231 whnich after decay by eleciron capture re-

main in a3 highly excited metastable state of tellurium,
For 1291 this state is a singlet, for 1231 many excita-
tion levels exist ( figure 3 ). In hoth cases the excited
tellurium nucleus can decay by either gamma emission or
internal conversion. For 125Te the total conversion
coefficient w= 93/7, Dillmann and Van der Lage 1975. For
l23Te the value of = depends on the excitation energy
and multipolarity of each level, therefore the vartial

conversion coefficients must be calculated separately for

H-'

each excitation level,

=140




1.5 Radiative transitions

A radionuclide which has undergone eleciron cap-
ture or internal conversion will be left with an inner
shell vacancy. This vacancy represents a high atonic
excitation energy which can be decreased by an eleciron
transition from any higher shell to fill the deeper lying
vacancy. [T the energy of this transition 1s emitted as
an X ray photon it is called a radiative transition, IT
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

vhoton hv is

hv = AE =E, - &, (9)
where Ej 1s the energy level of the filled vacancy and B,
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 ( AE )'=3 and non-radiative transition propor-.
tional to AE, ( Marmier 1965 ), the former predominate
when AE is large i.e. for transitions to the deepest inner
shell vacancies, in particular the XK shell. Once the
vacanciées have reached the higher shells and the differ-
gnce in energy levels become small non-radiative transi-
tions are the faster and hence more probable.

A measure of the probability of radiastive transi-
tions to a vacancy in shell X is given by the fluorescence
yield Wy. For a vacancy in the K shell,

—i(n,.) n, + h, + n, +
. : IRE K K K e

N Ng

. where (nK )i = the number of vhotons of spectral line i
. emitted and Ny = the total number of vacancies created
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and filled in the X shell.
The fluorescence yield depends on atomic number Z,
becoming greater with increasing 72, e.g., for tellurium

E)K = 0.877 whereas for phosphoruslﬂK = 0.060. Since for
increasingly higher shells the fluorescence yield rapid-
ly decreases, for inner vacancies in phosvhorus radiative
transitions are less imvortant than non=radiative transi-
tions. The same is true for the higher shells of tellurw=:
ium, e.g., once the inner-shell vacancy of tellurium has
reached the L shell, the fluorescence yields for L, L,
and Lj sub-shells are (W, = 0.041, W, = C.074 and {UB =
0,074 respectively3 { 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 DNon-radiative itransitions

& non-radiative transition is one where the energy
gained by an electron transition, instead of heing emit-
ted as photon energy, is used for the emission of an elecw
tron. This process is- known 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 photc-
electric effect { part II ). Whereas the effect of a2 pho-
ton transition is to shift the initial X 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

3 It is - usual ‘to drop the L in the subscript when express-
ing fluorescence.yields for the L sub-shells.

~%'Appéndix 2~ summarizes -the conventional notation to
classify Auger electrons. S
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vacancy. The relative Auger transition rates are given by
Mc Guire 1975 and Chen, Crasemann and Mark 1979 Auger

157 oy

transitions are extremely fast { approx.
and vary only slightly with the transition energy AE.

For AE 2 10 keV radiative transitions are of the same
order of magnitude as non-radiative ones., However, for
transitions between the outer shells of atoms where AE

is small, they approach the rates of optical transitions

( approx. 10“83 ) 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 & K=shell
vacancy is given by the Auger yield, By 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 Tluorescence and Auger yields for the K
shell is one, i.e., the Auger yield is given by Lo bl

Above the X shell it is usual to disiinguish bet-
ween Auger and Coster-Kronig transitions. The Coster-Kro-
nig effect is an Auger process in which the electron itran-
sition occurs between two sub-shells of the same Drlnclsal
shell. For example, in the Coster-Kronig transition
L1L3;1, an eleciron from the sub-shell L3 Tills a vacancy
in Ly and an electron is released from M;. The sum of the
fluorescence yleld, w0 , Auger yield, a2 ,7and Coster-Kronig

£

yield, f, to any primary vacancy is unity
W +a +f=1 (11)

The wvalue of f can be close to one, especially for a
vacancy in the first sub-shells, such as Lq, My, ete..
‘Krause 1979 gives values of the Auger and CostéraKronig
_ylelds for the L subeshells for elemenis from Z = 1 to
= 59.
Although Auger and Coster-XKronig transitions to-
gether form the predominant means of atomic relaxation,
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there are other competing processes which play a small
role in the de-excitation process, Sevier 1§72.
1/ Double suger 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 1975z
4/ Autoionization, Sevier 1972, Carlson 1975D
5/ Plasma excitations, Sevier 1972
For this dissertation, being concerned wiih 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
bounnd. 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
vroduce 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 cof 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 analogues of thymi-
dine, e.g. iododeoxyuridine -IUdR and bromodeoxyuridine-
BUdR, where the iodine atom may be 1251, lgBI, or 31y
and the bromine °OMBp, Qiffer 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 perhavs not the only radiosensitive struc-
ture of the cell but it is by far the most sensitive,

- The high toxicity of radionuclides incorporated into the
. DNA suggests a strong correlation between damage to the
" DNA and cell death. Such.éffects as transmutaiion, charge
build-up and atomic recoil when occurring in the DNA may.
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Figzure 6

lustration of the chemical single and spatial double
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strand structure of the DN4 moliecule,.
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be important for the induction of single strand breaks,
nucleotide base alteration leading possibly to cell muta-
tion. The vossibility of energy deposition by Zuger elec-
tron emission at sites of the DNA other than the direct
location of the radionuclide may lead to double strand
break vproduction with a decisive influence on a cells
chance for survival. It is for this reason that the de-
position in volumes of 1 nm - 10/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 ‘°7T bound directly to the DNA in the form of
IUdR, a steep shoulderless curve was obtained. Thus it
can be concluded that the radioctoxicity 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
the effectiveness of this isotope may even depend on its
position of uptake in the DHA:;for mutation induction 3H
incorporated in the 5 position of the pyrimidine ring of
-eytosine was found to be between 3=6 times more effective

i3

incorporation have shown that

_,SQA "survival curve" is generally a plot of the logarithm
of the relative frequency of biological entities not
~showing 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-paints.
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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 phosvhorus atom in the back-
bone structure ( figure & ) has been replaced by the
radioactive phosphorus isotopes 32? and 33?, 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 incorporation exXperimenis using 64Cu, The high
effectiveness of 64Cu in creating biological damage,
( about one double strand break per disintegration } is
unexpected since little is known about the microdistri-
bution of copper 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 radionumclide of relevance to this thesis
is 55Fe for which investigations have been made on the
susceptibility of reticulocytes %o 55Few loaded bone
marrow, Reincke et al 1978. The uptake of the 55Fe is
mainly in the haem which becomes incorporated in the
haemoglcbin in the cytopnlasm of red blood cells, i.e.
the quantity of 55Fe in the cell nucleus is likely to
be guite small, Reincke 2t al 1975.
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2.2 The physical consequences of r

The chemical and biological effects precduced 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 meéechanisms
13 .the subject of this section.
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2.2.2 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 vphosphorus radionuclei'BzP and 33P which after
decay become sulphur. Apelgot and Adloff 1978 have shown
that such a transmutation occurring in the DNA strand can
contribute greatly to the production of single strand
breaks.,

With the principal radiocnuclides under discussion
in this work, namely 1251, 1231, 55Fe and 640u, only the
former two are incorporated directly into the DNA. Both
1251 and 1231 decay by electron capture the iodine atom
transforming to tellurium which may feasibly contribute
to a harmful effect. For 55Fe 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
read just to the sudden change in nuclear charge. Elecitro-
nic rearrangement produces 2 small excess of free energy
which transferred to a single outer-shell electron is
sometimes sufficient to secure its release. An eleciron
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 cof

8. . . L. .
“In isomeric Transitions such as SomBr no transmuiation

“takes place.
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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 volis and may therefore be sufficient to cause
bond breakage, e.g. by the decay of 32? the average re-
c0il energy of the 325 nucleus is 38.7 eV, Apelgot and
Adloff 1978.

Decay by electron cavture and internal conversion
also produces a recoil due %o the neuirino and gamma
ray or internally converied electron respectively sup-
plemented by a very small atomic recocil momentum fronm
the emitted Auger electrons. The recoll in this case is
nowever 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 12515

The average recoil energy is a mere 0,1 &V
2.2.3 Beta~ray energy devposition

A beta-emitting radionuclide incorporated in the
DNA or somewhere in the cell nucleus will, depending on
the energy of the beta varticle, deposit only a small
fraction of that energy inside of the sensitive DNA far-
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 8/um diameter, The frac-
tions of the initizl 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 keV 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 microdisiribution 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 tThe 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 underestimation of
the biological consequences of that incorporated radio-

nuclide,
2.2.4 Auger-electron cascade

Radionuclides which decay by electron capture or
internal conversion i.e. in which inner-shell atomic vase .
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 1s important for radiocnuclides incorporated
in the DNA,.

The energy deposition resulting from the emission
of Auger elecirons in a vacancy cascade 1s 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 radiocisotope such as 1251
largely outweighs the effect vproduced 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 slectrons 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 play a role in creating molecular and subseguent
biclogical damage depends on the nature of the radionuce
lide decay and its incorporation site. For electrcn 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 dominant modes
in which damage is inflicted. For beta emitters in the DNA
transmutation and reccil may be accredited an important
significance., Radionuclides elsewhere in the cell produce
their effect by the longer range Auger electrons or beta
pariicles,

Using a new Monte~Carlo approach energy deposition
calculations have been verformed for the radionuclides
1251, 1231, 55Fe and 6QCu, The technigue and results of

this work occupy the rest of part I.




3 HMonte-Carlo calculations for Auger electron cascades
following the decay of radionuclides

3.1 Introduction to Monte-Carlo methods

The Monte-Carlo method is a technique particularly
suitable for obiaining approximate solutions to problems
containing a number of random processes with a large
number of vpossible outcomes, Sobol 1974, A typical example
of a Monte-Carlo ityve oproblem is the simulation of an
electron track through a medium, where different inter-
actions are possible and the path has the nature of 2 ran-
dom walk.

The application to which Monte-Carlo methods are
anplied 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
specira 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 apvplied, as part of this
thesis> to the radiobiologically relevant lsotopes 1231,
55Fe, OaCu )

The programme consists of a large set of inoput data
consisting of initial vacancy distributions afier electron

3

capture and internal conversion, photon, Auger and Coster-
Kronig relative transition probabilities and energies, and
also of a beta spectrum in the case of ~Cu. The charac-
teristic of a Monte-~Carlo code is that at each stage of
the calculation a transition is forced io 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 nun-
ber generator GGUW, Learmonth and Lewis 1973, a pool of
~numbers between 0 and 1 are generated which are selected

‘at random and which determine successive transitions to be .

‘taken. In this way a series of individual disintegrations-
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can be simulated, By repeating this process a large num-
ber of times, a good statistical disiribution of the
electron and vhoton 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 iriput data
3.2.% The initial vacancy distributions

The relative oprobability of creating a vacancy in
each individual sub-shell of an atom by eleciron 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-
1i%y of one, If the decay scheme has branching, for exam=
ple 123I, then the initial vacancy distribution must be
calculated for each decay pathway seperately and subse-
aquently normalized to the branching frequency. In this
way a correct number of vacancies are initiated in each
individual sub-shell from Monte-Carlo calculations sime
ulating the process of electron capture radionuclide
decay. The itreatment of initial inner shell vacanciles
produced by internal conversion is analogous,

Tables 1 and 2 give the calculated initial vac-
ancy{distribution data for the isotopes e -
and DQCu, The lines "Te level” in table 1 and "Ni level®
in table 2 specify the levels of the excited states of
the nuclel after disintegration of 1231 and 646u respect-

123, izs. 5525
§ L]
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Table 1

Initial vacancy distributions for 1231
_ e 7 o o |
Te level HeV| .159 |.440 |.506 |.693 5159 440 [.506|.693
K .797 10Ok 1,003 (.01 | 146 - - |.001
Ll 1104 ] - - |.002 |.017 =
L2 1 .003 .002
L3 .007 .001
M1 ,022 .003
M2 .00L P
M3 .038 |
B 005 i
Sum .977 1,004 1,003 ].016 {.169 | . 001

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

Table 2
Initial vacancy distributions for 12519 55Fe and 6#Cu
9 | 1
1.125 Fe<55 Cu -6l
EC ic EC EC EC ¢
Ni level MeV 0] 1.34611,346
K .808,.795 .885 .359{.005 -
L1 547,095 ¢ L0677 .039:,001
12 L0041 .007 | .00 S
L3 - |.004 ,002 .001
M1 .035].01¢ ,015 .006
2 L0011 .00k - -
M3 = |.001
N1 . 00k
NZ .OOI
Sum Lo 1.930 (1.0 405,006 | 0.0 |
| , ! |

7 Electron capture = EC, internal conversion = IC

‘The .693 MeV level is an average of the two levels
.688 MeV and .4698 MeV.

-9 Frcm“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 dquite large, depending on the size of the

atom and the position of the vacancy, ( see for example
the number of electron transitions for tellurium, appéen=
dix 3 ). The nature of the transition can be either rad-

iative when a photon is released or non-radiative result-
inguin Auger electron emission. Experimental and theoret-
ical data are available on the photon transition proba-
bilities s Storm and Israel 1970, Salem, Panossian and
Krause L974, For the Auger and Coster=Kronig transition
probablilities 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
1658, Chen, Crasemann and ¥ark 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 1o a single established strong
transition the photon, Auger and Coster-XKronig 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
My the fluorescence yield becomes so low, for the elements
of concern here, ( less than 0.00%1 ) 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 and1251 the transition data for tellurium
were useqd.

'Appendix 3 gives further details on the form the
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electron transition probabilities to single vacancies in
K and L, sub-sghells of tellurium in the normalized form

used in this work.
3.2.3 Photon and Auger energies

In the data set presented in table 33, appendix 3
are given the vhoton and Auger elsctron energies result-
ing from electron transitions to vacancies in the K and
In sub-shells of tellurium., The photon energies are
avallable from experimental sources, Storm and Israel
I970,0r can be calculated from atomic energy levels,
Bearden and Burr 1967, using equation (L12) ( see section
1.5 ).

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

tion,
£y = E1(2) - E,(2) - E5(Z+A2) (12)

where EA = kinetic energy of the emitted Auger electron,
El(Z) = binding energy of the vacancy level
EZ(Z} = binding energy of the vacancy filling electron
from the neutral atom and
binding energy of the emitted electron of the
atom with a single vacancy in the 53 level.
The specification of 2 is not easy, however, the

I

EB(Z+AZ)

relation which gives reasonable agreement with experimen-~
tal values is referred to as the modified Z+1 approxima-
tion, Chung and Jenkins 1970.

Ey=iy- f1/2 [32(2 )+E,(Z+1)] + 1/2 [E3(2)+E3(Z+1- 1} (13)

In this equation average values are taken for the energy
.“_;gvels_between the element with a nuclear charge Z and the
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element with a nuclear charge Z+1 theredby partly compen=
sating for the change in the screening factor involved in
the Auger oprocess,

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 usegd,
for those transitions for which data was available. The
rest were calculated using equation (I2)

Tastly with reference to chemical shifts in the
electron energy levels, Sevier has published tables with
electron binding energies for different chemical phases,
Sevier [979. The effect of phase is small, at most about
20 eV and therefore only the energy levels for ztoms

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 prow-
gramme consisting of more than 1000 internal statement
numbers ( approx. 130K bytes ). The sitructure of the
programme is given in flow 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 eleciron occuvation numbers
of the individual sub-shells for the atom:in the ground
state, all transition vprobabilities and their respeciive
vhoton and Auger electron energies in the format of table
3a, appendix 3, the initial electron capiure vacancy
distribution and other relevant data for the atonm.

A random number is selected using the fortran
library sub-routine GGUW, Learmonth and Lewis 1073, 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
'fl ) and the first disintegration is finished, i.e. the

programme goes on to the next disintegration;lo The
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electron vacancy produced by electron capture 1s 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
orobabilities to the electron capture initiated vacancy
must be addressed. Then 2 rencrmalization of the transition
probabilities 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
Aduger 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 now 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
assumvtion has been made that the probability of any elec-
tron shell participating in a iransition must be reduced
in proportion to the fraction of electrons remaining in
that shell, After this correction the transition probabi-
1ity data must be renormalized to ons. In this way the
whole process of the vacancy cascade is simulated con-
tinuing until one of two criteria is fulfilled. Either
S0 many vacancies have been produced in the atom that the
sum of the unnormalized transition probabilities to the

IQ Beta decay only occurs for the radioisotops 640u in
.. the scope of this work.
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deepest lying vacancy is zero or extremely small, ( less
than 107~ ) or all the vacancies have reached the outer
shells of the atom. |

After completion of the precess of atomic de-excita-
tion following electron capture, a conditional statement
in the computer code asks whether the radionuclide has
reached the ground state. If the answer is yes then the
disintegration ends and itne nrogramme goes on to treat
the next disintegration. Otherwise the atom returns to the
ground state either by internal conversion or gamma emnis-
sion. The decision on the type of vrocess 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.tl If internal
conversion is chosen then the random number determines
the inner shell vacancy. This vacancy is recorded, the
internal conversion electron energy caiculated and stored
and the values of the eleciron 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 capture loop
with the same escape criteria., Once the second cascade 1is
finished the v»rogramme 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 medels, 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.

.
1 por LZBI various combinations of gamma routes to the
ground state are possible.
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There have been 4 major assumptions made in this
work which coniridbute to systematic uncertainty of the
calculation.

5./ The first major difficulty is that the electron tran-
sition »nrobabilities 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 vproportion to the number of electrons remaining
in that vnarticular shell.

2/ Only vhoton, Auger and Coster-Kronig transitions have
been considered. All other atomic de~excitation mechanisms
have been neglected.

3/ The vacancy cascade has been treated stepwise i.e,
the transitions follow chronologically one after anothii.
= S\

in reality the cascade orocess is so fast ( approx.id” )
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+1 aporoximation means
that the uncertainty in the photon and electron energies

increases, the grester the number of steps in the cascade,
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I Results of Meonte-Carlo calculations for iodine-123
and iodine-125

In this section the results of new rionte-Carlo
calculations for 123; and repeated calculations for 1251,
( first performed by Charlion 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 1231 and 1251 as isola-
ted atoms. The second considers similar calculations for
1231 and l251 incorvorated within a medium, in which a
gimple 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 1231 and 1251 in form of the molecule methyl
iodide. These results provide an opporftunity to test the
accuracy of the lMonte-Carlo calculational approach with
the exverimental mezasurements of Carlson and White, 1963,
who measured the charge distribution on the Iragmented
CHBE125 molecule after the decay of 1251,

4.1 1231 and 1251 as isolated atoms

b .,1.,1 Electron number distribution
g 3 b

For each individual disintegration of “““I and ~
a number M of electrons and N phoions are emitted. The dis~
tribution of the number of electrons emitted per disinte-
gration is shown %n figure 8§ for 123]‘1 in comparison with
the number Ior 1231 per electron capture event and per
complete disintegration. The range of the number distribu-
tions for both isotopes is from O - 25 electrons, i.e. in a
single decay between 0 -~ 25 electrons can be released. The
shape of the distribution for 1231, however resembles more
that for 1251 per electron capture event, i.e. from the
first cascade only. This is because the isotope 1231 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 up to 25 electrons.

Figure 8
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The average number of electrons emitted per disin-
tegration n are given in table 3 for both isotopes after
complete decay as well as per electron capture event. The

values of n for both isctopes are the following : after
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electron capiure almost identical, 7.9 for 1»231 and 7.8
for 1251, 2 For the full decay, however the high proba-
bility of a second internal conversion induced cascade
for 1251 increases the average number of emitted elec-
trons to 13.2, whereas for 1231 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 1251 n=13.2 ®7.8+0.93x5.5 and for 1231
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
n.16 for 1251 and 123I‘respeotiVely,

L.,1.2 Electron energy spectra

Bach individual disintegration of 1231 or 1251
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
1231 are shown in figure 9, the first one following 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 keV is due to
an internal conversion electron in the ftellurium X shell.

10,000 such individual electron spectra were gene-
rated for both isotopes and stored on magneiic tape. Us-
ing the individual electron spectra, the average electiron
spectra could be calculated for 1231 ( figure 10 )} and
1251 ( figure 11 7, showing the emission probability of
individual electron energies. The two spectra are similar
since the inner-shell atomic transitions are of the same

For %221 the value of n is fractionally greater than

.fo? [ after the first cascade. This comes from the
sllgﬁt%y higher K shell electron capture probability
for 1231 ( see tables 1 and 2 ).

12

-38-




Number of
electrons

Electron  energy /kaVY

Number of
electrons

'HEEE‘HHE. L g

eV 100V 1 keV OkeV 100keV
Electron  energy fkeY

=39~




Figure 10

123,

- e

electron spectrum for

Avarage individual

o e =]

0

Electron energy/keV

uoneuBosip sod SU0L0Y|Y

FPigure 11

ual electron

d

1'
o

Average indiv

‘1251

e S T T e

s e e

T T e

AR e A e AR

TN i

-
&)
2

LRGN

I
[=]
f=]

NOILYHDILNIG

|
-
[ h
o =] =]
=

- -

I0 H3d SNOWLO3TH

102

10t

ENERGY/ keV

~40-



tellurium daughter product., The two spectra differ, how-
ever, in the energy range of the spectra, 1.e. for 1231
the internal conversion elecirons 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-
guency of electron emission for 1251 is the result of the
high internal conversion probability for this isotope,

( see table 1, section 3.2.1 7.
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 losal energy devosition 1s negligible the proper-
ties of the photon sSpectra for 1231 and 1251 are mention-
ed here for completeness.

The average number of vhotons 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 1251 ( 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 internsl conversion ) which
for 1231 repres line at 159 keV theﬁ"ér
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 keV.
Secondly there is the same characteristic X-ray spectrun
from tellurium due to inner shell transitions after elec-
~tron capture or internal conversion. The higher intensity
of this part of the spectrum for %251 { by about 75% )

- results from the greater internal conversion vrobability,
“which induces more inner shell vacancies and hence photon

_'transitions for 1257 than 1231.
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L,1.4 Energy fractions

The total energy emitted in radionuclide decay is
equal to the sum of the energies of all emitted varticles
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 ver 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
isotone; 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 multivple charged
atvom were calculated. The values are tabulated together
with their sum, “the average total energy release per de-
cay, in tabvle 4,

‘The results show that a greater average electron
energy, B, is emitted per disintegration for 29I
( 27.62 keV ) than for 27T ( 18.1 keV ) although the
average number of electrons per decay, n, is lower for
1231, The average vhoton energy ver decay, ?, for 1231 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.

_ _ Tastly a small fraction of decay energy remains

as potential energy on the atom. The average potential
energy per decay, 1P, is proportional to the average
charge, §, produced on the atom by the vacancy cascades.
“This energy is equal to the sum of--the ionization poten-
‘tials for a téllurium atom of charge q. For 1251 where more
electrons are emitted per decay, the average potential
energy ‘produced is 2.1 keV, whereas for 1ZBI_ifi;'_amounts
%o sllghtly less than 1 keV ' ' o SN

L3




.2 TIodine-123 and iodine-125 incorporated in a medium

4.2.1 The neutralization process

The discussion in 4.1 considered the decay of the
iodine radionuclides as isclated atoms, i.e. where the
preocess of atomic de-excitation remains uninfluenced by
any enviromental charge exchange effects. For radionuclide
incorporation in biological ftissue the build-up of posi-
tive charge during a vacancy cascade produces an increa~.
singly strong attractive Coulomb force on electrons in
surrounding atoms of the medium. Electroas 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 ravnidly neutralize charge arising on the tel-
lurium atom. This assumption is perhaps more sultable for
a radionuclide incorporated in a condensed medium rather
than a typical biological one. Neveriheless the condensed
vhase model used is representative in the sense that the
charge on the tellurium will eventually be dispersed in
2 biological medium also. Both sets of calculations for
the isolated radicnuclide and the condensed phase model
represent two extremes i.e. the bounds bestween which a
real situation 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 ocuter orbital region of
that atom, thus becoming able to participate in Auger
Transitions within the tellurium atom itself. The transi-
~tion probavilities for tellurium are then so adjusted
that transitions to inner shell vacancies from the outer-
most shell ( which are proportional to the number of eslec-
Trons in that shell ) become increasingly more probable.
The consequences of this neutralization are the subject of

o




the next section.

4,2.2 Influence of neutralization on electron number

The effect of charge neuitralization during a tel-
lurium vacancy cascade significantly increases the num=-
ber of electrons emitted per disintegration. This is be-
cause for an isoclated 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 3‘23I 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 shown in figure 15 where a
comparison is made between 1251 as an isolated za2tom, in
condensed phase and in the form of methyl ilodide 13, The
broadness of the distribution as well as the average elec-
tron emission number A depends on the maximum number of
pariticipant neutralization electrons,

4.2.,3 Electron number, electron energy and their frequency

The effect of charge neutralization is not only io
increase the number of Auger electrons emitted per dis-
integration but also the electron energy ver -disintegra-
tion. Because the photon energy remains unaltered irres-
pective of phase,l@ the increase in eleciron snergy comes

from a transfer from atomic potential energy.

13‘Tn the case of methyl icdide the extent of charge neu-
. tralization is llmlted by the number of electrons ava-
ilable on the ligand ( see section 4.3 ).

T h
R
=7 Radiative transitions occur in general only between
- inner shell orbits and then at a time before any charge

bulld—un .
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Table 3
Average number of electrons emitted after electron capture

and after the complete decay of 1231 and 125I
Iodine-123 iodine-125
first full r Tirst full
cascade decay cascade decay
Isolated atom 7.9 8.9 7.8 13.2
Methyl lodide 9.5 10.5 9.4 15.4
Condensed phase| 10.5 12.3 10.4 21.1

Table 4
Average electron, phoion and potential energy following
the decay of 1231 andlzsl

- . !
Todine =123 | Todine-125 [
Isola- | Conden- Dill- | Isola- | Conden- Dill-
ted sed man & ted 1 sed . man &
atom pnase Van der| atom ¢ phase { Van
Lage ) i der
Lage
E 27.62 | 28,36 28,25 | 18.1 19.9 19.5
B 168.0 168.0 168.9 41.5 41.5 424
IP Oe?l‘}' il l=8 il
T 196,36 | 196.36 61.4 61.4
E = average electiron energy per disintegration

average photon energy per disintegration
IP = average potential energy of the atom per disintegra-

h <
H

tion
= average total energy released per disintegration

=1

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.

s anvarage values of the electron energy for 1231 ang
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Figure 14
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1251 ( condensed phase calculations )} are given in table
4, The effect of neutralization on the electron spectra
is to increase the intensity of the low energy Auger and
Coster-Xronig electrons.

For energy deposition calculations statistical in-
formation about the number of electrons and the amount of
electron ensrgy released for single disintegrations is re-
quired. This information is presented for 10,000 simulated
decays of 1231 and 1251 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 keV is
emitted as electron energy distributed among 1C electrons,
then the first point would be { 8, 10, 1 } where the z co-
ordinate represents the frequency of occurrence of this
event., The index 2z is increazsed by one each time a decay
is reveated in which 10 electrons are emitted carrying an
energy of 8 keV. Figuves 16 and 17 give therefore a rela-
tive frequency distribution of the different decay possi-
bilities for 1231[ and 1251 respectively.

The data in both graphs are arranged in various
discrete groups revresenting the most probable de-excita-
tion pathways through the tellurium atom after the decay
of 1231 and 1251. The highest energy group corresponds to
those disintegrations in which the maximum eleciron energy
is emitted, i.e, a double cascade with no fluorescence
escape., The lower groups arise from both single and double
cascades with various vpossible combinations of escape
peaks, e.g., a single cascade with and without X-ray fluo-
rescence escape, a4 double cascade with fluorescence escaps
in a single or in both cascades, electron capturs in the
L shell and a seccond cascade or gamma emission instead
etc.

Such a revresentation of the data although relati-
vely complex gives a more realistic picture of that to
which the immediate enviroment of a decaying radionuclide
is exposed, Indilvidual cases can vary ‘enormously but it is
the individual specira which lead to the biological ef-
fect. |
' The average values for the number of elecirons and
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Figure 16 ( previous page )

Figure 1
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the electron energy ver disintegration, n and E, may re-
present a completely untypical disintegration. For the
case 1231, 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
devosition calculations from the decay of radionuclides
since the resvonse of a biological system will depend on
the characteristics of the individual decays.

L.2.4 Energy devosition events around z decaying lodine

radionuclide

Fach individual disintegration produces a number
of electrons M of energies El to By These electrons con-
verge from the decay site ( almost a point source ) and
undergo a series of interactions with the medium until
their energy 1s reduced to the point where they are no
longer able to produce any further ionizations or excli-
tations. Using the electron energy data from individual
decays track struciture calculations can be performed giva
ing the spatial structure of energy depcsition events in
the medium.,

Figure 18 shows an example of the electron tracks
produced by a disintegration of iodine in which 13 elec-
trons were emitied 15, 1§ The centre of the picture is the
pesition of the iodine. The concentric circles around the

k3

gsource devict a logarithmic scale with the inner ring en-
closing all events which occur within a one nanometer ra-
.dius of the iodine atom. The ionizztion events are repre-
sented by squares, the excitations by crosses. The biclogical
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, iinchen

In figure 18 the 3 dimensional itrack has been projected
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in figure 18,

L.,3 .The case of the molecule.: a test of-the Monte-Carlo
calculations and the neutralization model

4£.,3,1 The Carlson and White experiment with CH31125

So far the resulis have been presented for the ra-
dioisotopes 1231 and 1251 as 1solated atoms and in the
condensed phase. The average electron and photon eénergies
obtained are in close agreement with the values of Dill-
mann and Van der ILage ( table 4 ). However, a further im-
portant test would be with regard to the number of elec-:
trons emitted and the charge remaining on the telluriun
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 I125 after
the decay of 1251. They found the decay of §25
molecularly destructive, only 1% the molecules remaining
intact after the decay. Using a svecially 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 telliurium daughter is shown in
figure 19 in comparison with the results from Monte-
Carlo calculations with a neutralization treatment now

I extremely

to be described.

L,3.2 Caleulation of the charge distribution on the
)
tellurium gfter decay of CH311"5

The process of neutralization when a radionuclide
is bound to a molecule is different from the condensed
phase 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 iz 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 repulsion and the source of neutralization elec-
trons for the tellurium ion will be cut off.

In the calculations presented here for CH31125 the
neutralization vrogramme 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 eleciron is irans-
ferred from the ligand to an cuter shell of the tellurium.
For example gt the start of the vacancy cascade the charge
on the molecule is zero. The charge then begins to build-
up on the tellurium. When it reaches +2 an electron is
transferred frcom the ligand tomnaintain 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 bulld-up occurs on the tellurium until +3
when the charge difference is again itwo, therefore once
agaln there is neutralization and so the process repeats
until gt 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 CH3 consists in total of 9 electrons,

( 6 associated with the carbon atom and 1 with each
hydrogen atom ) the 2 inner shell 1s electrons of carbon
were assumed not available to particinate in any neutra-
lization,

This neutralization model is of course a very
simole representation of what in reality is an exitremely
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 clecse
~agreement, the Monte-Carlo calculations yieid 11.1 1o
'fCarlson 11.3. Attempts to improve agreement by the use of
'”énfé;ternative cut-0ff limit to 7, such as 6, or to use a
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variable limit determined by a binomial function, did
not improve agreement.

Further tests of the programme calculations were
verformed 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 1s only a single cas-
cade in an iodine atom. Since the details of photcelec-
tric induced vacancy cascades 1s primarly the subject of
Part II of this thesis, to avoid a lzck of continuity
these results and their comparison with experiment are

presented in avpendix s,

=

Figure 19
Comparison of the charge distribution on tellurium

125

following the decay of CHBI with the experimental

resutts of Carlson and Vhite.
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5 The radionuclides iron-55 and copper-64

&k

The decay schemes of 55Fe and Cu were discussed

in section 1.1 and the general method of computation of
the electron and photon spectra the subject of section 3.
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 ver disintegra-
tion and section 5.2 concentrates on their energies.

5.1 Electron and photon numbers

5.1.1 Iron-55

The radioisotope 55pe 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 capiture induced vacancy cascade. The num-
ber of electrons which can be released in a sSingle disin=-
tegration of 55Fe ranges from 0 - 13 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 Honte-Carlo simulated disintegrations of 55Fe
is given in table 5 and in figure 20 in graphical form,

ost notable is that the number of electrons re<-
leased after the decay of 55Fe is far less than for 1231
or 1251, even if the comparison is made with the results
of the first cascade only. This results from the smaller
size of the iron daughier manganese ( atomic number 25 )
with filled orbitals up to the Ny sub-shell., The iodine
electron capture daughter tellurium possesses over twice
as many electrons ( atomic number 52 ) and has electrons
in orbitals uvp to the O3 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-
TY.

o Also the effect of chemical phase is important for

the electron emission svectrum of an iodine radioisotope,
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yet for 55Fe and 6hCu the influence of neutralization is
very small ( the difference in the average electron num-
ber n beitween 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 flucrescence yields of the K and L shells for
manganese (QJK = (0.308 andidL = 0.011, KXrause, 1979 ) %o
the probability of electron capture in those shells ( see
table 2, section 3.2.1 ).

5,1.2 Copper-64

The average number of electrons released per 6LPCU.
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 eveni was obtained. There-
fore the average number of electirons per 6@Cu decay is
( 3.9 x 0,411 ) + ( 1.0 x 0.589 ) which equals 2.2. The
freguency distribution of the nunber of electrons emitted
for 10,000 simulated decays of You is given in table 5
for comparison with 55Fe and again in figure 20 in graphi-
cal Tform. The large number of disintegraticns in which
only one electron is emitted is predominently the result
of the beta decay component.

The photon emission frequency for 6aCu is deter-
“mined primarily by the number of X-ray transitions in the
nickel daughter atom when decay is by electron capture
and amounts %o 0.137 photons per decay.Not all the elec-
tron cavpture decays of 646& however fall directly to the
ground state but a small fraction 0.006 arrive at a high-
'~1y excited metastable level of nickel. Therefore to the
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Figure 20
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photon numbsr there is 2 small additional gamma contribu-
tion ( 0.006 ver decay ) accounting for the de-excitation

of the nickel nucleus.

Table 5
Frequency ver 10,000 disintegrations of the electron emis-

sion number for 55Fe and 640u in condensed phase.
m 55Fe 64Cu
0 3 o
1 706 64938
2 R64 584
3 1552 781
L 1427 628
5 1778 599
6 1521 432
7 1110 - 278
8 624 126
9 253 Lo
10 113 16
11 37 5
12 9 L
13 3 0

5.2 Electron and photon energies
5-2al ZTOI’I@55

The electron and photon energy contribuiions for the
decay of 2OFe 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 process itself, The average total energy re-
leased ver decay of 55Fe has been calculated from 10,000
simulsted disintegrations and amounts to 5.70 keV { see
table 6 ). This total energy released 1is 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 ver decay is 4.04 keV and as X=ray

photon energy 1.66 keV per decay ( table 6 ). Imporiant
~is, for the biological enviroment, that a gréater Dropor-
r

~

~tion of the electron capture decay energy for 55?9 is
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emitted in form of Auger electrons i.e. short range den-
sely ionizing particles and only about 30% as photon ener-
gy.

Once again as for 1232 and 1251 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 representation of freguency versus
electron number and energy is presented { figure 21 ).
This figure shows the statistical distribution of the
electron spectra to which the loecal medium around an in-
corporated 55Fe radionuclide is subject. For 55Fe three
discrete electron energy groups are distinguishable }
between 5.5 - 6.6 keV 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 elecitron capture in the L-shell or K-capture
with KL fluorescence escape and finally a very low probas
bility group between 35 - 55 eV from electron capture in
the M-shell or K-canfture with XM fluorescence escape,

The photon spectrum for 55pe consists of the
characteristic X-ray spectrum for the iron daughter man-
ganese and is basically only the K, and KP lines of that
element, ( average photon energy per decay 1.66 keV ),

Table 6
Data for the decay of iron-55

Average No., of Auger electrons per electron capture event
L.75

Average Auger electron energy ner electiron capture event
L,o4 xeV

Average photon energy per electron capture event

1.66 keV

Average total energy emitted per electron capture event
15.70 keV
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Figure 21
. - g .
3D histogram for JSFe of the relative frequency for the

emission of M electrons with an energy E per decay.
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Figure 22 ( next page )
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3D histogram for ~ Cu of the relative frequency for the
n

emission of i electrons with an energy E per decay.

~61-




AN, KB1sus uonaes 10 ]

L4
'L ; A S Ay m_n @ i
| P et
, _ sl e 1o
A Ay e iy S e e i 7 TE e
| ..mn.@%h.ﬂ% 22 : us..nn_u_. %&% 4
! z <z 25 i e S s i g
P S il AR St |
.l..-..“nnnlbdh._vﬁh!ﬂ!l. Fo 4| oA s!.aﬂ“. s . :
| it e ..i..ln.llﬁf 4
- 7o T e N
T
i, 3
I Jvm

Asuenbeld ‘oY

d

addos - 9

62~




5.2.2 Copper-64

The electron and photon spectra for 640u are slight-
ly more complicated than for 55Fe since both are composed
of two components. For 64Cu the eleciron 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 58.9%
of the decays. The average Auger eleciron energy per elec-
tron capture induced vacancy cascade has been calculated
as 4.68 %keV and the average beta energy 218.2 keV., This
data has been combined as in table 7 to give the average
total electron energy per 640u disintegration., However
an average electron energy per disintegration feor 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 representation of 10,000 640u dis-
integrations of electron number and energy against descay
event fregquency is given in figure 22 demonsirating 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 keV the combined elec-
tron-positron specirum,

As mentioned above the photon energy spectrum 646&
also consists of two components : the characteristic
X-ray specirum of nickel ( average energy 3.1 keV ) plus
a 1.346 MeV gamma photon due to de-excitations of 0.6%
of nickel nuclel. The two together yield an average pho-
" ton energy per decay of 9.35 keV ( table 7 ).
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Table 7
Data for the decay of copoer-64

Tlectron canture events ( probability 0.411 )
Average no. of Auger electrons per electron capture event
3.9

Average Auger electron energy per electron capture event
L ,68 kxeV

Average photon energy per electron capture event

3.1 keV¥

Average gamma energy per electron capiture event

19.65 keV

Beta® - Beta” events ( probability ©.589 )

Average no. of batas ver beta event

1.0

Average beta energy per beta event

.218.2 keV

The data given above are now combined to give values per

disintegration.

Per disintegration

Average no. of electrons

3.9 x 0,411 + 1.0 x 0.589 = 2,2

Average total electron energy

L.68 x 0,411 + 218.2 x 0.589 = 130.4 keV
Average total phoion energy

-~ - - o~ - -

% T % fHim o= . R T N
3.1 x 0.411 + 1346 x 0.006 =g,

Lt

L
-
®
.

Average total energy
130.4 + 9.35 = 139.8 eV
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6 Calculation of the energy devosition from Auger

emitiing radionuclides

A Monte-Carlo programme was developed to calculate
the Auger electron energy spectra emitted from individual
disintegrations of the radioisctopes 1231, 1251, 55Fe and
646a. 10,000 decay svnectra 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

IO/um.

6.1 Energy imparted, lineal energy and their averages

In the new ICRU report on Jicrodosimetry the ensrgy
imparted E to matter in a volume V is defined as the sum-
mation of all individual energy deposits Gi in that volume.

1

€ - J€ (14)

In figure 23 a volume V is illustrated in which a
radioisotbpe has been randomly placed ( incorporated }.
Ag a result of the decay of this radioisotope electrons
and ohotons 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 devosits

within V.

Pigure 23
Schematic diagram of the radionuclide 1231 decaying
within a sensitive volume .




Inherent in the statistical nature of decay and the spa-
tial distribution of the radionuclide in V, there is a
certain statistical fluctuation in the enerzy imparted to
the volume V. The mean energy imparted for n decaying
radionuclides is then,

—_ n

S

A further important quantity in microdosimetry is
the lineal energy y which is defined as the ratio of the
energy imvarited in a2 volume V 1o the mean chord of the
volume 17 ( ICRU Microdosimetry ).

y = ¢ (16)
Like energy imparted, &, the lineal energy is also a sto-
chastic quantity, i.e. is independent for each decay. For
n source decays the mean lineal energy is,
n
T e (

T x=1 X

=
—~J
N

!
3

4.

i

where Y is denoted the frequency-mean lineal energy and
1 is the mean chord length of V.

6.2 Calculation of é;and §F

The caleculation of the nean energy imparted and
lineal energy for =z homogeneous radiocisotope distribution
in a spherical volume V, mean chord length E, has been per-
formed with the aid of Bergers point kernel data.A point

dAifferential function representing the distri-
rbed

o

kernal is

dose around isoiropic point sources of

bution of abso
#lectrons as a function of distance from the source, where
to assist intervolation the distance is scaled in terms of

the mean

17 gne mean chord length of a spherical volume is 2/3 d
where ¢ is the sphere diameter ( ICRU Microdosimetry ).
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{ c.s.d.a. ) 18 range r, at the source energy B ( Berger
1973, Berger 1974 ). The mathematical definition of a scal-
ed voint kernel F(r/ro, E,) as given by Berger is

F(r/r,, B) dlx/r ) = 4TpQ(r, B,) r° ar (18)

where @(r, EO) is the fraction of emitted energy E ab-
sorbed per unit mass of the medium in a spherical shell
between r and r+dr and uj_rzdf;n is the mass of the spheri-
cal shell. Then the fraction €&/E_(d, E ) of emitted ener-
gy absorbed in a sphere 19 of dlameter d is given by the
integral over the voint kernel between 0 and d multiplied

by the geometric reduction factor 20.

d
€qa, m) = Lo 3E) k) lr(ELs) e (9)
O

Berger 1974, has given a tabulation of 6/30 for « ._
electron energies from 0.5 keV - 10 MeV and for site dia-
meters from 2 - 14/ume Using the data of Berger, Charlton
et al 1978, have plotted,é/Eb zs a function of R/T { 95%
electron range in proporiion to the volume mean chord
length ) and made a best fit with third order polynomials

in 3 sections.

b 1 2 f i 3
é = ¢+ cq g + Cy /g) 4+ ¢ § (20)
9 o 1 VT 33
o]
where
Cq = 1.000582435, ¢y = 0.517285702, c, = 0.281280963,
cy = 0.135740727 for 0 € R/TI ¢ 1;
c. = 2.326798619, cy = =2 48168182, c, = 2.485804861,
¢y = -0.364732844 for 1 < R/T € 3,
c, = -2,23591098, ¢, = 3.35376742, c, = G, cq = 0
0

for-3 € R/1 ¢ 30

wn approximation,
o) is written A(d, EO),
The geometric reduction Ianor, U{x), for internal - 3]

- source randomess in a sphers is [1-3/2 (r/d)+1/2 (r/d\
o Kel1erer 1987 :

18 c.s.d.a. continuous slowing d

o
  19 In Bergers notation C/ (4, E
20
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The value of E& and §F can then be calculated for
each radioisotope separately by summing over all the sto-

red individual decay spectra.
E=5Si.E (21)

and

I
L=

0 (22)

6.3 Results of energy devogsition calculations

When considering local energy devosition the influ-
ence of chemical phase is once again important. 0f 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 envircment. Damage from the charge
effect differs from that vroduced by Auger electiron energy
devosition in that it occurs direcily at the site of incor-
poration whereas Auger electrons can vproduce molecular dam-
age at some distance from the decay site.

To be discussed here are primarily the resulis for
the condensed phase situation i.e. the Auger contribution
to energy deposition. However for both radioisotorpes 1231
and 1251 isolated atom data is given with the inclusion of
the atomic vpotential energy remaining at the decay site.

o ~ 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 épfor 1231, 1251 and 55Fe, 640u respecti-~

vely ( condensed phase ) in site diameters from 1 nm =
IO/um.Also given are the standard deviations of & as a
measure of the brcadness of the energy deposition distribu-
tion and the frequency mean lineal energy V- in units of
kxeVt/ um.

| The local energy deposition is highest for
all site diameters ranging from 113 eV at a site diameter
of 1 nm. i.e. biomolecular dimensicns, to nearly 12 keV at
1f/um i.2. the order o{ ;avnwtude of a cell nucleus. The
energy deposition ver I decay is only about cne half
that of 1251 in site sizes to 10 ,um. However the distribu-
tion of & for 1z 5T is brcader as can be ascertained from
the higher standard deviation about the mean energy deposi-

125¢ o4

tion for this isotove.

The average energy devosition per 55Fe or Cu dis=
integration is considerably smaller than for the iodine ra-
dioisotopes. For 55pe éF is 24 eV for a2 1 nm site diameter
and goes up to 3.81 keV for a diameter of 10 ,um. 'For 6&Cu
ép is even smaller being only 3 eV for 1 nm and 2.861 keV
fo}“lo/um site diameters resvectively. The influence of the
copper beta rays is to produce a much broader energy depos
sition distribution for this radioisotope where the stan-
dard deviation of € 1is even greater than its mean value
at the smaller site diameters,

For all EF values the corresvonding ?F’s are 2lso
given calculated by multiplying the éFvalue by the mean
chord length of a sphere ( 24/3 ).

. In table 10 and then graphically in figure 26 iso-
1ated atom data for the radionuclides 1231 and 1251 is
also vresented. For each site size the electron energy dew
‘position is given separately togethesr with the total energy
deposition i.e., the electron contribution plus the average
potential energy of the remaining charged atom ( 0.74% keV

for 171 and 1.8 kev for 1 ),
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Table B

Energy deposition data for 1231 and 1251 condensed phase

lodine-123 Iodine-~i25°°
djum |E/xeV | O | yp/kevun™t | &/xev | 2. |yp/xevuml
0.001 | 0.066 [0.035| 99.4 . 0.113 ] 0.038| 169.3
0.0018} 0.123 [0.066 [104.0 0.211 | 0.072] 177.9
0,00321 £.202 10,111} 95.9 0.347 1 C.1231 164.6
0.0056] 0.301 |0.168 ] 80.2 0.517 | 0.188} 137.8
0.010 | 0.423 10.238] 63.4 0.729 | 0.267}| 109.3
0,018 {0.604 {0.335] 51.0 1.046 | 0.372 88.21
0.032 | 0.879 |{C.475| L1.7 1.531 | 0.521 72,63
0.056 | 1.158 {0.624 4§ 30.89 2.045 | 0.683 5h.56
0.100 | 37406 |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 L.537 11.557 21.52
0.562 13.023 11.839] 8.065 6.487 1 2.226 17.30
1.000 13,600 i{2.250| 5.401 8.099 | 2.791 |  12.15
1.778 13.904 |2.566 3.369 9.178 | 3.198 7.742
3,102 {4,297 |2.872 2.038 Q.048 | 3.548 4.718
5.623 |k,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 ©
Energy deposition data for 55Fe and 6g0u
SsFe 640u
- =1
a/ um | €/keV D¢ yF/keV/umw E/xeV| &, yF/keVum
0.001 {0.024 | 0,011} 35.56 0.003; 0.006| 5.124
£.0018 [0.047 | 0.021] 39.26 0.007] 0.011 5.554
0.0032 10.077 0.034] 36.32 0.012) 0.021 5.765
0.0056 {0.108 | 0.04k7{ 28.92 0.019; 0.033] 5.198
0.010 |0.150 | 0.062] 22.52 0.029} C.047 4,422
9.018 10.229 | 0.092} 19.3%4 0.047F 0.070] 3.924
0.032 |[0.394% | 0.156] 18.67 0.084% 0.123] 3.971
0.056 J0.610 | 0.283] 16.29 0.155i 0.229] 4.135
0.100 {0.787 | 0.324}] 11.81 0.234] 0.346] 3.508
0.178 |o.o4k | 0.410] 7.96 0.305] 0.4ué] 2.576
0.316 |1.180 | 0.543] 5.41 0.389f 0.558] 1.802
0.562 11.528 | 0.844) 4,08 - 0.528] 0.752] 1.409
1.000 [2.248 | 1.418] -3.37 0.802) 1.152} 1.203
1.978 (2.9484 | 1,969 2.48 1.252) 1.811] 1,056
3.102 [13.395 | 2.333] 1.61 1.7031 2.375] 0.808
5.623 {3.660 | 2.5 0.976 2,184 2.8286 0.583
0,000 |3.810 | 2.,6° 0.572 2.861{ 3.363] 0.429
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Table 10

Energy devosition data for 1231 and 1251 isolated atom

Todine=123 Todine=125

a/ um | Z./kev| & /keV €./xeV | €. /keV =1
0.0010| 0.042 0.782 0.068 1.868
0.00181 0.081 0.821 0.131 1.931
0.0032| 0.145 0.885 0.234 2.034
0.0056| 0.233 | 0,973 0.379 2,179
0.0100] 0.368 | 1.088 0.576 2.376
0.0181} 0.525 1.265 0.885 2.685
0.032 0.797 1.537 1.366 3.166
C.056 1.076 1.836 1.878 3.678
0.100  1.324 | 2,064 2,374 4174
0,178 | 1,642 2.382 3.067 L, 867
0.316 | 2,202 2,042 4.398 6.198
0.562 | 2.952 | 3,692 6.380 8.180
1.000 | 3.533 | 4.273 8.019 9.819
1,778 | 3.929 | 4,669 9,113 | 10.913
3.162 L.233 | k.973 9.890 11.690
5.623 | 4,575 | 5,315 10.654 | 12,454
10.000 5,147 5.887 11.847 13.647
21 €p/keV is the total energy deposition including poten-

tizl energy remaining on the charged atom
Figure 24
Mean energy deposition EF for 1231 and 1251 ( condensed

phase ) as a function of the sensitive site diameter.
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Figure 25
Mean‘energy devnosition Ew Tor 55Fe and-
phase ) as a function of the sensitive site diameter,
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PART II

AUGER EIECTRON EMISSION INDUCED BY THE PHOTQELECTRIC

EFFECT
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7  Photon interactions in matter

Electromagnetic radiation in the energy range bet-
ween O = 1 MeV interacts with matter by one of the three
principal mechanisms,

1. Photoelectric effect

2. Compton or inelastic scattering

3. Raleigh or elastic scattering
The first resulis in a total absorption of the photon ener-
gy, the second in only partial absorption and a change in
the pvhoton direction and the third to only a change in DNO=

ton direction with no energy absorption.

7.1 Photoelectric effect

The predominant form of photon absorption in biolo-
gical media at energies below 200 keV 1s by vhotoelectric
interaction. In a photoelectric interaction the incident
photon energy hv is totally absorbed by an atomic electron,
binding energy Be’ which as a result is ejected with a ki-

netic energy T where
T = hy - Be (23)

The emitted photoelectron, can only be released from a
shell for which hv:»Be.

A monoenergetic pvhoton flux incident on any element
Z will interact predominantly with electrons in the most
strongly bound shell for which hy >’Be°22
For example, for photons of energies above the X shell
binding energy about 80% of the photoelectric interactions
oceur with K shell electrons and only 20% with all other
shells. The distribution of inner shell vacancies produced
by photoeleciric 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 becomes, '

T




Once an inner shell vacancy has been produced in an
aton a vacancy cascade process proceeds in the same way as
in electron capture or internal conversion decay ( sse part
I ). Whereas Auger emission spectra are, for radionuclide
decay, characteristic of the de-excitation process in the
daughter »roduct, for photoeleciric interactions in a bio-
logical medium each individual spectrum depends on the aionm
of interaction and on the incident photon energy.

For a single atom the probability of photoeleciric
interacition 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.

T 2o const —&i-B (24)

T ()

In reducing the incident ohoton energy the photoeleciric
cross section increases very rapidly until the X 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 etec.

The photoelectric cross section also increases very
rapidly with increasing atomic number 7 of the absorbing
substance ( equation 24 ). Since biological media consist
predominantly of low Z elements : hvdrogen, carbon, nitro-
gen and oxygen, a selective absorpiion 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 imporiant consequences in the
case of high 7Z element incorporation in the sensitive tar-
gets e.g. DNA, of biological matter.

"Znghe photoelectric absorption cross section of an atom is
&given by the sum of the photoelectric absorption cross
sections for the individual electron shells.
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7.2 Compton or inelastic scattering

In Compton scattering a vphoton interacts with a
lightly bound ( assumed free ) electron transferring a cer-
tain fraction of its energy to it. As a result the phoion
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 reiation between the scattered pho-
ton energy, the energy transferred to the electron and the
scattering angle of the photon ( Zvans 1955 ),

no’ 1
hv 1 +ﬁ§%2 {1 - cos &, ) ()
where hv = photon energy after interaction
hy = incident photon energy
&p = vhoton scattering angle
m, = electron mass
and c = velocity of light

In the forward direction Op = 0 only elastic scatterin

is possible, The fraction of energy transferred increases
with the photon scattering angle, reaching a maximum at
180° ( vack scattering ). At energiles between 200 keV and
5 #eV 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, give
ing the probability of inelasiic interactions, is defined

: PRSI
irn sSection 9.4,

Rayleigh scattering is a process whereby a photon
is elastically deflected from a tightly bound electron. In
this vprocess 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 ). QOther interactions are either too infrequent.e.g.
Thomson écattering, or arise only at energies greater than

1 ¥MeV, e.g. palr production ete.
7.4 Photon cross sections

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

by the relation,
N = Noe’“/ux (25)

where U 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-
fined as the linear attenuation coefficient per unit dens=
ity (/uép ). This quantity has the advantage of being
independent of the state of the absorber. The units of
(/uép ) are usually given in cm°/g. The mass attermation
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 zactually imparts,
{ deposits ) energy in the absorber. Attenuation is when
photons are remcved from the primary beam by abscrption
or by scattering.

| The tofal mass attenuation coefficient (/u4p ) for
a photon beam incident on an absorber is given by the sum
of the mass attenuation coefficients Ffor the individual

interaction mechanisms,

" o7
Ao B e, G (26)
~ A
~where “/p 1s the photoelectric mass attenuation coefficient

o . . . » .
0/p is the Compton mass attenuation coefficient,
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and i%% is the mass attenuation coefficient for Rayleigh
scattering,

For low Z materials the photoelectric mass attenua-
tion coefficient (%ﬁ) and the photoelectric mass absorption
coefficient (%ﬁ) are approximately equal. In other words
each photoelectric interaction results in total absorption
of the incident photon energy in the irradiated object. For
vhoton interactions in the X=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 phoiton energies involved. This means
fluorescence escape from the irradiated target becomes less
and less negligible, For biological matier, 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 Compton 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 : the Compton mass ab-
sorption coeffieient (c%) which relates to the actual pho-
ton energy lost to the absorber and the Compton scatiering
mass attenuation coefficient (dfb) giving the energy loss
due to photons being scattered out of the primary bdbeam.

SN

{

g“-}-‘
PP

The Rayleigh mass attenuation coefficient (fﬁﬁ) is
a small contributing factor and has been added for comple-
teness to the total mass attenuation ceefficient in egqua-
tion (26). Rayleigh interactions contribute nothing to the
absorption in the irradiated sample.

From the above, the expression for the total absorp-

tion coefficient (M) relating the incident photon energy

I

<
=

—~
Do

~

i

“olo

converted to electron kXinetic energy is
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ke - g 4./;5—“ (28)

So far only the cross sections for single elements
have been discussed, For a bioclogical media ( or any chemi-
cal compound ) comprising of several element constituents
the total mass absorption coeffiicient is egual to the sum
of the mass absorption coefficients for each individual
element i multiplied by their fraction per weight w present

in the medium.

P
Formula (29) enabdles the mass absorption coefficient

to be derived for target materials of interest in radiation

Mo = S ok (29)
P :

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

equivaient material
8.1 Description of the progranme

A computer programme has bheen writiten to calculate
and plot the total mass zattenuation and absorption coeffi-
cients for photons in the energy range from 100 eV - 1 ieV
for biclogical and %tissue equivalent media, on the basgis
of equations (26), (28) and {29). As input data each ele-
ment constituent of the medium is given in percentage by
weight together with ibts atomic number Z and atemic
number A,

The photoelectric atienuation coefficient for each
individual element is obtained using the following eguation

T’ _ 1Oa+‘ologE (30)

in which a and b are interpoclation constants obtained by
a least squares fit to the data of Veigele 1973. The agre-
ement with Veigele’ s data is better than 2% over the whole
range of interest, & library of interpclation constants
has been stored on magnetic tape in small files for those
elements of particular imporitance in tissue equivalent
materials, Zach 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 etec. In this fashion it is possible
to address the data sets directly from the input condi-
tions., First the individual photoeleciric mass absorption
cross sections are interpolated at the required energies.
Then using the analogous edquation to (29) for (I/p ) the
fota¥photoelectric absorption coefficient for the mat-
erial of interest 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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2

d, = 27(1*5 2(1+a) _ (1434) (‘+<x (2°t~==2“—l) S S S
2{1+2 ) (1+2m}2 oL (l+2x) 3(1+2m)3
(1+x I N ln(l+2m)} cmz (31)
da 2 2@3 electron
and
Cfs =7Tr§ In(1+2«) + 2(1+o()(29(2=2d=1) N 8&2 cm?
- ;
ol < 2(1+2a)2 3(1+2&)3 electron
where ® = hv (32)
—2>
m, c

with hvd = incident photon energy
moc2= rest energy of electron ( 0.511 iieV) -13

ry, = classical radius of the electron ( 2.818%x10 cm )

The Compton mass attenuation coefficient is obtained
from the sum of the above two expressions. The units for
Gar ds and ¢, in the above equations are cn® /electron.
To converi fo cm /g multiply through by the number of
atoms per gran. Since the Compton interaction is one with
atomic electrons it is also necessary to multiply by Z, the
number of electrons ver atom, Again with the application
of equation (29) the Compnton 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
Tor the individual interaction mechanisms as well zs the
total mass absorption and attenuation coefficients with

the aid of eguations (26) and (28).

8.2 Selective photon absorption in the vhosphorus and

iodine in biological media:

_ ne photon absorption cross section is a rapidly
___decre381ng function of photon energy up until about 100 keV
after which loss by Compton abscrption prcduces a further -
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slight increase in the cross sections. Figure 27 shows the
photon mass absorption coefficient (,&ﬁ) 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 keV. Of varticular imporiance are photon energies en-
compassing the electron binding energies of the irradiated
medium ( for phosphorus below 2.5 keV ). Here due to the
various absorption edges the photoelectric cross section
is a sensitive functicon of the incident photon energy and
becomes considerably more complicated when phospnorus 1is
a constituent within 2 biological medium, where the absorp-
tion edges of different elements overlap. Since the Auger
electron snectrum resulting from a photoslectric 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 a2 sensitive function of photon energy. EX-
periments in which biological matter is exposed to low
energy monochromatic Xw-rays may therefore lead to novel re-
sults e.g. Goodhead, Thacker and Cox 13981, Halpern and
Stocklin 1976,

One interesting and much debated idea is the possi-
bility of using the photon energy range just above the X
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
elements 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 therefcore has the highest
photoelectric cross section ) being present directly in the
DNA backbone structure and iodine because it can be incor-
~porated into one of the DNA bases in the form IUdR and as
-a high Z element possesses a correspondingly favourable larger

photoeleciric cross section,
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Figure 27
Photoelectric mass absorption coefficient (% and the
r

5}
total mass absorption coefficient .Wf}) for phosphorus.
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8.2.1 Phosvhorus as a target in DNA

Phosphorus constitutes about 10% by weight of the DNA
molecule, The percentages by weight of the other elements
in D¥A : 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 quantizty.

Using the cross section programme ( section 8.1 )
with the consiituent input data of table 11 the photoelec-
tric absorption cross section was calculated for a DNA m0-
lecule for photon energies from 100 eV - 100 keV. The cal-
culated values for pnhotoelectric mass absorpition - 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
phosvhorus 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 upver edge to that
at the lower, The jump ratio for purs phosphorus is 10.78
and Talls %o 1.81 for phospvhorus when a constituent of the
DNA.

Tne 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
Hela cell nuclei 24 from Altman and Katz Eds, 1976,it was
pogsible to estimate the relative weight percentage of each

individual nuclear element constituent ( table 11 ).

2
24 The relative individual element weight percentages were

also examined for other mammalian cell nuclei, Variax
tions in the nuclear constitution were found to be .
_quite small,
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Table 11
Percentage by weight of the atomic constituents in

biological matter

- 25!
Atonm DNA Cell nucleus
| 3.86 | 10.65
C 40,10 9,02
N 17.69 3.22
o 27.42 74,11
26
D 10.63 2.64
g - 0.37
25

The relative weights of the constituent elements of the
cell nucleus were calculated using the following DHA,
RNA, vorotein 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 Xatz Eds. 13976 ).
This gives the following percentage dry weights DNA =
8.5%, RNA = 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 vhosvhorus was obtained from an experi-
mental work by Mehard and Voleani 1976 for rat liver
cell nuclei, in which they found from studies using
X-ray microanalysis 16554/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 1o 1.15 )
due to the even lower phosphorus content 2.4% in the cell
nucleus., It must alsc be emphasized that only about one
tenth of this 2.4% phosphorus stems 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 absorotion effect at the K-edge of phosphorus in the
cell nucleus is, from a consideration of cross section data,
unlikely %o produce an enhanced bilogical effect, Neverthe-
less, monochr tic photons of energy Jjust above the K-edge
~of phosphorus might still induce per photon interaction in
a phesphorus atom, a different local energy deposition
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Table 12

Thotoeleciric mass absorption coefficients for phosphorus,

DNA and the cell nucleus
Energy(keV) Photoelectric mass absopption coafficient(cm%%)

Phosphorus DNA : Cell nucleus
1.000E-1 1.010E 4 3.729E 4 5,1T4E 4
1.220E-1 7.455E 3 2.395E 4 3,308E 4
1.230E-1 7.363E 3 2.352E 4 3.248E 4
1.310E=1 6.687E 3 2.041E 4 2.819E 4
1.330E-1 5.392E 4 2,476E 4 2,850E 4
1.500E=-1 8.867E 4 2.390E 4 2.300FE 4
1.850E-1 7L UBUE 4 1.689E & 1.515E 4
1.88CE-1 7.320E 4 1.046E 4 1.466E 4
1,500E-1% 7-953E 4 1.692E 4 1.453E 4
2.831E-1 3.808E & 7.421E 3 5.839E 3
2.845E-1 3,833E 4 2.56LE 4 G.886E 3
"3, 000E~1 3. 475E 4 2.288E 4 8. 77T3E 3
4,009E-1 1.828E 4 1.238E 4 4,585E 3
4,023E-1 1.812E 4 1. T43E 4 5,468E 3
5.313E-1 8.980E 3 8.7T28E 3 2, 7T34E 3
5.327E-1 8.921E-3 1.388E 4 1.67T9E 4
6.234E-1 5.999E 3 Q. 473E 3 1.158E &4
65.250E-1 5.960E 3 9,414E 3 1.151E 4
7.000E=-1 4, 47BE 3 7.151E 3 8.808E 3
8.920E-1 2., 42QE 3 3.906E 3 L,958E 3
8.940E-1 2,415E 3 3,884E 3 4,932E 3
1.070E © 1.535E 3 2.573E 3 3,330E 3
1.073E O 1.524E 3 2,552 3 5. 304E 3
1.500E O 6.544E 2 9.620E 2 1.261E 3
2,000 © 3,166E 2 4,169E 2 5.513E 2
2,145E 0 2.654E 2 3, 403E 2 4,508E 2
2.147E O 2.861E 3 6.154E 2 5.181E 2
2.470E O 1.956E 3 4L,142E 2 3.473E 2
2.475E © 1.046E 3 4,118E 2 3,534E 2
3,000E O 1.1S54E 3 2.393E 2 2,040 2
4,5%6E 0O 3.715E 2 7.302E 1 6.200E 1
4,558E O 3.T11E 2 7.35%E 1 6.103%E 1
4,850E O 3, 1%0F 2 6.167E 1 5.187E 1
4.853%E O 3,.130E 2 6.156E 1 5,178E 1
5.187E 0 2,585E 2 5.037E 1 4,188E 1
5.180E © 2.583E 2 5.031E 1 5,183E 1
7.000E O 1.089E 2 2,058 1 1.6658E 1
1.000E 1 3.88QE 1 7.066E O 5.551E ©
1.500EF 1 1.148EF 1 2,031E C 1.575E 0O
2,000E 1 4,768E O 8.318E-1 6,418E-1
3,316E 1 1.023E O 1.708E~1 1.260E-1
3., 318E 1 1.021E © 1.705E-1 1.257E-1
5.000E 1 2,800E-1 4,615E=-2 %.353E=2
7.000E 1 Q. T4LE-2 1.573E-2 1,123E-2
1.000E 2 3, 172E=-2 5,.0%5E-3 3,53%0E~3
1 1.500E 2 8.854E-3 1.380E=3 Q. 4T5E-4
1 2.000E 2 - 3,581E-3 5.521E-4 3, 740E-4
4 3.0008 2 9.996E-4 1.518E-4 1.015E-4
1 5.000E 2 2,003E-4 2.986E-5 1.959E=-5
7.000E 2 £5.941E-5 1.028E-5 6.632E-0
1 1.000E 3 2.261E-5 3,293E=-5 2,104E-6




around the target atom ( with possible biological con=-
sequences ) than photons of esnergy just below the edge.
For a detailed analysis of this problem see Booz, Humm

et al 19873,
8.2.2 Todine in the DNA

In a further calculation the possibility of selec-
tive absorption 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% revlacement of the thynidine in DHA by IUd4R
is attainable 7. This would mean 9.3% by weight of iodine
in the DNA and about 0.20% in the cell nucleus.

With such an incorvoration the magnitude of the
iodine X shell jump ratio would be 1.6C i.e. higher than
that obtainable for phosphorus. However this K edge re-
duces in proportion to the vpercentage of lodine present
in the DNA. If replacement of only one in ten thymnidins
takes vplace { lo% incorporation ) then the iodine X edge
jump ratio is corresnondingly smaller.

Calculated results for the total mass absorption
coefficients for DNA and the cell nucleus, with 100% IU4R
replacement of thymidine, are tabulated in table 13. Fi-
gures 30 and 31 give the values of table 13 in a graphical
representation, The results of this study show that the
possibility of a selective photoeleciric absorption in the
sensitive targets of biological matsrial 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 absorption would be a maximum. The detrimental
9_"effects of such a high incorporation are recognlsed but'
~of no concern here. :
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Table 13 _
Total mass absorpiion coefficient for 100% replacement of
thymidine by IU4R in DNA and the DNA of a cell nucleus as
a function of the incident photon energy.

Energy(keV) DNA with IUdR Cell nucleus with IUdR
1.000E-1 3.614E 4 5.125E 4
1.220E=-1 2.288E 4 3.277E 4
1.230E-1 2,245 4 3.217E 4
1.310E=1 1.863E &4 2,793E 4
1,330E-1 2.332E 4 2.834E L
1.500E=-1 2,2023E 4 2.298E &4
1.850E-1 1.579E 4 1.517E &
1.880E-~1 1.560E 4 1, 469E &
1.900E-1 1,598E 4 1.4588 4
2.831E-1 7.198E 3 5.881E 3
2,045E=1 2.286E & 1.02GE &4
3.000E-1 2. 044E & 9. 1348 3
&,00QE~1 1.119E &4 4.790E 3
4,023E-1 1.554E &4 5.781E 3
5.313E=-1 7.917E 3 " 2.900E 3
5.327E=1 1.324E 4 1.668E 4
6.234E=1 9.118E 3 1.150E ‘4
6.250E~1 3.058E 3 1.1438 4
7 .00CE=-1 8.110E 3 8.786E 3
8.920E~1 4,483 3 4.943E 3
8.940E-1 4 .TO00E 3 4.925E 3
1.070E O 3.355E 3 3.331E 3
1.073E O 3,375E 3 3.306E- 3
1.5008 © 1.323E 3 1.263E 3
2.000E © 5.941E 2 5.526E 3
2.145E O 4,892E 2 4.520E 2
2.14TE O 7.24QE 2 5.245E 2
2.470E O L,924E 2 3.518E 2
2.475E O 4,897E 2 3.577TE 2
3.Q00QE O 2.882E 2 2.068E 2
4.556E O 9.141E 1 6.292E 1
4,558E © 1.429E 2 6. 4448 1
4,85CE © 1.203E 2 5.400E 1
4.853E.0 1.458E 2 5.470E 1
5.187E 0 1.207E 2 44338 1
5.189E 0 1.356E 2 L. 474E 1
- 7T.000E O 5.346E 1 1.794E 1
1.000E 1 2, 1468 1 6.049E O
1,50CE 1 6.825E 0 1.7T44E ©
2.000E 1 3.042E © 7.2358-1
3,.316E 1 7. 404E-1 1.559R~1
3.318E 1 3.785E O 2.501E=~1
5.000E 1 1.190E 0 8.402E-2
7 .O00E 1 K, 693E-1 4,352E=-2
1.000E 2 1.850E~1 3,106E-2
1.500E 2 7.527E=2 2.,919E=2
2.000E 2 4,914E-2 3.,021E~2
2.00C08 2 3,610E=2 3.191E-2
5.000E 2 3+182E-2 3,280E-2
T.000E 2 3,039E-2 3.220E=2
1.000E 3 2,863E-2 3.082E=-2
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Figure 30
Total mass absorotion coefficient (¥/p) 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 {(//p) for the cell
nucleus, with 100% revlacement of thymidine in the nuclear
DNA with IUAR, zs a function of the incident phoion energy.
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Nevertheless certain factors other than ths cross
section data also require consideration., Namely, the ener-
gy devposition 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 cone
siderable local damage. For iodine this question has al=-
ready been largely dealt with in Part I of this thesis
since the results fog electron capture induced vacancy cas-
cades in 1231[ and 1231 resemble closely the situation of a
monochromatic photon irradiation with photons of energy
just above the iodine X edge. The next section therefore
treats in detail vhotoesleciric interactions in phosphorus
and examines ths 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 absorontion cross sections for tissue

equivalent madia

In experimental microdosimetry special vroportionzl
counters have been developed which simulate biological {is-
sue in order to make energy devosition 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 edquivalent plastic and overate with a tissue equiva-
lent gas as a counting gas. QObviously 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 edquivalent gas mixture must have the
desirable properties of a counting gas etc.

' In this section the tissue equivalence of tissue
equivalent mediz at low photon energies is investigated.
Once again using the photon cross section programme of
'section 8.1 +the photoelectric mass. absorption .cosfficients ™
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 ICRU tissue equivalent muscle, The resulis are given
for all three tissue equivalents 28 i1 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 equivalients and cell nucleus data occurs at photon
energles below 1 keV, reflecting the variation in the rela-
tive weights of carbon, nitrogen and oxygen in the material
constitutions, ( A-150 %tissue equivalent plastic is carbon
based, Rossi-Failla gas has about squal amounts of carbon
and oxygen whereas ICRU nuscle equivalent and the cell nuc-
leus have oxygen as the predominent constitu nt ). Above
1 keV the differences in the photoelectric cross section
are in general between 10% - 100% higher for the cell nuc-
leus than for A-150 plastic or Rossi-Failla gas. For the
ICRU muscle equivalent however an excellent agreement is
obtained with the cell nucleus data over the entire photon
energy range. Figure 32 demonsitrates this in a plot of the
ratio of the photoelectric mass absorption coefficiants
for the cell nucleus ito ICRU muscle equivalent as a func-
tion of energy. Once again the cell nucleus data is with
the exception of the photon energy range between the car-
bon and oxygen XK edges, greater than for the ICRU muscle
squivalent with deviations of up to about 16% at 100 keV.

These resulis show that in the photon energy range
below 100 keV tissue equivaleni materisls 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 ig sensitively depen-
dent on the precise atomic constitusnts of the medium.
gxact simulation is only then achieved when the relative
weights of all atomic constituents agree between simulant

and. what is %o be slaulated. e .

o - - - - P ine

. 28 The relative weights of the atomic coﬁﬁbnents of seve=
~ ral of the most commonly used tissus equivalent mate=

L L

1a o A e Sl TARIT Da—mwt  ~e 372 A R 182
rials are in the ICRU Report on Microdosimeiry 1583,
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Figure 32
Ratio of the photcelectric mass absorption ccefficients,
cell nucleus/ICRU tissue equivalent, as a function of the

incident photon energy.
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Table 14

Photoelectric absorption 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-««--5“@; (cmz/g) e ] °¢/%’,

A=150 Rossi-Failla [ICRU-nmuscle | cell nucleus

Znergy(keV) | plastic gas equivalent ICRU squiwv,
100 3.001E 4 4,03%3GE 4 ] " 5,191E 4 1.00
122 1.912E 4 2.57T28 &4 3,318E & 1.00
123 1.877E & 2.525E 4 3.258E 4 1.00
13T 1.628E 4| 2,188E 4 2.828E 4 1.00
133 1.573E 4 2.116E 4 2.743E & 1.04
150 1.,199E 4 1.611E &4 2.103E &4 1.09
185 7.487E 3 1.003E & 1.357TE 4 1.12
188 7.221E 3| G,6TLE 3 1.310E &4 1.12
190 7.052E 3] Q,LUEE 3 1.281E 4 1.13
. 283 2.87T4E 31 3,672E 3 5.009E 3 1.17
285 3.827E 4| 2,443F 4 1.056E 4 .ol
. 300 3. 400E 4 2,173E 4 g.544E 3 .92
101 1.914E 4 1.182E 4 5.024E 3 .91
LA02 1.998E 4 1.278E 4 5.984E 3 .01
531 9.866E 31 6.243E 3 2.980E 3 .91
533 1.079E 4 1.393E 4 1.681E 4 1.00
623 7.229E 3| 9.502E 3 1.159E 4 1.00
£25 7.182E 3 o,ha3E 3 1.152E 4 1.0
700 5.57T8E 31  T7.168E 3 8.813E 3 1.00
.892 3.011E 3] 3.965E 3 4L,957E 3 | 1.00
894 2.993E 3| 3.943FE 3 4.931E 3 | 1.00
1.070 1.966E 3 2.635%E 3 3.329E 3 | 1.00
1.073 1.950E 3] 2.613E 3 3.308E 3 | 1.00
1.500 7.167E 2 G,792E 2 1.260E 3 1,00
2.000 2.040E 2/ 4,217E 2 5.501E 2 1.00
2.145 2.450E 2| 3.436E 2 LOLQTE 2 1.00
2.147 2.452E 2| 3, ,4p7E 2 4.5%6E 2 ! 1.148
2,470 1.613E 27 2.274E 2 3,030E 2 1.15
2.475 1.603E 2| 2.261E 2 3.123E 2 | 1.13
3,000 9.020E 1 1.288E 2 1.796E 2 | i.14
4,556 3. 944E 1 3. 795E 1 5.580E 1 1.11
4,558 3,.093%8E 1 3. 7908 1 5.582E 1 1,11
4,850 3,276E 1 3.160E 1 4. 669E 1 1.11
4,853 3.270E 1 3, 154E 1 4.661E 1 1.11
5.187 2.67T6E 1| 2.548E 1 3.7T6%E 1 | 1.11
5.189 2.673E 1 2.545E 1 3.758E 1 1.11
7,000 1.092E 1 1.004E8 1 1. 484E 1 1.12
10.000 3,671E 0| 3.263E 0 £,9%2FE 0O 1.13
15.000 1.061E ¢] Q.05GE-1 1.395E 0O 1.13
20.000 4.395E-1| 3.643E-1 5.664E<1 1.13
33,160 9.144E-2! 6.953E~2 1.098E-1 1.15
33,180 9.127E-2{ 6.9408-2 1.066E-1 1.15
50.000 2,486E-2 1.824E8-2 2.917E-2 1.15
70.000 8.542E-3] 6.030E=-3 G.747E-3 1.15
100.000 2.758E-3| 1.8609E-3 3, 047E-3 1.16




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 keV 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 prbital binding energy Eg. 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 1o
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.

G.2 HMethod

An inner shell electron d
by the photoelectiric effect gives rise to a2 chain of evenis
which are independent as to the nature by which the initial
inner shell vacancy was produced, For this reason much of
the Monte-Carloc 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'é
photoeleciric interaction can in principle take place in
any shell for which hv > Eg. the first step in the Monte-
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Carlo simulation process 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 1is 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-
phorus atom, in a condensed medium, with the possibility
of autoionization 29 i,e. an electron which falls fron the
conduction band of the medium to fill a vacancy in one of
the phosphorus levels leads to the release of a further
electron. In these calculations the free electrcons in the
conduction band were aitributed 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 xeV ( titanium X, ), 2.145 keV ( just above the phos-
phorus X edge ), 2.123 %keV ( just below the phosphorus X
edge ), 1.5 %eV ( aluminium K, ) and 278 eV ( carbon Xy
The electron spectra for each photon energy were stored on
magnetic tape and used for energy deposition calculations
in spheres of variable dilameter containing a homogeneous

distribution of phosphorus atoms.

29 The term autoionigzation generally T s to electrons
- .whigh when falling from a sgnerex

refer
18N cited state are able
tp set free a bound electron ( see T.4A. Carlson Photo-
_electron and Auger Spectroscopy Plenum Press, New York,

pg 4, 1975 ).
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Figure 37
Electron cascade process induced by a photoeleciric
interaction in the X shell of phosphorus.,
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9.3 Input data for phosphorus calculations

The programme simulating photoelectric interactions
in vhosphorus requires three sets of input data.
1. The initial inner shell vacancy distribution
2. The electron transition probabilities
3. The electron and photon energies

9.3.1 The initial inner shell vacancy distribution

The distribution of initial inner shell vacancies
in a vhosphorus atom produced dy photoelectric interactions
after irradiation with monochromatic X=rays is directly
proporticnal to the sub-shell photoelectiric cross sections
at the incldent photon energy. In dividing the individual
sub-shell photoelectric cross sections at a photon energy
hyv by the total atomic photoeleciric 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 phosvho-
rus calculations in this work derived from the photoelec~
tric sub-shell cross section data of Scofield, 1973, for
photon energies above 1 keV and from Band et al, 19792, for

energies below 1 keV,

Table 15

Relative sub-shell photoelectric interaction probabilities
at pnoton energies ; 4.55 keV, Z2.145 keV, 2.128 keV,

1.5 keV and 278 eV

3
:

i Energy Sub-shell
(kev) + N
K L, L, Lo M, Moy 1a
L 4 i
h.55 0.91371 0.056 0.007 { ©0.013[.0.006| 0.002 | 0.00%
2.145 1 0.900 0.055] 0.013 | 0.026| ©.005| 0,000 | 0.001
2.128 - 0.547 1 0.132 | 0.257| 0.052 | 0,004 | 0.008
1.5 - 04701 C.159 | 0.312 | 0.04L | £.005 | C.010
0.278 - 0.1431 0,267 | 0.531] 0.018| 0.013 | 0.028




At photon snergies above the ¥ edge of ophosphorus
over 90% of the photoelectric interactions cccur in the
phosphorus X shell, Once slightly below the phosphorus X
edge ( 2.128 keV ) photoelectric interactions in the X
shell are no longer permissible and interactions occur
predoninantly in the T shell., Since the T shell consists
of three subeshells the initial vacancies are in general
distributed among all”three. At the photon energy 2,128 keV
the largest number of photon interactions take place in
the Ll shell, With decreasing vhoton energles i.e. 1.5 keV
and 278 eV, the probabllity of a photoeleciric interactions
in Ly is reduced complimented by a corresponding increase
in the interaction probability in L, and L3’ This change
in. the relative probability for interaction in the various
I, sub=shells shows an influence on the eleciron emission

spectra ( see section 9.4.1 ).
3.3.2 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 transitions. In this work
the non-radiative transition data were taken from Mc Guire
( for transitions to the ¥ shell Mc Guire, private communi-
cation, and to the L shells Jc Guire, 1972 ).

The probability of radiative transitions is given by
the fluorescence yileld w which for the phosphorus K shell
is 0.06, Krause 1979, and for the higher shells negligible
i.e. a photoeleciric interaction in the phosphorus L shell
produces only an eleciron svectirum. The K shell radiative
transition probabilities were taken from Salem et al 1974,
In accordance with the fluorescence yield of the X shell
(W= 0.06 ) all radiative transitions o the K shell are
normalized %o 0.08 and non-radiative transitions to 0.94.
The 1, shell transition probabilities are divided into those
o Ll; Lzand LBG Since LoLzzﬁ each set of sub-shell non-ra-

‘diative Transition probabilities is normalized to one. A
- 1ist of the normalized radiaitive and non-radiative transi-
tions'to the X and L shells used in the work are given in

e P




table 6a, appendix 6,

The phosphorus atom also has electrons in the 1
shell. : two 1in My, one in ¥, and a further two in M3' The
possibility of super Coster~Kronig transitions in the i
shell were however not considered in these calculations,
principally because no data was found available in the .
literature for these transmitions in phosvhorus. However
the lack of such data implies that their probability is
small 39 Also the energy differences involved are of the
of the order of only a few electron volis, therefore the
error introduced by their neglect is likely to be quite

small.
9.3.3 HElectron and phoion energies

The energies of the electrons and photons result-
ing from inner shell transitions used in these calculations
are given in columnn 5 of table 4z, appendix 6. The photon
energies were taken from Storm and Israel 1970, Auger and

~

]

Coster-Kronig ectron energles calculated using equation
12, the so0 called modified Z+1 approximation ( Part I, sec-
tion 3.2.3 ), and the photoelectron energies calculated

within the programme ( depends on the photon snergy )} with

equation 22 { Part II, sesction ?.1')e
9.4 Results

ns and their ucpcnucupw

3

~ b i JPE
Mot e L LL2C LI OF

o O

n energy

A single photoelectric interaction by a phoiton of
energy above the X 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

3?'Nost vacancy cascades in phosphorus have the M shell
~highly depleted since on average about four electrons
- per & shell vacancy are emitted ( see section G.4 ).
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emission number, the shape of which depeéends on the incident
photon energy. Also the chemical phase can influence the
shape of the disiribution. In figure 34 the electron number
distributions are shown for calculations of phosvhorus
irradiated just above the X edge i.e., with 2,145 keV
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 number such as phosvhorus 1is small
when compared to the similar study made for iodine ( Part I
section 4.2.2 ). The higher electron number end of the
distribution becomes marginally increased as well as the
‘average electron number ver interaction as a result of the
additional autoionization eliectrons released.

The effect of the incident photon energy on the
electron number distribution is shown in figure 35, At pho«'
ton energies above the vhosvhorus K edge, where more than
60% of the initial vacancies are produced in the ¥ shell,
the change in the electron number distribution is small.
However at photon energles below the edge the spread of the
distribution is reduced tTo between one and three electrons
and the shape of the distribution becomes more sensitive
to photon energy due to a shifting in the sube=shell photo-
electric interaction probabilities. The mean number of
electrons emitted per photoelectric interaction n together
with fTurther data e.g. The average electron ensrgy per
interaction E, are givan in table 18 for the different

incident photon energies.

Average electron number n, electron enerzy i,-photon
energy P and votential energy IP following photoelectric
act
i

energies hv
Condensed Isolaied atom
phase - = = D
nY {kev) 19} n E ; I
4,55 h.03 3.98 4,335 0,161 0.114
2,145 3.99 3.94 1.934 0,100 c.111
2.128 2.47 2.47 2.084 - G .44
1.5 2,40 2.4C 1.458 - 0.042
0.278 2.08 2.07 0.245 - G.033 ]




Slectron number distribution for £4.55 keV phoitons incident
on phosphorus as an isolated atom and in the condenser

phase.
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Znergy balance and particle fractions

For a photoelectric interaction in axn isolated
phosvhorus atom the energy of all particles released Irom
the phosphorus oplus that remaining on the phosvhorus aton
nust be eoual to the incident ohoton energy hv, from the
princivle of conservation of energy. Thus the energy ba-
lance equation for a2 vhotoelectric interaction can be

written,
—t A
hy = >  E, + = _pP. + I (23)
i=iim * i=T,n 4 m
where >  E. is the sum of the energies of m emitted
T 1 . ,
174, plectrons including the photoelectron,

:Zl_i P. is the sum of the energies of n emitted
=l,n* photons,
and Im is the total potential energy for an atom with
charge +m equal to the sum of the first m
ionization potentials 31.

The incident photon energy is converted to electiron,
photon and potential energy of the vhosphorus atom. The
relative fraction of energy converied to each 1s shown
graphically in figure 36 for selected photon energies bet-
ween 278 oV and 4,55 keV, together with the variztion in
the average number of electrons emitted ( insert ).

AT photon energiles below the phosphorus K edge the
total energy fraction is composed of two components, the
largest fraction is due o the incident photon energy be-
0,8 = 1,0 } and a smal-

09
&g
/"-\

ing converted o electron ener

ler quantity ramaining as potential energy on the phos-
vhorus atom ( 0.0 - 0.2 ). At the phosvhorus edge there is
a slight drop in the electron energy fraction. This is due

radiative ) and secondly from the vossibility of a larger

AL The ionization potential data from Handbook of Physics
and Chemistry R.C.Weast Ed, 1980-81 were used.

)
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Energy fractions and average electron emission number,
sert ) for photoelectric interactions on phosphorus

at different incident photon energies in the range

279 eV ~ 4,55 keV, '
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nunbar 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 X absorption sdge the
electron energy fraction increases asymptotically to one,
as the photoelectron takes a continually nigher fraction
of the incident photon energy.

Figure 36 also shows the relative energy fractions
for phosphorus when in the condensed phase., In this casze
the potential energy on the phosphorus atom will attract
electrons from neighbouring atoms eventually resulting in
the neutralization of the phosphorus. Therefore the potenw
tial energy becomes converted partly to further eleciron
energy by autoionization and the rest to various collective
sources of excitation energy e.g. phonons, plasmons etc.

dissipated in the mediun.
9.4.3 Emission spectra

From 10,000 individual eleciron energy spectra at
each photon energy an average eleciron energy spectrunm
could be formed. Figures 37 and 38 show two examples for
the photon energies : 4.55 keV above the K edge, and
1.5 keV 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 éo give the probability per interaction
with which an electron with a particular snergy is emitted
from a large number of interactions,

emisSsion

-3

he different components of the s
are distinguishable for a low Z element such as phe
therefore the individual groups of spectral lines in the
diagrams have been labelled., For the irradiation with

%.55 keV photons the addition of the phosphorus X fluores-
cence vhoton lines makes the emission spectrum complete.
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g.4.4 Energy denosition as a function of incident vhoton

energy

The energy of a photon which interacts by the photo-
electric effect in an atom such as phosphorus becomes mnain-
1y converted to a series of low energy shori range elec-
trons. This mak%es the site of a photceleciric interaction,
one around which a high concentration of energy devosition
can occur.

For a homocgenous distribution of phosphorus atoms
in a svherical volume V the energy devncsition in V was cal-
culated per interaction at different incident photon ener-
gies 32. Using the point Xernel data of il.J.Berger and the
individual electron specira data for 10,000 simulated pho-
toelectric interactions vner 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
assumntion has been made that the votential energy, from
the charge build-up on the vhosphorus, is locally depcsited
and that the energy emitted in form of photons is carried
far from the interaction site making no coniribution to
the local energy deposition. The values obtained for €,
from these calculations are presented in table 17 and
figure 39 for vhoton energies from 278 eV - 4.55 keV in
site diameters from 1 nm - 10 ,um,

At site diameters greater than about s/um the mean

energy deposition approaches that of the incident photon

i
33 3 T 1 21

energy 1.e. almost all the avagilable sleciron energy

becomes absorbed within the diameter of a c¢ell nucleus.

Decreasing the site size reduces the mean energy deposition

a8 more and more electron energy escapves outside the

32 \ . . . o
77 A nomogenous distribution of phosvhorus might be a good

agpproximation due to the superwinding of the DNA in the
cell nucleus, although the localization of the DNA is
33_ﬁifferentgej;different times in the cell cycle,
- For photons of energy above the X edge of vphosphorus
about 100 eV is lost on average by fluorescence vhotons

per interaction,
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sensitive volume. For very small site diameters ( < 1C nm )
the mean energy deposition per interaction for electron
cascades induced by photons above the phosphorus X edge is
about twice that for photons below the edge. There are

three regsons
1. KLL transitions from 89% of the transitions to a

K shell vacancy. This results in the further
development of twe vacancy cascades starting
from the L shell instead of only a single one
following a direct photoelectric interaction
in L.

2. The energy imparted 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 éF around photoelectric interactions
in phospherus as a function of photon energy and site dia-

meter
Mean energy devosition éF(keV)
hv (keV) 0.278 1.5 2.128 2,145 L. 55
d(/um)
Q.0010 o.0Ls | 0,052 c.o054 | 0,131 1 ¢.123
0.0018 0.086 0.062 0.064 | 0.148 G143
.0032 0.078 | 0.N80 0,082 | Q. 174 | 4,171
0.0056 0.123 0,111 0.112 0,220 0,222
0.0100 0,180 C.151 0.150 C.272 0,282
©.0178 0.222 | 0,195 G.189 | 0.320 C. 344
0.0316 0.240 | 0,255 0.237 | 0.373 | C.425
0.0562 0,265 0.377 0.318 0.458 | 0,564
0.1C00 C.273 { 0,637 C.4G7 | 0.645 | C.858
0.1778 0.278 | 0.965 0.887 1.025 1.510
0.3162 0,278 1.192 1.361 1.421 2.415
0.5623 0.278 | 1.331 | 1.686 | 1.683 | 3.178
1.000 0,278 1.410 1.884 1.840 3,705
1.778 0.278 1,453 1.994 1.927 | 4,024
3.162 0,278 1.479 2,059 1.976 | 4.207
5.623 0.278 1,403 2,064 2.005 { 4,311
10,000 0.278 1.5Q¢C 2.113 2,021 | L 68




This higher energy deposition in volume diameters
lesz than 10 nm for photons of energies above the phospho-
rus ¥ 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 X shell of vhos-
vhorus might, on account of their high local energy deposi-
tion, give rise t0o an enhancement in the DNA damage. How-
ever a compnlete 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
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10 Photoelectric interactions in argon

10.1 Argon as a simulant of phosphorus for amicrodosimetric

.

spectra measurements

1

A further aim of this thesis was to compliment the

theoretical study of energy deposition from photoelectiric
interactions in vhosphorus of the previous section with an
experinental investigation of the K edge effect with res-
nect 1o energy deposition. A well established experimental
technigue for the measurement of energy devosition in simu-
lated volumes of down to 1 wn diameter was developed by
H.H.Rossi { see Rossi 1968 ). Conventionally this technique
employs a tissue equivalent proportional counter with =2
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 ( sinulated diameter ). For

a microdosimetric study of the K edge effect a gas of phos-
vhorus 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 PHB,
phosphorus trichloride PCl3 and phosphorus pentachloride
PC15 are firstly unsuitadble as couniing gases and secondly
are all highly toxic and corrosive. Thersefore for these
investigations argon gas was used which not only possesses
the apvropriate physical properities and is agreeable 1o
work with but also can act as a good simulant for phospho-

™ms.

b
H

om a Monte-Cario 1lation of photoelectric
s o

u
interactions in argon, u g the computer code as for phos-
pheorus, ( section ¢ ) 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 exXcellant 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 1s at 3.2 keV, for phosphorus 2.145 keV ), Similarity
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Figure 40
Electron number distributions for phosphorus and argon
irradiated with monochromatic photons of energies just

above their respective K absorgtion edges.
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in slectron number, electron esnergies and also in the pho-
ton spectra justifies that argon can be used as a good
model substance for vhosphorus.

The choice of argon as a counting gas for microdesi-
metric measurements 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 devosition 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

10,200 photoeleciric interactions were simulated in
argon using the technigue as described for phosphorus
( section 9 ) for the following five monochromatic photon
energies 4 4,55 keV ( Titanium K, }, 4.09 keV ( Scandium
Ky )o 3.3% %eV ( Potassium K, ), 2.63 keV { Chlorine X, )
and 2,28 keV ( Sulphur X, ). The resulis obtained for the
average electron emission number and the average eleciron,
vhoton and votential energies are given in table 18 for
different vhoion energies. From individual eleciron spectra
at each of the above five vhoton energies the mean energy
deposition EF in a spherical volume V, variable diameter,
per photon intersction 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-
h

A

able tendencies to the results for phosvhorus both wi

I_l
ot

regard to the difference in energy devnosition at photon
energies above and below the K edges and also to the gene-
ral magnitude of energy deposition at corresponding inci

dent vhoton energies.
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Table 18

Average electron number n, electron energy E, photon
energy P and potential energy IP of argon irradiated with
photons of different energies

hyv (keV) n ol P iP
4.55 3.80 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
2.63 2,33 2,573 - 0.057
2.28 2,32 2,224 - 0.056
Table 19

deposition €, sites of interaction with

Mean energy around

argon atoms for different phoion energlies at varylng site
diameter
hy (xeV) | 2,28 2.63 3.34 4,0% L.55
d( yum)
0.0010 0.064 | ©.065 | 6.243 ] 0.143 ] 0.144
0.0018 - G, 071 Cc.072 C.153 0.153 0.154
0.0032 0. 085 0.086 C.173 0.173 0.173
0,0056 0.109 | 0.111 | 0.219 | 0.209 ] 0.209
0,0100 0.156 0.156 C.309 0.283 0.282
0.018 0.232 £.231 0.439 0,414 0.4C9
0.032 0.317 | 0.313 | C.557 | 0.575 | 0C.553
0. 056 0,420 0,406 0.656 0.798 0.738
0.100 0,603 | ©.554 | 0.771 | 1.089} 1.057
0.178 0.984 0,887 0.976 1.418 1.532
0.316 1,466 1,445 1.308 1.926 2,156
0.562 1.805 1.929 2.002 2.585 2,888
1.000 2.010 2.230 2.430 3.078 3,447
1.778 2.126 2,404 2.693 3.382 3,786
3.162 2.193 2,503 2.843 3.557 3.985
5.623 2,231 | 2.558 12.928 | 3.656 | L4.098
10.000 - 2.251 Z,589 2.976 3.711 4,161
10.3 Comparison of the calculated electron emissio

- number distiribution with experimental results from
Carlson and Xrause

Zxpverimental data on the number of elecirons 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 vhotoelectric induced vacancy cascades
in argen gas, Carlson and Krause , 1965, performed these
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measurements using a magnetic spectrometer and gave disiri-
butions 3 for photon irradiations both above and below the
K edge of argon. This gave 2 special opportunity to test
the calculational methods applied 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 presents a fundamentzl 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 Xrause for X-rays from
a titanium target on argon compared with the distribution
obtained from ionte-Carlo calculations simulating photo-
electric interactions in argon with 4.55 keV ( Ti - K )
photons. Figure 42 shows the. comparison of the electron
number distributions for argen irradiated with X-ray ener-
gies below the argon X edge; the experimental results of
Carlson and Xrause using the X-rays preocduced by 3 keV
electrons on an aluminium target against calculations
simulating photoelectric interactions with 2.63 keV {C1 -
Ko ) monochromatic photons.

The agreement with experiment is gocd in both cases
at the low electron number end and at the peak of the dis-
tributions. At uvper end of the distribution the freguency
Tor the emission of higher electron numbers is greater for
the experimental distridbution which also extends to higher
electron emission numbers than for the calculated distri-
bution. For example from the experimental electron emission

»
b

number distribution a charge of up to +8 has been measured
on the argon atoms when irradiated with titanium X-rays.
Computer simulated vphotoelectric interacitions in argdn at
this energy however permit up to a maximum of only 6 elec-
trons per photon interaction. Also with photon energies
below the K edge of argcon the experimental maximum eleciron

i
_3+“The charge on a gas molecule is equal %o the number of

-electrons emitted assuming no charge is neutraliczied,
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Figure 41
Comparizon of the

ala

=L

ctron number 4distribution,

( charge

distribution ) from Monte-Carlo calculations with the
experimental data of Carlson and Krause, produced by

X=rays of energies above the K=edge of argcn.
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Figurs 42

Comparison of the elgctron number distridbution, { charge
disfribution ) from lonte-Carlo calculations with the
experimental data of Carlson and Krause, produced by

photons of energy below the K-edge of 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 3 electrons obiained from calculations.

Carlison and Xrause accredit this discrepency with
the theoretically exvected maxima to the process of elec-.
tron shzake-0ff, i.e. the emission of an crbital eleciron
caused by a sudden change in effective charge of the aton,
after sither 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 nun-
ber distribution to higher electron numbers and could even
produce an argon molecule irradiated with X-rays of energy
below the X edge with a charge of +6 if both the photoelec-
tric interaction and the two ensuing Auger transitions

produced electron shake-of?f
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PART I1I

ENERGY DEPOSITION MEASUREMENTS FOR PHCTOELECTRIC INDUCED

VACANCY CASCADES IN ARGON
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11 Technigues of sxnerimental microdosimeiry

. Microdosimetry with Rossi counters

Experimental microdosimetry began with Rossl and
Rosenzwelg 1255 who developed a technique for measurin
spectra of energy deposition (€ ) in small simulated tis-
sue volumes of the order of a few micrometers ( cellular
and sub-cellulardimensions ) when irradiated with ionizing
radiation, Their technique involved the construction of a
special spherical proportional counter ( $he so called
Rossi couter ) made with walls of tissue eguivalent 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 fielid, an instrument with a homogeneous res-
pongse; the Fano »rincivnle states that, " in a medium of
constant atomic composition, the fluence of secondary ovar-
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 ¢ross. 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 o
simulate a unit density tissue diameter d_ is given by

equation 34 ( Hogeweg 1978 ) )

where/o is ths density of the gas at NTP,

d 1s the diameter of the gas volume in the counter
and p,, the normal pressure in pascal at which the density
is defined

However this technigue to simulate small tissue

35 Secondary particles are particles to which energy has

been transferred from the primary beanm.
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equivalent volumes has an inherent limitation. At a certain
gas vpressure, which depends on the counting gas but 1is
usually about 500 Pa, the multiplication region of the
proporticnal counter becomes sc large that the signal

measured in the counter is no longer a function of the nun-
heir

ct

ber of initial ion vairs alone but also depends on
location of origin within the counter.

For gas oressures above 500 Pa ( corresponding to a
simulated tissue diameter of 0.3 ,um in a 2 inch i.e. 5.08
em Rossi counter ), and with ideélly tissue-equivalent
materials, the number of ion pairs oroduced by vnariticles
. traversing the simulated volume should be equivalent to
the nunber 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 o energy deposition
through the W-value giving the average energy ¢xpended by
the incident varticle ver ion pair formed. The W-value
depends on the type of counting gas, the radiation and its
energy, and is typically 30 eV/ion vair,

Hach particle traversing the sensitive volume of =2
Rossi counter produces a certain number of initizal ion
palrs which after gas multiplication produces a signal on
the central wire proportional to the energy devosited by
that particle. By electronic vrocessing and storage of each
individual event of charge collection on the central wire
a specirum of these evenis is obtained which represents
the spectrum of energy deposition in the sensitive volume
and 1g a characteristic of the type of radiation. Another
mo the shape of an energy deposiw

T

tion svectrum 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. Jore about this
subject will be szid in section 16,

From an energy-deposition spectrum, f(&€ ), the con-
version to a lineal-energy distribution, f(y), results
from dividing each individual component of € by the mean




-

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 v ) are of particular impor-
tance in microdosimetry. These mean values ?F and §D, 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 effeciiveness of the radiation field e.gz., by the
dual radiation action hypothesis of Kellerer and Rossi,

1972,

J;yf(y}dy (35)
- J* fly)dy

=)

<y
)

ﬁzn o
s - [yriyay L [Py (38
f’"yf(y)dy Yp/o

it

More detalled accounts of the experimental techniques in
microdosimetry are to be found by Rossi 1968, Srdoc 1970,
Booz 1976 and Hogeweg 1978.

11.2 A nicredosimetric method for low-energy photons

In order to apply microdosimetric techniques for
energy depcsition measurements at low photon energies,
which 1s the alm of this work, considerable modifications
to the traditicnal methods are requlired. 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 secticns 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
photons employed in this work are of extremely low energy,
from 2.3 keV - 5.4 keV, too low to be able to penetrate

. n , . Attt .
the walls of either counters, an iscirovic irradiation of
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the counter proved impossible and 1t 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 periormed under this narrow beam geo~
metry, the Xe-ray beam orientated pervendicular and travers-
ing a diameter of the counters. Such an irradiation vrodu-
ces a2 line of ohoiocelectric interactions along the diameter
of the chamber with the emission of a photoeleciron pre-
ferentially at QOO 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 of/u and i-randomness see
section 16 ). Since the path-length distribution is such

an important factor in determining the shape of energy
devosition svectra this vrovlem reguired detailed study

( section 16 ) for the svecial 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 shori
range 36, many with ranges far shorter than fthat of realiz-
able sensitive volume diameters. However this has a certain
advantage in that at relatively small simulated diameters
{ > 8/um ) i.e. gas pressures > 1 X 104 pascal, one has
complete secondary electron absorption within the chamber
and obtains a full energy peak corresponding to the incle
dent vhoton energy. Such an energy spectrum can be useful
for calibratiocon 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 Tirst relates to the loss of charge-particle
equilibriun at the window interfaces where the XZray bean
enters and leaves the sensitive volume, This problem is

e

IO gn electron of L4 %ksV energy corresponding to a-photos
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 mateérials
of similar constitution as both counter wall and gas sothat
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 reguired as a
counting gas a ceriain material mismatch ssemed inevitablse.

Sszcondly, and perhaps nmorse seriously, low-energy
eiectrons, 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 gilve rise to secondary
electron emission leading 1o an overestimation of the local
energy deposition., As vart of these investigations it was
therefore also necessary to examine this wall effect.

" Following %His general introduction to the methods
and problems of low-=energy vhoton microdosimetiry the next
three sections discuss the experimental system and execu=-

tion of the measurement in more detail.




12 Experimental system components

This section concentrates on the individual com-
ponents of the experimental microdosimetric systeam : the
¥X-ray source, detectors, vacuum system and the signal

processing electronics.
12,1 The X-ray source

As a primary source of X-rays a Siemens X-ray gene-
rator, trade name Kristalloflex 4, was ussd., This generator
comnrises of two parts : the power supply and the X-ray
tube which is interchangeable., Siemens manufacture X-ray
tubes with anticathodes from chromium ( Z=24 ) for low-
energy X-ray work to tungsten ( Z=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 material on a continuous breémssirahlung background
spectrum between O keV and the operating tube voltage.

To obtain monochromatic X-rays of different energies
the fluorescence photons of secondary target materials of
nigh ourity (= 99.7% ) were used being placed in a special
target holder aitached to the X-ray tube window. Secondary
target materials were chesen so as to give X-ray energies
as near to the argon K-edgz ( 3.2 keV ) as possible, e.g.
vanadium 5.0 keV, tTitanium 4.55 keV, scandium 4,13 keV and
sulphur 2.31 keV. The optimum fluorescent photon energiles
for a study of the argon K-edge would be Trom fargeis con-
sisting of the elements on either side of argon in the
periodic table i.s., potassium and chlorine with photon
energies 3.3L keV and 2.63 keV respectively. Potassiunm
targets were made by pressing powdered potassium carbonate
into tablet form with a hydraulic vress; chlorine targets
were made in the same way using the compound 1lithium chlo-

ide, The extremely low energy of carbon, oXygen and
lithium X-rays were found nct to disturb the desired X-ray
line being toftally absorbed before reaching the detesctor.

One final lithium bromide target of §9.7% purity was used

J1z2h o




Figure 473

The Siemens X-ray generator.
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giving bromine X-rays st 12,087 keV.
These targets were slotted into a target holder

rge
which was so constructed that the primary beam interacted
only with the target and not with any oart of its holder
which could give additional unwanted X-ray lines, With a
target orientation of &50 to the prinary beam a maximun
7ield of secondary fluorescence photons ( emi
ferentially at ?OQ to the primary beam direction } could
cted from the main bean with minimum interference
from the primary X-vrays ( figure 44 ). 2 mm of leard
shielded the detector from the primary beam, the secondary
beam reaching the detector Throusgh a small collimator
centrally aligned between the secondary target and the

counter wivdow.,
12.2 The detectors

12.2.1 Basic principles of a proportional counter
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For the purpose of nicrodosimetry 1
counter nas nroved to be the most adaptable and avnropriate
radiation defector. It has a relatively high resolution,

is simmlie and is a most suitabls detector for simulating
tissue media. The basic construction of a nronortional
counter is the same as for an ionization chamber or Geiger-

uller tube, i.e, a vacuum-tight chamber filled with an
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appropriate gas and an ulira-thin ceniral wire elect
olated from the counter walls, By anvlying a n
tial between the central wire and the walls, elsc
produced by lonizing radiation traversing the chamber are
attracted %o the central wire. When they arrive a

so=-called multinlication region, usually a short distance

from the central wire, the electric field becomes so sirong
that they gain sufficient k%inetic energy to create further
iom pairs, In this way a cascade process, so-called

Townsend avalanche, may develop whereby each creat

In the so-called provporticnal region, the nuaber of




glectrons collected on the central wire following a2 Town-
send avalanche is vrooportional to the initial nuaber of
ion pairs produced in the chamber, The degree of charge
multiplication achieved by such a cascade process, often
referred to as ithe 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 imvroved signal
to noise ratio,

In this work measurements have been perforned with
two counters ; a commercial svherical Rossi counter and

a self-constructed cylindrical counter.
12.2.2 The Rossi counter

The first experimenial microdosimetric investiga-
tions ware performed using the spherical Rossi counter
shown in figure 45, This counter has an inside dlanmeter
af 5.08 em { 2 inch ) and tissue eguivalent wall ( A-<150
plastic ) of €6 mm thickness. 4s a central wire electrode
a 0.12 mm steel wire suspended across a dlameter of the
chamber 1s held taught with a spring. The chamber also
contains a helix electrade ( diameter 0,127 am, 3 mm
pitch, at a distance of 1.6 mm 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 a2 specially designed vacuum tight plug can be
fitted. This plug contains a thin 20 ,um thick mylar window
and a 1 mn collimator allowing a narrcw beam of X-rays to
traverse the diametsr of the chamber.

Lastly the counter contains two vacuum connections
the first one used for evacuaiing the chamber and the
second Tor filling it to the desired pressure with the

counting gas,
12.2.3 Cylindrical counter

Due to unexpected difficulties, ( see section 15 ),
1

f
encountered in performing low-energy photon nicrodosimetry




Figure 45
The Rossi counter with low energy X-ray window.
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with the Rossi counter descrived above, 11 was necessary
to repeat the nlanned measurements with a seli-constructed
cylindrical counter. The basis of this counter ( figure

L6 )} is a standard aluminium Leybold vacuum cross piece

{( 33.5 mm inside diameter ), The elecirodes, comprising
of a central wire {( 1 mm diameter steel ) and two field
tubes ( 6 mm inside diameter, 0.2 mm thick ¥, were mounted
on a specially designed frame which could be assenbled as
a single unit outside of the chamber and then simply slid
into nlace in the counter body. The frame supporting the
electrodes consistis of a siandard vacuum blind flange into
which three thin aluminiun rods ( 2 mm diameter, 860

zvart ) are screwsd., These rods 37 support two 22 mnm 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 c¢ylindrical 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 disecs and is connected to the outside of the
chamber via a vacuumn tight BNC plug soldered into the blind
flange at one end and held taughit by a small ball bearing
at the other. Electrical connection to the field tubes
results through a second BXC plug 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 bean
and contains a ZO/um mylar window pressed between two

flanges. The other serves both a2s an exit window for the
incoming A~ray beam and as a vacuum conn i
t

ing and Tilling The chamsnber wi

37 The rods were SDeCWaIWy made to pass as near to the
counter walls as possible, where the electric Ffield
gradient is small, so as 3o nminimize the field distor-

. tion in the measuring volume

3

An adjustment of the cylinder height is a gquick opera-
tlon requiring only a revnlacement of the central wire,




distort the cylindrical electric field at the chamber
intersection { which could severely reduce the counter
resolution ) a 2 mm aluminium collimator and a conductin
1 ( aguadag coated ) were fitted
ol

20 fun thick mylar T
cylindrical measuring volume wall in

)
flush with the inner
the X-ray inlet arm and in the output arn respectively.

12.3 Vacuum system

The vacuumn eguipment { figure 47 } consists of a
rotary ouap with which to evacuate the measuring chanber
attached to one outlet of the Rossi counter and a sunply
of argon gas to fill the chamber at a second outlet, ( for
the cylindrical counter both resulted through a single
connection )., By ovpening valve V, the system can be eva~

=

cuated and the pressure in the chamber checked at two
1
2 . 105 Pa ) and M, { 1~ - 101’L

anerold manometers My ( 10

Pa ) and a thermatron opressure guage MB ( 1071 - 10% pa ).
In clcsing valve Vl and opening V5, gas can slowly be let
into the chamber using the fine needle value Vj and the
reading on the aneroid manometer for an accurate seiting

cf the chamber gas pressure,.
12.4 Zlectronic signal processing

4 3 keV vhoton which deposits its total energy in
the chamber will produce on average about 100.ion pairs if
the Wevalue 1s 3C eV. Assuming a2 gas gain of 107 then about
105 electrons will be collectied on the counter ceniral

3

electrode representis
This small charge oul
a specially develone

The preamvlifier integrates the charge pulse on a 0.5 pF
capacitor o produce a voltage pulse of 1 b
10712 = 32 mV whereby it is critical that the input capaci-

tance 1s %kept as small as possible in order to minimize the
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noise level, The principle function of the preamplifier is

to optimize the signal to noize ratio at as an early stage

as possible in the signal orocessing.and to clip the charge
on the preamplifisr input with a time constant of “U/ds .

to avoid charge saturaftion. In addition, the preamplifier

matches the high impedance of the detector Tto the low input
imnedance of successive amplifying stages.

Two main amplifiers were used in this work ; a Ten-
nelec 2054 Oak Ridge linear amplifier and a Canberra model
2NZ21 svectroscony amplifier. 3oth exhivited a broad range
of linear ampilificstion from 1 - 3000, where equipoed with
Gaussian pulse shaping and a base line restorer. The ampli-
fisd and shaped pulses were collected and stored on a 4K
Canberra Series 80 multi-channel analyssr, 1K of storage
i.e. 1024 channels, being reserved for each individual
spectrum.

The gquality of the pulses could be observed on =z
Tektronix oscilloscove., One disturbance which needed eli-
mination was occasional pulse overshoots leading to a
saturation of the main amplifier for a period of up to
lOO/us, S5uch saturatiocon pulses destabilize the amplifier
baseline and are therefors a potential source of syectrum
distortion. In order to avoid the measurement of nulses
arriving at the ADC when the amplifier has only partly
recovered from saiuration, a single channel analyser was
used to discriminate pulse heights greater than 9.8 V¥V and
trigger a 1 ms 5 V logic pulse which was fed to the mulii-
channel analyser as a coincidence signal with the signal
inout. By operating the ADC in anticoincidence it was pos-
sible toc close the gate for periods long enough ( 1 ms )
to assure a fully restabilized amplifier baseline. The
corresponding live time correction was performed aut
ally by the analyser,.

A Dblock diagram of the various signal processing
stages is featured in Tigure 47, Normally the quality of
any such functioning system is limited by the vperformance
of the weakesti component in the chazin. In nuclear instru-
mentation it is usually the preamplifier, directly bvetween
the detector and the firsi amplification stage, that is
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the deciding factor for the overall signal to noise ratio.
To measure the preanpiifisr noise level requires discon=
necting the detector and applying a test pulse from a high
precision vpulser to the input with a 50/us time constani

in order to sinmulate the detector outovut. The extent of

the peak breoadening, usually measured as the full width at
half maximun ( FWHY ) of the applied test pulse, expressed
in charge or energy units, is then a specification of the
noise figure. Another 1s the number of electrons ( RIS )
obtained by dividing the FWHY in charge units by 2.35 times
the electron charge 1.6 x 10719 ¢, a11 preamplifiers amplo-
yed in this work were tested in this way and showed nolise
figures of between 120 - 240 slectrons RY¥MS. With the coun-
ter attached the noise level rose o between 320 - 440 °

alectrons RYS,




12 Theoretical expectation of the system

It is always extremely valuable to make an esiina-
tion of The size of the signal which one would expect to
measure at the counter under precisely the experimental
conditions employed in the measurement. This helpns in cla-
rifving the extent to which the various experimental para-
meters determine the signal magnitude and therefore assists
the optimization of the measurement configuration.

The nunber of photon interactions in the measuring
chamber depends princivally on five Tactors

1. initial intensity of the primary X-ray bean,
geometric attenuation { the solid angle bet-
ween the X-ray tube and secondary target, and

2.
secondary target and counter window,

3. absorption of vhotons in their passage beiween
the source and detector,

4, Transfer function of the secondary target foil
i.e. the number of primary vhoton converted
to secondary photong of the desired monochro-
matic energy,

5. the number of photon interactions-in the sen-
sitive counter volune,

1) The intensity I, of the primary chromium X-ray

beam was determined using the Beatty formula ( Bertin, .
1978 )
_ . .2
I =% 12V (37)
o)
i is The beam current,
.V the tube voltage
7

ensionless constant 1.5 x 10 ?

10 %V with a 6 mA beam current one obtains az primary bean
1!

intensity I of 2.16 x 10 2 J/s i.e. 1.35 x 10°7 xeV/s.

Taking the average X-ray energy to be 5.47 the mean K,
f}’\

characteristic X-ray energy ) this beam intensity corres-
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13 , 40
ponds to 2,47 x 107~ phoitons ver second.

2} The geometric attenuation factor of the beam, G,
devends on The product of the solid angle,fﬁ/@fi, between
the tube window and secondary target foil and, N,/47%
between the target and detector entrance-window ( figure
48 ). In this work a reduction by a factor of 0.56 x 1O“18
in the beam intensity is to be expected assuming tThe bean
to be isoirownic. However this 1s z gross underestimation
since the emission bean from both the X-ray Tube and secon-
dary target is preferentially at 20° to the incident elec-
tron/ohoton beam at such low energies.

3) The loss in the bean intensity due to photon
absorption, A, resulis from tTwo components : absorpiion
of the primary beam in the X-ray tubs window ( 0.5 mm
beryllium ) and the air layer between itube and target, as
well as absorntion of the secondary beam in the air besiween
the target and detector window and the mylar window of the
counter, The reduction in the photon beam intensity A, dus

to absorption is given by the expression,
e Ry — ﬁ. . — “ . =
A egp[ (P >Be;}\D/DBe 1 (%)alr,)\npalr £

) ) o
- (5 air, Ay Pair ¥3 7 (5 )y, /\sﬁ’ny% ]

and (2 are the absorption cross-

,p Jair, A
for oewy;ilun and air at the primary beam wavee.

i

ength A : My and (& ; tior

lengt and (p )alr,},é g (F Lmz ,  the absorption
nd

-

oy

w

e

&

cross-sectlons for air =z nylar a2t the secondary

(=

wavelength A o

iy
«t
g
D

Xy, Xy, Xq and X; are the corresponding thicknesses ol
>

respective absorption layers,

Lo . . , .
The correct average energy of on Kmray peam 1s the

weighted sum of the average cnaraczerlsulh line spe ectrum

and the bremsstrahlung ( 2 2/3 E, where E is the

1E

F
“maximun phcton energy ). In this"%&se the ave%gge

;

characteristic line energy is a.good approximation,




A prior knowledge of the dimensions of the experiment
would give a value of .27 Tor A.
L) The transfer function T for the secondary target

ensity I, incident on

iz the ratio of the ovrimary bean int
e intensity I of the

the target foil at an angle ¢ to th
secondary fluorescent photon besamn I, in the direction (/.
Gonsidering an interaction in the target foll at a depid
then the total fluorescence photon intensity 12 is the suw
produced by interactions at each consecutive layer of =~

thickness t from © = 0 to © = to ( figure 48, see E,P.Ber-

1978 ).

tin,

Figure 48
Irradiation geometry of primary beam on the secondary fluo-

rescence targets.

I 1

exo L- (ﬁ )%ﬁypt cosec ﬂJ

where (%ﬁh is the absorption cross secticn of the target
P
material, density V4 for the primary beam ensrgy.




The fraction of photons absorbdbed in a layer of

thickness At at this depnth 1T is

/D

The fraction of interactions giving rise to a K

(ﬁ*})\ /oé.\t cosec 7
i

shell Tiuorescent vhoton is defermined firstly by the pro-
portiom oI interactions in the K shell of the target
material { ry - 1 y/ ry where ry is the jump ratioc of the
target atom and secondly by the fluorescence yleld for the
K shelltuK

The fraction of these secondiary fluoresScent pnotons

enitted in a direction Y escaning reabsorpiion is

exp [— (; ) ag pt cosse y}

is the absorption cross section of the target

for the s fidary beam.
#Writing the whole expression for the transfer func-
tion T
1 (r. - 1)
2 e
T==" = (A) cosec 4 . Wy - — .
I Py g Ty
( ° exp r» (#£) pcosec 7 - (B, Poosecgltdt
_/io I‘ F }‘D P s aj

and integrating squatison (41) over the target thickness one
obtains
(% cosec F Wy . (ryp - 1)
T a
=] cosec = cosec r

(T~ exp [.€§5A0j)cosec Z - (%)ks p cosec ?]to ) (40)

For a scandium target where £ = ¢ = 45°, 7 = 0.025
. r
incident vhotons are reemitted as fluores-
h




5Y Following the attenuation due 1o the factors 2)
to 4) the phoion intensity arriving at the chanber is :oh;
13 absorbed in the sensitive volume

fracti T
a g, on Aﬁch

given by

where 4 1z the simulated fissue-equivalent 4

simulation of 1 ,um tissue AI is 3.5 x 1o

The expected number of photoelectric interactions

in the counter sensitive volume by scandium X

o R

nduce
{=rays per second, th, ig given by the initial prinary

[T

13

beam intensiity in nunber of photons vper second, ND, mlti-
plied by each of the reduction factors 2) - 5).

Ny = Nn G AT AL, (42)
Putting in the various values for the experimental confi-
guration here one obtains for th
1 = 2 L7 ’nj‘--j N 56 ¥ 1.@"8 0 7 e LD 2 ':f\“'}
i ch = S KLY X '.:.5 KoLy X \_..21 X U,uLsy X 3. X LJ

= 3.6 photoelectric interactions/sscond

The actual number of photon interactiocns experimen-
tally measured under these conditions was about 50 per se-
cond for the scandium foil higher than the nunber estimated
because of the vessimistically choosen geomeiric reduction
factor. For the chlorine X-rays { a photon energy below

the intensity was about 20 Timnes smals

ler, Therefore great care had to be taken in the experi-
mental layout in order that the desired moncchromatic
L-ray intensity is maximal without contamination from the
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14 FExperimental narameters and execution of the measure-

ment

14,1 easurement of the X-ray beam with a s0lid state

detector system

A high resolution lithium-drifted silicon detector
from Canberra, Series 7300, was used to test the intensity
and monochromaticity of the fluorescent L-ray beams from
the secondary targets. Care was ftaken that the measurements
were periormed under the same beam geometry as those with
the Rossi and cylindrical proportional counter so that the
measured svectra differ singly with resvect to the detector
resnonse. Figures 49 - 51 show spvecira measured for the
principal secondary fluorescence targets empoloyed :
scandium, potassium carbonate and 1lithium chloride., Sharp
peaks are visible at the corresponding {“.ﬁ line of the
target material and for the scandium target the detector
can even clearly distinguish between the K, line at L,og
keV and the X3 at .66 keV, the detector having a resolu-
tion of about 200 eV at this energy. However, for the
notassium target ( figure 50
teristic photons elastically scattered off the secondary
target become noticeable. This both undesirable and un-
advoidable source of X-ray background is of nearly constant

1

}, chromiun Lo ,K@ , charac-

intensity irresvective of the secondary target material,
whereas the intensity of the fluorescent vhotons arriving
at the detector rapnidly decreases with decreasing target
atomic number., This is due to the increase in absorption
between target and detector of the Iower fluorescent phoion
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
insignificant, for the chloride target scatiering conitri-
butes about 50% to the overall measured intensity'!*.
Finally, in order to examine whether the collimator-

-w1nﬁow attachment results in a degradation of the secondary
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Figure 49

X-ray beam from the scandium target measured with a Si=L1

detector.
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Figure 50
Y-ray beam from the potassiunm

with a Si=1i detector,.
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beam spectra, further measurements were undertaken with
the Si(Ti) detector bhehind this collinator-window piece,
ssl counter collimator-window was suspended

1 mm above the 51(Li) detector which was sufficently

screened so that only vhotons traversing the window could

actually be detected. Flgure 52 demonsirates that the amonc-
£ d fluorescence beam is mnain-

tained, Only fthe int ity of the detected signal is cor-

raspondingly reduced due to the higher beam collimation.

1.2 Sirmalation of small tissus-equivalent volumes using

argon counting gas

For the nurpose of these investigations argon was
used as a counting gas but not in a pure form. Preliminary
investigations performed with pure argon incurred difficul-
ties due 1o the unstable operation of the counter. This
vroblem arises when using monatomic counting gases whizh
during the gas multiplication can lead to certain excita-
tion states which fall to the ground with the emission of
ultra-violet light. These UV photons are abscrbed 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
neasurenents revnorted in this thesis employed the commer-
cially available counting gas P10 ( 90% argon, 1C%
nethane ). ethane absorbs the UV vhotons without eleciron
emission and thus leads to a stable oneration of the pro-

. . oAz .
ton energies from 0.1 keV - 10 keV 77, The 4iff

The effect of the. 10% methane on the low-energy
nhotoelectric cross section is shown in figure 53 T
er

feasurenents periformed with The vroportional counters
show a smaller scattering contridbution ( see chapter 15
and 17 ) which might te due to lower absorntion in the
mylar counter window ( the Si(Li) detector has a 22.5 un
beryllium cryostat window 3 mm behind which the actual

detector is seated ).
4z

e periornm
ribed in

Mooday S v L i a =
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pure argon is very small ensuring that only a small
nercentage ( € 1% ) of the »nrizary photon interactions

neccdr in the methans,

{

The counter is f1

(

led with P10 counting gas ( den-
lated to a pressure

2

denending on the tissue equivalent

Lile 02

liameser to he simula-
i

ted as given by 2auation 34 ( see sect]

D
3 = e a 2
’15 > .P a (J""l’)
N
Tor a soherical Rossi counter of diameter 5.08 tha
Dressure » necessary to sinulate a unit de nsity tissue
volume of l/um diameter is
1 x} ”Eéx 0,081 x 1“5 3
- ~ cr- ~ = 1.23% x 107 Pa
n= 2

1.566 x 10“3X 5,08 x 10

c
to the mean chord length, 1, of
f inder of radlius r,

( Bevan 19646 ). However, the nean
cnhord length i1is then a useful concept when considering an
tion in which the eﬂervy deposit-
ing charged vparticles
Under these conditions the mean chord length acguirss a
definite vhysical Z2 ance, namely it is directly rela-

s c
th-length of the varticles traversing

ted Tc the mean vpa e
43 L,
u - ;

16 low-energy pnoton micr

2
ric investigations ¢f this thesis where the irradia-~
D

within the sensitive volume and most of the c

trons have rangss shorter than the sinulated volume

r, 50 that the mean chord length becomes an unsuitu-
cept ( see section 16 ),

n
Therefore the simulated volu digmeter was related

%0, the real diameter of the evlindrical counter used for the

f’} P ] . - 0= N . - -
Y2 Tn this econtext it is used in the definition of the

lineal energy v.

- ~1hd -




rements. Given the counter inside diameter of 33 anm

(l

sur d
the P10 gas vressure reguired to simulate a tissue diaﬂeter
x 10

of 1,um is, freom equation (34), 1.9

The usual operating potentizl of a provporticnal
counter 1is in a voltage range known as ithe proportio -ality

=

111l nroportional To the initial number of icn

region, wWhere the charge collected on the ceniral wire is
i

] g proeduced in the measuring volume, The proportionality

region lies between two threshold potentials : a lower one,

gas maltiplication i.s. where the

[®]

below which there ia n

collected charge signal is either equal cor lower than the
!

: L 3 2 3 - "‘-1']4’

initial number of ion pairs formed , and an upper thres-
hold where the me=asured signal is no longer vroportional
to the initial aumber of ion pairs due to the too great

extension of the multiplication region around the central

h
wire into the counting volume, i.e. there the magnitude of
the gas muliiplication might depend on the position where
the initial ion pairs are created within the chamber. For
a good linear multipnlication it is necessary that the high
electric field region, in which charge multiplication

o]
occurs, is limited to a region as close to the ¢
28 possible and that this field is precisely cylindrica

The cylindrical counter in this work { figure 46 )
nad a thin ( 0.05 mm radius ) smooth and regular stesl
wire, Since the counter is cylindrical and the count
body well earthed, the field within the chamber is cylin-
around the central wire excent at the counter e

c

id distortion

e t
ead " region, when applying an inte
to tThe field {tubes bvetween that of the




ounter walls. The optimum sstting of the potential on the
d tubes is that potential which would exist at the
nosition they oeccupy in an infinitely long cylinder, 1in
elr absence. The field tube voltage V, can be calculated

ing eguation (43} ( Eickel and Booz 1977 )

where V_ = the tension on the central wire,
rp = the field tube radius,
a = the radius of the central wire,
and b = the radius of the counter,

For the fixed counter geometry the ratio ?F/ Va is
a constant, ( for the counter shown in figure (46)

VF/ Va = 0,295 i,e. the field tube voltage must be main-
tained at about 30% of the central wire voltage ).

With the spherical Rossi counter ( figure 45 ) a
special helix electrode is employed to obtain a cylindri-
cally uniform eleciric field around the central counting
wire. Once again using squation (45), the vnercentage of
the central wire potential supnlied to the helix electrode
n order to minimize the field distortion at the edges of
the counting volume can be calculated and amounts to 25%
Tor the marticular Rossi counter concerned.

The actual potentials applied in the measurements

were determined by the magnitude of the desired gas gain
which is an extremsly sensitive function of the onerating

potential. Fer this reason very stable high tension sup-

plies are required 1f the counter resolution is
. . 5 : o
impaired 77, All rmeasurements were thersfore verformed

with two stabillizec power supplies from Canberra 2054; ons
for the central wire, the other for the helix electrode.

g

7~ & small change in the central wire potential can have
a large influence on the Oaa gain and hence on the
position of the peak in the neasured spectrun.
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4.4 Gas gain and counter resclution

A counter which 1s overated in the region of »ro-
portionality vnroduces a signal on the central wire which
is preportional to the nunmber of initial ion palirs created

a
in the measuring volume. The ratic of the number of slec-
trons collected on the central wire to the number of ini-~

tially created ion pairs is g4 measure of the gas gain, In
i o

0
hroadness. Therefore in practice cne must rel

r to She =zean
gas gain. Although formulae have been developed relating
the mean gas gain to the various counter operaiing para-

a
meters : voltage, gas opressure and the counter dimensions,
{( see Dilethorn 1956, for a cylindrical counter and Campi
1971, for a svherical counter ) in general thelr agreement

with exveriment in counters operated at low pressure is

En|

noor { ICRU Microdosimetry 1983, v 71 ). For this reason
the gas gain was always measured under the conditions of
counter operaticn employed

To mezsure the gas gain under any particular expari-
méntal condition one requires at least one peak in a
measured spectrum corresponding to a ¥nown energy or
energy deposition., For examnle, the low energy photon
gsources available in this work Drovided excella
energy peaks corresponiing to the energy of Tt

beam. From the channel address of the energy veak, ©
e

muliti-channel analyser can be callibrated in terns of ener-
gy ( keV ). By dividing by the ¥ value of ithe counting

gas for the incident vphoton energy the average initial
aumber of ilon pairs n_ produced can be calculated, Thus

t 4 in

he analyser can be cgllbrate~
electrons per channel. This
to both a gas and elsciro , X
by applying a known vulse height Trom a orecision pulser
cdirectly at the preamplifier input the analyser can be

o the charge signal cn %

3

recallbrated with reference




LA -

counter outouil . The ratio of the two
far%cls in fterms of elementary chargss then glve
magnitude of the zas gain
The measurenent of a aonocenergetic L-ray
n0% a single line specirum but an almest Gau
shave the broadness of which is deternined princinally
two Tactors, Firstily the =muliiplication statis
1y characterizsed by a narameter b of the order
0.6 ( Xnoll 15729 ) and seccondl a
usually between C.15 - 0.25, { ICRU Rewnt
metry 1983 ) giving 2 neas st
tion in the number of inlti
constant energy deposition . The relative variance
of an energy peak of helght Q measured by a proportional

counter is written as

=
=

7 1
(0,/0 ) =L (F+0)

From equation {44) it follows that the counter resolution
decreases with decreasing photon energy and that the 1arger
influence on the peaX broadening results from the nmultinli-

cation statisties., Therefore an incresase in the gas gain
e

produces a decrease in counter resolution., For this reason
it was necessary to determine the optinum gas gain consis-
tant with a zood signal to nolse ratio and high counter
resolution, Tabls (20) gives the results of measurements
for the counter resoluticon R, defined as the FWHI of the
energy peak divided by the »pneak position, as a function of
gas gain for the cylindrical counter ( figure 46 } exposed
to a scandiun X-ray beam of mean energy 4,125 keV.
L8 N
From the oulse helght ¥V the charge input 9, and hence
the number of electrons, can be calculated from § = CV
wheye C is the preamplifier input canacitance,
L
7 (52 = Fn _ where <f2 is the variance of the number of
a 7

I

]»,.J
&
o
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Table 20
3as galn versus counter resolution

Gas gain Resolution
1918 22.1%
1505 21.8%
1002 20, 2%

500 20, 1%
L 15,8%
237 13,5
106 19, 1%
118 20 . 0%

70 20.5%

esults show the ovitinun counier resolution is achniev
at a gas gain of about 300. A further reduction in the ga
ther decresase in counter resolution du
nfluenc T

e of noise,

14,5 Counter wall effects

In idcrodosimetry under counter wall effecis a who
gseries of problems are understood which are related to di

ferent path lengihs of electrons in the wall and the gas

( Kellerer 1371 ). In the experiments performed

thesis the particular problem of secondary electron sais-
sion resulting from Auger and vhotoelectron impingemen

on the counter wall was investigated. This effect particu-

i

larly arises for elecirons of very iow energy ( <130 eV
incident on a gas-s501id interface and can result in a
large fraction of the incident electron ensrgy being re-
emit ! 1254 ;

© B
i ns are veneficial to
on for 3 reasons

1 ron

oS D”oauced in the

ergy Lo reach the
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Filgure 54
The effect of the counter wall. Energy deposition spectra
measured with an a2luninium wallsed counter znd a countary

with a gravhite coated wall,
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15 An anomalous Rossi counter effect
15,1 The anomalous photon energy resnponse

Before making measurements with sensitive volumes
g 1

simulating =mall sites, an initial series of energy specira
measurements were performed with the 2 inch PLO ( 2C%
argon - 0% methane ) filled Rossi counter zt a oressure

)

of 2 x 10 Pa corresponding o a simulated diameter of
16 um at unit density. When using an incident photon ener-
gy exceading the ¥ shell b'ﬁdiqg energy of the argon
counting gas , a spectrun with twe peaks should be measur-
ed, A full energy veak corresponding to a total conversion
0f the incident photon energy into electron kinetic energy,
which becomes totally absorbed within the counter, and a
second smaller peaX, the so-called fluorescence escape
peak, corresponding to pholoelectric interactions in the X
shell of argon followed by a XL or XM photon transition
the measuring volume. The energy
al to the incident ohoton energy

where the photon escane

s
of the latter peak is eg

U G

hoton transition energy for argon,

i

minus the mean XL, i1
rescence—escane peak areaz to the toial

The ratio of the fluo
energy veak 1s given by the »robability of the production

of a ¥ shell vacancy in argon, Dy at the respective photon

nergy multinlied by the fluorescence yield, W for the

Li.

argon X-shell, For scandium X-rays where oy = C.2 and

d
LG? = (.12 this area ratio should be £.108.
The spectra as measured with the spvherical R

, e
two doubdble peaks were obvtained making a total of four.
T to T

Mumbering the peaks Trom right to left with 1, 2, 3, and 4
{ figure 55 ), either the 1st and 3rd or the 2nd and 4th
could energetically correspond to the total energy veak

C eakx. Mot only do
he areas under the matching
neaks, Assuming peaks 1 eriuine ones

( since one can not have an energy de




the Incident photon energy ) then veaks 2 and 4 must be
) X! .. . .
the anomalous neaks 7. A remarkably unusual property of
i

the peaxs 2 and 4 iz that they remain in constant ratio

to peaks 1 and 3, irrespectiive of the incident photon ener-
v. This immediately rules osut the possi%ility that they

2ither foreign 11

_ 0
from pile-up, excent that in these exverirnents the double
B

peak phenomenon was independsnt of vulse rate fro-

sec to 10,000 counts/sec, thus excluding this possibility.
The spectra in figures 55 - 53 were measured at an

average gas gain of anproximaiely 1,000, It was observed
e spectira remained unchanged

ima
that the general shane of the
i.8. the peat ratiocs were con

2

]’000 U.p tf} 5! OQ(}‘ :‘IO"-,*JBVPT,

the two peaks gradually moved clos

merging at very 1low gas gains of b

¢ouble peak phenomenon is gas-gain denendent, the

teniing to the theoreiiczlly expecied one in the linit of
gas gain o 1, This is show gquantitatively in figure 52
, T ozn
- = o A
e TA (1Y = (A (2) -

function of the gas gain. At low gas gains $he double neax

phencmenon disappears and §§ high gas gains a nearly

constant ratio is reached -~

L!"Q 1 ) . | £ . - 2 1. 7 A o oy
Alsc from the votassiun and chloride targsts a certalin
amount of Rayleigh scattered chromium X-rays from the
Ur‘“aTJ beam are visible. If this »neak ccrresponds to

the charzcteristic K-ray energy 5.@? ka¥ of chroniunm

this gives a further indication of the correctness of

peaks 1 and 3,
0 . - \
50 oy {1) is the channel address of peakXx 1 an
CA (2) the channel address of peak 2.

51 This iz further confirmation that the anomalous peaks
are not the result of foreign lines either due To photo

12

interactions within or outside of the coun ber since then

the effect would not b2 gas-gain devendent
the effect woul in devp ent

D15 i

n

zi




Energy spectrum for titanium X-rays ( 4.35 keV ), measured
with a 2 inch spherical Rossi counter showing double pesaks,
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Energy spectrum for scandium X-rays ( 4.125 keV ), measursd
k2 Rossi counter showing double peaXks.
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spectrum for chlorine X-rays ( 2,83 keV ),
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Z inch spherical Rossi counter sh
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ure 59

Peak separation between the double peaks relative 1o the
upper peak position as a function of the zas zain.
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Figure 60

Energy spectrum-for scandium Y-ravys 4,125 xeV )} measursd

D

with the Rossi counter with zero potential on the helix

electirods,

ROSS! COUNTER WITH
ARTHED HELIX ELECTRODE
Py SCANDIUM X -RAYS
- /\ hv = 4125 kaV

NUMBER OF COUNTS
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/D




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 vpotential could be found to give any-
thing like the expected counter response in a range of
nelix potentials from 50% of the central wire voltage %o
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 properities of the anomalous peaké still, how-
ever, tend to suggest that they result from a charge
effect, probably around the helix electrode, which some-
how distarts 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 s sequence of test experiments designed to
reveal more about the cause of the double peaks,

}5.2 PFurther investigations into double-peak pheno-

menon

To test whether the anomalous peaks are the result
of the helix electrode a simple cylindrical counter was
construcied 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 etc., as with the Rossi counter.
ctra obiained with the Rossi and
hows that the double peaks 1i.e,

Figure 61 compares the spe
cylindrical counters and s
peaks 2 and 4 are absent.
To confirm with certainty that the presence of the
helix electrode is responsible for the ancmaly, 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

=157~




Figure 61

Comparison o tra as measured with
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s2nt.
The swnectrz measured with The cylindrical counier
T 3 2 Lt £ - i - 2 1 H T 2 e
with helix differ from those measured with the Rossi counter in

nd the distancs between The peaks 1 and 2 ars

smaller { the asyipitotic valus Tor cH{l) - 3%(23 /01
devnicted in figure 52 for the Rossi countasr measuresments,
was only 0.25 at a gas gain of 2,700, i.s. =about half
that obitained with the Rossi counter. This vproblen was not
further investigated and thus the reason for this 4if-
ference 138 not known., However, it could be relatesd to the
different helix zeometrises { »niitch, diameter ) which ware
23 turns in 67 am for the cylindrical counter and 23 turns
in 50.8 mm for the Rossi counter, Such sensitivity to the
helix geomeitry further suggesis the possibility of s»ace
charge effects at the mulitiplication rszgion.

Such svace charge effects were revorted by Campion,
1271, whzn using ftissus-equivalent gas, nethane 53 and

s
ethylene counting gasss which contained 1% of water vavour
or low esnergy vholon measurements, Indeed his spectira

s
orted here. However,
t

nuenched argon.

D
o
<t

haer was evacuat

ghl especially advoid
water vancocury enisring the chanber, However,since tns double

52
7 The bad resclution iz the resuli of counter end effecits
' g —- L3 5 4 . . o . .

since in a spherical counter the electric fisld is no
Longer cylindrically uniform arocund the cenitral wire, It
SREE DO S s Lo
iz for this reason that the helix slecircde 1s necsssary.

=3

> + - I o o — : - -

- Test measurements were also performed with methane zas
in This work wnere the same double peaX nhenonenon aross
even in The absence of such a high proportion of water
vaonour




1

neak vanished upon removal of the halix electrode it can
be concluded thait the anomalous peaks do not originate fronm
any gas impuritiss such as waler vanour.,

Although no definite conclusions can pe drawn about
the cause of the s
counters are operat

t
not unlikaly that a reglion
fferent gas gailn regions, perhaps

ch effecis, known generally

ture ( see Xnoll 1279 and
-charge effects are sensitive

e
u
1f-induced space charge 2ffects, have
been revorted in the 11 a
Hendricks 19269 ). Su c
o)

c e
to gas gain and count netry but independent of count

rate which 1s in agrse the discussed experimental

findings.

15.3 Consequences for dicrodosinetry

It is unusual that in such a well established
measurement technigue as microdosimetry that anomalous
affects have remnained unnoiticed or unreporited. Possibly,
such problems have not arisen before because Rossi coun-
ters have so far been used exclusively for the msasureasnt

in which

e ol
of energy-deposition spectra, 1.e., measurenents
ol 1

only a Iraction of ths incident particle energy is deposit-
ed in the sensitive volume. Under such conditions one ob-
tains broad specira of energy devnosition and not sharp
high-rescolution peaks and therefore such anomalies can o
unncticed ( figurse 54 gives an example of an energv-4encsi-
tion specirum measured with the sane Rossl countsr with
helix sgimulating a l/um tissus equivalsnt diameter ).
Further, bzcause of ths common representation of such
svectra as ydly) versus log vy, the presence of any gpace-

charge eifect bacomes even more disguils

double peak either vanishes in ths main psak or bscomes
visible only as a shoulder on the left ( lowsr snergy |
side of that peak,.




The results presented in this section represent exXperimeni-
al experiep ces of the author over a period of two years

of systematic investigations in low-energy photon experi-
mental microdosimetry. They should give incentive 12
scrutinize previous measurements performed with similar
counters on snergy-deposition specira of low-energy
nhoions and on the validity ¢f calibration performed

with low-energy photons. Further, special care should be
taken to examine Rossi counters thoroughly to investigate
the influence of this possible Space«charﬂe effec
energy deposition above the keVerangs. Finally i{ is sug-
ted that for fuiture investigations in microdos

the uses of & helix bs advoided.

nectrum for %125 keV X-rays incident on
led with argon at a

{ £i
ing a tissue equivalent diameter of l/um,

ROSSE COUNTER dsium
SCANCILM X-RAYS
hv = 4125 keV
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B )

counting volume. Thex

thair derived means devend on the geometry of ths counter,

In the past, crodosimetric measurements have mostly been

performed with spherical counters but cylindrical counters

have also besn used., Also measursnents have alnost exclusi-
1y Dzen neriorned with radiaftions such as nsutrons or

\fq

amma rays oproducing secondary charged varticles almost
o

exclusively from the counter walls energetic snough to ful-

ly traverse the sensitives measuring volume., In such case

|

l

assuning the sscondary particls to travel siraight lines

-

isotropically across the counter, the wnath-length distribu-~
tion of the energy devositing particles cah be revlaced by
n the nzasuring volune.

gth distribution is

cal counter ths distribution contains sharp cusp-1like peaks
which vary according to the ratio of the cylinder height to
digmeter { for a varisty of cylinder geometries, see Bir~

off et al 1070, Hogews
a

Teractions along a dianeter of the counting
It was thesrefore necsssary to calculats the elsciron path-
length distributions under the geonetry emploved in the
neasurenent. For this purnmose 2 special Tonite-Carlio vrog-

by 10,000 photoelectric intaractions along the central
- o S - Sl
metar ( Tigure &5 ) of 2 cylindrical counting voliume 3'.
54
77 Under the same irradiztion geonmetry as the experimental
energy dencesition measursmenis revorited in section .




The calculation was based on 3 principal assumd-
tions

1) the probability of »hoton interactiong is cons-
tant across the counter diameter, i.s. there is no attenua

tion of the photon bean,

2) the electrons generated in the unter travel in
straight-line path between their polnt of origin and the
counter wall,

2) the direction of emission of all electron
igotropic with respect to the inciden on

The method of calculation proceeds as follows,

Firgt an interaction point is chosen at random along the

'Ij

chamber diameter, { random nunber generator GGUW - IBH
Fortran library ). Bach interaction voint 1s the socurce of
a photoglectron and a series of Auger electrons, the num-
ber and energies of which depend on the transition path-
ways in the vacancy cascade during atomic de-excitation,
From the work on simulated vacancy cascades following pho-
I,

bl

toelectric interactions in argon, discussed in Part
section 10, individual electron-energy specira were written
on tave for 10,000 individual interactions at the photon
energizss of interest here, This data could be employed by
reading in successively one zet of electron snergies for
each interaction point. For sach eleciron of energy E
rangs was calculatad using the range formula of Iskef and

watt 1932 50,

)

(2. R\ = -h.5967 + 031108 1n(E) + 0.07773 (1nE)
\E

? A
(45)
ahere i3 the extrapolated sleciron rangse in u"/cm2
ex g jole s X L ron rang /5 !
.

55 This is true for Augsr emiszsion but not for the phoito-
electrons which, atf such _low photon energies, are emit-
ted preferentially at 907 to the incident vhoton bean,

p I

-7 The authors clain this range formula to be valid for
electrons in the energy range from Z0 eV to 10 keV with
a standard deviation of the mean of around 25%.




Figure 65
Irradiation geometry for~the cylindrical counter
measurenents,
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of energy “devposition measursd in the practical situation

is more closely correlated to the total electron patih
length ne hotoelectric interaction, For this reason the
lec n ced by electrons resulting fronm

distributicns per infteraction for the incident phacton ensr-
gies 3.34 xev { potassiun Xy 3 Y and 2.43 %ev { chlorine
{w’ﬁ ) Z-rays resvpectively f;r cylinder diameters 8/J¢,
1am, 0.5um a2d 0.1,um, In the abscissa the electron
path length vper interaction is plotted as a fraction of

lin il

path length probability per bin width of d/lOC.
or the volume diameters S/um and 1,am, at these
photon energles, the slectron ranges are shorter than the
cylinder dinmensions 1.,e., practically all electrons become
fully avsorbed within a distance a fraction of the counter
dAiameter. This results in sharp neaks in the distribution
corresnonding to the total fractional sleciron range per
interaction in the counter., For the potassium X-rays a
second peak arises due to flucrescence escape at a position
determined by the total eleciron range minus that of ths

missing X Auger electron.

t

AT volume dianmeters of 0.5 um and below, the ranges
m

53 on avaragc 4 electrons are eanittad per photoelectric
interaction induced by a “otaqswum hmfaj nhoton, The
X shell Auger electron from argon essentially deterai-
nes the shape of the path length distribution, the
- other low energy electrons contributing only a constant
modulation to the distribution so long as thelr range
are small compared to the counter dimensions.




Figure 66

Caleculated total straight line electron path length

contributions for electrons released following 3,34 kéV

Z-ray induced photoelectric
filled cylindrical

eractions in an argon

int
counting volume simulating O.l/um,

0.5,am, 1umand 8 um tissue equivalent diameters.
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ed total straight line eleciron path length
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gro LTo valuses

glightly greater than the cyli

1ts from electron

the uoper end of the distridvuition r
2

nd
incidence with th linder ends ( where there is a higher
density of paths of similar length ). The sharp rise in the
lower side of the peak is from electrons striking perpen-
.

dicular to the cylinder ends. The more gradual falling

uoper side results from elsctrons emitied almosi perpend

=D

cular to the vhoton beam but at ever decreasing angles
giving rise to increasingly longer electron path lengths
but with continually decreasing probzability, as the solid
angle between the interaction points along the photon vath
and the cylinder ends becomes increasingly smaller, The
nogition of the peakx is higher than the cylinder half
height, h/2, by an amount corresponding to the total path
langth pver interaciion of the accompanying lower energy
electrons.

The smaller the cylinder diameter the broader and
nora comnlex the distribution due to the continually in-
creasing influence of lower-energy Auger electrons which
no longer simply centribute a linear modulation tc the
total pavh length distridbution, This influence starts io
be visible a1 the O.l/um volume diameter,

A brief final comment requires mention regarding the
choice of irradiation geometry applied in the measurements
and Tor which the path length calculations, the subject of

thiz section, were performed. Since at low photon ensrgies

an isotronic exposure of the chanber is not pessible a thin
¥-ray btean geonmetry was employed, the photons entering the
counter fthrough a thin aylar window and traversing a diz=
meter of the counter, whereby the problam arises that at
low counter dlameters ( < 1,um the electron nath length

devpendent on the positior
the sensitive volune, c
could be shown that, because the veaks in the distribuiion
result from electron incidence with the cylinder end

vieces, a distridbution containing a single peak is only

170




then obtained when the photon beamn traverses central and
perpendicular to the cylinder axis where all secondary
glectrons have their origin at equal distances beiween the
+

tion ig not fulfilled

[
|-

two cylinder ends. When this cond
and photo- and Auger electrons are vroduced at points

other than on the central diameter of The counter, then

an extremely complicated electron path length distribution
results containing two peaks, corresponding to the differing
eleciron path lengths to the two cylinder ends. The result
of such an electron vath length distribution would be to

produce a far more complicated energy deposition spectrum
and add to the difficulties in counter calibration.
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17.1 Measurement variables

In this section energy-depositlion sSpectra are p

sented for measursments performed with an argon filled
evlindrical proportional counter irradiated with photons
of energies just above ( 3.34 %keV votassium X 2 ) and -

¥
ust below ( 2,83 keV chlorine X } the £ edge of argon

¥,3

s
3.2 keV ), A further secondary target, scandium, was
used to zive a supplementary pvhoton energy ( 4.125 kv

e X edge of argon. For excitation of the secondary-
target fluorescence radiation, both a chromium and molybde-
num AL-ray tube were emnvployed. With the nolybdenun primary
beam additional energy-deposition spectra were neasured
using a lithium bromide secondary target giving X-rays of
energy 12.087 eV producing somewhat higher energy photo-
electrons in the measuring chanber.
Energy-deposition spectra were measured at five

tissue equivalent volume diameters . 8/um, Q/um, 2/um, 1 un
to

and 0.5 ,um wnereby the sinaulated diameter is refarred
the actual diameter of the cylindrical

c
( section 14,2 ). The primary chanber geomne
d

work was a cylinder of egual diameter and heig!

4 = h, where the phoitcn bean traverses centr and peroen-
dicular to the cylinder axis ( zee figure 65 ). However ,
further spectra were measured for the cylinder geometry
ho= 64 i,e. a long cylinder, where at the simulated volune
diameters of interest here, elsctrons have insufficient
gnar ch

direct energy deposition, € , on the absclissa against
nunicer of counts on the ordinate on a linear-linear scale.
AT the S/um simulated tissue diameter ths measured sovecirz
represent, at all photon energies used here, energy spec-
tra. However, at increasingly smaller simulation diameters
the Main energy pea¥x will become less and less suitable for
ome of the more energetic elec-

e
calibration purrpcses since s
n

trong will lose energy to 1!




energy well resolved peak above the nolise level obtained
was the argon fluorescence escave peak from the scandiun
e, 4,125 - 2,078 = 1,15 xeV, It was this peak
ether with the channel zero baseline which were used to
the energy scale., For each simulated dianeter
the zcandium spectrum was used noi only for calibration
for spectrum normalization.

or the scandium spectrum a region of Iinterest was

b—;j

defined, with a lower lavel get at the minimum bdeiween

the flucrescence escavpe peak and noise, and an upper level
set at the minimum between the scandium main peak and the
Rayleigh scattered chromiua peak. The integral nunmber o
counts within this region of interest was used as the cri-
terian for the cellection time for each measurenent, 1.e,.
anectra were measured until the number of counts in the
region of interest matched a predetermined 1integral amount,
This mesant that the area under all specira, ( except those
measured with the bromine ¥-rays ) were identical in the
region of interest advoiding the necessity of a2 separate

=

e
numerical normalization., With the broaide target the gzai:
ks

of the agplifier was reduced by three, { checked with a
precigion pulser ) and so reducing the calibration in
keV/channel also by three. The region of intersst designa-
ted for the bromine spectrun differed froam the other

measurements and hence a separate normalizaticn was carried

<l

ouT.

ition spectra and their mean values

ented in ficg

n

tube with

otassium and chlorin
at tiszsue equivalent diameters of S/um, Z/um, l/um and
59 - o

/h
“EE the 8/uﬂ diameter, corresponding approximately

to the average cell nuclear diameier, the spectra of energy

Q ., - :

EF-A measuresent performed st 4 um equivalent diaieter pro-
ved essentially the same as 8 um and therefore was omit-
ted to gvoid additional ﬂﬁmrlaxwtv of the Tizures.
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deposition in the counter are equivalent o snergy specira
Therefore the measured spectrun consists of a total ener-
¢y peak equal to the =snergy of the incident photion, and for
nnoton energies ahove the X edge of argon there is a second
4ea§¥corre sponding to fluorescence escape Irom the argon
counting gas, egual to the incident vhoton energy ainus the
average photon transition energy for argon. rFor the pol-
assiun L-rays the flucresgcence escape neaX 1s not visible,
) being too low to be discriminated

As the diamster of the sigpulated volume is reduced,
the magnitude of tThe total energy pesk decreases, as in-
creasingly nore and More electron energy is deposited out-
side »f the counter sensitive voludie. This decrease in the

total energy peak intensiiy is complimented by an increase

|._|

in the number of energy devosition events below the inci-=

dent vhoton energy.

The spectra in figure 68 - 70 have equal areas
between the noise level and the elastic scattering peak,
so that a direct interccmparison of all spectra is pose~
sible., After calibration the total energy devnosited in the
chamber at any paritlcular volume dlameter is obtained by
integrating the snectrum over the region of interest. The
mean energy demssition per event €. is then the total
energy devosited divided by the total number of energy
deposition events in this region. In table 21 are given
the values of égwfor a chromium orinary beam incident
on the secondary targets : scandium, potassium and chlo-
rine in tissue equivalent diamneters { cylindrical counter

4d =h ) from S/um - 0.5 um.

/unlwewe raneated using
chromium X{-ray tube., The na

denum tube measurenenis are

N

notential preducing 2 mors int :
bremssirahlung and the molybdenun characteristic photon
snergy ( 17.8 keV ) in vlace of the chromwium lins. This

b=

leads. to a slight ‘depreciation in the secondary bea:

1P~
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Figure 68
Energy deposition spectra for scandium X-rays, ( 4.125 keV)

measured in a cylindrical counter for tissue egquivalent

diameters: 8 jum, 2 um, 1 um and 0.5/um.
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Figure 69
Lnergy deposition spectra for potassium X-rays, (3.34 kev )
measured in a cylindrical counter for tissue equivalient
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Figure 70
Energy deposition specira for chlorine X-rays, ( 2.63 keV )
i

&3]

measured in z c¢ylindrical counter for tissue eguivalent

diameters: B/um, 2 yum, l/um and O,B/uu.
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i gure 71

Energy deposition spectra for the scandium, pctassium and
chlorine X-rays produced by a molybdenum tube, ( for com-
parison with the 8/um measuremants with X-rays induced
by the chromium tube ).
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monochromaticity, however gave the opvoriunity to observe
both the reliability ol previ 2

i su
chromium tube as well as allowing an additicnal shoton
oh omi

Mean snergy denosition €. for low energy vhotons induced

by 2 chroniun X-ray tube, as m=asured dy a cylindrical
A

counter of dimensiocns = n,
A 117 c { e/}
1( um) plire’)
Proton energy(xeV) | 1.125(3c) | 3.34(X) | 2.63(C1)
3 3.680C 3.214 2,587
b 3.8620 3.212 2.587
2 3.578 3.201 2.587
1 3,462 3,091 2,556
0.5 3.076 2.852 2.439
The energy spectra as obitained for the scandiumn,

notassium and chlorins secondary targets with the n
e 3

in figure 71 77, Ths en
give r lvchromatic scattering off the secdn-
dary target most visible for the chlorine target. The va-

generally in better than
generally in DetTter T

¥

with the chromiun tuba. A
s

measurenant

th
g

onm ;
gtic X-rays, the snecira for which are shown in figure

i
72 for Tissus eguivalent counter diamsiers E/uﬁ, Q/Hm,
2 % e

The yleld of bromine X-rays one can obtain with a chro-
mium tube 1s very 3mall since these can only be produ-
ced Dy the bren ! = gctrum.

tted on the game enerszsy scale and
nunber of counis in the region
tra in figures 68 - 70. They are
cmparable.
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peak occurs at the bromine fluorescent photon energy of
12,087 keV. At 9.11 keV is the fluorescence escape peak
( from the argon counting gas ) sitting on a background
of energy deposition events betwsen 0 - 12 keV. As the
tissue equivalent counter diameter is reduced the inten-
gity of the total energy veak rapidly declines and the
whole specirum shifts to lower values of energy deposi-
tion & new peak arising at a2 value corresponding to the

most probable energy deposition per interaction.

 Mean energy & deposition E*1fbr low energy photons induced

by a molybdenum X-ray tuoe

al yum) € p(xeV)
Fhoton energy(xeV)| &.125(Sc)] 3.34(K)| 2.63(¢1)]12.087(3r)

and target

3 3.727% 3.228 2.564 10,061
4 2.391 2,208 12.558 8,383
2 3.561 3.182 | 2.535 6.292
1 3,472 3,102 {2.533 L ,83¢

Finally a series of energy deposition measurements
were performed in a cylindrical counter of sensitive volume
dimensions h = 6d { cylinder height is 6 times its diame-

ter ). Of marticular interest were the 1 wm and 2 um volune
diameters to see if any significant charge in the mean
energy depcsition occurred where electrons emitted perpen=
dicular To the - dirsction of the photon beam traversal would
be in all cases fully absorbed in the sensitive volune,

The svectra obtained at ue eguivalent cylinde

s
rgies 4,125 keV, 3.34 keV and
g xcited with 2 chromiun
orimary tube ) are shown in figure 732. The éF values for
the counter diameters 1 jam and 2 pm are given in table 23,
The results show valuss of & comparable o g
measured with the right cylindrical

s
rooaely pein

the differencss

,J‘ ol

5

tha

=
I

inaccuraciszs rat?
S

of energy deposition,
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nergy denosition svectra for bromine X-rays, ( 12.087 kxeV)
in a cylindrical counter at the tissue equivalent dianeters;
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Figure 73

Znergy devosition svnectra for 4.125 eV, 3.34 keV and

2.63 weV X-rays measured in a cylindrical counter of dimen-
siong; height = 6 X diameter where the tissue equivalent

diameter is 1/um.
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o

Mean energy devpcosition éF for low energy vhotons measured

in a cylindrical counter of dimensions h = &4

a( pam . € plkeV)
Pnoton energy (kev) 4.125(5¢) 3.34(K) 2.63(C1)
2 3.561 | 3.132 2.589
1 3 L6k 3. 080 2,349
l{.

The close agreement in all the re
here tend to suzgest that, at

- mulated in the counter, almost all the ii
energy Transiormed to electron kinetic ener
tive volume becomes absorbed there i.e. at
energies below 5 keV, Any considerable change i
tern of energy denosition would be exvected, when measure-
able, first at tissue equivalent counter diameters less -

than 0.5 jun.




18 Summary and conclusions

to make a br

thi s
ion to the understanding of the microdosimetry

Part I was concerned with the energy deposition
processes resuiting frem incornorated radionuclide decay

in which the enission of low energy Auger eslectrons Iorn

~

a vredominant contridbution to the high radictoxicity. The
r ad

"
[
Q
!

adiobiological effectiveness of an incornorated

O]

-

[{]

ngr-

will devpend Tirstly on the local pattsrn of

Q_.

e
gy demnosition around the dscaying radionuclide and secon
1y on the degree of overlan of this energy devosition nad-
tern with the sensitive areas of the biological gysten,

Part I of this thesis addresses in particular the first

of these,
Four radionuclides of current relevance To radia-
tion tiology and medicine were investigated 1231, 1251,
55Fe and 6&Cu, Certainly all four of these radionuclides
£ +

when inceronorated in the cell nucleus deposit sufficie
v in the nucleus %o produce a DA double strand break

energ
{ DSB ). However, what is decisive is the concentration of
the energy deposited at the critical sites,.

For 1233 and 12 I, which can be incorporated direct=-
ly into the DHA, the conceniration of energy devosited

o
within a2 site size of 2 nm ( the distance betwesn

strands of the DHA ni

show aporox. 123 &Y for 1”31 and 211 eV for 1251 ner cay,
For “251 this is probably sufficisnt for a LS3 since

from exneriment it is kncewn that 125I incorporatad into
the DNA in the form lzﬁIUdR nroduces zbout one DS3 ner
decay, For LZBIU&R incorperaticon no Ifigures on DEB and 383
( single strand break ) production are available. 0f par-
ticular interest is whether 1231 is as effective in pro-
ducing DSB’s and 853’3 as 1251 i,e, the énerzy deposition
fronm 1251 is so high that there is saturation, or whether

g reduction in the effectiveness occurs which is in oro-
portion to the mean local energy denosition.
- For the radioisotopes 55Fe and OLCu the situation
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lear, The 2 radioisctopes are vpregent somewhers

1 nucleus, nrobadbly randonly distributed with

t to the DNA unless sonme chenical conplex is formed,
rably smaller local energy denosition of these

s nlus their indirect vposition ©f 1ncornora-

targe®t volums would

Tactivensss of both

a3
j_J
o
Lt
o
l_.l
v
ot
I.J
O
o
ot
O
r s
o
O
i
L-«
A=
R ]
D
3
W
].—J
<t
}—)
<
@
[

T
iological endpoint unless
e. The hizh radio-

:
&l . o
Cu found by Avnelgos et al is not to be ex-

Toxicity o
nlained by uicrodosimetry but must be in part supunlsmented
by some chemical effect.

The choice of radionuclides presented in this th
was orientated towards current work under discussion in‘ra-
dAlation biology and medicine and does nct in any way re
sent a limitation in the apnlicability of the technique.

A continuation and develcpment of this work together with
more experimental data could lead to a far better under-
standing of incornorated radionuclide toxicity, the role
of the Auger effect in this toxicity and ultimately fo
notential benefits in the avvlication of Auger emitters to
nuclear medicine,

In part IT a comnutar code was developed o calcu-

1

late from the eslement crosgs gections the nhotoelectri
1 ients for bi

oy
D
O
i
3
rl-
O
3
0
Q
4}
h
Hy
-
o

Connton and total 0
between 100 eV -

edia in the range of nhoton ensrgies
1 7eV. This progran was used to aralyse the magnitude
of selective absorption at the X vhotcelectric absorntion
adge of both vhosvhorus and iodine in the DNA and as z
constitu=snt o7 the D4 in a cell nucleus, Junp ratios at
the ¥ edge of »hosvhorus »f 1.81, for nhosohorus in the
DNA and 1,15 for a 2,649 weight nercentage of phosphorus
in orporated iodine

Y/ Q
tainad than for vhosrvhorus ( a jump ratio of 1.£0 is »nog-
sible at the iodine X edge ), However, this value reprez
sents a theoretical maxinum by this incor? ration method
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on of low selective absorniion
in the target elsment i.,e. small junp ratio, an element of
atomic nuaber higher than that of the usual censtituent
slements of biological matesrial i.e. hyd bon, nit-

rogen and oxygen, may oproduce an i

avsorbed dose which for atoms »present in z criticzl sensi-
tive biclogical struciture, £.g. pnosphorus in the DHA,
could be sufficient to cause 2ffective danage to the cell.
Por this reason a detailed study of photoelesctric interac-
tions in vhosvnhorus was underiaken in which nhotoelectric
intzractions and the ensuing vacancy cascades were sinuia-
ted Tor different Incident phoiton energiss above and below
the ¥ edge of vnhosvhorus using a “onte-Carlo computer code,
In thig way electron sn»ectra could be generated and then
used 1o caleulate the loecal energy inmparted as a function
of whoton energy ani site diameter in spherical voluues

omn Ti spnorus atoms,

contalning a h

0
r - +4 - ~
The resulis of th

energy denosition becones sbout twice as great for photon
anergies above the X edge oI phosphorus than for vhoton
anergies below

onte-Carloc caleulations ware also veriorned fo si-

can be user
mental microdosgin 5
following vhotoeleciric interactions at 4iff
energies, Calculated values ar

denosition for a homogsneous 4is
.

with monochronatic vhotons of different energy. In addi-
i

‘tion the electron number distribution for argon irradiated
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ompare to the exverinentally

above and below tThe ¥ edge oo
measured Aistridbutions of Carison and {rause with good
agreemeﬂt nroviding imnortant confirmation of the theore-

effect on the local energy denssition in an argon Tilled
proportional Counter of vheton interactionsg of energises
just above and below the X edge of argon., ¥With the assunn-
tion that thes de-excitation vrocesses in argon following
ohot lectric interactions resemble those in phosthorus,

t on the ener-

1
any result obtained would have dir
gy deposition in a cell from photo
in the phosphorus of DNA,

After a detailed descriotion of the GXperiﬂental

nethod going through the individual systemn comnponents, the
exnerimental set-up and execution of 17 he

resulis of energy devositio 3

for the thoton energies ; 2,63 kaV, 3,34 %eV, 4,125 ke

and 12.087 KeV in 2 cylindrical counter at s
£ e

tissue eauivalent diamsters of

0
eleciron energy releaszd as a re

5
intaeractions in argon. This leads to
e

(=B

1T the sensitivs biological targ
e

sions then the radiobiolozical effect nper vhoton interac-
tion would be expected to be annroxinaizsly nronortional

To ths incident photon sners: ( at least for nhoton sner-
gies between 2.6 eV and 5 kaV ). If from bioclogical in-
vestigations this is not axonerimentall the

jo !

8
technidue can be applie
Finally it has been shown, from energy specira

measurements with a stherical Rossi countsr eMploying =
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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 scruitinizing of previously performed measu-
rements with helix containing Rossi counters for the vre-
sence or absence of space charge effects often disguised
in spectra of partial energy deposition and by the art of
spectra representation.

~185-




REFERENCES

Alper T., Cellular Radiocbiology. Cambridge University
Press, 1979

Altman P.L. & Xatz D.D. Eds., Cell Biology: Biologica}
Handboocks. Federation of American Societies for Experimen-
tal Biology, Bethesda, iaryland, pp 363 ~ 400, 1976

Apelgnt S. & Adleff J.D., Transmutation Effects of 3

and  *P Incorporated in DYA., Curr.Top.Radiat.Res. 13,

pp 61 - 95, 1978 ,

Apelgot S., Coppey J., Grisvard J., Guille E., Plissonier
¥., Sissoeff I., Effet Lethal de la Desintegration de S4Cy
Incorpore dans des Cellules de uammiferes. Proc.7th Symp.
Microdosimetry, Oxford/UK, Booz J., Ebert H.G. & Hartfiel
H.D. Eds., Vol.II, pp 199 - 1011, 1980

Asaad W.N. & Burhop H.S., The K Auger Spectrum. rProc. Phys.
Soc. 71, Pt.l, No.457, po 362 - 382, 1958

Auger P,, Sur les Rayons B Secondaires Produnt dans un Gaszg

par des Rayons X. Comptes Rendus 180, pp 65 - 68, 1925
Bambynek W,, Behrens H., Chen i#.H., Crasemann B,, Fitzpat-
rick ¥.L., Ledingham X.W.D., Genz H., iutterer i. & Inte-

manm R.L., Orbital Electron Capture by the Nucleus, Rev.
¥od,Phys. 49, YNo.l, 1277

Band I.N., Xharitonov Y.I. & Trzaskoskaya #1.B., Photocioni=
zation r“"Ms Sectionsg and Phnotoeleciric Angular Distribu-
tions for X~ray Line Energies in the Range 0.132 - 4.509
keV, Targets 1€ 72 < 100. At.Dat.Nuc. Tables 23, pp 443 -

505, 1979 ,

Bandekar J. & Sathyanarayana B.X., Copper (II) - Nucleic
Acid Interactions - A Conformational Study. J.Theor.Biol.
72, op 443 - 48B4, 1379

Bearden I.A. & Burr A.F., Reevaluation of X-ray Atomic
inergy Levels. Rev.Mod.Phys. 19, No.l, pp 125 - 142, 1967

Behrens H. & Janecke J., Numerical Tables for Beta Decay
and Electron Canture. Landolf-Goérnstein, Vol.4, Springer
Verlag, 1969

Berger il.J., Some New Transport Calculations of the Depo~
sition Energy in Biological saterials of Low Energy Elec-
trons. Proc. 4th Symp. Wicrodosimetry, Booz J., Ebert H.G.,
Eikel R. & Waker A., Eds., EUR 5122, ,Commission of the
Eurovpean Communities, Tuxembourg, vp 695 - 715, 1974

Berger 1.J., Improved Point Xernels for Electron and Beta-
Ray Dosimetry. NBSIR 73 - 107, Progress Renort, 1973

Bertin E.P., Initroduction to X-ray Spectrometric Analysis,
Plenum Press, New York, p 24 & pp 128 - 132, 1978

Bevan J.5., Parameters Describing the ilicrodosimeiric
Distribution of Radiation Dose. Phys.ied.Biol. Vol. 11,
No. 3, pp 405 - 40o, 1966

-186-




Birkhoff R.D., Turner J.E., Anderson V.E., Feolo J.u.

& Hamm R.N. The determination of LET Spectra from Energy -
Proportional Pulse-Height Measurements I. Track-Length
Distributions in Cavities. Health Phys.Pergamon Press,
Vol, 18, pp 1 - 14, 1970 .

Booz J., Microdosimetric Spectra and Parameters of Low
IET-Radiations. Proc. 5th Symp. idicrodosimetry, Report No.
EJR-5452, Booz I., EZbert H.G. & Smith B.G.R., Eds.,
Commi:gsion of the European Communities, Luxemburg, pp

311 - 345, 1976

Booz J., Humm J.,, Charlton D.E, Pomplun E. & Feinendegen
L.E., Microdosimetry of the Auger Effect ; The Biological
Significance of Auger-Eleciron Cascades of Phosphorus
after Low Energy Photon Interaction with DNA. Radiation
Protection, Proc. 8th Symp. Microdosimetry. Commission of
the European Communities Report EUR=8395 EN. Booz J. &
Ebert H.G. Eds., pp 625 - 638, 1982

Bruining H., Physics and Applications of Secondary Electron
Emission. Pergamon Press, London, 1954

Burki H.J., Roots R., Feinendegen L.E. & Bond V.P., Inacti-
vation of Mammalian Cells after Disintegration of °H or
1251 in Cell DNA at - 196°C. Int. J. Radiat.Biol. 24, pp
365 - 375, 1973

Campion P.J., Some Comments on the Operation of Proportio-
nal Counters. 2nd Symp. ¥icrodeosimetry, Stresa ( Italy )
Commission of the European Communities Revport EUR-4810,
Ebert H.G., Ed., pp 601 - 617, 1971

Campion P.J., The Operation of Proportional Counters at
Low Pressures for Microdosimetry. Phys.Med.Biol. Vol. 16,
No., 4, pp 611 - 616, 1971 i

Carison T.,A.,, The Nature of Secondary Electrons Created as
the Results of Electron Shake-off and Vacancy Cascades,.
Rad.Res. 6%, pp 53 - 69, 19754

Carlson T.A,, Photoeleciric and Auger Spectroscopy. Plenum
Press, 19751

Carison T.A. & Krause }.0., Experimental Evidence for
Double Electron Emission in an Auger Process. Phys.Rev,
Letters, 14, No. 11, pp 390 = 392, 19652

Carlson T.A., & Krause #4.0,, Atomic Readjustment to Vacan-
cies in the X and 1T Shell of Argon. Phys.Rev. Vol. 137,

No. A, pp Al655 - Al662, 19651

Carlson T.A, & Milford White R.; Formation of Fragment Ions
from CH; Te™ ™ and CgHsTe "™ Tfollowing the Nuclear Decays
of CH, 1" and C,H,I% ", J.Chem.Phys. 38, No., 12, pp 2930
- 2934, 1963 ' )

Carison T.A., & White R.M,, Measurement of the Relative
Abundances and Recoil-Energy Spectra of Fragment Ions
Produced as the Initial Consequences of X=Ray Interaction
with CHsI, HI, and DI, J.Chem.Phys. Vol. 44, No. 12, pp
A510-- 4520, 1966 '

Casey W.R, & Albridge R.G., The L- and K- Auger Spectra
of ‘tellurium. Z,Phys. 219, pp 216 - 228, 1969

=187~




Chariton D.E. & Booz J., A Monte-Carlo Treatment of the
Decay of I-125. Radiat.Res. 87, pp 10 - 23, 1981

Charlton D.E., Booz J., Fidorra J., Smit Th. & Feinende-
gen L.E., Microdosimetry of Radiocactive Nuclei Incorpo-
rated into the DNA of Kammalian Cells. Proc. éth Symp.
Microdesimetry, Brussels/Belgium, Booz J. & Ebert H.G.
Eds., Vol.I, pp %91 - 108, 1978 _

Chen M,H:, Crasemann B. & ¥ark H., Relativistic Radiation-
less Transition Probabilities for Atomic K and L Shells.
At.Nuc.Dat. Tables 24, pp 13 - 37, 1387%

Chu Y.Y., Kistner 0,C., Li A.C,, Monaro S. & Perlman M.L.,
E2/M1 Ratios in the Isomeric Transitions of Te-121 and
Te=123 and the Decay of the Te-=121 Isomers to Sb=121, Phys.
Rev. 133, No. 6B, pp B1361 - B1l367, 1964

Chung #M,F. & Jenkins L.H., Auger Electrons Energies of the
Outer Shell Electirons. Surf.Sci. 22, pp 479 - 485, 1970

Citrin P.H., Rose J,E. & Chrisitman S.B., Interatomic Auger
Transitions in Ionic Compounds. Phys.,Rev. B, Vol. 14, No.
6, pp 2642 = 2658, 1976

Coghlan W.A. & Clausing R.E., Auger Catalogue : Calculated
Transition Energies Listed by Energy and Element. A%, Data
5, pp 317 - 469, 1973

Cooper E.P,, On the Separation of Nuclear Isomers. Phys.

Rev. 61, pp 1 - 5, 1942

Dekker A.J., Soiid State Physics. Mac Millan Press Lid.,

London, 1875 '

Diehn B., Halpern A. & Stocklin G., Specific Inactivation
of Bovine Carbonic Anhydrase as the Consequence of X-ray

Resonance Absorption in the Constituent of Zinc Atom. J.

Am,.Chem.Soc. 98, » 1077, 1976 '

Diethoxrn W., A Methane Proportional Counter System for
Natural Radiocarbon Measurements ( Thesis ). NYO - 6628,
1956 '

Dillman L.T. & Van der Lage F.C., Radionuclide Decay
Schemes and Nuclear Parameters for Use in Radiation-Dose

Estimation. N¥M/#IRD pamphlet No.10, Soc.Nucl.idedicine, 1575

Dyson R.D., Cell Biolegy : A Molecular Approach. Allyn &
Bacon, Inc. Boston, 1978

Eickel R. & Booz J., Untersuchungen zur Energieubertragung
von Rontgen- und Gammastrahlen an biologischen Modellstruk-
turen, Report Jul-1412, o 31, 1977

Emery G.T., Ionization through Nuclear Electron Capture
and Internal Conversion, Chap. 4, pp 201 - 231, Atomic
Shell Processes, Crasemann B. E4. Academic Press, 1975

Eﬁ?l H.H. & Feinendegen L.E., Microdosimetry of I-=125
with Reference to the Auger Effect. Proc. 2nd Symp. Hicro-

dosimetry, Stresa/Italy, EUR 4452, Ebert H.G. Ed., 1969
Ertl H.H., Feinendegen L.E., & Heiniger H.J., Iodine-125,
a Tracer in Cell Biology : Physical Properties and Biolo-

_giqal'Aspects. Phys.ied.Biol, 15, pp 447 - 458, 1970

=188~




Tvans R.D., The Atomic Nucleus lic Graw-Hill, 1955

Evans R.D., X-ray and Gamma-ray Interactions, Chap. 3
Radiation Dosimeiry, Vol. I, Attix F,H., Roesch W.C., Eds.,
Academic Press, Lovdon, pp 93 - 155, 1668

Fano U., Tables for the Analysis of Beta Spectra. Nat.
Byur. Standards Apv.Math.Ser. 13, p. 61, 1952

Feinendegen L.E., Institut fur iedizin, Kernforschungs-
anlage, 5170 Julich, F,R.-Germany. Private Communication

Feinendegen L.E. & Cronkite E.P., Effects of ilicrodistri-
bution of Radionuclides on Recommended Limits in Radiation
Protection, A Hodel. Curr.Tov.Radiat.Res, Quarterly 12,
Gavron Y. & Feige A,, Microdosimetry of Auger Electrons.
Rad.Res. Biomedical, Chemical and Physical Perspectives,
Nygaard 0.F,, Adler H.T. & Sinclar W.X. Eds., pp 557 =
562, Academic Press, 1975

Goodhead 0.T., Cox R, & Thacker J., Do Ultrasoft X-rays
produce Lesions Characteristic of High LT or Low IET, or
Meither? Proc. 7th Symp. Microdosimetry, Oxford/UK, Booz .
J., Ebert H.G. & Hartfiel H.D. Eds., Vol.II, pp 929 - Q42Z,
1980

Goodhead D.T., Thacker J. & Cox R., Is Selective Absorption
of Ultrasoft X-Rays Bioclogically Important in Mammalian
Cells ?, Phys.Med.Biol. 26, No &, pp 1115 - 1127, 1981

¥
Hager R.S. & Seltzer E.C., Tables of

T
N ~ ¥ - il w
Coefficients, Nuclear Data 44, © 1, 19268

Halpern A, & Stocklin G., A Radiation Chemical Resonance
Effect. in Solid 5-Bromodeoxyuridine; Chemical Consequences
of the Auger Effect. Rad.Res. 58, pp 329 - 337, 1974

Halpern A. & Stocklin G., Chemiczl and Biological Conse-
quences of Beta Decay. Part I. Radiat.Environ.Biophys., 14,
pp 167 - 183, 1977

Hegeweg B., Microdosimetric Measurements and some Applica-~
tions in Radiobiology and Radiation Protection. Thesis,
University of Amsterdam. W.D.#einema B.V.=Delft 1978

Hendricks R.W., Space Charge Effects in Proportional
Counters. Rev.Sci.Instr. Vol. 40, No. 9, pp 1216 - 1223,
1669 '

Hofer K.G., Keough G. & Smith T.#., Biological Toxicity of
Auger Electrons : Molecular Fragmentation versus Electron
Irradiation, Feinendegen L.E., Tisljar-Lentulis G.T. &
Ebvert H. Eds. Curr.Top.Radiat.Res..Quarterliy 12, pp 335 -
358, 1977

Hubbel J.H,, Photon Cross Sections, Attenuation Coeffi-
cients and Energy Absorption Coefficients from 10 keV 1o
100 GeV. NSRDS - NBS 29, 1969

Humr: J,, Tomplun E,, Booz J. & Charlton D.E., Energy and

vy oy ] F s B -,
rma.L Lonverslion

oMumber ‘Distributions of Electrons and Photons Emitted

~after Photoelectric Interaction of X-Rays with Phosphorus
~in DNA. Radiation Protection, Proc. 8th Symp. Microdosi-

metry., Commission of the European Communities Report EUR-
8395 EN. Booz J. & Ebert H.G. Eds., pp 625 - 638, 1982

-180-




ICRU Report Microdosimetry published 1983

Iskef H, & Watt D.E. A Calorimetry Technique for leasure-
ment of the Stovping Power of Low Energy Electrons ( 10
keV ), Radiation Protection. Proc. 8th Symp. dicrodosi-
metry, Julich. Commission of the European Communities Re-
port EUR-8395 EN. Booz J. & Ebert H.G. Eds. pp 275 - 284,
1983

Kassis A.I.,, Adelstein 8.I,, Haydock C., Sastry XK.S.R.,

Me Elvany X.D. & Welch ¥.J., Lethality of Auger Electrons
from the Decay of Br-77 in the DNA of iammalian Cells. Rad.

Res. 90, pp 362 - 373, 1382
Xellerer A.M., An Assessment of Wall Effects in Hdicrodosi-
metric easurements, Rad.Res. 47, pp 377 - 386, 1§71

Kellerer A.¥., Criteria for the Equivalence of Spherical
- and Cylindrical Proportional Counters in Microdosimetry.
Radiat.Res. 86, pp 277 - 286, 1981

Kellerer A.¥, & Rossi H.H., The Theory of Dual Radiation
Action, Curr.Top.Rad.Res. Quarterly 8, pp 85 - 158, 1972

¥Knoll G., Radiation Detection and lMeasurement. John Wiley
& Son, New York, 1279

Krause ¥M.0., Atomic Radiative and Radiationless Yields for
K and L Shells, I.Phys.Chem.Ref. Data 8, Jo. 2, 1979

Krisch R.E,, Lethal Effects of I-125 Decay by Electron
Capture in E,Coli and Bacteriophage Tl. Int.J.Radiat.Biol.

21, vp 167 - 189, 1972
Krisch R.E., Krasin F. & Sauri C.J., DIfA Break@ge Repair

and Lethal1ty after I-125 Decay in rec and rec A Strains
of E.Coii. Int,7.Radiat.Biol, 29, No., 1, pp 37 - 50, 1976

Kronberg A., DNA Synthesis, Freeman W.H. & Co, 1974

Larkins F.P,, Theory of Multiple Ionization Processes.
Proceedings of the International Conference on Inner Shell
Tonization Phenomena and Future Applications, Conf-720404,
Vol. 2, vp 1543 - 1571, 1972

Learmonth G.P, & Lewis P.A. H,, Naval Graduate School Rane-

dom Number Generator r’ac:iage J_:J‘_:KANUU'ﬂ NPSSSL fa’/jUOiA,
Naval Graduate School, Monterey, Callfornlag 1973

Tederer C,M, & Shirley V.5. Eds. Table of Isotopes 7%th
Edition., Wiley & Sons, 1978

fantel J., The Beta Ray Spectrum and the Average Beta Ener-

gy of Several Isctopes of Interest in ¥Medicine and Biology.
Int.J.App.Radiat. Isotopes, Vol. 23, pp 407 - 413, Pergamon
Press, 1972

Marmier P., Kernphysik 1. V#P Verlag, 1665

Marschall J.H., How to Figure Shapes of Beta-Ray Spectra,
Nucleonics, op 34 - 38, Aug, 1955

Martin R.F. & Haseltine W.A,, Range of Radlochemlca1 Damage
§OS§NA W1th Decay of Iodlnem125 Science 213, pp 896 - 898,
G

~190=




Me Guire E.I., Auger and Coster-Kronig Transitions. Atomic
Inner-Shell Processes, Crasemann 3. Ed. Vol. 1, Acadenmic
Press, pp 293 ~ 327, 1975

e Guire E.I., L-Shell Auger, Coster-Kronig and Radiative
Matrix Elements, and Auger and Coster-Kronig Transitions
Rates in j-3 Couvpling. Reporit No. SC-RR-71-0075, Sandia
Tabs. 1977

Mc CGuire E.I,, M-Shell Auger, Coster-Kronig and Radiative
Matrix Elements, and Auger and Coster-Kronlg Transitions
Rates in j-; Coupling. Report No. SC=RR-71-0835, Sandia
Tabs, 19?2

Me Guire E,.I., N-Shell Auger, Coster-Kronig and Radiative
Vatrix Elements, and Auger and Coster-Kronig Transitions
Rates in j-} Coupling. Report No. SS-RR-75-0443, Sandisa
Tabs. 1975

Mehard C.W, & Volecani B.E., Silicon in Rat Liver Drganel-
les : Electron Probe chroanalys1s Cell Tiss.Res, 166,

Proceedlngs of the International Conference on Inner Shell
Tonization Phenomena and Future Applications Vols 1 - 3,
Crasemann B, Ed., Conf-720404, United States Atomic Energy
Commission, Cak Ridge, Tennesee, 1972

Reincke U., Brookoff D,, Burlington H., Cronkite E.P.,
Pappas N. & Zanjani E., Susceptibility of Hematopoietic
Stem Cells ( CFU-s ) to Fe-55 Radiation Damage. Rad.Res. 74,

% oy )

pp 66.- 78, 1978

Reincke U., Burlington H., Cronkite E.P., Hillman M. &
Talssue Js, Selective Damage %o nwythoblasts by Fe=55.
Blood 45, pp 801 - 810, 19758

Rosel F., Fries H.M,, Adler XK. & Pauli H.C., Internal Con-
version Ccefficients for all Atomic Shells., At.Data & Nucl,
Data Tables 21, pp 91 - 289, 1978

Rossi H.H., Microscopic Energy Distribution in Irradiated
Matter. Radiation Dosimetry. A%tix F.H. & Roesch ¥.C. Eds,,
Academic Press London, pp 43 - 92, 1968 )

Rossl H.H. & Rosenzweig W,, A Device for the Measurement

of Dose as a Function of Specific Ionization. Radiobiclogy
64, pp 404 - 411, 1955

Salem S.iI., Panossian 5.L. & Krause R.A., Exper
and L Relative X-ray Emission Rates. At.Dat.Nuc
14, pp 91 = 109, 1974

Scefield J.H., Theoretical Photoionization Cross Sections
from 1 to 1500 keV. UCRL -~ 51326, 1973

Segre E. & Helmholz A.C., Nuclear Isomerism, Rev.i¥od,Phys.
21, No. 2, op 271 - 304, 1949

Sevier X.D., Atomic Electron Binding Energies, At.Dat.Nuc
Dat. Tables 25, pp 323 - 371, 1979

“Seyief K.D., Low Energy Electron Spectroscopy. Wiley Inter-
science, 1972

-191-




Shreider Yu.A. Ed., The Monte Carlo ¥Method. Pergamon

Press, 1966

Srdoc D., Experimental Technique of Measurement of .icro-
dosimetric Energy Distridbution in Irradiated iatter using
Rogsi Counters. Rad.Res. 43, pp 302 = 319, 197C

Storm E. & Israel H.I., Photon Cross Section from 1 keV to
100 ¥MeV for Elements Z2 = 1 to Z = 100. Nuec. Data Tables A7,
pp 565 - 681, 1970

Veigele W.H., Photon Cross Sections from 0.1 keV to 1 eV
for Elements Z = 1 to Z = G4, At.Dat, Tables 5, pp 51 =
111, 1973

Weast R.C. Ed., Handbook of Physics and Chemistry. 61st
Edition, CRC Press, Inc. Boca Raton, Florida 33431, p E-=69,
1980 - 81

Wexler S., Primary Physical and Chemical Effects associated
with the Emission of Radiation in Nuclear Processes, Ac-
tions Chimiques et Biologiques des Radiations. Haissinsky
M. Zd., pp 105 = 241, Masson, Paris, 1965

White-Grodstein G., X-ray Attenuation Coefficients from

10 keV to 100 #eV., NBS Circ. 583, 1957

Wilson B.T. Ed., The Radiochemical ¥anual. The Radiochemi-
cal Centre, Amersham, 1966

-192-




ACKNOWLEDGEMENTS

I would greatly like to thank my two supervisors:
Dr.J.Booz from the Institut fur Medizin, Kernforschungs-
anlage, Julich and Dr.A.XK.M.M.Hague, Polytechnic of the
South Bank, London and also Prof.D.E.Charlton, Concordia
University, Montreal for their persistant help, support
and encouragement. I am especially indebted to Prof.L.E.
Feinendegen for allowing me to perform this work in the
Institut fur Medizin and for his continual and stimulat-
ing interest in the progress of this work, and also o
the Commission of the European Communities for financial
support. I am indebted to Prof.G.Stocklin and Dr.A.Halpern
from the Institut fur Chemie 1, Julich for allowing me to
use their X-ray equipment,

Further thanks to Mr.T.Smit, Mr.R.Schlenter and
Mr.D.Barthmann for their invaluable technical assistance,
Dr.J.Fidorra for patient discussions on some of the
problems and Mr.J.Knileper for his help on the radiation
protection monitoring.

Finally a warm thanks for the continual support of
my wife, Emilia, and for typing the manuscrivt.







Avpendix 1
The shape of beta spectra

The formula for the shape of a beta spectrum 1is
given by equation 1 ( vart I section 1.2 ). The sense in
which a beta svectrum is required here 1s as input data
for a YMonte-Carlo programme which calculates the electron
emission spectrum for individual decays of the isotooe
61’]’Cuw For this purpose the spectrum has been divided up
into 10 energy intervals of 60 keV width and the relative
numdber 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 bveta-
minus decay. Theﬁe values of Z then yield for VO , Where
vy = 1.13 uzlzla‘B the values 0.0051 for beta-plus decay
and 0.0056 for beta-minus decay ( ne® units ). The steps
in the calculation of the shape of the beta-plus spectrum

are given in table 1la.

Table la
Calculation of the bveta-plus spectrum

2 .
E(keV) pid.point W (W-V _ )-1%1 (W-V.). WAV 5
(keV) Mid.poin (W VO) 1 (N(égw)z F(28,% O) N{E)

0= &0 30 |1.0587] .332 1.577 .008 .004
60=120 90 [1.1761] .609 1.432 . 088 077
120-180, 150 {1.2935 .812 1.259 .208 213
180=240; 210 1.41100 ,988 1.067 .350 .369
240-300 270 11.528 | 1,149 .86 .510 . 507
300=360| 330 [1.646 | 1.301 664 .683 550
| 360-42C 390  1.763 | 1.446 N3 .873 .598
 420=480] 4350 (1.881 | 1.587 .302 1.075 .515
L8C-5%0] 510 (1.998 | 1.724 L1861 1.292 . 359
: 540<600] 570 [2.117 | 1.860 .00% 1.522 .011
5 3.253




) | €00 keV
The values N(W)3W are normalized so that %;PHW)dW
ig 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 fractims for beta-plus and beta-
minus decay are added since for energy deposition purpcses
the charge difference can be neglected.

Table 1b
Relative intensities of the beta-plus, beta-minus spectra
- E(keV) Np(E)dE Ne(E}dE Np(E)+Ne(E)dE
0- 60 . 0002 .0081 .0083
60=-120 L0046 .0278 L0324
120=-180 .0127 L0486 .0613
180240 L0220 .0588 .0808
2k0-300 L0302 .0765 L1067
300360 .0350 L0717 .1067
360-420 .0356 | 0561 L1117
L20-480C L0306 .0360 L0666
L80-540 L0214 L0124 .0338
540-600 ,0007 = .0007
.193 .396 . 589

The relative intensities of the combined beta spec-

trum in column 4 of the table 1b are now in 2 convenient
form as input data for the Monte-Carlo calculations, ( see

Appendix 2

b

4 given inner shell vacancy can usually be filled
by a series of Auger transitions., The notation used to
characterize individual Auger transitions 1is similar to
that used for ohoton transitions in X-ray specitrescopy.
For example, the Auger transition KLlL3 denotes an elec-
tron transition from Ly to K with the emission of an

1 b - T hn - o L T a1t Tl -+
SL8CTTON ITrom J.J3 Prom the three sub-shell SYymoo.l3 whe
S e e r + st da a1l arasnv e e amnmnrnAarmA Fhe ATl a~atsaman
ITirst Lla i vacancy, Tihae sSeldna ThAe sieciron




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 3a
Electron iransition probability and energy data
tellurium
Transitionl p E{keV) Transition P E{keV)
1 3 0 224 1 27.2 2 6 0 - .01Q0 | 4.07
1 & 0 456 1 27.5 2 7 O L0160 | 4.12
1 6 0 9045 30.9 212 © L0037 | 4.83
1 7 O .087 1 31.0 2 310 .0382¢ .122
111 0 013 | 31.7 2 311 03021 .1i72
112 0 L0184 | 31,7 2 312 ou77 1 .182
1 2 2 .0095 § 21,8 2 313 L0137 . 204 -
1 2 3 L0154 | 22,1 2 314 L0249 | .265
1 2 4 L0181 ] 22.4 2 315 . 0042 . 302
1 2 5 L0038 | 25,8 2 3 16 . 0028 314
1 2 6 .0030 | 25.9 2 317 L0042 . 315
1 2 7 .0025 | 26,0 2 4 10 . 0638 - 392
1 2 8 L0007 | 26.2 2 411 L0264 1 a4l
1 2 9 .0007 | 26.2 2 412 . 0658 453
1 210 L0008 | 26.8 2 41 L0676 .533
1 211 .0008 | 26.8 2 4 14 L0875 | .53
1 212 .0009 | 26.8 2 415 L0052 | .572
1 3 4 0359 | 22.7 2 416 L0017 . 581
1 3% 5 L0021 | 26.1 2 5 5 .0100 | 2.38
1 3 6 ,0022 | 20.3 2 5 6 .0124 12.99
1 3 7 .0022 | 26.3 2 5 7 .1161 | 3.12
1 3 8 L0033 | 26.6 2 5 8 L0003 | 35.3
1 3 9 0033 | 26.6 2 5 9 .0329 | 3.30
1 3 10 L0001 | 27,1 2 5 10 L0037 {3.75
1 311 L0001 | 27.1 2 5 11 .Co47 13.80
1 312 L0001 | 27.1 2 512 -0048 3.80
1 4 4 L0142 | 23.0 2 6 6 L0002 | 3.14
1 4 5 L0026 | 26.4 2 6 8 L0030 | 3.44
1 4 6 . 0036 | 26.6 2 6 9 L0734 [ 3.44
1 4 7 L0037 | 26,6 2 6 10 L0203 13%.86
1 & 8 L0010 | 26.9 2 710 .0588 13.96
1 4 9 . 0009 | 26, 9 2 711 L0024 | 3.96
1 4 10 .0008 | 27. 4% 2 7 12 .0025 {3.96
1 412 .0008 | 27.4 2 8 8 L0322 {3.73
1 41 L0008 | 27.4 2 8 9 L0601 13.73
1 413 .0002 | 27.4 2 9 9 L0831 [ 3.73
1 7 12 .0060 | 31.0

1.000 1,000
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Table 3a gives as an example the electron transi-
tion probabiliiy data-set to the K and Ll shells of tel-
lurium following either 1251 or 1235 decay. The termino-
logy is as follows. The first three integers denote the
transition where the number 1 represents the X shell, Z
the Ll shell, 3 the Lo shell znd so on until 15 denoting
the outermost 03 shell of tellurium. Using this termino-
logy a transition from L3 to K with an electron ejected
from M, would be reoresented by 1 4 5, Photon transi-
tions ére 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
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Appendix 5
Photoelectric interactions in the iodine of CHBI

Following the decay of CH31125 the charge distri-
bution on the tellurium atom is greatly smeared out by
the statistical processes of the second cascade. Calcula=
tions of a single cascade process such as after photo-
electric interactions in cold iodine would be therefors a
more reliable test of the comvutational method.

Carlson and White 1966 irradiated CHBI with 8 keV
X-rays, i.e. just above the L, 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 keV photoelectric interaction in the iodine of CHBI
and the thereby induced vacancy cascade, Again agreement

is good with the exverimental results, The calculations
give a peak at &4, Carlson and White at 5. In the high and
low chargs regions between 1-3 and 5-10 agreement is ex-
cellent, the largest discrepency being around the peak
values, Further agreement was obtalned alsco with regard
to the charge on the fragmented ligand, i.e. the number
of neutralization electrons employed.

Both this result and that for 3 monstrate
f mitted as he :

(.x.l. [P

that the number

Viillou N =]

o]

-11_

(D

(1]

sk alata
Mg Wl

w

ation electrons is consistant with

_.l

of active neutra
exXperiment for single and double cascade processes.
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Figure 5a

Charge distribution on the iodine atom after an 8 keV
photoelectric interaction with CHBI. Comparison of the
Wonte-Carlo calculations with the experimental values

of Carlson,

== MONTE CARLO

CALCULATIONS |

e CARLSON'S ;

& EXPERIMENTAL |

z VALUES

= ;
z
LLi
=
=
—
(23]
v

00 —— , |

o 1 2 3 4L 5 6 7 8 § W N R

ION CHARGE

i




Appendix 6
Table ba

Transition probability data and energy data for radiative
and non-radiative transitions in phosphorus as used in
these calculations,

Transition Transition Probability " Energy (keV)
1 3 0 ,019 1.991
1 & 0 - . 038 1.992
1 6 0 v .001 2.122
17 0 .002 2.122
1 2 2 L0392 1.716
1 2 3 . 1257 . 1.767
1 2 4 L1251 1.768
i3 3 . 1500 1.818
1 3 4 . 2088 1.819
1 4 4 . 1500 1.820
1 2 6 .0026 1.914
1 2 7 . 0026 1.914
1 3 5 .0116 1.955
1 4 5 .0116 1.956
1 3 6 - Q057 1965
1 3 7 . 0057 1,965
i1 4 6 . 0057 1.966
t 1 47 . 0057 1.366
2 3 5 . 3330 0.012
2 k& 5 - . 3330 0.013
2 3 6 . 0760 0.022
2 % 7 L0760 Cc.022
2 4 6 L0760 ; 0.023
2 4 7 , 0760 0,023
2 5 5 ,0080 B 0.149
2 5 6 L0100 : 0.159
2 5 7 .0100 0.159
2 & 6 L0010 . : 0.169
2 6 7 L0010 0,169
3 5 5 L0410 0.101
3 5 6 . 1970 0,111
3 5 7 . 1970 0.111
3 6 6 1880 0.121
3 6 7 1880 0.121
3 7 7 1880 0.121
L 5 5 L0410 0.100
4 5 6 . 1970 0.110
L5 7 . 1970 0.110
L 6 6 1880 0.120
y 6 7 . 1880 0.120
b 7 7 . 1880 0.120
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