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, , ABSTRACT

‘ . Target Theory

; *M.M.Nazhad
7

// . , , .
Previous estimates of énergy deposition by ionizing
particles in biological systems have generally. been made

through considering energy deposited by track core or taking

" into account the delta rays in the concept of averaged dose.

There has : been = considerable disagreement in the

k4

interpretation'of the results of these works. -

- Today, more precise analysis has .become available with the

development of the Monte . Carlo method of simhlatiﬁ@ the

tracks of charged particles event by event (10).

.In thisowork,.ghe development- of target theory ‘up to ‘the

work ofiKaté (9) énd'?aretzke (10) has-been*stu&ied. Théir'
two éppnﬁaches which are different from each other; ate,
invest;gatéd and.dompared. {éhis is done by caiculéting the
inactivation cross-section versus LET,,follow@ng' Paretzke's °
approach and comparing - the results .to those obtained by
Katz. - T : ’ | Lo ¥ *
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J CHAPTER I *

¥ v
- : INTRODUCTION AND SURVEY

~N

A\ 4
1.1 Genesal . :

~
[N ~

Once pailosophy included all arts and sciences.
. It was actualy regarq:d as the 'science of all sciences. .
. However, from the renaissance the different disciplines
began to dé&elopdindependently, and this trend has tonl}nued

~

up t6 the present time. .

-

Today we "witness the mutual influence of the different
by )
branches of science. Biology, {or instance, is contributing

tv the science of organic chemistry to find answers to the

- '
many questions which the latter has encountered.

——————

/ ' * When in 1933, Stanly produced paracrystals of

r

tobacco-mosaic viruses and Heisenberg, Einstein,, and Dirac

redirected the coursgwa physics, biology and physics met,
. [ ] /¢

eaéh other again. From that time onwards physics began to
S be applied increasingly in biology. Exémples include: the

study of the cell damage processes, radiosensitivity of
~

- . .
materials, determination of shape and structure of -

s

biological systefus.

-

$ This ;még;ing of the two sciences has produced very

W7

N irfporbantg results, " not  least the  establishment of

)

'radiobiological dosimetry as a discipline in its own rfght.

1.2;&ntroduc€§3n of Target Theory - o
| \ - . )

k%
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Pioneers \in the appiication .of ionizing radiation in
solutions are Hussey and Thompson{l), and Northrop(2)-. They
bombarded enzymes in solutionwith x-rays, but their attempt to
correlate a given dose to the iAactivation of the eﬁzymes
failed. The reason for Ehis failure was that the activation
of the water was fesponsible fo; the destruction of the
enzyme. This was confirmed by Fricke(3) who‘irtadiaged
enzymes in dry state. In 1939, Svedberg and Broﬁult‘%(3a)
repeated the experiments of Hussey and Northrdp this time
witQ_E&pha rayé instead of X-rays. The results showeq a
correlation between dose and 1inactivation, because alpha

. 3
rays do not generate considerable activation 6f water(5b).

-

From these beginnings Lea (4b) then established ,the

« concept of "Target Theory ". In a classic paper Lea

asgessed the effect of x;rays on dried enzymes ( myosin and-

ribonuclease ) and determinedg:;9.fnactivatigp-wolume. He

used dried enzymes ,to elimina

]

the indirect ffect of
water. This; work led to . the establfshment é} " Target
Théory " based on the following principles : "

1) One or more primary ionizations gnywhere within an enzyme

molecule are sufficient to inactivate it.~ o .

———

2) The ionizations outside the molecule do not affect

A

“enzymes activity
3) Excitation is not significant for inactivation process.
Pollard (Sc) then tried to develop Lea's studies by

applying radiation on different biological systems. He
. . e N
confirmed the relationsﬁzp between the radiosensitivity *-and

N - M
.

- »

'
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the molecular weith of biologjcal moleculés, and- used this
method to calculate molecuiar weights. Howéver, the lack of
precision  of these (fesults, led Poliard _ and \his
collaborators-to attempt unsuccessfully, a correction of
Target fﬁeory.

3 o

1.2.1 Problems in Target Theory :@ .
Brustad (6) in 1961 determined the deposited-energy
. N J
versus inactivation crwhis-section for trypsin, lysozyme, and"

ribonuclease by irradiation with protons, carbon andneonions.

e —

Y —N
The*result were surprising, for example, the effect of
protons on the enzymes with LET 3.6keV/micrometer was 65

’

times that of neon with LET=450keV/ micromgter, thus lower
radiation energy 6aused'grea£er inaq;ivatio&. furthermore,
fLilowing Alexander and Charlesby (7),Brustad invéstigated
the effect of irradiation on mixturesof tryp$in and la\ctose,
and showed that moiecular interaction had significant role
in radiation inactivation. ' d )

The importance of these experiments was to identify the
broblems to be solved in TargeE.Théory. With Dolphin and

Hutchinson (8), Brustad t;;ed to solve these problems with a

" delta-ray correction " approach. Both Katz et al (9) and

Paretzke (10) refined this approach . by pinpointing the

importance of " Track Structure ". This takes into éé%ount
the many delta-rays produced whose path-is transvers to. the
ion's path, generating a " delta-ray cloud ". L

However, their approaches, as will be shown have important

[ B
B .
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. questions ve arisen. . ) e

L4
)

d}ifferences.‘ Generally. épeaking, Katz's metilod obtains gooa

F] BN .
results for enzymes and viruses irradiated with heavy

charged particles, But it is less successful in other cases.
Paretzke has shown that!thz's concept of\" Average Dose "
has serious shortcomings. He argues thdt the stochastic
nature of " en;fgy deposition " cannot be ignored and _Ehat

there 1is a- great 'deal of research' left to do before the

effects of track structure can be accurétely‘formulated. "

Target Theory " has been very productive, and many questions

have been answered, but of course, in the process many new

" There is nd royal .path 'to science "

U

1.3 The Aims of the Thesis ° : .
Jq N *

€ { ~ 7

In this .paper the develé;ment of target theory up“to thei:

"work of Katz and Paretzke isundertaken. Their two approaches
are investigated and compared to each other. This is done

by calculating the inactivation cross-section aersus LET,

. following Paretzke's approach and comparing the results to

e =
[

those obtained by Katz.

We begin with a survey of ionizing radiatioﬁ ( i.e.
v N \‘. . -

, x-,gamma-rays, alpha and beta particles 3. This is_followed

y Bragg peak: We then proceed to an investigation of th

by a discussion of primary and sécondary ionization and the

v

concept of stoppfhg power. This'will-logicaQIy lead to the

intrbducﬁion,df " Linear Energy Transfér ". The analysis of

dosimeétry, -microdosimetry, and the relatianship between

L4 . * »

v A : -

- a 4

-

- o~

eg '

-
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- / }" .
dose,'kerma, and exppéute,will provide-the supject,matter of
Chapter III. TargetQThéory which is the focal point of this
thesis will be extensively studied in Chapter IV.. ‘There we

will .also discuss the calculation of.the molecular size of

o—————

some large molecules.

Chapter V begins with the ‘alternative approaches to

target tﬁeory,initiated by Katz and Paretzke. . This is

followed by the calculation of inactivation cross-section,
versus LET based on Paretzke's work using data provided by.

Charltoq (11). We conclude with a comparison of these

o R . ! PRSI Y "’
results with those obtained by Katz.
L] ‘« «_"
7 .
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CHAPTER 11

THE BACKGROUND OF IONIZING RADIATION

\

] 2.1 Introduction

o

Historicall§’-it' was mentioneo that éome mineralsp
,continuallyi oive off certain typesof radiations which were
named alpha, beta and gamma radiatiops,  whose tnakure was
later discovered. <The* alpha?particie'was-identified-witn‘
helium$ nuclei, the beta-particle with elect;ons, and

" gamma-rays with quanta. of electromaqnefic radiation. The
particles'which have been most used as ioniqing _gadiations‘
in‘ biological study are either uncharged‘or lightly charged

T partlcles(fully strlpped U atoms have been used). .In the

~ following several different  types of radiations are

o

discussed.

2.2 Discovery of kirays
5& X-rays were dlscovered by Roentgen 1n 1895. ' He showed
that these x-rayqa as Roentgen called them, had very gréat’
,penetratlng power. It was also found these Trays could
blacken a photographlc pla?e and could ionize a gas. The
X-rays travelled in stralght linegs from the source ‘and were
not- deflected in pa551ng through electrxc and magnetic
fielde. They were thus not cherged particles, The wave

‘ enature of . x-rays .was definitly eetablishedk.bY‘Laue'S

experlments on the dlffractlon of x-rays by crystals (1912)
.3

R i 6' , e

.«
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With a knowledge of the graqing-space\ofacxystaland Ehe use
of the Bragg equation, 1twas posgible to measure ehe wave‘
lengths .of 'éhe X=rays emltted by the target of an x—ray
ftubé.' By means of a crystal spectrometer, it was found thqt *
x-rays consist~ of two dlstlnct ,types of ”speCQra, 1)
Continuous x- ray 2)characterlstlc x- ray N
L
2.2.1 Continuous x-rays
" Let us consider that a fast moving‘ electron aproaches
the nucleus of an dtom. : In this case the electron

experiences a large amount of attractive.forpe. ’ThiS'caueeg%
. deflection o£ the electron from its path. The.neflected
electron radiatee one' or more photéns; This ‘radiatiQh is -
called , ¢ontinuous x-ray . or bremsstrahlung., This |is

demonstrated b§ figure(zll).;~

[

a

2.2.2 Che:acteristic x-rays o . S
. A f}pical X-ray spectrum, obtained® by Ulrey (12) {7/

shown in the curves {n Flg (2 2) in whlch the Lnten51ty /of

y . /
the x-rays plotted agalnst ‘ wavelength. -+ / The

/

'curVeS for tungsten,show the contmuous spectrém of the x-rays ;

at a voltaﬁe of 35 kv. The curve for molybdenum was obtalned

y

L

under - SLﬁalar conditions ‘and . shows two sha;p- lines

chetacterlstlc of the molybdenum superlmposed oﬁ”, tne

Q'-

continudus spectrum. . These, 11nes are called as_the kq and

kB lines of molybdenum. Th15' monoenergetlc tradlatlons can

L]

be explainep - by thg electtqn‘configurations of the atoms.

[ A .
. .

-
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) " 03 16; s 06 o7 .08 0s——i0

f Amin v Wavelength in A
Fig.(2.1) . Flg (2.2) .
}‘ - -~ . © ) u : ) ‘ N -
Fig.(2.1) The con%inuous x-ray spectrum, results from

the radiation emitted by the electrons which are accelerated

i

1n the coulomb faeld of force of the nuclei of -.the .target- -

atoms . L. e
Fig.(2.2) Typlcal x-ray spectra, obtained by Ulrey (12)
| from tungsten and molybdenum targets. _"‘“ ’ . v
— . .
o . 8

.



.2.2.3 Soft and Hard x- rays ; “ " N

'The absorptxon of .electromagnetic radiation varies
with the energy of the photons and‘ with the type of
aﬁeorbing medium. Hard aﬂd soft ‘x-rays affect the absorbing

~

media in two different ways: -
i)A long wavelength or soft x-ray is absorbed appregiably in
the material while |, ii)a short wavelength or hard x-rayis

slightly attenuated through the same thlckness of the same

'mgterlal. This cleatly shows that for certain materials

and fon photons of ‘relatively low energy (leés than 4Mev).

uation coefficient decreases_ as- the fnergy of
: ] R
' \

2.3 Gamma-rays o

This particular radlatlon is produced when a nucleus Frobs

‘ -

from a higher energy state into a lower and more stable'one.
-

Actually oné cannot make distinction between gamma-ray and

x-ray. Todéy “these two terms are used only to distinguish’
) . o . ~ . -
between the sources of the rays

A}

The distinction : between  y-ray and other charged

particles comes from the mechanism of the absorption of+
. .o e :

. gamma-rays which is indicated by the highly greater

penetrating power of this radiation. The -fundamental

. property of gamma rays is the eprnential variation‘ of the

‘intensity of radiation ‘as a homogeneolis -beam of gamma- rays

a

traversesa thin slab of matter.
R £

9
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2.4 Beta rays

’ ‘ g

Beta rays are particles which are charged negatively.
They .consist- of fast moving electrons which are
distinguished {rom the cathode rays or(ly"“ by ‘velocity (13).
Durmg the eatly- expériment’s it .was discoverehd that beta

partlcles mitted by naturally radicactive nuclides might

*

have “yelogities up to around .99c. At the same kinetic ~

energy tﬁé\beta-particleé travel much faster than the, alpha -

particles , this is due to the mass of beta-particles which

is ' much less than  that of alphar-particles. For
~ ! .

instance an a-particle with an energy of 4Mev has a velocity

about (1A20c),.while a 4Mev electron-would have a velocity

-
»

about .99c. - ‘ | g )

»

<.% Neutrons ‘ :
’. r ' o 9 P e
- The main source of neutrons are nuclear reactions. A neu-
tron does not have a visible track inthe cloud ohamber.- “This
facttalong with. extraordinary hign penetrating power of the

neutrons indicate that its charge must be zero. This means

' that a neutron has no ionization power. A neutron is heavier

thanaproton and has a- wide appllcatlon in chemistry, biology

¢ . )

and medicine. Principally it loses its energy in collisian

o » .8
. “

"with nuclei‘“not' with electrons. For some applications it is

requlred to have meutrons, in the range Of .0lev to a few ev

_whlch are called slow neutrons. Fermi (15) and his

<

coworkers obtalned slow neutrons by passing them through

hydrogenous media (i.e. tlh‘e neutrons are slowed down

e

without being absorbed).
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- -

. 4
> . . ‘
For biological' .purposes neutrons are regarded as
uncharged particles as gamma or x-rays. Neutrens produce

protoas™ by transfering their energy to the hydrogen of

tissue.®

L, : 6 ) - y"
2.6 Heavy Charged Particles \

Heavy charged particles have different appiications in
ruclear ﬁedicine and biology(1l4). géavy chargedﬂ particles‘&&
proauce a more concrete path than electrons with the same
VeLociLy, because thefﬂhave much heavier mass than beta
7~'particles and also scattering is almost negligible in

>comparison withs them. The penetration of heavy charged
particles depends on its energy,ast%ﬁ energy decreases whi{e.

: passing ‘'through the medium. This energy loss gives rise to-
a maximum specific ionizatiop‘ near the ‘end of the path,

which is called Bragg -peak. Heavy charged particles are

also very useful in molecular study because of theirability

fo'-deposit large’ amounts of energy in a single

macromolecule. The most important application of heavy
\

" 0
charged particles is in radiation therapy. It is possible -

.to produce controlled lethal damage in definite

“»  locations of interest.

. . -
1
[

® 2.6.1 Protons : ' -

.

Protonssare hydrogen nuclei having a mass' of 1.0075 and
. . . ' .
a charge of one. It is possible to get energetic protons by

artificial means from the' cyclotron or a Van der graaff
. .

¥

.11 .
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~ » . .
used are carbon, nitrogen, oxygen, and neon. oy T T

’ionizing\particles.

e

generator. Protons are intermediate between’alpha particles

and_ beta particles, in th’ir' ionization' density - and.

.penetrating ability.

I3

I Loy e . e
Y MP ) i)
2.6.2 Deuterons e
Deuterons have a mass of two, charge of one and their

penetrating propertiesand ionization density lie between
those of protons and beta p;rticles. - .
i . -
Most recent machines have permitted us today to produce

particles which carry a charge greater than alpha particle

"and heavier than that. The particles which are freduehtly.

o ™
v 8 ;

o -
- &

2.7 Primary and Secondary ionizations
As a consquehce of.interaction between'charquapartiq;és
with matter,"some egectronsi,age ejected. Most ofééhese
ejected electrons ére of adequate energy to ‘cause some
ionization on ‘their owﬁ account, which . is:}kﬁown as &
"gecondary ionization". The foémer one which is ﬁrodqced by
inte;action ——0f charged particrles a}e calieé "primary
ionization". The ejected electrons .which are capable of
\graveiling an éppreciable distance and producing’ adqiliohql

electrons are called 'delta ”rays. These * _ electrons

have  tracks branchiqg off the main track of thecharged

patt}cles. Fig.(2.3) enables us to ellucidate the random

distribution of ionization -produced along the paﬁh of’

~.

. ~

Y

~

N
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2.7.1 Bragg-Peak
Lyl

The Bragg curves can be studied experimentally by
inserting absorbers of varying thickness into the particle
path, anqéthen measuring the 1ionization density wusing an
ionization _chamber . It 1is of great interest to see that,

' for alpha-particle near to the end of theirrange, the Bragg
curve obtains 1its maximum, making about 6000 ionizatiors
per mm of air. At the end of the range the ionization
declines sharply to zero. |

Ionization in a medium is accompanied by loss of energy\m
-~ theparticle each ionization corresponds to an energy -loss
of about 32ev. Thus the Bragg curve gives not'only a
measure of the ionization density but also of thé energy
lost per mm of the path. ‘ '

~

2%0.2‘Radij}ion vields
y .
The efiffect of absorbed energy in a medium by ionizing

radiation is, in the first instance,, the” production of
reactive entities such as ions, excited states, and Eree
radipals. . These species can react with themselves or with
substrates which may_be present in the sysﬁem and eventually
gi&e rise to stable products. For given experimental
conditions, the amount of product or the yield resulting

from the effect of the radiation will depend on the amount of

energy deposited in the system. Yields in radiation studies

14
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Fig.(2.4), Bragg curves determined for ions of neon,
%

A\ -,
oxygen, carbon and boron and converted to tissue-equivalent
¢ k

material. The energy of each ion is 10.3 MeV/amu.
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have been explaiﬁed in two wayé.

2.7.3 Ionic Yield

The radiat{on study in the past was devoted to the
investigation of the ions produced in the gaseous system,
. and the ions were thought to exert a ;ontrolling infiuence
on the chemical chahgeqﬁobserved.y Yields were, therefore ,
described as ionic yields ,and denoted by (M/N), where M is
the.number of molecules of the system which have experienced.
chemical change and N is the number of ions produced inﬁﬁ;he

entire system. The ionic yield 1is thus the number of

A
molecules changed per ion produced. "“The enhergy required to

produce an ion pair in gases could be measured; therefore

the ionic yield is an, imﬁlicit statement of the energ}

.

absorbed. In fact most io;}s yields have been described as

number of molecules changed per 32 eV energy absorbed.
2;7.4 The G-value

In the study of condensed matter, the yield' does not
haQe "as significant role-as in the gaseous system, because
the number of ions produced cannot)be determined in gﬁem.
The calculation inthis case should be based on the aégumption
of a value for the energy loss Eor the formation of an aion
pair in condensed  matter. In the eafly” gtudies of the
condensed matter, ,it was tﬁought thél'the average amount of

energy needed to produce an ion pair is the same as for

air. . Principally, éhe amount of energy absorbed by a

-~
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condensed medium from ionizing radiation can be méasurea
directly. Yield is defined in terms of a G-value , which is
the number of molecules changed per 100 eV of energy
an abébrbed, therefore , there is no need to search for the
ions produced. If. the absorption of\lOOeV'of energy by
molecules of a system resulted in thé . formation. of «x
molecules of a substance A, these data would be expreSééd as
* G(A)=x. In some cases the* destruétion of ’é particular

compound fs -considered. If, for instance, y molecules of a

substance B were destroyed by the absorption of 100 eV of

»
energy,the result may be expressed G(-B)=y, where the minus

sign indicates the destruction of molecules. Ionic yield -is
expressed mpst}y as G-value, even for gaseous systems.
Essentially, in order to express the results in G-values,
the absorbed eneEgy.f by a system under particular
«__conditions Aust be known.  The determination of the amount
of energy absorbed 'ig known as dosimetry and forms the
subject of Chapter -III.

g

2.8 Energy Loss by Charged Particles

2.8.1 Introduction ’

A fast: charged partitle paéging Ehrougﬁ‘ materiai makes’
collisions with atomic eleptroﬁs provided that the'particlé
is:'u heavier than an electron (proton, deuteron ,
alpha-particle, etc).‘ The atomic electrons are capable of

- »
taking .up appreciable amounts of’ energy " 'from a heavy

. 17
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“

v . ’ e
)
incident perticle’ without it being deflected. The loss of
energy by the 1ionizing ,pariicle is almost entirely due zo
collisione. ?He scaftering is restricted to rather small
angles, so that, while losiﬁb energy, a heavy particle keeps
almost a straight path, until it,b3comes suffieiently close

/ o,
to the end of its range. For incident electrons the energy .

loss and -scattering happens in collisions with atomic

L3

electrons. Con§quentiy, the path becomes much less
straight. As a matter of fact after a short distance,

electrons instead of going in a rectlllnear path, tend "to

_dlffuse. The emphasis of our dlscu531on is on the phy51cal

idea's involved, rather'than the exact numerical formulas.
We have to ackrowledge cthe ‘fact that even if all basic
features are EIasejcél or semi-classiea1~in origin, etill a
quantum mechanical treatment is required in order to get
accﬁ;ateresults The order qf« magnitude of the “quantum

effects .could easily be inferred from the uncertainty

p:inciﬁle., A through .investigation ¢n the subject will be

[

’

followed as the’point of departure. fhe simple problem of
energy tramnsfer by a fast heavy partkgl to a free electrcn
will be studied. Through this lnvestxgat1on the classxcal
Bqﬂt,formula for energy loss *will be obtalqed} and the
quantum modification will be de;ctibed in.details.
¢ ° 50 . ‘ 'r

2.8.2 Cla351ca1 Treatment of the Energy Loss

w A fast partlcle ‘of charge Ze .and mass M coliides wlth an

electron in an atom. If the particle moves: fast ' in-

e ~

, 18 ,
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comparison with the characteristic velocity of the eleetronq_
in its orbit, the collision can be éealt with ae if the
"electron . were free and 1initially at rest.  Another
approximation we will make is that the momentum transfer Ap

'is adequately small such that the incident particle 15

. basicall} undeflected from its straight path, and the .
recoiling electrfon does not move appreciably.during the
collision., What we require at this stage is the"ealculation
of the momentum impulse caused by the electric field of the
incident particle at the position "of the e?ectron. The
incident particle interacts with the electron of charge e and

] mass m<<M at agﬂlmpact parameter b (the dlstance of closest.

| approach from the electron is called the impact parameter)

The angle included by the path of charged particle and by r

is labled 6.

. ?ﬁ-——w **l

hd -eim . .

. L
Flg.(2.5) Schematic representatlon of a COlllSlOn ofaa

\

s charged particle with an atom. ) -7

> .

Using a‘coordinate system in whzch x direction c01n01des

with the path of ‘the’ charged particle and y dlrectlon is . N

perpendzcular to 1t The effects of the force components in‘

W I

4

°
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N\ by

x-direction cancel, that-is, the particle is slowédl down
. . ;
such a force component in approachihg the

scattering
center, but is speedég‘up the same amount by an equal but

opposite force component in receding from the center.

the y-direct'ion has a non vanishing time integral.
. APy=IFydy=IgEy(t)dt
r o K

Ey(t)=Ze/r2, r2=p2+x?

or “ ’
2.2 2 - ; 1oci
r<=b<+(vt)“, V is the particle velocity.

. . N\ -
: , Ey(t)=ze¢+q;+<vt)2)

one finds

k

APy=-o["eZe/[b%+(yt)?1dt=20"3e2/[b%+(yt)2]dt=
A fy.<:\ 22320j”dtﬂ1b2+v2t2]=
: . , . . . K >
, S ¢ e,
2ze2/V2)[at/ (b2 /V24t2)
. Lo NN

I!' L3

t by integratiﬁg we have

- e A2
-
t

. A?y=§Zezd[(V/b)arct&n(vt/b)]“/Yz

“

20

Thus, only the component of the Coulomb force aqting‘alonég



i ZZezo(arctan(vt/b)}°/vb= IR
- « » . . s ‘ .

"-22e?2 [1-0] /Vb

~ N
) . ’
.

Conseéuentlxb
C -

\

-

' - 2 . . - ! R \u"
APy=2Ze“/Vb & | (2.1) e

| Vo . ,
The energy transferred to the electron is '

¢

- ] -
AE(b)=(Ap)2/zmszzze4/mv2b2 - (2:2)
. . ' : ¢ "
- 3
o [
- R . ST ) \
. " 3 /

The . energy transfer AE(D) has some interesting
4

characterestics: R ‘ .

. . L
i) It varies inversly as the square of the impact parameter,
so that the 'close collision 'inyolves very largé"energy

transfer, ii) It depends merely on the charge and velocity
bl . . N

of .the incident particle not ifsfhass.' . , ,

_ Generally speaking, a fast  moving particle traversing
matter . meets electrons at various distances from its path.

If ‘therf.ax‘e N &ms ber unit volume, we can make the ésgum—

At

21
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, ‘a charged particle with an assembly of atoms.

-
e '
<

ption that those electrons are located in acylindrical shell of

. \ - \, ’
length x, and of inner and outer radii b and- b+db. The

number ©f. electrons located in the ylindrical shell

can be calculated as ,

) - dx

. s

A

~Fig.-(2.6) Schematic represeﬁtation of the interaction of

"
i

§

Ah=Ax [ ({b+Ab)2-1b2]N=27NbADAX

"and the enerqgy transfer to.these electrons will be

¢

-

~
-

e bmaxs - by N bdbdx(2z2e?/my?b?)=
dz—bminj maxAE;b)dn—bminf max 27 ' ( /_V )=
B
(41rt~18.x/m)(Zze‘l/Vz)bminJ'bmélxdb/.'b ~ Lo
. . ¢
or ~

*
~®

dE = (47Ndx/m)(z2e?/v2)in(by,,/Pmin)

-~
L]

Therefore ' - _ ' | . e
¢ - 22- . ’ " . -

T l“ ’ _‘_'l\

.
id .
- A
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4 . o

. dE/dx = (4nN/m)(z%e4/v?)1n(bpay /bmin) (2.3)

To evaluate EQ.(2.3) ‘the limits of the impact parametsgrs

-

s - \ }
bmin and bmax must now be found. To
2.8.3 Evaluation “of b,

As b tends to zero(b=0) dE tends to infinity which is
incorrect. However, the maximum . velocity a free eléctrom

méy obtain in a‘coll‘ision is’ 2v. Th'is copuld be seen in the

followings
"Assume a head on collision,, Lcd’ncerningi conservative
nature of energy and momentum, nagzly f | o
2 ;
(1/2)Mv2 = (1/2)MV 2+ (1/2)mv? : N

-

MV = MV +mv

L

where V and V, are the velocity of charged partiéle before

Y

and after collision and v is the electron velocity. By

A

solving for Ve we will obtain
Vp=(Mv-mv)/M=V-(m/M)v . ‘ | y

substituting

.. .. - o Y
" -



v - . ) »-3' —_ -
¢,
and using. the :initial assumption, that is, M>>m in the

14
latter equation, the term m 2/ would .be much less  than

‘unity; in that case, this_ term may.be neglected and the

k]

- ~?*\§qgé€10n reduces to - _ - ) v

¢
X

MV2=MV2-2va+mv2

or ' C

v =2V

@
which provides tpag the actual maxiﬂum\yelocity of a free
electron in-.a collision .is 2V. Tﬁaﬁefore, -the maximum

| ' ; 2 2 | v
AEq,,=(1/2)m(2V)2= 2ny '

_energy transfer is .. A ~

Equafing eqg.(2.2) to the maximum allowable energy .transfer

h e -
Eq. (2.4) - - . ‘

o

BE by =B, =2y 2=(222e4/mv2) (1/b 1, %) )

[

one obtains
'\&‘,
- T e I ' :
. bmin¢ :(?e (@V )ﬁ

-
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Tﬁis can be achieved by another approach very easily.
The average velocity. .of the. electron in collision gime is

given-by AP /2m and the 'time of collision i% given by t =
A .
b/V. Hence, the distance travelled during the collision is

of the order of : e -

st

d=(Ap/2m) (t)=[ (2ze?)/(bV/2m) ) (b vy (2e? /mvZ)=bp;,

»
A L4

: . ‘ \

As long as b>d = b eq.(2.2) is valid

min*

2.8.4 Evaluation of bmax . y .

For large w~values of ‘impact parameter the-electron can

ot be_conéiderea as free. In fact as the collision time is

long compared to the vibrational period (l/w), the électron

will make numerous cyclés of motion.as the ingident particle

gradually travels by, and will be influenced adlabatlcally'
by the fields without any net transfer of energy.

The dividing point comes at bpax Where the collisibn

time and tﬁe orbital period are comparable. Thereforeit

seems qdite justified to extend the integral to the ﬁoint

i,

@ ' . . . ‘.4 .‘.
where b/V=1/w and to neglect contributions from greater b

values . Therefore, ) - ,
Pmax = V/¢ '. )
Fd ry “
25
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"~ discussed in Q&s paper (29).

It is expected that for b>>buaxnthe energy tra?sfér descends

rapidly to zero Fig.(2.7).

2.8.5 Evaluation of Average Energy Loss§

P
Using EQ.(2.3) and integrating between bpin and by, one
 £inds that , ' |
N ‘ A
dE/dx = (47N/m) (22e4/V2)1n(b_, /bri )
or <
dE/dx = (4mN/m) (22e4/v2)1in(mv3/zeu) ~ (2.5)

-

[ 4

)

This approximate expression for the energy 1loss. shows

all the basic characteristics of the classical reéult due to

’

the Bohr. The following is Bohr expression which is

-~ I

7

N

_dE/dx = (4nN/m) (22e%v?)[1n(1.123mv3/2e%0-(V2/2¢2) 12,6,

N

where, j-vz/ch) is a small correction even\at high
velocities. From the initial assumptions, the condition for

h" £
i3 - .

the validity of Bohr's formula is ~
!'_.

Zez/mV2.<< V/w or_Zezw/hv3 <<l
'\ '

(. - '* '4‘ /
26
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Fig.(2.7) Schematic representation of the region

which Bohr's K formula is wvalid. The condition that

necessary for the validity of this formula is‘that there

a range of b values in which b, . <b<bpay. ’
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2.8.6 Quantum Treatment of Energy Loss

In' this case, it has been assumed that electrons in
atoms mov%} like harmonic oscillators. This means that
instead. of an ussembly of atoms we may consider anassembly
of harmonic oscillators whose frequencies are equal to the
absorption frequencies of the atoms. Let us assume thgt
there are n atoms per unit volume with =z eiectrong per
-atom. The z.electrons can be divided into groups specified
by the index i, with fi electrons having the same harmonic

binding frequency wj. The number £; is known as the

»
oscillator strength of the ith oscillator. The oscillator

strength satisfies the obvious sum rule,

If n atoms are available per unit volume these should be

replaced b& atoms with nfi oscillators. Therefore, when a
charged particle pasges through atom, it affects the
electrons of the atom through its electric field. A light
wave too w1ll act -on an atom by its electrlc field and it is
therefd{e reasonable to replace the atoms by oscillators-and
then use the formula for the energy transfer which we had

derived, namely

(
dE/dx = (4n/m)(22e%/v2)n § bminj'bmaxfi(db/b) (2.7)
i

\ AN
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absorbed by the atom.) This bring us to the conclusion that

Y
where n is the number of atoms per unit volume.
.} ' .

-—

'2.8:7 Quantum Evaluation of bmax

The function of discrete nature of energy transfer' can
be explained by the calculation of the classical energy
transfer (i.e.eq.(2.2). At b = bpaxs the AE(Db) would be the
smallest energy transfer wh%ch is of ;;§‘significance in the
energy loss process. Assuming only one binding frequency weo

for the purpose of simplicity, it will be found that
P;é ' k

AE(by,,) =222 VO/V)4(th) - © (2.8)

where v, is the orbital velocity of an elecéf%né in the

ground state of hydrogen. Since hw, is-of the order of the
1 N

ionization potential of the atom. It will be observed that

for a fast particle V>>vy, the classical energy transfer is

neglibible compared to the ionization potential or eVen to

F.d

the smallesfbexcitation éhergy in the atom. But it is well

known -that . the energy should be transferred in certain

<

quanta.. A négligiblékamouﬁt of erergy like (2.8) can not be

\

Y-

.our classical expression is not effective in this gphere. -

It should be admitted that this calculation will be cotrect

only if our clsssical formula (2.2) .give a quanta energy
. { N . :

large énough‘compared to the excitation. energy of the atom.

Consqueritly, the result for b, in‘gaassical trgatment should

be changed.
K}

29 S



‘than the de Brgglie wavelength of electron or ion, -

b . = A(de Broglie wavelength) = h/ﬁQ

It is possible to search for an inéermediate solution
to reconcile the classical and quantum mechanical ;gpérosdﬁ.
Applying the statistical model for a classical approach
mightuobtain a desirable resul(ﬁ |
Quantum consideration states that the classical result
of . the transfer of eqérgy in every.collision is incorrect.
But by considering a large number of <collisions, on the
average, a small amount of energy 1is transferred to the
each electron. It means, in most col}isions no energy 1is
transférred, but in a few collisions , an appreceible
excitation takes place. For this reason the avefage value

over many collisions 1is small. In this statistical

treatment classical-mechadicsand‘quantum gechanics will endﬁh

yield the same result. Consquently, it is possible to apply
the same expression for bpax which come from classical

theory, namely, K ' ~ .
bmax = V/w; a s

2.8.8 Quan?um Evaluation of bmin N

In quantum theory it .is meaningless to speak about a

closer approach between an incident particle and an electron

.

.

min

t
\

¢

b .- ) .' - *
(\ . 30 - . . .
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k S &
As Wwe havé éeenJ‘for aynon relativistic free particle the
wavelength A of a particle having a momentum p = mV is given
by eqhation A= h/mV, wheré,h relates the wave and particle
characteristic of the material. The lower limit derived
from the quantum\?echapical approach has a higher value«than
‘that of th;‘claséicél one. This is due to the fact that any
approach., closer than tﬁe ‘qﬁantum lower 1limit causes
d;ffraction phenomena.' Thé occurance of this phenomenonwiil
make an effective approach~im§ossible. The lower limit of b
could also be obtained by the uncertainty principle, viz.

AxAp > h

'I_Ax=h/Ap=h/mAv

R
thus

e
3

' '
bmin = Ax(quantum analog of bpin) s -

I |
2.8.,9 Quantum Mechanical Energy Loss Formula-

Using the limits of b obtained from quantum mechanical

approéch Eq.(2.7) becomes -
i 2 4 2 : . -
dE/dx = (47n2¢e?/mV )[n§ £31n{byay/Ppin)]l . T - )
44ﬂ?2e‘/myz)[n§ £;1n(nv2/hw; ) )

! o 31 ¥
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dE/dx = (4nsze4/mV2)ln(mV2{hwi) : (2.9)

This can be compared with the quantum mechanical result -
'of Bethe and Bloch .(17) which is/givén by the following

3

formula,

hY

[}
‘

dE/dx = k4nNz?e4/mv2)1n[(zmyz/hmi)-(vz/cz)f . (2.10)
Regardless of _the small éc;rgcs{p& termd(-vz/cis and a.
factor of 2 in the argument of ﬁhe-iogarifhm, Eq. (2.9) ‘could 1
be considered a good qapproximatioﬁ“'of Bethe's formula.
However,- EQ.(2.9) is ﬁalid if the velocity of ‘the i&cideﬁt
par;iclé is much greater than the velocity of an electron.
~Otherwise, our tréatment is no Ionger valid anﬁ the correct
treatment for this case has, not yet been achleved {f the
ion velocxty becomes equal to the :velocxty of the outermost *
electrons in the slowing .down medium, then the charged
particles may pull out electraons froﬁ the medium, attach them
to itéelf and henceforth rerce _its gfggctive charges.
While, the chafged particle hdd ifs‘charge reduced, its
ionizing power and energy loss will alsgo be smaller. .
Serious deviation for alpha—partlcles from thé’ fomula

{2.9) begins with somehow hxgher ene:‘gy oEZOOkev. The

correspondmg limit for the deutnron is at 100keV‘ and for the

b .
f ‘\
i
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proton is at 50 kev -

“ »
.

o L]

2.9 Linear -Energy Transfer (LET)
+ N , .
~The, linear energy transfer ( LET ) of charged particles

in a medium is the quotient JE by Al where AE is the average

energy locally imparted to the medium by a charged particle
- {

of specified energy in transversing a distance of Al. The

term " éiocally imparted " may refer either to a_maximuﬁ

distance from the track or to a maximum value of discrete

energy loss. by the particle,

A

L = AE/Al

o
a

| ] .
The linear energy transfer changes from point to point

along. the path of the particle , reaching a climax at the

~
top of the Bragg curve. We should confirm that the above
definition provides the average value of L for the entire path
The concepts of energy=1oss~and linear energy transfer are,
- .. *

somehow, different. The 1linear energy transfer refers to

e R
energy locally imparted withi&. a limited volume while
e .

.energy loss nfeasures energy lost by-the ionizing particles,

without taking the location of absorption of -this é&nergy

into cénsideration. 'The total LET without considering any

. &
energy cut-off is shown,as L.

\

-

To express the various cut-off 1levels of delta-ray
enerqgy from the main track is labled by the éubscript of L.

This is the suggestion of ICRP-ICRU(1963)1% For -instanbe,

\O ... 33 N
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Liop represents the deltafraysof°epgrgy 100ev or more which
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' CHAPTER III

PRINCIPLES OF POSIMETRY AND MICRODOSIMETRY
. ]

h < ‘

. .
3.1 Introdyction ;oo
The mechanism of the transfeé of energy from the

radiation field to an absorbing medium was studied during

the second chapter. In the following chapter an attempt.

will be made to_investigate the concepts and units employed

in- specifying the quantity of transferred energy. Any

a

meaningful measurement requires two essential conditions:

‘ ] [ ‘ s
i) A clear definition of the concept of the phenomena which

5

* are going to be measured. N

ii) A clear and comprehensive specification of the unit

which is supposed to quantify the measurment.

3.2 Dosimetry Concepts
“‘g . ' \. '
‘3,2.1 Dose- ' :

In order to specify the dose at a point of intefest, in
..
~ s N . ‘
a meaningful way, it is necessary to consider the energy

imparted to a small mass of absorbing material, Am, that is

small enough so that further reduction in’its size does not

change the measurement of the energy imparted per unit mass, °

but, simulfqpouély is lqrgé enough so that a-sufficient
number of interadtions occur. ° within it to enable an

accurate estimate of the aQerage energy transfer to be made.

35
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For %the purpose of dosxmetry, the energy SpECLEled

is the
mean energy locally 1mparted in the volume element, whgch is
» © ghown as £511ows, * “ .
, . ¢
D =AEgq/Am (3.1)

where BE3 is the average absorbed energy, Am is the mass ;of -

-

absofbing material and D is the average energy.imparted in

tnegvolume element. Until 1975, ‘the two units of

dqsimetry in common wuse in radiation biology were the

Roenftgen(R) and rad (rad). One rad was defined' as _the

* absorption of 100 ergs of tadietion.energy p& gram of

mater@al.
- < " 4 -3

In May 1975 the General Conference . . on Weights and

* Measures adopted new units., The,Roentgen js' .being phased out

and there is no special unit for expdsuxe in SI. The SI

. unit of absorbed dose is the Gray (Gy) .and it is defined as
y : A ‘ ‘

. / . oy 5 - M
1 joule per kilogram and is one hunflerd times larger than

the rad (1 Gy= 1 J/Kg=100rad). ' . -
{ ) ’

‘. 4 ‘ .' ¢ % *
3.2.2 Kerma K | ’
’ C ' * L
Kerma is an 6 acronym made of first letters of the

a

phrase " kinétic energy released to matter ", Kerma 1is

! deflned as kinetic energy released in matter by uncharged
partxcles(photoqs, neutrons,...) d1v1ded by the mass of the

scatterlng element, therefore, . : !

L (3




(N

K =AEx/Am ” g (3.2) .

In the Prd@essfdf the }nteractiné\gg,uncharged particles
with the medium, however; some energy will be transferred
from the uncharged pérticles to éhargéa particles , that 4ds, -
electrons or prgtonst Kerma is defined as the sqﬁ of all
ghé' initialﬁ kinetic e@érgy transférred to the chaéged
Particles, pér u;it mass of absorbing medium, thus, AEk;
répresedts the sum of: all' the released: kinegic energy

through the hatten.'
[ ]

had [

»3.2.3 Difference Between Dose and Kétma

The difference between dose and kerma for 'unﬁhgrged
pa%ticles is’ illustrated in figufe(i.l). Suppose a photon
approaches the éhall mass, Aﬁ} and experiences a,
photoelectric interackion and tr;nsfers the toéa; gmount of
energy, AEk, to an electron. Of this total amount of energy
tihnsferred to the electron only the portion AEA is absorbed
‘'in the mass, Am.. The remainder of thél energy 1is absorbed

outsjde this. mass. As can be seen, - the energy

responsible for absorbed dose is AEj, Therefore,

D =AEq/Am _ o (3.3)

PO - ‘ &
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Fig.(3.1) Diagram illustrating the relationship between

4k
dose and kerma. p

04

. : "R “Am P
Fig.(3.2) Illustration of the relaiionship bétween}kerﬁa

”

-

and exposure. O ‘ y
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o
on the other hand, kerma is responsible for theéenergy type

of*AEk. Thus, ' . ‘ .

K =AEg/Am . (3.4) )

e

g P
The unit of kerma is defined as energy per unit mass,

for instance, joule per Kg, and kerma rate defihed as kerma

“per unit time.

n

3.2.4 Exposure

w ' ° <4
Absorbed dose wusually is not measured directly, @

<

n factor is needed to find ' the absorbed dose of

a

cénveggio
various “@atetials. This factor can be achieved by gamma or
| Xx-ray exposure. For exposure the type of radiatién is limited
to uncharged particles and\éhegtype of the\mediumnislimitea
to air. Again exposure as a gonceptof radiation dosimetfy;
concerned with the transfer of enérgy from the radiation
‘ﬁing to the medium, and is defined as N |

'y}

X 240/4m R A (3.5)

K , Ty

where Am is volume element of aif and AQ is the sum of

electrical charges on all the ions of one sign that are

. formed ip the air. The special unit_of exposure~is'Roent§en
. and 13=2.58 x 10-4 CQulbmb/kg of air. |
. 39 .
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3.2.5 Relationship Between Dose, Kerma, and Exposuré

There 1is a very close relationship between

dose, kerma,

and exposure in air in experimental situations when\electron.

equfﬁibrium is obtained. \ Assume a photoh b
_with the moiecules‘in the air container and p
speed electrons. As described in section (3.2
energy transferred to the air is AEg. If the

of ions formed by :he high speed electrogs is
and if the average energy needed to produce one

.
w, the kerma is given as follows

|

y

K =AEg/Am = (N+w)/Am

T A

The exposure can be written as

A

. X =AQ/Am = N-e/Am S

»

i

Eqs.(3.6) and (3.7)the. following consquence can

X = eK/w ‘
{ .

r
i

Under conditions of electronic equilibrium kerma

absorbed ddee thﬁs,
. 1.

i kY

\ 40

eam interacts
roduces high
.2) the total
Potal number
denoted by N.

ion pair is

\\

(3.6)

(3.7)

*

where e is the charge of an ion. From the comparison of.

be oBtained:

(PR

is equal to

&:




I
’

*®

@

The common unit of exposure is called the Roentgen (R).

\

1R = 2.58x10"% ‘coul/kg of air\\\\aﬂ,

r “.
Exposure rate defined as
exposur€ .rate = AX/At N

where At is the time .,interval. i

' - . .- #

. , N

3.3 Microdosimetry .

* . q . 4

v .

3.3.1 Definition

- -

As we have seen absorbed dose is a macroscopic physical

quantity like other quantities as specific heat or density.
' .
The usefulness of this quantity is that it determines the

energy transferred in the  volume of  interest. -

Micrqdbsimetry is a refinement in-dose based concepts(zos.
Due to the different responces of* biological systems to
eqéal absorbed doses 5f‘diﬁferént radiations, the study of
'local energy densities and their étochaétic nature.. of

distribution become imporﬁant' in'  this field. . The

appi&cation_df microdosimetry to radiobiology consists in .

| : < . a
v )

~

~



P

efforts to derive information on the mechanism of the
biological action of radiation from, a knowledge of such
Qistributions.
3.3.2 Specific Energy

The local energy density which is called specific energy
is defined as an energy depositeq 'by ionizing radiation.
localized in a region with mass m divided by the mass. -The

-symbol for specific energy is z and it is measured in units

f

z = E/m: i (3.9)

3

of Gray,

0
&

where E is the energy deposited in a volume element m.
The average of specific energy is defined as absorbed
dose By, In other words if the number of events is very

large, z -equals to D. In microdosimetry, also another

[

’quan§}ty which is as equally important as specific energy is

defined below. - :

-

3.3.3 Lineal Energy Density =«

It seems :a reasonable requirement to compare energy
. .

deposition in a volume of different sizes by a
characteiistic' _dimension of the
. ‘ i
diaéé?ér, d, namely - ) ) .

¢

volume such as mean

RN 42
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y=E/d \_ . (3010)
€
)
/ wﬁere‘y is lineal energy density which is defined only fbr
single energy dep031trbn 2vents, and d is the mean diameter >
' 1 < ’ ‘Q’
N of the .volume of interest which is refered usually as a mean gy
4
) chord length —_— 3
. ) | ‘
/ It 1is convenient to express }he energy in this case in
keV, consquently, lineal egergi dens}ty will be defined in
- ~ <
{ the units:«of kev/micrometery
£
. - h
\ .
3.3.4 Relationship Between Quantities ®
In the‘gsevious sections it was shown that the energy. is .
* LI - '
©a common factor between thevquantiéqes,namely
¢ s . '
* E =2z.m=4d.y = i.y \ ' ;
" . ‘
~ &0 ; \
or
f ‘ ¢ - . N
y/z = 1/m ° ’ (3.1Y)
' 5’ R > .~
- ° \ - ‘ . i&‘:’-‘;.'" ‘ - e >

N .
where m is mass»of volume element and l 1s the mean chord

length of the same volume. As we know ffr convex bodies 1t ' T,

y I
is four times the volume divided by "the ¥ Surface (22),
! “ - . ‘%‘n l..-
‘ 43 . » ¥
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therefore,

z/y = (4v/s)/m = (4v/s)/(p.v)

\

. L —_

d/p.s

Applying appropriate units inEqg.(3.12) we

’

z(rad)

= 67(y/p.s)

"
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CHAPTER 1V

CLASSICAL TARGE{ THEORY

4.1 Introduction ‘ ..

Target‘kheory implies that " one or 'more ionzations
anywhere within a particular structure of biologigal y
system (for ipstance,an ‘'enzyme). are sufficient to cause
lethal damade ".- The sensitive part which is struck by
ionizing radiation is called a "target"; This target is of
.volume v and represents the size of a sensitive élemént of »
irradiéted material. Generally speaking, the region within:
which ionizaéion has to be produced to\?btain'the iethal
damage or mutation is defined as the target. The passage of
an ionizing particle tpféugh the target producing ionization
(i.e.lethal'égﬁage) could be called a "hit". The type of

action which is.our interg%t is caused by a single-hit. The

~
<

i
hit can Be defined asgfollows
ii The ionizing radiation when passing through the material
"loses its energy in discrete quanta. .

ii) Each hit interacts independently and obeys a poisson

Ky
-t

distributioﬁ.
l‘. . . .‘ ) ’:
iii) The ‘inactivation occurs  when the sensitive part

receives one or more hits.

L4

»
\

4.2 Dose Response Relationship Y .
o 3 : S M

When biological systems are irradiated, different

. L)

responses are produced most of which increase with absorbed

45
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dose, but are not proportional to it (4). ‘

4

- f

4.2.1 single Event Response’

It is convénient'to say that the total number'of hits is
simply proportional/to the dose of a given radiation in ‘one
hit action (21). The number of targets hit is proportional
to the dose( and a straightiline is obfq;ned by'plotting the
survival fraction versus dose,Fig.(4.la). Ifs properties
can be characterized as follows:

i) The survival curve is exponential:.

ii) The effé9{~5f a given dose is constant, and does not
\depend on the rate at which‘the dose is delivered.

. iii) For producing equal effecés, required dose differs for
different.iohigipg radiations.

Speaking empiriéally, if a dose dD ‘acts on the target

the surviving fraction of material will be décreaged by the

L ]
I3

amount of dn, namely

~
-dn/dD « n |
v - ) ’
or . \ ' £
N : ,
s L ]
dn/dD=-kn ‘ S (1'1)
A, R C -
therefore : a . .
e f
i ) ln(n/.no) = -k_D . | ’ \ (4.2)
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Fig.(4.1) Suivival curves: -(a) Single event survival
curve. ' (b) Multi- event su?viya} curve. (c) Cpntinuouély

increasing rate of survival curve. . .
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which can be demonsfrated in exponential form

n/nO = exp(—kD) “ :  (4.3)

Where n is the survival number, ng is the initial
quantity of ﬁaterial, and n/ng, is the ratio of activity
which.remains after a éose D. The foilowing discussion
seems ﬁﬁgess;}y for equation (4.1). First éf all,.this is a :
linéar equation with the slope of k, (4b), which differs for "
different molecules. Therefore, k could be considered as a

pasis” for estimating target size. Thus by specifying the

dose, and measuring the corresponding survival fraction
! N

(n/no), k couid be determined. Essentially when 'each

sensitive element receives one hit the following expression

will hold. \

-

.

kD37=1 - o L 80

1 . . ' e ‘ .

.y k\ . . ) . ‘ \ .
\which gives rise to ln(n/nj)=e(-1)=.37. '
’ consquently, it could be ‘indicated . that 37&' survival
fraction of the survival curve represénts the'"MEAN’LETHAL

DAMAGE" - : ‘ .

48
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4.2.2 Multi-Event Response

1p37 is . called the radiosensitivity which will be

discussed extensively jater on.

N

5
[}

.The exponential curves, we have seen in single-event
responses are qbservéd "for high LET, while multi-évent
responses. are induced, By low LET radiation. In this case
the survival fraction after broducing a shoulder is

/ :
represented by an exponential curve Fig.(4.1b)., The region

. within which the survival fractibn increases is ‘called the

shoulder of the curve. This is due to .the accumulafipn of

let*+z! damage in biological Sygtems which is sufficient to

Y

1w auce the ?bserved effect (21b, 22). The form ©0f this

curve is’ given by an expression which is

s

% v .
glsbtained by the poisson distribution as follows. -~

] > 14
JIn low LET when the number Of ionizing particles

' experienced by a cell is large, it is reasonable to make the

assumption that eachcell receives the same average dose.
Thérefore. we ﬁan say , if the dverage 'number of ieggal

lesions per cell is dencted by A,, the survival fraction would

i

correspond  to the probability of receiving no lethal,

lesion, namely’ Lo LN

49
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S ="exp(-A,) (4.5)°

k * .
The above argument 1is concerned with the - simplest case

"of the problem.

»

In éengtal the éyeraée dose is misleading if applied
‘directly to individual cells, therefore the survival fraction
must be related to. the average number of lethal damages A,
by a more generai relationship (27).  Assume tﬁg mean number
of leéhal damages produced : in sensitive sites(i.e.
multitargei) of a cell .ig Al. The probability ofa
experiencing no lethal damage by the sensitive site in a
cell is exp({Al) and the probabilityof one or more lethal

Bamages

Al

¢

pl = iiexp(rAl) - ", ‘ (4-5)\‘/

When n particles passes through a cell the mean number of

N
“ .

lethal damage is nA;s In this case the probability of no

‘letha? ‘damage is exp(-nAl) and the probability of one or more

lethal damage is ’ B - q

1 L]
N

4

Pp = l-exp(-nA ) | S (4.7) "

=



- !

-

N Eg.(4.6) car be written as . ‘ e

s ©

1-p, = exp(-,)
theh
. L 1 n
~ exp( nAl) (1 Pl)

8
Substituting in eg.(4.7) we'have

Py = 1-(1'—p1)n ’ ﬁ ‘ ({Ts)

l

For a 'pbpulation of cells exposed to a mean fluénce of

N particles through sensitive sites of mean projected area
© 8, "the probahility of n paxticles through a given area s, is

the nth term of a poisson distribution, such as follqwsn

‘¥ NM/ntexp(-N) * (4.9)

Tpetefore, the probabil}tiof one or more lethal 'damage in a

given, cell will be .. -

PN:OZé pn(N“/n!)exp(-N)( ‘ ‘ ' (4,10)

© 51



Replacing P, + from Eqg.(4.8) will give
' 0

PN=0)"(1-(1-p,)"1(N?/nl)exp(-N) =

%
-

Pn=0]” (N"/nl)exp(-N) -0L®((1-p))"F(N"/nl)exp(-N)
1

@

.-.b

Ozm(Nn/n!)éxp(—N) = (1+N+Q2/2!+N3/3{+...jexp(-N) =

[exp(N) Jexp(-N) =1

t

oI"(N?/n!) [(T-p, )" lexp(-Ny=

' oZ“{[N(l—pl)n/n!}exp(-N)=,

X

&

{14N(1-p1)+[N(1-p;) 12/21+[N(1-p,) 13/31+. . . Jexp(-N) = |
B ‘. )
exp[N(1-pY)Jexp(-N) = exp(-Np; )

Theréfore

p ' .
Py = 1 - exp(-Npl) } a ; (4.’11)
\-K—T.__._.'.--_._,,__

W

The surviving fraction of cells would be

f :32'
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= 'r;/nc.*= 1-(1-exp(-Npl)] = exp(‘—Npl)

A

N 'S = n/ng = exp{-N[l-exp(‘Af)i]} . | (4.12)

For A,<<l this leads to the generally used Eq.(4.5).

4

' o

4.2.3 Other Résponsé Shapes

‘ Anothe£ type of response has béen observedin which éhe
dose effect keeps on increasing throughout the wl{ole range of
#tg.(4.1c). This type of curye is difficult to analyseﬂ
unless 'soge éssumptions are invoked cone;;%ing tpe rate of
increase. As an.exaﬁple: assume that the rate of increase
is constant{ 1In this case the first order of its

‘derivative relative to the dose gives a straight 1line,

from which

S = expl[-(k3D+k3D)D]

.

ﬁ‘

v

Gener lly, for this type of curve no- obvious

lifications arefpossible, Some attemptg have 5een made
by thcléik(él), 'apd Kellérgr(ZZL, and some interésting
approaches are suggested, but this topiq’ will not‘ be
,di?Cuésed in this paper, a o | -
v 53
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4.3 Relative Biologicai EEfectiveness (RﬁE)
~ :
4.3.1 Definition
According to tge 'agreement of ICRP-ICRU(1963) th%

relative biological effectiveness of one ionizing radiation

compared with another ™( usually with different LET )

is defined . as the inverse ratio of thq}r
&éses which give the same type and degree of biological
effect provided tha¥ all other ?actors except the dose and
LET sta¥ the same. This wilé include both the radiation

paraieters and medium parameters. °’

©
-, . Y
4.3.2 Relative Biological Effectiveness for Single Event

Response

The ' type of dose; response .curvés is particularly
~‘_‘"i.m'port:ar'\t in deriving thedrelaﬁive biological effectiveness
of two radiations. Fo{’a.'oné-hit pr6¢ess, the RBE is‘siﬁbly
defiried as the ratio of dose 6f referencé rqdiation}r) to
the test radiation(t) | | ‘

[4

S = exp(+~kgDy) = exp(-kpDr) | . ‘.‘ }

b
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i
e . AN

Therefore

RBE = k¢/ky = Dr/D¢ (4.13)

. ,~(
J
If our reference is gamma-ray, then
1 \\J
RBE ='DY/Pt (4.14)

. -

Let us consider a hypothetical case in which

élpha-particlé radiation  produces - ten timés as much’

biological effect per rad as does gamma-ray. The RBE for

. )
that particular biological -effect would be 10. -

No hystique or magic determines the RBE for one type of
radiation versus another, and there is no adequate theory
’ -

+ particular type.of radiation. . S

. that tells ' us wﬂat .the RBE ghbuld be, or must be,*for A
\ -

o™

‘4.4 Calculation of Molecular Weight from Survival Curve

A Y

If the reason for inactivatjon of a molecule is the

/

- occurance of one ionization in a volume 'v, therefore; we can

~

say the probability of ionization in one cluster in a
sensit;vq volume v is vI, and the probébifftx of n, cluster
is given by exp(-vI) which is equal to the value of thé

surviving fraction. i - o

v
s

-1

[



namely

n
]

n/ng f,exp(-bl) ‘ . (4.15)

Q
where v is the volume of the target molecule and I is the

number of ion.. clusters per unit kvdlume.

To make use oE ionizing radiation as a means of measuring
molécular wegght in biology the following empirical equation
has' been _used by ‘mapy authors. Ifi the total energy
dissipated per unit distance ‘ds dE/Qx and the energy requ-
ired "to p;oduc one ion faair is w, the ratio of energy loss and
w will introduce the number of ionizations produced by a

single ionizing radiation per unit distance, that is
X . R b
a

(dE/dx)(l/w)=Avéra§e number of ions produced per unit

distance

The total number of ionization per unit volume produced per

~

unit dlstance would be the product of (dE/dx)(l/w) and the

npmber of ionizing particles per square centimeter. This
¢ (4

K

gives ,the fol%?wing result.

< L
’

H .
(]

(dE/dx) (1/w) (£)
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where f is the number of particles per jgquaréc.centigeter.
t

As we have seen, when each sensitive element receives one

14 i ]
1

hit, the following expredgion will hold

(4.17)

n
[

vl

&

é .
/

S

PN

Substituting for I in expression (4.‘!§5this_will give u

-

the volume of molecules :
v v = w/[£(dE/dx) ] Y T daey s
. s *‘» .

.“‘ ‘ - . f

therefore, the mass of a molecule, would, be presented as

»

below * Y ‘ ; J/T

i N

m = Vd = wd/[(dE/'d‘X)f] £y

- - .

. . - ‘Hﬁr p ., '
where d 1is the density of a given material. Recall that

: I'd
molecular weight (Mw) or mass of one mole ' of molecules |is

~

given by .the folloﬁing.well known'fo;mula.
o s L am
\ ) M\Y = {NA)m B ' & i 0 ’ ‘ (4:20) .
g \d ) ‘ ’ ‘ ' .7 . . ‘ A
* . é o . . .. C I3
'wherE"ﬁA‘.ié Avogadro's number and m is the mass of a
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* The molecular welghusof dlfferent molecules were calculatea

iR

: . "
. - : ~
v A ) . 58" ., >
.

.
. f
- y ’
JE o
. S
.8 ~ . »

moleculé.

Mw = (w')’@(d)(NA)/(dE/dx)f‘ : (4.21)/

' .
Q
. . . ) ,

by the above formula .and are tabulated in.Table I. . The data
used 1;wthese ‘calculations were taken from-follard et.al ?5),
Brustad (6b), and Dertinger arid Jung (23). Tﬁese resulxg
will be discussed 'later in section 4.6. ‘ .
4.5 Cross-Section ) ﬁ’ o
* The case of inac%ivatioé by gpav§»chafggd'paf?icles
where the events are localized along traéks‘ but %f,

intervals " of the order of mégnitude of the molecular

dimensions, has been attacked from two different approaches..

Lea (4b) considers the volumes associated with the primary =
ion;zqtions to oéer%ﬁp, therefore pﬁtting more ‘than - one
everit in<¢' the  same space and wasting some of them. "Pollard
et , al (5a) on the other hand proceed in a manner applied

in bofsson distribution and calculate bhe profability, -p, of-

at least one ionzatjon'occuring in ickness of the ™

molecule of interest. p °

-

At thms poxnt we shall outllne the first order empirical

.

calculatlons. If dD 1onizlng radiations per unit area are fi

. o - Sy

red } th:ough an enzyme samp ) the chance of a particle®

pass;ng through a molecuyle of cross—

Then}f we let p be the prqbabllxty of one or‘*mare ionizations
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Table 1

4
CALCULATED MOLECULAR WEIGHT BX RADIATION METHOD

Material Calculated Reportyed Eﬁergy of incident
. ‘ (Mw)4 Size *- particle
‘Daltons Daltons .
. % . aterd
Trypsin: 32000 15000-24000 . Deuteron
(4MeV)
34000 " Electron
. (2MeV)
, Ll
3 . A
Pepsin 49000  36000-39000° . Deuteron
. (4MeV)
Chymotrypsin 30000 . 23000 Deuteron
| " (4MeV)
Catalase 52000 250000 - Deuteron
0 (4MeV)
) . .
Invertase 11 |
. ) 2000 . 120000 ’ Deuteron
in
yeast N (4MevV)
.. ,Q .
-Succihic & . ' .
deh ’ ' -
_ dehydrogenase 82000 - 80000 “ Electron
- - (2MeV)
‘Rdbonuglasb | 13000 . 13000 . Proton
2 (2MeV)
§
-~ )

.59
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in 4the molecule if an ionizing particle paéses through it,

. v . .
we find for the chance of inactivation

-dn/dD = pAn . hi) '. 1

yheré the probability p for the occurence af an interaction '
. N %

between an ionizing radiation and .one atom is illustrated by

a cross-section, namely

“

o = pA ‘ ° : a
) R - L, ’
Therefore .. . ) .
i \

-dn/dD = on ‘ s .

.or B ‘ .
Liid N . .
n/ng = exp(-oD) ’ ' . . (4.22) i
’ >

¥ ~ L—

A2

where n/ng is the surviving fraction remaining after a total

dose of D, o is the inactivation cross-section which
represents the chance of inactivation per incident -
radiation. ’

N ~
4.5.1“Tﬁe;31ationéhip bétween,inaétivationucrpsé;section (osi
and geometriéal cross-ééction (A).

A purely, gmpiricél approach allows us ‘to app}y‘ a

| | - - : 60 , R Tk

[}
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statistical analysis to the correlation of the inaétivatioh
' cross-section to ghezébserved geometrical cross-section. If
the - average number’af primary ionizations per centimeter is
i and the avefage.thickness of the mglqcule of interest“ t,
the average number of ionizatioﬁsper molecular thickness is

iit)., According to the poisson“distr;bution the probahbility

of no ioni;gfion is exp(-it), and. therefore, the probability

»
'

of one or more ionizationrbecomes "[l-exp(-it)]. Thus, by

A ’ ' -
substituting - for p in Eq.(4.22) leads ko the following .

[ 4

result.
o = All-exp(-it)] (4.23)

)

The quantity i can be calculated from the experimentally
deteérmined rate of- energy loss assumiﬁg an‘average of 110eV
expended per primary ionization. It can be seen that as i
inc;eases, the inactivation cross-section gonverges to &
geometrical‘cross—sebtion.‘ For fést electron irraéiatioa

" (it) is very small and expansion of the exponential term in
£q.14.23)/Wi1l lead us to

v

exp(-it) = l+(-it)+(1/2)(-it)2%+...

Hence

-

6 = A[1l+(1-it)] = Ait = Ati = vi (4.24)

oo O | 61~: K S Q?* .
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a

or

o = vi ‘ Lo (4.25)

(43 Q * °
where v is the volume of the molecule in ' question. If

both sidesbf equation (4.25)are multiplied by D, the dose in-

. - [ " ' 13
particles- per centimeter square, we obtain

?

demonstrating the eguivalence ;f Eqs.(4.15) and (4.23) for

this case. From Eq.(4.25) we can see that the slope of the

Q ) *

graph of variation ,of s against i at the origin equals’ the

volume.

]

q

A

. ) - :
\Qis «2 Calculation of Molecular Weight from Cross~section

Charged partlcle 1nact1vat10n ‘data can y;eld 1anrmat10n
about the shape of the irradiated molecules, for instance,

the results of irradiating pepsin and trypSLn wlth deuterons

‘. . r

are shown in Fxg.(4.3). Detailed calculatlons based on the

v

thebry outlined” above indicate -agreement with those ofthe

o

previous section. ‘Taking the .extrapolated cross-section-

from Fig‘(4 3) (i.e. 1.3“10”13 em? ) o the radius of an

-

assumed spher1ca1 trypsxn molecule is '21A- Utilizing Z1A

for radius and assumlng the densxty of dried protein 1.3
° &2"
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Fig.(4.2) Deuteron bombardment of trypsin and pepsin.

The experimental values of deuteron bombardment of trypsin

and pepsin plbtted against the ionization density. The

curve is the fundtioni[lréxp(—x)] where x is the theoretical

number of ﬁrimary ionigations'per,40 A of trypsih and 60 A

“of pepéin.
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N <€?5m3, the molecular weight of trypsin can be calculahgd”‘as
follows .
L‘. ® +
\\/ ‘

Volume of molecule of trypsin = anr3/3 = am(21x1078/3 =

-

3.881072) cm3

Therefore the m;ss of one mole (M) = v.N.d@ =
3.88x6.02~1.3x1030 = 30600 g. - .

The. accepted molecpia£ weight of trypsinﬁ is in &he
vicinity of 2400p,;§nduc;lgulated size with ahother method"
as iz thefﬁrevious section is (32000-‘34000). The molecular
geight as détéfmined in the same way is 39000. This is

rather higher than the accepted value of 36000 (5b).

4.6 Discussion on Classical Target Theory

Thé list of radiation ;molecular .weights " given in
Table I shows‘clearly that this technique gives *informaﬁiah
wﬁ§ch approximately is parallel to information obtained by:
completly .different methods. An investigator who knew only
the welative sensitive volumes obtained from this type of
radiation data wéuldﬁform'a‘pictufe of proteins which would
agree _apgroxi@ately iwith that available today. 1In reality _
one must concede that all of this,work\involves the use of"
hypotheses, which ’might be more or less exact, in deducing

the ,structure of the protein molecule from the various types

of measurements. In.prattice, the.available information is .

¢ 6‘4 ' . - - -




:Btrictly limited by the complexity of this problem. It
appears ‘that there has been a theoreticaliy unjustifiable
preoccupation with the details of the molecular size K and
structure. A hyﬁqthesls of a single primary ionization as a

reason for inactivation along the ion's " path seems an
‘ 3 ‘ LN !

inadequate hypothesis for this purpose, because it neglects

the knowledge of the transverse distribution of secondary
ionizations along the ion‘s“path. Névertheless, as the
understanding develops, the method will not become worse;
rather it may be.expecéed to improve itsgif more and more.

In .Chapter V the new épprbach on radiation stuéyiwill be
. e

-

discussed.

e

pe lent
Py




CHAPTER V
TRACK STRUCTURE

5.1 Track Structure of Katz Approach

)

5.1.1 Introduction

1

The inactivation of biological systems by cﬁarged

pérticles -was discussed extensively in chapter IV with

-

the concept of depoesited energy ina sensitive volume. All

attempts with different approaches based on the model thato

to correlate the inagtivation of a system to the molecular

siz~ either with dose- response curves or with cross-section
N ' .

and LET relation failed. It seems . that inspite of the

/-
progressive steps have so far been. taken,the problem has not

been gsolved in detax(l. In another words, as long as thg LET

does not: - include knowledge of the transverse dist-.

ribution of energy along the ion's path, inactivation
cross-section cannot 'be derived from LET, because it

neglects the saturation or overkill near the ion's path,

PRSIy

We will see that~the cross-sectlon does not directly

depend- on molecular size and the molecule ‘will be

inéctiyated throughzthe influence of gamma-ray p37rather than
] / ’ :
a heavy charged;mrtlcleltself (9). In another words, the

cross-section is related to the cross—sectxonal area of
((
coaxial cylinders whose axis is the track core within which

lthe deposited energy is equal or éféater than the gamma-ray

. .
66 - . 8
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p37 Also in this new approach, there would not be any }
arbitrary separatlon between "core" and "cloud" interaction}
that is( the separation of secondary electrons into a core
din thch the dose is perfectly lethal, .and a cloud of Iowi
intensity Qill not be considered further.

The significant parameter is taken to be the deposited

enefgy delivered to the medium by all electrons ejected from

the. jon's path (delta-rays).

We consider here only single event processes 'in "dry -

~

< kY .
materials in which one or more ionizations within the
I o .

_ 8sensitive site is responsible for inactivation. For this

purposé ‘the biological  systems are thought to consist of
sensitive sites embedded in a passive matrix in . which a

single molecule loses its function if one of its many bonds

at a sensitive site is broken.

5.1.2 Evidence for Inadequacy 6@ LET

A decisive po1nt 6/curredwnth the work of , Brustad (6a),
in which Tryp51n, Lysozyme and DNase were irradiated by
proton, carbon and neon ions. The radlosensxtivity of these

-

is given 1n F1g (5. 1 ).

As can be seen \from\ the graph the‘:radiosensit;vity
decreases with increasing LET, and a radioséhsitivity of a‘
neon - with i87.5 keV/m?crometer is- half of the

radiosensitivity of a .1.5 keV}microﬁetet_ proton per

. bombarding;perticls. - Therefore, we can write,

\ 67
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. 4 ¥ .
('Radiosensftivitygof proton }/( radiosensitivit&» of
neon fﬂpéY particle= L
(3.4 x 1078)/(1.7 x 1078)=2

The inactivation cross-section, whiéh.ﬂis,.éalied the
effectiveness per ionizing radiation and is [ labled (- ]
is Cincréésing with increasing LET. ¥ According to’ the
Fig.(5.2) the inactiyation cross-section of neon (
300keVimicrometer ) is 50’times larger than the inactivation
cross-section of a“3 keV/micrometer. proton per bombarding

. particle (seeEqg.(4.23)). Therefore,

-

(0 of neon )/( o of proton ) per particle= -

(6.6 x 10°13)/(1.3 x 10714)=50
" . ’

’ 9
”

In biological terms the “effectiveness of a proton is 50,

times more than the neon per bombarding particle.

The inactivégion cross-section of highest - LET is 15
| b}

times larger than the geometrical cross-séction which is

caLpulate§ by phgsico-chemficai methoé,(Sa). _Therefore,':
. . )

Y ¢ ‘ ' e
_ ! . 4
~ -

-

0/06=(6.6 x 10713)/(4.4 x 10-14)_)5
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In the case of neon for EE;m 93% of inactivation

AY

cross-section is due to the delta-rays which are produced

transversal to the ion's path. So we‘write:

Delta-rays inactivation cross-sectiong=
(6.6 x 10713-4.4 x 10724y /(6.6 x 10713) «x
v100=93%

Consquently, in order to stand with target theory a

Y drastic track structure study should be invoked.

<
\ . >
. . .

.

5.1.3 Radial Dose Concept s

In a system uniformly irradiated with gamma-rays, mean
lethal dose of Y-rays, YD37,is the dose at which there is

one ionization :( or hit ) per sensitive’element. If  the
q
system is irradiated with gamma-rays to dose yD, then from

Jpoisson df%tribubion ( Appendix A ),  the probability that

. any one element experiences one or more ionizations is
N ) L
o P= [1-\exp(_va (YD37)] . . .
We may dssume a cylindrical shell of length h and radius

x with ﬁhe thickness dx whose axis is the ion's path. If Ng

|

is thef‘number of targets, the ngﬁgér.of hits inside the
‘ e

o

o .
.8hell is given by ‘ ¢

vy
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J . . . [ : * " f
§=0 /" nNohx[1-exp(-Dg(x)/yD37 } Jdx (5.1)

A
%

-

"~ where Dg(x)is the energy per unit volume deliyered by
dEita—rgys, which is distributed uniformly over the entire
shell. Eq.(5.1) gives the number of inactivations by a

single ion passing through a medium. The cross—~section is

defined as the quotient of the toEal number of tafgets hit

and the number of targets per unit area, or ‘ -

-

v

-

o=(s/Non)=2}ro;°°x‘[1-éxp(-D.a(xx/.,b” yldx . (5.2)
o . 0 7

P

}

.

he 3

. The above,caléulation‘ is valid €for. a -point | target.

‘e

ip( order ,to evaluate the equation (5.2) it is requirea
to derive an e%présgion for? Dg‘as)a function of ‘the radial
jaistance; x, from the ion's path.: This can be obtained by

using a simplified form of Qélta-iay distributi®n formula .

namely

s

. T L ! . . dy .
dn=[ 2mNe%z*2aw]/[nc282w?)1=Cc[z*2dw]/[82w2). (5.3) T
) . . " i .
7 “\‘r . :‘-—~ R . . ' . . . .Q
.where dn is the number of delta-rays per unit-path length

- ) M e
baving energies between w and.w+dw, produced by an ion of
. PR . R » . PN ~ N
' 7oy ' . - . . .
/ K B 5 72 > ' 9 ' | r

.
.
r



! ) .
effective charge z* (25) moving with speed ‘Bgc. We

approximate biological material by water  for which
N=3.3"5x1023 electrpnsc per 'cm3.- To take into account the
" masg m and chargele'of an electron and the number density
electrons in: the materials (N) the coefficient r C, will
/)za/ke"the value of 8.5&1(}3 kev/micrometer..

The Barkas cherée pick up expfession"z* is represented
es follows

, ~ | e |
z*e=ze[ljexp(-1258z’2/3)] | ~ (5,4)
l

By 1ntegrat1ng of [Eq.(5.3) the total number of delta-rays

arising from the passing ion will be obtalned

F e

y

nﬁs.$x10"3[zf2/b2}fdw/w2e8.5x;3[z*2/82](l/wx -l/wLax)(5:S)

»
S

. ! . / . ) a
- where wx "is’ the energy of a delta-ray just sufficient to:
N ' .

-

! . ) ] ! .
\ penetrate ‘the cylinder 1f it is ejeéted normally and

e .
wmax—vazyz 1s the maximum delta ray - energy determine?y\by

"kinematics consrderatlpns in head on collision. To
. . 1 L . ' Co )
complete the, calculation we need the range energy 'relatipn’

of equation x=kw® in which by adjusting the value of k its -
power (a) approaches to one , that is, k=kw or ~w=kl x, . By

L%

®,



replacing this in Eq.(5.5) we have
t - I
»
n=8.5x10"3(k"12*2/82]) (1/x-1/X) (5.6) \

where

X=k™ wnax (5.7)

&

To £ind the total.energy depogited per unit volume in

the cylindi'cal shell of radius x carried by delta-rays, we’

multiply the )total number of penetrating delta-rays by the

“energy deposited by each electron and divide by the volume
N : " \
of the shell, (qudx), to obtain

4

=

” -
“ .

Dg(x +B,2%)=8.5x103[k~12*2dw/g2 (27xdx) ] (1/x~1/X)

*

or

. 4
n, ) . -
2

Ds(x.B.z*)=g.5x10f3[;*2/2nx§2](1/x-1/x) (5.85

bl

A

By introducing Eq.(5.8)° in Eq.gS,Z )Q?e'have the explicit

form of inactivation cross-section o
; ' -

’ e Y SN ' .




Q

o=2mg[Xx{1-expl(-8.5732"2/27x82,D37)(1/x-1/%) Jax (5.9)

-~
‘ (

N : e~

5

we have plotted the D/z*2 versus radial distance x for' water -

/in Fig;(5.3). The dose ﬁropé off very rapidly ~ with
distance, #.A The curve for B=.01 in Fig.(5.3) is to be
taken as arising from upper llhité Qn o. The Eq.(5.9)
rated numerically and the- resu1t§ élotted versus
7/2*2 with various 8. For a wide range of YD3Z/3*2f the
<idactivation cross-section could’ be determined from-the
Fig.(5.4). In this calcﬁlation, we assumed that the
: electgons‘ are ejeéted petpehdicular to th ion's path. As

. can  be.seen this assumption is causes a serious error at
2 ' '

. *
B=,01. For YD37/2 <3x107 (the inactivation cross-section
stays‘constant provided tngt 8=.01; because'in the limit of
very ‘sgnsitive materials inactivation cross-section is

calculated by

=gy 2 , *
O'—fo X ‘ . ¢ f

4 . ' .
where X is the maximum range of ,a delta ray. The
theoretical results shown in equation (5.9) and Pig:i(5.4)

have been recalculated ‘to investigate the variation of

v

inactivation cross-section versus LET (see Fig.(StS)), where
YD37 takes tespect}vely the values of 102, 103,}1qé, 105,
10.56y and z the valuesof 1, 2, 6, 10, 18, with;ug:t“\e’v_elocity

range of that in the limit of fast igps (small 'LET) and
. ) ’ . . . b
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o
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. Fig.(5.4) ;11ustrafing‘,'the relationship ‘between
inactivation cross-section and Y-ray mean lethal dose,
Experimeptal data fox.: B=.07 and 0.145 for two viruses .and

_two enzymes "( Tl phage, ¢x-174 phage, . Trypsin. and
B-galactosuiase ) are shown superlmposed on. the theoretlcal

. curves ( dashed 11nes. ). -Solid lmes represent the

theoretical relationship b#tween cross-section and YD37 for
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a va,r.le'ty ‘of bombardmen‘ts.
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ingsensitive materials (large yD37) the inac;ivat&éé'

1) ,’.
cross-section is proportional to LET while at the opposite

limits the saturation or overkill appears. In spite of many
approximations involved in this model, it scored a good
agreement with - exp;rimental ,measurments dealing’ Qith
‘collisibn of heavy ions with enzymes and viruses. These
reliable ;esultb confirm that the iﬁéctiéation cross-section
are only indireé?ly re{ated to the -actual physical cross-
sectfonbof the targeﬁ, fqr these'ﬁaterials: |

The function of this model could be interpreted as the
correlation of inactivation cross-section by geavy ions to
gamma-ray doses through 'they épatial "distribution of
ionization enefgy arisind from the ion's path.

From the comparison of the pre‘sle'nt work with previous
results it appears thaé ﬂeavy ion inactivation
cross-sectiions are related to delta;réy inactivation doses
through the spatial distribution of ionization energy
‘arising from the ioh's passage. This approach 'suggests

~

that, “the moiecular size affects the cross-section, o;'for

]

. ] -
heavy ion bombardment oJnly very indirectly, through its

influence on tHe, 37, for gamma-ray inactivation. It also

il

ed ~limit of low LET and in the. case of
insensitive materials ( large Y937) the cross-section is
‘simply proportional to the LET (i.e. in agreement with
Brustad's resu1£ ), .while at the ‘opposite 1limits the

relation is complicated by saturation or overkill near the

ion's path [ See Figs. ('5.2 ) and ( 5.5 ) ].
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5.2:;1 Generating of Random Variables

5.2 Track Structure of Paretzke Approach
e . -

The term " random variable " is used in order to confirm
that one does not. know what specific value this variable
will-take on a given case. The only information we have
about a random ~v;ariabl_e,are its range of values and theirt

-

-respective probahﬂitieé. We will explore now a general, way

of generating random variables. Assume .that integer -numbers:

from 0 to 9 are written 1in separate identical papers.
Putting"them together in a box and bicking at “"random" one
paper at a time and putting ig baék'in the same bog, one
will obtain a certain distribution of numbers, which could
be rgpreseﬁteg ag a table. In that table these numbers havé
been tabulated-in arbitrary digits. Such a table is called

a random number table, and could be stored in the memory of

a computer. ' It is clear that for generating a more.

efficient table of random numbers  we need a’  more
'sophisticated device than a box. For inétfnce} an example
of such a device could be noise_éignals in electron tubes.
For this, tyﬁe of genetratiqg ~to be useful one _would

undoubtedly need’ a specialized computer designed to apply

—thenumbers—to—the —Mont  Carlo method, However, beside

. several other shortcomings, economically it would not be

' . ‘80 .
\ ‘~‘}’.'.- = ' ’

correct to reduce a multipurpose computer for such a special
case with only sparse use to ‘obta¥n random numbers. For the

@bove reasons it is most expedient to use the so-called ",

psuedo-random numbers ".




4

. The latter éap»be defined as "numbers calculated by ﬁeans

of a prescribea fBrmula and simulating the values of a
rand?m'variable". As it is clear such aformula mysy be an
‘ingenious one. Typically, the numkers obtained by the

‘ systematics established by the formula satisfy a set of
‘tests insuring a uniﬁorm’distribution of the psuedo-randpm‘

- nuqbers on the segment (0,1). Henceforth, these ﬁuqbers
simulate the values of a random variable R. A general

b3
expression for obtaining a continuous random variable x ‘can

be found by the following

R=g[*f(x')dx" ‘ (5.10)
. — \ *

¥
-
4

A ]

‘where x can represent, dependin§ on the' context, the
. )

distanceyto the next event, energy of ,secondéry electron,

scattering angle, time interval between two consecutive

.requests, 'and so forth.

;

5.2.2 Calculation of,Mean Free Path Length

§ If the,path length of an ionizing radiation, x, is a

random varlable distributed in the interval (0,) wlth the

“probabillty den51ty

TN . - . .
f(x)=alexp(-ax)] - - - (5.11)




By applying in Eg.(5.10) we would have ' .
R=ofxa[exp(—ax')]dx‘=l—eip(-ax)

Then

exp(—-ax)=1l-R

[

Or.

x=(-1/a)ln(1-R) , , (5.12)

The distribution of variable (1-R) is identical with that of -

‘R, therefore'ip could be written as

3

x:(-l/a)ylnR o ' ‘ (5.];3)

- -«

where 'a 1is the radiation Elow density, R is a uniformly —

dlstr1but_d‘TEndcm—number—wIthIn*Tﬁ—tT—and—x—rs——the——tength—————————

of the path from one _collision to ‘another which could be ,

generated by the aid of random number R. N

&

5.2.3 Monte Carlo Method
The. Morte Carlo method can be used simulate 'op a °
- N - ' ' \ 4
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computer a large number of track structures of ionizing

I ey 3 ; , o : .
radiation ( photons, neutrons, 'charged pgrtlcles) event

by event. For this purpose the following steps are required:

1) Adequate cross-sections for relevant process ip . the
material of.interest should Be invoked. Also it would be
appropriate to .precalculate for all relevant processes the
ratios of their cross-section. For instance the interaction.
of neutrons with matter is characterizedlbyktwo constants
wﬁich are called the capture 'cross;section and tthe
-scattering cross-section. The prob?bility of each iype of
interaction is given by the ratios of any of them to the
total cross-section ; \

2) Mean free path lengths between subsquent collisions for

red

™

primary.and secondary particles should be divided anq sto
by the ;id of random numbers (R). |

3) Each collision point 'of ionizing radiation should be
described bi a Eixed Cartesian coordinate frame and a local

.

spherical coordinate frame in each point of collision with

moving origins. Also the new direction cosine will: be

defined after 'each collision by the aid of Euler angle

transfomation in the local frame.

—

In the field of radiation studies, the AGack structure
ig prcbably the area where the Monte Carlo method is used
more’ frequently than anywhere else.

’_' - , ‘ ‘\‘

83 ) -




5.3 Outline of Method Used‘$o ObtaiplDepositiod of Energy

in a Given Target Size by Monte Carlo Method ‘
Since this work -is based on §nfordé£ion obtaiped from

the data book (11), a brief éxplanation of the'methoévused

E

to obtain the data,is“required.

For anaixsgs of the data it is assumed that cylindrical
J/yplume; of various sizes are oriented at random near tracks
10% protons and alpha-particles. In this model the tracks of

heavy charged particles are enclosed by # virtual cylinder
of a radious large enough to contain thz\ggggks\pf ionizing
particles [ see Fig.(5.6) 1. Thé virtual cyzinder was
crossed by chords arranged at randoﬁ ang‘these form thé axeé
”of target cylinders.'&These targeF cylinders weréd subdivided
into shorter . cylinders of givep length. The frequency .of
deposiiion of a‘' given amount bf energy in each:cylindér was
normalized to that which would be expected ‘from unit dose.
JThe random distri?ution of the chqué near the centrgl axis
of . the wvirtual cylinder was examined .fOt‘ uniformity.

. Further details of the calculatioh may be found in the data

. e e ¢ ~
book (11), where protons with enérgies between .3 MeV and 4

“MéVfaﬁa’alpha-partlcles with energles between 1.2 MeV and Zﬁw

MeV. wvere treated.' Table II is an example oﬁ@%ata provided

%,

by (11). o oo

., From the vantage. of the presqnt,#ﬁrk we sSee that,




central axis of trfack >
/
ion track

/
tar et cyli
virtual cylinder / ylinder

L / F /

Fig.( 5.6 ) This structure explains hbw\ the track segments
‘were enclosed by a wvirtual cylinder, and shows'generéted
target cylinders traversing the virtual cylinder. Segments

of ion trackg were generated u51ng the code ( MOCA-14 ) of

. > - K 1 53 ": "V S

Charlton et al (11).
%‘}
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Tablell
FREQUENCY OF ENERGY DEPOSITIONS GREATER THAN E PER RAD
- &
. Particle; Alpha Energy=.3 %iv/amu
. s .
Average stopping ~° power=230.1 keV/micrometer
- Total track length scored:; 2500.0 nm
Number of infinitely long crlinders hit; 5348
!
Diameter of target; 3 nm
Target cylinder length(nm)
E :
\ _ ,
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480 1 000E-10 5‘9L9E-\0 1 659t 09 ) 83t 09 6 GIYE-09
500 8 369Ek-11 5 104k-10 — ~518¢-09 3 hs0t 09 t 560t 09
R 520, T 082€E-VY 4. 480E-10 1 )92E-09 7 29%€ B89 7 6 91%¢c 09
540 S 460E-11 J 099¢E-10 t 283tk 09 ?.959t 09 b 401t 0Y
560. A d3rfe-n1 3 I80E-10 Vv 112e-09 ¢ 6508t-99 5 810E-09
~ 580, J.521E-11 2 868t-10 9.659 10 2 380t 09 5 225t 09
- 600 2.980E-11 2.049E-10 9.001E-10 2 V4aE-09 ¢ T84t 04 .
o 620 2 e 1 2 082¢ 10 i 65t t0 1 SI’BL 09 4 218t 0Y - =
6e0, ' 480E-1? 1.176E-"10 1 08t 10 3 155t-08 3.903t 09
660, Tt M23t 1 1 490k 10 6 225t 10 1 600t Y 3 601t 038
680 9.69%E 12 1 3127€E-10 5 61skpr0 ! £E-09 3 2 49
. , 100. 6 6I¢E-12 1 092t 10 5 14k t. 09 2 931t 09 .
120, ¢ 393k-12 8 267E-11 & 1Y% -10 1 204t 09 2 670 09
{4qQ. 1 §42¢e-12 6 146t 11t 4 321t-170 1 094t 09 2 Vit 09
160 2 S%1€-12 5 JOrE-LY 3 116t 10 1 0%t @9 2 ¢1IE U9
» 1
5 e 2 {red) 1 227E-08 6.600t07 S bi2teny V! 505t1 U7 2 UusEr0?
- . o e e HALE - 15246 - BRELT T - 20140 e s e s v o
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. ®
The product of diameter (D) of the target with its
. ’ v

lengEh (L) represents target volume and is denoted by (D x

.
-~

.

L) nm2. - _ ' ¢
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.,
the body of the table is the frequency of hits of energy
greater than a given amount in single cylinders when
orientated in random in a field of ions delivering one rad

of dose. The frequency averaged mean hit size Z is at the

»

base of the column . This is, calcdulated from the data of

the Table II . (1/%) is the;nobabiii%yof a hit of any size

and should equal the frequency of a hit greater than zero.
. o~

Finally the number of hits on which the statistics are

delivered are given‘%t the bottom of each column.

-

5.4 Comparison with Katz Q§§

.

The sensitivity of biological systems to different ions

/

can be described in terms of inactivation cross-section.
Many papers present a model for calculation-eof inactivation
cross-section. The measured cross-section 1is related
§5 severél parameters, such . as: size; gtructure; linear
énergy transfer and éo on. In this thesis the inactivation
cross-section was calculated from the equation given in the
paper’ by Goodheéd et al (27).

L4

o ( em? )=(16L/D37)x10"® /' (5.14)

-

¥ - + -
o 0 . . . >

Il

1
5

where L is, linear energy transfer, given in keV/micrometer

and D37 is expressed in rad.

' If P{E) is the probability of depositing’ more than

¢
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énergy E in a target per rad, and E is selected as the.
minimum energy required to inactivate the target, then at
the mean dose to inactivate a target p37, [ see Eq.(4.3) ]},

. p37 x P(E)=1

This 1is equivalent to saying é%aé on average.one energy
deposition event depositing energy greater than E occurs in

the target at the D37 dose, Equation (5.14) now becomes

-

4

o ( cm? )=(16L)[p(E)]2078 - (5.15)

-

( Values of P(E) constitute the bédy of the Table II. )
This equation cén now be used to compare inactivation
cross—§éctions with thése_of Katz [ see Fig.(5.5) ];‘ The
basis of the curves shéwn in this figure is the gaﬁmé-f;;—
dose to inactivate 63% of the targeté. In order to compare
equation (S.le with these results it is neceséary to choose

a target and a threshold energy co?respondlng to this YD37

To compare Wlth the leastsen51t1ve target used by Katz,

| 'YD37=10 rad ) a small target was used and the datauln —

reference (11) were examined at lowest LET ( 4 MevV protons,

LET=10,2 &gv/mig;ometer;),’fq; small targets. Two-sizes and

thresholds! ( 2x2 nm? 16 eV; and 3x3 nm? and 50 eV 3 gave

8

cross=sections comparable with those of Katz at 10 rad when

-

the probébilities‘ﬁere put into equation (5.15), These two

sizes and thresholds were then used for other LETs for

88



L)

’

!
protons and alpha-particles and the results shown. in Eigq.

(5.7) are compared -with.the cross~-section from Katz'fd; Y037

=108 rad. |
The results show that. the two cho}ceé of target size and
threshold straddle the curve of Katz with similar slopes,

over a wide range of-LETs. . - ’

\

For larger targets ( a smaller value of YD3?) in Katz's

-

data ) a similar proceedure was followed for YD37=106 rad.

2

Heré a size of 20x20 nm“with an inactivatioh threshold - 190

eV was used. Again the data are in very good agreement.

One feature of the Katz data, namely the-rapid decrease

»>

in cposs—sectibd at the lafger LET for ions ( found - for

larger target sizes ) '+ is sm@other with +the new

Vv .

calculations, perhaps as a result of using a finite rathefr .

than a point target.

5.5 Comparison with ExperimentgllData

It is useful to also compare this Kithod of calculation

with éxper;mental work. Fluke and Forrd (28) "measured the

- inactivation cross-section for dry Tl-bacteriophage as a

‘hfpnction of LET for protons and alpha—particleé.i Figure

b 4

(S.ST\Ehowé their data f"‘\ ‘ . ‘ , | ‘; L

- To compare with the calculatioa, "the volume of ‘the

sensitive region of the bacterioﬁhage was esE?mated«Eo be ~

) \

/(30x30) > nm? using approximately this volume (?5x50);hm%-a:
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thréshold of 250 eV, equation (5.15).was used. to éaldulate

»

the cross-section over the -range of LETs used in the

.

,' - . 3 ¢ s \ ._
experiment. The results are.shown in Fig.(5.9) as a %olid

ne. The agreement with experiment is particularly good. -
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- CHAPTER VI .
. %

1 )s e

Discussion and €oncludion

6.1 Discussion and Conclusiogn \\\v//

The effec(gof heavy ions on biologfcai sysgems have been
discussed and the type of radiation effects were related to . ,

S .
the target size or structure of the material in question.

hd -

The list of radiation " molecular weights " given in Table I
showed clearly that the technique of dry irfadiatiop did not

give values in . agreement with those obtained by

) s 4
+» physico-chemical methods. Npnetheless, inactivation Ry

radiation deserves a place with other physical methods of
study because of the simplicity with which it gives' bettear

thaﬁior&er of magnitude results! —

- 'Katz's approacﬁ'under the title of radial distribution
/ - .
..of secondary ionization energy was discussed, and under this
{ ‘ ) . ;
" dosg distribution the inactivation probability was related

“to . th& ‘radial distance from the ion%s path, and then .

[ - a

intégrated{ over all space to find inactivation

acrggs—sédtién; -
A véry'aifferéntihppfoéch{ the " Track Structure Theory
- ", which o:iginélly(?e§bribes the spatial distribution of
localized" évents ﬁéééf discussed. 'An attempt was made to
asééﬁs how the frequency‘of ebent disfribution‘ was related
" to the inactiéation crosé-secﬁlon. variation inﬂtﬁé nature
of‘ target .sizes .ﬁnd/ retevant thresholﬁds,‘ \ih. 'this

- calculation, were accountéd for through the variation of the
? ) . .



probability. Calgulations of cross-sections weye made for
* &

: various thresholds £or cflinders of different length .and
diameter. The range of variation of the cross-sections for
aifferent térget systems were .calculated for different
. target sizes and_ tabulated in Appendix B..

" Following fcomputétioqg of - the inadctivation
cross-section, it was estimated Ehﬁt the volumes of targets
vary with their sensitivity, for instance, thg, volume for
insensitive materials, was €’2,03x3, «..nm2 whfie it was

4

25x25, 50x%0, ...nm2 for sensitive materials.
Héwevgr, the in&ctivqtion - cross-sections have been
calculaﬁed to produce a theoreical graph of Jo versus LET
using data based ‘on the _track simulation mefhod. For
insensgitive materials, YD?7F108;ad { according to the
classification of' Katz ) reasonable agreement has been
achieved in comparison with those of Katz'?ig.(5.7). On the
other hand, for sensitive materials, in the limit of LET§100
keV/micrometet the results Qf°K§t@\19) are simply consistent
with our caculation, but Ifor ﬁET>100 ieV/micfometer the
. déviationAfrom Katz's results, begomes significadt, that is,
. .instead of sharp bends which is characteristic of tﬁe Katz
results, ‘we were'cénffggzga with a plateau in all cases
Fig.(5.8). In spite of this small difference, the present
- ' model agrees substahtially with the result of Katz.

Expépimentél verification of the calculations of the

inactivation cross-sections, which was presented-in section

6 constitutes an experimental verification of ‘the model

[
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) v ¢ - E
. ‘ , W« - v
‘ used for the calculation. - :

Let ,us take a general view on the assumptigps used in #
QP these two techniques. ,Katz assumes &Pat g%é radiation flux
throughout the system.of interest is uniform and at a given
distance from the track it is assumed _that the target |is

subjected tJ the same dose and hence the same inactivation

.

probability. This condition ig\diff%eulﬁ‘ to meet.. Since

2

'\ for very small volumes, say roughly 2x2and3x3nm“many of the

. sampled volumes will contain no energy depositions, while a

“"few will see many times the average. Therefore, the method

of calculation is limited to average doses and fluctuations

in dose cannot be taken into account. . s
Qh the other hand, Katz's calculation is rigorously
valid only for point targets which can plabe limits on the

expfcted validity of the results.

- Also in Katz's approach, for simplicity in the

~

calculation, electrons are assumed to be ejected normally to
the ion's path. This assumption should introduce most

serious érror'atiow electron velocities. If the exatt
) A
nature of electrons ejection is taken into account, the more
- - L J * -

+

energetic delta-rays are thrown  forward, and o . .is

consiiderably smaller than shown in Katz's data.

Another oversimplification in Katz approach, arises from

* +

a range;energy formula for ejected electrons. This

) ‘}ange—énergy- “relation yields ranges . below experimental
8 , ’ practical ranges for electrdns of higher energy ( above 5

keV ). For such electrons Katz's range-energy relationship

o
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gives an energy }oss rate which is.too high.

Finally in all calculations, the delta-ray distribution
formula which is wused by Katz et al (9) 1is for free
. , v
electrons. Errors arising from eﬁ%qtron binding in the
K-shell of oxygen may be expected to appeaf for inactivation
cross-sections smyller than 10712 cm2,

Consquently, /the essential difference between both
strategies could be summarized as follows:

Katz'; ;pproach 'is -an oversimplified of "
Track Structure Theory " which neglects many basic facts in
his calculations.’ Paretzk; approach, on the other hand,
tries directly to describe and predict thé spatial
distribution of localized events with ~; minimum of
approximations and d%failed analysis COACerning preliminary
ph&sical processes, that isj spgcification of the nature of

the éctivations and of their correlations are the main tasks
in the " Track Strycture Theoiy " of Paretzke. Thus, we

expect this model to be a better solution for our problem

. =

than that of Katz. ' (’
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Appendix A
A 4

~

Consider a target ‘located with its " center of gravity
at distance x from the ion's pa?h[’ Assume that target has m
vital bonds at tﬁe distances x+*yi from the ion's patH; where
i= l,2,.l.,m/2. The probability of receiving one oOr more

ionization is given by

S

-~ ~

L
—
|
=
3
~N
N

PP = 1 - probablity% of surviving =,
. v i=l

exp{-(Dg(x+yi)+Dg(x-yi) l4myD® "} =

;1 -exp-{]™2[Dg(x+yi)+Ds(x-yi))/myp37)

/‘ 1= 1
(A.1) .

®
T =\ . :

where Dg(xtyi) is the local -dose delivered.by delta-rays at
distance x+tyi:from the ion's 'path. By utilizing Eq.(5.8) we
can have ‘ - '

£

Dg(xtyi) = Q{(1/x2)(1tyi/x)"2 - (1/xX)(1ryi/x)"1)

’ Ao

. (-4
where Q = [(8.5x1073)z*)/2782) - ‘ 8
4 - . .

or
S L E . | !

) Dg(x+yi)+Dg(x-yi) = . 0{(2/x2)[1+3(yi/x)%+...] -

(2/xX) [1+(yi/x) 2+ .0 1) . ‘

(A.2) , 98 . .
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»

For small values of yi/x this will simplified to

<

Dg(x+yi)+Dg(x-yi) = 20[(1/x2) - (1/xX)] = 2Dg(x) ,

(A.3) ’
therefore, the probability of inactivation will be written as
“ [} ’
1 - exp{- zm/2[2D5(x)/mYD37]} = 1 - expl[-Dg(x)/ YD37]
i= 1 ‘
(A.4) '
O " . ‘ \
which is the expression that we have used.
s M«- - \
- - /
B Y l
\\ ——
- i’ i
b
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APPENDIX B :

9

The table headings yive

stopping power of the track.

A ©

The column headings aré :

"Th"=Threshold (eV)
"D"=Diameter (nm)

"L'=Length (rm)

N

the particle energy and mean



»

Engrgy=4.0qj-MeV/amu *

- Average sﬁbpp}ng power=8.8
kev/micrometer

——

o
LR R R YT I DY

™ D . L SIGMA
LEEE R SRR FENNEEE NN NIW IR N X N

5 .92 10 124€-14

16 2 20 124E-14

30 -2 4 0 125E-14

50 2 80 1.19E-14

70 2 160 128E- 14
‘i.‘i..t-...“O'..."‘.".‘
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APPENDIX C
c LISTING OF COMPUTER PROGRAM
- : “~ 'y ’ _'
PROGRAM COMP{ INPUT, OUTPUT, TAPEL )
" REAL L - ‘
e s INTEGﬁRIfh, D, ¢~ S
| 0 XP=8.8 ’
pRrNT*, '*tﬁ*;****k**k**ﬁ*****;******'
! . PRINT*, .'Th .p  fy- SIGMA'
’ “ c=1 . L
. - ' . .
DO 35 1I=1, 27
? " READ (1,*)P,Th,D,L .

LN

.NE.CjThen . - -

Thbkhhhhhhhhhhkhhhhhhkhhhhhhhak !

[y

N

\
@

\=I6*XL*P*10* *(~17, )

~ : , PRINT* 100,Th,D;L;SIGMA
, : , ‘100 ¥ FORMAT(14,3X,12,3%,F4.1,3X,E9.3)

eD .-
! \ if ’ * )
VT 3 ;
35 ‘CONTINUE <
g - . . N . . . ’
PRINTtw VRAKRKRAKRANKRRARARRAAAKRR A KAk k!
. : . . - € ’
! , o PRINT*, 'A*AXARRARAAARAARAAKRRAARARAR
. ) STOP
¥ , .. . :
. END | ' ]
"
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