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Abstract

An extensive survey made of published survival data of damage
by ionizing radiation to mammalian cells in vitro has led to the new
conclusion that the damage is determined by the specific
ionization or the mean free path between ionizing events along the
charged particle tracks. The optimum damage is observed when
the mean free path is equivalent to the DNA double strand spacing
of 1.8 nm. Therefore, the biological mechanism of ionizing
radiation to mammalian cells in vitro is intra track dominant.

A 100 keV electron accelerator has been constructed and
commissioned to produce a broad beam irradiation field of greater
than 1 cm diameter. The fluence rate may be adjusted from 102
cm2-sec’! downwards to enable further development as a chronic
irradiation facility. Another new feature of the accelerator is that it
incorporates a differential vacuum system which permits
irradiation of the monolayer cell cultures to be carried out in
normal pressure.

Experiments of irradiation to Chinese hamster cells, by
241Am alpha particles at low fluence rate, have supplied satisfactory
data for testing a new DNA-rupture model which is under
development. For V79 cells irradiated at a low fluence rate of 10°
cm™2-min-!, when survival data were fitted into the model, new
biophysical parameters were extracted and a proposal was made
that the repair phenomenon of cellular survival at very low doses is
determined by three time factors: the irradiation time, the damage
fixation time and the repair time. The values obtained were 3-4
hours for the mean repair time, and more than 10 hours for the
damage to be considered permanent.

KR




Details of the monolayer cell culture technique developed and
used in the present experiments are described.

Consideration has been given to the significance of the results
obtained from the study in radiation protection and in
radiotherapy. In future studies it is recommended that more

attention should be paid to measure the ionization events of the
radiation studied.

Towards the objective of producing a unified dosimeter, more
studies are needed to correlate the results for electrons and
neutrons for which less data are available.

In this thesis the background and the basic theories are
introduced in Chapters I and II. Experimental details are
described in Chapter III on physical aspects and Chapter IV on

biological aspects. Finally the results and discussion are presented
in Chapter V.
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CHAPTER I INTRODUCTION

1.1 Purpose of the Project

Radiation is an important factor in our daily life. It is
important not only because the oldest application of x-rays for the
therapeutic treatment of skin cancer has been extended to the
application of gamma-rays, high energy electrons and fast neutrons
to the treatment of almost every type of cancer. It is also because
in the last two decades, radiation facilities have proved to be
invaluable in many industrial applications:

i) tracer application, e.g., the extensively used technique in
the detection of leaks from underground pipework;

ii) physical quality measurements, e.g., as thickness and
density gauges and for analysis of elements in a sample;

iii) processing such as sterilizing of medical products,
improving the properties of various plastic products, tubes, and car
tyres etc., killing insects, organisms and bacteria for food
preservation.

Furthermore, nuclear power stations supply about .15% of the
total electricity in the world, and there has been an increasing use
of nuclear power to supply electricity because of the potential
shortage of fossil fuels in the natural world before alternative

energy supplies can be brought into production.




The biological effects of ionizing radiation at high doses has
been long ago a matter of public knowledge. Because of the
problem of safe disposal of radiation waste from nuclear reactors,
and the remote possibility of reactor accident, the general public
feel threatened by possible effects at low dose levels. However, this
anxiety is justified as we are unable to correlate the biological
effects at low level in vitro to those in vivo of human beings, for
example, the manifestation of potential cancer incidence.

Therefore, radiation research, especially at low dose levels, is
necessary for purposes of radiation protection and radiotherapy,
and all other peaceful uses of nuclear energy. It is necessary to
pursue study of the mechanisms of interaction between radiation
and biological media, to assess the effects of radiation from the
cosmic rays, ultraviolet exposure, and radioactivity in the natural
environment and in the surroundings of nuclear installations. From
such studies information can be obtained to enable more accurate
assessment of risk to both classified workers and the general
population.

The existing theories of assessing the mechanisms of the
effects of ionizing radiation damage to biological systems are based
on the concept of energy transfer or energy deposition reflected in
the quaﬁﬁties of the absorbed dose D, in units of J/kg, and the
quality factor Q adopted in radiation protection legislation (ICRP,
1977). Although Q is unitless, it is related fo the linear energy
transfer LET, in units of keV/um, see Table 1.1. Comparison of

damage effects due to different types of radiation is quantified, e.g.,




for mathematical modelling, by the relative biological effectiveness

(RBE).

Table 1.1 LET-Q Relation

Particles LET(keV/um) Q

X6 < 3.5 1
b4 2

n,ions 23 5
53 10

alpha >175 20

The RBE of some test readiation (r) with respect to x-rays

(formally 250-kV x-rays) reference radiation (x) is defined by the
ratio D, /D, , where D, and D, are, respectively, the doses of x-rays

and the test radiation required to produce the same biological
end-point.

Difficulties have been met in either interrelating the
radiation damage models commonly used in the literature to give
rise to a universal explanation of the biological end-point induced
by different ionizing radiation particles (dose effect), or developing
further these models to involve a time factor (dose-rate effect) so
as to be able to predict the forthcoming radiation damage.

Th'e;‘ proposed project aims to study published biological
damage data, to analyse the results in terms of parameters
expressed in units excluding energy, and to propose biophysical
mechanisms of damage based on the new parameters. From these

studies, the strategic challenge is to develop and carry out tests of




the proposed model, and to suggest what physical parameters be
measured, and how to relate these to the biological effects of
ionizing radiation.

The detailed research programme includes a Brief review of
the present status of the existing theories; an:analysis of the
extensive published data; a design of the experimental installation
for the relevant research to be carried out, and to establish
necessary facilities for future research. Theoretical calculations for

the analyses are undertaken to some extent.

1.2 Ionizing Radiation

Biological systems are notably sensitive to radiations, due to
the subsequent events or products produced in the interaction of
incident particles with the systems. Such radiation particles may
include, in the electromagnetic spectrum, ultraviolet radiation,
infra-red to microwave radiation and 'ionizing radiation'. The latter
applies, to radiation which can ionize matter directly. The term
‘indirectly ionizing' is used if the action is due to secondary
charged particle radiation. In the present research, only ionizing
radiation will be dealt with although other so called 'mon-ionizing'
radiation (e.g., UV radiation) has been receiving more and more
attention. In the following text, the short term 'radiation' will
stand for 'ionizing radiation' unless otherwize stated.

Radiation charged particles and photons interact mainly with
the electrons of an atom or of a molecule of the medium under

risk, for example, with those of water, which is of great biological




interest. These interactions can be excitation events, in which case
one or more electrons in an atom or molecule are raised to higher
energy levels, or ionization events, i.e., the radiation particle has
sufficient energy to eject one or more orbital electrons from the
atom or molecule. Usually, the primary radiations dealt with have
much higher energy compared to that required in interact ions to
ionize or excite atoms or molecules of any material. In traversing
matter, however, the energy of the primary particle is degraded in
producing secondary charged particles. Fast neutrons, being
electrically neutral, interact with matter mainly through elastic
scattering to produce charged particles which can be treated as
primaries in a simplified analysis. The primary particles and
secondaries may be finally stopped, transmitted, or recoiled
depending on their energy. A detailed account of the complete
process is difficult and each aspect should be treated individually.
In radiation research, studies on low-level ionizing radiations
related to radiation protection or radiotherapy are always useful
since questions on low radiation dose, of the order of, or below 1
gray, can be controversial. For example, do such low doses have a
linear or a non-linear response for production of somatic damage?
It is not clear, because there are not sufficient good direct
experimérital results to be demonstrative (cf. Brown, 1977; Cohen,
1980; Coggle, 1985). It is expected that through studies on the
effects of low-dose or low dose-rate radiation 1;0 biological systems
at different levels (e.g., at cellular level), information obtained can

improve our understanding of the relationship between damage




effect and radiation quantity and/or quality. This, in turn, can give
us clearer guidance in the peaceful applications of atomic energy

(cf. Upton, 1977; Pochin, 1983; Elkind, 1984).

1.3 Physical Background of Radiation Biophysics * -

1.3.1 Interactions of radiation with matter

The process of the interaction of ionizing particles with
matter is complex. It varies with and depends on the type and
energy of the primary particle. However, these types of
interactions in general, according to the type of the incident

particles can be listed in the following three categories:

i} electromagnetic interaction: x-rays and y-rays;
ii) neutral interaction: ions, electrons.

iii) charged particle interaction: ions, electrons.

i) X-ray and y-ray photons are 'indirecﬂy ionizing' radiations.
Since the secondary electrons of the photons rather than the
photons themself produce chemical or biological damages in the

matter the photons traverse. The process of interaction of x-rays

or y-rays with matter can be the processes of attenuation,
scattering and absorption. A photon can lose its entire energy
through the photoelectric effect (absorption} resulting in
attenuation of the total beam of photons, or lose part of its energy
through Compton effect, in which case the incident photon is

scattered. The Compton effect is dominant in low Z materials. The




linear attenuation coefficient, y, is equal to the product of the
collision cross-section per atom, o, and the number of atoms per

unit volume, N, i.e., u= oN. Then the fraction of photons which can

pass through a thickness x of density pis I/Io=e‘“x=e'(”/ P)px) |

Where pn/p=pN,/A is the mass attenuation coefficient, a more

convenient parameter in use. The total mass attenuation coefficient

is (ICRU, 1980)

. (1.1)

where the components refer to the photoelectric effect, Compton

effect, coherent scattering, and pair production, respectively.

Photon energy of x-rays or y-rays below 2 MeV is important to the
present discussion. Therefore, the last two terms on the right of
‘Eq.(1.1) can be ignored.

For the theoretical calculation of absorbed dose, the mass

energy transfer coefficient p,./p and the mass absorption

coefficient pu.,/p are important,

(1.2)

where ft=1-f£fr/ hv,, E; is the average energy emitted as

$ D g




fluorescent radiation per photon absorbed (E&-—-q)Eb, the product of

the fluorescence yield and the binding energy of the target

molecule); fc=_I§C /hvg, _I:JC the average energy of the Compton
electron per scattered photon of energy hv,. In low Z elements,

Hen/p and W/p are approximately equal. Through these effects,

the secondary energetic charged particles (usually electrons) are
generated and these in turn produce most of the excitation and
ionization. The subsequent quantitative treatment is similar to that
for charged particle interactions.

ii} Many dose effect experiments have been performed with
fast neutrons (0.5-14 MeV) which can be obtained from
spontaneous fission sources (e.g. 252Cf); in a nuclear reactor, or
from a Cyclotron through (d,n) reactions. Interaction between a
neutron and an atom of the matter, according to the energy
conservation law and the momentum conservation law, is

considered as an elastic collision between the neutron and the

nucleus. A recoil nucleus having mass A can obtain energy E,, from

the neutron of mass M, and energy E,,

4 M_A

2

Ea

where 0 is the angle between the incident neutron and the recoil

nucleus. Let M=1, then A will have a minimum value from zero to




a maximum Ep ;.. =E 4A/ (1+A)2 at 8=0. As the theoretical energy

distributions for both the scattered recoil nucleus and the
scattered neutrons are rectangular, therefore, the mean energies

imparted to the target nucleus and the scattered neutrons are

Eo=E,2A/(1+A)2, and E, (=E (1+A2)/ (1+A)2. In the liquid water

system of interest, the hydrogen nucleus has a mass A=M_=1. From

the above equation, the simplified energy spectrum in a

hydrogenous medium can be taken as

E,=Ens = E, /2 (1.4)

The neutron can also interact through absorption but this is less
important in biological effects and therefore is excluded in the
discussion.

iii) Fast energetic charged particles produce ionization and
excitation through direct Coulomb-force interactions with the
electrons of the matter being traverséd. This interaction is the
most common. The relevant mathematical expression for the rate

of energy loss is given in the next section.

1.3.2 Energy transfer and energy deposition

Incident charged particles are subject to an energy transfer
process. For dosimetric purpose, one needs to know the W value,
the mean energy expended in a gas per ion pair formed, which is

defined as (ICRU, 1980)

W = E/N (1.5)
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where N is the mean number of ion pairs formed when the initial
kinetic energy E of a charged particle is completely dissipated in
the gas. For electrons in dry air, the recommended value is
33.85-33.97 eV (ICRU, 1979; Boutillon & Perroche-Roux, 1987).
The mean excitation energy, I, is an important parameter used to

calculate the stopping power, defined in Eq.(1.6), where the

summation is made over all excitation levels E,; and weighted by a

transition frequency, f;, termed the oscillator strengths
representing the fraction of electron orbitals available to be excited

to the level ﬁth value E;

ZInl=XfnE, (1.6)

in which I and E; are in units of eV. The Bethe-Bloch formula

(1933) described a differential energy loss (the stopping power or
LET, the acronym of linear energy transfer first used by Zirkle et
al. in 1952, in radiobiology research), of charged particle per unit
path length travelled. The definition of LET is given by ICRU
(ICRU, 1970).

In the last decade, many theoretical works have been
pursued to make the Bethe-Bloch formula fit the experimental data
better, and results of the calculation of the stopping power of
electrons and positrons have been tabulated (ICRU, 1984). Let all
the relevant constants and numerals in the theoretical expression

for stopping power be collected together as

k; =2nN,r.2 me?= 0.1535 MeV-cm?/mol, 1.7)
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then the corrected formula for calculating the stopping power of

heavy ions, of charge number z, is given by

L amp R
'Bscol"' LAB2 L(B) ; (1.8)

where L(B) is the stopping number per atomic electron. Other
symbols have their usual meanings. The detailed formulae are given
in Appendix A. An analogous formula is given for electrons, but
then the total stopping power is separated into the collision
stopping power and the radiative one. The latter can be neglected

at low energy

Zz2
‘kL-XEg Le(B) (1.9)

1
- '5 Seol =
The stopping power formula S,;/p refers to the mass

stopping power having units of MeV-cm?/g. This is extensively

used in application. S,,, or -(dE/dX),, can be called the linear
collision stopping power. In radiation protection, S, is equivalent

in quantity (although not in concept) to LET or L, (the infinite

symbol o will be omitted in the following text), which is usually
expressed as keV/um. Calculated results for alpha particles,
244Am(5.80 MeV), and for electrons (10-100 keV) based on the
above equations are given in Appendix A. These radiations will be

used in the experimental work to be described.
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Fig. 1.1 Energy density as a function of the mass for which energy density is deter-
mined. The horizontal line covers the region in which the absorbed dose can be established
in a single measurement. The shaded portion represents the range where statistical
fluctuations are important (After Rossi, 1968).
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Fig.1.2 Diagrammatic representation of the track of an ionizing particle in
matter. Two main types of interaction are (a) a localized excitation or ionization
in the track of the ionizing particle, (b) a larger energy transfer producing further
ionizing events which may be an ion cluster of a few ion pairs or a separated track
known as delta ray. Primary tracks (or the track "core") of heavy ions particle are
essentially straight and may be clearly separated from their delta ray tracks. But

the situation is complicated for electrons as the delta ray track is comparable at
high energies or devious at low energies.
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1.3.3 Restricted LET and track average LET
In microdosimetry (ICRU, 1983) and in radiobiological

modelling of track-structure theory, attention is focused on the
concept of energy deposition, i.e., energy 'imparted locally'. The

fraction of the energy lost by an electron in thé medium in the

vicinity of the electron track, is given approximately by L,/S,,(T),

where L, is the restricted collision stopping power or restricted
LET in comparison with the unrestricted LET or linear stopping
power. L,, is the quotient of dE by dl, where dl is the distance

traversed by the particle and dE the mean energy loss due to
collisions with energy transfers less than some specified value, A,
or the cut-off energy. For example, if an interesting site is chosen
to be 1 um, then A<6 keV must be set in to the calculation as
electron energies of greater than 6 keV can be considered to act as

separate tracks since their range is >1 pm. A schematic

demonstration of the meaning of L, is given by ICRU (1970, p7).

The corresponding formula to calculate L, is found in Appendix A.

It is noted that the cut-off energy A may be selected by an author
for his interest, usually from 100 eV to 10 keV depending on the
sensitive site chosen. Eq.(Al.11) is valid for A larger than the
binding energies of the atomic electrons in the target material,
and should be at least comparable with the K-shell binding energy
(ICRU, 1984).

Both L and L, discussed above are applicable to

monoenergetic particle beams. Often one encounters a continuous
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spectrum of particle beams such as induced by x-ray spectra in

which case the averaged track LET, “I:r can be used and is given by

L= _[me t(L) L dL ) (1.10)

where t(L) is the fraction of the tracks which have LET from L to
L+dL, in the LET spectrum. Similarly, the dose averaged LET, Lp,
is also defined with d(L), the fraction of dose, and substitute t(L} in

Eq.(1.12) to get L. A cut-off value can be chosen, to get Lt 4, or

Lp 4. to analyse the experimental results (e.g. Virsik et al., 1982).

1.3.4 Microdosimetry

One of the basic physical parameters used to describe the

biological effects of radiation, is the absorbed dose, D. The

absorbed dose is defined as the quotient of dé by dm, where dg is
the energy imparted by ionizing radiation to matter in a volume of
mass dm (ICRU, 1980).

As D and LET are both non-stochastic quantities in
dosimetry, for study at the cellular or molecular levels, the
physicists were aware of the need to deal with the stochastics of
the local energy density, which may diverge dramatically from the
average observed D values. Fig 1.1 is a schematic representation of
various values of the ratio E/m that will be observed within a
limited volume of the irradiated material as m is changed.

Rossi et al. first established the concepts of microdosimetry.
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In their frame work (Rossi et al.,, 1955-1972), the stochastic

quantity, z, the specific energy (imparted), is defined as the

quotient of ¢ by m, where ¢ is the energy imparted by ionizing

radiation to matter of mass m, i.e.
Z=gfm (1.11)

Similarly, the lineal energy, y, is the quotient of € by 1, where ¢ is

the energy imparted to the matter in a volume by a single energy

deposition event and 1 is the mean chord length in that volume:

y= e/_l- (1.12)
Both z and y have the same units as the absorbed dose D and the
linear energy transfer LET, respectively (ICRU, 1983). Ip the
following text, microdosimetric quantities may be mentioned

without further discussion.

1.3.5 Linear primary ionization

Both theoretical and experimental studies on parameters

such as the linear energy transfer LET, and/or microdosimetric

lineal energy y have improved greatly our knowledge of the basic

phenomena and principal mechanisms of radiation damage effects.
Brieﬂy,', as found in the literature, these effects are analysed in the
physical terms of energy transfer or energy deposition.

‘One of the main interests in this research is to use an
alternative physical parameter, i.e. the linear primary ionization
(or IMFP, inverse of mean free path) which does not include the

concept of energy deposition, to analyse the experimental results.
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Theoretical calculations of linear primary ionization at low
electron energies have been developed recently (see Hamm et al.,
1975; Ritchie et al.,, 1978; Tung and Chen, 1982). In this section,
the useful formulae for calculating the linear primary ionization (for
heavy ions, alternative term radiation yield may be used) are
compiled but the detailed theoretical considerations will not be
described.

For heavy charged particles having charge number z and total

energy E (or sometimess expressed as the relativistic speed B,

B=(E2-E2)1/2/E, and E=E,+E,, where E, and E, are the rest energy
and the kinetic energy respectively, the LET is calculated

according to Eq.(1.8). However, studies on LET have led to the

development of the track theory. Many secondary electrons, or

d-rays which stand for those electrons having sufficient energy to
produce further ionizations, are produced along the track 'core’, cf.

Fig.1.2.

The §-rays may be visualized as the bristles around a test-tube
brush (Katz et al.,, 1971). Modification was made, from studies in
photographic emulsions, first to the effective charge number, z,

substituted by z* (Barkas, 1963)
z'= z [1-exp(-125 B / z 2/3)] (1.13)

and later by the parameter z"2/p% which was used to develop a
track theory of heavy ions (Mozumder & Magee, 1966; Butts &

Katz, 1967; Katz et al., 1972), and the two component model was




18

established.

The calculation on z'2/p? gives a quantity approximately

proportional to the ionization numbers per unit length. The
primary ionizations of §-rays of energies T per unit track length,
ng, can be deduced from the number of collisions between T,

and T

max’

5 (cm? /g) (1.14)

where C=k;Z/A=2nNe/(mc?), k; is given is Eq.(1.7), the minimum
T is the first ionization potential I; and the maximum possible is

2 m02132

(1.15)
1 ="

max ~

Then, ng or I, the total number of 3-rays per unit ion path length

(in pm) is given by Mott formula (Watt et al., 1985) as

*2

A 1 1
L=k - — 1.1
® Bz (Il Tmax) ( 6)

where k=0.01535pZ/A keV/um, when T in keV, p in g/cm?3.
For electrons, the formula for the number of ionizations

produced per unit track length is fundamentally related to the
stopping power equation, but contains two parameters M2 and ¢,

which are constants for a given material, viz.

R d
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1 811:5102 RN, M,z 2;320

A mc
- - — In(———) (1.17)
P mec AB 2

Z2

5 2
= 1.117'x10"'-[-5—2 M In(2.555x10 B ¢;) m%¥kg)

where M=M,2/A, and M? is called the dipole matrix element
squared, it gives the summation of energy transfers to the set of
possible ionized states. R=13.7 eV is the Rydberg energy and a,=
5.291x10°'! m is the Bohr radius. For hydrocarbon absorbers
experiments suggest M~0.3 and ¢;~0.091 eV-l. As z=1, therefore

we have for unit density (Chen & Watt, 1986)

_0.3387

In (2.8325 104ﬁ2) i 18
== 5 p2 n (2.325x (ions./pm) (1.18)

Eq.(1.17) is valid for E.>300 eV, it is modified by a factor of 2 in

the denominator as this is found to give better normalization to
ensure a smooth join to the calculated results for electrons
energies below 10 keV in liquid water (Tung & Chen, 1982}.

The Monte-Carlo calculation on electron interaction

probabilities (IMFP, inverse mean free path) showed that the IMFP
for the elastic interaction process increases from E,<10 keV and

becomes dominant at <10 eV. This does not necessarily imply that
elastic scattering is more important than inelastic scattering since
pronounced forward elastic scattering may be relatively ineffective

in causing electron attenuation in matter (Ritchie et al., 1978). It

T T . i 4 -
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should be mentioned here that the analyses to be made later, on
the specific ionization values are therefore based on the inelastic

quantity.

1.3.6 Discussion

Some aspects of radiation research related to the interests of
radiation protection and radiotherapy is introduced and a general
outline of the background of the theory of charged particle
interactions deduced from classical physics to more relevant
microdosimetry is given, Current studies require usually the
calculation of the physical quality parameters of the ionizing
particles, essentially the LET and the absorbed dose, therefore, the

relevant formulae and conditions of application are discussed.

Secondary electrons (or d-rays) produced by the charged
particles have sufficient energy to continue interactions and in
turn produce more low energy electrons. The spatial structure of
the secondary electrons can be calculated and the mean linear
primary ionization determined. In the last section, the concept
and the calculation of the specific primary ionization for both heavy
ions and electrons are introduced. As will be seen in the next
chapter, .the present study has shown that the primary ionization
can bé a good parameter for describing dose-effect results
satisfactorily, and it may be a parameter which offers a challenge to

LET and dose for the expression of biological effectiveness.
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CHAPTER II
STUDY ON MECHANISMS OF
RADIATION DAMAGE

Since the manifestation of the effects of radiation action to a
biological system at various levels is different, the proposed
mechanisms of radiation damage are therefore complex and some
are conftroversial. As far as cellular damage is concerned, the
existing mathematical models are numerous and are continually
under development.

In this chapter, the basic theories of radiation action are
described. Among the many models three conventional types of
radiation damage models are briefly discussed, and the repair
mechanisms, which are recognized to be important biologically are
reviewed in Sec.2.1. The attention of the present study is paid
mainly to the biological end-point of cell death or cell inactivation,
although damage at molecular and subcellular levels are also
introduced in Sec.2.2.

Studies on mechanisms of ionizing radiation by x-ray and

y-ray photons, and by heavy ions are then presented in Sec.2.3.
Interesting results and important conclusions are researched,

based on the analysis of the published data in correlation with the
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linear primary lonizations.

2.1 Review of the Theories of Radiation Damage Effects

2.1.1 Time scale of radiation action

The time scale of the complicated chain of events arising
from radiation action were divided into some characteristic stages
by Platzman (1958, 1962) who also estimated the order of
magnitude of the reaction time, in particular in a liquid water

system as follows (Dertinger & Jung, 1970):

Physical stage 1013 sec;
Physico-chemical stage 10710 sec;
Chemical stage 1076 sec;
Biological stage secs to years.

At the physical stage, the energy of an incident particle is
transferred to the medium, producing primary excitation and
ionization products which are unstable and undergo instantaneous
secondary reactions followed in the physico-chemical stage. When
the thermo equilibrium state is reached, the chemical stage starts
in which case the active products, often free radicals, play some
important role in the damage process. The damage effect in the
biological stage is considered to be the combined actions of the
previous processes. The damage effect can be called 'direct action'

or 'indirect action' which will be discussed in the next section.
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2.1.2 Direct and indirect radiation action
It is only meaningful to distinguish the direct action and the

indirect action at the molecular level. If the radiation absorption
occurs directly in the molecule damaged, the action is called
direct, while, the indirect action occurs when the absorption of
the radiation energy and the reaction of such absorption occurs at
different molecules.

Quantitative analysis of the two types of action on a molecule
at risk, e.g., a DNA macromolecule, in relation to causing cellular
death is at present not very clear. From experiments on oxygen

effect, Le., irradiate a sample under oxygen saturation, an agreed
reaction with a free radical R' is R*+O, —> RO",, which is believed

produce nonrestorable damage, and so the (indirect) action
efficiency is enhanced. The ratio of hypoxic to aerated doses to
achieve the same biological effect in the same system is called the
oxygen enhancement ratio (OER}. The OER is observed higher at
lower LET (cf. Sec.2.3.2). Therefore, it is considered by some
authors (e.g., Hall, 1978) that sparse ionization from x-rays of
low-LET causes mainly indirect action in comparison with dense
ionization from neutrons or alpha particles of high-LET which acts
directly. But this consideration is controversial (e.g. Goodhead,
1987). The two radiation actions can directly or, through free
radicals, indirectly produce damage within a cell, in synthetic
enzymes, or in bases and hydrogen bonds between the two strands
of the DNA double helix. When DNA damage occurs, single strand

breaks (SSBs) or double strand breaks (DSBs) are produced. For
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this in turn the cell is rendered unable to differentiate so an
inactivation will finally occur. More details will be given later.

An ideal study on radiobiology would enable prediction of all
subsequent reactions between an initial physical interaction of an
incident particle with the medium, to the final manifestation of
biological effect. In the present stage of knowledge, the study on
radiation effects is based on physical calculations such as LET, and
primary ionization and then related to short term biological effects
such as cell inactivation or chromosome aberrations. However, the
consequence of the relation between two conjunctive stages is not
clear, the studIy of intermediate processes is still undergoing

development.

2.1.3 From hit theory to damage models
The theories of radiation biophysics have had only a short

history. Due to the development of physics, chemistry and biology,
from about 1920s, mathematical and statistical methods were
introduced into the field, to describe quantitatively the
phenomenon of radiation action on the medium transferred. The
hit-target theory was first introduced by Dessauer (1922) and
Crowther (1926) and developed mainly by Lea (1946). Lea in 1946,
and Timofeeff-Ressovsky and Zimmer in 1947, published their
books in which detailed studies of radiation action on living
organisms were systematically surveyed. Through the analysis by
statistical methods, of the dose-response curves obtained from

experiments, the 'hit-target’ theory was first formed.
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The 'hit-target' theory is based on the following assumptions
(Dertinger & Jung, 1970):
i) ionizing radiation deposits energy in discrete packages;
ii) events of radiation interaction are independent of each
other and have a Poisson distribution; and
iii) a reaction in a specified 'target’ with a volume V occurs

after it has been 'hit' n times.

As the product h=VxD represents the average 'hit' numbers in the
'target volume' which has received a dose D, the probability of
exactly n 'hits' is given by the Poisson distribution

P(n) = h™ e'h/nl (2.1)

In the dose-response curve, the end-point is expressed as
the survival fraction N/N,, where N is the surviving number and N,

the number before irradiation. Hence, any entity receiving n-1 or
less ‘hits' will survive. The final survival fraction is the sum of O, 1,

2, ..., n-1 ‘hits' viz.
k

-h n-1 h
N/Ny =€ ‘ké) T (2.2)

In larger entities, e.g., in cellular systems, which is supposed
to contain m targets (m >1), the surviving fraction according to the

probability theory for single-hit multi-target effect is

VD, m

N/No=1-(1-e ") (2.3)

V is also called radiosensitivity in unit of kg/J, or often appeared as
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-D/Do)m

S=1-(1-e (2.4)

where S stands for the survival fraction N/N,, D, is the dose
required to reduce the number of clonogenic cells to 37% survival

of their former value. If m=1, by which Dy, is used |

-D /D g

S=e (2.5)

D, or Ds, (m=1) is the reciprocal of the slope on S versus D

plotting, and is determined from the straight portion of the dose
response curve or from the non-linear fitting.
It is noted that, in track segment experiments where the

thickness of target material irradiated is small compared with the

range of the charged particle tracks, the effect cross-section o,
can be used such that the 'hit' number h is expressed as h= o¢,¢,

where o, (cm?) is also the probability of the effect being induced by

an incident particle. ¢(cm-2) is the total fluence of incident
particles. This is found suitable to apply to the situation of
single-hit single-target to compare the effect cross-sections
explicitly by the same particles.

In the literature, various other modelling methods as well as
the 'hit-target' model have been applied in an attempt to interpret
the cellular radiation results of dose-response curves. Many
established mammalian cell-lines characterizing a shoulder at low
doses in the survival curves by low LET irradiation but mostly a

pure exponential response by high LET irradiation. This has led to
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a controversial outcome in the past twenty years.

As the hit-target model does not give a finite initial slope and
does not account for the physical quantities of the particle, one of
the two-component models based on the track theory developed
by Katz et al. (1971, 1972) can give the initial slope as well as the

final one at high dose, viz. the total survival fraction is the product

of two components, i.e. Fj, the fraction of cells surviving ion kill,

and F,, the fraction of cells surviving gamma kill which is similar

to the situation of single-hit multi-target, then the model is given

by

S=F, F,

-cD/L

-{1-B,)D/ D
= e 1-[1-e . Y]m

} (2.6a)
where P; is the probability of ion kill. It is noticed that when the

contribution of ion kill is dominant or P;=1, the model reduces

into the form of single-hit single-targét model. However, in the
literature, this model is often quoted a simple form as

e O g T L (2.6b)

Once again a shortcoming of the two-component model is that, it
does not explain the continuous curvature of the survival curve
sometimes observed at high doses.

The theory of microdosimetry was developed in 1955 after
Rossi and co-workers developed experimental methods to analyse
the microdosimetric distribution of energy deposition in small

volumes of irradiated matter. This has influenced the study of
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radiation dosimetry to a great extent since then. Extensive work
has been done in measuring the microdosimetric stochastic
quantities: e.g., z and y, and the associated spectral distributions.
Thereafter, the dual-action theory was introduced, and the 'site
model' or, later after more strict treatment, the 'distance model'
was established (Kellerer and Rossi, 1972, 1978). Basically the
format of the model is:

" i 5, 2
S=e¢e ¥4} = e R B0 2.7)

where o and B are the respective constants simply related to
single-event damage or intra-track action proportional to D and to
two-event damage or inter-track action proportional to D2, In the
'distance model’, however, y(D), the number of expected lesions, is
said that it can be expressed by an integral over two functions s(x)
and t(x). The proximity function s(x) characterizes the geometry of
the sensitive 'matrix' in the cell nucleus; t(x) the spatial

distribution of energy transfers. Then, they deduced that

y(D) = < 2"V DI [ ) t6) st dx+p D J' g(x) sx) dx]
41I:X
=k (¢£D+D°) (2.8)

where c is a constant and the coefficient k is given by

2 2y o
k= b _[ s(x) gl dx (2.9)
(0]
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B J‘stx gx) t(X)

dx / f s(x) glx) dx (2.10)
4npx

In the early site model, the combination probability g(x) is taken to

be constant, & is the average of specific energy z, zp, as s(x)dx is

equal to the domain of volume of interest, | s(x)dx=V,

oo

= |7 f(z)dz/jzf[z) dz =+ jde (2.11)
) Anx

where f,(z) is the single event distribution of z. This relation was

applicable to both x-rays and high RBE neutron irradiations; and
they also predicted that at lower doses the intra-track component
is dominant. At higher doses, the inter-track component becomes
increasingly important (Kellerer & Rossi, 1978). In Eq.(2.9), k is
radiation quality independent since s(x) and g(x) are so. However,
Watt et al. (1984) found that from studying data of monoenergetic
ions (Blakely et al.,, 1979), k is dependent on LET, and therefore
an alternative version of the dual-action model was suggested.
Explicit comparison among the main three most popular
models has led us to conclude that: firstly, existing models can fit
the experimental data well with little differences of the statistical
error {e.g., Millar et al,, 1978); secondly, one model differs from
and conflicts with the other according to the authors' premises,
each model has its advantages or disadvantages concerning the

physical parameters adopted; and finally, on the whole, none of the
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existing models can adequately explain the radiation effect in the
area of interest as for example, in radiological protection (Watt,
1975; Thomas & Watt, 1984; Watt et al., 1984).

Basically, difficulties with modelling models which remain
unsolved are: how to cope with the physical factors (despite the
many complicated biological and chemical factors). These are the
time factor (dose-rate), and the quality factor (LET). It is therefore
questioned whether the cell will be able to recover or repair the
damage introduced by the incident ionizing radiation particles
before an event of death occurs or whether the physical
parameters, (e.g., the quantity absorbed dose, D) are inappropriate
(Watt et al., 1985).

Very recently, Goodhead (Goodhead, 1987) reviewed a few
major features and differences of models proposed for mammalian
cells. He divided models into two main groups, they are
'phenomenological' and 'mechanistic’. And some may overlap. An
explicit comparison of the models reviewed by Goodhead has been
summarized in Table 2.1. He raised and answered some critical
questions (Table 2.2) to assist future development of the models as
well as of the radiation damage theories. However, he treated only
these models which are based on energy deposition.

As can be seen from the above discussions, the models are
numerous; the theories are comprehensive; the mechanisms are
various. Nevertheless, the latest favoured conclusions seem to be
that repair phenomena are important. Lesions produced by

sublesions, e.g., DNA strand breaks as claimed by many models (cf.
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Table 2.2 Questions and answers to the reviewed models
by Goodhead (after Goodhead, 1987)

Questions

Answers

Critical initial damage
(sublesion or lesion) by?

Importance of water radical
(indirect effect')?

How is DNA dsb in cells depend
on dose?

Initial slope of acute low-LET
radiation zero?

Initial slopes vary with dose-rate?

Primary critical damage same for,
qualitatively, high- and low-LET?

Quantitative differences of high-
and low-LET?

Same basic mechanisms dominant at
low(1-track) & high(m-track) dose_:s‘?

Any substantial interaction of
sublesions?

Any repair processes non-linear
with dose?

In what systems do 'reverse' dose-
rate effects occur?

How far can developed and tested
models be applied to practical
(carcinogenesis and genetics)?

Clusters other than by single
ionization

Direct effects in DNA
predominate for all ion. rad.

Usually linearly (fairly low
doses?)

Evidence against this

Yes (contrary to many models)
Most models assume it is

All models assume spatial
(track structure) differences
Most unlikely

Little direct evidence
Depend on particular
biological system
None of the models is
adequate on this (on
transformation and

carcinogenesis)

This link will remain tenuous
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Sec.2.2), seem to be the predominant in causing cell death
according to most of the theories. Therefore, in the next section,
the proposed repair mechanisms are discussed in combination
with another repair model in an effort to extract the parameters

sy ®
s

determining the repair processes.

2.1.4 Damage repair in cellular systems

As already mentioned above, the survival curve or dose-effect
of a high LET particle is usually pure exponential whereas for low
LET it is always a shouldered curve as far as the mammalian
cellular system is concerned. When studies on dose-rate are
involved, it is difficult to interpret a relatiénship of the difference
between them due to the fact that there is no universal model able
to describe the mechanisms of radiation damage saitisfactor’ily. In
other words, one can say that a specified model can be used only
within some limited conditions. Therefore, further study to
interpret the results via a different approach is necessary even if
establishing a universal model should prove to be impossible.

The phenomenon of the shouldered survival curves on low
LET has received a great deal of study in both physical modelling
and biological experiments. The popular conclusion from these
studies is that there are some different repair processes involved
in the damage. The two defined processes (ICRU, 1979; Elkind,
1984) are potentially lethal damage (PLD) and sublethal damage
(SLD). They can be described as follows (Hall, 1978). PLD is that

component of radiation damage which can be influenced by
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post-irradiation environmental conditions. SLD is the damage
which under normal circumstances can be repaired within a
matter of hours unless additional sublethal damage is added (e.g.,
from a second dose of radiation) with which it can interact to form
lethal damage, which is irreversible and irrepairable leading to cell
death by definition.

Both PLD and SLD are found repaired in certain conditions.
The expression of PLD can be modified by some post irradiation
experiments to study further the influence of biological factors.
The sublethal damage recovery was found first by Jacobson, in
1957, in algae and then Elkind et al. in 1959, in mammalian cells
as well as being demonstrated in mouse tumour in situ irradiation
which showed a radiotherapeutic significance (Little et al., 1973).
The SLD repair can be explained by the split-dose experiments. A
total dose was delivered in two fractions at time intervals from
zero to several hours. During the intervals the cells were either
maintained at room temperature (24 °C incubation, or starving
condition, see Metting et al., 1985) to reduce the rate at which
cells moving through the cell cycle, or maintained at normal
condition (37 °C incubation, asynchronous cells in growth
medium). The difference between the two incubation conditions
showed that, in the former case, the survival fractions increased
and then remained constant after two-hour intervals, while in the
latter case, the survivals increased after two-hour intervals but
further fluctuated depending on the cell cycle (Fig.2.1). But as seen

in Fig.2.1, the PLD repair was not observed in the split-dose in
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Fig.2.1(a) Split-dose experiment of Chinese hamster

cells, V79-379A, exposed to 2.5 MV X-rays of 7.63+7.95

Gy, incubated in 24 C between the two doses (Elkind et
al, 1965).
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Frg.2.1(b) Split-dose experiment of C3H-10T1/2 mouse
embryo cells, up: exposed ta 50 kV X-rays of 3.50 +3.50
Gy; below: JANUS neutrons of 1.89 + 1.89 Gy. Incubation
In 37°C between the two doses (Elkind et al, 1984).
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neutron irradiation (Elkind et al., 1984).

The implications from these experiments are that, there is a
repair process taking approximately two hours, for Chinese
hamster cells, for example; the incubation condition or the kinetic
distribution of the cells in the cycle, during long-term irradiation,
can cover this repair process; in the case of neutron irradiation,
high LET particles, this repair phenomenon is not observed, see
Fig.2.1(b).

The proposal of sublethal damage repair also led to many

dose-rate effect studies. For x- or y-rays, the principal effect of
dose-rate is observed between 1 to 10°® Gy/min. At higher
dose-rates the effect is less certain for mammalian cells, and at
lower dose-rates cell proliferation continues during the irradiation,
and the ultimate outcome is a complex function of radiosensitivity,
dose and other factors (Hall, 1972}.

An example of a study on repair in dose-rate effect
experiments was reported by Braby and Roesch (1978). They
reviewed many models in the literature from the point of view of
repair in relation to dose-rate D, and one can extract the following

three common parameters, whatever the expression of the models:

k,- rate of cell damage;
k,- rate of damaged cell killing; and

t.- mean recovery or repair time of damaged cells.

However, when they fitted their dose-rate test data, on C.

reinhardi, an ideal cell which does not change in radiosensitivity
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during irradiation, they showed that all the models produced a
family of curves except the so-called accumulation model which
gave a single curve without dose-rate dependence. The
accumulation model is based on the hit theory for low-LET
radiation (Roesch, 1972), in analogy to the dual-action model.

In the more recent study on dose-rate of CHO cells at plateau
phase (Metting et al. , 1985), the accumulation model developed
was expressed as follows,

-InS/D%-C/D = A/t? (et 1+ 1) (2.12)
where C is a parameter related to the probability of producing

lethal damage by a single event and A is related to the probability of
pairs of sublethal events interacting to become lethal, t=t /t_, t; is
the irradiation time.

Plotting, at different dose-rate, - InS/D vs. D, for D<<Dt,, or

t;<<t,, -InS/D=C+AD/2, C and A were determined for CHO

(Chinese hamster ovary) cells by x-rays as C=0.225, A=0.092. The

single-event damage was separated from the two-event damage, by

plotting -InS/D? vs. t;, and finally they obtained the mean recovery

or repair time t., 70430 mins, see Table 2.3.

They concluded that through such a study on the dose-rate
effects, many models proved unsuitable and tested may be rejected
in future. However, this model is very susceptible to the systematic
error in the data which is always large in biological experiments.
Nevertheless, their extensive test with x-rays has shown that, i) at

very low dose-rate, CHO cell populations exhibited a high




Table 2.3 Mean repair time, t, obtained by the dose-rate effect

study, for different cell lines (after Metting et al., 1985)

Cell-line  Dose-rate, Gy/min t., min Reference
CHO 0.0031-1.0 70 + 30 Metting et al.,
1985
V-79 0.002-2.0 240 + 60 Szechter &

Schwarz, 1977

HeLa 0.0092-1.43 45 + 50 Mitchell et al.,
1979
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incidence of repair; implying that below a certain value the damage
is dose or single-event dependent; ii) or at very low dose-rate,
sublesions can be repaired and; iii) the order of repair time can be
predicted if a proper model is used. Further discussion on this will

be presented in Sec.2.4.

2.2 Introduction to Damage in Biological Entities

2.2.1 Entities_smaller than cells

In the early studies, radiation effect on enzymes was
considered (Okada et al. , 1970). An enzyme can play an important
role in a biochemical reaction, e.g., in DNA synthesis. However,
more than twenty to several thousands grays are needed to cause
an appreciable inactivation of an enzyme. Depending on many
factors, the radiosensitivity of a specific enzyme, in aqueous
solution, is proportional to its concentration C (in g/ml) and the
reciprocal of its molecular weight. The following is an example of
data for €0Co irradiations abstracted from more extensive tables

{Chen, 1984).

Enzymes C,mg/ml D,Gy/min Dg, Reference

RNase 0.06 15.0 130 Adams et al., 1971
Trypsin 0.12 5.7 76 Lynn, 1971
DNase 0.50 50.0 400 Gehrmann, 1957
RNase 20.00 900.0 4408 Hunt et al., 1962

Unfortunately, in the absence of knowledge of the




41

concentration of a specific enzyme in the cell of interest, it is not
possible to discuss the relationship between the enzyme
inactivation and cell death. But it is known that only about 1-2 Gy
will kill 63% of a population of mammalian cells which is more
than ten times sensitive to radiation than is the enzyme. For this
reason, discussion on the analysis of cell inactivation in the
following text will not involve the role of damage by enzymes nor of

RNA.

2.2.2 DNA strand breaks

A normal macromolecule deoxyribonucleic acid, DNA, will
carry the genetic information correctly in the integrity of its
complementary double helix. Since DNA replication is essential for
cell division, damage to its single strand or double strands have
long been believed to be the main candidates causing cell
inactivation (Okada, 1970). Studies in the primary effects in
matter, and analysing the dose response relationship of DNA
strand breaks with that of cell survival fraction, had led to the
linear-quadratic form of the dual-action model by Sinclair in 1966
and by Chadwick and Leenhouts in 1973. In order to understand
the cell damage mechanisms, it is necessary to know as a prelude,
the cause of radiation damage in DNA molecules (refer to Fig.2.2).

i) DNA base damage: Apart from the cross linkages, which is
a radiation-induced binding of nucleotides with proteins in the cell
(mainly the binding of bases, ribose with amino acids, e.g., Shen &

Fu, 1983), there are three types of recognized damage to DNA,

)
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they are base damage, single strand break SSB, and double strand
break DSB. According to Monte-Carlo calculation, about 80% of
OH-, the main damaging radical, attack bases 20% of them attack
ribose (Chatterijee & Magee, 1985). Free radicals can alter a base
sequence and give rise to an altered phenotype or mutation of the
cell. As reviewed by Chadwick and Leenhouts (1981), although
radiation-induced base damage, for example, the thymine base
damage in Chinese hamster ovary cells, predominates over SSB
induction, no direct evidence is available, showing that the
thymine base damage forms a biologically important lesion.
Experiments also indicated that the unrepaired base damage in
prokaryotes was an important determinant of survival, the higher
cells seemed to be able to tolerate or repair a large amount of this
damage, although there is an increasing evidence that similar
damage may be important (Coggle, 1983).

il) DNA single strand breaks: DNA single strand breaks can be
detected by the alkaline sucrose gradient velocity sedimentation
technique, which is a time consuming method, or the improved
alternative DNA unwinding hydroxylapatite (HAP) chromatography
method described by Ahnstron and associates in 1973. The
alkaline elution method developed by Kohn in 1973 permits the
detection of extremely low level of DNA damage, but both require
large amounts of cellular DNA compared with the latest alkaline
agarose gel electrophoresis method, which requires aboutAone
tenth of the cellular DNA (non-radioactive) of the foregoing two

methods (Freeman et al., 1986). The separation of SSB DNA by the
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agarose gel electrophoresis method has been improved by using
unidirectional pulse field instead of static fields (Sutherland et al.,
1987a). More recently a method for direct and rapid quantitation
of fluorescence from electrophoresis gels by using a CCD (charge
coupled device) television camera has been reported (Sutherland
et al., 1987b).

It is estimated that SSBs can be repaired very rapidly in
about 10-40 mins in mammalian cells, depending on the cell type
(or enzyme controlling) and the temperature since it was found
that at 0 °C no SSB repair could happen (Koch & Painter, 1975).
The repaired SSBs are considered unimportant to cell death.
Unrepaired SSBs may form DSBs as it has been demonstrated that
there were exactly two unrepaired SSBs per DSB, which, are
believed to lead to important biological effect (Chadwick &
Leenhouts, 1981).

iii) DNA double strand breaks: The dose relationship of DNA
double strand breaks has been found to be either linear in the dry
state or linear-quadratic in solution. The situation of DSBs of DNA
within mammalian cells is not clear. Some authors found linear and
some linear-quadratic (Dugle et al.,, 1976; Chadwick & Leenhouts,
1981; Goodhead, 1987) response curves. This may be because at
low dose the detection of DSBs is more difficult at low dose by the
neutral sucrose gradient velocity sedimentation method because of
its poor sensitivity. Held et al. (1986) recently have used both
hydroxylapatite chromatography and the elution technique to

obtain linear dose response for V79 cells.
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Many measurements carried out in different types of cells
have indicated that the DSB can be rejoined or 'repaired'. However,
this 'repair' may be mechanically rejoined irvx a wrong genetic
sequence, so-called 'error-prone' which would lead to mutation.
The quantitative relationship between DSBs and ‘cell death is thus

difficult to evaluate.

2.2.3 Discussion

Before discussing radiation damage to mammalian cells it is
necessary to establish knowledge of the damage to the
radiosensitive sites which are considered by the majority to be the
DNA double strand helix within the cell nucleus. Although there
has been a lot of study on enzyme inactivation. its contribution is
thought to be less important.

In radiation chemistry, the G value is defined as the yield of a
product, e.g., the number of reactive free radicals, per 100 eV
energy absorbed. The hydroxyl radical OH- (G=6.0), whose
existence was demonstrated by the OH radical scavenger
experiments, is believed to be the main agent causing the
hydrogen bonds, the connections between the two DNA strands, to
break. A SSB involves about 15 hydrogen bonds break estimated
from the G values. In such cases about 3-4 pairs of nucleotides are
no more combined by H-bonds. Therefore, if the distance between
two SSBs is less than three nucleotides, a DSB would happen (see
Dertinger & Jung, 1970). It is estimated that, 1-2 Gy dose would
cause about 1000 SSBs or 50 DSBs, for example, Koch and Painter
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(1975) reported about 10% SSBs were unrepaired.

Study on chromosome aberrations has significant meaning in
relation to DNA strand breaks and cell mutation or inactivation.
Experiments provide very strong support that an eukaryotic
chromosome consists of one DNA double helix backbone extending
from one end of the chromosome through the centromere to the
other as a continuous molecule (Kavenoff & Zimm, 1973). For
cellular studies, assuming the probability (or effect cross-section)
of cell inactivation to be unity, at about 100 keV/pm, it is

estimated that for cell transformation the probability is about 1072,
for cell mutation is about 10°4-10° (cf. Goodhead, 1984). However,
there has been little attempt to relate all the information together
for modelling purposes (cf. Sec. 2.1.3). Therefore, the rest of the
discussion of radiation damage to cells will be on cell inactivation,
in a broad sense, in relation to DNA double strand breaks.

The present section is not intended to involve many details
of the damage at different subcellular levels. Nevertheless, since
DSBs in the DNA have proved to be the most significant events, the
possible damage mechanisms of DSBs leading to a final cell death
are introduced. This discussion will be beneficial in the following
analysis of the radiation damage to the whole cell which is based

on this.

2.3 Radiation Damage to Mammalian Cells

2.3.1 Damage by x-ray and y-ray photons

Irradiation by x-ray and y-ray photons offers a conventional

R
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tool for both radiotherapy and radiology purposes. A large number
of publications of dose-response studies on biological systems can
be found in the literature. Due to the difficulty of calculating the
quality parameter of the continuous x-ray spectrum precisely, it is
noticed that little has been done to analyse systematically the
enormous amount of experimental data published.

In order to understand the mechanism of the interaction of
different radiation particles with the medium, published survival

data for the induction of reproductive death in mammalian cells

irradiated by photons from x- and y-ray sources have been
compiled and compared with the data of heavy ions.

It was found that the majority of the published data of photon
irradiations were fitted by the hit-target model Eq.(2.4), some by
the two component model Eq.(2.6) and the dual action model
Eq.(2.7) equally well regardless of the inherent premises involved
in each model.

Data of the most commonly studied three types of
mammalian cells irradiated in vitro are presented: human
carcinoma cells (HeLa); Chinese hamster ovary cells (CHO) and
Chinese hamster lung cells (V79). To justify the equivalent dose
effect, among different cells, or to reduce influence of many
factors, the data were chosen from air or oxygen irradiation, and
no chemical sensitizers were present, and the radiation dose-rate
has been limited to within two orders of magnitude in the
collected data, ie., 0.14-1.6 Gy/min for HelLa cells, 0.14-9 Gy/min
for CHO cells, and 1.5-50 Gy/min for V79 cells.
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Two physical parameters, f,T and Ts were computed
according to Eqgs.(1.10) and (1.18). The reciprocal of TS is the

mean free path between ionizations. The calculation of f’r requires

a series of sub-calculations; it is based on the assumption that all
irradiation conditions satisfying the secondary charged particle
transient equilibrium. Details are given in the publication (Chen &
Watt, 1986).

The survival data were processed to give intrinsic

efficiencies, ORe i.e. the ratio of the effect cross-section, G, to the

geometrical cross-section, o, of the cell nucleus. For x-rays and

g

y-rays, o, in cm? was calculated from

6, =1.6X10°Ly/ D, (2.13)

where D, in gray was obtained from either the original authors or

by determining the average slope over the approximately linear

portion of the published survival curves. By plotting the intrinsic

efficiency oy versus f'r and versus Ts on log-log scale respectively,

we have, determined by the least squares method in Fig.2.3

; 3= 112+ 0.08
R L e i B e (2.14)

and

S |
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Fig. 2.8 Intrinsic efficiency, for damage by secondary electrons

produced in x- and y- irradiation of CHO (®), HeLa (M) and V-79
cells (A), plotted as a function (a) of the track average LET, Ly, and

(b) the mean specific primary ionization, Ig (After Chen, C.-Z. and
Watt, D.E. (1986), Biophysical Mechanism of Radiation Damage to
Mammalian Cells by x- and fy-rays. Int. J. Radiat. Biol., 49(1),

131-142).
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e . 0.95+0.03
op=(1.82 o) x 107 Ig . (2.15)

It is seen that, in Fig. 2.3 and from Egs.(2.14) and (2.15), the

intrinsic efficiency for damage by x- and y-rays is linearly related to
both ir and to Ts on log-log plotting. Data of the soft x-rays from

1.5 keV aluminium characteristic K x-rays and from 0.3 keV
carbon K x-rays are seen to be consistent with the linearity. And
carbon K x-rays is at the maximum efficiency since the secondary
electron of carbon K x-rays have primary ionization around the
region of optimum effectiveness.

The value of the optimum effectiveness is of 5.5x10°
ions.-cm?2/g. The reciprocal of this value is 1.8 nm, in water

equivalent, being the DNA strand spacing.

Although similar linear relation is seen for oy versus .

there is no relation between f,r and DNA spacing.
The ratio of O‘R/_I_S reflects the intrinsic efficiency for damage

per primary ionization (or per &-ray). cR/YS is found nearly a

constant (slightly decreases with increasing of Ts ) independently

of -I-S . This implies that, the 3-ray action is of minor importance in

damaging cells.
In other words, the initial kinetic energies of electrons are

relatively unimportant. It is important when they come to rest in

T,
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the cell nucleus as the probability of damage by electrons increases
rapidly towards the end of the electron track. This conclusion is
also seen in heavy ions result in Fig.2.4, where a comparison
between the photon data and a typical set of heavy ion data is given.
Of heavy ions result, more discussion will be preseénted in the next

section.

From Fig.2.4, it is seen that, for both x- and y-ray photons
and heavy ions, firstly, there is a linear relationship below 5.5x10°
ions.-cm2/g or above 1.8 nm. Secondly, the magnitude of the
intrinsic efficiency for photons is always very much less (~10%)
than that for heavy ions with the same primary ionization. The
implication may be that although the equilibrium slowing down
electron spectrum from photons contains an abundance of low
energy electrons (Hamm et al., 1978), which are the most
damaging, nevertheless, because of straggling or multiple scatter at
the end of the range, the electrons are insufficient to penetrate
both strands of the DNA double helix. Which in turn, leads to the
third proposal that, most of the observed damage is due to

intra-track effects rather than to inter-track effects. This proposal

is also based on the fact that, oy is more closely proportional to Ts

than to (Ig)!/2 for the photons. (Chen & Watt, 1986).

The data by Virsik et al. (1982), who reported a good
correlation of electron, photon, and neutron data with
dose-restricted LET (or fD A ). were also processed (Watt & Chen,

1985). The original study was on the chromosome aberrations
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Fig. 2.4 Results for x- and y-rays from Fig. 2.3(b) are compared

with the intrinsic efficiencies for fast accelerated ions (CH cells
(@), Skarsgard et al. (1967); V-79 cells (A), Thacker et al. (1979).

At the same value of Ig the photon data are about an order of
magnitude smaller than the ion data. Also as Oy is more nearly
proportional to Ig than to (Ig)}/2 for the photons, electron intratrack
action appears to dominate the damage mechanism (After Chen and
Watt (1986)).
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(dicentric data) of human lymphocytes. Plotting the linear term o

of the aberration yield (y=aD+BD?) against TJD A (A could be

different values in the original publication), there is a so-called

'a-LET law'. However, when the data were plotted against Ts’ see

Fig.2.5, it is shown again that, first, a is linear to _fS; second, the

difference of efficiency is about one order less for photons, which
is separated from the neutron data group; and third that the
optimum values for both groups are seen to be 1.8 nm. From the
above discussions, we are able to suggest that, the linear primary
ionization is a conceptually correct parameter to be used rather
than LET. The critical 1.8 nm spacing will be further

demonstrated by the heavy ions results in the following.

2.3.2 Cell inactivation by heavy ions

In therapeutic treatment, in order to reduce the OER effect,
high LET particles have been used. Such application in turn
requires further study of the dose-effect of, e.g., accelerated heavy
ions at various biological levels. It is also known that for many cell
lines (e.g., Tl-kidney cells) the relative biological effectiveness,
RBE, of heavy ions increases with their LET to a maximum (at
about 110 keV/um, for T-1 kidney cells), and then decreases
(Fig.2.6). When plotting RBE versus LET for different cell lines, the
maximum RBEs are not unique values (cf. ICRU, 1970). For the

reduction of RBE at higher LET, it was roughly interpreted as

TN
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FIG. 2,6(2) OER as a function of LET. Measurements of OER were made with cul-
tured cells of human origin. Closed circles refer to monoenergetic charged parti-
cles, the open triangle to 250-kVp x-rays with an assumed track average LET of 1.3
keV/p. (From Barendsen GW, Koot CJ, van Kersen GR, Bewley DK, Field SB, Parnell

CJ: Int J Radiat Biol 10:317-327, 1966)

FIG. 2,6(b) Variation of the OER and the RBE as a function of the LET of the radia-
tion involved. The data were obtained by using T, kidney cells of human origin,
irradiated with various naturally occurring a-particles or with deuterons accelerated
in the Hammersmith cyclotron. Note that the rapid increase of RBE and the rapid
fall of OER both occur at about the same LET, namely about. 100 keV/u. (Redrawn
from Barendsen GW: in Proceedings of the Conference on Particle Accelerators in
Radiation Therapy. US Atomic Energy Commission, Technical Information Center,

LA-5180-C, October 1972, pp 120-125)
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'overkill' or the waste of energy (e.g., Hall, 1978). Examples of
these phenomena (based on LET or energy transfer) have not been
satisfactory..

Thomas and Watt (1984) proposed a statistical model for

heavy ions based on the target concept incorporated with the

d-ray spectrum. By comparing the theoretical calculations with fhe
experimental results in the literature, the general trends in
cross-section ratios were adequately predicted for small targets
such as enzymes, viruses.

This idea was developed to test different targets from
enzymes to phages, yeast cells and mammalian cells, all irradiated
by accelerated ions (Cannell & Watt, 1985).

In the literature dose response curves have been reported for
ions of 2H up to 4CAr accelerated up to LET equal to 20x103
MeV-cm?/gm (Todd et al.,, 1968) to determine the dose-response
curves, for example, of Chinese hamster cell lines, or of yeast cells
(Kiefer et al. , 1982; Kiefer, 1985). From these published data,

Cannell and Watt (1985) plotted the intrinsic efficiencies as a

function of primary ionization, Y, yield of the &-ray spectrum
generated by heavy charged particles, on log-log scale. For the
mammalian cells and T1 phages, they found a distinctive feature of
the pronounced discontinuity at Y values of about 5 ions.-cm?/pg or

about 2 nm mean free path equivalent in aqueous medium. While

the data of lysozymes and ¢X-174 phages plotted did not show this

inflection, instead it continued to increase monotonically. The
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difference between the two groups is that, the former contain

double strand DNA in their cellular nucleus, the latter do not

(6X-174 phage contains single strand DNA).

Another important feature is that, when Y is further
increased, the intrinsic efficiency increases a ver'y. little.

Since the inflection value of Y is equivalent to 1.8 nm (Table
2.4), the spacing between the two strands of DNA, it is concluded
that the mechanism of fast ion inactivation in mammalian cells is
dependent on the 'matching' of the mean free path of ionization

events with the DNA strand separation distance, and the energy

transfer (largely to the kinetic energy of the 3-rays) per event is

less important, as seen in Table 2.4, the spread of §-ray energy can

be several orders, yet the op at A<1.8 nm seems to be unity

(Fig.2.4).

2.3.3 Discussion

Analysis of the published survival data by x-rays and y-rays and
heavy ions have shown that, the parameter Ts’ the specific primary

ionization can be a very good quality parameter for interpreting
biological effects. It supplies us the information that the optimum

effect is reached at the mean free path equivalent to the DNA

strand spacing; further increasing 3-ray energy (or LET) does not

increase the intrinsic efficiency in cells, the quantitative




Table 2.4 Specific ionizations at discontinuity and mean free paths
between ionizations for various targets. Mean value of specific

ionization at discontinuity = 5.5+0.5 ions-cm?/ug. Average mean

free path A between ionizations = 1.840.2 nm (after Cannell and

Watt, 1985).

Target type Specific ionization Mean free path Spread of
and at discontinuity between lonizations, §-ray energies
reference (cm?/ug) A (m) (keV)

V-79 cells 5.95 ' 1.7 3-24

Thacker et al.,, 1979

CH2B2 cells 5.4 1.9 11-22
Skarsgard et al., 1967

T-1 cells 5.6 1.8 0.75-14
Barendsen et al., 1967

T-1 cells 5.9 1B 37-1635
Blakely et al., 1979

T1-phage 5.3 1.9 7-25
Fluke et al., 1960;
Schambra & Huchinson, 1964
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comparison in Table 2.4, means that the §-ray effect is of minor
importance at cellular levels containing double strands, which in
turn support the suggestion that the radiation damage to DNA is
crucial.

Furthermore, these results suggest tha'tlmicrodosimetry
should reflect the spatial distribution of events over distances of 2
nm rather than on energy deposition distributions as at present.
The obvious implication for radiotherapy is that, on the basis of the
damage mechanism described, optimum damage radiation should
be chosen to be an accelerated ion having mean free paths for
ionization of 2 nm regardless or its LET or ion type.

Frofn comparison among electrons from photons and ions,
conclusion is also made that the efficiency of the former is about
ten times lower and always below the optimum specific ionization,
the observed effects are therefore mainly intra-track not
ir_lter-track actions. This study was also-extended to the analysis of
neutron data to chromosome aberration (Watt & Chen, 1985),
Fig.2.5. The result that electrons are less damaging led to the
following proposal of damage effect of primary and secondary
particles: the total probability of damage is given as (Watt et al.,
1985)

Piot= Py (1 + anj) (2.16)
where P, is the intrinsic efficiency of damage for the radiation on
the primary target alone, in which n; (=Iﬁ) ionizations occur on

average, and PJ is the mean extrinsic efficiency of damage for the
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delta ray spectrum. Extraction of PJ is now possible by looking at
Fig.2.4. At the saturation condition 1,>0.55 nm™!, P;=1, in which

case P;=(P;,-1}/n,; represents the mean extrinsic efficiency for a

single delta ray particle. The microdosimetry ‘parameter, the

defined mean cord length 1, can be taken as 4000 nm for Chinese

hamster cell nuclei. Then the calculated Pj from primary heavy

ions is Pj=4—5X10'5 as indicated in Fig.2.4. This can be compared
(from Eq.(2.15)) of the value about 2.11-5.22X10°5% for electrons
from photons (assume P;=0).

Furthermore, for comparative purposes, RBEs were
compared with the simple ratio of effect cross-section defined by
Eq.(2.13). The RBE of radiation type 1 with respect to the

reference radiation type 2 is given by (Watt et al.,, 1985)
RBE1.2= T T (2.17)

Note that here the LET ratio reintroduced the dependence on

energy deposition but this is necessary in order to see RBE
dependence on LET and on primary ionization Ts- Usually the
maximum RBE occurs at different LET according to ion type (see
also ICRU, 1970). If the same data are shown as a function of Ts a
more self consistent representation is achieved at the same

position of mean free path of A~1.8 nm, independently of both

target type and radiation type as shown in Fig.2.7.
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Fig. 2.7 RBEs are shown as a function of L, and of L. In the latter

case the better grouping of the maxima (their common value of
I, ~550 pm™!) and the apparent independence of both radiation
type and target type is consistent with the interpretation of the

damage mechanism. Symbol notations-0: ¢X-174;a: T1l-phage;
others: T1-cells and Chinese hamster cells by different authors
(details see the text).
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The above study on the mechanism of biological effect to
cells, encouraged us to propose that the end-point at cellular level
could be related to the damage of DNA secondary structure. It was
based on the assumption that, as the dominant action observed is
intra-track action, the dose-rate of the ionizing radiation particle is
not important in the dose-effect. This led to the proposal of a new

model- the DNA-rupture model discussed in the next section.

2.4 Damage Fixation and DNA-Rupture Model

2.4.1 Damage fixation
Despite the widely accepted sublethal damage repair

proposal, the studies discussed above on heavy ions and photons »
showed that by analysing the intrinsic efficiency of damage the
radiation effect is closely related to the DNA spacing and to the
primary ionization events. A DNA-rupture model describing the
cell survival based on the mechanism has been proposed (Watt,
1987) and it has been tested here with numerical data obtained in
preliminary experiments.

Assuming that cell inactivation is caused by one or more
DSBs in DNA by a single charged particle track, the DSBs are

assumed to be capable of repair but the repair must occur within a
mean time period t; otherwise the damage becomes 'fixed' and the

cell inactivation or cell transformation will occur subsequently.
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2.4.2 The DNA-rupture model

Let ny be the mean number of segments of DNA at risk in a
cell at t=0. Let p, stand for the probability of producing one DSB
per track traversal of the target then the product of p, and n,, Le.

p; Ny, is the efficiency for production of double strand breaks in a
cell initially.

The time factor, t; is required for the double strand breaks

to become irrepairable. Let t. be the mean repair time. For a total

irradiation time, t;, the effect cross-section, o, for the production

of the biological effect in the cell, having a projected cross-section

Og in the DNA molecules, is given by

t
- (- 1/t
Ge=°g_[ [1-exp(-p;nge )] dt /t, (2.18)
0

Since the yield of radiation action, y, is related to the particle

fluence @ as y = o,®, for N, cells at t=0, the cell survival fraction

N/N, is given by S=e7, Le.

-G, P
The final expression of the DNA-rupture model is

t! '(tf't)/tr
{l-exp[-p;ny € 1}dt  (2.20)
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It is seen that the survival fraction may be determined by the

irradiation time at a given fluence rate or vice versa . For the given
irradiation time t;, the other parameters may be extracted by a
non-linear fitting method applied to the experimental data.

Since logically we may expect tat,, for acute irradiation, i.e.
t;<<t; Eq.(2.20) can be approximated as

t
lnS=-Gg¢J” (l-e—c)dt
0

where C is the reduced constant term on the exponential or

simply

_ _-o,.0 f(ty)
Sa=e¢ * (2.21)

For high-LET irradiation, if it is found e-C<<1 (or p;ny>>1, since t;

may be comparable with t) then the model will be reduced to a

pure exponential expression. While for x- or y-rays irradiation, eC
may not be negligible (or p;n, ~1, the ratio of t;/t. should not be

affected greatly), then the survival curve will be non-linear in

response as shown by Eq.(2.21).

2.4.3 Discussion
It is noted that this model is irradiation time dependent,

which eliminates the dose-rate dependence. When the irradiation
time t; is sufficiently large, the shouldered survival curve should

tend, at very low dose-rate, to a near-linear response because most

of the DSBs are repaired as, for example, quoted in Metting et al.'s
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work (1985). On the other hand, for high LET, it seems that the
published survival curves are most exponential. For very low
dose-rate at high LET, e.g., for heavy ions, the situation is not
found in the reference.

The model challenges also the conventional physical qualities
used in interpreting the survival results. Consequently, it is
expected that the present experimental data on low LET by
electrons and on high LET by alpha particles will be used in
comparison with the published results to test the foregoing
predictions and to appraise the validity of the theory.

To carry out the necessary experiments to provide our own
data for test of the proposed theory a low energy electron
accelerator was designed and commissioned for the low LET
irradiation and an alpha particle irradiation facility built for the
high LET experiment. Details of these and of the biological method

used is introduced in the following two chapters.
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CHAPTER III
EXPERIMENTAL: PHYSICAL ASPECTS

As the study in Chapter II showed, from the comparison of
photons and ions, the intrinsic efficiency of radiation damage of
the secondary electrons is about an order of magnitude lower than
the ions. Two main conclusions are that most of the observed dose
effect is intra-track action and the optimum value of damage is
obtained when the mean free path of the ionization particles equals
the spacing of the two strands in the DNA double helix. A
prolonged experimental study is necessary to optimise the test.
However in the present experimental research some preliminary
tests for mammalian cell irradiation in vitro has been performed.
This includes first é design of a low energy electron accelerator,
and a facility involving two alpha irradiation sources- one for acute
irradiation and the other for chronic irradiation. Relevant

dosimetry techniques were also developed.

3.1 Low Energy Electron Accelerator

To build a complete low energy electron accelerator and its
ancillary equipment requires a great deal of physical as well as
mechanical work. In the literature, one laboratory reported a low

energy (<100 keV) electron accelerator used for mammalian cell
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studies (Cole et al.,, 1963; Zermeno & Cole, 1969; Cole et al., 1974;
Tobleman & Cole, 1974). The reported machine, however, was
conventional. It produced a spot beam therefore a precise
mechanical device was needed to rotate the sample dish (1 cm
diameter) during irradiation in order to imitate'a large uniform
radiation field impinging on a large area sample of cells. Due to the
mechanical requirement, the samples were tested in a fixed short
time (25 secs). To arrive at different total dose in the fixed time,
the dose-rate was varied appropriately. By pipetting cells onto a
membrane filter the cell dimension was less certain because the
cells might overlap onto each other causing the survival curves to
exhibit a tailing effect. Rigorous sterilizing conditions were
required during the whole experiment. A similar facility for
cellular study is not found reported elsewhere.

The present work involved design of a low energy (<100
keV) electron accelerator to produce a broad beam field. By using a
differential vacuum system, the irradiation can be carried out in
normal pressure while the cells are still maintained in medium
surroundings. Thus, a complicated mechanical driver is avoided
and longer irradiation time is allowed. Furthermore, the cell
dimension is more certain permitting better quantitative analysis.

The detailed description of this accelerator is given below.

3.1.1 Electron gun

Before considering the construction of the electron gun, one

needs to know the beam current required to deliver an
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appropriate dose rate. The beam current density can be

determined from the following

j=epD/S (A/m?) (3.1)
where S is the stopping power given by Eq.(1.9). At maximum 100
keV, e.g., S=6.592x101! J/m (=4.12 MeV-cm?/g) in water, j is of

the order of 1007A/m?2 in order to produce a dose rate of 10

Gy/min. For convenience, let S be in MeV-cm2/g, p in g/cm3, D in
Gy/sec, then the required j=D/S nA/cm2.

As the required current is low, a 0.2 mm in diameter, 2 cm
in length tungsten wire is used as the filament material, for
tungsten is known to have a high melting point, low vapour
pressure, and relatively high electrical and thermal conductivity,
and it has high mechanical strength. An ideal calculation can be
made to get the optical analogue design of the electron gun
electrodes. However, a modification v;ras done on a ready-made
multistage gun used for low energy electron research in this
laboratory (Iskef, 1981), the gun was based on the design for
producing a current of 8 pA at 30 eV with 1 mm spot size beam at
4 cm, and with maximum convergence angle of 0.035 rad
(Simpson & Kuyatt, 1963). The gun was tested for the present
purpose at a distance of 70 cm. The spot size was found to be about
2 mm which was thought unsuitable for the present purpose.
Careful adjustments have been tried in order to obtain a broad
beam which depend in a complicated way on the geometry and the

electric potential applied to the electrodes of the gun. The final
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arrangement of the gun is shown in Fig.3.1.

To ease the high voltage insulation at maximum 100 kV, a
floating voltage supply method is adopted, the electron gun and its
electrodes are insulated from the mains via an isolating
transformer, the schematic diagram is given /in Fig.3.2. The
voltages supplied to the electrodes are selected through individual
adjustment to defocus the beam and get an optimum broad field,

the measured data will be given later.

3.1.2 Auto-heating circuit of electron gun

The filament current of the gun is quite low (ca. 5 A)
compared with the maximum output of the power supply used (30
A, Kingshill), therefore, the power source is worked at the voltage
stabilizing condition. Nevertheless, with either voltage stabilization
(as present) or current stabilization (in rigorous condition),
normally more than one hour is needed to slowly warm up the
filament. An auto-preheating circuit was designed, which when the
high vacuum is reached, can increase the output of the filament
power supply slowly as a function of time in pre-set steps of up to
more than an hour. The process is operated by the timing control
circuit given in Fig.3.3 and Fig.3.4.

In Fig.3.3, Relay 1 and Relay 2 protect the two timers (T1
and T2), which delay the time intervals (0-24 hrs) through t1 and
t2 respectively, so that after the rotary pump (RP) is switched on,
the diffusion pump and the isolating transformer can then be

switched on at two pre-set intervals determined by T1 and T2.
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Consequently, after t2 is connected the third timer (T3) starts to
count, and to warm up the filament. The principlé circuit of timer
3 is given in Fig.3.4 (Courtesy of R.-D. Zhang for the design), and
its printed circuit board is shown in Fig.3.5.

After timer 3 in Fig.3.4 is on (DC supply shown in Fig.3.3), it
starts to produce clock signals as follows. Due to the function of
C1, the input of NAG1 is at '0' level, and outputs '1l' level which
clears all the subsequent FDs, the outputs, e.g., of FD6, ie., labelled
8,9,10 are all at '0' levels, and so that NAG3 outputs '1'. While C1 is
charged, FD1 starts to accept the clock signal from C2R5 circuit,
via NAG2 which has been functioned and consequent clock signal
is produced. The following status of AG1-AG6 will decide the
correspondent connection of the relay at interval determined by
C2R5 which can be varied to increase or decrease the total warm

up time of the filament.

AG1-6 1 2 3 4 5 6
Status 000,001 010 011 100 101 110
Relay ON 1 2 3 4 5 6

The output of the power source for the filament is adjusted
by R,, as shown in Fig.3.4, R, has been substituted by several

resistors in series and controlled by the timer. The timer can be
reset to zero either switch off its DC supply or more conveniently

by manually pressing the reset button.
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3.1.3 Vacuum system and irradiation chamber
As seen in Fig.3.3, the pumping system is protected by relay

1 in case an electrical failure occurs. If the cooling water is
reduced, in turn, this will automatically switch off the filament
power source to ensure that the electron gun is working only in
the required vacuum condition.

The mechanical construction of the vacuum system as well as
the body of the electron accelerator is shown in Fig.3.6 and in
Fig.3.7 schematically. Two rotary pumps and one diffusion pump
(Edwards Difstak, speed 280 1/sec) are used in order to obtain the
designed differential vacuum. The acceleration of the electrons is
maintained in the high vacuum (2.5x10°° torr); while the sample
irradiation has to be performed in a low vacuum. As an 100 keV
electron can penetrate through less than 0.2 mm in water or 15
cm in air, therefore, the irradiation chamber has to be maintained
in a certain low vacuum, which is chosen to be about or below 10
torr. The acceleration chamber and the irradiation chamber is
separated by a thickness of 5 um polyester foil (Melinex,
metallized with aluminium, 1.41 g/cm3, Goodfellow). The film
thickness is checked by cutting arbitrarily several pieces of known
area and weighing these on a Sartorius balance (the measured value
for a 6 ym thickness, 1.839 g/cm3, is 0.816+0.029 mg/cm?, or
t=5.87+0.21 pm. The error is believed to be introduced by the
estimation of the film).

Ideally an irradiation should be performed at normal

pressure. However, because of the said difficulty of the short range
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of the low energy electrons, we further process the cells to be
irradiated in a sealed petri dish under normal pressure as detailed
in Chapter IV. An intermediate chamber was therefore designed so
that the sample can be pushed to position and be brought out after
exposure to the electron beam. Fig.3.7 shows the arrangement of
the three chambers as well as the valves used to control the
irradiation procedure.

The following steps have been organized in order to carry out

the experiment in a differential vacuum condition:

1. pulling out the sampling rod so that

2. VI can be and must be closed;

3. close V2 and V3, check that if V4 is also closed;

4. open inlet 1, noticing Ml, M2, M3 and M5
readings are unaffected;

5. close inlet 1 when M4 is indicating at 1 atm.;

6. open the cover of sampling chamber, put the

petri dish containing cells on the holder, then close;
7. switch on RP2 power, and gently open V4;

®

open V3, when M4 is about 10 torr;
9. open V2, and notice M3 until it is < 3 torr;
10. open V1, and the sample is ready to be tested.

3.1.4 Safety and interlocking

To avoid the potential hazards from the high voltage, some
precautions must be taken. For example, one must ensure that the
anode of the accelerator is well grounded and the Safety
interlocking system is operating. To switch off the high voltage,
one can press the OFF button or turn the master key counter-

clockwise. Both are arranged in the front board of the control
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deck. These are usually considered by the manufacturer of the
instruments. However, for the present purpose, to ensure no
personnel get access into the high voltage enclosure, the region of
which is isolated by a fence with one door, a switch is mounted
such that the power supply can be connected on’iy when the door
has been shut. A red bulb is lit when the high voltage is on. An
irradiation timing control is also included. The arrangement is

shown in Fig.3.8.

3.2 Alpha Irradiation Arrangement

Several different types of arrangement for alpha particle
irradiation in cell studies have been reported. For an ideal device
of alpha irradiation, two criteria are of special importance (Roos &
Kellerer, 1986). First, the fluence has to be reasonablly uniform
over an extended sample. Secondly, the energy needs to be
sufficient for penetration of a monolayer of mammalian cells, and
the dose must not vary strongly through the region of interest.

To fulfil the first condition, one could use a uniform and
sufficiently large source. Its diameter would have to be three times
as large as that of the sample. This ensures a uniform fluence but is
necessary to also ensure uniform energy deposition and so a
collimator is introduced to permit only normal incidence to the
cells. For example, Simmons et al. used an active area of diameter
of 10 cm source for the studies of human lung cell lines (Simmons
et al., 1983; Min et al.,, 1985). A collimator was used to further

ensure the beam to be parallel when it struck the layer of cells (a
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typical collimator, reported by Roos and Kellerer, has a height of
15 mm and 3 mm diameter of its channels).

Another method is to separate source and sample by a large
distance in vacuum, such that an approximately parallel beam can
be obtained and yet the alpha particles will not lose much of their
energy in transit to the target (e.g., Barendsen & Beusker, 1960).

A most effective mefhod, according to Roos and Kellerer, is
to design a moving collimator, the fluence inhomogenicity may be
reduced to 3% while the transparency of the collimator can be
over 80%. To reduce energy loss in the channels of the collimator,
source and collimator can be mounted in a container which is
flushed with helium under normal pressure (no vacuum is needed).

In the present work, to enable a quick preliminary test of the
damage model, it was considered reasonable to dispense with
collimator and to perform the irradiation under fixed geometrical

conditions. This means that care mus{; be taken to calculate the
interaction parameters (LET, I, etc.) for the spectrum of alpha

particles that traverse the cellular targets.

Two alpha sources are utilized for the experiment. These are
so used to obtain data that can be used to test the proposed
DNA-rupture model. Also a comparison can be made to the low
LET result. Of the two sources, one (?44Cm) is used to deliver an
acute and the other (*4!Am) is used to deliver a chronic irradiation.
The arrangement of the two sources is given in Fig.3.9. The basic

data of the two disc sources are as follows:
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Fig. 3.9 Alpha irradiation arrangement. Left: an acute source of curium-244, 505uCi; right: a chronic source of americium-241,
1.35 uCi.
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Isotopes i G0 T 241 Amg,

Energy spectra 5.801 MeV, 76.7%; 5.477 MeV, 85.1%;

5.759 MeV, 23.3%; 5.435 MeV, 12.6%;
5.378 MeV, 1.7%:;
Activity 505 uCi 1.35 uCi

Both isotopes have long half-life (18 and 433 years respectively)
and are disc sources of 6 mm diameter. The curium is vacuum
sealed with a 4 pm titanium safety window; the americium is a
conventional source and its gamma-ray contribution is known to

deliver a negligible dose.

3.3 Methods of Dosimetry

In most circumstances, dosimetry is the measurement of
absorbed dose (or abbreviated simply as dose) by means of
dosimeters. The measurement can involve basically determining
the energy spectra and/or the fluence rate of the incident particles
to be measured. There are a numt;er of different dosimetric
methods and they have been extensively discussed (see Attix et al.,
1966-1969).

Dosimeters which depend on the collection of electric
charge include ionization chambers, proportional and
Geiger-Miiller counters. The solid state or semiconductor
dosimeters are relatively new. They have better energy resolution
and permit accurate measurements of energy spectra. Indirectly
methods by cloud chambers and photographic emulsions may allow
dosimetry of ionizing radiation over a wide range of dose, a wide

range of time and a wide range of area.

L.
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In this discussion, only the dosimetric methods used for the
electron and alpha particle detection in the present work will be
discussed. As in the present situation, experiments on biology may
be considered preliminary.

For the electron irradiation, both the calorimetric method
and the Faraday cup have been used previously in this laboratory for
electron energies below 10 keV (Iskef, 1981; Al—Ahrhad, 1984).
These two methods are reviewed and extended to the present
purpose. They are discussed in Secs.3.3.1 and 3.3.2, respectively.
For the alpha particles' irradiation, a simple extrapolation

ionization chamber was used. This will be described in Sec.3.3.3.

3.3.1 Calorimetric method

3.3.1.1 Introduction

The calorimetric method has been developed as a convenient
technique applied particularly to measurement of energy fluence of
x-ray and electron beams so as to be able to measure the total
absorbed dose (ICRU, 1964). For a calorimeter, it is unnecessary to
consider the factors in the foregoing discussion as it measures the
energy deposited in the material of interest directly. Therefore, it
is often used as a calibrator of other dosimeters utilizing the
secondary process, ie., the indirect measurement. It is known that
the sensitivity of a calorimeter is insufficient for radiation
protection purposes and also due to scattering of the incident

particles and/or rejected particles, some of the energy may be
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mismeasured. However such disadvantages can be overcome by
appropriate precautions and corrections (Laughlin & Genna,
1966).

There are two methods of calorimetry, i.e., the isothermal
one and non-isothermal one. As it is difficult to establish a
thermodynamic equilibrium state to satisfy the condition of
constructing an isothermal calorimeter, it is easier in practice to
utilize the non-isothermal method. Among the non-isothermal

methods, the 'constant temperature environmental method' is

simple and explicit as long as correction for leakage is made.

3.3.1.2 Temperature change in calorimeter

Incident particles of ionising radiation traverse an energy
absorber and lose part or total of its energy in the absorber. The
net absorbed energy is released in the form of heat energy which
results in the rise of the temperature in the absorber. The
temperature variance can be measured by a thermistor and
calibrated in terms of absorbed dose, i.e., the energy absorbed in a
unit volume, being measured.

There are two ways of measuring temperature change. One is
using a thermocouple (or thermopile composed of a number of
thermocouples), which is made of a pair of conductors of two
different metals, to measure the electromotive force (emf)
generated at their junctions. The emf is about 50 mV per °C and is
detected with a potentiometer. However, the second method,

resistance thermometer reveals a higher sensitivity compared with
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the thermoelectric thermometer.

The resistance thermometer can be a platinum resistor or a
semiconductor thermometer, known as a thermistor. The
resistance-temperature relationship of a thermistor of platinum is
simply linear but for a semiconductor it ‘is approximately
exponential, iLe.

Boow R, eB(I/T- 1/Tp) (3.2)
where B is the characteristic temperature constant (°K) and can be

determined by plotting logR versus 1/T. As the temperature

coefficient is defined by a.=(1/R)(dR/dt), we have, by substituting

Eq.(3.2) and dR/dT=(-BR,/T2)eBP(1/T-1/T0) Ky differentiating R with

respect to T
o =-B/T" - (3.3)

i

for platinum, o (at 298 %K) is about 0.4, and for semiconductor it

is about one order higher (negative). Obviously, in order tb obtain
higher sensitivity in measuring a small temperature change, a

semiconductor thermistor is preferred.

3.3.1.3 Heat transfer loss in calorimetry

It is necessary to first discuss the mechanism of the heat
transfer in a calorimeter, i.e., the relation between changes in
thermal energy which is transferred from the radiation energy and

temperature rise caused by the incident particle and therefore the
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design of the calorimeter is contributed to methods of
temperature change detection and, the energy leakage correction.
According to Newton's law of cooling, the total heat transfer

loss can be expressed as

1

(1/A)dE/dt)= - X hy (T-T,) W/m? (3.4)

where A is the concerned area in a calorimeter, i=1,2,3 in h;
which represent for the heat transfer coefficients for convection,
conduction and radiation, T and T, denote the temperatures of the

calorimeter absorber and its surroundings respectively (Laughlin &
Genna, 1966). They are briefly described in the following,.

i) Heat convection is not observed when the Raleigh number
R=md%AT<1620. Where d (in cm) is the separation between the

two parallel plates in a specified experiment, AT (in degrees
centigrade) is their temperature difference, and m, (in cm3 9C-1)

is the convection modulus of air. Since the convection modulus is
proportional to the square of the density which in turn is
proportional to the pressure, P, then no heat convection will occur

when the following condition is satisfied

P/760 < [16.2/(d3 AT)]1/2 (3.5)

P is in torr. In the present study, let d be the separation between

the calorimeter and its jacket (less than 3 cm). As AT is measured
always less than 10 °C and P less than 10 torr, therefore,

convection can be ignored.
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ii) Heat conduction can transport energy through
intermolecular collisions in a calorimeter from the thermistor to

its surrounding air or enclosure. This can be described by the heat
flow equation. In Eq.(3.4), h, or h, is known in the cylindrical
surfaces:

h,= k/[r In(1+d/r)] (3.6)

where r is the cylinder radius, d is the separation, and the thermal

conductivity, k, is proportional to pvAC,, where p is the density of

the air, v is the mean molecular velocity, C, is the thermal capacity

at constant volume and, A, the mean free path, which is the

average distance travelled by a gas molecule before colliding with

another gas molecule. In air, A is roughly equal to 5/P(in mtorr) cm
at room temperature. In practice, to obtain a lower rate of heat
conduction transfer in a calorimeter, one should reduce the
pressure in the system. The heat conduction loss is also
transferred through electrical connection wires. The heat leakage
rate is L=kA/l1 (W/9K), where A and 1 are the cross section area and
the length of the wire respectively.

iii) Heat radiation loss can occur in a calorimetric dosimeter.

The radiative heat transfer coefficient h; or h, is
h,. = oF(T*-TyY/(T-Ty) (8.7)

and factor F is a function of emissivities ¢, g, and areas A, A, of the

radiative object (e.g., a calorimeter) and the enclosure and F-! =
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(1/ge) + (A/Ap) [(1/ey) -1]1 (McAdams, 1942). When A/A, approaches

zero (or g, equals 1), F=e, then the area of the thermistor and the

temperature difference between it and its enclosure will

determine the radiative energy loss. Also, it is noted that Eq.(3.4)

will be in accordance with the Stefan-Boltzmann law. ¢ is the

Stefan-Boltzmann constant. e=1 if the surrounding object is
considered as a 'black-body": (1/A)(dE/dt)= ec(T* - Ty4). It follows

that, if a material with low emissivity or a polished surface (small g)

is used, the radiative loss from the calorimeter would be reduced.

3.3.1.4 Experimental detection of absorbed dose

A conventional Wheatstone Bridge is suitable for measuring

the temperature change in a calorimetric dosimeter. In Fig.3.10,

the practical circuit is given, where R,;-R, compose the bridge
circuit, and Ry, is the load resistance. We chose Ry(=R,)=R, =R,
=R,, as the output signal V} can be read on the detector so to

calculate Ry from

VL, (RoR3+ RyRy + R3Ry) + RyRy Vg (3.8)
~ RVs-VL(2Ry+ RyR; /Rg+ Ryt Ry)

In practice, R, is a potentiometer so it can be adjusted to be

equal to Ry at the current temperature, and R, (optional) is
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shunted at the input of the chart recorder which has a very high

input impedence of 10% chms. If required the signal to noise ratio

can be increased by adjustment of R;.

From Eq.(3.9), the total temperature increase AT is detected

during the time interval At of irradiation assuming constant dose

rate,
T - To= (ITy/P) In(Rp/Ry) (3.9)

The present value of B is 3795.29 which is fitted, from the data

given by the manufacturer, by the least squares method.

In Fig.3.10, two thermistors Ry, Ry, were used. The output
of Ry, is normally connected via S,, S5 to the Wheatstone Bridge

circuit. Ry, can reflect a reference temperature to the calorimeter
for calibration purposes. The resistance of the thermistors before
irradiation is started is scaled via S; to a Keithley Instruments

electrometer (KIM, input impedence >10'%4 ohms as a voltmeter).
A Tekman chart recorder (TCR, >10% ohms) is used to display the
voltage signal from the bridge. KIM and TCR are scaled to each
other before use.

The thermistor Rp; is embedded with a heat conductive
insulating glue between two layers of 1 cm diameter copper foil
(16.7 mg/cm?). This forms the detection surface of the calorimeter

and also serves as a Faraday cup whose function will be discussed

later. The cup is cylinder 1 cm in height open at the top. The total
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weight is 774.6 mg (including the thermistor of 58.2 mg), and its

heat capacity is mc,=774.6x10"%kg x386J/kg-°K=0.299 J/°K.

3.3.1.5 Correction for heat leakage _'

The absorbed dose, D, defined (ICRU, 1969']'as
D =Ep/ m=E/m+Ez/m (3.10)
where E,4 is the 'heat defect' which stands for the fraction

converted from the incident particle energy into chemical energy.

Let us consider the first term in the above equation here. From

Eq.(3.4), since dE=mc,dT, then letting K=(A/mcp)Z h, we have the
heat leakage rate
(dTy/dt) = - K (T, - T) | (3.11)

where the subscripts ¢ and j denote the calorimeter absorber and

jacket. The net constant rate (measured) of temperature rise of the
thermistor corresponding to the constant rate of input dT./dt is
the difference between the real rate ’i‘r= (dE/dt)/(me,) which we
wish to measure and the leakage term, viz.

(dT,/dt) = T, - (dTy/dt) (3.12)
Since T, is considered constant, the solution of the above linear

differential equation over limits T, (initial) to Ty (final) is found to
be

Tor Tey = (T/K)(1- eBAY 4 (T-T)) e-KAt (3.13)
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where t=t-t;, and the real rate is

Ty= (KT To)-K(Tey-T) €AY / (1- e KAY (3.14)
assuming '1;c1=Tj in Egs.(3.13) and (3.14), and let T = To+T,, we
have

Ty= T, (1 - e¥AY/K (3.15)
or

(dT,/dt)= T K/(1 - e’KAY (3.16)

In order to determine K, a similar leakage rate is assumed as

Eq.(3.11) after the end of the irradiation (Al-Ahmad, 1984), i.e.

(AT /dt) = - K (T T,) (3.17)

integrating over T, T, to Ti- Ty, K is then determined in the
experiment from the following

notice that the subscript 't' in the above denotes the time after the

input energy is terminated. Now the dose rate is expressed as

D = (1/m)(dE/dt)= c, (dT,/dt)

= ¢p KT Tey)/(1- eFAY (3.19)

Fig.3.11 shows the principle of the calorimetric
determination method. For high fluence rate (>10!%cm2s-!), a

measurement is shown in Fig.3.12, K is determined. Also for a
small range of temperature change, Ry values are calculated then

one can obtain the output voltage signals of the bridge circuit from

which in turn the values of T are calculated. These results are
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Fig. 3.11(b) Representation of measured heating curves by dillerent electron energles
(from top: 50, 40, 30, 25 and 20 keV) of focused beams. X: 60 mm/min; ¥: 5 mV/cm (2

mm/dlv); load resistor: 1 megaohms.
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Table 3.1 Measured voltage signals from which the leakage
rate K (1/sec) is determined by the least squares method,
and the temperature rise T,, and the corrected temperature
or the real temperature T, are calculated.

kV 50 45 40
t, sec 66 66 56
Vgi-Vei, mV 8.25 5.25 2.42
K, x10 ~° 8.665 8.337 12,2
Tiss T 0.483 0.308 0.142
T %6 0.635 0.401 0.207
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given in Fig.3.13, Fig.3.14 and Table 3.1.

3.3.2 Electron fluence detection method

The electrons, in the present experiment, traverse a 5 pum
polyester window first and then enter into the irradiation chamber

of low vacuum, within which the energy loss for >40 keV can be

shown negligible. For air at 20 °C, the density p=1.58x10-6P
(g/cm3), where P is in torr. For 40 keV electrons (which will be
used in the experiment) travelling in air over a distance d=10 cm
at 10 torr pressure, the stopping power at the residual energy

(38.8 keV) is about 7.4 MeV-cm?/g. Then the energy loss fraction

dE/E=dxpxS/E is about 3%. Therefore, the total energy loss in the
window and in the petri dish cover (3.5 um polyester, detail given
in Chapter IV) can be found. The calculated energy loss spectra of
electrons are discussed in Chapter V.

The absorbed dose for a giver; energy electron can be
calculated now from the electron fluence. However, the total
escaped electrons should be taken into consideration first.
Electrons can suffer multiple scattering due to many small
deflections in traversing matter. At low energies, e.g., <100 keV,
the plural scattering or its modification should be considered
(Bichsel, 1968). However, backscattering, an extension of multiple
scattering to angles larger than 909, is of direct interest at present
because the magnitude of the fluence is affected by the fraction of
the backscattered electrons. At energies below about 10 keV there

is discrepancy among different authors for the value of the
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backscattering coefficient, n (e.g., Waibel & Grosswendt, 1978).
This coefficient is treated as a parameter independent of the
electron energy. However, in low Z material this may introduce an
error of up to 60% according to Hunger and Kiicl:ﬂer (1979). They
have measured the backscattering coefficiéﬁts in different
specimens for electrons of energies of 4-40 keV, and they fitted an

empirical formula to their experimental data as follows

N (Z,E) = E (2 £C(2) (3.20)
where Z is the atomic number, E is the energy in keV.

m(Z) = 0.1382-0.9211 Z0.5
eC@=0.1904-0.2236InZ+0.1292In?Z-0.01491In3Z

The detection of the electron fluence in the present
experiment is very similar to that used by Hunger and Kiichler's.
The correction factor (due to the escaped secondary electrons) is

given by

f=1/(1-ny) (3.21)

where n4 is the backscattering coefficient for the detector. The

backscattering from the detector surface can be reduced by
applying a negative bias voltage onto a grid made of micro mesh
placed on top of the detector's surface. The calculated correction
factor is plotted in Fig.3.15. The fluence measured then is

corrected with the above result.
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A Faraday cup is combined with the calorimetric method for
measuring the electron fluence. The schematic arrangement is
given in Fig.3.10. The total electron charge collected in the cup is
displayed on a potentiometer, and the electron fluence rate is

found from the formula
¢=j /(1.6x1071°C) (1/cm?2-sec) (3.22)

where j (=i/s) is the current density in A/cm? measured (s=nr2
representing the surface area of the cup normal to the direction of
the incident particles assuming parallel beam). The dose-rate D in

Gy/sec is given by
D=1.6x 1010 ¢ S/p (3.23)

or in Eq.(3.22), by integrating ¢, the fluence ® =/ ¢(t)dt, from the

stopping power S or L, of the electrons, to get the total dose, D in

gray, D = 1.6 x 10" ®L/p.

Normally, the electron fluence is monitored by the fixed
detector which can be corrected by the backscattering factor. As
said earlier, the irradiation field is expected to be a uniform one of
diameter greater than, say, 10 mm, which will be the sampling
surface area. A second detector which is movable, mounted on the
sampling holder, has been used to measure the uniformity. The
result is given in Fig.3.16. It is seen that the irradiation field,
within a radius of 10 mm, deviates by a maximum about 10% from
that at the centre. Uniformity is therefore reasonably good. The

result in Fig.3.16 has been normalized for clarity.
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3.3.3 Alpha irradiation dosimetry

Ionization methods of dosimetry have been discussed
extensively both in experimental application by Boag (1966) and in
the Bragg-Gray theory by Burlin (1968). For example, conventional
cavity ionization chambers are one of the most 'commonly used
devices, particularly for the dosimetry of photon beams.

The extrapolation chamber is a special type of the ionization
chamber first devised by Failla in 1937 for the purpose of
measuring the superficial dose in an irradiated material. This type

of chamber has been reported for the measurement of the
dosimetry of B-ray sources, the dose-rate in electron beams (cf.

Boag, 1966} and for a-ray dosimetry (Datta et al.,, 1976). Such a
chamber was therefore designed and built by the present author to
measure the doses to the cells from the alpha particles.

When an ionization chamber is exposed to radiation, as the
voltage difference between the electrodes of the chamber
increases, at first almost linearly with voltage, and later more

slowly, until the ionization current finally approaches the

saturation value, i.. This relation when i (current) from the

-
collector is plotted against V (voltage) is called the saturation
curve, It is known that at low collecting voltages, some of the ions,
produced in the gas filled in the cavity of the chamber, meet and
neutralize with the others of opposite sign before they can reach

the collector. This phenomenon is called recombination and can

be reduced, for example, by increasing the field strength or by
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reducing the separation between the electrodes. So that until the
collected current is independent of the applied voltage in a certain
range. And then the appropriate quantity, e.g., the fluence rate of
the incident particles, may be calculated.

The saturation current may be estimated in"an extrapolation
ionization chamber using Mie's theory as discussed by Greening
(1964), who reviewed the theoretical principles and used data of
photons' works for the analysis. For a parallel-plate ionization
chamber with separation d (cm), at an ionization rate q
(esu/cm3-g71), the ionization current i is given by

i=fqd (3.24)

where f is the collection efficiency. Assuming the ionization

current is carried by positive and negative ions having mobilities k,

and k, (cm?/s-V) respectively, and recombination coefficient r

(cm?3/s), Greening showed that

1 r/e d*q
lg=1[1+- E ]
6 (k;+k,)/20kk,) "~ V
=1 (1+Kd*q/V? (3.25)

where K was found to be 225 (+12%) for series measurements, V
is the high voltage applied to the plates. From this, it is deduced
that (Boag, 1966)
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2 3
. md i
i=qd(l-——7) 3.26
q o ( )

where m is a mixed constant equal to 36.7+2.2 (s cmlesu-lv2)1/2
or, in SI unit, (2.01+0.12)x107 (s m"1C-1V2)1/2, Therefore, a plot of i

versus 1/V2 should give a straight line, the intercept of which on

the i/V2=0 axis should give ig, the slope of the line is -m2?d*q/6.

Eq.(3.26) is valid for i/i;>0.70 in air experiments.

From the saturation current, ig, the fluence rate ¢ can be

calculated from

o= (s W)/(e AE) (cm2s!) (3.27)

where W (33.9 eV), defined in Eq.(1.5), is the mean energy needed
to produce an ion pair. A (cm?) is the window area through which
alpha particles enter the ionization chamber, e is the electron
charge, and E is the total energy loss" of an alpha particle after

travelling through the distance d.

It is found that Greening plotted i/ig, the normalized ionizing

current versus (i/ig)?/V? and (i/iy)/V? respectively, using published

data for 8°Co radiation. He showed that better linearity exists in the
latter relationship described by Mie (1904) than in the former by
Boag (cf. Boag, 1966). Datta et al. (1976) applied this theory to
alpha particle dosimetry using an extrapolation air ionization
chamber with parallel plates. The present work followed a similar

procedure.
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However, according to Boag (1966; 1987), if initial (and/or
geminate) recombination (which is applied to the recombination of
positive and negative ions formed within the track of a single
ionizing particle) is dominant, one should find a linear relationship

between 1/i and 1/X (where X is the field 'strength) in the

near-saturation region (e.g., i/ig>0.7)

1/i = 1/ig + constant/X (3.28)

whereas if only general recombination (it proceeds once the
processes of thermal diffusion and ionic drift have destroyed the
initial track structure, i.e. positive and negative ion formed by
different ionizing particles meet and recombine as they drift
towards the opposite electrodes) is present the relationship

should be

1/i = 1/ig + constant/X? (3.29)

Furthermore, for o particles, the theoretical treatment of
columnar recombination, by Jaffe may be considered. The

theoretical saturation current I may be determined by
1/i=1/1+ g f(x)/1 (8.30)
Extensive experimental data may be needed to determine the

parameter g and the function f(x}. Nevertheless, Boag pointed out

that, it is easy in theory, but may often be very difficult
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experimentally to distinguish these recombinations. Some initial

recombination must always occur, it is only of importance when

the ion density in the track is high-as, for instance, in o particle
tracks even at atmospheric pressure.

The dosimetric measurements were I:;érformed in an
example arrangement similar to Datta et al.''s (1976). The air
chamber used here is similar to that of the real irradiation
situation shown in Fig.3.9. A pair of 5 cm diameter petri dishes
performed the parallel plates. These were placed above the disc
alpha source. The inner surfaces of both plates are fully covered
with a copper foil. The top one was connected to a Keithley
Electrometer as the charge collector, and the high voltage was
applied to the other plate, the collector plate was surrounded with
a circular piece of copper foil as the guard ring which was earthed.
A small hole was driven in the centre of the window so that the
sensitive volume of the chamber could be varied by changing either
the window size or the collector to window distance. The
saturation current determined at the required distance (window to
source) and from which the fluence rates are calculated are given
in Table 3.2. A curve of 1/i plotted vs. 1/V (or d/V, d=1 cm) is
given in Fig.3.17.

It was found that for the curium source, the fluence rate
determined from the saturation current ig at 1 em reduced to

about 40% when the window diameter was reduced from 5 mm to
2 mm. Also, it changed (to 37%) from the centre to the near edge

of the source. Similar change was found when the distance
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between the window and the source was increased. For the
americium source, if the window diameter was reduced, the
measurement of the ionizing current became difficult. But the
uniformity of the fluence rate of the second source (ca.+4% of the
median value) was much better than the former one.

Therefore, the cell survival data by 244Cm irradiation might
involve some larger error due to the inherent non-uniformity at
the short distance. It may be suggested that, for a more strict
requirment of the irradiation by this 244Cm source, a collimator is
needed. On the other hand, the cell survival data by 24!Am were
satisfactory, this was also because due to the prolonged irradiation
which might have reduced the statistical error of the incident
particles distribution.

A rigorous analysis of the error involved in the dose-rate
could be done by weighing the LET spectrum of the incident alpha
particles from a non- collimated disc source, at the point of
interest. However, the error can be estimated approximately as
follows.

Consider the diameters of the 24!Am source and the cell
sample are 6 mm and 10 mm respectively. They are separated at a
normal distance of 10 mm. The longest possible distance between
the source and a cell at the edge of the sample will be about 13
mm. An alpha particle can lose a total minimum energy of about
1.64 MeV (iLe. in 10 mm air, 3.5 pm in the petri dish film, 3.5 um
in the cell), or a maximum 2.03 MeV (13 mm in air, 7.0 um in the

media), the respective LET values are 110 and 118 keV/um at the
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corresponding residual energies. Then from the fluence rate given
in Table 3.2, the dose-rate is found to be 0.017 or 0.016 Gy/min at
the above two groups of values. It is seen that although for a cell at
the edge is exposed to a bit higher LET particles, due to the
slightly reduced fluence rate at the same placde, the balanced
effective dose-rate does not seem to be changed very much in this
example, compared to a cell in the centre of the sample which
may be exposed to the particles of minimum LET but slightly

higher fluence rate.

S B SR ERY . LRRIORvE )




Table 3.2 Fluence rate of a particles determined from the
saturation current by the extrapolation air ionization chamber
(window to colletor distance d=1.0 em; window diameter, 2 mm for
plain data and 5 mm for bold data).

alpha window-source saturation fluence rate
source distance (cm) current (pA) (em™2min!)
1.0 977 5.94 x 107
1.0 64.1 2.43 x 107
244Cm 1.0* 23.6 8.95 x 108
2.0 341 1.67 x 107
2.0 16.2 4.95 x 108
2.0 8.35 2.55 x 106
1.0 1.83 9.67 x 104
241Am 1.0"" 1.57 8.93 x 10%

Notes: *, **- 3 mm or 5 mm eccentrically from the aligned centre;
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CHAPTER IV
EXPERIMENTAL: BIOLOGICAL ASPECTS

4.1 Materials and Methods

Chinese hamster V-79 lung cells were chosen for the
investigation so that survival results obtained may be more readily
‘compared with data from the Iliterature. The biological
experiments were performed in the cell culture laboratory in the
Department of Anatomy and Experimental Pathology.

About 5x108 cells (in 10% DMSO medium) stored in liquid
nitrogen were thawed at 37 °C for the culture, and syringed into a
75 cm?® culture flask. 15 ml of Eagle's MEM (minimum essential
medium) with 10% FCS (foetal calf serum), 1 ml G (glutamine),
and 1 ml P/S (penicillin, streptomycin) was carefully added into

the flask under gentle agitation. The median pH value was
maintained by gassing the flask with 5% CO, + 95% air. The

procedures were performed in the air flow lamina under sterilised
conditions., The culture medium is not a strict factor in the
present study. For V79 cells, F10 medium, F12 medium and
Eagle's medium are all reported to be satisfactory (Szechter &
Schwarz, 1977; Mitchell et al.,, 1979; Held, 1986).

Incubation for 3-5 days at 37 °C will give rise to an
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exponential growing culture for irradiation colony assay purposes.
A subculture could be made for continuing the experiment. To
avoid multiplicities the cells were pipetted about ten times up and
down in preparing the subculture particularly in diluting the cell
mediums for the cell colony assay. Under the micx:oscope, very few
clumps of two or three cells could be seen in the} s;ample.

Trypsinization of the colony cells is achieved by treatment
with 5% (BACTO) trypsin (DIFCO Labs, Detroit, prepared in 10 ml
distilled or deionized water), i.e., 1 ml trypsin solution is added
into 19 ml DPBS (dulbeccos phosphate buffered saline, Mg2+ and
Ca?* free) for less than 10 minutes to release the cells from being
attached to the bottom of the flask after the incubation. Longer
times for the cell in trypsin may be harmful, since the pancreatic
proteolytic enzyme, trypsin, catalyzes the hydrolysis of the peptide
bonds of the cellular proteins. But the remaining trypsin does not
have to be washed as the immediately added serum can inactivate
it (cf. Kruse & Patterson, 1973).

Cell numbers were determined for the x-ray reference
experiment by the Coulter Counter (Model Zgl). 1 ml cell medium

in 20 ml Isoton (Azide-free balanced electrolyte solution), counts
0.5 ml, the Coulter Counter was scaled. 3 ml of 1-5x10% cells/ml
were irradiated in a conical tube. Dilution was made before the
cells were plated into the 5 ml culture dishes (Cel-Cult, STERILIN
Ltd., FELTHAM). After incubation for 7 days, the cell colonies were
stained in methylene blue (3g/1) in 30% alcohol for 15 minutes. By
counting the colonies, the plating efficiency was found to be

40-80% calculated from the controlled petri dishes.




317

" The irradiation was carried out using a 250-kV (STABILIPAN)
x-ray machine at a dose-rate of 0.709 Gy/min at 14 mA with 0.5
mm Cu filtration. The survival fraction is the ratio of the colonies
counted to the cells seeded and corrected for the plating
efficiency. By plotting the survival fraction again§t the doses, the
survival curve is obtained. The result of x-ray irrédiation is given in
Chapter V together with the results for electron and alpha particle

irradiation.

4.2 Monolayer Cell Culture Technique

Of specific interest in the present study is analysis of the data
obtained for the radiation effect in mammalian cells in terms of
physical and biological quantities. For electron and alpha particle
irradiation, therefore, monolayer cultured cells were necessary.

Barendsen and Beusker (1960) and Cox et al. (1979) have
used Melinex (polyester) film sealed by Araldite, polymerized at
160 °C onto a petri dish, or a glass cylinder using an alkali-etched
method. Simmons et al. (1983) used specially constructed dish
with a Mylar film stretched across it to form the base of the dish.
The thickness of the films used were all reported 6 pm.

In the present cell colony assay studies, a polyester film
(Melinex, Goodfellow) of 3.5 pm thickness was used for the
monolayer cell experiments. The petri dishes of 3 cm diameter
used were culture grade. The procedure of preparing a monolayer

sample is as follows.
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2 ml of about 5x10% exponential growing cells were pipetted
into the dish, and gassed for 30 seconds. A cut piece of 4x4 cm?
film, which had just been wiped with ethyl alcohol twice was dried
by facing the cleaned surface towards the lamina flow filter
direction. With very careful handling the prepared film could be
substituted for the petri dish cover. The film \;CI;B.S trimmed to a
round piece (ca. 3.5 cm diameter) so that it covered the open top
of the dish and that it could be properly taped along the outer
surface of the petri dish. A dish well-sealed in the described
manner had a flat surface which could withstand low vacuum
pumping (e.g., <0.1 torr). The original cover was still useful to
protect the fine film cover from being pricked on a hard contact or
during transport. Both scissors and tweezers used were soaked in
alcohol for a minute and flamed now and then before being used
for each sample.

The double covered petri dish should be turned upside down
before being placed in the incubator overnight to enable the cells
to attach. The controlled number of the plated cells ensured that
the cells would attach on the polyester surface with minimum
overlapping. This was checked under the microscope. Without
overnight incubation, it took a few minutes for the cells to become
a sediment deposited immediately on the polyester surface. This
observation is meaningful in future for studying irradiation when
the cells are in spherical form.

Before irradiation, the polyester surface was cleaned again
with ethanol such that no dust or debris would affect the thickness

of the film. After the exposure, the surface was cleaned twice, then
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cut as near as possible around the centre of about 1 cm (maximum
less than 1.5 cm) diameter piece, and dropped into a fresh petri
dish, into which 1 ml trypsin was added for washing. The trypsin
was then discarded. 1 ml of fresh trypsin was added for 20
seconds and again discarded before incubating for ‘10 minutes. 2.5
ml fresh medium could be added into the tlypéihized dish now,
then at least four counts were taken for each sample with a
NEUBAUER chamber counter. The rest of the processing
technique was the same as that for the conventional culture

method.
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CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION

5.1 X-ray Irradiations

5.1.1 Results of x-ray irradiation

Conventional study on dose or dose-rate effect experiments
is almost always carried out with x-rays as the reference radiation.
This is because x-ray irradiation has, historically, always been
generally available and is still frequently used in radiation research.
Thus, the cell colony assay study was started from x-ray irradiation
in the present research.

The observed survival curve for V79 cells by x-ray irradiation
is shown in Fig.5.1. The survival fraction is defined as the ratio of

the number of the colonies survived, N, to the number of the cells

plated, N,, and then scaled by the plating efficiency, P.E., ie.,

S =N/(N,xP.E.) (5.1)
It assumes that one colony was grown from one plated cell. In
Fig.5.1(a), a survival curve (fitted with Eq.2.4) of x-ray irradiationis
is shown. In Fig.5.1(b) and (c), the data are fitted with the

two-component model defined by Eq.(2.6) and with the dual-action
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SURVIVAL FRACTION
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Fig.5. 1(a) Dose effect result of V-79 cells by 250
kV x-ray irradiation, at dose-rate of 0,709 Gy/min
(0.5 Cu filtrationl.
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Fig.5.1(d) Dose effect result of V-79 cells by 250
kV x-ray irradiation, at dose-rate of 0,709 Gy/min
(0.5 Cu frltration).
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model given in Eq.(2.7). A general comparison is given in Fig.5.1(d)
where the three curves are fitted by the three models. The

purpose of plotting these figures is merely for a comparison with

the results in the reference. The fitted D, is 1.79 Gy and n is 4.5

for V79 cells irradiated by x-rays. The resuli:‘is found to be
consistent with published results obtained under similar
conditions. Details for x-ray irradiation as well as for the irradiation
using electrons and alpha particles is given in Chapter IV. All the
experimental data are listed in Appendix B. The errors of the data
are analysed according to the reference (Xiao, 1980). The data are
processed by a non-linear fitting procedure (Bevinton, 1969;

Gilbert, 1969), see Appendix C.

5.1.2 Discussion

Both x-ray and electron irradiations are considered as low
LET particles since the calculated values are less than 10 kev/pum
for x-rays and around 1 keV/um for electrons in aqueous medium.
Biological evidence has shown that the LET term is an ambiguous
quantity, e.g., two different types of radiation may have the same
LET but can have different biological efficiencies (ICRU, 1983;
ICRU, 1986). Furthermore, although it is easy to calculate the LET
value of a specified particle, it is difficult to measure it precisely in
experiment because of the range of values present.

On the other hand microdosimetry has an advantage as the
microdosimeter can measure the energy deposition events down

to one micrometer scale regardless of the difficulty in calculation.
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For example, it has been found that in evaluation of the biological

effectiveness at low doses, the dose mean (which represents the

mean value of the distribution of L or y) for 250 ls:Vp X-ray are

Lp=2.2 keV/pm, yp=3.5 keV/um, and for 8°Co y.radiation, Ly=0.3

keV/pm and yp=1.6 keV/um, when y is determined in 1 pm
diameter sites. The observed RBE values near 2 or 3 are similar to

the ratio of the values of yp, , in the above example, but much less

than the ratio of the L, values (ICRU, 1986).

Precise quantitative analysis of x-ray irradiations is more
difficult compared with heavy ion particle irradiations, particularly
when the continuous photon spectrum of a specified x-ray machine
is unknown. Therefore, the radiation effect of x-rays in
mammalian cells is conventionally expressed as a function of dose.

An interesting research on x-ray irradiation is to use
characteristic x-rays, of which the effe;:tive photon energy is well
defined. The soft characteristic x-rays produced by bombarding
aluminium or carbon targets can give low energy monoenergetic
photons of 1.5 keV or 0.3 keV. Characteristic carbon-K x-rays have
been used to irradiate the entire cell and are found to be the most
damaging biologically of all the photons (Goodhead et al., 1979).
The original version of ultra-soft x-ray results was based on the
estimated ranges of the photo- electrons and Auger electrons
produced in the photoelectric interaction of x-rays and oxygen
atom (dominant element in the cell). The conclusions made were

that lethal damage could be produced efficiently by individual
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tracks, thus the critical damage could result entirely from highly
localized energy depositions; no need for 'interaction of sublesions'

or 'accumulation of sublethal damage'; and these conclusions can

be extended to hard x-ray and y-ray irradiations (Goodhead, 1983).

From an extensive survey on published survival data of x-ray

and y-ray irradiations to mammalian cells (Chen, 1984; Chen &
Watt, 1986) in which the damage effect was expressed as a
function of the specific ionization of the secondary electron
slowing down spectra, a log- linear relationship (Eq.2.15) was
revealed leading to a clearer conclusion, different in concept from
any previously published. When the photon results were compared
with the heavy ion results (Cannell & Watt, 1985), it was found that
the critical damage is determined by the quantity of ionization
events rather than the quantity of energy deposition. The most
effective damage effect is observed at the optimum specific

ionization (cf. Sec.2.3.1).
5.2 Electron Irradiations

5.2.1 Results of electron irradiation

For the electron irradiation experiment, the cells were
placed in a different vacuum as described in the last chapter.
Precautions had to be taken to ensure that the cells cultured in a
petri dish were not affected by their environment. Consequently a
test lasting up to 10 minutes was undertaken in which the cells

were positioned on the sampling rod and left inside the vacuum
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chamber for different times but without irradiation. No apparent
difference was observed in the plating efficiency. The result is
given in Appendix B1.2.

A survival curve, shown in Fig.5.2, is plotted against the
irradiation time for the electron irradiation. The electrons were
accelerated at 40 kV, and penetrated first through the window of 5
pm thickness Melinex film and then the 3.5 pm film cover of the
petri dish containing the cell culture sample. The effective energy
of electrons in the cellular medium is obtained from the calculated
electron spectra given in the table in Appendix A3.

From the table, and the plotted graph, the incident energy of
the electrons at the cell centre is deduced to be 25 keV. From the
measured fluence rate, the total dose delivered is deduced from
Eq.(3.23). However, understanding of the action of low energy
electrons is more clearly revealed in terms of the irradiation time
or the fluence than in terms of absorbed dose. Therefore, the
quantities used for the analysis are the irradiation time and the
fluence rate. In order to compare the survival for electron
irradiation with those of photons or ions data from the literature,

the data were again processed by fitting to the target model. The

fitted electron fluence at 37% survival on the linear portion @, is

2.508x10° cm™ by the non-linear fitting method.

5.2.2 Discussion
Only a few studies have been reported for low energy

electron irradiations of mammalian cells due to the difficulties in
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F1g9.5.2 Survival fraction expressed as a function of
irradiation time, for V-79 cells by 25 keV electrons
at 1.67 x 10 cm -ssc (0,296 Gy/sec) .




Table 5.1 Comparison of survival fraction by 25 keV electrons
irradiation to asynchronous Chinese hamster cells

Variations

Present experiment
(V-79 cells)

Zermeno & Cole
(Don-C cells)

Condition of
irradiation to
the cells

Fluence
rate
(cm—2s71)

437, nC/cm?

¢4, x10° cm2

Cells gfowing in culture,
normal pressure. Broad
electron beam

0.167x10°
0.401 3

2.508

Cells in hydrated state,
anoxic. Pencil
electron beam

19 mm movement in_
25 s (sample diameter

13 mm); scan 0.9 cm2/s

0.20

1.25
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experiment. Cole had developed techniques for low-voltage
electron irradiation of fully hydrated specimens and applied the
technique to the irradiation of viral, bacterial, and later mammalian
systems (Cole et al.,, 1963; Zermeno & Cole, 1969). The
characteristics of the reported technique were that, the cells were
maintained in hydrated condition, and the samples were cooled to
2 9C during irradiation, as the sample needed to be exposed at low
pressure, therefore, the irradiation was carried out in vacuo under
an anoxic condition.

In the present research, after the completion of the electron
accelerator, a preliminary test irradiation has been tried for the
V79 cells. The result is shown in Fig.5.2. The present result is
compared with Zermeno & Cole's electron data in Table 5.1. The
units used are based on the electron fluence rate rather than on
the absorbed dose because of the ambiguity involved. One of the
differences is that, the fluence of electron irradiation in the
present experiment was about an order of magnitude lower than
that of Zermeno and Cole's. The fluence for 37% survival of the
present result for the cells exposed to the broad beam of electrons
was about twice of the reference electron data of Zermeno and
Cole. The fluence rate was kept constant during the whole
experiment (Appendix B1.2): any possible factors which may affect
the cellular biology was reduced to a minimum in the experimental
arrangement. For example, the cells were attached to the film
surface in the nutrient medium throughout the irradiation.

We may conclude that the condition of the present electron
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irradiation is compatible with these experiments performed with
x-rays or heavy ions. If a quantitative analysis is pursued in future,
direct comparison can be made between the result of the present
electron irradiation and other irradiations. Also, longer time of
electron exposure can be practised on the prese'nt experimental
facility. Although more experiments and more data are expected in
future studies, the method of differential vacuum system for the
monolayer cell culture irradiation by low energy electrons has been

demonstrated successful.

5.3 Alpha Particle Irradiations

5.3.1 Results of alpha particle irradiation
For high LET irradiations by alpha particles, results reported

in the literature are at higher dose-rate. The present fluence rate
or equivalent dose-rate is at least an order lower than that in the
references, cf. Table 5.2. To test the experimental procedure, two
high fluence rates, referred to as acute irradiation, were obtained
from a 244Cm alpha source under normal pressure. The variance of
the fluence rates were obtained when the petri dish sample was at
1.0 ecm and 2.0 cm respectively. The dosimetry measurement of
alpha particles has been shown earlier in Table 3.2. The survival
data by alpha irradiation are plotted as a function of irradiation
time in Fig.5.3. Both are pure exponential relations.

Further experiments were performed for chronic exposures

at room temperature using an 2%4'Am o source. The averaged
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survival data from several runs are plotted in Fig.5.4. As more than
two hours were allowed to irradiate the cell samples, the chronic
irradiation data are suitable for fitting the proposed DNA-rupture

model introduced in Sec.2.4.

5.3.2 Test of the DNA-rupture model

For the americium-241 alpha particle irradiation at 10 mm
in air, the fluence rate of the alpha particles was measured to be |
9.2x10* cm™? min! using an extrapolation ionization chamber. The
non-uniformity of the dosimetry distribution was less than 5%.
Other physical quantities were calculated as in Appendix A2 The
calculation was based on the consideration that the alpha particles
traversed through 10 mm air and 3.5 pm polyester film cover
before reaching the cellular surface. For monolayer culture, the
cells are flatttened. The nuclear volume of V79 cells is reported
(e.g. , Geard, 1985). Separate studies on monolayer culture of V79
cells confirmed that the cell thickness on Mylar film is about 3.5
pm (Min et al., 1985), which is used in the present calculation.

From these known quantities, the alpha particle energy was
taken to be 3.62 MeV, or

E/A = 0.905 MeV/amu,
z2/ p% = 1937,

T

max

= 1.98 keV,

Ig = 540 ionizations/um or

A =184 nm
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according to Eqgs.(1.13), (1.15) and (1.16). These quantities were
put into the mathematical expression of the DNA-rupture model,
through non-linear fitting method, the fitted parameters were as

follows

4

InS= -0,0414J. (1 -exp [-10 e-(720~t)/225
0

1} dt (5.2)

or the individual value of the parameters is

Gy =45.0 pum?2,
ty = 720 min,

t.= 225 min, and

ping = 10.0.

The theoretical fitted data were plotted with the

experimental data in Fig.5.5. As discussed in Sec.2.4, the above

parameters, o, stands for the projected cross section of DNA

g
molecules under risk, t; the damage fixation time, t. the time
required for a cell killing event to be repaired, and p, is the
efficiency to produce one double strand break event (for heavy ions

at A=1.84 nm, let p,=1, see Eq.2.16), n, is the mean number of

DNA molecules at risk, and consequently the product p;n, is the

total number of the double strand breaks in an irradiated cell.




107

SURVIVAL FRACTION

_-
D 40 BD 120 160 200

IRRADIATION TIME: min
Fig.5.5 Survival fraction expressed as a function of
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ONA-rupture model.
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5.3.3 Discussion

The relative biological effects of alpha particles or heavy ions
to x-rays are still justified by the recent RBE values quoted by ICRU
(ICRU,1986). In a plot of RBEs versus LETs for different cell lines
the maximum RBEs vary from one LET value to another (ICRU,
1970). While the tentative quantities were plotted versus the
values of specific ionization, the maximum RBEs all shifted to the
optimum specific ionization value (Watt et al., 1985).

On the basis of the above finding, either RBE or LET can be a
misleading parameter when adopted for modelling. Therefore, the
proposal of the DNA-rupture model assumes that the radiation

damage effect is related to the specific ionization value, and the
efficiency parameter p,, a function of the specific ionization, is

introduced. Consequently, one can assume that the interaction
between the radiation particles and the DNA strands is a single
track action, and that dual action is not probable. Therefore the
final effect is independent of the dose rate.

It is seen that for the experimental data tested, the damage
repair time is about 4 hours, which is a similar answer compared
with a separate theoretical research reported by Metting et al. (see
Table 2.1) whose theory is dose rate squared dependent. Secondly,
the damage fixation time was expected and obtained longer than
the repair time. Thirdly, and finally the fitted value of DNA cross
section at risk, together with the number of damaged DNA

molecules gave a theoretical quantity in good accordance with an
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estimated quantity based on the experimental study on DNA strand
breaks.

The survival data of 250 kVp x-ray irradiation by Metting et

al. (1985) are fitted by the model, the result is given in Fig.5.6.

From the given dose-rate, the fluence rate of the §-rays is evaluated
using the same method as reported before (Chen & Watt, 1986).

That is, the average energy of the photons is evaluated to be 62
keV, and the mean energy of the secondary electrons, E ., is

evaluated as 0.85 keV, and the linear energy transfer, for the
secondary electrons produced by the photons, is 11.6 keV/um.
The calculated fluence rate is 1.847x10% ecm2-min-! at the dose

rate of 0.025 Gy/min. Then, the extracted parameters are as

follows
Oy = 6.0 pm?
t; = 852 min,

t.= 456 min, and

pn, = 0.5.
The above fitted quantities for the =x-rays irradiation are
comparable with that for alpha particles irradiation. Further
discussion is referred to the reference (Chen et al., 1987).

However, we may point out that, as a new modelling
approach, the model is under development. Nevertheless, the

model explains well the experimental data obtained by alpha

chronic irradiation as well as the data from the reference. An
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interesting feature of the model is that the concept of repair is
revised such that the time available for repair or recovery is dose
rate independent. The parameters, extracted from the model, have
given a reasonable explanation of the present experimental results

(Watt, 1987: Chen et al., 1987; Watt et al., 1987)." '

5.4 Conclusions

5.4.1 Remark on experiments

Experimental works have been performed using different
types of ionizing radiations. These included x-rays from a
conventional x-ray machine, low energy electrons produced by an
accelerator set up for the long term study in this laboratory, and
alpha particles from an acute source and a chronic source.

In the literature, there are few data for electrons published
compared to the larger amount for x-rays, ions or even neutron
irradiation. For future studies, an electron accelerator has been
. constructed and initial tests have been carried out by irradiation of
V79 cells. The survival data showed that the conditions were
fulfilled to the original design.

Survival data by alpha particles were performed to relate to
LET quantities at higher dose rates in the published research. We
have, however, successfully used very low fluence rates to irradiate
cells plated by the recently established monolayer technique and
obtained suitable results for the theoretical analyses.

Comparison between the present results and the results in




142

the literature have been made between x-rays and electrons. When
more results by electron irradiation become available through
future research, a better understanding of radiation damage effect
by both x-rays and electrons may be achieved as a linkage between

all the different types of ionizing particles.

5.4.2 Remark on theory

The research project began with a survey of published
survival data of the effect of ionizing radiation on mammalian cells
in vitro. The results have been analysed using the specific or
primary ionization parameter which is a physical quantity
describing the interaction between ionizing particles and matter
and a new explanation for the damage mechanism was made. This
quantity is a unit excluding energy. It is proposed that the
mechanism of radiation damage is dependent on the number of
ionization events and the optimum effect occurs when the mean
free path of the incident particle is equivalent to the DNA strand
spacing. The theoretical model was therefore established on that
basis (Watt, 1987).

By testing the model with the experimental data obtained
recently, conclusions may be made that at low doses and low dose
rates, the radiation action mechanism is a single track action
dominantly in the mammalian cells in vitro, and that the radiation

action is irradiation time dependent not 'dose' rate dependent.
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5.4.3 Remark on future study

Both the theoretical and experimental results suggest
promising future research on the relationship between cell survival
and ionizing radiation time particularly at low doses and low dose
rates. d

On biological aspects, the monolayer cell culture method has
been proved to be a reliable and simple technique for track
segment experiments as long as careful procedure is obeyed. On
physical aspects, a new irradiation method by low energy electrons
has been made available and demonstrated by the experimental
results. With use of different alpha particle fluence rates, more
survival data could be obtained to test the single track action
theory such that at some later stage other biological factors as well
as chemical factors may be taken into the mathematical expression
of the DNA-rupture model.

In the field of radiological protection against ionizing
radiation damage effect, a main interest is how to predict the
probability of ultimate health effects resulting from a radiation
field. The theoretical modelling of radiation damage effect for
extrapolating of health effects to low doses and low dose rates can
in turn cause improvement of treatment in radiotherapy.

For example, Watt et al. (1985) calculated the optimum
characteristic quantities of some heavy ions for possible efficient
radiotherapy purpose (Table 5.3). It can be seen that in the table,
the optimum quantities of the particles are not the LET values

recognized, or the delta ray energy of a specified particle, since




Table 5.3 Energy transfer data for ions with mean free path

for primary ionisation A=2 nm (after Watt et al., 1985)

E/A LET Trax

Ion type {(Mev/amu) (keV/pm) (keV)
oH1! 0.223 64 0.2
4JHe? 0.94 108 2.0
Y 2.22 132 5.3
12C8 8.5 185 20.0
ooNe0 25.0 215 59.4

40Art8 88.0 260 210.0
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the energy deposition is not the determinant factor according to
our studies. From deuteron's data (,H!), the optimum energy of

neutron in theory to be used is about 0.7 MeV, This is found in
accordance with some experimental results (e.g., Lloyd et al. ,
1976). N

Above all, the study on the mechanisms of radiation damage
effect to biological systems will give a better understanding of the
dominant factors responsible for damage in trhe complex chain of

events between initial exposure to the radiation and the

subsequent biological damage.
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Appendix A Stopping Power Formulae

Al. General formulae for electrons and ions (ICRU‘: 1984)
From Bethe's theory (1933), the collision stopping power is

due to energy transfers from the incident particle to bound atomic
electrons,

1 1 1
—Seo1 = ;Scol (W<W,) + ;Scol (W>W,) (Al.1)

P

where the energy transfers W to atomic electrons in inelastic

collisions are divided into two classes as W<W, and W>W, . The

leading factor N,Z/A represents the number of atomic electrons

per gram of the medium, and do/dW the cross section (per atomic

electrons). The main result of the Bethe theory is

2nNAr§mc2Z 2 2m02[32Wc
—z [In

e B L2

1
-p— Scol (W<Wc) =

The above equation is valid when the velocity of the

projectile is large compared with the velocities of the atomic

electrons. For the K-shell, it is valid for (Z/1378)<<1. The stopping

power for W>W, is
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max

1 NyZ d
-‘;-Scol(W>Wc)=T J. W dW (A1.3)
W

[

the final expression for ions is developed as

Vg oon B o EHER

° | Al.4
Srororal R (A1.4)

In the latest study, the term in the square bracket has been

improved to be L(8) and

L(B) = Ly(B) + z L, (B) + 22 L,(B) (A1.5)

is called the stopping number per atomic electron,
2.2
2mce” B 2 C 3

LoB) =In ———-pB"-= - & (Al1.6)

° (1-p*)1 e
The last two terms in the above are shell correction named after
Livingston and Bethe (1937), and a density-effect correction first

predicted by Swann (1938) and calculated by Fermi (1940). The
other two terms in Eq.(Al.5), zL, and 2z2L, are called Barkas

correction and Bloch correction (or z3, z* effects). They are

important at high energies. To be simple, all corrections made to

Bethe's formula can be summed into a total correction term ¥

x=g+d 2Ly () - L0 @
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In the constant term N=N,Z/A represents the number of atomic
electrons per gram of the medium, as N, is Avogadro's number, Z

and A are atomic number and atomic weight, re=2.81'8x10'13 cm? is

the classical electron radius, hence

=27(6.022045x1023mol 1)x(7.940775x1026cm?2)
x (0.5110034MeV)
= 0.153536 MeV cm?/g-mol (A1.8)

For electrons (-) or positrons (+) in Eq.(1.7), L.(B) is

Le(B) = In(T/N? + In(1+ t/2) + Fi(1) - § (A1.9)

where t=T/mc? is the incident electron demensionless unit and I

the mean excitation energy, and

F-(t)=(1-p?) [1+ 12/8 - (2T +1) In2] (A1.10)

To get ‘the restricted stopping power Sﬁ/ifi for electrons or
positrons, simply replace G#(t,n) for F(t) in Eq.(A1.9), and
G(z,n) = -1- B? + In [4(1-n) n] + (1-n)"!
+(1-B2) [ 12 n2%/2+(27 +1) In (1-1)] (A1.11)

where n=A/T is the fractional energy cut-off.
A complete computer programme (Fortran 77) for

calculating the stopping powers for electrons has been compiled
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and is given in Appendix C. For high energies, in the programme,
the density correction has referred to the consideration by Uehara
(1986).

The calculated results for electrons were tabuiated in Tables
A3.1 and A3.2, and plotted in Figs. A3.1 and A3.2. For alpha
particles, the results were given in Tables A3.3, A3.4 and Fig. A3.2,
Only the first three numbers of the data may be effective, the rest

are printed for text formatting reason.

A2, Empirical formula for ions
Although the sophisticated formulae for the calculation of the

stopping power of ions were available, the results from various
authors were often slightly different. The present results for alpha
particles were obtained by using the empirical formulae (Powers,

1978), the results of which were found '_to be consistent.
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Table A3.1 Electron attenuation data in polyester (R in pm)
Initial electron energy (10-100 keV)

10.00

6.11
0.42

20.00

17.74
15.25
12.46
9.18
5.02

30.00

28.34
26.61
24.80
22.88
20.84

18.65
16.26
13.60
10.54

6.81

1.57

40.00

38.67
37.30
35.89
34.45
32.96

31.42
29.82
28.15
26.41
24.59

22.66
20.60
18.39
15.97
13.28

10.16
6.32
0.77

50.00

48.87
47.72
46.55
45.36
44.14

42.90
41.64
40.34
39.02
37.66

36.26
34.83
33.35
31.82
30.24

28.59
26.87
25.07
23.17
21.15

60.00

50.01
58.00
56.99
55.96
54.91

53.86
52.79
51.70
50.59
49.47

48.33
47.17
45.99
44.79
43.56

42.31
41.03
39.72
38.38
37.01

70.00

69.11
68.21
67.30
66.39
65.46

64.53
63.59
62.63
61.67
60.70

59.72
58.72
57.71
56.69
55.66

54.61
53.55
52.47
51.38
50.27

80.00

79.19
78.37
77.54
76.71
75.87

75.03
74.18
73.32
72.46
71.59

70.71
69.83
68.94
68.04
67.13

66.21
65.28
64.35
63.40
62.45

90.00

89.25-

88.49
87.78
86.96
86.19

85.42
84.64
83.86
83.07
82.28

8148
80.67
79.86
79.05
78.23

77.40
76.57
75.73
74.89
74.04

100.00

99,30
98.59
97.88
97.17
96.45

95.73
95.01
94.28
93.55
92.82

92.08
91.34
90.60
89.84
89.09

88.33
87.57
86.80
86.03
85.26
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16
17
18
19
20

10.00

6.07
0.28

Table A3.2 Electron attenuation data in water (R in pm)

20.00

17.71
15.19
12.36
9.02
4.76

Initial electron energy (10-100 keV)

30.00

28.32
26.57
24.73
22.79
20.72

18.49
16.06
13.34
10.20

6.33

0.72

40.00

38.65
37.27
35.84
34.38
32.87

31.31
29.68
27.99
26.23
24.37

22.40
20.31
18.04
15.56
12.78

9.53
5.45

50.00

48.86
47.69
46.51
45.30
44.07

42.82
41.53
40.22
38.88
37.50

36.08
34.63
33.12
31.57
20.96

28.28
26.53
24.69
22.74
20.87

60.00

59.00
57.98
56.95
55.91
54.85

53.78
52.70
51.60
50.48
49.34

48,18
47.01
45.81
44,59
43.35

42.08
40.78
39.45
38.08
36.68

70.00

69.10
68.19
67.27
66.34
65.41

64.46
63.51
62.54
61.57
60.58

59.59
58.58
57.56
56.52
55.47

54.41
53.34
5224
51.13
50.01

80.00

79.18
78.35
77.51
76.67
75.82

74.97
74.11
73.24
72.37
71.49

70.60
69.70
68.80
67.89
66.97

66.04
65.10
64.15
63.19
62.22

90.00

89.24
88.47
87.70
86.93
86.15

85.37
84.58
83.78
82.99
82.18

81.37
80.56
79.74
78.92
78.09

77.25
76.41
75.56
74.70
73.84

100.00

99.29
98.57
97.86
97.13
96.41

95.68
94.95
94.21
93.48

2.73

91.99
91.23
90.48
89.72
88.96

88.19
87.42
86.64
85.86
85.08
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Table A3.3 Calculated data of energy attenuation (MeV) and stopping
power (MeV-cm?/g) of Cm-244 (5.80 MeV). In air: mm; in water: pm.

R{mm;pm) E-dE(air) SP(air) E-dE{water) SP(water)
1 5.712 730.135 5.718 818.649
2 5.624 738.316 5.635 827.912
3 5.535 746.802 5.552 837.501
4 5.444 755.613 5.467 847.434
5 5.352 764.767 5.381 857.732
6 5.260 774.290 5.294 868.418
7 5.166 784.210 5.206 879.515
8 5.071 794.552 5.117 891.051
9 4,974 805.347 5.027 903.053

10 4.877 816.634 4,935 915.554
11 4,777 828.449 4.842 928.588
12 4.677 840.833 4.748 942,192
13 4.575 853.839 4,653 956.407
14 4.471 867.517 4.555 971.279
15 4.366 881.929 4.457 986.858
16 4.259 897.143 4.356 1003.199
17 4,149 913.239 4,254 1020.363
18 4.038 930.305 4,151 1038.418
19 3.925 948.442 4,045 1057.440
20 3.810 967.772 3.937 1077.512
21 3.692 988.429 3.827 1098.730
22 3.571 1010.576 3.715 1121.198
23 3.448 1034.401 3.601 1145.035
24 3.322 1060.128 3.484 1170.374
25 3.193 1088.027 3.364 1197.367
26 3.060 1118.423 3.241 1226.186
27 2.923 1151.714 3.116 1257.025
28 2.782 1188.393 2.986 1290.109
29 2.636 1229.080 2.854 1325.695
30 2.486 1274.571 2.718 1364.085
31 2.329 1325.906 2.577 1405.637
32 2.166 1384.490 2.432 1450.789
33 1.995 1452.296 2.282 1500.101
34 1.815 1532.257 2.126 1554.331
35 1.625 1629.065 1.965 1614.561
36 1.422 1750.028 1.797 1682.316
37 1.202 1898.844 1.621 1759.408
38 0.965 2032.796 1.436 1846.753
39 0.718 2033.252 1.242 1941.619
40 0.479 1927.400 1.038 2036.582




Table A3.4 Calculated data of energy attenuation (MeV) and stopping
power (MeV-cm?/g) of Am-241 (5.48 MeV). In air: mm: in water pm.

R(mm;pm) E-dE(airn) SP(air) E-dE(water) SP(water)
1 5.389 761.096 5.394 856.117
2 5.297 770.471 5.308 866.742
3 5.203 780.231 5.220 877.774
4 5.109 790.401 5.131 889.240
5 5.013 801.013 - 5.041 901.169
6 4915 812.102 4,950 913.591
7 4.817 823.702 4.857 926.540
8 4.717 835.856 4.763 940.053
9 4.615 848.607 4.667 954,171

10 4.512 862.013 4.571 968.938

11 4.408 876.125 4.472 984.404

12 4.301 891.014 4.372 1000.624

13 4.193 906.750 4.270 1017.657

14 4.083 923.419 4.167 1035.570

15 3.970 941.119 4.061 1054.437

16 3.856 959.961 3.954 1074.341

17 3.739 980.075 3.844 1095.375

18 3.620 1001.611 3.733 1117.643

19 3.497 1024.746 3.618 1141.260

20 3.372 1049.689 3.502 1166.358

21 3.244 1076.693 3.382 1193.085

22 3.113 1106.057 3.260 1221.610

23 2.978 1138.147 3.135 1252.124

24 2.838 1173417 3.007 1284.845

25 2.695 1212.432 2.875 1320.026

26 2.546 1255.911 2.739 1357.962

27 2.392 1304.786 2.599 1398.999

28 2231 1360.299 2455 1443.563

29 2.064 1424.165 2.305 1492,189

30 1.888 1498.871 2,151 1545,599

31 1.702 1588.282 1.990 1604.815

32 1.504 1698.671 1.823 1671.291

33 1.291 1837.306 1.649 1746.834

34 1.061 1988.579 1.465 1832.645

35 0.816 2053.651 1.273 1926.754

36 0.572 1973.870 1.070 2022.184

37 0.343 1800.897 0.859 2115.120

38 0.152 1301.690 0.637 2217.147

39 0.035 634.426 0.408 2286.656

40 0.198 2105.307
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Appendix B Experimental Data

{Survival data for colony assay)

B1.1 250 kV X-r Irradiation ABLIPAN, SIEMENS, 14 mA filtration
Dose-rate: 0.709 Gy/min (Exp. No. 3010041185)
Min Cells Plated Colonies Counted S.F. Cn1
0 152 59, 63 (0.401 0.0188)
2 305 97, 102 0.814 0.0289
4 305 107, 108 0.879 0.0058
6 1525 178, 248 0.344 0.0867
8 1525 101, 138 0.195 0.0428
10 15250 310, 362 0.0549 0.00601

(Exp. No. 1411201185)

0 58 34, 40 (0.638 0.0731)

2 150 44, 52 0.502 0.0591

4 137 39, 40 0.452 0.0081

6 543 69, 81 0.216 0.0245

8 3346 86, 104 0.0445 0.00596
10 4550 44, 45 0.0153 0.00024
15 80000 50 0.000980

Dose-rate: 4.72 Gy/min (at 8.5 cm) (Exp. No. 2005260586)

0 223 116 {0.520)

4 448 21, 33 0.116 0.0366

8 4460 39, 40 0.0170 0.00305
10 4460 10, 12 0.00474 0.000610
15 22300 9, 10 0.000819 0.0000610

Av 1t ta used in Fig. 5.1, 0,709 Gy/min

2 0.658 0.2206

4 0.666 0.3019

6 0.280 0.0205

8 0.120 0.1064
10 0.0351 0.02800
15 0.000980




B1l.2 Electrons irradiation (25 keV)

In vacuum chamber test (no radiation) (Exp. No. 3012070187)

Min Cells Plated Colonies Counted S.F. On-1
0 101 48, 67 (0.569 0.1330)
2 165 82, 95 0.536 0.0557
4 169 94, 98 0.568 0.0167
6 178 72, 94 0.466 0.0874
8 217 lost

10 216 100, 144 0.565 0.1440

Current density, j (pA/cm?)

(Exp. No. 1802250287)

Sec j Cells Plated Colonies Counted S.F. On-1
0 (26.8) 186 116; 125 (0.648 0.0342)
20 26.1 139 lost
40 26.1 356 1, 81 0.329 0.0031
60 28.0 833 52 0.0963
80 26.8 703 6. 8 0.0154 0.00310
100 26.8 9080 89, 125 0.0182 0.00433




B1.3 Acute alpha irradiations (244Cm)

Cells Plated

Colonies Counted

S.F. o)

n-1
At 10 mm, ¢: ca. 5x10% em2g-1 (Exp. No. 0301100187)
0 93 30, 43 (0.392 0.0990)
10 231 16, 19 0.193 0.0234
20 762 18, 26 0.0736 0.01894
30 710 27, 55 0.147 0.0711
40 1330 28, 34 0.0594 0.00814
50 1008 3 0.00759
(Exp. No. 1001170187)
0 88 69, 69 (0.784)
10 160 92, 93 0.737 0.0056
20 872 42, 57 0.0724 0.01551
30 613 68, 70 0.144 0.0029
40 1001 52, 61 0.0720 0.00811
50 1162 32, 42 0.0406 0.00776
(*from 1202180287) {Exp. No. 0402110287)
0 27 12, 12 (0.444)
20 132 6, 11 0.145 0.0603
40 220 13 0.133
60 339 3, B 0.0266 0.00940
80 9450 33 0.00786
80* 9360 54, 70 0.0113 0.002086
Averaged results (data used in Fig.5.3)
10 0.465 0.3847
20 0.0970 0.04157
30 0.146 0.00212
40 0.0881 0.03936
50 0.024.1 0.02334
60 0.0266 0.00940
80 0.00958 0.002432

At 20 mm, ¢ = 1.670x10% em2s-1  (*from 20032703)

0

80
120
160
160*
200
240

120
412
1410
6880
1190
3970
17120

(Exp. No. 1202180287)

(0.588 0.0177)
0.151 0.0321
0.0585 0.00256
0.0418 0.00280
0.0137
0.0345 0.00030
0.0209 0.00421




(Exp. No. 2304300487)

0 88 31, 37 (0.386 0.0482)
100 283 3. 5 0.0366 0.01295
140 1408 3. 8 0.0101 0.00650
180 1440 4, 8 0.0108 0.00509
260 8060 61, 81 0.0228 0.00454

B1.4 Chronic alpha irradiation (241Am)
Min Cells Plated Colonies Counted S.F. on-l
At 10 mm, ¢ = 1.532 x 103 em2s71 (Exp. No. 2502040387)
0 83 51 (0.614)
60 113 34, 39 0.526 0.0510
90 50 8, 11 0.310 0.0691
120 161 13 0.132
(Exp. No. 0503120387)
0 108 71, 74 (0.671 0.0196)
60 185 49, 70 0.479 0.1196
90 225 37, 37 0.245
120 717 77, 83 0.166 0.0088
(Exp. No. 2003270387)
0 99 88, 94 0.919 0.0429
45 139 66, 68 0.524 0.0111
75 89 18, 19 0.226 0.0086
105 244 57, 58 0.256 0.0032
135 933 58, 58 0.0676
(Exp. No. 2304300487)
0 88 31, 37 0.386 0.0482
50 278 30, 46 0.354 0.1054
77 444 66, 69 0.394 0.0124
129 786 46, 49 0.156 0.0070
Averaged results (data used in Fig.5.4)
45 0.524 0.0111
50 0.354 0.1054
60 0.502 0.0332
75 0.226 0.0086
77 0.394 0.0124
90 0.278 0.0460
105 0.256 0.0030
120 0.149 0.0240
129 0.156 0.0070
135 0.0676




Appendix C Computing Programmes

C1.1 Programme for electrons calculation

IMPLICIT DOUBLE PRECISION (A-H, 0-Z)
DIMENSION ZJ(8),ZA(8),AJ(8),RJ(8),EI(8),WIP(3),JCI(3)
Dimension TT(10,64),T(10),WIW(3)
DIMENSION D(8,64),SPC(8,64),SPL(8,64),SPCP(8,64),SPLP(8,64)
Character®20 Textw, Textp, Text
DATA WJP/0.041959,0.625017,0.333025/, JCJ/1,6,8/
Data WJW/0.111894, 0.0, 0.888106/
Data T/10.0,20.0,30.0,%40.0,50.0,60.0,70.0,80.0,90.0,100.0/
Data Textw,Textp/'water (R in micron)','polyester(R in um)'/
Do 2 k=1,10

2 TT(k,1)=T(k)*0.001

Neon=2

Do 106 Nstep=1,Ncon

Do 105 k=1,10

Do 100 i=1,20

SP=0.0

Do 50 j=1,3,Nstep

IF (Nstep .EQ. 2) goto 18
16 Text=Textp

WI=WJP(J)

RD=1.40

Goto 24
18 Text=Textw
22 WI=WJIW(J)

RD=1.0

If (Neon .eq. 3) Goto 55
2} JC1=J¢J(J)

IE1=41

TX=TT(k,1)

CALL STOPOWER (SP,JC1,IE1,TX)
SP=SP+SP*J
50 CONTINUE
DR=1.0
DE=SP¥RD¥*DR#¥0, 1
Goto 62
a For E>10 keV, Call Stopfit is valid
55 Text=Textw
Call Stopfit (SP,k,i,TT)
DE=SP#1.0
62 TT(k,i+1)=TT(k,1)~DE#1e~3
If (TT(k,i+1)) 102,105,100
100 Continue
102 TT(k,i+1)=-0.0
105 Continue
Write (m,902)
Write (m,903) Text
c Output of e E in keV now:




115
120

110
106
902
903
904
905
920

200

300

60
61

10
41

Write (m,904) (T(k),k=1,10)

Do 115 1=1,20

Do 115 k=1,10

TT(k,1+1)=TT(k,i+1)*1e3

DO 120 i=1,20

Write (m,905) 4i,(TT(k,i+1),k=1,10)

Goto 106

Write (m,910)

Continue

Format (//!' Initial Eleotron Energy (10-100 keV)')
Format (' Electron attenuation in ', A20)
Format (6x,10f8.3)

Format (1x,i3,2x,10£8.3)

Stop

End

Subroutine Stopfit (SP,k,i,TT)
Implicit Double Precision (A-H, 0-Z)
Dimension TT(10,64)

TX=TT (k,1i)

If (TX .GT. 0.3) Goto 200
AX=(DLOG(TX*#2,d0)-8,00637)/3.40120
AS=1,8205--1.1598%AX+0,16429%AX*AX
GOTO 300

AX=(DLOG (TX*#2)~13,30469)/1.89712
AS=0.63749-0.12199%AX+0.091112%AX *AX
Convert the above in MeV-cm2/g into kev/micon (for water)
SP=AS'0 . 1

RETURN

END

SUBROUTINE STOPOWER (SP,JC1,IE1,TX)

IMPLICIT DOUBLE PRECISION (A-H, 0-Z)

DIMENSION ZJ(8),ZA(8),AJ(8),RJ(8),EI(8),T(64)

DIMENSION D(8,64),SPC(8,64),SPL(8,64),SPCP(8,64),SPLP(8,64)
DATA C/2.998D8/, PI/3.1415926/, QE/1.6D-19/, PC/6.62517D-34/
DATA RME/9.11D-31/, RES/T.940775D-26/, AVN/6.022045D23/
EME=1.0D-6%RME ¥C¥*C/QE

CFS=1.D0/137.03604D0

M=6

JC2=JdC1

IE2=IE1

EC=0.01e=3

DO 900 JC=JC1,JC2

Input data of Z,A(g/mol),I(eV),R(g/cm3)
OPEN (11,STATUS='0LD',FILE='ZAIR.DAT')

READ (11,60) TEXT

DO 40 0I=1,100

FORMAT (AT0)

FORMAT (I4,7X,F10.7,F7.3,E12.8)

READ (11,61) IZ,AJ(JC),EI(JC),RJ(JC)
ZJ(JC)=IZ*%1,0

ZA(JC)=2J(JC)/AJ(JC)

IF (IZ .EQ. JC) GOTO 41

CONT INUE

CLOSE (11)

Plasma energy: PE(MeV), Mean excitation energy: EI(MeV)
PE =28.816%SQRT(RJ(JC)*ZJ(JC)/AJ(JC))%*1,.D=6




PES=PE¥*PE
EI(JC)=EI(JC)*1.D~6

DO 800 IE=IE1,IE2
T(IE)=TX

E=T (IE)+EME

VCS=1.D0~(EME/E)*®* (EME/E)

if (137%*sqrt(ves) .1t.10) then stop(for strict calcn)
ETA=EC/T(IE)

TAO=T(IE)/EME

Correction term (non-shell correction): F- (contin.)
F =(1-VCS)'(1.D0+TAO'TAO/8.DO-(2.D0'TAO+1.DO)‘DLOG2)
Correction term (non-shell correction): G- (restrictd.)
G1=-1.D0-VCS+DLOG(4.D0*(1,D0~ETA)#*ETA)
G3=(2.DO*TAO+1.D0)*DLOG(1.D0O~ETA)
G2=(TAO®ETA )*(TAO®ETA)/2,D0+G3
G =G1+1.D0/(1.D0-ETA)+(1.D0~VCS)%G2
Correction term(non-shell correction): F+(for e+: contin.)
F1=23.D0+14.D0/ (TAO+2.D0)+10,D0/ (TAO+2,D0) ®%2
F2=(VCS/12.D0)*(F1+4,D0/ (TAO+2.D0)*#3)
FC=2,DO®DL0G2~-F2
Correction term(non-shell correction): G+(for e+: restrictd.)
U =1.D0/(TAO0+2.D0)
G1=1.D0+(2.D0=U%J ) *ETA
G2=(3.D0+U*U ) *(U%TAO/2.D0) *ETA®ETA
G3=(1.DO+UNTAQ ) * (USU¥TAO#TAO/3.D0)*ETAKETA®ETA
GH:(U'U*U!ETA*ETA*ETA/H.DO)'ETA'*K
GC=DLOG (4.DO®*ETA)-VCS*(G1-G2+G3~G4)
Delta(density) correction: D
DX=DLOG(VCS/(1.0-~VCS))/4.606
DC=-2.0*DLOG(EI(JC)*1.0D6/28.816%3SQRT(RJ (JC)*ZA(JC)))=1.0
DN=-DC
For solid, liquid with I<100 eV (Z=3,4,5)
IF (ZJ(JC).GE.3 .AND. ZJ(JC).LE.5 .or. zj(je).eq.10.0) THEN
X1=2.0

IF (DN .LT. 3.681) THEN
X0=0.,2

ELSE
X0=0.326%*DN~1.0

END IF
For solid, liquid with I>=100 eV (Z>=11)
ELSE IF (ZJ(JC) .GE. 11) THEN
X1=3.0

IF (DN .LT. 5.215) THEN
X0=0.2

ELSE
X0=0,326*DN~1.5

END IF
For gases at normal T, P (2=1,2,6,...10)
ELSE

IF (DN .LE. 12.25) THEN
X1=4.0

ELSE
X1=5.0

END IF

IF (DN .LE. 10.0) THEN
X0=1.6

ELSE IF (DN .GT. 10.0 .AND. DN .LE. 10.5) THEN




X0=1 07
ELSE IF (DN .GT. 10.5 .AND. DN .LE., 11.0) THEN
X0=1.8 -
ELSE IF (DN .GT. 11.0 .AND. DN .LE. 11.5) THEN
X0=1 09
ELSE IF (DN .GT. 11.5 .AND. DN ,LT. 13.804) THEN
X0=2.0
ELSE IF (DN .GE. 13.804) THEN
X0=0.326%¥DN-2.5
END IF
END IF
IF (ZJ(JC) .GE. 3) THEN
DM:S-O
ELSE
XA=DN/4.606
DM=(X1-X0)/ (XA-X0)
END IF
DA=(DN-4.606%X0)/(X1-X0) #%DM
c Density correction results:
IF (DX .LE. X0) THEN
D(JC, IE)=0.0
ELSE IF (DX .GT. X0 .AND. DX .LE. X1) THEN
D(JC, IE)=4,.606*DX+DC+DA% (X1-DX ) *##DM
ELSE IF (DX .GT. X1) THEN
D(JC, IE)=4,606%DX+C
END IF
C Continuous or restricted S.P.(differs in corr.term)
S1=2,DO*PI*RES*EME®ZJ (JC)®AVN/ (VCS#*AJ(JC))
S2=2.DO*DLOG(T(IE)/EI(JC))
C Stopping power in units of MeV cm2/g
SPC(JC, IE)=S1%(S2+DLOG(1.D0+TA0/2.D0)+F~D(JC,IE))
SPL(JC, IE)=S1#(S2+DL0G(1.D0+TA0/2.D0)+G-D(JC, IE))
SPCP(JC, IE)=S1%(S2+DLOG(1.D0+TA0/2.D0)+FC-D(JC, IE))
SPLP(JC, IE)=S1%(S2+DLOG(1.D0+TA0/2,D0)+GC-D(JC, IE))
SP=SPC(JC, IE)
800 CONTINUE
900 CONTINUE
RETURN
END

Cl1.2 Programme for alpha particles calculation

Program Alpha

Dimension FF(T7), FA(7),FW(7),XE(2,45001),YE(2,45001)
Character®90 Text1, Text2, Text3

Data Text1/' Attenuated Energy Spectra of Cm-244 (5.80 MeV)t'/
Data Text2/' Attenuated Energy Spectra of Am-241 (5.48 MeV)'/
Data Text3/! R(mm jum) E~dE(air) SP(alr)
+ E~dE(water) SP(water)'/

Data E0/5.80/,R0/45000./,AVN/6.022045e23/,Iw/ T/

Data RDa/1.205e-3/,RDw/1.0/,Mia/28.60/,Miw/18.015/

Data FA/58.9353,2.T406,85.0793,57.2387,0.6799,0.5,2.0/

Data FW/26.7537,1.3717,90.8007,77.1587,2.3264,0.5,2.0/

Open (unit=7, status='new', file=‘a.dat!')




o =

15

18

25

28
55

100
500

120

125
150
99910
99930

200

IR=int (RO)

XE(1,1)=E0

XE(2, 1)=E0

Write (Iw,99950)

If (E0 .eq. 5.80) Goto 2
If (E0 .eq. 5.48) Goto 4
Write (Iw,99910) Text1
Goto 6

Write (Iw,99910) Text2
Write (Iw,99910) Text3

Do 500 JC=1,2
If (Jc=-1) 15,15,25
RD=RDa

Mi=Mia

Do 18 k=1’7
FF(k)=FA(k)
Goto 55

RD=RDw

Mi =Miw

DO 28 k=1’7

FF (k) =FW (k)

Do 100 i=1,IR-1
TE=XE(Jje,1)

Call SPFIT(FF,TE,SP)

Convert SP in 1e-~15eVcem2/molecule into MeVem2/g
SP=SP#AVN#1,e-6/Mi

Increment of energy lost(keV) in one micron:
DE=SP¥RD*0. 1

YE(jo,i+1)=SP

XE(JC,i+1)=XE(JC,1i)-DE*1,e~3

As fitting is valid for E> 0.01 MeV

If (XE(JC,1+1)-0.010) 500,500,100

Continue

Continue

k=1

Do i=1,45

3=1%1000+1

Write (Iw,99930) i,XE(1,]),YE(1,9),XE(2,1+1),YE(2,1i+1)
If (mod(i,5).eq.0) Write (Iw,%)
End do

Format (5x,A70)

Format (6x,1i3,3x,4£14.3)

Close (Iw)

Stop

End

Subroutine SPFIT (FF,TE,SP)
Dimension FF(T)
S1=1.~exp(~FF(2)*TE®* (2, +FF(6)))
S2=FF(1)*1og(TE)/TE+FF(3)/TE
S3=S2%exp(~FF(5)/TE®*FF (7))
SP=1.e-15%#S1%(S3+FF(4)/TE%#2)
Return

End




C1.3 Programme for non-linear fitting

PROGRAM Fixation

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

External fxilas, fchis

Character®50 Text1,Text2,Text3,Textl

DIMENSION X(100),Y(100),W(100),YFIT(100),Wt(100),
& A(10),dA(10),SA(10), B(10),be(10),der(10),Ik(10),Jk(10),
& al(10,10),ary(10,10)

OPEN (1, STATUS='0OLD', FILE='ai.DAT')
Open (7, Status='new', File='ao.dat!)
Read (1,9900) Text1
Read (1,9900) Text2
Read (1,%*) ii, Iw, Mode, nm, phi, Accl, Ace2
Read (1,%) (A(i),4=1,nm)
Read (1,%) (dA(i),i=1,nm)
Read (1,9900) Text3
READ (1,9901) NP
DO 10 I=1,NP
10 READ (1,%) X(I),Y(I),w(I)
CLOSE (1)
F1=0,001
Comp=1.0
e ii =1,2,3: Scurv fit, Sgrid fit, Yfit(np)
If (ii-1) 102,101,102
101 Call Securv (ii,x,y,w,np,nm,mode,a,da,sa,fl,yfit,chis)
Goto 12
102  CALL SGRID (II,X,Y,W,NP,NM,MODE,A,DA,SA,YFIT,CHIS)
12 if (1i-3) 20,40,20
20  If (i1i~1) 202,201,202
201 If ((Comp-Chis)/Chis-Acc?) 40,40,30
202 If ((Comp-Chis)/Chis-Acc2) 40,40,30
30 Comp=Chis
If (1i-2) 101,102,102
40 Write (Iw,9900) Text1
WRITE (Iw,9903)
DO 50 I=1,NP
50 WRITE (Iw,9904) X(I),¥(I),W(I),YFIT(I)
WRITE (Iw,9905)
WRITE (Iw,9906) A(1),SA(1),A(2),SA(2),CHIS
Write (Iw,9908)
Write (Iw,9906) a(3),sa(3),a(4),sa(4), phi
9900 Format (A)
9901 FORMAT (I3)
9902 FORMAT (1X,FT7.2,2F12.6)
9903 FORMAT (/' OUTPUT:',3X,'DOSE',6X, 'SFmea',7X, 'S.D.(SF)',
+ 4X,'SFfit',/)
9904 FORMAT (10X,F7.2,3F12.6)
9905 FORMAT (/5X,'Sg:/em2 ',5X,'S.D.(Sg)',UX,"' tf:min ',5%,
+ '8.D,(tf) ',4X,'chi-sqd')
9906 FORMAT (3X,e10.3,4X,e10.3,2X,e10.3,3X,e10.3,3X,e10.3)
9908 Format (/5x,'tr:min ',5x,'S.D.(tr)',4x,' pn ',9x,'S.D.(pn) ',
+ 4x,'phi:1/cm2-min')

200 CONTINUE




62
64

66
70

80

110
120
121
122
123
141

143
143
145

151

154

157

161

164
166

Close (Iw)
STOP
END

FUNCTION FCHIS(Y,W,NP,NFREE,MODE, YFIT)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ¥(100),W(100),YFIT(100)
FCHIS=0.0

DO 80 I=1, NP

IF (MODE) 62, 64, 66
CHI=(Y(I)=YFIT(I))/Y(I)

GOTO 70

CHI=Y(I)=-YFIT(I)

GOTO 70

CHI=(Y(X)=YFIT(I))/W(I)%%2
FCHIS=FCHIS+CHI##2
FCHIS=FCHIS/(1.0®%NFREE)

CONT INUE

RETURN

END

SUBROUTINE SGRID(II,X,Y,W,NP,NM,MDE,A,DA,SA, YFIT, CHIS)
IMPLICIT DOUBLE PRECISION (A~H,0-Z)
DIMENSION X(100),¥(100),W(100),A(10),DA(10),SA(10),YFIT(100)
NFREE=NP~NM

FREE=NFREE#*1,

CHIS=0.D0

IF (NFREE) 300, 300, 110

Ir (11-3) 120,191,120

DO 200 J=1, NM

D0 122 I=1, NP

Call FxiaS (ii,x,i,a,Surv)
Yfit(4)=Sury

CHIS1=FCHIS(Y,W, NP, NFREE, MODE, YFIT)
FN=0.DO

D=DA(J)

A(J)=A(J)+D

DO 143 I=1, NP

Call FxiaS (ii,x,i,a,Surv)
YFIT(I)=Surv
CHIS2=FCHIS(Y,W, NP, NFREE, MODE, YFIT)
IF (CHISt-CHIS2) 151,141,161

D=-~D

A(J)=A(J)+D

DO 154 I=1, NP

Call FxiaS (ii,x,i,a,Surv)
YFIT(I)=Sury

SAVE=CHIS1

CHIS1=CHIS2

CHIS2=SAVE

FN=FN+1.D0
A(J)=A(J)+D

DO 164 I=1,NP

Call PxiasS (ii,x,1,a,Surv)
YFIT(I)=Surv
CHIS3=FCHIS(Y,W,NP,NFREE, MODE, YFIT)
IF (CHIS3-CHIS2) 171, 161, 181




171

181
182
183
184
200

191

CHIS1=CHIS2
CHIS2=CHIS3
GOTO 161

D=D*(1,D0/ (1.D0+(CHIS1-CHIS2)/(CHIS3~-CHIS2))+0.5D0)
A(J)=A(J)-D

SA(J)=DA(J)*SQRT(2.D0/ (FREE*(CHIS3~2.D0*CHIS2+CHIS1)))
DA(J)=DA(J )} ¥FN/3.

CONTINUE

DO 192 I=1,NP

Call FxiaS (ii,x,i,a,Surv)
YFIT(I)=Surv
CHIS=FCHIS(Y,W,NP,NFREE, MDE, YFIT)
RETURN

END

Subroutine FxiaS (ii,x,i,a,Surv)
Implicit Double Precision (a-h, 0-2z)
Dimension x(100),a(10)

AA=0.0

BB=X(I)

HH=(BB-AA)/2.D0

t=AA

ASSIGN 122 TO LE

GOTO 120

t=BB

ASSIGN 124 TO LE

GOTO 120

t=AA+HH

ASSIGN 126 TO LE

GOTO 120

ASSIGN 154 TO LE
Fun=1.-Dexp(-a(l)*Dexp(~(a(2)=t)/a(3)))

GOTO LE, (122,124,126,154)
St1A=Fun

ASSIGN 114 TO IL

GOTO 150

S1B=Fun

S1=S1A+S1B

ASSIGN 116 TO IL

GOTO 150

S4=Fun
SS=HH*(S1+4.D0%S4)/3.D0
52=0.D0

ASSIGN 152 T0 IL

GOTO IL, (114,116,152)
S2=84+82

S4=0,D0

HH=HH/2.D0

t =AA+HH

GOTO 118

SY=Sh+Fun

t =t+2,DO%HH

IF (t-BB) 118,160,160
SP=HH#(314+4.D0*S4+2.D0O*S2)/3.D0




162

c
164

1
13
20
21
22
23

25

29
30

31

3y
11

16
50
51

53
61

62
63

T1

73

T4
80

81

IF (DABS(SP-SS)-0.001%DABS(SP)) 164,164,162
8S=SP

GOTO 152

f'r=phi

fr=9,2el

Surv=Dexp (fr¥*(-a(1) )*sS)

Return

End

Subroutine Securv (ii,x,y,w,np,nm,mode,a,da,sa,fl,yfit,chis)
Implicit Double Precision (A-H, 0-Z)

Dimension x(1),y(1),w(1),a(4),da{1},sa(1),yfit (1)
Dimension wt(100),a1(10,10),be(10),der(10),ary(10,10),b(10)
Nfree=np-rm

If (Nfree) 13,13,20

Chis= 0.

Go to 110

Do 30 i=1,np

If (mode) 22,27,29
If (y(i)) 25,27,23
We(i)= 1./y(L)

Go to 30

We(i)= 1./(=y(1))

Go to 30

Wt(i)= 1.

Go to 30

We(i)= 1./W(1)%%2

Continue

Do 34 j=1,mm

Be(j)ﬂ 0.

Do 34 k=1,J

AL(3,k)= 0.

Do 50 i=1,np

Call Fderiv (ii,x,i,a,da,nm,der)

Do 46 j=1,nm

Call FxiaS (ii,x,i,a,Surv)

Be(J)= be(J)+wt(1)*(y(i)-Surv)*der(])
Do 46 k=1,]

AL(j,k)= al(j,k)+wt(i)*der(j)*der(k)
Continue *

Do 53 j=1,nm

Do 53 k=1,]

Al(k,3)= al(j,k)

Do 62 i=1,np

Call FxiaS (ii,x,i,a,Surv)

Yfit (i)=Surv
Chisi=fchis(y,w,np,nfree,mode,yfit)

Do T4 j=1,mnm

Do 73 k=1,nm
Ary(j,k)=al(j,k)/sqrt(al(j,j)*al(k,k))
Ary(3,3)= 1.+f1

Call Matinv (ary,nm,det)

Do 84 j=1,mm

B(j)=A(3)

DO 81" k=1,m




84 B(j)=B(j)+be(k)*ary(j,k)/sqrt(al(j,j)*al(k,k))

91 Do 92 i=1,np
Call FxiaS (ii,x,i,b,Surv)
92 ¥rit(i)=Surv
93 Chis=fchis(y,w,np,nfree,mode,yfit)
95 Fl= 10.%f1
‘ Go to T1

101 Do 103 j=1,nmm
A(J)=B(J)

103  SA(j)=sqrt(ary(j,3)/al{j,j))
Fl= £1/10.

110 Return
End

Subroutine Fderiv (ii,x,i,a,da,nm,der)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
Dimension x(50),a(4),da(4),der(10)
11 Do 18 j=1,nm
Aj=A(3)
Delta= DA(j)
A(j)= Aj+Delta
Call FxiaS (ii,x,i,a,Surv)
Yfi=Surv
o YFi=FXIAS(ii,x,1i,a)
A(J)= Aj-Delta
Call FxiaS (ii,x,1i,a,Surv)
Der(j)= (yfi-Surv)/(2.%*Delita)
18 A(j)=A}
Return
End

Subroutine Matinv (ary,norder,det)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
Dimension Ary(10,10),Ik(10),Jk(10)

10 Det=1.
11 Do 100 k=1,norder
Amax: 00

21 Do 30 i=k,norder
Do 30 j=k,norder
23 . If (Dabs(Amax)-Dabs(Ary(i, J))) 24,24,30
24 Amax= Ary(i,J)
Ik(k)= 1
Jk(k)= j
30 Continue

31 Ifr (Amax) 41,32,41
32 Det= 0.
Go to 140
11 i= Ik(k)
If (1-k) 21,51,43
43 Do 50 j=1,norder
Save=Ary(k, j)
Ary(k, j)= Ary(i,J3)
50 Ary(4i,j)s -Save
51 j= Jk(k)
Ir (j-k) 21,61,53




53

60
61
63
71

T4
75
80
81

83
90

100

101

105
110
111
113

120

130
140

Do 60 i=1,norder
Save= Ary(i,k)
Ary(i,k)= Ary(d,J)
Ary(i, j)= =Save

Do 70 i=1,norder

If (i-k) 63,70,63
Ary(i,k)= =Ary(i,k)/Amax
Continue

Do 80 i=1,norder

DO 80 j=1,norder

If (i-k) T4,80,T4

If (j-k) 75'80,75
Ary(i,3)= Ary(d, j)+Ary(d,k)*Ary(k,J)
Continue

Do 90 j=1,norder

Ir (j-k) 83,90,83

Ary(k, j)= Ary(k,]j)/Amax
Continue

Ary(k’k)= 1./Amax

Det= Det¥*Amax

Do 130 L=1,norder
k= norder-L+1

J= Ik(k)

Ir (j-k) 111,111,105
Do 110 i=1,norder
Save= Ary(i,k)
AI‘Y(i;k)= -AI‘Y(i,J)
Ar‘y(i,j)= Save

i= Jk(k)

If (i-k) 130,130,113
Do 120 j=1,norder
Save= Ary(k,J)
Ary(k,j)= -Ary(i,J)
Ary(i, j)= Save
Continue

Return

End

Reference: Bevington, 1969.
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Published information on the reproductive death in mammalian cells irradiated
by a wide range of X- and y-ray energies has been re-analysed to extract intrinsic
efficiencies of damage for the secondary electrons in transient equilibrium. On a
log-log plot, a linear dependence on the track average l.e.t. and the average
specific primary ionization is found, indicating that either serves as a good quality
parameter. The soft X-ray data are consistent with this conclusion. Upon
comparison with data for fast heavy ion irradiations, the average specific primary
ionization is shown to be applicable independently of radiation type whereas track
average l.e.t. is not. Furthermore it is revealed that electrons are most damaging
near the end of their range but their efficiency is only about 10-20 per cent of that
of fast ions at the same quality, possibly due to the influence of multiple scatter on
the electron penetration depth.

It is deduced that, for the dose rates involved, the damage by electrons is
predominantly by intra-track action and not inter-track action. The results are
consistent with the suggestion that optimum damage occurs when the mean free

path between ionizations is equivalent to the strand separation in the double-
stranded DNA,

Indexing terms: radiation quality, mammalian cell survival.

1. Introduction

Identification of the physical quantities which are appropriate for the specifi-
cation of radiation quality in biological systems is of fundamental importance in the
prediction of radiation effects at low doses and in the dosimetry and application of
radiation.

During the last decade progress in experimental and theoretical studies of
charged particle track interactions has enabled accurate calculations down to
energies at the end of the particle range. Recently, when this type of information was
applied to published data for the induction of reproductive death in mammalian cells
by fast heavy ions, good correlation was obtained in terms of the specific primary
ionization (Cannell and Watt 1985, Watt et al. 1984). The results suggest that the
degree of radiation effect is determined by the mean free path between ionizations
and that the energy transfer per primary ionization is relatively unimportant.

For example, when comparison is made for data points with the same specific
primary ionization, the data of Blakely et al. (1979), obtained with fast ions, having
maximum delta-ray energies up to 1-6 MeV, do not differ significantly from the data
of Skarsgard et al. (1967) and Thacker et al. (1979) which have maximum delta-rays
up to only 25 keV. Similarly, for yeast cells (Kiefer et al. 1982), the ions used have
delta-ray yields ranging from ten to one hundred times greater than that occurring
for the onset of primary track saturation, yet the intrinsic efficiency for damage is
only about 2-0.
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The intrinsic efficiency for damage per charged particle track is found to reach an
optimum value when the mean free path for primary ionizations is equal to the strand
spacing in double-stranded DNA, namely when the specific primary ionization (in
water) is about 5:5 x 10% ionizations cm? g ™! independently of fast heavy particle
type. From this it may be predicted that electrons with the optimum specific primary
ionization should act with the same maximum intrinsic efficiency as the heavy ions.
In an attempt to gain information on electrons we have analysed published survival
data for induction of reproductive death in mammalian cells irradiated by gamma
and X-ray fields covering a wide energy range—from 1:25 MeV to 300eV.

2. Correlation of data

Several sets of survival data for X- and y-irradiations of mammalian cells have
been collated (tables 1-3). Three types of mammalian cells were involved: human
carcinoma cells (HeLa); Chinese hamster ovary cells (CHO) and Chinese hamster
lung cells (V79). The cells were irradiated in vitro. The results of the published
papers on mammalian cells were analysed using the values of D, which were obtained
either from the original authors (in most cases) or by determining the average slope
over the approximately linear portion of the published survival curves.

The D, values and the results of other relevant calculations are listed in tables
1-3. For y-rays from °Co and *37Cs, the effective energy of the photons, E,,, is taken
to be 1252keV and 662keV, respectively. For the bremsstrahlung from X-ray
machines, the E;, value is determined from the HVL (half value layer) or from the
filtration thickness, quoted by the original authors and by reference to a catalogue of
standard spectra (Seelentag et al. 1979).

For this general analysis, some of the factors which might have a second-order
influence on the dose—effect curves have been disregarded. However, one of these,
the radiation dose-rate has been limited to within two orders of magnitude in the
collected data, i.e. 0:14-1:6 Gymin~! for HeLa cells, 0:14-9 Gymin~! for CHO
cells, and 1:5-50 Gy min ™! for V79 cells. The cells were irradiated in vitro in air or in
oxygen. No added chemical protectors or sensitizers were present.

The track average l.e.t. (in water), L, for the equilibrium slowing down spectra
of secondary electrons generated from the primary differential compton and photo-
electron distributions released by the incident photons were calculated following
McGinnies” work (1959) modified to extend the validity down to 30eV electron
energy using theoretical and empirical relationships (Ashley et al. 1978, Iskef et al.
1983, Al-Ahmad and Watt 1984). From the track average l.e.t. for the equilibrium
electron spectrum, the effective electron energy, E,., was determined by comparison
with the energy of primary electrons which would give the same l.e.t. Having
selected E,,, the corresponding value of I was determined as follows. For electron
energies above 10 keV, a binary encounter formula divided by a factor of 2 is used for
the calculation, i.e. the specific primary ionization is given by

Is=9—§-§78-zln (2-325 x 10* ?) ionizations pm !

The above equation is modified by the factor of 2 in the denominator as this is
found to give better normalization to ensure a smooth join to the calculated results
for electron energies below 10keV in liquid water (Tung and Chen 1982).

o
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3. Results
For X- and y-irradiations the effect cross-sections, g, in cm
from

2 were calculated

o,=16x10"°L./D,

where Ly is the track average l.e.t. in keV um ™! for the electron spectrum at transient
equilibrium and D, is in gray. The ¢, values are normalized to a numerical value
taken for the geometrical cross-section, o, of the cell nuclei. A nominal value of
5% 1077 cm? is taken as a compromise between the uncertainty in nuclear size in
different experimental arrangements (e.g. Zermeno and Cole 1969, Todd 1975) and
the realization that it may be more appropriate to normalize to the cross-sectional
area of the DNA content. The ratio oy =0,/0, represents the intrinsic efficiency for
the damage specified.

When the intrinsic efficiency for damage is plotted versus L, or I, on a
logarithmic scale a linear relationship is obtained for all photon energies (figure
1(a), (b)). Mathematical representations of the data, determined by the least squares
method, are

or=(1-911333) x {0~3LL 12£0:08
and
o= (1:821 02y (4P 95k0:03

where the errors are standard deviations about the mean.

Another quantity of interest is the efficiency per primary ionization (or per delta-
ray yield) for the equilibrium electron spectra i.e. aag/;. As is expected from the
equations above this is also constant but with a tendency to decrease at the lowest
photon energies i.e. at the highest I, values. The results can be represented by

or/Ty=(0-1821 3357, 004740093

Comparison of the latter three equations with the data points is made in figures
1 (a) and (b) and 2 (solid lines).

4. Discussion and conclusions

Reference to figure 1 shows that the intrinsic efficiency for damage by X- and y-
rays is linearly related to Ly, and to I, for the equilibrium electron spectrum, when
plotted on a logarithmic scale. The points for 1:-5keV Al KX-rays and 0-3keV
carbon characteristic K X-rays (Goodhead et al. 1979) are seen to be consistent with
the general trend. Carbon K X-rays are predicted to be the most damaging of all
photons because their secondary electrons have specific primary ionization around
the region of maximum effectiveness.

The intrinsic efficiency for damage per primary ionization (or per delta-ray)
generated by electrons entering the cell nucleus is approximately constant independ-
ently of both Ly and I, (figure 2). The latter implies that the excess energy transfer
per primary ionization along an equilibrium spectrum track is of minor, and possibly
negligible importance as may be predicted from the work of Zermeno and Cole
(1969) who have demonstrated that electrons must have an energy of about 10 keV to
penetrate the cell cytoplasm and damage the nucleus. Thus delta-rays must have
energies near to or greater than this value to enhance the observed damage cross-
section beyond that for the primary target nucleus. Additionally, as the probability
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Figure 1. Intrinsic efficiency, for damage by secondary electrons produced in X-and ;-
irradiation of CHO (®), Hel.a (M) and V-79 cells (A), plotted as a function (&) of the
track average l.e.t., L1, and (b) the mean specific primary ionization, I,. References are
given in tables 1-3.

of damage by electrons increases rapidly towards the end of the electron track (figure
1 and 3) so, to a good approximation, it can be said that electrons only produce
significant damage if they come to rest in the cell nucleus and that their initial kinetic
energies are relatively unimportant,

Examination of the data in figure 1 shows that either Ly or I, are satisfactory
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Figure 2. The intrinsic efficiency per primary ionization (oy/1;), plotted as a function of T,
approximately constant for photon energies ranging from °°Co to C,, X-rays indicating
that the energy transfer per collision, for electrons in the equilibrium slowing down
spectrum, is of rélatively minor importance.

quality parameters. However, when the heavy ion data are taken into account, I, is
found to be distinctly superior to Ly (Cannell and Watt 1985).

Virsik et al. (1983) have reported a good correlation of electron, photon and
neutron data with dose-restricted l.e.t. However, restricted l.e.t., which bears a good
proportional relationship to the specific primary ionization, is in the wrong
dimensional units to permit direct identification of the critical 1:8 nm spacing
identified here.

A comparison between the photon data and a typical set of heavy ion data is
shown in figure 3. Several interesting features can be deduced from the comparison.
First, maximum effective primary ionization for X- and y-rays can only just exceed
the optimum value of 5 x 10® ions cm? g~ 1. This is because electrons can achieve this
value only when their energies lie between 250 eV and 50 eV and consequently they
reach maximum damage efficiency at the end of their ranges. Secondly, the
magnitude of the intrinsic efficiency for X- and y-rays is always very much less than
that for heavy ions with the same specific primary ionization, even for 8°Co y-rays
(Watt et al. 1985). A probable explanation is that because the equilibrium slowing
down electron spectrum contains an abundance of low energy electrons for all
photon energies (Hamm et al. 1978) and, although these are the most damaging,
nevertheless, because of multiple scatter, only a small percentage (~ 10 per cent) will
have sufficient projected range to penetrate both strands of the DNA thereby
reducing the probability ef damage. The results are consistent with the deduction
that the dominant damage mechanism is a process which reaches an optimum value
when the mean free path between primary ionizations along the charged particle
tracks corresponds to the spacing between strands in double-stranded DNA,

Thirdly, the effect cross-sections for X- and y-rays have been deduced from the
D, values, which lie beyond the shoulder in the dose-response curves. As the
intrinsic efficiencies are more closely proportional to the specific primary ionization,
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Figure 3. Results for X~ and y-rays from figure 1(b) (tables 2 and 3) are compared with the
intrinsic efficiencies for fast accelerated 1ons (CH cells (@), Skarsgard et o/. (1967); V-79
cells (A), Thacker et al. (1979)). At the same value of I, the photon data are about an
order of magnitude smaller than the ion data (see text). Also as oy is more nearly
proportional to I,- than to (I,)* for the photons, electron intratrack action appears to
dominate the damage mechanism.

I , than to (I,)? it can be implied that most of the observed damage is due to intra-
track effects rather than to inter-track effects.
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Abstract — New analyses of published data for the inactivation of enzymes, viruses, and higher cells by accelerated ions an:
X and gamma rays indicate that the dominant mechanism for reproductive death in mammalian cells is determined by th
“matching” of the mean free path between ionisations to the strand separation in double stranded DNA. Electrons hav
greatly reduced intrinsic efficiencies of action when compared with heavier particles because they can reach the requisit
specific primary ionisation only at very low energies when they undergo large range straggling. In all of the systems teste
the action of electrons seems to be intra-track rather than inter-track. Additional evidence in support of the propose:
mechanism is found in the occurrence of the RBE maxima at the same critical specific primary ionisation of 0.55 pe
nanometre and independently of radiation type. In view of the foregoing findings microdosemeters measure the wron
quantity, but information of practical value can be obtained by applying saturation corrections which are dependent o
radiation type. In radiotherapy best results should be achieved by selection of the appropriate specific primary ionisatio
rather than the maximum LET for the radiation concerned. :

INTRODUCTION

Identification of the main physical mechanisms
responsible for radiation damage is necessary to
improve our understanding of radiation effects in
biology, protection and therapy. For the
development of realistic mathematical models of
radiation action it is essential to know the main
physical processes which are manifestations of the
radiation quality, and from which physical
parameters descriptive of the quality may be
extracted.

Historically, radiation effects have been
interpreted in terms of parameters directly related to
energy deposition, However, there is an increasing
amount of evidence that energy based parameters
may not be the most appropriate for interpretation of
radiation effects in biological systems. Examples of
such evidence are:

(i) Inactivation of enzymes in the dry state and in
vacuum where particles of different energy but of the
same type and with the same LET have effect cross
sections differing by an order of magnitude®.

(ii) The apparently anomalously high damage per
unit dose caused by K shell vacancies associated with
incorporated electron capture nuclides® and by
photoelectric interactions by soft X ray irradiation®.
(iii) Predictions from classical microdosimetry
theory that neutrons of intermediate energy (~ 7
keV) will have approximately the same effect as
tritium P rays, which seems unlikely because of the

fundamental differences in the physical interaction
of these radiations®,

With the object of identifying the mai
mechanisms responsible for radiation damage
similarity treatment has been developed whereby th
general trends of radiation effects may be expresse
for any specified biological endpoint in a “universal
manner which, ideally, would be independent of bot|
target and radiation type. Towards this objective
published data for inactivation of enzymes, viruses
yeast and mammalian cells, by accelerated ions, 2
and ¥ rays have been re-analysed®*7,

The philosophy of approach was guided by earlie
work on hit and target theory and by experimenta
studies on enzymes in the dry state under vacuum
when it became clear that the degree of damage wa
determined predominantly by the type of physica
interaction and not necessarily by the amount o
energy transfer®!). Therefore, to avoid direc
dependence on parameters based on energy it wa
decided to quantify the degree of radiation damag
by the cross section for radiation effect o, for the
incident charged particles. Also, rather thar
speculate on the sizes of radiosensitive volumes anc
become involved with the associated comple:;
parameter k (the radiosensitivity),  the radiatior
effect is expressed in terms of the (mor
fundamentally explicit) quantity intrinsic efficienc:
of action, €, for the charged particle track whicl
actually enters a well defined geometric cros
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sectional area o, of the irradiated specimen. Thus e =
o./a,, where o, 1s taken for the whole molecule in the
case of enzymes, the cross sectional area within the
protein coat for viruses, and the cross sectional area
of the nucleus for cells.

Results have been obtained from published data
for the following targets with mean chord length, d,
indicated,

(i) Enzymes: lysozyme, trypsin, Rnase, Dnase, and
P galactosidase irradiated in the dry state by fast ions
{snging from protons to argon (d = 3 nm to 10 nm)®-

(i) Viruses: tobacco mosaic virus, Newcastle
disease, influenza A, Staph. K, S-13, vaccinia, ¢X-
174 and T1-phage (d = 16 to 76 nm){>17,

(iii) Yeast cells irradiated by fast alpha particles to
uranium ions (d = 1360 nm)@®,

(iv) Mammalian cells:c T1-human kidney; Chinese
hamster CH2B2 and V79 cells irradiated by fast
helium to uranium ions"*? (d ~ 4000 nm).

(v) Mammalian cells: HeLa human carcinoma,
Chinese hamster ovary and Chinese -hamster lung
V79 cells irradiated by soft X rays to ®Co ¥y
rays®33%6:3873) (d = 4000 nm).

CALCULATION OF BASICDATA
Effect cross sections

The microscopic cross section for induction of the
effect by individual charged particle radiations can be
extracted from the dose survival curves, assuming

unit density, from the formula
1.6 X 10° Ly [6))
S

where Ly is the trick average LET in keV.um™ for
the relevant charged particle energy spectrum, o, isin
cm? and D in Gy. For_accelerated ions in track
segment experiments, Ly is calculated for the
primary ion tracks and D is taken as that
corresponding to 37% survival fraction. For X and
gamma irradiations, the effect is due to the slowing
down recoil electron spectrum in transient
equilibrium. Consequently Ly refers to the track
average LET for that spectrum and D in Equation 1
was taken either as the value of D, (the slope of the
dose-response curve at high doses) quoted by the
original authors or by averaging the slope over the
approximately linear portion of the survival curve.

Relative biological effectiveness, RUE

For comparative purposes it is useful to compare
the RBE with the simple ratio of effect cross sections,
although the latter is the more fundamental measure
of relative effects. The RBE of radiation type 1 with
respect to the reference radiation type 2 is given by

241,
where the LET ratio reintroduces the dependence or
energy deposition.

Inherent in Equations 1 and 2 is the assumption o:
a pure exponential response but this is thought to be
acceptable for the present purposes.

Basic physical data for accelerated ions and electrons

All results were computed for liquid water of unit
density. Calculations of LET, delta ray energy
spectra and yields, maximum delta ray energies and
range-energy relationships relied mainly on standard
Bethe type formulae® and on empirical
relationships developed in this laboratory for
application to low energies®?), In the stopping
power formulae, inner shell corrections were
included but the Barkas and Bloch (Z3,Z}) effects
were ignored. Ziegler’s format for the effective
charge on the projectiles®, with some
improvements, were used to scale data for protons to
heavier projectiles. Delta ray yields were assumed to
be constant below 100 eV down to a 30 eV threshold.

For accelerated ions, the specific primary
ionisation (I;) could be deduced either from the
relation

Lo

om (,-1-.‘6 + W) (3)
or
2o 1
s @

In these equations the mean energy required to
produce an ion pair, W, and I, the mean ionisation
potential for water were each taken to be 30 eV, T is
the frequency weighted average energy for the delta
ray spectrum. Both methods of calculation agreed to
within a few per cent.

For electrons, the specific primary ionisation, I; as
ionisations per um, was calculated” from

f= 32—1[3381111 (2.325 x 10° B?) ©)

at energies >10 keV. Data from Tung and Chen®®
were used at energies below 10 keV.

Electron spectra at transient equilibrium for photons

As the effect of photon dose is due to the
cumulative action of the electrons in the equilibrium
slowing down spectrum, the relevant cross section is
for an electron at an energy representative of this
spectrum. Therefore, in addition to details of the
slowing down spectrum and the track average LET,

286



BIOPHYSICAL DAMAGE BY IONISING RADIATION

an “effective” electron energy must be determined

and involves decisions on the correct weighting

parameter for averaging. This will be discussed
below.

The original bremsstrahlung spectra for the X ray
irradiations were taken either from the original
publications or deduced from the known filtration
using Seelentag’s data®V. The primary photoelectron
and differential compton electron distributions,
allowing for coherent scatter, were then computed
for each photon energy band. For each electron
energy band, the McGinnies method®? was used for
calculation of the slowing down spectra. The lower
threshold cut-off was extended from 400 eV to 20 eV
by incorporating Sugiyama’s theory of stopping
power® . In this, modifications are made to the Z;,
Z, and mean excitation potential, I, to enable
application of the Bethe formula to low energies. A
facility was built into the computer program to allow
the compounding of results for individual electron
energy bands into the complex weighted primary
electron spectra and initial photon spectrum by using
a constant channel width throughout. Channel
widths were selected on a logarithmic scale to
simplify the variation of channel width whilst
preserving the important E/2 location corresponding
to maximum energy transfer for electrons and
following McGinnies’ suggestion. The program
provides results for the differential track length,
differential electron fluence spectrum, track average
LET, dose average LET, the concentration of
equilibrium electrons and the total fluence of
equilibrium electrons per primary electron.

Effective electron energy for the slowing down
spectrum

Correct weighting of the electron spectrum to
determine an effective electron energy requires
foreknowledge of the radiation damage mechanisms.
As an initial step the effective electron energy was
determined by first calculating the track average LET
for the slowing down spectrum and then finding the
primary electron energy which would give this value.
From what we deduce from the present results

‘concerning the damage mechanism it would have:
been more accurate to have determined the effective
-energy for the track average of the specific primary

ionisation but it is not expected that this would make
an important difference for photons(,

INTERPRETATION OF RESULTS
Enzymes (dry state)

(i)The intrinsic efficiency for radiation action as a
function of LET is a moderately good “universal”
parameter, as it isindependent of enzyme type within

the experimental errors which, however, may be as
much as a factor of two (see Figure 1in Reference 1).
(ii) Radiation action is predominantly due to delta
rays as evidenced by (a) the relatively small degree of
saturation (S2 times) at high LET, (b) the intercept
of the extrapolated € against L curve with the ¥Co
point at low LET®), and (c) the magnitude of the
intrinsic efficiency which can greatly exceed unity
(see Figure 1 in Reference 1).

(iii) The data can be adequately predicted using a
single hit, single target, model where a hit is a single
jonisation and the target is the whole molecule®,

Viruses

For those viruses not containing double stranded
DNA the conclusions are similar to those for
enzymes. However, to obtain the moderately good
agreement between the theoretical and experimental
intrinsic efficiencies (see Figure 2 in Reference 5) a
sophisticated hit-target model is required in which
the following detail must be taken into account():
random traversals and near misses of the target;
distributions in energy, range and angle of emission
of the delta rays; the presence of an insensitive coat
surrounding the virus.

Results for T1-phage, which contains double
stranded DNA, exhibit two interesting
characteristics: (i) the observed intrinsic efficiency is
two to four times smaller than predicted by simple
hit-target theory and by comparison with the results
for @X-174 which contains only single stranded
DNA. (ii) There is a pronvunced change in slope
when the intrinsic efficiency is plotted against either
LET or specific primary ionisation. The inflection in
the curve occurs at the point where the mean free
path for ionisation is about 1.8 nm — a dimension
which is immediately suggestive of the spacin
between the strunds in double stranded DNA!
(Figure 1).

Yeast cells

The yeast cell data of Kiefer et al."® are for
irradiation conditions under which there is a large
amount of saturation. The measured efficiencies fos
damage are much smaller than predicted by single o
double hit, single target theory which includes ful
correction for saturation®V. Also, despite the
enormous delta ray yield, the observed efficiencie:
rarely exceed 2.5 and are frequently near unit)
(Figure 1).

Mammnalian cells

All the data show a similar general trend when the
intrinsic efficiencies are plotted as a function of
specific primary ionisation, that is, a steep initia
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V trypsin (9,10, 12) & Ticells (22)
O gX-174 (16, 17) W Tlcells (23)
A Ti-phage (16, 77) [£] Ticells (79)
Y vyeastcells (18) A V-79cells (20)
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X and gamma rays
® CHOcells A V-79cells (3, 7, 38-75, 82)

Figure 1. P,y the total probability, or the intrinsic efficiency

for damage for radiations ranging from photons to protons

and higher Z ions in enzymes, bacteriophages, yeast cells

and mammalian cells is shown as a function of the mean

specific primary ionisation (I;). Numbers in brackets are
references for data sets.

slope with a point of inflection, when the mean free
path between ionisations is about 1.8 nm, followed by
a much more gradual slope (Figure 1). The point of
inflection is LET dependent but when referred to
specific primary ionisation it is independent of
radiation type, suggesting that specific primary
ionisation is the more fundamental and significant
parameter.

Because of the 1.8 nm spacing between ionisations
for optimum damage, the much reduced intrinsic
- efficiency of action and the apparently low sensitivity
to. maximum & ray energy and yield, it is suggested

that this is good evidence, based purely on' physi
track structure considerations and the survival curs
that double strand breakage in DNA is the m:
cause of cell death. Confirmation of this conclusior
supported by comparison of results for T1-pha
(with double strand DNA) which has an optimm
response with those for ¢pX-174 phage (with sinj
strand DNA) which does not® (Figure 1).

Mammalian cells: X and gamma ray data

Analysis of the data for accelerated ions reve:
that there is an important relationship between tl
mean free path for primary ionisation and the spaci
between the strands in double stranded DNA whi
acts as a major damage mechanism. One m:
surmise, therefore, that electrons with the optimu
mean free path for ionisation should have the san
intrinsic efficiency for damage as the other charg
particles. Consequently, in an attempt to extra
information on damage by electron tracks, analysis
X and gamma irradiations of mammalian cells w.
pursued?,

Mean intrinsic efficiencies for the slowing dov
equilibrium spectra of electrons were determined f
the X and gamma irradiation induction of ce
reproductive death. A linear dependence (log-Ic
plot) is found on the track average LET and tl
average specific primary ionisation, indicating th
either serves as a good ciuality parameter. The so
characteristic X ray data’®”) are consistent with th
conclusion. However, the knowledge that the specif
primary ionisation is of the greater importance,
indicated in the analyses of the accelerated io
coupled with the fact that the ‘specific prima
ionisation is a more fundamental parameter th:
LET (or restricted LET), leads one naturally to i
selection as an important candidate for ti
specification of radiation damage.

Perhaps surprisingly, reference to Figure 1 shov
that the intrinsic efficiency for damage by electror
(X and gamma data) is nearly an order of magnituc

-less than that for accelerated ions at the same specif

primary ionisation. A possible explanation is th:
electrons are only capable of reaching the requisi
specific primary ionisation of about 0.5 pi
nanometre at the very end of their tracks when the
energies fall below 250 eV and their extrapolate
range is a few nanometres. The pronounce
skewness of their transmission curves due to multip!
scattering means that relatively few electrons whic
interact with the first strand in the DNA ai
physically capable of reaching the second strand t
consolidate the damage. Other evidence for th
anomalously low efficiency for electron tracks
given in the following discussion.
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CONCLUSIONS, WITH DISCUSSION

Accelerated ions

From detailed track structure analyses of dose-
survival curves we have identified the dominant
damage mechanism for inactivation as being due to a
single hit (ionisation) anywhere within the target
molecule for enzymes and within the region
surrounded by the protein coat for viruses not
containing double stranded DNA.. Because single hit
action is sufficient and the insensitive structures are
small or negligible, good correlation is obtained with
LET in small targets irradiated by accelerated ions as
the spatial distribution of the delta rays can
contribute importantly to the intrinsic efficiency for
damage. In other words, provided saturation effects
are properly taken into account, all the ionisations
are effective and LET, in those special circumstances,
is a significant parameter. However, the
sophisticated single hit, single target, model
described elsewhere'® confirms the importance of the
individual interactions rather than the actual energy
deposition in the form of LET.

Examination of the data for targets (including the
mammalian cells) which contain double stranded (ds)
DNA provides a much more exciting picture. For
these, three main features are observed: (i) the point
of inflection for primary ionisation rates near 0.55 per
nanometre; (ii) the common nature of the point of
inflection for all target types (with ds DNA) and for
all types of accelerated ion; (iii) the much smaller
intrinsic efficiencies observed for targets containing
ds DNA compared with those observed for similar
sized targets not containing ds DNA. All of these
features strongly indicate that the dominant damage
mechanism is caused by intra-track action in which an
interaction is necessary in each of the two
neighbouring strands spaced at about 1.8 nm in the
DNA. It is concluded that the mean free path
between ionisations is the dominant fundamental
physical parameter of the radiation which determines
the radiation action and the effect will be a maximum
(ignoring delta rays for the moment) when this
“matches” the strand spacing. The “duplex
matching” will be subject to the normal stochastic
fluctuations.

Thomas® has calculated that the probability of
damage by this type of “resonance” behaviour is
much more consistent with the observed probabilities
than is a simple two-hit action. The possibility of a
resonance action has been contemplated before,
albeit on the basis of absorbed energy™, and there is
abundant radiobiological evidence that the double
stranded DNA has special importance (e.g.,
Chadwick and Leenhouts®®). More evidence will be
presented below which further supports the
foregoing argument.

Electrons

Information on the action of electrons is obtained
from three sources: (i) direct irradiation with
external electron beams®”; (ii) X and gamma
irradiations; and (iii) the extraction of delta ray
effects from experiments with accelerated ions.

Experiments®” with external electron irradiation
of mammalian cells prove that electrons require
about 10 keV to traverse the insensitive cytoplasm
and that there is a sensitive structure within the
nucleus of estimated dimension 2.5 nm®), The
intrinsic efficiency of damage for a primary 10 keV
electron (including the effects of the slowing dowr
cascade developed at the end of the range) is about 2
¥ 1015,

To extract damage probabilities from the photor
and accelerated ion data we note that the tota
probability of damage

e = P(i) + L dP() (6)

where P(i) is the intrinsic efficiency of damage for the
radiation on the primary target alone, in which I;.d
ionisations occur on average, and P(j) is the mear
intrinsic efficiency of damage for the delta ray
spectrum. This assumes that the electrons forming
the delta ray penumbra act separately in individual
secondary targets. Without foreknowledge of the
actual inactivation mechanism we cannot calculate
P(i) but we know that in the saturation condition I;>
0.55 nm™, P(i) = 1, in which case P(j) = (e - 1)/1;.d
represents the mean intrinsic efficiency (g;) for a
single delta ray with average energy representative of
the delta ray spectrum.

Results for enzymes, viruses and higher cells are
shown in Figure 2. Note that for mammalian cells the
value of € = (4-5 x 107) for delta rays compares
closely with the value extracted directly from the
equilibrium electron spectra for the photon data (see
Figure 3 in Reference 7, divide by d and get g; = 4 X
1075). In calculating the latter value it is assumed that
the action in the primary target is small compared
with the last term in Equation 6 above.

Direct confirmation of the low intrinsic efficiency
for electrons is obtained by the observation that the
intrinsic efficiency for damage by accelerated ions is
relatively insensitive to the delta ray energy
spectrum, as can be seen by comparison of the results
shown in Figure 1, in which the maximum delta ray
energies range up to 15 keV (Barendsen et al. ®), to
> 1MeV (Blakely et al.®?), and to > 3 MeV (Kraft et
al.®), yet the intrinsic efficiencies above the
saturation values do not change by more than a factor
of 3 despite the very large delta ray yields and
energies, A dependence of the intrinsic efficiency on
delta ray energy, at maximum energies > 10 keV®?),
is revealed in the analysis of the yeast cell and V-79
cell data in Figures 1 and 2.
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Figure 2, P, the probability of damage for a single electron

representative of the delta ray spectrum of heavy ion tracks

plotted against the maximum delta ray energy T .« (keV;

Symbols are as in Figure 1, plus V to denote V-79 cells@!

The dashed line indicates the value of P;in mammalian cells

for a typical slowed down secondary electron in the cascade
spectrum.

The probability of lethal damage by electrons
clearly depends on the ratio of insensitive to sensitive
regions along the electron track; the mean chord
length through the sensitive region; and the fact that
the mean free path for specific primary ionisation
along the electron track reaches the optimum value
for damage only at the very end of its range where it
has a significantly reduced probability of interacting
with the double strands because of the degree of
multiple scatteting and the resultmg skewness of the
number relative to penetration range curve, There
could also be a solid angle effect. The results shownin
Figure 2 seem consistent with these arguments.

Furthermore, it can be argued that the action of
electrons is predominantly intra-track rather than
inter-track, otherwise the X and gamma ray data in
Figure 1 would show a dependence on (I"2 rather
than being directly proportional to I(”, This
observation, combined with the low damaging
efficiency of electrons, challenges the widely
accepted view c0nccmmg the degree of importance
of the D? component in the application of dual action
models to mammalian cells for the dose range studied
(up to 50 Gy delivered at rates from 0.14 to 17
Gy.min™),

Additional evidence in support of the damage
mechanism described here can be found from
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Figure 3. RBEs, determined using Equation 2, are shown

a function of Ly and of I;. In the latter case the bet

groulpmg of the maxima, their common value of I; ~ 50-

pm, and the apparent mdependence of radiation type

consnstent with the interpretation of the damage mechani

described in the text. The symbol notation is as used
Figure 1,

consideration of RBEs, microdosimetry a
radiobiology as discussed in the following sections.

Relative biological effectiveness

Usually the maximum in the RBE-LET curve
associated with the onset of saturation, wi
progressively increasing energy wastage. TI
maximum RBE occurs at different LET according
ion type, If the same data are shown as a function
I; a more self consistent representation is achieved .
all the maxima lie at the same position (A} ~< 1
nm) independently of both target type and radiatic
type (Figure 3). A

Microdosimetry

If the lethal damage mechanism is indee
dependent on the degree of matching between tl
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mean free path for ionisation and the spacing of the
strands in DNA then classical microdosimetry
measures the wrong quantity in a dosemeter of the
wrong sizel However, the situation can be improved
by introducing saturation corrections dependent on
radiation type and determined by relating y,, the
lineal energy corresponding to the onset of
saturation, to the optimum specific primary
ionisation of 0.55 per nanometre as discussed
elsewhere™,

Blohm and Harder® have considered other

aspects of the role of primary ionisation in
microdosimetry.

Radiobiology and radiotherapy

Radiotherapy normally aims at depositing the
maximum amount of energy in the localised area of
the tumour. From the results obtained here the
optimum damage occurs at I; values of about 0.5 per
nanometre and not at the maximum LET for the
specified radiation. Table 1 shows typical physical
data for fast ions along with their maximum delta ray

Table 1. Energy transfer data for ions with mean free path

energies, as these latter are presumably more subject
to the influence of modifying factors.

As protons with energy near 200 keV will produce
optimum damage (Table 1) one can predict that

for primary ionisation A, = 2 nm. neutrons with energy around 400 keV will be the

most efficient at inducing cell reproductive death.

E LET i P There is good radiobiological evidence that this is so.
Ion type (MeV.amu™) (keV.um™) (keV) From the data given in Figure 1 and Equation 2 it
can be predicted that, for reproductive death, the
ﬁe 8333 1(6)3 g% maximum possible RBE with respect to ¥Co y rays
Li 293 (32 53 will be about 9 for mammalian cells irradiated with
¢ 85 185 20.0 neutrons or accelerated ions. The implication is that
Ne 25.0 215 59.4 the higher RBEs observed at low doses and dose
Ar 88.0 260 210.0 rates is a consequence of repair of electron induced
damage.
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Towards a unified system fer expression of biological damage =16,

by ionizing radiation.

D E WATT, C-Z CHEN, L A KADIRI AND A-R S YOUNIS

Department of Physics
University of St Andrews
North Haugh
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Fife KY16 955
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Limitations to our currently adopted system of radiation dosimetry are discussed. Analyses of a wide
range of published data on inactivation of enzymes, viruses, bacteria, plant and mamnalian cells by
electrons, X and Y-rays, and accelerated ions leads to the conclusion that khe main radicsensitive
sites in higher cells are the double-stranded segments of DNA. The probability of damage is
determined by the meen free path for ionization along the charged particle tracks and is optimum when
the spacing matches the mean chord length (2 nm) through a DNA segment. Interpretation of these
findings leads to the possibility of a more accurate unified system of dosimetry and to the
specification of absolute biological effectiveness.

INTRODUCTIDN

practical implementation may not be as simple
1. The biological effectiveness of ionizing

and will almost certainly require that a new
radiation is currently assessed in terms of the generation of 'dosimeters' be designed to comply
absorbed dose (D) and a scaling Factor which with fundamentally new concepts.

takes into account the different damaging power 3. Recent studies in this laboratory have led
of different radiation types. In radiological to significant progress towards the absolute
protection scaling is achieved through the specification of radiation quality. A wide

quality Factor (Q) and, in radiobiology, by the range of published data on the action of
relative biological effectiveness (RBE). 0 is electrans, X and Y-rays, neutrons and
selected so that it always exceeds, by an accelerated ions on enzymes, viruses, plant and

arbitarily chosen safety factor, the measured mammalian cells has been re-interpreted to

RBE for the induction of biological end-points

deemed to be of importance eg chromaosome
aberrations, * leukaemia induction, life
shortening in animals ete. For dosimetry

purposes Q@ and RBE are expressed as functions of
the linear energy transfer (LET) of the
radiation, (ref - 1, 2).

2. In radiologiesl protection - additivity of
the effectiveness of mixed radiation fields, is
achieved through the sunmation of the partial
dose equivalents H (= D.Q) for the radiation
types involved. Therefore H represents an
attempt to correlate the effectiveness of any
radiation field in a unified way. There are,
however, serious limitations to its application
both in theory and practice due to the
subjective judgemenkt involved in the degree of
inbuilt safety factor; Lhe requirement that the
radiation type be known; the necessity for
different types of dose equivalent
insktrumentation for different types of radiation
field; the relative nature of § and RBE; the
generally poor unification achieved because
different particle types with the same LET, and
therefore the same ('s, can have different
biological effects.

3. Difficulties with the currently accepted
system of dosimetry lie in our lack of knowledge
af the basic mechanisms af radiation action and
our consequent  inability Lo specify the
radiation gquality in absolute terms. If this
could be done, the construction of a wnified
system should be relatively easy although its

extract the probabilities of inactivation (ref -
3) or mutation (ref - 4) by single charged
particle tracks which actually enter the
biological target. The relevant charged
particles are those in the equilibrium charged
particle spectrum generated in the medium by
indirectly ionizing radiation. The probabilites
for induction of the specified damage therefore
represent the inlrinsic efficiencies of action
which are absolute measures aof the radiation
qualily. It follows that the absolute
biological effectiveness (ABE)} can be defined in
terms of the product of the relevant charged
particle Ffluence and the intrinsic efficiency
(ref - 5). To enable this to be of practical
value a methad must be found of representing the
intrinsic efficiency as a function of physical
and biological parameters so that it can be
calculated directly and to indicate possib-
ilities for the design of suitable
instrumentation.

4. The results of our analyses lead to the
conclusion thak enerqy based parameters are
unsuitable for the specification of radiation
effect in mammalian cells in vitro. Absorbed
dose is not a suitsble quantity for assessing
the magnitude of the radiation field. Radialion
quality is not a function of LET, or restricted
LET, or microdose parameters although the latter
two are closer approximations than the linear
stopping power. Therefore quality should not be

represented by RBE or Q as presently defined.
Consequently the entire basis of our system of
dosimetry should be re-examined.




5. Below, evidence is presented to justify
these statements. It will be demonstrated From
purely physical arguments that the important
radiosensitive sites in the cell nucleus are the
double stranded segments in the nuclear DNA and
that the dominant critical physical parameter
of the charged particle radiation is the mean
free path between ionizing interactions. Damage
is a stochastic process which occurs when the
mean spacing belween interactions along the
charged particle track matches the mean chord
distance through a DNA segment (~2 nm).
Radiation effects depend mainly on the Frequency
of interactions not the energy transferred in
the interactions. Damage is predominantly an
intra-track, not inter-track, process for all
radiations except at extremely large doses.

Correlation of Survival Data

6. Effect cross-sections normalised to the
geometrical cross-section of the radiosensitive
sites give effect probabilities, p.

7. Earlier studies on various enzymes showed
that although 'p' for fast accelerated ions
could be correlated reasonably well as a
function of the track average LET slow ions
could
frequency of interactions had a fundamentally
important role in the biophysical mechanism of
radiation action. (Ref - 23)

8. Extension of these studies to more complex
targets (ref - 5, 6) revealed three significant
facts when ds DNA was present: the inactivation
probability was reduced by an order af
magnitude; a point of inflection, indicating
biosensitive structure, appeared in targets
containing ds DNA when the spacing between
interactions of the relevant charged particle
radiation was near 2 nm (figs 1(b), 2(b)); the
point of inflection at 2 nm was common to all
targets containing ds DNA (eg T1-phage,
mammalian and plant cells) and to all ion types
(fig 3(d)).

9. From these findings it seems reasonable to
accept that ds DNA is the dominant
radiosensitive site in mammalian cells. Damage
is produced when the radiation track interacts
in each strand of the DNA and is optimum when
the mean free path (A) between interactions
matches the mean chord length (~ 2 nm) through a
segment of the DNA.

10. From the extensive data shown in fig 3
several conclusions can be reached. The initial
slope a (gray-1) of the dose-survival curve does
not provide a useful means of unifying the data
either as a function of reciprocal LET or as a
function of the mean free path although use of
this latter provides a common point at which a
reaches a maximum value dependent on radiation
type (Figs 3(a) and (b)). In fig 3(a), as a and
LET are nok suitable quantities for correlating
the data in a meaningful way, it follows that
absorbed dose cannot be a meaningful quantity
for specifying the radiation field.

1. In Ffigs 3 (c) and (d) much better
correlation 1is obtained by wuse of the
inactivation probability (p) which is an

absolute measure of the radiation quality.
Expressing p as a function of the mean free path
between ionizations, rather than of reciprocal

not and it was concluded that -~ ‘the ~

LET, is much better for two main reasons: the
single point-of-inflection at 2nm independently
of radiation type and of plant ar mammalian cell
type; the realistic representation of the known
quality of heavy charged particles with respect
to X and Yrays and electrons. Fig 3 (c), which
shows X and Y-rays on the same curve as Lthe
heavier particles, implies that they have the
same quality at the same LET. This is known from
radiobioclogy not to be true. The reason that X
and Y rays have lower effectiveness at the same )
is that many of the low energy electraons in Ethe
equilibrium spectrum can expend their energies
in the cell nucleus without interacting with a
sensitive site (ref-3, 5).

12. 1If the mean free path between interactions
is the physical parameter controlling the radia-
tion action then it follows that the delta rays
associated with the heavy ion tracks must have
relatively small effect (because Ais the zeroth
moment of energy transfer and is independent of
the delta ray energy whereas LET is the first
mo ment). It is shown elsewhere (ref -5) that
this 1is so. The extrinsic efficiency of
electrons in the equilibrium spectrum (ref -14),

. and of delta rays, ranges from about 4 x 10> to
"10-4 for maximum delta ray energies extending

from 10 keV to 1 MeV. (Ref =5). However as up
to several thousand delta rays may be released
in the cell nucleus by a primary charged
particle track the inactivation probability can
be enhanced by an amount ranging from a few
percent up to a factor of 2 depending on the ion
velocity and mean free path.

13. Ancther important deduction that can be
made from the foregoing analyses is that damage
is predominantly by intratrack action. Inter-
krack action, if any, must be very small as may
be deduced from the size of the radiosensitive
sites (ref - 17) and the observation that the
slope of the p v A graph for A> Znm is near
unity. .In other words there is negligible 'dose
rate' effect which is conktrary to current
thinking in many proposed models of repair.

14. The foregoing deductions based on experi-
mental evidence could form the foundations of a
unified system of dosimetry.

15. Additionally it will be necessary to
correct any instrument reading for recovery or
repair of damage to determine the absolute biol-
ogical effectiveness of the radiation.

16. Some progress towards this has been achie-
ved by the development of a new model of
radiation action with recovery of damage (ref -
5). Absolute Bological Effectiveness is expressed
in terms of the projected geometrical cross-
sectional area of the radiocsensitive sites (™3 x
10~/cn™) for mammalian cells; the total fluence
of the charged particle equilibrium Ffield; a
recovery time factor which is a function of the
mean time to mitosis at which damage can be
considered fixed; a mean recovery time; the
number of double strand segments and DNA at risk
( ~10 for fast ions, ~ 1 for equilibrium

electrons) and the duration of the irradiation.
This model is undergoing test (ref -7).

18. Application of effect probabilities to the
interpretation of radiation action mechanisms
has proved to be a very powerful technique for
linking the fundamental physical processes with




the biological endpoint of interest and could
make an important contribution to radiotherapy,
radiobiology and radiological protection (ref -
4, 19 to 22).
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INACTIVATION PROBABILITY
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Fig 1(a)
Fig 1 The probability for inactivation of ¢X-

174 (ss DNA) (ref-8,9) and T1-phage (ds - DNA)
(ref - 8,10) is shown (38) as a function of
reciprocal LET and (b) as a function of the
mean Free path for ionization. WNote the point
of inflection (arrowed) which occurs only when
ds DNA is present.

Symbols: H = helium; C = carbon; N = nitrogen;
0 = oxygen; F = fluorine; = neon; A = argon.
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Fig 2

Optimum damage (p = 1.0) in T1-human kidney
cells (ref - 11,12) accurs at different LET
(arrowed) depending on ion type viz. at 260,
215, 185 and 108 keV/ym for Ar, Ne, C and He
ions respectively (fig 2 (a)). There is a
comnon point of inflection (arrowed) at ~ 2 nm
when p is plotted against the mean free path
indicating that A is a better parameter Ffor
specifying quality (fig 2 (b)).

Symbols: h = helium; c = carbon; + = neon; a =
argon.
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Data For ¥1-human kidney cells (ref - 11,12);
chinese hamster V79 (ref -13, 14); CH2 B2 (ref
~15); M31 cells (ref 16) and human diploid

fibroblasts HF19 (ref 18) are shown as plots
of the initial slope of the survival curves " (
a gray-1) and of the inactivation probability,
p as functions of reciprocal LET and wmean free
path. Fig 3 (d) shows the good correlation

that can be obtained for all target types and
radiation types whilst being consistent with
the known behaviour of quality for X and y -
rays.

See text For discussion.
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DNA-RUPTURE MODEL OF RADIATION ACTION
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Abstract

Recent studies of the correlation between biological damage
and linear primary ionization of . the relevant chaxged particle
tracks has led to the development of a single track model of
radiation action in which the production of double-strand breaks in
DNA is the dominant damage mechanism in marmmalian cells. The model
is testable as the shape of the survival curves is predicted to be
dependent on irradiation time and not on 'dose' ratae.

An appraisal of the validity of this model will be made by
reference to published survival data for x~-irradiation and in terms
of new results obtained with alpha particle irradiation.

Introduction

The correlation between biological damage and linear primary
ionization of the relevant charged particle tracks(!:2:3) has led to the
development of a single track model of radiation action in DNA by
production of DSBs in mammalian cells in vitro¥

ty ; -{ty-t)/ t
1ns=-og¢j [l-exp (-p;np € i r)I dt
0

where Oy is the projected cross-section involving the DNA molecules; ¢ is
the fluence rate of the incident particles; p, stands for the probability
relating to the efficiency of one track traversal®; n, the mean number of
segments of DNA molecules at risk. The time factors proposed are: t; the
damage fixation time, t. the damage repair time and t; the total irradiation
time.

The model was tested using new data from chronic a irradiation to
V79 cells and published data® for 250 kV,, x-ray irradiation of CHO-K1

cells. The extracted parameters, particularly the time factors, indicate
‘that the survival curve is indeed dependent on irradiation time and not on
‘dose’ rate. :




Method

A source from 241Am alpha particles was used for the chronic

irradiation. The fluence rate was mesured to be 9.2x10% cm2-min-! at 10
mm from the centre of the 6 mm disc source. The source-sample distance
was chosen such that the mean free path of the alpha particles had an
optimum damaging value, which is 1.8 nm being equivalent to the DNA
double strand spacing ©).

Asynchronous monolayer culture of V79 cells, growing on 3.5 um .
Melinix film, were irradiated at room temperature. The obtained data
were fitted into the proposed model by a non-linear fitting method.

Results
Conditions Present Study From Metting et al., 19_85
Irradiation 241Am o particles 250 kVp x-rays
Fluence rate 9.20X10% 1.35X106
(cm2 min-l) :
Dose-rate 0.0168 0.025
(Gy/min)
Parameters extr from
the DNA-rupture model
Oy pm?2 45.0 = 6.0
t, min 720 852
t., min 225 . 456
P, 10.0 0.5

Conclusions

Published data on prolonged irradiations of several hours duration is
very limited and, indeed, is available only for x-rays. For the preliminary
experiment reported here, using alpha particles, it is clear that the
structure of the survival curve can be reproduced on the basis that only
intra-track action occurs. However, there are large errors on the
magnitude of the four parameters extracted. Better statistics and
irradiations with different heavy particle types on the same cell line are
required for proper evaluation of the model.



The recovery time for double-strand breaks in DNA seems to be
several hours. If the model can be experimentally established there would
be important considerations for clinical therapy at low doses.

Acknowledgement: to Drs. A. C. Riches and P. E. Bryant for helpful discussfon and biological
facilities.
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