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EXPERIMENTAL INVESTIGATION OF THE SUITABILITY OF THE TRACK STRUCTURE THEORY
IN DESCRIBING THE RELATIVE EFFECTIVENESS QF HICH-LET IRRADIATION OF PHYSICAL
RADIATION DETECTORS

Johnny W. Hansen

Abstract. The radiation efflectiveness of heavy charged particles relative to
radiations of fast electrons, x-rays, and gamma rays has been studied experi-
mentally as well as theoretically for detectors of a thir nylon-based radia-
tion-sensitive film and for the amino acid alanine. Experimental data have
been compared with calculated data derived from a theoretical model describ-

ing the track structure of heavy charged particles.

The experimental work comprises dose-response characteristiecs from ¢°Co
Y-rays, U- and 16-MV x-rays, 6-, 10-, and 2C-MeV electrons, and 3-, 6~, and
16-MeV protons, 10- and 20-MeV qa-particles, 21-MeV ’Li ions, 42-MeV '“N ions,
64-Mev '©0 ions, and 80-MeV *2S fjons.

The theoretical work presented here concerns ar investigation and modifica-
tion of parameters involved in the calculations, based on .-"esults obtained
through the present experiments and published results from other investiga-

tors.

This report summarizes results already published or accepted for publication,

attaches an appendix, and includes results not previously presented.
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Dansk resume

Experimentel undersegelse af sporstruktur-teoriens anvendelse ved beskrivelse

af fysiske detektorers effektivitet cver for hgj-LET straling.

Projektet indebarer maling og beregning af Gen relative effektivitet af hej-
LET straling (LET = Linear Energy Transfer) over for gamma~ og elektron stra-
ling af to fysisk-kemiske detektorer, dye film og alanin. De eksperimentelie
malinger er sammenlignet med teoretisk beregnede vardier udfert pz grundlag
af en sporstruktur—-mcdel for tunge ioner, der oprindeligt er udviklet af Pro-

fessor Robert Katz, University ot Nebraska, USA.

Gennem arbejder af R. Katz og medarbejdere er det blevet pavist, at aej-LET
straling er et relativt begreb, som afhanger af uadskillige parametre for
stralingens art og detektcrens strialingsfglscmhed. Stralingen beskrives ved
partiklens elektriske ladning og hastighed, mens detektorens felsonhed be-
skrives ved en akvivalent sterrelse af det strilingsfclsomme element i detek-
toren og ved sterrelsen af der karakteristiske D,,-dosis, som er den dosis,
hvorved 63f af detektorens maksimale respons er opnaet. Sporstruktur-modellen
beregner den relative effektivitet af hej-LET straling ved at antage, at
forskellen pa hej-LET og fx gammastrzling skyldes den inhomogene dosisforde-
ling omkring sporet af den tunge partikel, og at denne partikel pavirker
detektoren gennem sekunlar elektroner, delta-strzler, udsendt fra partikel-

sporet.

Som en del af beregningsgrundlaget iidgir en eksperimentel maling af detekto-
rens dosis-respons karakteristik fcr gamma- eller hgj-energi elektronstri-
ling. Denne karakteristik sammen mec den beregnede dosisfordeling omkring en
enkelt partikels spor omregnes til en fordeling i aktiveringssandsynlighed,
der vec en integration over hele sporets diametrale udstrakning giver et
aktiveringstvarsnit. Partikelsporets laterale udsirzkning i detektoren opde-
les i en rzkke tynde segmenter, for hvilke et middel-aktiveringstvarsnit
beregnes. Herefter beregnes et totalt tvarsnit for partiklen i hele detek-
toren som et vggtet gemnnemsnit af aktiveringstvarsnittene i forhold til den
afsatte dosis i segmenterne. Aktiveringstvzrsnittet er et udtryk for detek-

torens stralingsfolsomhed over for den pagaldende type straling.

I det foreliggende arbejde er modellen anvendt p&: to typer detektorer, dye-
film og alanin, der benyttes som dosimetre i hgj-dosis omr.det fra ca. 1 Gy

til 1 MGy. Dye-fiim cosimetret bestar af en nylon matrice, hvori er indlejret



pararosanilin, der ved bestraling bliver farvet. Mangden af dannet farvestof
males i et spektrofotometer og er et udtryk for den tilferte dosis. Filmen
fremstilles kommercielt i tykkelser pa nominelt 5~ og 50 um. Alanin dosi-
metret er en aminosyre i fast form, som ved bestriling danner et yderst sta-
bilt radikal. Radikaludbyttet, der er et mal for dosis, bestemmes ved elek-
tron spin resonans spektroskopi. Alanin er et kommercielt tilgsngeligt og

billigt materiale.

Dye-filmen er undersggt i et LET-omriade fra 2- til 6700 MeVem?/g, hvilket er
middel LET i detektoren, med fglgende typer af striling: ¢°Co y-straling,
10-MeV elek:roner, 3- og 16-MeV prctoner, 10-MeV a-partikler, 21-MeV ’Li
ioner, u42-MeV !'*N ioner og 64-MeV '*0 ioner. Alanin er undersogt i et LET-
omrade fra 2- til 20200 MeVem2’g, middel LET i detektoren, med folgende typer
af straling: *°Co Y-straling, 8- og 16-MV bremsestraliing, 6-, 10-, og 20-MeV
elektroner, 6- og 16-MeV protoner, 20-MeV a-partikler, 21-MeV ’Li ioner,
64-MeV '*0 ioner og 80-MeV ?2S ioner.

Der er i dette arbei.e indfert forbedringer i den af katz foresliet bereg-
ningsprocedure. ver er saledes indfert en eksponentiel razkkevidde-energi
relation for sekundar elektronerne samt et forbedret udtryk for disse elek-
troners stoppeevne (stopping power), Dette har betydning for beregning af den
radiale dosisfordeling omkring sporet af den tunge partikel og i bedre over-
ensstemmelse med publicerede eksperimentelle data. Der er endvidere andret i
beregningen af "extended target dosis™ og sSaledes i beregningen af aktive-
ringstvarsnittet, som er blevet opdelt i et udtryk for tvarsnit i "core” og i
et udtryk for tvzrsnit i "track”. "Core" betegner det stralingsfolsomme ele-
ment, som tankes ramt centralt af den indkomne ion, mens "track”™ betegner den
del af mediet uden for core, som dxkkes af sekundar elektronerne fra en
enkelt ion. Det. stralingsfglsomme element betragtes som en cylinder med aksen
parallelt med ionens spor. Denne beregningsprocedure tillader pa en nem made,
at ogsa excitationsenergier fra sekundar elektronerne og den afsatte energi
fra Auger elektronerne medregnes i dosisfordelingen, hvilket isar har betyd-
ning for detektorer, som er felsomme over for excitationsenergier. Endvidere
har en tilpasning af udtrykket for ionens effektive ladning betydet sterre
cverensstemmelse mellem beregnet stopping power for ionerne og publicerede
eksperimenteile data. Disse andringer har tlilsammen medfert en bedre overens-
stemmels> meilem beregnede og eksperimentelle vardier for ionernes relative
2ffektivitet,



Arbejdet har vist, at dye-filmen har sublinear dosis-respons karakteristik,
og er saledes ikke en ideel cdetektor for sporstruktur—-modellen. Resultaterne
er dog gode og inden for den eksperimentelle usikkerhed, salange filmen er en
tynd detektor i forhold til ionens rzkkevidde. Stoppes ionen imidlertid nelt
i filmen, er overensstemmelsem mellem beregnede og eksperimentelle vardier
mindre god. Forspog med nedbremsning af litium- og ilt ioner 1 en stal af
tynde film har vist, at beregningerne er i relativ stor uoverensstemmelse med
eksperimentelle data i omradet omkring ionens Bragg-peak, d.v.s. for energier
under 1 MeV/amu. Resultater med alanin dosimetret, som er ea1 ideel detektor
for modellen, er meget tilfreasstillende, ogsié selvom ionerne stoppes helt i
detektoren. Dette viser, at beregningsmodellen giver gode r:sultater, nar
detektoren er ideel, men at modellen delvis mangler evnen til at regne pi
systemer, som ikke er i fuld overensstemmelse med kravene til en ideel detek-

tor.

Det foreliggende arbejde viser, &at modellen pa trods af visse mangler er
velegnet til at beregne den relative effektivitet og til at forudsige dosis-
respons for en fysisk-kemisk detektor bestralet med tunge ioner. Andre arbej-
der har vist, at modellen er velegnet til beskrivelse af cellulare systemers
response pa dosis fra tunge ioner og fra neutroner, hvorved modellen far
betydning ved straleterapi med hej-LET straling og i helsefysiske sammen-

hange, iszr da effekten af sma doser kan beregnes.

Modellen benytter p& visse omrader unedvendigt grove tilnarmelser, fx ved-
rerende vinkelfordeling af sekundar elektronerne og Poisson fordelingsfunk-
tionen for aktiveringssandsynlighed som funktion af dosis. Disse tilnzrmelser
bor andres, hvorved modellen vil opna en sterre fleksibilitet og give bedre
resultater. Som helhed betragtet er moaellen baseret pié et sundt grundprincip
og er den eneste beregningsprocedure, der pa nuvarende tidspunkt er i stand
til at forudsige den relative effektivitet for hgj-LET straling.



CONTENTS

Page

1. INTRODUCTION ........ teerasisssectasencsstsancatstesnecccsnanannnn 1
2. DESCRIPTION OF THE TRACK STRUCTURE THEORY ......cccceenecsnsencas 13
2.1 The concept of relative effect.veness of radiation ......... 13

2.2 The action of low- and high-LET radiation ...........c... oo 15

2.3 The stochastic process of radiation action ....eeeceveecennss 16

2.4 Activation cross section and RE ......c.cvrineenrnannnns 19

2.5 Effective charge of heavy ions .....cvieieiieeiiicercnnnennss 21

2.6 Stopping rower of heavy 1ONS ...veeeencsacsense cessrenses .o 22

2.7 The radial dose distribution around a heavy ion ........ cees 24

2.8 Why experimental testing of the track structure theory? .... 29

3. THE RADIATION DETECTORS ...c: . ceccecssvcsanscossanonsnonsscs snces 30
3.1 The radiochromic dye film .....c.cciiiieerecsccrncrvnccnans 30

3.2 The alanine radiation detector .ceeeececececccscressrsacccses 33

y, IRRADIATION FACILITIES .......cc.. ceseees tessevesses sesecsscsnns 35
4,17 €°Co Y-ray source .......... Cereceeteeerneesenene eveeeeneses 35
4,2 Electron linear acCeleratorsS ,....cccececececccroscccoossnoces 35

4.3 Tandem Van de Graaff accelerator ...c.eeveeeccaceonss cesenne 37

5. PROCEDURE OF DOSE~RESPONSE MEASUREMENTS .....cce0ceveeeccceseosess 40

5.1 Measurements on the dye film ..... ceeseresesenrsnnes ceseases 40
5.2 Uncertainty in dose  response measurements on the film ...... R
5.3 Measurements on alanine ......... cereas tesesssesssnssersesss U3

5.4 Uncertainty in dose-response measurements on alanine ....... 45

6. RESULTS ...... e eresesaesascescesissesees e e o saaacsnssssesnes 46
6.1 Dose-response and relative effectiveness of the 55-um

thick dye fIlM ..veeeevevrcrsosrscrcecsesescessnsrsrrnnsnsos 46

6.2 Stacked thin film experiments .......... crrrcerenarsaas vese. U9

6.3 Dose-response and relative effectiveness of alanine ........ 51

7. DISCUSSION ...vvveervrersoscscscasonsssooersoscersssnecsssssosnomsns 52
7.1 Radial dose distribution and effective charge ...cvcevveeese 52
7.2 Dose-response of the dye film ..veevevevercevecesooscvranees 55
7.3 Relative effectiveness of high-LET irradiation of the dye
Film covveveeennens feereeres Ceeeroere et er et s o r e - 57



Page
7.4 Dose-response of alanine .......... Crestescsreresnss seeenen 61

7.5 Relative effectiveness of high-LET irradiation of alanine .. 62

8. CONCLUDING BEMARKS (...t rerenenesssscsvossensscnsenanncssnanes 64
9. ACKNOWLEDGEMENTS tiucvevvroesceacsasss-osostssncosssossssnsocscsess 69
REFERENCES ...cceveeviencennn cesrescronnas cressessasanans cescassases . 70
APPENDIXES ..vvevvcensessecsasansssasvennsassossosssocasssosnsasssonses 84
A. Calculation of the radial dose distribution ...........c..... 84

. Computer ProgramsS ......cccevesesssscsocrssscesroasssasssnceses 08

B
C. Derivation of expression for dose in heavy-ion experiments .. 90
D

. Listing of computer program .......ceeececesscscccssssssscons 93

TABLES sivver ceveneranans teteetsressesrecnenns P N 074
LIST OF FIGURES ......c...... Geersececttanesecannsen cesessensanenseann 114
FIGURES .e.vvereccecerercosocnnnces U B 1

ATTACHED ARTICLES ..vceevvcesvocnsoosrososcuscsncosocasoronsonssvenses 146
K.J. Olsen and J.W. Hansen, High-LET Dose Response Characteristics
of the Dye Film Dose Meter in the Context of Track Structure Teory.
Eight Symp. on Microdosimetry, Jillich (J. Booz, H.G. Ebert, Eds.)
983-992, EUR-8395 (1982).
J.W. Hansen and K.J .0Olsen, Experimental and Calculated Response of
a Radiochromic Dye Film Dosimeter to High-LET Radiations.
Radiat. Res. 97, 1-15 (1984),
J.W. Hansen, M. Wille and K.J. Olsen, Problems Associated with the
Use of the Radiochromic Dye Film as a Radiation Dose Meter.
Radiat. Phys. Chem. 23, No. 4, U455-u462 (1984).
K.J. Olsen ad J.W. Hansen, Experimental and Calculated Effectiveness
of a Radiochromic Dye Film to Stopping 21 MeV ’Li and 64 MeV €0 Ions.
Nuel. Instr. Methods BS, 497-504 (1984).



_‘I‘I-

1. INTRODUCTIOF

Generally radiation dosimetry concerns che use of low-LET radiation of fast
electrons, x-ray or Y-ray photons for which the absorbed dose is a sufficient
description of the radiation field in terms of response to the radiation ac-
tion. In the case of high-LET radiation of, e.g., neutrons or heavy charged
part:cles a completely different situation exists. The radiation field within
the absorbing medium now consists of different kind of radiations, such as
primary and secondary ions, secondary electrons and electromagnetic radiation
all of which will interact differently with the medium and thus contribute to
the total radiation action in & very complex way. The result is that the
measurement of absorbed dose no longer suffices to describe the effect we are
seeking, as the correspondence between absorbed dose and its effect is with-

out immediate coherence.

A few models based on microdosimetric consideration. have been put forwaru in
order to correlate experimental data from high-LET irradiations of biologi-
call»2) and physico-chemical3~6) systems with calculations. The aim has been
to predict the radiation effectiveness as a function of the linear energy
transfer, LET, of high-LET particles. In this work LET is equivalent to LET..
The delta-ray theory of track structure originaly developed by Katz7-12)
seems to be a promising model, which at present is the only theory being able
to predict a relative effectiveness of high-LET radiation for most physical
and chemical radiation-sensitive media, once a few parameters obtained from
low-LFT radiaticn are known. For biological systems additional parameters

obtained from experiments with high-LET radiation must be known as well,

The present work deals with the theoretical model of Katz et al., which pre-
dicts the radiation effectiveness of heavy charged part.cles and as such the
dnse-response relationship once certain characteristics are known about the
absorbing medium irradiated with low-LET radiation. The model is investigated
experimentally as well as theoretically and the procedures of calculating the
radial dose distribution have been improved. The prcnedure of calculating the

dose to the core is different from the one used in the original work of Katz.

The conceptual theory will shortly be outlined in an introductory manner in
order to facilitate a general survey before a detailed description is given

in the following section. The track structure theory is fundamentally based
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upon the observation that track effects in different detector systems indi-
cate that secondary and higher-order electrons, ejected from the path of an
energetic heavy charged particle, are chiefly responsible for the radiation
effects. Radiation effects of, e.g., Y-rays and high-energy electrons are as
well caused by low—energy electrons generated through interactions of the
primary radiation with the medium. But while the dose imparted by high-energy
photons and electrons, low-LET radiation, is homogeneously distributed in the
medium, the dose from neavy charged particles, high-LET radiation, is highly
inhomogeneously distributed around the path of the individual emerging parti-
cle. Hence, by taking these observations into account the theory proposes
that the difference in radiation effect between low- and high-LET radiation
is due to differences in dcee distribution, and that the response of a detec-
tor to high-LET radiation can be calculated from parameters of low-LET radia-
tion. The problem then of determining the effectiveness of high-LET radiation
concentrates on finding the dose distribution around the particle track and
on determining the dose-response characteristic of the detector from experi-
ments with low-LET radiation,

The track structure theory assumes that any detector consists of radiation
sensitive elements in the shape of cylinders or spheres, the size of which is
characteristic for the individual detector. The radiation sensitive element
responds to the average dose absorbed in the element in accordance with a
probability tunction fitted to mimic the dose-response curve for low-LET
radiation. This function is convoluted into the function of radial dose dis-
tribution thus forming a function of radial distribution of probability for
the radiation effect surrounding a single particle. Hence, to consider the
total effect from a particle at all distances from the particle's path, an
integration of the probabilities must be made over the detector volume being
affected by the secondary electrons generated by the particle. This integra-
tion yields the total cross section for an effect which, when normalized to
the total energy deposited by the particle, leads to the radiatinn sensitiv-
ity of a detector to high-LET radiation. The radiation sensitivity of a de-
tector to low-LET radiation is given by the reciprocal of the characteristic
D,,-dose obtained from the low-LET dose-response curve, where D,, is the dose
at which 63% of the maximum achievable resnonse has been obtcined. The rela-
tive effectiveness of high-LET radiation to a detector is then obtained by
the ratio between the radiation sensitivities for high-LET radiation and
low-LET radiation,
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The shape of the low-LET dose-response curve is of great importance for de-
termining the dose response for various types of high-LET radiation. If the
dose-response curve for low-LET radiation is purely exponential, the dose
response for any ionizing radiation will be exponential as well, and che
effectiveness relative to low-pLET radiation will, according to the theory of
Katz, never exceed unity. In biological systems the dose-response curve ob—
tained for 1low-LET radiation mainly exhibits a shoulder. This is why the
shape of the dose-response curve may be different for high-LET radiations and

the relative effectiveness may become greater *han unity.

In the following section 2 the concept of relative effectiveness of ionizing
radiation is described as is the §-ray theory of track stricture used in
theoretical treatment of the radiation detectors dealt with in this work.
Section 3 describes the radiation detectors, and section 4 the experimental
equipment. Section 5 describes the prccedures of measuring the dose-response
functions and the uncertainties involved in these measurements. Sec“ion 6
deals with the experimental and theoretical resuits, parts of which are al-
ready published13-20), In section 7 the results are discussed, and finally in
section 8 concluding remarks summarize arguments for and against the the-ry
in its present state and outline alternative suggestions for a future trend
towards the ideal model. Section 10 is an appendix, wiich includes detailed
calculational procedures and a description and listing of the Algol computer
program "REINT" used in the present calculations of reiative effectiveness.
Published and submitted articles16-20) are attached to this work.

2. DESCRIPTION OF THE TRACK STRUCTURE THEORY

2.1 The concept of relative effc«iiveness of radiation

When speaking of the response of a medium to ionizing radiation of various
kinds we use a concept called the relative effectiveness, RE, or (in the case
of biological systems) relative biolougical effectiveness, RBE, and express it
as a function of the linear energy transfer, LET. The relative effectiveness
of high- to low-LET radiation is defined as the ratio of the doses of the
radiations being compared, which produce the same response under identical

target conditions21,22), Different biological systems display a marked varia-



-1“..

tion in their RBE-LET characteristic with the value of LET for maximum RBE
varying by an order of magnitude from one system to another, Fig. 1. Further-
more, cells show initially an incresse in RBE with increasing LET followed by
a decrease at very high LET, whereas bacteria systems like most physical and
chemical radiation detectors display a monotonic decrease in relative effec-
tiveness with increasing LET and with RE always equal to or less than unity.
High—-LET radiation is often arbitrary defined as a radiation quality having
LET well above that of electrons. But in view of the above mentioned it
should rather be defined as a radiation quality that in a given medium re-
sults in a radiation effectiveness relative to that of high—energy photons
and electrons differing from unity. This definition, however, may include
elcctrons below 500 eV as being defined as high-LET jpdarticles (see the fol-

lowing section 2.2).

As a fast heavy charged particle slows down in a medium the LET increases to
a maximum at the far end of the particle range, the Bragg peak, whereafter
the LET decreases again. The relative effectiveness is a function of LET and
particle velocity and depends further on the stopning medium. For most phys-—
ico~chemical media the relative effectiveness, RE, decreases monotonically
with increasing LET. But as the stopping particle beyond the Bragg peak has
lost most of its energy and only moves very slowly, RE ¢ ~reases with de-
creasing LET. Hence, RE is a double-valued function of LET. For biological
systems, however, where the survival curve as a function of dose has a shoul-
der at low doses due to the repair mechanism, the relative biological effec~
tiveness, RBE, at first increases monotonically with LET to a maximum and
then decreases monotonically for increasing LET. As for physico-chemical
media biological systems as well show a decrease in RBE beyond the Bragg peak
of the penetrating particle. Thus RBE is a multi-valued function of LET for

biological systems.

Even where it is merely a question of correlating dose and response propor-
tionately the situation quickly gets complicated, since one must correct for
the particle type, energy- and slowing down spectrum of the penetrating
particles, as well as fur the type of medium. The use of RE or RBE as simple
conversion factors for calculating the response of a given dose is not a par-

ticularly useful method and in most cases it will give the wrong result,



2.2. The action of low- and high~-LET radiafr’ on

The response of ionizing radiation on physical and chemical radiation detec-
tors as well as on biolegical systems results from excitations and ioniza-
tions from secondary and higher-order generations of electrons, which are
ejected from the atoms and molecules of the medium by the incident primary
radiation. The energy deposited in the medium causes bond rupture, radical
formation, and physicc- and chemical changes, which are detectable in differ-

ent ways.,

It has been known for a long time that the differences in observed effect
mainly arises from the time scale with which the secondary electrons are
generated and their spatial distribution, anu to a much lesser extent from
the nature of the events themselves24) (e g. radical formation, breaking of
DNA), as long as the energy of the primary radiation remains above 10 keV.
Gamma-ray photons and high-energy electrons distribute their energy homogene-
ously in the medium because of multiple scattering (Compton processes) and
the relatively long range of the secondary electrons, the maximum energy of
which based on the definition can be half of that of the primary electrons.
Heavy charged particles essentially move in straight lines losing only a
small fraction of their energy per collision; they distribute their energy
very inhomogeneously in the medium through the ejected low-energy electrons,
the 6§-rays. The maximum energy and range of the §-rays, however, are only

small fractions of that of the primary particle.

The track of a heavy ion is constitutea by a core of clusters, which consist
mainly of very low-energy Auger electrons, excited atoms and ions, and a
penumbra of more energetic é-rays clearly separated from the core. The energy
of the heavy ion is transferred mainly through inelastic collisions with the
atomic electrons of the medium generating ionizations and excitations25). at
particle enwrgies below 10 keV/amu (atomic mass unit) elustic collisions
begin to have some influence and are dominant at energies below 1 keV/amu,
where the energy is dissipated mainly through displacement of the atoms of
the medium and through vibrational motion25,26) The &-rays deposit thefr
energy through coulomb interactions by fonization and excitation of the mole-

cules of the medium.

The response of various detectors to different kinds of low-LET radiation,
e.g. electrons and photons of different initial energy specira, has been

widely studied by many investigator58¢9), and differences in response seem to
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be relatively infrequent in physico-chemical media. For many physical detec-
tors the dose-response function is approximately linear at low doses and
saturates exponentially at high doses, and the response is a single-valued
functicn of dose within a large range of initial photon and electron ener-
gies. Detailed Monte Carlo calculations2¥4) of slowing-down spectra and yields
of different kind for electrons in water at initial energies from 1 keV to 1
MeV have shown that the energy spectrum ot electrons at energies less than 1
keV is essentially independent of the initial energy of the primary electron.
Further, the number of interactions per unit energy deposited is essentially
independent of the primary energy. This may lead to the conclusion that dif-
ferences in relative effectiveness for differsnt radiations cannot be as-
cribed to differences in secondary electron spectra, as long as the primary
energy of the electrons is above 1 keV. Recent investigations, however, have
shown that secondary electrons generated by x-rays of energy below 1 keV are
more efficient in producing effects in some biological systems27-23) than are
electrons of higher energies. Observations29) of Auger electrons in some
amino a~ids have revealed a lowered efficiency as compared with electirons of
higher energies. It must be noted here that high-LET irradiation of biologi-
cal multihit systems, see section 2.3, may lead to an RBE above unity,
whereas the RE of one-hit systems always is below unity, As a first approxi-
mation, however, the effect of electrons and photons is considered to be the
same for all energies. The effort then has been concentrated on calculations
of the energy distribution around a heavy charged particle and on relating
this dis'~ibution in energy to a distribution .n induced effect, which pri-

marily concerns generation of radicals.

2.3 The stochastic process of radiation action

As present work comprises investigations of two radiation detectors for which
the radiation action can be considered as single-hit processes, the theoreti-
cal cunsiderations will be concentrated on single-hit processes. A "hit" is
defined30) as a quantized interuction which implies that one event under con-
sideration takes place in the sensitive element of the medium and initiates
an effect. It is assumed that the medium consists of identical sensitive ele-
ments, which may be either atoms or molecules embedde., 1In a more or less
passive matrix acting as an energy transfer medium, Once the sensitive ele-
ment has been activated it will in principle stay activated despite being hit
several times. The amount of excitation and ionization energy deposited by

secondary electrons is taken to be a measure of the density of hits in the
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hits in the irradiated medium.

The radiation action may be considered as a stochastic process, i.e. a suc-
cession of randor events, and can thus be described in terms of a probability
for activation of a sensitive element. The probability function describing
the fractional number of sensitive elements being hit can be expressed by a

Poisson distribution30) as
P = 1- exp(-D/D,,) 2-1

where D is the average dose deposited and D,, is a characteristic dose for
the medium corresponding to each element receiving one hit on the average.
Dy, is the dose at which 37% (or 1/e) of the sensitive elements are not being
activated by the radiation. If the medium is uniformly irradiated to the dose
3, then the average number of hits per sensitive elements is 570,,. The nor-
malized dose-response of a one-hit detector follows the expression given by
eq. 2-1.

According to the definition30) an ideal one-hit detector has the following
properties: a) a linear dose-response up to doses comparable to D,,, the
characteristic dose; b) absence of dose-rate effects since the sensitive
element may be activated by a single electron, and fading or recombination is
disregarded; c¢) in a double-logarithmic plot all dose-response curves will be
45°-1ines at low doses no matter if the radiation is low- or high-LET; and d)
the relative effectiveness, RE, will decrease nonlinearly with increasing
z2/82, and LET, and be multi-valued, i.e. exhibit more values of RE for the
same value of LET. The relative effectiveness of a medium will be uniquely
described only thrcugh a combination of z?/82, or LET, and 8, where z and B
are the effective charge and relative velocity of the penetrating ion, re-
spectively. Throughout this work z is to be considered as the effective
charge of the moving ion. Further, for a one-hit detector where activation
may be brought about by a single electron passing through the sensitive ele-
ment, RE must always be less than or equa!. to unity. This will be shown in
the foilowing section 2.4.

One-hit detector response has been shown to have quite general applicability
to various kinds of ionizing radiation detecting systems9,31,32), One-hit
response is found in many systems and includes a) enzyme and virus inactiva-
tion7), b) single-strand breaks in DNA9), c) free radical production in,

e.g., the ferrous sulphate Fricke dose meter33) and several amino acids32),
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d) colour center formation in cobalt gla-s and in dye film3%), scintillation
counters%), sor.e peaks in thermoluminescent dose meters%), and e) photo-
graphic emulsions9%,35). In these systems the detector response is character-
ized by two macroscopic parameters, namely the characteristic D,,-dose ob-
tained for high energy photons or electrons, and the radius a, of the radia-
tion-sensitive element. In all cases the response to dose declines with
increasing values of LET of the incident radiation, is multivalued and non-
linear in LET, the latter becoming more pronounced for the more sensitive
radiation detecting systems, i.e. for decreasing characteristic D,,-dose. As
the one-hit response to beams of photons or electrons is interpreted as an
observed effect after passage of a single electron through the sensitive
element, then some physical detectors (e.g. most glow peaks in TL dose me-
ters36) and some nuclear emulsions9,37)) and biological cells9,31) require
the passage of more than one electron through the sensitive elemerit site in
order to create an observed effect. The sensitive element site of these sys-
tems consists either of several targets each of which have to be hit once
(e g. inactivation of a cell nucieus), or the element must be hit several
times (e.g. TL dose meters) before the effect is observed. A single-hit
multi-target system or a multi-hit system may in a certain dose range be
described by eq. 2-1 raised to the power of m, where m is a quantized number
reflecting the number of targets in the sensitive element site, or the number
of hits necessary to achieve an observed effect. Such a system has a supra-
linear dose-response characteristic with m being the slope of the linear part
of the double logarithmic curve. These systems will not be dealt with in this

work.

Tne size of the sensitive element is to a certain extent a fitted parameter,
which can be more precisely determined once a few dose-response data from
high-LET irradiation of the medium are known. An'approximate estimate, how-
ever, may be derived from greatly simplified calculations from target the-
ory30), which, from a knowledge of the radiation sensitivity of the medium
and the mean energy necessary to create an ion pair, determines the volume of
the sensitive element considered as a sphere. This will be dealt with in
section 7.3. For a physico-chemical detector the approximate size of the
sensitive element may simply be the size of the sensitive molecule. The
structure, however, of the sensitive element may not necessariiy be clearly
defined, but only considered as a target for the radiation,
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2.4% Activation cross section and RE

The dose deposited to the sensitive elements of the medium after irradiation
with heavy charged particles is calcvlated by grouping these elements into
volumes which lie along iso-dose contours as cylindrical volumes whose axis
is the path of the ion. Such an iso-dose shell is shown in Fig. 2. According
to the track structure theory t-: elements between these shells will respond
to the local dose deposited there by the generated §-rays, as if the elements
were part of a larger system uniformly irradiated with low-LET radiation to
the same dose. In other words the dose-response characteristic, which is ex-
perimentally obtained for the medium irradiated with low-LET radiation, is
used to correlate the calculated dose in the shells with a produced effect.
Thus the dose-response obtained for low-LET radiation is convoluted into a

calculation of dose from the §-rays to give a distribution in effect.

The probability that a sensitive element is activated by an ion is given by
the Poisson distribution function of eq. 2-1 as

P(Z.thraotbg1) = 1- exp(‘ﬁ(z.ﬁ,t.ao)/D”) 2-2

where P(z,8,t,a,,D;,) represents the fraction of sensitive elements of radius
a, activated by the incoming ion, and whizh ar< lying between adjacent cylin-
drical sheitls at a distance t from the track axis. z is the effective charge
of the ion, B its velocity relative to tnat of light, and D,, is the charac-
teristic dose of the medium. Bkz,s,t,ao) is the average dose depocsited in the
sensitive element at a distance t from the track axis, and is found from a

calculation of the dose distribution around the ion's path.

To find the total effect produced by a single particle or a beam of particles
with effective charge z and velocity B, an integration of P(z,8,t,a,,D,,)
must be performed over all distances t from the axis of the ion's path to the
maximum range of the 6-rays. This integration yields the total activation
cross section o (z,8,a,,D,,), whicn is the probability that a single particle
activates a single sensitive element in a medium containing one such element
per unit area perpendicular to the path of the particle. The cross section is
expressed as

Itmax

0(z,8,a3,,D,;,) = 2nP(z,8,t,a,,D,,)tdt 2-3

tmin

The upper limit of integration, tpax, which is the maximum range of the
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§-rays, will be determined in section 2.7. The lower limit of integration,
tmin., may be defined as a distance froa the track axis at which there stilil
is a physical entity with which the §-rays can react, and at which there will
be evidence for reasonable calculations of the dose deposition. From these
considerations we have chosen an integration cut-off at 10-!¢ m, while other

investigators38) have been using a cut-off at 10~'? m (see section 2.7).

The sensitivity of a medium towards low-LET radiation is given by 1/D,,,
while the sensitivity towards high-LET radiation is defined30) as the ratio
of the total cross section to the average energy deposited by the moving ion.
This leads to

sensitivity to low-LET radiation: ky = 1/D,, 2-4
sensitivity to high-LET radiation: kj = o/E 2-5

where E is the average 2nergy deposited per unit path length in a unit den-
sity material. This energy may be obtained from the collision stopping power
of the moving ion, which for a heavy charged particle at energy above 10
keV/amu is equal to LET,. With the definition of the relative effectiveness,
RE, in mind an expression for RE can thus be derived from the radiation sen-

sitivities (eqs. 2-U4 and 2-5) of the radiations involved.
RE = ki/ky = oD,,/E = KpoD,,/LET 2-6

For D,, in Gy and LET in MeV/m the conversion constant k equals 6.24.10%'?
MeVGy~ 'kg~'. p is the mass density of the medium in kg/m?.

When considering a thick medium in which the ion either loses a major part of
its energy or is brought to a complete stop, a track segment calculation is
performed. The RE for the ion in the medium is found from an integration over
the path of the ion, and the RE for each segment of integration is weighed
with the energy deposited in the segment in proportion to the total energy
deposited. Thus the individual segment RE's contribute to the total RE pro-

portionately to the energy lost with a certain effectiveness.

Consid?ring eq. 2-3 one find that the cross section depends both on parame-
ters of the medium, a, and D,,, and of the penetrating ion, z and g. This
makes #t evident that particle and medium parameters are not separable vari-
abies when speaking about the relative effectiveness of a radiation field.
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2.5 Effective charge of hcavy ions

A heavy charged particle passing through a stopping medium changes its charge
state ccntinuvously due to €lectron capture and loss processes in interactions
with the atomic electrons of the medium. Bohr39) proposed that the probabil-
ity of capture or loss of an orbital electron by an ion is determined by the
ratio of the ion veloci'y in the medium to the orbital velocity of the elec-
tron of the ion. On this background several authors have established improved
analytical expressions for a quantitative determination of the effective
charge of the ion as a function of its velocity. Much of this work is based
on empirical considerations and fitting of parameters through measurements of
stopping power, resulting in expressions valid for a certain range of ion
energy and atomic number. In general the published expressions for the effec-
tive charge are independent of the atomic number of the medium and contain

only parameters of the penetrating ion.

A few analytical expressionsi0-85) nave been investigated showing rather
large deviations at energies below 1 MeV/amu, Fig. 3. At higher energies,
where the ion is almost stripped of all its electrons, a better agreement was
found. In this work four different analytic expressions, as given by Zieg-
lerHS), have been used to determine the effective charge of protons, a-parti-
cles, lithium ions, and all other kinds of heavy ions. These expressions are
fitied with numerical results of theory and various experiments and cover the
energy range from 0.2 to 1000 MeV/amu. The expressions for the effective

charges are as follows:

Protons:

Zp = 1- exp(-0.2E*/% = 1.2¢1C77E - 1.443-107°E*) 2-7
a-particles:
Zq/zp = 2y[1- exp(-0.7446 - 0.1429+1nE -~ 0.01562(1nE)? +

2.67+10"°(1nE)® - 1.325-10"*(1KE)*] 2-8

Li-ions:
211/zp = 3v[1- exp(-0.7138 - 2.797-107’E - 1.348-10-*E?)] 2-9

where

Y =1+ (7010-? + 5¢10-%Z,)exp[-(7.6 - 1nE)?)
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Zi/zp = Z,[1- (exp(-A))-(1.03% - 0.1777-exp(~0.081142,))] 2-10

A = 0.1772E'/2.Z,-2/% + 0.0378 sin{0.2783-E'/2.2,-2/3)

E is the particle energy in keV/amu, Z, and Z, are the atomic numbers of the
particle and medium, respectively.

In this work the abcve expressions have been used at energies down to
1 keV/amu, but the validity of the expressions have to some degree been
tested by comparing experimental stopping power data of a-particles and lith-
ium ions with data generated by means of proton stopping power and effective
charge calculations down to an energy of 10 keV/am’. This will be dealt with
in the follcwing section 2.6. The application of the procedure of effective
charge is rathe-~ problematic since there are different effective charges to

discriminate from. This is further discussed in section 7.1.

2.6 Stopping power of heavy ions

The collision s.opping powers of the ions in the media under investigation
were calculated from published proton stopping power data%6) and the expres-

sions for effective charge described in section 2.5 as
S(z,8) = S(zp,8)-(2/2)) n

S{(z,p) is the stopping power of the icn with atomic number Z moving at a
velocity 8 relative to that of light, S(zp,8) is the stopping power of a
proton moving at the same velocity, and z and Zp are the effective charges of

the ion and rroton, respectively, calculated from eqs. 2-7 through 2-10.

The two media under investigation are compounds constituted from hydrogen,
carbon, oxygen, and nitrogen, and the bombarding ions have been protons,
a-particles, ’Li-, !'*N-, '®0-, and ?2S ions. The proton stopping power data
have been obtained through an interpolation procedure from tabulated datali5)
with 1 keV as the lowest energy. The stopping power data of a-particles have
been obtained by means of proton data and eqs. 2-8 and 2-11, except for
a-particles in hydrogen where eq. 2-10 was found to fit better with experi-
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s2ntal results87) in the energy range of 10 to 150 keV/amu. The stopping
power data of lithium ions hzve been obtained by means of proton data and
eqs. 2-9 and 2-11, except for lithium ions in hydrogen where eq. 2-10 was
found to fit better with experimental results48,49) in the energy range of 10
to 200 keV/amu. The stopping power data of oxygen—, nitrogen—, and sulphur
ions have been obtained by means of proton data and eqs. 2-10 and 2-11.

In the theory of track structure it is assumed that only excitation- and
ionization processes give rise to activation of a sensitive elerent, whereas
elastic nuclear collisions do not. In the computation of the amount of energy
lost by inelastic electronic collisions and for determination of the actual
slowing down of the particles, the stopping power due to nuclear collisions
has been calculated as well. In the calculations of heavy charged particle
stopping powers the energy lost by radiation has been neglected. The follow-
ing formulal¥5,50) has beer :i1sed in the calculations:

Snucl. = 8n°5-098-10°Z,°A,°Z,-A,~ = [(A;+h, (2, 2/ 202,220 /270 212
Sp = 0.5(1!\(105))(500_10718,£o_)7s~~)-‘
€ = 32'53'10"E‘A1’Az'[zl'zz'(l;’l,)(Z,’/’+zzzl’)l/z]"

where S, and ¢ are the reduced stopping power and reduced energy5!), respec-
tively. With E in MeV/amu the nuclear stopping power Sp,c1. is expressed in
MeVem2g~!. The proton stopping power data includes only inelastic coll:sions,
30 that the total stopping power is the sum of the collision and nuclear in
teractions. The nuclear interactions become significant at energies below 10

keV/amu.

For particles penetrating complex media, e.g. compounds, the normally used
method has been to employ simple additivity of the stopping powers of the
constituent elements for the penetrating particle at a given energy. This
method is based on Bragg's additivity rule52), which states that the stopping
power of a compound medium is the sum of the stopping powers of the constitu-
ent elements weighted by their relative abundance in the medium. From this
formulation an expression for stopping power of a compcund medium may be
given by

Scomp = ; ni-Sy 2-13
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where N is the number of atoms or molecules per unit volume in the medium,
and nj and Sj are the number of atoms per unit volume and stoppiilg power of
the i'th element in the compound, respectively. Deviations from this rule may
occur due to chemical binding of atoms into molecules and the physical phcse
of the stopping medium, but it is generally assumed53,54) that these effects
have little influence on the average energy loss. The largest deviations,
however, in actual stopping power from that obtained from eq. 2-13 may occur
at energies in and below the transition region, i.e. below approximately 0.2
MeV/amu, and for organic media containing hydrogen. For organic media the
measured and calculated stopping power may deviate as much as 50%53) at the

lowest energies.

2.7 The radial dose distribution around a heavy ion

Calculation of the radial dose distritution D(z,8,t,a,) around the path of a
penetrating ion is one of the basic functions in the track structure theory.
This function relates the inhomogeneous distribution of absorbed energy to a
distribution of radiation effects, an integration of which over the whole
irradiated volume expresses the average response of the medium. Extensive
measurements of cross sections for §-ray production in ion-molecule interac-
tions have been made and various models for calculating the radial dose dis-

tribution have been proposed?,56-59),

In this work the energy and angular distributiun of §-rays ejected, when the
ions undergo ionizing collisions with the atoms and molecules of the medium,
are fundamentally based on the Rutherford scattering formulation, where the
electrons of the medium are considered as free and the binding energies are
neglected. The number distribution differential in energy of the &§-rays is
calculated from Bethe theory55), and the energy distribution calculations for
the é-rays are based on fitted parameters from published range-energy rela-
tions for electrons below 10 keV. Some assumptions have been made, and sim-
ps.fications are introduced for ease of calculation and in order to reduc-
the computer time for track segment calculations, which are very time zonsum-
ing. These assumptions are: 1) §-ray calculations are continusus instead of
stochastic; 2) energy deposition by 8-rays alone have been considered; 3) the
Bethe formulation for the §-ray energy distribution is used also for energies
below electron binding energies, where the Bethe theory clearly contradicts
experimental evidenne and present theoretical predictions60), and 4) the

é-rays are assumed to be ejected perpendicular to the ion's path. Apart from
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smaller differences due to the chemical composition of the medium, there
exists fairly good agreement between the absolute electron energy distribu-
tion found from the Bethe formulation and experiments61‘63) at electron ener-
gies down to 100 eV. According to the Bethe theory of é-ray distribution most
of the electrons are emitted at large angles with the direction of the ingi-
dent ion but with low energies, whereas a diminishing number of electrons of
high energy are emitted in the forward direction, e.g. the maximum angle
being 90° for zero energy and 0° for the maximun electron energy (see Appen-
dix I). Recent investigations6“) of angular distribution of &§-rays produced
by protons of 0.3 to 2 MeV show that electrons ejected with low energv (< 50
eV) are nearly isotropically distributed especially for high-energy protons.
As the energy of the primary ion increases the angular distribution becomes
peaked at an angle of approximately 45° with the incident direction, and at
the maximum obtainable energy the electrons are preferentially ejected in the
forward direction. It has further been shown64) that the spectrum of &-ray
energies does not depend on the specific chemical composition of a low-Z
medium for &-ray energies above 30 eV, but only on the electron density. That
these approximations are plausible appear from the following, where a com-
parison is made of calculated dose distributions with experiments and distri-
butions obtained from continuous slowing down calculations involving stochas-

tic processes.

From the above considerations an expression for the radial dose distribution
around the path of a penetrating ion is derived for which a detailed descrip-
tion is given in Appendix 1. The dose distribution calculations have been
performed first, by means of a linear (projected) range-energy relation for
the §-rays as used by Butts and Katz7) in their original work, and secondly
by means of a power-law range-energy relation, which is a superior fit to
experimental data. A comparison of these two calculations and the influence
on the final data of relative effectiveness are described in an articlel8)
attached (section 12). The linear relation r = k,p~'w with r equal to the

range and w equal to the energy leads to a dose distribution formula given by

. 2
D(z,8,t) = 32 + 2, p « qa + [1- %max] | 2-14

This formula is in the track structure theory called th§ point target dose
distribution and describes the dose to sensitive elements of infinitesimal
size as a function of the effective charge z and relati{e velocity 8 of the
ion and of the distance t from the path of the ion, N is the number density
of electrons of charge e and mass m in the medium of dehsity Py, and tpay =
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K,*p™'ewpay is the maximum range of the é-rays. umaxy = 2mc?82(1-g2?)"! is the

maximum energy of the 6-rays.

The power-law relation r = k,p™ 'u® leads to a point target dose distribution

given by
D(z,8,t) =Ne .z . 1.1 -t /e 215
T mc? B2 a "t tmax
and a maximum range cf the §~rays given by
tmax ='% * k, * uffax = %" k, « (2me22/(1-82))° 2-16

where a = 1.67 and k, = 5.2+107!° kgm~2eV™%® are found by fitting to published
data. Many range quantities have been defined either from experiments65-72)
or from theoretical approaches?3-76), where the experiments have dealt with
projected range or transmission range, and theoretical path lengths have been
derived from Monte Carlo calculations of a continuous slowing-down approxima-
tion model. In Fig. 4 are shown published data of mass-range as a function of
energy for electrons in water as well as the fitted power-law curve used in
this work. The published data, which are obtained for various low-Z materi-
als, are corrected for electron density by ry o = rpedium®{Amedium’/AH,0)°
(ZHzo/zmedium). where A and Z are atomic mass and atomic number, respective-

ly.

The radial dose distributions calculated from eqs. 2-14 and 2-15 have been
tested by comparison with experimeiatal data?7) and continuous slowing down
model calculations?7) for 42 MeV 7°Br ions in a tissue-equivalent unit-den-
sity gas (Rossi-type). The results are shown in Fig. 5 and in Table I. The
percentage deviation of calculated values using eq. 2-14 from those experi-
mentally obtained varied from +267 to +7% with root mean square deviation of
39% over the range of distances from the ion path of 0.5 to 70 nm. Results
obtained by using eq. 2-15 varied from +77 to -36% with a root mean squire
deviation of 12%. It should be noted, however, that according to the refer-
ence 77 a too low energy deposition is observed in the experimental case at
very small distances (< 1.35¢107° m) from the ion's path. This could be due
to an increase in W-value at lower radii and/or to a lack of charge equilib-
rium in the ionization chamber with which the energy deposition was measured.
The authors77) assume that 60% of the total energy should be deposited within
the stated range in contradiction to a measured value of 23%. Accuracy of ex-

perimental data was not stated.
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Radial dose distributior calculations by means of eqs. 2-14 and 2-15 have
further been compared with experimer:tal data and continuous slowing down
model calculations for 1 MeV protons in a tissue-eguivalent unit-density
TE-gas. The data were read from published57) curves.The results shown in Fig.
6 show calculations of eq. 2-15 to confirm with results obtained frcm the
cortinuous slowing down approximation, but disagree with the experimental
data to a higher extent than the comparisons made in Fig. 5 with the bromine
ions. The root mean square deviation is 14% of calculated values from eq.
2-15 compared to experimentally obtained values. The accuracy of the experi-

mental data was not stated.

The radial dose distribution calculations from eq. 2-15 have been compared to
experimental data78) for 0.262 MeV/amu '2?’I and 2.4 MeV/amu '®0 ions. The
ratio of experimental-to—-calculated doses as a func-ion of the distance from
the particle track is shown in Fig. 7. In the experiments the effective
charge was calculated from the formula of Nikolaev and Dmitrievi%). The for-
mula given by Ziegler"5) gives almost identical z for 2.4 MeV/amu '*0 ions
but about 10% lower z for '27I. This difference has been corrected for in the
calculations shown in Fig. 7. The larger discrepancy for the 2.4 MeV/amu '€0
data is due partly to the experimental data being approximately 20% too high
due to too high an assumed value for W as discussed by Baum et al.78). W is
the energy required to create an ion pair. Below 1 nm experimental data are

too low due to lack of charge equilibrium.

Radial dose distributions in water calculated from eq. 2-15 agree with pub-
lished theoretical data56) for 2 MeV/amu C-ions, 8 MeV/amu Ne-ions, and 90
MeV/amu Fe-ions with a root mean square deviation of 10, 8, and 6%, respec-
tively, over the range of distances from 0.3 to 10° nm. Results are shown in
Table II. The root mean square deviations for the radial dose distributions
calculated by means of the linear range-energy relation are 29, 22, and 14%,

respectively.

In the calculation of the activation cross section o for a medium, an average
dose deposited in the sensitive element must be used. As described in section
2.4 _he medium is assumed to be made up of sensitive elements in the shape of
cylinders vuith radius equal to a,, and with the axis of symmetry parallel to
and positioned at a distance t from the ion's path (Fig. 8). Though different
parts of the cylinder experience different doses in the strongly varying
field around the ion's path, the dose-response is determined by the average
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dose delivered to the element. This dose is called the extended target dose
and is given by

_ ; ttag
D(z,B,t,a,) - It D(z,B,t)+A(t,a,)dt 2-17
-a,

where A(t,a,) is a geometry function determined by the shape of the sensitive

volume element (Fig. 9). For a cylinder this function is given by

A(t,a,) = U Arctg v [aZ-(t,~t)21/[(t,+t)%-a2] for (to+t) > a,
2-18
A{t,a,) = 2n for (to+t) < a,

wnere t 1s the variable distance in the calculation of the extended target
dose to the sensitive element, the center of which is placed at a distance t,
from the ion's path. In the computer calculation of the extended target dose
t, is used for ease a2s the variable distance from the ion's path to the cen-
ter of the sensitive element, whereas t is kept as the variable distance
within the sensitive element. (see Appendix 1).

The extended target dose distribution calculations from eq. 2-17 are shown in
Fig. 10 for the 6u4 MeV '®0 ions .investigated in this work and for an infini-
tesim~1 thick segment cf the dye film, It is characteristic that the dose
distribution profiles have a flat top extending to a distance from the ion's
path correspondirr to the radius a, of the sensitive element. The ion's path
$s assumed to penetrate the sensitive element at it3 center, and the plateau
of tha dose distribution profile equals the average dose to that element,
which is considered separately from the rest of the medium. The total energy
of the é-rays with energy large enough to have ranges greater than a, is cal-
culated by an integration of the point target dose profile (eq. 2-15) from
the distance t = a, to the maximum range tpzy of the 6-rays. This distance
from a, to tpax is called the track. The energy deposited in the central
element, the core, can then be calculated as a subtraction of the energy
deposited in the track by the §-rays outside the central core from the total
energy deposited by the penetrating ion. The total energy is found from the
collision stopping power, From this procedure of calculating the dose to the
central core excitation energy deposited by the penetrating ion is taken also

into account, whereas the energy to the track is due only to &§-rays.

The dose distribution profile of a heavy charged particle may be divided
schematically into three concentric zones as stown in Fig, 11, The central
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zone is characterized by an area of high energy density where saturation of
activation is dominant. A large part of the particle energy may be deposited
within this area, but the contribution to the total effect is negligible
because the area is comparatively small. In the intermediary region surround-
ing the central area saturation diminishes .The energy density is high and
may be above the characteristic D,,-dose, which means that the dose-response
is sublirear. Finally, there follows a large peripheral zone with low energy
density where the dose-responce is linear. The total effect of activation
will be determined by the distribution of energy among these three 2zones,
where low effectiveness 1is highly probable in the central and intermediate
zones leading to a decreased total effectiveness of the ion as compared to

the effect for the same absorbed dose from low-LET radiation.

Looking at the dose distribution profile in Fig. 10, the effectiveness of
radiation from a heavy charged particle may be explained qualitatively from a
horizontal line drawn at a dose equal to D,,, If this line lies above the
plateau of the extended-target dose profile, the average integral dose rela-
tive to the characteristic dose, 57D,,. will always be less than 1 for all
sensitive elements affected by the ion with only a small loss in effective-
ness. This leads to RE = 1, If the horizontal line is below the plateau,
57D,, will be greater than unity with resulting saturation and waste of en-
ergy in a part of the sensitive elements. This leads to RE < 1. A Taylor
expansion of the exponential term in the expression for P(z,8,t,a,) (eq. 2-2)
shows that for values of D € D,, the cross section (eq. 2-3) to a good ap-

proximation is given by or = D/D,,, which leads to a value of RE (eq. 2-6)
equal to unity.

2.8 Why experimental testing of the track structure theory?

The track structure theory was originary developed to predict dose-response
characteristics and radiosensitivies of enzymes and viruses irradiated with
high-LET radiation. The theoretical work by Katz has mostly been tested
agai.ct experimental data derived from the work of other investigators. Ex-
cept for investigations with biological systems the theory has been tested
against the following experiments with: enzymes and viruses7), photographic
emulsions31,35,37,80), etchable tracks in dielectrics81), thermoluminescent
dose meters5,6,36,82), the radiochromic dye film!3,34), radical formation in
amino acids83,84), tne Fricke dose meter32), and Nal scintillators9). Since
very few of these experimental investigations were carried out over a suffi-
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ciently broad spectrum in LET or z and B8, it has not been possible to make a
detalled test of the predictions of the theory.

In order to test and improve the theory in details the theoretical work could
with advantage be followed up by systematic experiments designed to test
certain parameters and procedures of calculation. Conversely, experimental
data could give rise to improvements in theory, because the experiments were
performed only in order to yield information about a certain detector in the

context of the development of the model.

3. THE RADIATION DETECTORS

3.1 The radiochromic dye film

One radiation detector used in this work is the nylon-based FWT-60 dye film,
commercially available from Far West Technolcogy Inc., 330 Kellogg, Goleta,
California, USA. This thin radiochromic dye film dose meter contiains a leuco-
cyanide, hexahydroxyethyl pararosaniline cyanide [C H,N(C,H,OH),],C-CN, which
is transformed into a coloured state, the dye, by absorption of energy from
ionizing or exiting radiation. The radiochromic leucocyanide, 10-15% by
weight, is dissolved in a nylon matrix (C,,H,,N,0,),. Upon irradiation the
C-CN bonds are heterogeneously broken and the triarylmethane groups become
the highly coloured carbonium ion. This reaction takes place upon irradiation

with particle energies exceeding the C-CN bond strength which is about 3.8
eVBS) .

The dye has a broad absorption band in a part of the visible spectrum with a
maximum at 604 nm. In this work the response to radiation is mostly measured
at the wavelength of 510 nm, which is on the edge of the absorption peak, and
expressed as an increase of optical density per unit film thickness, AOD/mm.
The dose meter is supplied in pieces of 1x1 cm? with an approximate thickness
of 55-um. For some of the experiments a very thin FWT-60 film has been used
with a thickness of 5 um, but with the same material and content of leuco-
cyanide. These very thin films have been measured at 604 nm,
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A thorough investige.ion, described in details in a published articlel9)
attached in section 12, has been made ¢f the problems involved in using a dye
film dose meter for precision dosimetry. This investigation includes: the
optical absorption spectrum at various dose levels and radiation qualities,
kineties of build-up and fading of coloration after exposure to high and low
doses, the saturation dose-response .evel, bleaching at very high doses,
comparison of dose-response after irradiation in air and vacuum, dose rate
effects at high doses, and temperature dependence of the dose-response. These
investigations of the dye film were a necessary supplement to previous inves-

tigations85-98),

The light absorption spectrum of the dye film irradiated with low- and high-
LET radiation (Fig. 12) shows that irradiation with different radiation
qualities to the same medium-range light absorption level causes the same
shape of the spectrum. This shows that the formation of dye is independent of
how the energy is deposited in the film, either by homogeneously distributed
ionizations and excitations as from Y-ray photons and fast electrons or by
highly inhomogeneously di:.ributed é-rays from high-LET particles, or by

excitation alone as from UV-light.

The leucocyanide does not change into the coloured state immediately upon
irradiation, but intermediate species are formed with an absorption maximum
at 412 nm. These rather short-lived species decay and the blue coloured dye
is formed with an absorption maximum at 604 nm (Fig. 13). The build-up of
coloration takes place within the first 10-20 hours after irradiation. There-
after a decline in response is observed until about 100 hours after irradia-
tion (Fig. 14). The rate of build-up is dose and dose-rate dependent and the
build-up depends further on the content of oxygen and water in the film mate-
rial during irradiation. Despite these differences in the time-course of
build-up no significant difference in dose-response was found, if the read-
ings of response were made at the time for maximum coloration. Neither did

irradiation in vacuum versus that in open air influence the final response.

The wavelength of 494 nm is an isosbestic point99) (Fig. 13) which is stable
in time within the first 24 hours after irradiation and thus independent of
build~up of colour. The sensitivity, however, of the film to irradiation is
reduced by a factor of 2.5 as compared to measurements at 510 nm, The manu-~
facturer of the film recommends measurements at 604 nm for Y-ray and electron
doses below 30 kCy and at 510 nm at higher doses. These wavelengths of meas~

urements have been used as well in order to compare our findings with the
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ones of other investigations.

Previous investigations87-89) have shown the film to be dose rate independent
at low to medium doses except at very low dose rates96,97), < 1 Gy s~'. The
present work shows (Figs. 15 and 26) differences in saturation optical den-
sity, which may be due to dose rate effects at high doses. This effect is

discussed in section 7.2.

The dependency of dose-response on temperature during irradiation of the dye
film has been monitored at the spectrophotometer wavelength of 510 nm. The
temperature effect was found to be dependent on dose having an average in-
crease of 0.6%/°C ani C.9%/°C for the dose levels of 10 and 100 kGy in the
temperature interval of 20 to 50°C19) (Fig. 16).

For purposes of calculating the effective charge and stopping power of
charged particles penetrating into the dye film, equivalent atomic aumber and
atomic weight for the compound material have been found to have the values of
5.94 and 11.77, respectively. The equivalent molecular weight My and average
number of electrons per molecule ng have been found to be 261.2 and 142.6,
respectively. My and ne are used in the calculation of the radial dose dis-
tribution due to &-rays ejected from the path of a heavy charged particle,
and the constant C = 2nNe“/mc2?, used in section 2.7 and in Appendix 1, gets
the value of 1.343¢10'2.p joule/m for the dye film. p = 1.1310? kg/m?® is
the mass density of the dye film. The above values are calculated for the dye
film consisting of 10% dye and 90% Nylon 66 by means of Bragg's additivity
rule52).

The radiation sensitive element is the leuco dye molecule, the radius of
which is approximately 10°* m. The energy deposited in the molecule will
migrate within the molecular structure and break the weakest bond, which is
the C-CN bond. This means that an interaction process involving energy depo-
sition above »~ certain threshold will turn the leuco dye into the coloured

state independent of where the event takes place within the molecule.

The dye film must be handled and kept in dark as it is sensitive to daylight
and fluorescent light. Normal handling procedures may be made in incandescent

light.

Dose-response curves of the radiation qualities under investigation will be

dealt with in section 6.1.
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3.2 The alanine radiation detector.

Commercially available purified crystalline amino acid L-a-alanine has been
investigated for use in radiation detection. The chemical composition of
alanine (CH,-CHNH,-COOH) is close to that of tissue, thus providing similar-
ity to biological systems in absorption of radiation energy. The microcrys-
talline powder is compressed into pills, 4.5 mm in diameter by 2 mm in thick-
ness, with 5% by weight cellulose (C¢H,,0,) added as a binding material36).
The cellulose binding material was found to have a negligible effect on the
ESR signal after irradiation to doses above 10 Gy. The covalent bonds of the
amino acid formed by a pair of valence electrons with opposite spin offer a
zero magnetic momentum. Ionizing radiation exposed to the system causes a
rupture of _hese bonds resulting in two paramagnetic species each having an
unpaired electron. Through a series of reactions these species are converted
into a free radical which is highly stable in time and may be detected by
means of electron spin resonance (ESR) spectroscopy!00,101), This radical has
the chemical composition of (CH,-CH-COOH). By this measuring technique the
free radicals may be detected qualitatively as well as quantitatively and

represents a measure of the amount of energy imparted to the materiall02),

The spectrum of alanine irradiated with low- and high-LET radiations (Fig.
17) shows that irradiation with different radiation qualities to the same
ESR-signal causes the same shape of the spectrum. The formation of the de-
tected radicals is thus independent of how the energy 1s deposited, either
homogeneously distributed as from Y-rays and fast electrons or inhomoge-

neously as from 6-rays ejected by the passage of heavy charged particles,

In this work the ESR signal is not measured until 5 minutes after irradiation
at which time the radical formation in the alanine has stabilized. No build-
up of radicals has been observed after exposure to low or high doses at room
temperature, nor has fading of the ESR signal been observed for doses below
the D,,-dose, even 1-1/2 year after irradiation. At doses above the D,;,-dose
fading increases with dose to approximately 20% at saturation dose measured 7
months after’' irradiation. A detailed investigation of fading has not been
performed in:this work, but other investigators83,84,103-106) claim that no
fading occur% over several years for L-a-alanine irradiated to medium-range
doses and stored at room temperature and under normal laboratory humidity

conditions. Qne investigator107) has found DL-a-alanine to fade by approxi-
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mately 18% up to 100 hours after irradiation, whereafter the ESR signal was
constant for at least 700 hours. The irradiation dose, however, was not
stated.

Previous investigations103-106) nave shown L-a-alanine to be dose-rate inde-
rendent even at high doses (350 kGy) to a maximum dose rate of 10° Gy s~!.
Inis work confirms these findings at doses below the D,,-dose, but shows, as
also observed107) for 21°po g-particles, a decline in the ESR signal at satu-
ration coses for irradiation with heavy charged particles of increasing LET.
This effect is ascribed to a high ionization density caused by either a high
dose rate in the track of a heavy charged particle or crossing tracksl07),
The same authors, however, observe a change in the hyperfine structure of the
ESR signal for irradiation with 2!°Po a-particies, which we do not
observe at irradiations with heavy charged particles. At saturation we find a
~ 10% increase in the ESR signal for irradiation with 10-MeV electrons with a
dose rate of 5107 Gy s~! compared to irradiation with ®°Co Y-rays with a
dose rate of 14 Gy s™!,

The dependency of dose-response on temperature during irradiation of L~a-
alanine has been thoroughly investigated103-106), and it has been found that
the ESR signal increases linearly with irradiation temperatures between -=10°C
and +90°C. The increase in ESR signal is 0.18%/°C at doses below 10" Gy and
0.31%/°C at a dose level of approximately 10% Gy. The temperature during ir-
radiation and measurement have been kept at room level in { .is work, and this

is why the temperature effect has not been taken into account.

Dose-response curves of the radiation qualities under investigation will be
dealt with in section 6.3.

The alanine dose meter pills have been manufactured in the Accelerator De-
partment at Risg and kept under normal humidity and room temperature condi-
tions and in the dark during storage. This is in regard to both unirradiated
and irradiated samples., An influence of daylight or fluorescent light to the
ESR signal before and after irradiation for normal handling procedures of the

dose meter has been found to be undetectable.

For calculating the effective charge and stopping power of charged particles
penetrating into the compressed alanine pills, equivalent atomic number and
atomic weight for the compound material have been found to be 6.49 and 12.91,

respectively. ine equivalent molecular weight My and average number of elec-
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trons per molecule ne, have the values of 92.65 and 49.9, respectively. The

constant C = 2yNe“/mc? used in section 2.7 and in Appendix 1 for calculation
of the radial dose distribution around the ion's path attains the value of
1.324+10-'%+p joule/m for alanine. p = 1.21.10 kg/m*® is the mass density of
the alanine pill. Th2se values are calculated for a compound consisting of

95% pure alanine and 5% cellulose by means of Bragg's additivity rule52).

The radiation-sensitive element, which is the target for the present ESR
spectroscopy, is the carboxyl-amino group of the L-a-alanine system; its size
is approximately 10-° m. The energy deposited in the alanine macromolecule
generates several radicals108). Hence, it is assumed that the imparted energy
is able to migrate within the molecule and the generation of the stable,
dominant radical is independent of where the event takes place within the

macromolecule.

4. IRRADIATION FACILITIES

4.1 *°Co vY-ray source

The Y-ray Iirradiations have been carried out at the Rise 3.7-10'" and
1.1+10* Bq ®°Co facilities!09) both of which are calibrated with Fricke do-
simeters with G(Fe***) = 15,6 110), The dose rate of the 3.7-10!* Bq facility
was 14 Gy s™! and 1 Gy s~ for the 1.1-10'" Bq facility.

Irradiations of dye film and alanine were carried out under the same irradia-
tion conditions as was tihe calibration, namely in a nylon container of wall
thickness of 1 cm ensuring electron equilibrium. The dose calibration is
accurate to within + 2%.

4,2 Electron linear accelerators

Irradiations with fast electrons have been carried out on the Risg 10-MeV
electron linear acceleratori11) in a bent beam and straight ahead beam mode.
The bent-beam mode is accurately dose calibrated for single step doses of

maximum 5.10° Gy, whereas the straight-ahead beam mode is uncalibrated but
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can be used for irradiation of single-step doses to any dose ievel and under

different environmental conditions.

In the bent-beam mode (Fig. 18) the samples to be irraciated are placed in a
tray on a conveyor belt and transported to the irradiation zone, which is a
10-MeV electron beam scanned in the transverse direction of the conveyor belt
movement. The beam is pulsed with 200 pulses per second each having a pulse
length of 4 us. The dose rate in the pulse ‘s 5-107 Gy s~'. The dose to the
sample is controlled through the speed of the conveyor. The energy of the
electrons is determined by the current in the bending magnet. Maximum dose
given to the sample at each run is 5-10° Gy as higher doses will cause exces-
sive heating (2.5°C per 10° Gy in water). The samples are irradiated ir open
air. The radiation field is calibrated by water calorimetryl12-118)_  The
water calorimeter is a 1.5-cm thick petri dish filled with water, the tem
perature increase of which is measured with a built-in thermistor. The calo-
rimetric body is encapsulated in styrofoam in order to prevent heat exchange

with the surroundings.

Irradiations of dye film and alanine in the bent beam mode were carried out
in a Perspex block of the same thickness in kg/m? as the calorimetric body,
and the samples were placed in the block at a depth corresponding to average
dose in the water calorimeter. This depth was determined from the depth-dose
curve of 10-MeV electrons in water (Fig. 19).

In the straight-ahead beam mode the samples to be irradiated were placed in a
chamber connected to a beam tube of the accelerator beam-handling system
(Fig. 20). This chamber was also used for irradiations on the tandem Van de
Graaff accelerator. The chamber is separated from the accelerator vacuum sys-
tem by a 0.2-mm aluminum foil window allowing the chamber either to be evacu-
ated or filled with a gas at different temperatures. The electron beam is
pulsed with a pulse rate of 25 pulses per second and a pulse length of U us.
The electron energy can be controlled in an energy-analyzing spectrometer

connected to the beam-handling system.

Before the electron beam enters the irradiation chamber it is dispersed in
the vertical plane by a doublet quadrupole magnet. A spreading of the beam in
the horizontal plane occurs in the switching magnet of the beam handling
system due to energy inhomogeneity of the electron beam leaving the accelera-
tor. A double set of beam-defining slits are mounted in front of the sample

in order to collimate the beam. This collimator set-up is constructed such



-37-

that the breasstrahlung generated by the stopping electrons in the slits is
attenuated appropriately. The dispersed and collimated beam produced a homo-
geneous irradiation field in which the target was placed. To ensure homogene-
ity an irradiated film was scanned across the irradiated area by means of a
scanning spectrophotometer. Most of the electrons penetrating the target
sample were picked up by a Faraday cup thus diminishing the influence from
back scattered electrons. As the pulse-to-pulse variation of the current in
the beam is small (< 1.8%), the energy fluence is proportional to the nuaber
of pulses which are counted for dosimetry purposes. The dose calibdbration is
perfcrmed by comparing the sample response for a given number of pulses with
the dose-response of the same kind of sample irradiated in the bent-beam mode
to a dose of less than 2-10* Gy. The dose rate in the straight-ahead beam
mode corresponds to the dose rate in the bent beammode.

The dose calibration in the bent-beam mode is accurate to within : 2%, while
the dose in the straight ahead beam mode is accurate to within approximately
+ hg.

For intercomparison of doses given at the Rise linear accelerator and doses
given at the University Hospital in Herlev, irradiations were performed with
a 4-MeV and a 20-MeV radiation therapy linear accelerators. These accelera-
tors are pulsed operated as well with a pulse repetition rate of 300-600
pulses per second and a pulse length of 2 us giving a dose rate of 80 Gy s-!
in the pulse. The homogeneously irradiated area is 10 cmx10 cm.

The dose calibration was performed in a Perspex phantom with an ion chamber
placed at the maximum of the depth dose curve. The ion chamber was then re-
placed by the samples fixed into the proper position in a small block of
Perspex. The dose calibration is within & 2%.

4,3 Tandem Van de Graaff accelerator

The ion-beam irradiations were carried out on the tandem Van de Graaff ac-
celerator at the Niels Bohr Institute. This accelerator has a maximum termi-
nal voltage of 9-MV with a stability of the final beam energy exceeding 10-
keV independent of the kind of particle with atomic mass less than approxi-
mately 16, The energy and charge state of the accelerated ions were kept
constant after a 90° analyzing magnet which was controlled by nuclear mag-
netic resonance detection. The average dose rate for most of the experiments
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was approximately 10° Gy s~', and unlike the lirear accelerator the beam
current in the Van de Graaff accelerator is continuous dc. A laycut of the
accelerator and tne beam handling system is shown in Fig. 21.

The experimental equipment, sounted on to beam tube 7, was an aluminum chase-
ber in direct connection with the vacuum of the beam handling systea. The
equipment was designed and constructed in cooperation with Mads Wille at the
Accelerator Department. In front of the equipment was a vacuum valve for
closing off the beam tube, when the chamber was opened for change of target
samples. An oil diffusion pump together with a roughing pusp were used to

evacuate the chamber to a pressure of 10" Pa before opening the valve.

To ensure beam homogeneity on the irradiated area, the particle beam was
dispersed by a magnetic field from a triplet quadrupole magnet. Subsequent
collimation was carried out by two sets of thin collimators constructed and
positioned such that secondary electrons and scattered ions originating froa
the slit edges were prevented from reaching the target. A pair of slits, 3x3
mm?, was later changed to slits having an aperture of 1x6.6 mm?, with the
largest dimension in the vertical plane. To limit effects arising from secon-
dary electrons escaping from the Faraday cup, a magnetic field of 0.5 T per—
pendicular to the beam axis was applied at the entrance to the cup. The
strength of this field was determined from the magnetic rigidity of the sec-
ondary electrons of saximum energy and the dimension of the Faraday cup open—
ing. Additionally an electron shield ring with a potential of +5 kV was
mounted between the target sample and Faraday cup.

The absorbed dose in the sample was calculated from particle fluence and
stopping power values. The particle fluence was determined from an integra-
tion of the ion current to the Faraday cup, and the energy and charge state
of the ions were measured in the analyzing spectrometer of the beam-handling
system. During the irradiation three target samples were mounted around the
periphery of a rotating wheel carrying them through the beam path. When the
samples were in the beam path the integration of the current from the Faraday
cup was interrupted, thus avoiding corrections for the change in charge state
of those ions penetrating the target and uncontrolled interruptions of the
beam for total absorbing targets. Further, corrections are avoided for parti-
cle number attenuation, scattering from tne film edges, large-angle scatter-
ing, and secondary electrons escaping from the back side of the detector. The
interruption was controlled by cutting off the light path in an optical cou-
pler by another wheel running synchronously to the wheel on which the target
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3amples were mounted {(Fig. 22). The wheel was rotated with approximately 200
rpm which made the intervals between irradiation of the samples and measure-
ment of the beam current very short, thus diminishing the influence from
fluctuations in beam current with time. Irradiation of three samples at each
run prevented random spread in measured response of the irradiated sample and

in the measured charge.

The electric charge, Qpeam, transported by the ion beam into the irradiation
chamber is obtained from a measurement of integrated current to the Faraday

cup, charge chp- as
23 1
Qeam = Qeup Z3=p¢ = % “Youp -1
where ¢ is the pulse length in terms of radians of the signal from the opti-
cal coupler, and p=% is the number of pulses per revolution of the wheel
(Figs. 22 and 23). The ratio of particles hitting the target sample to those
entering the irradiation chamber is L/2ar, where L is the width of the colli-

mating slit and r the radial distance to the target center when the target
sample is mounted on the rotating wheel.

The particle fluence & hitting the target sample was determined by

Qcup

¢ - k' neeshe2u-r

§-2

where n is the charge state of the ions, e the charge of the electron, and h
the vertical dimension of the collimating slit. From measurement of the size
of the irradiated area on a film fixed at the target sample position, beam
divergence was found to be negligible. The absorbed dose in the sample was
then calculated from the track average electronic stopping power in the sam-

ple S;y and the particle fluence ¢ as

D=l . Sav-Qcup
kSav'® * CkTonee-he2ner

4-3

with k = 6.24-10%? MeV kg~ 'Gy~! as a conversion constant. A detailed deriva-
tion of the dosc calculation is given in Appendix 3.

The charge measurements have an urncertainty of 2% found from repeated meas-
urements of an integrated discharge current from a 1.5 V battery through a
200 Mg resistor. This discharge current is of the same order of magnitude as
the beam current into the Faraday cup. The current meter was a "Keithley
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Instrument 414A Picoammeter"™, the output of which was 1 volt for full scale
deflection. The integrator was a "Dymec Integrating Digital Voltmeter, Model

2401B", the integration of which could be stopped by a +5 volt input pulse
and the integra'.ed signal stored during stop.

5. PROCEDURES OF DOSE-RESPONSE MEASUREMENTS

5.1 Measurements on the dye film

The response cf the irradiated film samples was measured by means of a scan-
ning spectrophotometer115) with a nigh spatial resolution. Variations in the
optical density, either due to variations in film thickness or inhomogeneity
in the radiation field, can thus be detected very precisely by the scanning
technique. The effective stit height and width is 50x10 um determined by the
dimensions of the analyzing light beam on the surface of the film sample.
Special care has been taken to avoid interference of the light reflected from
the film surface and to take scattering of the transmitted light into ac-
count. The output from the spectrophotometer is plotted on an x-y recorder,
and the complete read-out system has a very short rise time ensuring photo-
metric measurements of 1light changes occurring over small distances. The
complete instrument is calibrated to an optical density of maximum 3.5 by
means of a photographic step tablet supplied by the U.S. National Bureau of
Standards. The light-absorption spectra, as shown in Figs. 12 and 13, were

carried out on a Pye Unicam SP8-400 spectrophotometer.

In Fig. 24a is shown a scan across a whole film sample homogeneously irradi-
ated with Y-rays. Small spikes on top of the optical density signal are due
to film irregularities, dust, and electrical noise. In Fig. 24b a scan across
the whole film sample irradiated with 16-MeV protons is shown. The irradiated
area is in the middle of the scan and the optical density signal on both
sides of the irradiated area is the background optical density of the unirra-
diated film. In situations where the irradiated area on the film is inhomo-
geneously irradiated, the maximum optical density for a certain part of the
area was used, and the measured dose was corrected accordingly. This proce-
dure, of course, easily involves inaccuracies, but was applied only at satu-
ration doses where the maximum optical density is of interest and where the
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optical density is a slow function of dose. At lower doses the Jptical den-—
sity reading of an inhomogeneously irradiated film was averaged oy an inte-
gration technique by means of a planimeter.

The thickness of each film sample was carefully measured by means of an elec—
tronic gauge unit. To prevent a random inhomogeneity in the film casting
being decisive, the thickness was measured at different places on the irradi-

ated area.
The film response to radiation is expressed as an increase of optical density

per unit film thickness, AOD/mm, measured at the spectrophotometer wavelength
of 510 nm for the 55-um thick film and at 604 na for the S5-um film.

5.2 Uncertainty in dose-response measurements on the film

The uncertainty on dose-response data for the dye film consists of a random
uncertainty and a systematic error. The overall uncertainty at 95% confidence
level as defined by The International Atomic Energy Agency!16) is calculated

from

U=7vJIx24+1.13 72 5-1
gl | i
J i
where Xj i1s the random uncertainty and xj is the estimated maximum systematic
error of the individual data points. For the 55-um and the S5-um thick dye

film these figures are as follows:

Random uncertainty:

55 um 5 um
measurement of optical density : + 5% + 10%
measurement of background optical density : t 2% + 10%
measurement of film thickness : 2 1% t 2%
charge measurements of high-LET irradiations : + 2% + 2%
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Systematic error:

dose calibration : + 2% + 2%
spectrophotometer calibration : o+ 1% + 1%
stopping power of higa-LFT irradiation (E > 0.4 MeV/amu): + 1% + 1%
inaccuracy on stopping power data due to compound

material + 10% + 10%

The inaccuracy on stopping power data is only relevant for those ions not
fully absorbed by the medium. For ions totally stopped in the medium the

imparted energy equals the kinetic energy of the ion.

The overall uncertainty on a 95% confidence level on dose-response measure-

ments for low-LET irradiations of the 55-um film is

U=+v5%2+ 2%+ 1 +1,13(2%+1) = 6%

and for high-LET irradiaticns of the 55-um film with ion energies above 400

keV/amu and including inaccuracy due to compound material

U=v/524+22+ 1+ 22 + 11300 + 1 + 10%) = 12.2%

The overall uncertainty on a 95% confidence level on dose~response measure-

ments for low-LET irradiations of the 5-um film is

U= V102 + 102 + 22 + 1,13(2% + 1) = 14,5%

and for high-LET irradiations of the S5-um film with ion energies above 400

keV/amu and inciuding inaccuracy due to compound material

U= v102+ 102 + 22 + 22+ 113010 + 1 + 10%) = 18%

The dose calibration of the ®°Co Y-ray source’09) and the 10-MeV electron ac-
celerator112,113) is accurate to within :+ 2% and the precision at a 95% con-
fidence level of the rcsponse interprctation is : 5.5% for the 55-um film
determined from the uncertainty of the individual measurements involved in an

experimental data point.

1ne accuracy of the particle fluence data is difficult tc determine, because

a contaminatien of the ion beam with secondary electrons and scatter of the
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ion charge state, due to collisions with the beam defining & it edges, may
introduce a systematic failure though precautions against tliese sources of
error have been taken, The precision at a 95% confidence level of the meas-
urements including statistic scatter amounts to + 5.3% for the S55-um film
irradiated with ions, but the accuracy of the dose determination depends on
the tabulated proton stopping power data and the 1i.ifluence from the calcula-
tion procedure of heavy-ion stopping power and of a compound material. The
uncertainty on the proton stopping power data ranges from 1 to 15%, highest
for the lower energies 45°47), and the uncertainty on the heavy ion stopping

power in a compound material is of the same order of magnitude53,54),

The precision of the experimental RE for particles penetrating the 55~um film
is 13.6% calculated as the root mean square of the precisions on the low- and
high~LET dose-response characteristics. The precision on the theoretical RE
is 11.7% calculated as the root mean squzre of the precision on D,, and the
uncertainties on stopping power data. For particles penetrating the S-um film
the precision on experimental and theoretical RE is 23.1% and 17.6%, respec-
tively, determined as abtove and for energies above 400 keV/amu. At energies
below U400 keV/amu and for particles penetrating the 5-uym film the precision

on experimental and theoretical RE is 25.2% and 20.3%, respectively.

5.3 Measurements on alanine

The ESR spectra were all recorded at room temperature using a Varian E 3
spectrometer operating at the frequency of 9.395 GHz and at a constant micro-
wave power level of 8 mW, For those samples homogeneously irradiated to doses
above 10°® Gy, the microwave power level is set at 11 mW in order to achieve
an optimal ESR signal. The magnetic field setting is 340 mT, the field scan-
range is 25 mT, and the magnetic modulation frequency and amplitude are 100
kHz and 10™* T, respectively, for all measurements. The receiver gain for
detection of the microwave absorption signal, the scan time, and the filter
time constant are changed in accordance with the signal strength in order to
have a proper size of the signal on the x-y recorder. Attention must be paid
to the detector bias current, which strongly influences the recorded signal.
This bias current is before any measurement adjusted to exactly 200 pA. The
temperature and humidity conditions in the laboratory are continuously moni-

tored and registered.
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The alanine pills are placed on top of a vertically mounted quartz tube; on
lowering the tube the pill is placed accurately and reproducibly in the ESR
cavity. Before and after a series of measurements the ESR spectrometer sensi-
tivity is checked by introducing a calibrating pitch into the cavity on top
of the quartz tube. This standard pitch consists of a stable-free radical,

2.2 diphenyl-1-picrylhydrazyl (DPPH), contained in a sealed quartz tube.

The ESR measuring technique performs the first derivative of the paramagnetic
microwave absorption signal by scanning a magnetic modulation signal. The
detected and amplified microwave signal is recorded on the x-y recorder as
shown in Figs.17 and 25. Despite the large dose range there is only a small
difference in the shape and width of the spectra in Fig. 25, showing that

possible secondary reactions are negligible.

A double integration over the total scan range of the recorded ESR signal
yields the area under the microwave absorption curve. This area is directly
proportional to the concentration of free radicals, and can be related to an
absolute concentration through a known standard such as the DPPH or other
stable radicals. As the shape and width of the spectrum are constant at these
signal strengths of interest, a measure of the peak-to-peak value of the
highest peaks will be proportional to *he duuble integrated spectrum and thus
proportional to the number of free radicals. In this work the peak-to-peak
value of the largest peak measured in millimeters serves as the measure for

the number of radiation-induced free radicals.

A single pill does not fill the ESR cavity completely. This is why the weight
of the irradiated part of the pill must be taken into account in the evalua-
tion of the dose-response., For those pills being fully penetrated by the
radiation the total weight of the pill is used. The weight of the irradiated
fraction of a rill is determined by the calculated range of the rzdiation
being completely stopped in the pill.

Due to the existence of a small number of unpaired electrons in the unirradi-
ated alanine and to the signal-to-noise ratio of the ESR spectrometer, there
is a lower detection limit, which at present corresponds to an absorbed dose

of 2 Gy from a low-LET radiation source.

The response for alanine to radiation is expressed as an increase in ESR

signal measured in millimeters per unit mass of irradiated alanine, AESR/m,
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5.4 Uncertainty in dose-response measurements on alanine

The uncertainty in dose-response data for alanine consists of a random uncer-
tainty and a systematic error. The overall uncertainty at 95% confidence
level, as defined by The International Atomic Energy Agency115), is calcu-
lated from eq. 5-1 in section 5.2. The data to be used for the alanine pills

are the following:

Random uncertainty:

measurement of ESR signal : + 0.3%
measurement of weight : + 0.2%
charge measurement of high—-LET irradiations : o+ 2%
Systematic error:

dose calibration + 2%
ESR spectrometer calibration : + 13
stopping power of high-LET irradiation (E > 0.4 MeV/amu): + 1%
inaccuracy in stopping power data due to compound

material i + 10%

The overall uncertainty at 95% confidence level on dose-response measurements

for low-LET irradiation of alanine is

U=+v0.32 + 0.2%2 + 1.13(22 + 1) = 2.u4%

and for high-LET irradiations of alanine with ion energies above 400 keV/amu

and including inaccuracy due to compound material

U=+v0.32+ 0.22 +# 227 + 1.13(1 + 1 + 10%) = 10.9%

Uncertainties in the ®°Co Y-ray scurce strength, the 10-MeV electron accele-

rator, and the proton stopping power data are described in section 5.2.

The accuracy of the particle fluence data is difficult to determine, because
a contamination of the ion beam with secondary electrons and scatter of the

ion charge state due to collisions with the beam-defining slit edges may
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introduce a systematic failure though precautions against these sources of
error have been taken. The inaccuracy in stoping power data is only relevant
for those ions not fully stopped in the medium. For ions stopped in the me-
dium the imparted energy equals the kinetic energy at the ion. The response,
AESR/g, and the average dose, energy imparted per unit mass, are both in-
versely proportional to the penetration depth of the ion and as such depend-
ent on the stopping power calculations. This uncertainty, however, influences
only the position of the actual data point on the dose-response curve at low
doses but not its position relative to that of low-LET radiation, i.e. the
experimental relative eftectiveness is unaffected by the precision on stop-
ping power data. At saturation doses the level of response will be inversely
proportional to the weight, and hence dependent on the penetration depth and
stopping power. This leads to a precision of 2.3% on the dose-response char-
acteristics for high-LET particles determined as a total random uncertainty
at 95% confidence level. The precision of the experimental RE is 3.3% calcu-
lated as the root mean square of the precisions on the low- and high-LET
dose-response characteristics. For the 16 MeV protons the precision of the

experimental RE at 95% confidence level is 11.1%.

The theoretical evaluation of RE makes use of both the characteristic D,,-
dose obtained from the low-LET radiation and the stopping power of the ions,
and is as such subject to uncertainties from these two factors. The precision
on the theoretical RE is 10.3% calculated as the root mean square of the

precision on D,, and the uncertainties on stopping power data.

6. RESULTS

6.1 Dose-response and relative effectiveness of the 55-um thick dye film

Dose~response characteristics of the dye film have been obtained for the
following radiation qualities: ®°Co Y-rays, 10-MeV electrons, 3- and 16-MeV
protons, 10-MeV a-particles, 21-MeV ’Li-, 42 MeV '"N-, and 64-MeV '®0 ions
covering a range in initial LET of 2-5430 MeVem?/g corresponding to an aver-
age LET in the film of 2-6740 MeVcm2/g. The dose-response characteristics
measured at the wavelength of 510 nm are shown in a double logarithmic plot

in Fig. 26. Each data point consists of measurements of at least three irra-
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diated samples, and the bars indicate the uncertainty at 95% confidence

level.

All curves are parallel at low doses with the same slope up to approximately
AGD/mm = 10, but the saturation optical densities are different. At doses
below 5-10° Gy the curves for the low-LET radiations, i.e. ®°Co Y-rays and
10-MeV electrons, are identical, but the maximum optical density per unit
film thickness is considerably higher for the 10-MeV electrons than for €°Co
Y~rays. These observations have been confirmed by other authors94)., Accord-
ingly the D,, values are 3.3-10° and 1.7-10® Gy, respectively. The saturation
optical density per unit film thickness for the 42 MeV '*N- and 64 MeV '®0
ions is the same as for the 10-MeV electrons, whereas the saturation optical
density per unit film thickness for the 3- and 16-MeV protons and the 10-MeV
a-particles is between the saturation optical density per unit film thickness
for €°Co Y-rays and 10-MeV electrons.

The parallel displacement of the curves relative to the curves for €°Co
Y-rays and 10-MeV electrons reflects the relative effectiveness, RE, of the
different radiation qualities. For determination of RE only the linear part
of the curves in the double logarithmic plot should be used.

The slope of the curves in the double logarithmic plot is approximately u3°
indicating sublinearity of the dose-response. This indicates that the Poisson
distribution function, eq. 2-2 in section 2.4, should be modified with an
exponent m = 0.94 in the theoretical evaluation of RE though this exponent in
the hit theory conceptually is a quantized number. The dose-response curves

for the dye film are fitted by the expression
A0D/mm = (AOD/mm)pmaye(1- exp(-~ D/D"))o.9u 6~1

for which variations in maximum optical density and D,, are not taken into

account, but m = 1 is used in the theoretical calculaticns of RE.

Because of sublinearity the relative effectiveness of the different radia-
tions can be found with higher accuracy from a change in the initial slope of
the dose-response curves plotted in a linear scale, Fig. 27. The difference
between the two sets of results is insignificant as long as RE is measured at
the linear part of the log-log curves. Experimentally obtained values of RE
based on the linear plot are shown in Table I1II, together with theoretical

values based on the track structure theory as outlined in section 2 using the
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Poisson distribution function as expressed in equation 2-2. Theoretical RE-
values based on D,, equal to 1.7+10°% Gy and 3.3-10° Gy are also compared in
Table III. For the heavy charged particles the 55-um dye film is investigated
here for a thick detector (with the exception of 16~MeV protons), i.e. the
bombarding particle is either stopped or has lost a considerable amount of
its initial energy in the detector, hence the measured REs are average val-
ues. The calculated RE has to be an average value as well and is obtained by
dividing the 55~um thick film into a number of segments, and for each segment
average values of z, B, o, and RE are determined. The number of segments used

must be large enough for the RE to converge.

The uncertainty in stopping power data influences the determination of ab-
sorbed dose to the film and consequently the dose-response characteristics of
the ions and measured RE. The measured RE decreases with increasing stopping
power. The influence on the theoretical RE from uncertainties in stopping
power is most noticeable at those values of stopping power causing an RE much
less than unity. A 10% increase in stopping power causes a 2% decrease in
theoretical RE for the 16-MeV protons, 6% for the 3-MeV protons, and 10% for
the 64-MeV %0 ions. A comparison between experimental and theoretical RE is
then unaffected by the uncertainty in stopping power data for small RE.

Two different range-energy relations for low-energy electrons have been used
in the radial dose distribution calculations: linear relation, as used in the
work of Katz et al., and a power-law relation as described in section 2.7.
The power-law relation is used in the calculations leading to the results
presented here. The two sets of results are shown in Table IV and detailed
described in a published article’8) attached to this work.

The relative effectiveness of the investigated particles in the dye film has
been calculated as a function of the size of the sensitive element, a,, in
the range from 107!° to 10~” m, and with D,, equal to 3.3-10° Gy (Fig. 28).
In the calculations the characteristic dose, D,,, for 10-MeV electrons is
used, since the dose rates for the heavy particle beams and the 10-MeV elec-
tron beam are comparable (see section 3.1 and Fig. 15). By comparing the re-
sults with experimentally obtained RE-values it is found that a, = 1.3°10"% nm
is an optimum value. The calculated values, however, are within the experi-
mental uncertainty of the measured values by using a sensitive element size
of a, = 10°° m, except for the results of the nitrogen ions. a, = 10~* m has
subsequently been used in all calculations for the dye film,
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It is seen, however, that the results for the nitrogen ions deviate from the
general picture by having a calculated RE, which deviate from the measured RE
by more than the experimental uncertainty. In contrast to the other investi-
gated radiations the nitrogen ions were completely stopped in the film, thus
including the Bragg-peak with é-rays of very low energies. As the theory of
é-ray distribution and absorption to a certain extent is untenable at the
lowest energies, larger differences between experiments and theory must be
anticipated. Further, the theoretical assumption of equivalence of the slow-
ing down spectrum of electrons from low-LET radiation and the &§-ray spectrum

of low-energy electrons generated by the penetrating ion may be invalid.

6.2 Stacked thin-film experiments

With background in the results presented in the foregoing section 6.1 it was
decided to investigate the slowing down of heavy charged particles in a thick
detector consisting of a stack of S5-um thick dye film samples cf the same
material as the 55 um ones20), By measuring the individual samples after
irradiation and calculating the absorbed dose to each element by means of
average stopping power and particle fluence, the difference between measured
and calculated RE was registered at different energies of the slowing down
particle.

The dose-response characteristics of the S5-um thick FWT 60-20 radiochromic
dye film to low-LET radiations of ®°Co y-rays and 10 MeV electrons are shown
in Fig. 29, measured at the spectrophotometric wavelengtn of 604 mnm. At doses
below 3+10" Gy the response is identical for the two radiation qualities,
while at higher doses the response to 10-MeV electrons is higher than to *°Co
Y-rays. This is in correspondence with observations made for the 55 um thick
film measured at 510 nm. The low-LET dose-response curves of the 5-um and
55-um thick films measured at 604 and 510 nm, respectively, are parallel, but
the sensitivity in terms of AOD/mm per unit dose is increased by a factor of
approximately 6.5 for read-out at 604 nm. The D,,-dose for 10-MeV electrons
fs 3.2-10% Gy.

The average absorbed dose in the thin dye films irradiated in stacks with 21
MeV ’Li- and 64 MeV '*0 ions is shown in Figs. 30 and 31 as a function of
depth and ion energy. Curve number 1 shows the dose determined from the meas-
ured optical density and the low-LET calibration curve for electrons in Fig.
29. For comparison, the dose calculated from the stopping power and particle
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fluence is also shown (curve number 2). The error bars indicate 95% confi-
dence level on experimental values. The penetration depth calculated from the
continuous slowing down of the ions taking nuclear stopping into account is
107- and 77-um for 3-MeV/amu ’Li- and 4-MeV/amu '°0O ions, respectively. The
measured range determined as the depth at the center of the last film in the
stack giving a response significantly different from zero is 108- and 73-um
for "Li-and '®*0 ions, respectively.

Theoretical values of the relative effectiveness (RE) of the two ion beams
with respect to 10-MeV electror.s have been calculated using D,, = 3.3-10% Gy
and a radius of the radiation sensitive element, a,, equal to 10-° m. Experi-
mental and theoretical values are shown in Figs. 32 and 33 for the two ions
as a function of the average LET in the individual stacked dye film, and
indicate deviations between experimental and theoretical RE values at low ion
energies. For ease of comparison the ratio of calculated to experimental RE
values is given in Fig. 34, both for ’Li and '*0 ions as a function of the
specific energy of the ions. The solid lines indicate. the 95% confidence
level for a ratio of unity independent of the energy.

Due to the longer penetration range of the ’Li ions a 53-ym thick dye film
was interspersed in the beginning of the dye film stack irradiated with 21-
MeV ’Li ions. The measured and calculated RE value for this film agreed with-
in 5% with the results presented in section 6.1 taking a slight change of RE
into account as due to a difference in stopping power values used in the two
investigations. Similarly for the first 53 uym of the stack irradiated with
10 ions the experimental and theoretical RE agreed both with previous data
and with each other within 5%.

The two parameters in the theory, D,, and a,, have been varied from the
stated values of 3.3-10% Gy and 10~? m, respectively. A reduction of D,, will
lead to a decrease in calculated RE values. The decrease in RE will be
slightly lower at high specific energies (> 2 MeV/amu) than at low energies
(< 1 MeV/amu), but the difference was not sufficient to obtain a significant-
ly better correlation betweei experiment and theory than shown in Fig. 34. By
changing the size of the sensitive element a, it has not been possible to
obtain better overall agreement between theory and the present experimental

results.
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6.3 Dose-response and relative effectiveness of alanine

Dose-response characteristics of L-a—alanine have been obtained for the fol-
lowing radiation qualities: *°Co Y-rays, 4- and 16-MV x-rays, 6-, 10-, and
20-MeV electrons, 6- and 16-MeV protons, 20-MeV a-particles, 21-MeV 7Li-,
64-MeV '®0-, and 80-MeV *2S ions covering a range in initial LET of 2-20201
MeVem?/g. Response expressed as change in FSR-signal per unit weight of irra-
diated alanine as a function of absorbed dose is shown in a double logarith-
mic plot in Fig. 35. For those particles completely stopped in the sample the
weight of irradiated alanine is found from the calculated penetration depth
in the continuous slowing down approximation. The calculated range is relied
upon for the dose calculations, since it very accurately corresponded to the
measured range for 21-MeV ’Li- and 64-MeV '®0 ions in the FWT 60 dye film as
shown in section 6.2. Each data point consists of measurement of three sam-
ples irradiated simultaneously under the same irradiation conditions and
measured individually in the ESR spectrometer. The bars indicate uncertainty

at 95% confidence level.

All curves are parallel up to a level of approximately AESR/g = C.5, where
saturation sets in for those particles having the lowest response at satura-
tion. As for the dye film measurements the saturation AESR-response is dif-
ferent for the used radiation qualities, but in contradiction with the dye
fiim the saturation level is in general a decreasing function of the LET of
the penetrating particle. For the 10-MeV electrons, however, the saturation
response is above that of ®°Co Y-rays. This is ascribed to the big difference
in dose rate for the two radiations, as a pronounced fading (approx. 6% in 20
hours) of the saturation response is observed after irradiation with the 10
MeV electrons. The same amount of fading of the saturation response has been
observed for the ion irradiations, why all measurements of the saturation
response is referred to a response immediately after irradiation. Dose-re-
sponse characteristics for the U- and 16-MV x-ray and for the 6- and 20-MeV
electron irradiations have been performed only at doses, < 200 Gy, because of
a "low" dose rate, 80 Gy s~!, of the radiation therapy linear accelerators at
the University Hospital at Herlev. The radiation sensitivity, however, of
alanine for these radiations is the same as the one obtained with *°Co

Y-rays. These radiations all fully penetrate the alanine sample.

The parallel displacement of the curves relative to the curves for ®°Co
Y-rays or fast electrons reflects the relative effectiveness, RE, of the dif-

ferent radiation qualities. As the saturation ESR-signals are changing with
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the radiation quality, only the linear part of the iog-log plot curves should
be used. The slope of the curves is exactiy 45° Indicating linearity at dcses
below D,, and that alanine mimic an ideal one~hit detector with regard to the
shape of the dose-response curve. Experimentally obtained values of RE are
shown in Table V together with theoretical values calculated from track
structure tneory as described in section 2. The power—law range-energy rela-

tion for the secondary electrons has been used in the calculations.

The 0.2 cm thick alanine pill is a thick detector which, except for the 16-
MeV protons, completely stops the investigated heavy charged particles. The
penetration depth of the 80-MeV **S ions is 4-10-° m, i.e. only a small frac-
tion of the alanine pill is irradiated. The measured RE is an average of a
whole spectrum of RE-values generated as the particle slows down in the me-
dium. The calculated RE must be an average as well, and is obtained by divid-
ing the range of the particle in a number of segments and for each segment to
determine average values. As the particles are completely stopped in the
detector and the calculations of RE around the Bragg-peak are uncertain, a
relatively big divergency between measured and calculated RE-values is an-

ticipated.

The relative effectiveness of the investigated particles in alanine has been
calculated as a function of a,, the size of the sensitive element, in the
range from 10~'° to 10”7 m and with D,, = 1.05-10° Gy (Fig. 36). By comparing
the results with measured values it is found that a, = 3-10"* m is an appro-
priate size which then is used for the results shown in Table V. In the cal-
culations the calibration curves for *°Co Y-rays and 10 MeV electrons have

been used giving a characteristic D,,~dose of 1.05+10° Gy.

7. DISCUSSION

7.1 Radial dose distribution and effective charge

The power-law range—energy relation of low-energy electrons (eq. Al-4) leads
to a radial dose distribution (eq. 2-15) around the ion's path in reasonable
agreement with published data56,57,77,78),



-53-

The radial dose distributions calculated from eq. 2-15 are compared with
experimental data for 0.262 MeV/am. **’I- and 2.8 MeV/amu **0 ions78) in Fig.
7, and for 0.563 MeV/amu ’°Bi- iors77) in Fig. 5 and Table I. The large dis-
crepancy for the 2.b MeV/amu '%0 data is partly due to the experimental data
being approximately 20% too high due to an overestimate of W, the uean ion-
ization energy, as discussed in reference 78. Below 10~° m experimental data
of the iodine and oxygen ions are too low due to lack of electron equilib-
rium, which might also be the case for the bromine ions. It is observed that
the calculated values obtained from eq. 2-15 ox-~illate around the experimen
tally obtained data as do the data for the bromine ions calculated in a con-
tinuous slowing down approximation77), The same observations are made when
comparing calculated data from eq. 2-15 with data found in reference 56, see
Table il. The disagreement below iG-' m, which corresponds to an electron
energy of 50 eV, may as well be due to a possible underestimate of the range
in eq. A1-4 and to uncertainty in the Bethe energy distribvtion formula, eq.
A1-3, at low energies60-64)  These discrepancies, however, at low electron
energies have a limited influence on the calculation of RE, because of the
splitting of the dose to the central core and the dose to the track as de-
scribed in section 2.7, and because the contribution to dose in the track

from electrons of lowest energy is small.

The radial dose distribution formula 2-15 includes the effective charge of
the incident 1ion, which as well 1is used in the published experimen-
tal57,77,78) and theoretical56-58,77) data. The referenced experimental data
make use of an effective charge based on a formula of Nikolaev et al.i¥)
which for bromine, iodine, and oxygen ions yields an effective charge of
14.7, 16.1, and 7.03 compared to an effective charge from ZiegleriS), eq.
2-10, of 9.8, 8.8, and 7.1, respectively. Calculated data in references 56
and 58 make use of an effective charge of BarkaslY0), which yields 10.2, 8.8,
and 7.2, respectively. A comparison of the effe-*ive charge calculated from

different formulas is shown in Fig. 3.

The uncertainty about the effective charge of the heavy ion is the major
cause of divergencies when comparing results of, e.g., the stopping power and
dose deposition of ejected §-rays. The usual assumption in the formulas of
effective charge is that the prcbability of attachment of an electron to an
ion is a function of the ion velocity relative to the orbital velocity of the
electron when bound to the ion3%9). The expressions for effective charge in

references 40-U4 are based on this assumption.
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Despite the frequent application the procedure of using the effective charge
is rather problematic!!7), since there are several effective charges to be
discriminated in this context, e.g. effective charge for stopping power cal-
culations, charge distribution after nassage of the ion through a medium, and
effective charge for emission of secondary electrons. The effective charge of
an ion is not necessarily a parameter basea on a sound physical background,
but rather a parameter fitted to describe differences in the interaction
between different ions and media for the same ion velocity. The effective
charge as defined by Ziegleri5) is based upon a fit of a numerous number of
experimental stopping power data to a general formula describing the stopping
power of an ion by means of an expression for the effective charge and the
proton stopping power data. At ion energies, however, above approximately 1
MeV/amu 2q. 2-10 can be rewritten into a term similar to that referenced in
40 and 41.

The empirical expression, eq. 2-10, has been used in this work because of
being a versatile description of effective charge independent of the kind of
ion and stcpping medium. a-particles ard lithium ions form an exception. The
expression, however, has been developed in order t-» describe stopping power
of a penetrating 1on and may not necessarily describe accurately the effec-
tive charge to %e used in the expression for dose deposition from &-rays

ejected by the ion.

The good agreement between calculated and experimental dose distributions
indicates that the various approximations involved fn calculations in this
work have only a minor effect. The angular distribution has been observed6l-
-64) to be nearly isotropic for low-energy é-rays, while higher-energy &é-rays
are ejected preferentially in the forward direction. This observation is
equivalent to an increase in dose close to the ion's path relative to the
calculations. For the very low-energy (< 50 eV) &§-rays the chemical composi-
tion of the target material plays a role in the ability to stop and scatter
the é-rays. This is why a theory describing energy distribution in a pure
material will be inaccurate in any event. This uncertainty, however, in en-
ergy distribution of these very low-energy electrons has only a small impact
on the dose distribution. An underestimate of the range of low-energy &§-rays
implies a too high calculated dose close to the track. The reasonable agree-
ment between the calculated dose distribution in this work and published
experimental data indicates that these effects mentioned here taken together

to a certain extent cancel each other.
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7.2 Dose-response of the dye fiim

The experimental results in Fig. 26 show that the dye film is not an ideal
detector with a dose-response characteristic in accordance with eq. 2-<. The
response is slightly sublinear and does not have a constant saturation level
for the different investigated radiation gualities. This may be due to sev-
eral factors. It has been observed118) that saturation occurs long before all
the latent event sites in a medium have been converted into free radicals,
e.g. coloured state of the dye molecules. The concentration of leucocyanide
molecules in the film is 1.1-10%* &2, which corresponds to an average dis-
tance between these molecules of approximately 2.5-10"* m when the molecules
are considered as sgheres. The distance between coloured dye mnlecules at
saturation dose is approximately 4.5-10-® m because the measured saturation
optical density is only 20% of the theoretically achievable value. This means
that the coloured dye molecules are not statilized closer together than about
4.5¢10°* m in the film material. Radicals trapped in organic solids are re-
ported119) to stabilize not closer together than approximately 10~* =, which
is very close to our findings. Thus, it might seem that saturation in the dye
film arises by the interaction of dye molecules that are closer to each other
+han a certain minimum distance, and furtheraore, any interaction between
nearest neighbours would be expected to be inlependent of the type of radia-
tion. Considering Fig. 12, showing the light absorption spectra of the film
irracdiated to about the same level of coloration by Y-rays, UV-light, and 3
MeV protons, it is found that different radiations lead to the same shape of
the spectrum and as such to the production of the same radical species. As
the dose-response characteristics for the different radiations show the same
shape as well, it would seem probable that the same wmechanism of saturation
would be present. Figure 26 shows, however, large differences in the level of
saturation optical density, which then could be explained b’ dose-rate ef-
fects,

The content of leuco cyanide in the film is approximately 10% by weight (in-
formation from manufacturer). With an extinction coefficient of approaimately
107 2 mol-!m~' 85,120) a theoretical saturation optical density at the wave-
length of 604 nm is calculated to have an OD ~ 120 for a S50 um thick film.
Such a high optical density cannot be measured at any spectrophotometer. From
measurements, however, of the 5 um thick fi{lm at 604 nm, Fig. 29, a satura-
tion optical density of 2.25 is obtained, which for a 50 uym thick film corre-
sponds to an OD = 22.5. This is a factor of approximateiy 5 below the theo~
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retical value, corresponding to that only 20% of the leucocyanide molecules
are converted into the coloured dye at saturation. At a 10% content by weight
the concentration of leucocyanide molecules is 11023 molecules/kg if they
are homogeneously distributed in the film. With an estimated average energy
deposition per event, event size, of 60 eV121), the number of event sites per
kg of film is 2.1-10%% at a saturation dose of 2 MGy. This consideration
leads to that all existing leucocyanide molecules experience 2 hits in aver-
age if all the energy is absorbed by the leucocyanide molecules and, that the
maximum obtainable optical density theoretically should be achieved. If the
energy is homogeneously distributed on both leucocyanide and nylon molecules,
calculations show that only 20% of the existing leucocyanide molecules are
hit once at a dose of 2 MGy. If this is the case, no saturation in dye forma-

tion would be observed in the investigated dose range.

The chemical reactions leading to the final dye formation have not yet been
established in detail. It has been shown, however, in section 3.1 that the
reaction leading to the dye formation takes place in two steps, the latter
being fairly slow!9,93). An intermediate pruduct may react with the primary
radicals and ion3 in an as yet unknown fashion and simultaneous bleaching may
compete slightly with the dye formation. The bleaching may be due to an ef-
fect which anneals the otherwise-formed coloured carbonium ionl'22) presulting
in the sublinearity and bleaching above saturation doses. another possible
explanation for sublinearity and premature saturation is the destruction of
lat.nt colour centers!23-126) and of already-formed colour centers?27,128) py
the radiation. Likewise, the nylon matrix may be seriously deformed at the
high doses employed, and if this deformation takes place at the same time as
irradiation proceeds, the effectiveness of the irradiation may change as

well,

Attempts9”) to accomplish linearity by adding a dose-response curve for
bleaching to the dose-response curve for col»ur formation fail. This is be-
cause the saturation optical density and bleaching as a function of dose are
not constant for different radiation qualities and dose rates (Figs. 26 and
15). A detailed investigation, however, of the mechanisms controlling the dye
formation and bleaching effects is beyond the scope of the present work. Any
of the suggested mechanisms seem to be possible as an explanation for the
premature saturation effeat and -::blinearity at low doses. The rather strong
dose-rate dependency of the saturation optical density may be related to the
relatively low rate constant for the second-order process together with an

annealing effect.
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The difference in saturation optical density can be due to dose-rate eff€ects
at high doses. Previous publications97) and investigations in this work,
section 6.1, have shown the film to be dose-rate independent at low to medium
doses except at very low dose rates, < 1 Gy s-! 96). The dose rate for ®°Co
Y-rays is 14 Gy s~!, but 5-107 Gy s~! for the 10 MeV electrons. The dose rate
for the ions expressed as an average dose rate calculated from absorbed dose
and irradiation time is approximately 10® Gy s~!. Taking the highly inhomoge-
neous dose distribution for high-LET particles into account by considering an
average dose rate _.n microvolumes around the ion path, a more appropriate
dose rate is obtained. A 64 MeV '®0 ion penetrating the film has an effective
average dose rate in the track of approximately 10’ Gy s—!, if the energy is
absorbed within 1 us corresponding to the length cf the linac electron pulse
and the formation time of the primary radicals and radiation induced species.
This dose rate is comparable to that of the 10 MeV electrons. Similar calcu-
lations for the 16 MeV protons give an effective average dose rate of 500 Gy
s~!, which is only an order of magnitude higher than for %°Co Y-rays. These
conside.rations agree with the experimental findings, which show the satura-

tion optical density to be an increasing function of dose rate (Fig. 15).

7.3 Relative effectiveness of high-LET irradiation of the dye film

In the prediction of relative effectiveness the size, a,, of the radiation-
sensitive element must be known as well as the characteristic dose, D,,, for
low-LET radiation and the hittedness of the irradiated medium. Hittedness is
the number of ionizing event:, hits, necessary to activate the radiation
sensitive element. The hittedness, which is a quantized number and for the
idealized dye film equals unity, and the characteristic dose are obtained
frcm the measured dose-response characteristic for low-LET radiation (Fig.
26). The size of the sensitive element, however, is to a certain extent a
fitted parameter, which can be determined only roughly in advance from the
knowledge of D,,. The classical target theory30,129,130) yields a procedure
for determination of the inactivation cross section of biological molecules.
The values obtained are in general consistent with those found by means of
physico-chemical methods131,132) and the procedure may be an approach for
estimating the sensitive site size of smaller organic molecules. If it is
assumed that the radiation-induced events are deposited randomly in the me-
dium, and that the elements are considered spherical in shape, the volume of
the sensitive element can roughly be calculated from the measured character-
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istic dose. Having an event size of 60 eV, 1 Gy yields 6.24+10'*/60 hits per
kg material. 6.24-10'* eV/kg is a conversion constant (the reciprocal of the
elementary charge). At the characteristic dose, D,,, all elements have expe-
rienced one hit on the average. This is why 1 kg of material contains
6.24-10'%-D,,/60 elements being hit once. The radius, a,, of the sensitive
element is then equal to (3:60/(6.24+10'*<U4npD,,))'/* m. Taking D,, = 3.3-10%
Gy a radius of 1.8410"% m is obtained for the sensitive element in the dye
film, compared to an optimal value of 1.3<10"° m obtained from a parameter
study of the theoretical model (see section 6.1, Fig. 28, and Table VI). a, =
1.3-10"® m is of course bzsed upon a subsequent rationalization, and a
rounded-off value of 10-? m has been used for the calculated results. The
size of the sensitive element derived through this procedure from target
theory points to an approximate value of a,, which can be used in a prelimi-
nary prediction of the effectiveness for a given kird .~ particle radia‘ion

in a material for which the low-LET dose-response is known.

The relative effectiveness strongly depends on the average dose deposited in
sensitive elements close to the ion's path. While the point-target dose dis-
tribution mainly depends on the charge and velocity of the penetrating ion,
the extended target dose distribution further derends on the size of the
sensitive element in the medium and varies inversely with the square of the
radius a,. When a, increases an increasing amount of dose from a high-LET
particle is deposited at a level below saturation, i.e. below the character-
istic D,,-dose for Y-rays, with a subsequent increase in total cross section

for activation and relative effectiveness.

Taking D,, = 3.3.10® Gy and a, = 10-? m, theory and experiment agree within
experimental uncertainty (Table V), which is remarkable when taking the wide
range in LET into account. Considering, however, the relative effectiveness
as a function of either initial or average LET as shown in Table VII, no
monotonic decrease in RE is found with increasing LET. Similar results have
been observed by other investigators5,9,133,134), The 64 MeV '¢0 ions have
both higher initial and average LET than the U2 MeV !"N ions, and also a
higher RE. This may be explained by reference to the curves in Fig. 38. In
the case of 42 MeV '“N ions the Bragg-peak lies within the 55 um thick dye
film, and since z2/8? increases smoothly through the Bragg-peak, whereas LET
starts to decrease, the nominal value of average z2/82 in the film will be
much higher than the nominal value of average LET. With 64 MeV '®0 ions the
Bragg-peak is not reached in the 55 um thick dye film (see Fig. 31) and LET
and z?/B? increases continuously during passage of the film,
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That RE also depends on 8 9) is illustrated by curves 1 and 2 in Fig. 39,
where two ions, a 42 MeV '“N ion and a 0.66 MeV a-particle, with the same
average 2z2/g% = 6630, bHut with different average relative velocity, 8 =
8.02+10-? and 1.85¢10~2 have a calculated RE of 0.39 and 0.20, respectively.

When the ion slows down, the range of the é-rays decreases, and relatively
mcre energy is deposited in a region of saturation close to the ion's path
with a resulting decrease in RE. Thin films irradiated in stacks (Figs. 30-
33) give experimental evidence for this explanation. At energies, however,
below 1.5 MeV/amu, Fig. 34 shows that the calculated RE deviates considerably

from that obtained experimentally.

Variations of the two parameters D,, and a, are unable to reconcile the cal-
culations with the experimental data. Calculated RE at low ion energies
(< 1.5 MeV/amu) cannot be decreased by choosing appropriate values of D,, and
a, without decreasing RE at higher ion energies, where theory and experiments

are in very good agreement.

The discrepancy in the stacked film experiments between the calculated and
measured RE is highest for the 21 MeV ’Li ions compared to the results for
the 64 MeV '®0 ions. This can be due tc the use of too high a D,, value for
the lithium ions. As shown in section 6.1 the dye film is dose-rate dependent
at saturation doses, which causes that a lower value of D,, = 2.2¢10° Gy
should be used in calculating RE for the lithium ions. Hence D,, is consid-
ered as a fitted parameter not related to the radiation sensitivity of the
detector at low doses. A decrease in D,, yields a decrease in calculated RE
as well over the whole range of LET, but the overall agreement between theory
and experimenﬁ will be improved only slightly.

Considering tﬁe calculated radial dose distributions in Figs. 5, 6, and 7 it
is observed that compared to experimental data calculations underectimate
doses at disténces close to the ion's path, When t*e ion slows down, the en-
ergy and range of the &-rays decrease and relatively more energy is depos.ted
very close tojthe ion's path in regions of saturation doses. By underestimai-
ing the dose 'in sacturation regions the RE gets overestimated, which might be
an explanatioﬁ for the discrepancy between calculated and experimental RE at
low ion ener#y. Figure 39 explains clearly what happens to the radial dose

distribution when the ion slows down.
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The good agreement between the calculated and measured range of the ions
implies that no large errors are present in the stopping power calculations
though the bBragg additivity rule is used for the determination in a compound
material. Above 200 keV/amu the stopping power of the individual material
components is stated to be accurate to within 5%45). A larger uncertainty
below 200 keV/amu wiil have little influence on the total range, but will
have a large effect on the calculated and experimental RE values. A shift in
position of 1 ym for a 5 uym film placed with the center corresponding to 180
keV/amu of a ’Li ion will change the calculated RE by 20%. Such a shift may
be introduced both by the stopping power calculations and by measurements of

the film thicknesses.

Another reason for deviations between theory and experiment at low energies
of the heavy charged particles is believed to be due to the assumption in the
theory that the response of the detector to the §-ray spectrum is equivalent
to the response from the slowing-down spectrum of high-energy electrons from
low-LET radiations of either fast electrons or ®°Co Y-rays. Ettinger29) re-
ported an RE of 0.88 and:0.92 for *H- and '“C 8-rays in sucrose compared to
$°Co Y-rays, while the low energy Auger electrons from the '2%*I isotope had
an even lower RE of 0.66.:At low energies W increases72), which will lead to
a decrease in effectiveness for a detector more sensitive to ionizations than

to excitations.

These explanations for di#crepancies between measured and calculated RE-val-
ues are not unambiguous and cannot be considered to be valid for detectors in
general. This has been pr@ved through the results with heavy charged parti-
cles completely stopped in alanine, where good agreement between experiments
and theory is achieved. fhe discrepancies 1n the dye film results are very
difficult to explain, but may be ascribed to the general deviations of the

dye film parameters from those of the ideal one-hit detector.

D,, expresses the radiaﬂion sensitivity of a detector and in the the-
ory7-12,30) is related to 'the response at saturation dose for low-LET radia-
tion. When the response aﬂ saturation is dose-rate dependent, D,, appears to
be dose-rate dependent as'well. By expanding the Poisson distribution func-
tion (eq. 2-1) in a Tayloﬁ series, P will be equal to BVD,, at low doses in-
dicating that D,, is related to the average energy required to create a dye
molecule. Since *°Co Y-raﬁs and 10 MeV electrons have the same effectiveness
at low doses D,, must be 'the same for the two radiation qualities, and the

apparent difference in D,, is only due to dose-rate effects of the maximum
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optical density. At present, however, the theory cannot compensate for dose-
rate effects, and the D,,-value should be chosen from a low-LET radiation
‘ith a dose rate ccorrespending to that of the investigated radiation quality.
This reasoning indicates that the D;.,-value for the 10 MeV electrons is the
most appropriate, and the agreement between calculations and experiments is
then very good indeed, within -6.2% and +14.3%. These arguments invoked for
the D,,~value also suggest that the initial slope of the dose-response char-
acteristics (Fig. 27) should be used when determining the experimental values
of RE.

7.4 Dose-response of alanine

The experimental results in Fig. 35 show that alanine may be considered as an
ideal one-hit detector with respect to the shape of the dose-response func-
tion, which appears to be pure exponential in accordance with eq. 2-2. The
absence of sublinearity in dose-response, as is seen for the dye film, may be
explained by an apparent first-order process of radical production and the
high long-time stability of these radicals. Fast formation of radicals in
alanine, e.g. investigated by means of a pulsed-radiolysis technique, has so
far not been investigated to the author's knowledge, but in the time frame of
minutes after irradiation no change in radical concentration has been ob-
served. The destruction or annealing, if present, of the already formed radi-
cals at low- and medium-range doses must be negligible compared to the pro-
duction of radicals. No dose-rate dependency is observed for low- and medium-
range doses for dose rates between 14 and 5107 Gy s~! in accordance with

previous investigations83,84,103-106) at lower dose rates.

The flattening-off of the response at high doses may be explained by the same
mechanisms as discussed in section 7.2126), The saturation level may corre-
spond to the net production of only one radical per 102 to 10® moleculesl26),
depending on the particular solid material being investigated., As for the dye
film, however, a change in the saturation level for alanine is observed for
different radiation qualities. It is found that the saturation level is
slightly higher for the 10 MeV electrons having a dose rate of 5+107 Gy s—!
than for the ®°Co Y-rays having a dose rate of 14 Gy s~!, This difference is
ascribed to an observed fading of the response at saturation doses, leading
to a relatively smaller Saturation response for irradiation with a low dose
rate. At saturation doses the level of response will be inversely propor-

tional to the weight of irradiated alanine, and hence dependent on the pene-
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tration depth and stopping power of the ions. Uncertainties in calculated
penetration depths and corrections for fading strongly influence the experi-
mental values of response at saturation doses. This may be responsible for
discrepancies in the general tendency of decreasing saturation level with
increasing atomic number and/or average LET of the heavy charged particles,
which corresponds to an increase in dose rate in the track of the heavy ion.
Decreasing saturation level with increasing LET of the penetrating ion con-
tradicts the observations made for the dye film. However, due to differences
in the kinetics of radical formation in the dye film and alanine, there may
as well be differences in how the final radical concentration is achieved for

various dose rates.

Quantitative measurements of the unpaired electrons by calibration with a
known amount of DPPH (2.2-diphenyl-1-picrylhydrazyl) may possibly be able to
explain some of the differences observed at saturation doses. The first de-
rivative of the ESR absorption spectra obtained at low- and saturation doses
for the same radiation quality shows differences (Fig. 25). Similar phenomena
have also been reported by other investigatorsl07). A comparison, however,
between spectra obtained at saturation doses for different ragiation quali-
ties does not reveal changes which could be responsible for these observa-

tions.

7.5 Relative effectiveness of high—LET irradiation of alanine

In the prediction of relative effectiveness the size, a,, of the radiation-
sensitive eiement must be known as well as the characteristic dose, D,,, for
low-LET radiation and the hittedness of the irradiated medium. The hitted-
ness, which for alanine equals unity, and the characteristic dose are ob-
tained from the measured dose-response characteristic for low-LET radiation,
Fig. 35. The ..ze of the sensitive element is founa by means of the same
procedures as outlined for the dye film in section 7.3. By taking D,, =
1.05+10°% Gy an estimated radius of a, equals 2.6+10-? m, which should be com-
pared to an optimal value of 3-10-°> m obtained from a parametric study of the
theoretical model (see section 6.3, Fig. 36, and Table V). The size of the
sensitive elements derived through the procedure from target theory yields an
approximate value which can be used in preliminary predictions of the rela-
tive effectiveness. The physical consequences of varying a, are outlined and

discussed in section 7.3.
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The results in Table V shcow good agreement between calculations and experi-
ments. For D,, = 1.05+10% Gy and a, = 3-10~® m theory and experiment agree
within the experimental uncertainty, even ror the 80 MeV >3 ions naving an
average LET of 20200 MeVem?/g, which is four orders of magritude higher than
LET for the electrons. The divergence between calculated and experimental
data is numerically smaller for alanine than for the dye film, which is also
reflected in the experimental uncertainty expressed at a 95% confidence
level being 12.4 and 10.5 for film and alanine, respectively. The better
agreement between experiments and calculations is surprising when taking into
account that all but the 16-MeV protons are stopped in the alanine, which
means that the Bragg-peak of the stopping particle is within the detector
except for the 16-MeV protons. This contradicts the results from the stacked
film experiments. Similar experiments with alanine are much more difficult to

perform; their results, however, would be very interesting.

Previous Investigations83) with U4 MeV a-particles in alanine have shown a
decreasing RE with dose. The reference radiation was “°Co Y-rays. This corre-
sponds to non-parallel dose-response characteristics of the low- and high-LET
radiations, and may lead to a lower response at saturation for the 4 MeV
a-particles compared to the *°Co Y-rays in agreement with the observations in
this wcrk. The measured RE-values were 0.50, 0.46, 0.47, and 0.39 with in-
creasing dose compared to our calculated value of 0.U45 for a sensitive ele-
ment size of 3-10-* m, and determined at a low dose. The D,,-value was
found83) to be 11.2-10" Gy compared to our value of 1.05-10° Gy. This ex-
plains the di“ference in measured and calculated RE, 0.50 and 0.45, respec-
tively. The difference in the D,, dose for *°Co Y-rays cannot be explained at
present. Other investigators36,135) have published a D,,-dose for *°Co Y-rays
of 7.5-10" Gy.

A comparison between experimentally obtained RE-values and values calculated
by Katz for 650 MeV a-particles stopped in alanine83) shows calculated values
that are too small (-15%), especially in track segments penetrated by parti-
cles of high energy. In these calculations a sensitive element size of a, =
1.1-10-®* m was used, which is one-third of the value obtained in this work
giving too low RE-values as RE increases with a,. In the theoretical data of
Katz too big ranges of the generated d-rays are used which leads to too high
doses in the calculation of radial dose distributioni48), This as well con-
tributes to too small ralues of RE. The experiments with 650 MeV a-particles
also revealed that the effectiveness did not differ significantly from unity,

until the LET was above approximately 50 MeVom2g-!, The average LET of the
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16-MeV protons used in this work is 38 MeVem?g~!, and experimentally no de-

viation in relative effectiveness from unity is observed.

F-om knowledge of the spectrum of secondary charged particles from neutron
irradiation of alanine, the relative effectiveness has been calculated by
Katz over a broad spectrum (2-14 MeV) in primary neutron energy and compared
with experimental results83). The maximum deviation was approximately 15%.
The relative radiation sensitivity of alanine irradiated with neutrons is
rather high and varies slowly with energy from 0.5 to 0.74 in the energy

range of 2-14 MeV. This makes alanine a useful detector in neutron dosimetry.

8. CONCLUDING REMARKS

The theoretical considerations outlined in the first sections of this work
aim to describe by means of a model in quantitative terms the physical phe-
nomena and the consequent effects associated with the radiation action. Based
on definitions and experimental dose-effect relations the track structure
theory attempts the understanding and prediction of the primary physical
events leading to physico-chemical reactions, which are the end points for
the action of the different ionizing radiation qualities. While the theory
focuses on the description of the physical events for the determination of
effects, the physico-chemical reactions are considered as qualitative events,
"black-boxes". The internal mechanisms of these events are considered to be
affected from influences of nothing but average absorbed dose in the volume
of the sensitive element and the number of hits or targets (in biological
systems). Experiments make it evident, however, that the mechanisms in media
due to the radiation action are not fully described by mathematical models
based on radiation physics, probability functions, ard approacnes from clas-
sical target theory. Numerous effects such as kinetics of radical formation,
radical-radical interactions, annealing effects, radiation-induced destruc-
tion of latent event sites, and the influence from the rate of energy deposi-
tion also account for the measured dose-effect relation. Unfortunately, there
is a significant lack of information describing the virtual mechanisms to be
incorporated into a model, which details and predicts the final effect pre-

cisely for a given dose of ionizing radiation.
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The subject of this work is to investigate a theoretical model, which on the
basis of experimental knowledge from low-LET irradiation of a medium predicts
the dose-effect curves for the medium irradiated with high-LET particles.
This theory of track structure, however, does not attempt to identify the
particular interactions that are reflected in the processes, neither does it
specify the nature of the sensitive element, though the size of the element
is an important parameter for the model. In spite of these shortcomings the
experimental and theoretical results show that remarkable good results can be
obtained with a model that separates physical stochastics from radiation-
induced physico-chemical events in a mathematical treatment by incorporation
o a few experimentally obtained data for the particular medium under inves-

tigation.

The success of the model of track structure is without doubt due to the con-
ception of the distribution of the imparted energy. This profound sound
physical reasoning about the equality of slowing-down spectra from electrons
has created a model, which reduces the action of single heavy charged parti-
cles to a response function for electrons and photons. The reasoning seems to
be valid as long as relatively fast electrons, energetic enough for the bind-
ing energies of the molecular electrons to be of minor importance, penetrate
into a homogeneous cloud of free electrons, where only the number per unit
volume is of major importance. When changing the radiation quality, e.g. into
different heavy charged particles, it is, roughly speaking, only the distri-
bution of ionization energy which is changed and consequently the physical
stochastics as well., This is possibly the reason why this theoretical ap-
proach to determination of relative effectiveness in some way can be treated

as independent of the physico-chemical interactions.

From experiments, however, with dye film and alanine reported in this work,
it is shown that as long as the mean dose to the medium is kept in the linear
region of the response and the specific energy of the heavy ion is above 2
MeV/amu, the medium acts upon irradiation fully in accordance with the theo-
retical considerations. But at marginal high doses discrepancies appear and
uncontrolled physico-chemical processes intervene for which the theoretical
model is unable to describe in its current presentation. The change in satu-
ration level, presumably due to a dose-rate effect, in fact implies a change
of D,, as well, This highly contradicts the conception of D,, as being an
expression for the radiation sensitivity of a medium. Thus, the irrefutable
concept in track structure theory of using a universal characteristic dose,

D,,, obtained from a fortuitous low-LET irradiation, shows itself to pe un-
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tenable!36). The various events, which lead to the final radiation effect in
a medium, is influenced by a number of factors, e.g. dose-rate effects, radi-
cal-radical interactions, structural changes in the matrix, and annealing.
These factors are for the ideal one-hit detector considered negligible. A
thorough conception of chemical reaction mechanisms, e.g. a G-value (number
of radicals formed per 100 eV imparted energy) could replace the D,, concept
with advantage. The observations made in this work for the dye film and ala-
nine of increasing respectively decreasing saturation level with excitaticn
and ionization density has also been found by other investigators107) and

emphasize the inadequacy of the D,, concept.

It has been shown that good agreement is to be expected mainly at ion veloci-
ties well above velocities in the Bragg-peak, i.e. at velocities where the
electron slowing-down spectrum is relatively independent of the primary &§-ray
energy. At lower ion velocities, however, the electron slowing-down spectrum
depends on the primary é-ray energy, and the consequence for the dye film is
too high RE-values. Recent investigations29) concerning measurements of ra-
diation effects in glutamine and mannose have revealed a decreased effective-
ness of very low-energy (< 1 keV) electrons compared to fast eliectrons, which
contradict conclusions of earlier findingsZu) of independency of the initial
energy of the primary electron and the slowing-down spectrum and number of
events per unit energy deposited in water. Other investigations27,28) nhave
shown a decreased effectiveness for ultra-soft x-rays compared to hard x-rays
in dicentric chromosome aberrations of lymphocytes, while an increased effec-
tiveness has been observed for ultra-soft x-rays in cell killing and induced

mutations in hamster cells.

These latter observations as well lead to the conviction that it cannot be
assumed a priori that there is a unique relation between the absorbed dose
from uniform low-LET radiations in general and of the probability of occur-
rence of the final effect. This means that the folding of the probability
function P(z,B,t,a,,D) into the radial dose-distribution calculations does
not necessarily mimic correctly the distribution of effect. An ideal situa-
tion is achieved when the spectrum of the ion-generated é-rays and the asso-
ciated impartation of dose at any position and dose rate is matched by a
spectrum of effect obtained for the medium irradiated with elect:ons with the
same spectra in identical volumes. These relationships could be obtained
through a careful combination of experiments and calculations. Kalef-Ezra et
al.5) present a modified track structure theory approach tco the calculation

of relative thermoluminescent response to heavy charged particle irradiation.
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In this approach the detector response 1s not only related to the inhomoge-
neous dose distribution from the secondary electrons, but also includes the
properties of these electrons by using carefuily seiected ilow-energy electron
spectra as test radiation fields. The electron spectrum is matched as close
as possible to the initial energy spectrum of the electrons ejected during
the slowing-down of the heavy charged particle. The spectrum in dose-response
of the lnw-energy electrcns absorbed in the particular mecium is subsequently
folded into a calculated point target dcse distribution around the ion's
path. The relative effectiveness is expressed by the ratio of the respons=s
from heavy charged particles to that of low-LET radiation for the same dose.
The introduction of test radiation fields has made the concept of the charac-
teristic D,, dose redundant as well as avoiding the use of a sensitive ele-
ment size. This modified theory shws good agreement with experimental re-
sults in predicting relative effectiveness also in regions of the Bragg-peak
of the heavy charged particle. In order, however, to establish such a proce-
dure to be incorporatad into the model of track structure theory, exhaustive
experimental work is necessary, and obviously the ideal situation is virtu-

ally impossible to achieve.

In spite of these different variations in radiation effectiveness and the
discrepancy at lower ion energies observed in this work, the track structure
theory can, by adjusting parameters obtained from experiments, be made to fit
radiobiological, experimental data obtained in the Bragg-peak region for
kidney cells hypoxic irradiated with carbon and neon ions!37). This adjust-
ment, however, of parameters is based on a sSubsequent rationalization and the

final result cannot be considered to be a real prediction.

Though the track structure theory is a rather crude model making use of ap—
proximations and estimates, the final result of relative radiation effective-
ness is rather sensitive to parameters as, e.g., Sensitive element size and
the probability distribution function. The sensitive element size in theory
roughly corresponds to the size of the molecule being the target for radia-
tion. But a change in a, by less than an order of magnitude causes RE to
become unrealistic. On the other hand, an estimate of the sensitive element
size by means of gereral target theory yields data in good agreement with ex-
perimental results. However, fitting of a, may be less sensitive for small
element sizes of physico-chemical systems than for large element sizes of
more complex biological cell systems. Incorporating the sublinear probability
function for the dye film by means of the suggested exponent in eq. 6-1,

which makes the function mimic experiments, results in comprehensive devia-
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tions of the relative effectiveness from measured values. The latter really
contradicts the intentions put into the conceptual basis for the convolution
of an experimentally obtained probability function irtc the calculated inho-
mogeneous dose distribution.

These reflections, in fact, about the apparent arbitrary choice of certain
parameters of paramount importance for the results, make the entire theory
look rather formal and the results large’y based on a fortuitous cancellation
of a number of independent errors. It is impossible, on the other hand, from
a theoretical point of view to dismiss a theory based on sound thinking of
physical mechanisms and which is in good accordance with experiments. At this
point it is important to emphasize that the basic theory at present is para-
mount to any other model attempting to predict the radiation effectiveness
for heavy charged particles both for physico-chemical media as for biological
systeas. In ~usmary it can be stated that the track structure theory provides
a model, which over an enormous range of LET (four decades) predicts the
dose-response curves for fast (> 2 MeV/amu initial energy) monoenergetic ions
in thin targets and to a lesser extent predicts them for thick targets and

for slow ions (< 1 MeV/amu).

Apart from imp.ications of the track structure theory to the general under-
standing of radiation effects from heavy charged particles, an obvious conm
tinuation in th2 future work with the theory should include physical media
showing supralinearity in the low-LET dose-response characteristic, thus
being characterized as multi-hit detectors. Thermoluminescen!. dose meters
show supralinearity at certain glow peaks, and from previous studies5) it
appears that the track structure theory is applicable in calculation of ther—
moluminescent properties included by heavy charged particles.

The usage of the track structure theory in thermoluminescence dosimetry will
preferably take place in health physics!38) and radiation therapy?39) work,
for which neutrons, high-energy protons and a-particles, and fission frag-
ments are common radiation qualities. Calculated predictions of dose-response
relationships for heavy charged particles by means of track structure theory
are much less time consuming than direct experimental measurements. The the-
ory will have a tremendous imp-ct on personal radiation dosimetry and on
mixed field dosimetry for which a given response of a dose meter should be
interpreted in terms of dose.
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APPENDIX A.

Calculation of the radial dose distribution

To calculate “he dose deposited by energetic secondary electrons ejected by
the penetrating heavy charge particle in interactions with the atomic elec-
trons of the medium, the theory of Bethe55:79) is used. Considerations are
restricted to é6-rays, i.c. electrons ejected with an energy which is large
compared with the ionization potential. The binding energy of the electrons
is neglected and thes interactions between the heavy charged particle and
these free atomic electrons are described by simple Rutherford scattering
formalism. Ccrtain additional approximations and simplifications are used as

described in section 2.7. The energy of the §-rays is described by
w = 2mc?p?(1-g?) " 'cos?o A1-1

where © in the laboratory system is the angle with the incident direction for
ejection of an electron. The differential cross section for an electron that
lies between angle 0 and O + d@ is given by

_ 2me“z? sing
%8 * Tmey?g* * Tos’o ¢ A1-2

where z and B are the effective charge and velocity of the heavy charged

particle relative to that of light.

Equation A1-1 shows that electrons of the highest energy are preferentially
ejected in the forward direction, while those of lowest energy are emitted
perpendicular to the ion's path., Equation A1-2 shows that the majority of
electrons are ejected at augles above 45°, It turns out, however, that the
theory describes the experimental observations to a good approximation as

discussed in section 2.7.

The cross section for ejection of an electron with energy between w and n +
dw Is given by

o = 2re” z?  dw

w mc? ~ B? " W
anua the number of electrons ejected per unit path length of the moving heavy

charged particle is the cross section o, mul.iplied by the numbar N of elec-



- 85 -

trons per unit volume of the stopping medium

_ 2me* z? duw z? du )
dn-N'0m=N'—ﬁEz—?F=C?-‘? A1-3

As d=scribed in section 2.7 a fitted power-law range-energy relation is used

for the 6~rays and which has the form
a 1 -13 1,67
r = kew = 3-5.2-10 w'- [m] Al-U
where p is the density of the medium and w is the electron energy in eV.

From this formula “he stopping power of the ejected §-rays is derived as
follows: An electron with an initial energy w, and corresponding range r will
have a residual energy wp-y given by

rt.a”' _ rat o tiaT? - k!
wp-t = (—— = () (1= =) = wp (1= 2)

after travelling the dis-ance t. The differentiai quotient gives the stopping

power at the distance t

dwy,= 1 =1 -
e b - BT

The total energy, E(z,B,t), deposited by the ejected §-rays, in the interval
between t and t + dt from the icn's path, is the product of the number of
§-rays and their respective stoppinr power integrated over all energies. This
leads to

“max dn dup-

2
E(Zlﬁgt) = J a;—wxd%r‘dt dw = ~C %2
wt wt

1 (1__;)(a" -1)

wmax 1 1
I - dw A1-6
wp T

1
a

By substituting the é-ray energy by the corresponding range the integration
ylelds the follcwing expression for the total energy, E(z,8,t), deposited by

the §-rays:
2 >
E(z,8,t) = C £, j;lt dat (1- = )¢ A1-7

and the dose D(z,B,t) deposited in a eylindrical shell of area 2nt dt and of
unit length (see Fig. ) around the ion path then has the form of

11 t a
) = = -_— - -
D(z,B3,t) =t oy 3 T2 (1 Tﬁax) A1-8
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The maximum range tps, of the s-rays is obtained from eqs. A1-1 and A1-4 for
cos@ = 1. C = 2.46+107'? ng p/M, joule m~' where “e: p, and My is the aver-
age number of electrors per molecule, mass density, and molecular weight of
the medium, respectively. The effective charge, z, of the heavy charged par-
ticle is obtained from egs. 2-7 to 2-10 in section 2.5. By inserting the dis-
tance, t, travelled by the §-rays in metre, eq. A1-8 expresses the point

target dose in Gy.

In the extended target calculation the dose Ekz.ﬁ,t,ao) to the sensitive
element is calculated as the average dose deposited in a cylinder of unit
length, the axis of which is parallel to the ion path and has the radius a,.
The extended target formulation is derived from simple trigonometric consid-
erations as shown in Fig. 9. The area dA is found from the arc length 2¢
multiplied by the infinitesim."' shell thickness dt, thus

dA = 2¢t dt
From trigonometry ¢ can be expressed as

2 A a 2-(t -t)l
¢ = rctg v T%__ETQ—_—’ for (t,+t) > a,

otl) A,

o = for (to+t) < a,

The inequality (t,*t) < a, in eq. A1-9 arises only for extended target dose

calculations within the core by means of the integration procedure.

The average dose to the cylinder can now be calculated as

J,t,‘,+a‘,

D(z,8,t,3) = D(z,8,t)20t dt A1-10

to-ao

where A = m 3,2 is the total area of the sensitive element,

By inserting the expression for the point target dose, eq. A1-8, and the

geometry function, eq. A1-¢, into A1-10 the exprecsion for the extended tar-

get dose I3 obtained

— 2 t0+30 -] 3

D(2,8,6,30) = 25, 2, 1 I T W (PR L )
1R T a,2 B 3 J’to"ao [1 'fmax] ctg -(-g;-;ﬂ-!r_—zzfdt At-11

This integration is performed numerically in a computer, and Fig. 10 shows

calculated extended target dose distributions for the ions, a) the subtrac-
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tion procedure which includes excitation energies, and.b) with integration in

the core.

At distances from the ion path greater than 3 a, the extended target dose
approaches that calculated from the point target formula, eq. A1-8, why this

formula is used in the calculation procedure for distances extending 3 a,.

In Appendix 2 is accounted for the calculation procedure and the computer

code in Algol ‘o be run at a Burroughs 7800.
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APPENDIX B.

Computer programs

Trhi~ appendix lists the computer program that is used for calculating the
results reported in this work. The program language is Algol for the
Burroughs 7800 computer at Rise, and the main program "REINT" makes use of
four additional programs taken from the Rise computer library. These library
programs are: "RISOE/ADAPINT/A" and "RISOE/QG/A" for numerical integration
procedures, RISOE/SPLINEVAL/A" for interpolations in data files, and
" (BJERGBAKKE JRISOE/SERVOGORPLOT /A" for plotting of point target- and extended
target dose profiles. Except for the Risg¢ computer library programs all pro-
grams were written in cooperation with Erling Bugge Christensen at the Ac-

celerator Department.

In addition, the main program makes use of a subroutine "ZIEGLERSPLINE",
which includes the stopping power data of Andersen and Zieglerl6) for protons
in hydrogen, carbon, nitrogen, and oxygen versus energy in the interval of 1
keV/amu to 60 MeV/amu, This routine includes the coefficients necessary for

the cubic spline interpolation procedure "RISOE/SPLINEVAL/A".

An independent computer program "ZIECCEN" (Ziegler spline Generation) com-
putes the interpolation coefficients for the specific stopping power-energy
data arrays, and makes use of a Risp computer library program
"RISOE/CUBESPLINE/A" for this computation.

The Algol procedure YRISOE/ADAPINT/A" performs numerical quadrature of a
function f(x) over an interval (A-B) by an adaptive T7-point formula. The pro-
cedure is used by the main program for calculating the extended targeu dose

as a function of distance from the ion's path.

The Algol procedure "RISOE/QG/A" computes the integral function FCT(x),
sumnied over x from A to B, using an n-point gauss-legendre quadrature rule.
The procedure is used by the main program for calculation of the activation

cross sections in the core and track of the ion.

The Algol procedure "RISOE/SPLINEVAL/A" evaluates a cubic interpolation
spline at an arbitrary point., The program is used for calculating an actual

proton stopping power value for a given input energy by means of a third-
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order polyromium.

In order to obtain significant results in media where the ion energy changes
drastically, e.g. in the Bragg-peak region of the slowing down ion, thin
segments of the medium must be used. Therefore, the segmentation is performed
for which a constant fraction of the ion's input energy to a segment is de-
posited in the segment. From this follows still thinner segments as the ion
emerges into the medium. In the situation, however, where the total thickness
of a medium is thin as compared to the range of the ion, a modification is
introduced in the calculation procedure such that the initially calculated

segment thickness never exceeds the total thickness of the medium.

The use of the numerical integration procedures is optimized with respect to

the number of integration intervals in order to cut down on computer time.

The flow diagram below shows the calculation procedure of the main program.

1: Record of input parameters

2: Loop over the segments:

& Calculation of 8, z, and LET.

Calculation . energy l1oss in the segment.

S iiodlaticn of input parameters for the following segment.

If the energy is less than 1 keV/amu go to output.
Calculation of average energy loss in the segment.
Calculation of average B, z, and LET in the segment.

Calculation of otrack, ocore, Etrack, Ecore, and RE in the segment.

Caleulation of otrack, ocores Etracks Ecores LETay, and RE.

3:\®Read-out of output data on screen or printer,

4; Plotting of radial dose profiles if required.
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APPENDIX C.

Derivation of an expression for dose in heavy charged particle experiments.

The absorbed dose in the target samples in heavy charged particle irradia-
tions is obtained through calculations of particle fluence and average elec-
tronic stopping power for the isn in question. Derivation of stopping power
described in section 2.6, and the derivation of measured particle fluence
will be accounted for in this appendix. The experimental set-up for irradia-
tions on the tandem Van de Graaff was described in section 4.3 and schematic-

ally shown in Figs. 21 and 22.

With reference to Fig. 23 the infinitesimal target area dA rotates with a

velocity
vV = wer = 2rrN A3-1

where r is the radius for rotation of the target and N is the number of revo-
lutions per unit time. The target area dA stays in the particle beam in a

time tgp given by

L _ 8 -
YA = ¥ = 7w A3-2

where & is the width of the beam defining slit. The total time for dA in the

beam during an irradiation time t is

L.t
ttot = taaN-t = = A3-3

and the total time for dA to stay in the beam relative to the total time of
irradiation is

ttot 9
¢t " =F A3-4

The particle flux R in the beam is

Qbeam

neesAggst A3=5

where Qpeam 15 the charge in the beam, n the number of charges carried per
particle, e the charge of the electron, and Agy is the opening area of the
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beam defining slits perpendicular to the beam path. Beam divergence is found
to have a negligible influence as the distance between the slits and the

target is small, approximately 1 cm.

The particle flux Nga to the target is the beam particle flux multiplied by
the ratio, eq. A3-4, of the time for the target in the beam and the total

irradiation time

. ftot _ _ Qbeam-p
" neecAggete2nr

A3-6

With a slit opening area Agg = h-% the particle fluence is expressed as

Qbeam
nee*he2ner

o = Rgpet = A3-7

chp is the charge to the Faraday cup that i{s actually measured. Thus, the
ratio between the charge to the cup and charge in the beam must be evaluated.
From Fig. 23 it is seen that 4¢p is the total angle for the clamping signal to
be on for one revolution of the wheel. This simply leads to

i ¢ 1 2n
QCUP * 37 jo Qbeam dw + =7 ju(p Qpeam dw A3-8

where the measured charge from the cup is zero in the interval 0 < w < U¢ and

equals Qpeam in the interval 4 < Qpeam € 27. This leads to

2n
1 1
Qecup = I IN¢ Qpeam dw = =r Qbeam (2n-U4¢)

and
chg . 2m-4¢ -
Qbeam ~ K 2n A39

This ratio is found geometrically or easily measured either by an oscillo-
scope coupled to the clamping circuit, or simply by measuring a discharge
current to the integrator with and without the clamping signal feed into the
charge integrator. The ratio is found to be k; = 0,825 leading to

Qeup 17 QCHE -2 _
® = 535 n-emnozar - 2:2°10 mo(m 2] A3-10

where h = 6.6¢10"* mand r = 7.3+10°? m and the charge is expressed in cou-

lomb.
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The dose to the target is calculated from the track average electronic stop-

ping power Szy in the target and the particle fluence of eq. A3-10 as

Qcu

P . -
o [Gy] A3-11

D = —’k- Sav*® = 4.02.107? Sgy

with Sy, expressed in MeVem?g~!. This equation for dose is valid for any
medium exposed to any kind of heavy charged particles in the present experi-

mental equipment.



- 93 -

INTE

CLPRENT sera

$ SET INSTALLATIGN 128
BEGIM

OO0 UVLOOROOCOO00
- N TV D DRSO =M E N D

Listing of computer program

APPENDIX D.

]
txE [
) ¢ w W W
DL~ Q - TOX
ViILWE 2 B b= bt =

2 LIV WO - e
AN O b= Tl TOZ
Elladtd EFi= O
Ol v QWA E W = 3.
Lin 2 o i lad o€ T A d (. ad L P D
ATCTOE>» OBIW
QA EFu IR JX LIV

N & L0 T Wik KWV
A W2 e (X1 @ WE
mNRUENRl I ] E
QOM i LW T -

e Q D O BDOHOWV
—1EMOC T P ALIOWL

VL WO LESORKEIWNDS W
2 OREE W S BT
€I OO X VN T D
—-_O0 UL O
P, B € LI, I e
A B, JE QLT Q0O

Q) DO WL wITEN
W ool = O ot Lk

KIL D D
LIEOM=» DL WIH=a )

AR TNEr KL, .V o
VR L WO eV S

[ L=t AWWON LT
(=Y 473 T {01 1 3 -
DHG JINORRU > 2
=t D= D it 1 O o b LD )
QFELRY?) ==l ng
SRR S a3 WELOWE
=l | WKNO R (QCE S>>
LIS arl

@bl TELW I — WIBEWV
EXOWAL I bl L WO W

O &£
KT OKOV dd TN =l
a0l PR b Gl ol W M PV YWD

T LOTCEXO>PT IS
[Ta A S =] - e P . (P e
DU e WO YO L= NN
T E=TLLZILZTZLCOMMIL
b s et ot CHE 6 €2 - SO P e D O

£
T
”
T
E
9
c
32), INP(RINC=PEMOTE):

Qs
»P
1C
Ke
LE
Te
LE
lE=

ABTLIY &

Qe QaE e
Al afl aiNVIS
- AT
Z e X al v (X X d L]
nlW e A alxe
QD Z RN X I
Al A=Y R0 QD 2N
HA == Al A TN ZV
I N T IN IO Lot Lo
(LT LWL IV} S]]} 379
WOUIMLIRD &= Ak
V1) st oMU LIWE M
Qe 62X AVEA R XL L
I PR Nttt Nl
Aldial & AT XAl OO0
NONA DDV 1| § Qs |
AL & dimemivg AQRDNIN NN
LJll-a, AaMNIMERE B El) WL}
O T T QX = 2t IO DO

VIV XD ANED AKX LTIV V)
[ [ T L T Y T N TN TP RL Ly | i
an G tr, (W1 ¥ W oy e i 49
[¥3] R R EEZTEEAOWV b DB R
k1 VA € L0V et D) ot X LD N
x wiJEOW LIV P il
A OO el (N1 WIS 1= 1)
- - =D =) | S A
-l BOW St =t ) ) e el
DD et 030 e Dl ke D DD
X F 3t
[Ty gt et b
wolu L 1 1.1

OO0 OLOLOODROORO0DORLOOL0O 000000 INOODOO0QO0D
00O O0OVOIOOIODO0OO00OOODO000DOO0000D
"~ DR = UM T IO A IO © i) WO I SO0 D vt NP B ND P @) GNO w1 ™) SO R
0t v o4 04 gmg 5 =4 40 OV €V NSV LY NN NNCS M R R 0N 070 M 00 8 3 -8 8 B T - I AV Al AU aTA AL A

-

SAES R R RAAD ARAA RARESANAAREADRADRQEDARAGENCGRDSDCERRAREAREGRRRER,
))e3)ee?

*2))
ae2

AP NBA 00 RN AN AR R R ARASRRRN IR}
’

DDC ,85FeCLEsDOH, EBN»CCN2DDN»

UF DATAFOINTS IN SrLINE-FILE eeee;

BC »CLCo

£0INNDS

IR 222X K]
SeFsCrfeSs55,715sF5,05,R5,06,€7

REAL PRGCEOURE LETCTYPELENERGY)S

COMAENT sssasnanse

CCMMENMN

QOO0 OOOVIOOORROO00R0O0
Q000000 VODOIO00O0O0O000O0
RO = NME N O OPO =T IO DO
VIVLWO O B 0 0 OO WD O Dt ho o P e Py P




- 94 -

bt [=]
> W %] o
S Pt = z F3 = Z wvid ~
o — [ET) L] x — < - (13 « [ < — v LV
[Tl J 1] [S] zv . - - - — — widut o«
. Zlw> T I ] =it ~ e x F4 M = 4 uwv e
L 1 OOWIW W b e bad =] d ™ x [=] = ey =) = Q - o v a9 X
am —mO A W wi o [ Xa) Q - (3] — 2 o ~ (3] - ek W
~ - O F =1 3 W< QW O -y “ [ L - awn — ne >
Ll d L L 1V TR - W - Ll 2} °¥) < o adve Qe Wier =~ w Qe W
o @ ATt WleiD LI | ] %1 DO w e -t~ W' - -t ] < 3 -y wl X wDe T
"o —— s Q& c_= T ~en x - &~ x P e x - e xT -l
ot wd (2 Zr4 o =X 2o [~y ] - L) > b < [ — < o~ - et
17 TIoaovy Qo cox - oo -ty W < o~ W om WG om L= ¢ 07 =
-~ - Ol (il [adaal”] z [V (L) ' g -t 8y [ ot -~ ", (=3 ] - [T O ¢ o TN
- 1V e - L o] [ P-4 O Q = 0 (Y € e pr (1,4 C » [3y'] O = OQax ¢ O
3 . LidwdDw <T2 <Xz L [= 121N .« s N e ot o W] . Ow el a4 O NEZt a4 e LU
X o= ox w KD [- 21"V = - L ~ NN w Aol « - T N ~ e6 [ << V] PV -~ e & NG AONE X
Al [~ 3% Lo =4 L LU P 4 YN V] w o oex_ ~ e W axW < Na W «=xO - Y W eXwmmos O
~a [IST) POy PP -3 NS 4 il @ - R ~AQC - L x eaCly - N x ~Ou. - P X ACJue ol
—— 2T 1 . N W] ) W= T > we o waw +  wre = < W] - e O 20~ - e A OO —
[- ] <o Lo ] —adill Chi Qe -=w - e O 2 += [ a &~ - N o o~ _ N A € ki@t VX
o~ D i = = OxE Qe = =N (=100 I = f=Y% ] T =4 T ez SOt e sea ZX
VI~ (3] 3=1%] b [ %) -0 ik W Tw w wac 3 Xo [ [¥-% (I o < ] w 13 [E I = ) [ B CE e OrmIm
. -t VICIL I P> X — ol — O . LXK - 2 B e - O B 2D — 3N E Cra @ e L0
~o — & - —— <V oK W =g - Wo.w (e - WAt d e — WO T - UAARLTCED e
a3 w <3 [ ] [ ] = x Q x W o Lo B W e W dbe W~ G Obtm B W~ o Ch.OmOeamMmC 2
d N oo W2 PPV e bt [- SN &) —- e - BV (-9 el o -« A~ (-9 aC -« =X [-% “ty - &9 [, y WL BN VWO,
F 1yl d b= lad o |OO <O wd - - e Q i (= o -t W o |0 - W O LNtV
- OT ) D =t = ToOO LW O LEZE R - ava ¢« a* - oVl aae — QVd -« & _ TS OO -
- VG OW? PVW (= 1% IW] —EZER G NNy VI @ W NN [ - I PPN Cg (% I - I NN VI T3 D OO0 &
Ve eCpe R VIS [T ) L T T YN (v XX [ 4° - e« a2 [ X - 4 . - eX aZLie v s wlIu;,
-y TOMNS () 3 w £ Q& “NM» x wow - N~ T IO SN D 2 2O ~ M2 & QDG gk
oINS & TWE ™ Wl O bl CZls 0 s 0 b < are) b=ta e <  arY e A aa o< e e o € AR eQ.h &Vee
varas N WX a3 FE O VIOW IO W W I~ oW [T [ TG W W Bt i WA« M
DM w OF =Iw - [y 4 tad G D - 0. WA= -l = " e E - Sk (Ll 83 - AOO TN PSR
WM~ &)l bed [R1) [S17,) 2 W WaEN [alaal Al (S O € L wmadld [labl AN § [E e ) oD Al 3 L >l TN U e V)
ot~ WX (1 WV v <l T s Ll e St 2 WU s & A 2D Vg g BT tad Qs T CulCitmn™ie=cy 2
[N [t X {= I W] W] LN IT&E - X Fmex x more E ok ¥z xOas o Zz TO™ F X T XD OEW
LYl N wdde >3 > Y =d Vied L LTl Wit & - pyen s [*ST 59 b LT o Yo ludg e L LTt eIt & 8 8 & ulT
oOwne s el 2 N Ualelad [P BN e LN T ® N W Z e T NPT e 2 L B LV A NP L 2 TR Ul
sred e EmOTI» N - X ) L X Wy Ll T Ewldd -y e ALY LIS 4 Lad ¥ LT 4 L im0 T QO
€ oy ~ Cw 3T (= 1ot O w2 CI0 & e ] L LT O » N LA™Y LN W] Ow 1N -2 ATl [ DR Y.} e WD NN
Q aed ~ Wik Alajagon AWy . P WG Eaem~ EZTr—OQ [- € Kot -4 %] [ S K1 W T [ Ko ln ZxEmmEZTIOQr- I
~AND @ N At Nl = M, = el a2 LN WIDE D2 Wawm VA2 O Jawm VOE OF Wawm Ny W NIbm
MO NP Y leat [[R P-4 Wit V) ) ANNES CrMDVIZEW QNE 0 HEWVEL SNZE ¢ b OwN ) ENZ ¢ OOWVIDZ IO &
15 N AN NMEQW NYQW ADY EET OwdN N Pd ™ML Dw O O QAU OWIDO O w_drgpel OW. IO H P jeadildad & o2
~NI O '8 - avn -~ Lot R 1Y RN R VT WITE] Ve WPPKE Y M g @ NN e O AR N e O WUIRR XL X CNUO
~D ) N QS EuICY XWNO td X o fal- N8> 7N [Tal- 4T, X SECIY « b =~ 14 Jnd AEBNE R ZI>EE QKRN NIV M=) O D
[PROTTw - CZwd UAERLW UKW NIW WO VNG o0 . W - NG M N W - N e WY Lt R LY [ - .
NEZ0 T WO LW LN N XLVEH VIO — 2k l MNOW Q= Z= || OVIOW @ 2 I B0 b = Qe e
Lol D I AL on) v oy fl W =& v n " & m™mE v g [} & vvEZ VvV 4 " WE =E Wi ||Wws e
AwALl NE b= [agd [ - b -t Zes o VMl il aZes o Wwid Al eaEre e wi'ad diad AZ e A ) WatOd N
Tl nn &£ < < = z [CI=T ST, } - GE N N VE QX UW=shs 0 VE WA Weih U - AR LBAPX O
o~ woee LJd id ‘s [*79] W I W OJE AT XU O 2AYT AT 20w € AJE VE X IJW N AWUE A% >>w X 0
-l W = EY a x a (Wi z2 QU 10 W WO 1O ww WO QD yw E QO Q) mmm ) e
~ [V SL VN = 4 L = = D w W (L% -] DV S R XS ) n [ S ] k-] wl Qe hod
(v -d o [ %) o 9 (o - Q. L) (3 LY w (" v [P TV ) L]
— w [®] [X] 3 [3) o -t L] -y - Yot g g Y -4
C000REROREOEOECOOO00OOC0O0 ORI OOROOOOO OO0ODC IQLOOOOOQOOOOOOOOOLOOOOOOOVOOOOOO0OOVOOOOOOOOO0.
0000000000 0CLOOCOOOOOCO0OO0O0ORORPODOO0DO POOODOOCO0OOOODOR0000OOODOOVV0OCCOVODOQOOOQOOQOO0O000
O mi (UM E O N DR O et N TN D P WO O et M) BUND P DN O el (M TN DO DVONC M FNONOR O mM SN O DO NMT NONUAO=AMEND M OAQ=NMENDNDNO
O N O NN N TR BN e ) M D F S B F F S 3 8 JFN DN N NTE WD WA GO OB DD e

VODOXNOWRNIDVAAPRIARPROARARCOOOOQOOI0 mwm

Lol L] -y




- 95 -

T
[ =
~
(5]
[ Il >
W
& zr +»
x . L "l
- N O X
- W ”
Wealy O O
Wajet O M
Rag ¢ O N
Qr= O * e
a.fMte O .
W ¢+ O
SO N e
Tawae O &
— - L ] <
a A O o
O & N
QW wity

£
0
H
1 TEEN
THEN N6

IF TYPE=
1F TYFe=2

=1 T=1--1-]

L1
-l
<
-
= =]
[ J VI - Ve )
W O OV
xa N =10
oFr O & wv
a [T =13
- L) el
[ -
O X =
—E L
[N ¢ ra D b=
v Qe E YL -
n Q et bl
v Fa BradQ
® AX O
L) - A XW
L= - KT
WV EE e s
A iy LETXR
[ O
D OE =X D
* DWW Rl
LY - OW WX
vita Mgt - JVVF- 8 )
-l WL
W T2 bbb
L el T L and
W [ A=10d
Ve WEE=TO O
e EXOVOML.Z0-
WO il = £
- o ZTeoSo
B TV, SR Py, P00 [ 191 =)
LINAZ N

W)
sE DNNRIIDOWV

ZeO O 4O

~ A DV raIm)

Q.

LEC-E10 I B [V | s

CAT=1=]
-3l

D 04
I
W
oDx
X 3
2o =D
W W
Ve

COOON0OOOOOOOL OLOUOODOOOO0!C

oNT

COnM

EKD
COMHNERT 0000 0000000 0et000aeti ottt ttatind it s0esttdsdtnssnateantsan;]

ENULS

REAML PRCCEVURE EPOINT(T);

L1

a

-

-

-

-

-

-

-

]

a

-

-

-

-

-«

-

-

-

-

«

-

-

a« a
o . -
- o~ -

- s -
~0 aw a
- ~ 0 [
~Ne - -
-<a ~- e -
—r <€~ L)
Lt~ - -
[~ 1) W -
A -2l o -«
wa ~a a
L © o -
W@ [VRQY -] -
M Wi o -
(12 ~WY -
L () -
[0 a~ e
- el «
- a2y -
O L™ ea @
aNM AN 8
wEe atse a
Ve Duis a
QX 100X @
MmO Bl e
ZEWra\ WeeN ®
WNWT NwO &
Al *am e
el al™ BEC T al™ B
ne "e -
Mot Wm0 (= @
NPl e &
WRwid B
QXX =X @
EZ»0OKRE WL o

D DV D
wila, - Z
Rt w W

*22-A00e2))));

- ol Wb K

e SR W i Wl XX
[l JVS R 1] Pegul [ ¥ LT

w DR

Deadlnd x
- S w
-<lJ
>

;
T
1
T

BETA,T» A0,DENS)
»

T 00Q0O0000DUOO00000000000O0DOOO0000

00000 S000OO0OO 000000000000 HVODOLOOODOOOOI0OOO0O0O0OOO0O0OO000000

WOAOMNMTNDNDACH M FINOMNONONMG W

DO M FUND P DN O iU M F WD M T O Q et M 8 WO P

NARDODORNONDUONN APRARACRAROOOOO 1O OO O v vl vt ri vnd vl s 0 ote=t NN N NN NN MY MM A AN

1t ot gt o0 gl 0ot 7t gt g P 0ot ot gt et et et ot ot ot ot ot EN N ONJ OV NN O NN NT N N N NN N N N VNN N N NN N N N N ©

NN

ETA)sn2epENSe

»

!FF/AO/%
0selrlS

83-8e(2
+A

JG Tu+A0 Y MFEANS UF TrF COMPUTERCDCE ADAPINI;
.
AT

T0-40
‘e N
T
X
h
9

LI
b {Hel AR
=) et a R W)
NV - T}
", X
O 0200w
e W BV

U -l

(o] -l

-a
«t
aa
L R J
aa
.8
- e
T as 3
> -«e [}
ad L L]
c «e e
-« «s k1.3 «
o~ as [ X} -]
- aa ) X
- «a (¢ -
- «a | ]
-t L 8 = &
_— a aen -
[N 3 awv a2 e ™
DO ang *"©O L]
W @ LR \D -0
(=X T8 {"S™ L "
< Qd a & awm
~ - a>g st
w . ars
w = @ P00 30 ob o4 OO 00
[VS1 3 ] -
~Nw o wl
-’ ala
- .
o - - ld
o L]
1.0 o ad
e o> ace-
e~ «p= WX
LD e ar=n oLt
. o « <P Ao
i — .0 NOW
- L] VEX
Lea ax-— >l
Z a -« IR
wd e 4 o e
TR ® & DUNITX
-0 ® e WIREB=DD
Al @S W
OwHiM & & KDt g
CRgye e
TEWe a® X
ME T 080000l
1§ aAMmL @0 Demp=imIY
RN @ E I
—RED @8O -
WY @ @ etk
Wl 4 F e JiJiT
- 2 . e EQOQOW
e St BETRBE
NE aZ & NSNS
el @V
EOL.IOE 6N
T -

g l=1==1% & o
WEKEDD =

whdnr—

Ll B it il alal al al AT a1 sT AT }
OO NN N OO I NN N NN N N O NN




- 96 -

»
.
4

- NV ~
-~ - - A -
] X we- B [ SN
9 Or= (=15} (] 2 O
~ [ L] [ [- oI L4
N W (=] wd N - L1
1 ] -~ . F Y ~ w ~ O~ ~
> BB NN - [Y-1.NTTN —d [ +'} A men
x ZX: B X [N9) LU ¥ [} [ ] Y [ o~
- LUNND Nad WV [ " AA
~ ] b L EXS e A ik . woou 1 wit
> [ N~ DI e a>» e 2 e O () [ 1) (W) ~ sla LIN
7] T EETELLS Oa X * x L N -3 ASO -
x (5] WWLOOLES b O Vi3 .y a - at | -2 A
x » X - = w a = R ax 3
» 3 B8 -t B oty - - - D00 o o
& & at aaaasat L oo [ 2] - [ - - (U= 1= ~
M M e WMMMMME A VI M [ JVE < (¢ I | < -~ e} >
. w0 * R R LYY 4 . - - - A wes [ - ¥
Dot O 0 OO0 *All O (7 I 178 [ 24 W - ~ 1] M- - =
L L T Lttt NQOXE v | 54 (=] LU || [} Lo LN 4 ~ AN
EYYUN IOV ] P bl idiad bl e 2 D W) Lt — ae x WP o [ o
s ae s O LT NI Ll o B WD & = — - (3] ~ = 0 e sl
s 58 IS8 RBRE BNV O ot b -J X = -d r a2 wl x
LY wea e — - x > W OV - - 13
e 0006 v 0e ve 08 0o 00 e we 0e e L e w g - w - = - b v ~ ~ o &«
[N Y [ Y] LT LR AL X1 (LY LR L LRI LN - 1 -] [ Y - - AP ” L —
=0 & e -~ o~ -~ - I lale) o~~~ [=] Qo =x - - gt n [ (2]
W=ty e =~ —— - ~ [alalal =g (TN INTNTN o - O ] 2 Cw (=] (3] W
L i Lad 3=l ] [l aalen] -y — St Pt g g [l Talat ] L) W W W el (o] - )
- o os oCoLVE WV b b od i - St o ot ot b bt il ot -~ |- 2LY > ~ ox b o [ X
x ax L s [S1S151 X x TZZ 009 et Pt ot -J [~ Q A W WO -< (%} Q =
ks [l et e w0 Quo © AL 0O Q0 GG O LY C S D hat " a ¢ - T A -3 [
& as (3 =17 ANED RWE O @RW e B OUQ O QWO 0O WRISTOo < L B 1) QO & W oW - E 3 & &«
%] e o N E . L) - L) L) saaa W [ ] L [ " <
- Pt P e —aCoe =0t E NN B NN ™ EONRN NN B NN, W e O T & W O™ = Q.
(o) Z e VI T L2 aaan =& n N - 2 [ S S -3 a e aawnas ~ - a, - 3 > wm QA X vy v
= hivne & HEDOXT wdiadbg bt - ed b bl bl bt LY — e “w B - 'z} [l
W Cld Eremiy g o LUZE oJ IR Z W RBELE W HBE A TI2LT s .~ W W b N e W &£ Q
> € ORI E D e (D et it 4 it R e L I e N e T el a i ele i i e ° ) W = RO oS 2 - (7]
(] O WJOLE O Wmmer Ok Judad - wded - o detad e el W jededed g Wl L - 0 & = ) el O o~ z >
= wv w ) VTGS = NwAansNDE Ao o 0.4 A &£ otk 2 Loa Z t.eAhda &2 no- W W & e Ky QA 12
o - Ll (LI 3 S ME - 03 1D vimvw DO v VI 2 WAV O i D vt - oy L 1] a 0O wWw Owna Lo W
Xt § it CFYEE X W T ewOXX [2] <Ye aac =4 [t [- J< S 3 XX 4 © > [V I N - | I =] L ]
Wl b b (D ROCAFLNUM I JXRWNCE—  ldiud = Wil Wit WG o Wil = W L < O LB Y 2N0D ™ — - z
P W N bom L9 el et L) - e SURGL ad ol d -l ) - - dd ddd AL D s o O W Wluwx Ewn x [T
L T V7Y WL L FlL W) & Aues 8 >A LOUL O. WO U A VUL O VYWY & VLLVLUWY o "M e (X O QDEVM WM™ x I O
aty NOO W X rmu3rd»uw Wl L il w oW Wik W Ll W Wil ) - vl O > [ ] - O %] -l
b dd @ Wilidwidisd Q€ O LI Sdep=  rdpgret Jw  wedmy =y 1o e -l SN & = = N K WX e g FEe®
<KL X DIOIIOXERE & Luper Y NN VI NN W NININ A NNN Y NNINNAN O =M IO WD WODD KX LONrOs Wt
[ Lo T [ bt ] MM (Y Wl =LV B A A . - et Nt -t Nt b Nt N e d YN ) N e L VImEE Qs MBI WX S TR
b e 43 14 ERXREXE sDLW TaNewp « D Q2 OO0 QA O A O ana O an0dl) =le St e UBVAAL.JOXAR O Tl
[T BT N W T AW NIV S T B TN NI L T LY &« PXEERER || aoag HLRLEKE AURZ VI e AL =QOR YU InE
EEBLUENE R JPIIBBRODINLE K= NY DY Sttt idra o il ‘aden 10 gl i)l re an b tlad Lidlad e tr et bl ) ML o v O 2Tt DOWECEC'JIA. YO ATAMO P D
e RO EECCCRAL B~ LV =) == IMG 0L T E (AL OO T E Ot LI (T LI O W R B CI Ly IR A WA = CIF W R E T QR o & -3 CI0WR XE
tes EEBEEBERER 2R AN B wuTIOLIreAX W - =2 uw L - . ' VAV & QOWIM V aV AV aVVVV AV a VaV ey ayv
R VO RXOE R 1| [T wife m wiEw WO~ CQC SN AN AN A ARANAN AN ANE AN
dF e Wt B St v = Y o o o = P L LY I T T R AL AXEEFTE v a T oEaxE 2
[ gl ondas NINT SN -] ] [ (™ U [* [ LT WLEL.Q © ™M WCeladthe i Ll bl Wit Bu biJOn WO LG Pl W
—DWVILre Y — - " L} EEZELEZXEEEERXLEEZ mIETRMXEE
et cled eI o ] z [ el T Nt St P g P o N N B T gy D e Pl C) N Bt
o (D nE ad M~ B W WL LT L= BN IVIINTW L S TPV LB N LIV L TR [ V)
- Nale O = 1) b G o ttle Qo O D = G b P b e L= GO0 o D 08 b Qe
wWE< X 0o, & BRI S I a6 e R, e O e O e e e O e LD L . T e AT g
EOX il Q 02 W = L W WG W GF OE R L) O L) S U LW ad ™ B Wi
ad WA VK 23 (5] e {-J&E-) MEZEREEEZEZTEETIXEXWERECORXE
ENO - . o
e - W
COOOOCELOOOOLOROOOO0OLORLUCEOOLOOOLLROCOD OOOOOOLOULOOLLOLUOOLOELOOOVOOOOOVOOOOODOO0 OO0 OEOOOOVO0
000000000000 QUOLOLOLOROOO0D00000 COPOO0OOO0OOORNROOO00OO000VDOVO=HOMOO OO QO 000 o000 o dd
=AM PNOM DA o=t NP D A D ONC = M B NND M 10 VD o (M T VWO A WOAQEANMTNOND OO NMITNONROAS =M TN OVONRRORAQENMENOVARDAONNMNENOMONO

O DD D DO O A M P P P P P P 0 1 T 6D 6290 90 0 30 TO A ON AR A AR On RAROOO OO OO O O etot rtont o=t vt o=t = sxt o=t () VTN (N NN O (N U NI I A ) I I M o oF B8 S o8 o8 < N
N OO OO O OV O OOV NN O N VN N OV IV NV NV N TN O NN N NIV SN TN O\ M1 ITIVY ) ) IR} V] 9y BN ) IV 00 1) V) IV IV V) ) RV ) (0 pe) 7)) N3 ) () 1) P B89 11 ) 1) 1) VIV NN 00 1) S oy P WY ) P B oy




- 97 -

OFIC NUNBER OF PARTICLE?%>):
INIC NEIGHTY OF PARTICLL2%>):

(LY

W
x

(1N [ (1N
L) = -
L) (V) .
L) (-] «
" « Wi [ L)
"] - © S a
[ ] - xwn e
W) - . k 4 - -
-x ~ L] oo =il .
(o2 4 A L] [aTaY. 1 [’ 4 -«
T [ - - D [~1-% a
hadtt -~ *n '] el ot bt (LY P -
o X Q ~ . (=1 1. ~O W L
-~ (&1 3 - A (1% L ] (%Y £ 4 [ -] [ ]
A w (- 3 [ -~ L] [--1- - ) 1a&wn < L]
3 (¥} ed x (-] 1.} ] wd [y =10 x .
~m x - [W] - 2 W -l [ .
x W 9 W Vo L) Q&R -« o - [
- ol Q [, [l ] O« . NOE v .
=] ~ou -l -l 4] L4 leadmi 4 ~ w< o« L]
-l o Ll W W oo lal L Cobm Vi Lwiwv Q .
a ) [y ] on . XCR X QADw ™S -
~u -9 S T N (S} 3 L} 2Dt W N W ]
o ~ Ol ‘. b o= M - [P 1] 8 Rdvem v -
x A3 -~ "7} " [ . F Ko w .
N - A - W & W X L] REa o wVED [—] a
- ape [ ] w v [YF[V¥) e [-1=] 1 -« el e
~ [-10-JT ] o F 2 - < ] i td . N & Xen -«
ax® " b= wW T < [ "] a W - v (W -
- [C I ] [ X ikl W= wlNen @ < ladp= a Omu Te -«
[3) [ W a - 1 W™ e xWVE < W N (= -
p] N Q9 =] () Q- ¢ WO [ LT -~ .
o. [=] M [ — Nt K] [W]-1 W Ve o~ .
fe Bad v o = RE ¢ L] L Qs < .
- Ly - - - - I Oea @ 2K a O [{} < a
D » QA o x NO am g saleitd w  wrteld s tDon L]
a ~p o [ - (4] a. gL -X ] | od o) [T L YW V L]
-t ~EW = L] W - LAWY ] =av w oOuvia i ol L
Ol " W Q 2 W e~ & < e JO®| KX [ ]
o [T, 4 o v 2nald. N NIu e L {AW] LN 5] S TIN T e TS ®
W wEo a [z} [ Y| AORxEs & T QEND AMRILA .
- . Nl LY o (o 2 B | QI & e ® @ WG ROV .
= W =B, L x 0O GROAS =)W D E=OQITCNEN I .
W] w VI 0o ” = g w Wl @ WD Wl A28 e DD ]
D o Bt - ald wva 2 AaQ=O8 OTEM N NOWEX I WO L
E € WIa W o~ il 2 =24 OOW "8 Ot e i o 40 Ll D 40 .
e - e WD @ )W b = wWE ¢ Q= R I DRI o .
~— n n = [ &2 X b= glo) @ VI ) LIV LI MO BCI QD -
- (1) 0w e GV e «_e ) O [~ 1 B L] EXOWE W W O O WD -
o [WIRNTY I I L T Ll d ] M X = add.Ee Bd D sogion O twe LT .
(7. Viespmie = O, - - LG it = we DX Il Vi ) @ -
= I D M= T QA i - D e Q=N [-{T "] Rrtetujon &
[V RS A ded o WD MUy S Rmtall Qi (WU |y = OXQNh O wides &
W~ Wl & Yhi JE EQALTA Amal, =R L0 ke " + 3 3 Wll o e
g I e 1) 1] - B WEQALDE Q o= § DEE WS DXL WO W Wwttijuia @
av & wagoasne O OT XWEldY & =mOV o QXX 0 DLWQm TR W QU= &
N AN bt B e O -l APl AN G A ANW [ {9 € ALE W mmO X D) A¥C soon @
AT Al eI -2 - WHWPEE & VXY J & TBwdw IO W AfN'Yu~mD e
Ol C) B daiad W O ELQWWi. (oW Weled S JOWIWIOJdd ke
ZEL LXK HAG & CrePr+ K=-ZX LKL ZUC X€¢ <KWODICD we
Yot st bt ) 4 06 e LS B O X b T HOrE AWM itie 8 wrimhpgCWiid K0 W <w) .

www Db b WAWDO 0 DB Wil QN el [ DiEXR <« 1 4 >
Q= Qi EhL —-delal @ =& || b= Qb= [ -
@ gy -l - W gl e D - <
WIE W Both Qe Wd "™ OClule W w
XBXEWD " o pg BE £ BRRm = 3
[*v) | E 3 =
(7] o=y (=] 9
. " ood L} w (=]

-y N W v

OXE W'
Lalbe Y e B
b R B b

LT 1"

-~ NI

- A

- X0

ot vflad W% O
MO al=
- e QVNE -
O @ O w
& E RO
LIt vt
NNVl -
98 (D nageut Lt
woE OO
DWW 2O

B Wd DUI= dea

VIOt 0.3 ™ i}
Qo O - (S0 ALY ]
2 0. Q=)
> TR TRs-
we
«
-
-
\d
=
=
(=]
(5]

aQ ‘We=u
(LY L S TS =
O v e ==t
(R L™= 3
eEEQ ®BER
Lt

OCO000000000000000OOO00000
0000000000000V 000OGCOOND
O I3 A C st ANIM P ND M D N MM L NN DD
eyt et O N OO DI OIS NI IAIA A WA
PR LLEL T LTI LLTL LT LT



- 08 -

-
-
N
~ [ ] [ ]
o~ L} ~
) - 8k
. N O ok
W -~ V. ~ Mg fr-e)
. P o Vie ~ S M em
~ [ - N ~e OCw™
] = ad ~Ous a ~ny st 9
. P . ~ag @ ~ye O
[ ~ NO™ ~e s )L
[ (%] L 4 ae~ O N AW
DA [ [ amel & Qetot MY phm
N » « [alal -] a Ul“
-t ~ ot (] o~ OC ot g
ﬂs.. m ] '..Gm [ a4 ~uid e
oW 9 - Qe @« -_OE Wwme
h 2 [N] ] [ AW I G &~ Y "
[ L] a2 wemes XTo o %]
» ad S P g WM Al oy 3
ad W [ MO N ) & 00 aMM o
= 3 [ ¥] {LF X ] Moion M 0 (211
- . [ IS Y ] aar -i0ND T |
- wiRw ™K todm 190§ V-2
[ ] ] Bl @ ™ wiDed Mo on "
") ~ - i ds @ BN P b tote
> -l Kl XX =l w8 M N
<] %] VONA S NN o
[ 4 HNO et WiNw et e R
w (W] ~PO~ N DA d (3]
- ol ® oy Pl VIetWwen -t
o [ 1 O w i e JeY s
- a0 Q) K 1N O~ | g
[ ~ O asnwia wil e Mimw [~}
-~ wW o v - LEI™ GOL Owmnge -t
« T o @ Wee My, b L T Y- T S T Y
[ — o O el [ lisd(y 000 B/ Wil
- - - PR i B S OP e R
L Vi & & | Mmwg M IVHPL I
[- 3 - N M 110 1] 1 QW womisiyjiang
~ fMeaes @ O of o Wi 1 AND I N
ey oD O M~ Owwd Mww XOOm amiid
o -y ! Nwet g & a2 WO e ING L
w Q Vi=d w oG WO XX w 1O RBW
B [XY -9 Qs A il 1O WRWE
[~ 1T Y™ wiadty ¢ WwilaifV o Ml HNwwaris Ole
GO rr BrewEBL) Bt WAL Rema TILNREWEOX
Nidded © Wil w80 Wt 8red o)) Qo)
WG W TOAT TwwadMw Twe o NOLIes e T N—
il W By b= A 00, M} 1] [N Y
EBEN A b 3 o o 8 ex [ o W e
N BN N w [ = bl
D Ny D Wl vk e ’ (™ (™S it i B
E NV & X ®fvluNig ealaitvt d s lad P
€ oE VURE = N N wn N vy . ewn
n ®|Lgw MO W olie ol bt -l o Lan T
> relyXiowl U Dew Wi Lufot (") L ~]
ol WS et \ed
E V0Wi=D
Eugdw oo L
L - 1= F

(- 7-71-] (-] -Y-1-1-Y-y-1-1-1-1-v-1-1-1-1-T-1-1-1-7-T1-7-1-1-1-]
S8828833882828528228855883222522355
[ ) AP INOMBDOAON
3”“‘&“..“‘-.~5555555256666666666717
“““““““‘““““““““““

=r 4 {7
—BOLODEL
('S - e
WO W s >»nX
Y] - Ww T O et 1D
e N LI - X =i=id = W e
(1% 1% ] ~ - it P - D Lo
—tad 2D - - TRl & CEd
xzx25 - x il OV woLrEe
weQ - - - O Dy Wi €D
HEU= . [ @i Mot i T2 s > eI cC
o~ Dy o~ W Lt~ i ] = <€ -
—wE v - nw F IR -l
[R1V T ~ =X W E =D e -
a. ~ - “Sl‘!fﬁ ST WD
IV 0 |l ~ . WP ud VA= - -0
mm" Lol » wEeCx - <
boapmimlnd — =X wka O OB
<] = L1Y L R 0. R Etad —lle. RE B
} J-1T] ~ AV h Zretlle G b= bmpe 2 i <
—— Ll " [ ~t = Db o LQOVe—~
owv " ~ ity Wl e MO, -t N
[~15} (1] x - G W Y via. | Vol
VI Y] = fAw mMme Wwive C.O2a O D
(=" 1% - b=oa eI pmomes EBE WXxw RO T
o ® o~ an @ M e L. {7, ] £2 WIS
WV . LTS wa™ NIteS Q- - ARy
-0 o =y e el by > 20L €3¢ W - DT
<0W ® - A= eFO DWODMK T o -
wltap £ [ -~ i & NN Erydt =0 Cldv &
DAk x - et X ) W=ty T [N i)
O « [ o ) b AN E X Eaw - Vot ade=
ad o d e [ ) L) Ll XL KA Wbersd, Ol D WiIE
[--1=]-] w -l =N e (W) k4" 3 WOE
*n o oW = - X ek X 1V Quina VNEE<XT
= -l ud ] *Q Swale 8IY Wl o=t Dladlad [ 22 it
- [T T 4] ~ — bt NI o - Th-V = w
= it o = "] =vdp=| TIZWO -0 M BV EWV
§ on = & x LE Y Ve s gt o b= IR w & v—Qp vu - als BCS
=l I e [ < [N ELXE K. $ 3 Qud *dXNANINT Wilad iadtben
x WD VIl L] o ) on et § wth N Co V= b= s} bmgon 5O DV e sl
Wi O WtIVIee e ] Lk EAp el a B WOER X € Jiad A i"vad RO N
T QF's EESDX " rnn Tl -0 nu QULWECLEWKTGI *w=E WWNE
- ) e Y- " = 00 0 et e e WX W DR CRE LW
el VRO [ U alm) U etpmApAP™  Pem [ Lol el g PN ] e Q=X
W Dl il (-1 2 C3 =mnelza O 3 AN (O]~ PEEWINL { eIl vl
W =MOE X & X W Z Vet VI MAID Wl Wuees e rtI YR ENCOr-O VIO
wwt Dol mimEghe W Witaes W malalladen oltmNedld LU0 N 1w =l
% =) R aEk |y T WEKC CIN W IV KV == i XX
— A O AP =W [ Ll WH e b= AN = DA e
A R LB B w ;w1 B Ny L dtrr e g wmey REO
P TR WR WD e ) ey OO Y - Nt Wl ade B ¢ v ) ol &1 N2 DD
Vs Detta X WX | WV (WRIQVIR WUl RED OOk TR Sl g
=t Vi e 2N LT e T2 et KPR W Fudud =X e ONI
[~1"} BT =/ © W @« W o O~ Ao dlat
b -] W A=), —dlte -l (=] . 90
[V AV W Ldee [C] [ o P
—y . Ot D adtale-e
RWE XL
=)=
-
=
W
k3
®
<
(5]

0000000000000 0O000000000000O0RO00000000000000000O00OO00O00O00
000000 DLOOOOOLOOO00OOOOLOVOVOO0OOOLCO0CCQOOR00LDVVOOODOOO0C
M ENDOMD RO AMSIND N B C M PIND NGO Q =AM PN TOOND s N SND M O QNP VWD e D OO N
fatah ot bhOUOUVROVOOINANARARAMAARARGOQOOOO0VQO v -4 o4\ FON O NN N A WY
RRLRLLERLELLEE R EELEE R EE TR SNNNDN NN NN N LA IA NN IR N DWW




- 99 -

[ ] L ] Wl L}

w aet ot x il

2 o0 (-1~ [ P <]

- \J L 1-4 <=0 @ B Do
= -~ W e e e Cew = -
w ~ ®a X W™ M [WL -3 Qe w
> LY LY z > t= Xa ! Ea X WO x
<= ~ a & (] -y -0 ["Y] x> =ty 0 =N _— K X =]
(] ~ o~ o« Whem [T F Y - Qe am -7 e =0 =l ©
-l a o O Mamed [ x T [ x DI "Mw tailsd M 2 RwKAN [~
Tiw - w ME N e bt d & - o D LS WD (] -1 ¥ {~ 3 -
-t <9 g -~ s OO0V = 2 A t - L O - 4 oo w22 E .3
< 3 ~ow o~ ~e i [=] Q wo =] (%] L =|e L «$ VLt @ -
[ I3 w ~en & ~an oW o G Quwia [ - ek ae 20 Xad P -l laft= =
L [™Y] [ NOe @ ~ANE PN [==1-3 (™S [=] [ el ] S - i i T ~
> ”m ae~ a NG o AOM™ [ 9 (V] [X] N=BOW - Om -de X =) [~}
L. L] -~ ema O Cae Mo =" = vV W [ - v LO® x (=2 3 Vit = - o
3 — . el Alm N~ - " bt - 3] -l b o - W n" SEU d
(] fadbad ~ ~OME W k) Nwn (-9 [N - ~ o~ ("] W LGIa MO Qul "N =z (<151 {113 []
W] xax Lol Jatus & -~d e [ an o ad a o [X] O bt o g 8w aa [-181-T g [’} 4 -
- o b= ‘ e m Qak wan =] [~ b [ of = w tue a ~Nae - W L -~
< (4] -] wam & DWW ¢~ -— - -t} o = - o [WE [N I T, ¥] W Ny mAl Lt eBx -
@« [l [ 4 aree o w8 6mpyy (%] w [ al 413 & N - xn Trelw e T wd Qg NCOXOE -t
b (-T2 W el lel 4 QMAN AN 2O 2 2D sl ol - =Da -— Sea & ROW o= -t
(W] - e [ 21T ST "M eo am - od *S bad had P4 - = - - < OW - e Ot =) L Y
2 ™S ~n [aine XN Pedet ANY [+ <O DM rmpe - [~} ) [t X33 Wi *Q WXre LWEeR< < o
(] e . ik D -y ) AN [ - L { .« a (3 od CIDpar e (= A =N L RRE O -
a. - - B alw™x DA ) w [ QN \ad 1 ad cd >t - - = T X Qe 0 wa L) VD v
[ 1 ] ) -t @ M AT ik onta  hm gon X = B o -1 - [ Py 1¥ 1] -aQ N - e [ = e W
(4] d ~ KLY X R e X - akte w0 & & TV QOO® ~ Q < o VTN T T TN i - 0
[ z0 [ WO Ny [ A% T.rﬁ -l & “HG - [ | g Q. = b 0O -l O WXl o= e =
= wE® - hm“z' . 6"" "Z ﬁ.’h A.u . Wpﬂf‘f e A = .\.H ” -0 .ﬂ. ou QF o) e N
-« bas -~ - . o - (T - wet w 9 = Dwra v W N < = i
¥ o T oAl ARE AATn. i < = 9 3 TE. BRTow xOxsOw cooENzw a8
o [} ol [t 1 ool - Q@ epam [N JE ] tod ladled - n F Lo ladiE Ll alat Lo e I - wlit= 0 O e a 2
[™] b ad [- 3 wOOE W t NV D AN G Wk o~ GOLEK [T ] O Wikm | S W K am~ D w Q w N
v mea 0 O e WUE wil & MgnN T 10T {al ERw > O (%] N ~DVJID el @ W Bw B e -~ -
Wk -~ v MON & ) ADY OwAanm Reds »ilN £ g a @ = D FONI=L XL Jl DIVIEOW R &N X
[T »0r «© ¢ W oM MM Ohmpy @~ I Ot & W xar~x - - - WO Ao, - O XOUMmMINK [ S
o R JW e D & &8 Copw Wty eV SmiXme R X or e & -] kE=O o w0 & € VI lademg « W
wE o~ @ Laladal [ 1 Gt NOLER SUROI=Bgiald = WDKK ran .« @ ad e Wiy LD WX « D W &wn -l Q »
3 WS Uiam &y @ emwe Mo et el W Ll rTwvys OO N N - <a XN OVNk E X 4 0V-1al 3 T O < -~
[ T Wt ™ (331 ol 1% 100 wemon LEOVEWEE o H=WDE ) non - W M melJed S = et A W< L
2] [Sd L gl S Y ] V- Dy JX ] V) GNEM T OO wd QBRI LI S5 Y] DT wiNd e WIPwsN} A - A w o  wa
B b > ALY W [ 177-] Oww XMOOFNAERY ¢ WiIVIO & Xk M -~ e v N V) EOMQ IERUOMNE VI WXXOLER mxa, -
DD AuiNx ! Nwe &« MOO WD P WY NIEFIVNINER = )W OO [T~ J1Y <} ey X D v aDwaEN ) Owal =oCwa oW COwes &
B, =IO W MNOPYe NXX W IOPREV O wLis || ot beed 0 o vl (U7 T3 mdwioe e Owd e " [ ) whNNao
[ C=x6 O e n sl | ) i W NQ e YR "nex BARNEZ [¥] L KA CONE EWWATULD WDLRULS # U v
D W WN X *Wiie o Nl mwwil e ZOITUNG I~y 08 b =t 00 b 04 P a e = JOMeEX EVIRMRGEZEER QO Tl kO W
O ZWEPWEI] Bl wiNg Rorin wELI W e @) ¢ KDy - Dmanirid 2 - WE=E Vet LA W WG el QO o= L (WKLY
S P otbm G § WiV w8 L e, > aPn =X F A" = g av e QL QwVnswe e ) & O
=] DEL™ TWw e TWaA S NAWWW»e Lis SOVE DE W o wl - = OB = NDOE LU RWED -]
-~ W) P S e ) " il R D O -l = w = O X HRRE BAUAR= 1O N R
- vy e o &= »" " Wwiyd Nid W oROre O w [« ] w x d ”» [ Y| . w W MBI v WL
[T DY “w My [ N R O . L P~ ] a [W X -~ = X o= B LA RUYEL MmASXD
[} Lg 1PV oo i 1w L™ o WE =T wh & WAE T n ® o Rl o E CTud”M & «<KUVALZOTWEE
F 33 4o ot P Wy W - ) (™) -0 O i e o O - e - Coa OOF: D AC) IO 4 th, e TVER O ol
»E D NA N - N v & il % Do WD W w x N u D IAIVCICLDKC=V) T
(=) Mt o e - " - - wiee = - . - x ity W x
(=] ‘ol Dot ) (W] ‘od -d -d The -} - "] -y w -d -y O W
ooooooooooo°°8°°°°°°°oooooooooooooooooooooooooooooooooooooo 0O00O000O000000000CONOO00LOOODOODOO0
00000000000 0000000000000000000000000000000000000000000000000 0000000000000 0D00000000000000000000
NEeNDONDORO ™ 3‘5670901&3‘567‘901“3‘567.90123&.5678901“3#56789012 N PO R QOO N N TN D P ) L O ety MY B N D e 10 VO w4 MY I WD
MMM INAE CEF T CLLLNANNNINNNNING OO DD D D OB ONN APt fole AD RS DOOLUORHOANR RORRPRRAOOODONOOOOO™ N NN O OB
VNNV A NAA R ARV NNV DINN/NANNAN R NANNNDANRAN DNV ANAN DO R NN RHNBINN VNN ININNNIWO DG D OO0 DB B0 DD OB DD B DO N OVOODD



- 100 -

L 4

.

-

[} -l

[ - (™
(W] P ] - -
[ =T ] . -
m [13 [ Ladld * ~ 3

~ > m -~ ] -

[ - | ) (X} -
v <« &Y W w - [~
x s iy -] < -t [
< O ik a o [ el Ld
Zz o VIGE ~ -~ a2 .
w O Ll = I [ = °
o O Qi me e -
o L] & WE x o~ -~
-l &ml - . -
[ W wlte -ltn Q [}

(1) = L J5Y £ 3 F 1) [ ]
-~ - Cim (=L [- N -t
& o EuW40 40 (%) U]
o e oo b pee 12 4 LS [ X2} — [y
- NN 0 mOom o= (%] -

“ o4 < = < o »
0 ke B BwO - © [and
- ODmma - ] -
W e -l ® &® s " -
V Oe [ 1 L la o™ . aA
Q wiilee XV el Qo L 4 V]
aB moey QE by i & 0ot - e [ .9
RDeai ¢ 0 e Lo . O

Lo ~ ol  Inqommt [~ L] -t ebd
W)“M) TM“.HL B m X
E2ORWY< F (ol r ] - (™ [ ]
ol ~ i) W0 -lCd L] L]
== ™ DN Bl B » - O
HMAXED WHBNO e - X w « el
[N TN T IO 1) x ~ e
0 raRiad reQEOL S (%3 [ ] (] aN
(L Ty b (X0 4 D @
-~ ) NV Qo= b= - - (&)
"M S tome Lol Q. O -3 Qo & oW
- PN QD XNwS w e o [ "
- mA ~ eidvin UMK O v AN

& MAw O alV ANl Do) Q0 ¢ £
& =<y, i kwdd wN WA M e
wl  reli 3C =B el.¢ %D DD OR N
W aMiy =, A Jee wldie &
N 00 Vi Wity hwild We X TV
C it |BOSQ -« — Whea
0 ruww [ NGO ND= MO A =
= MK ) E 3 i N RN e
Ui WG e w 0 ulee e W) [y {-]
0 QY™ N Y AN B U
2z oo T O T B O%N ~RW
(W T ] “w Qe LT DO
— = DI x Qi WO e
W JW « 0w L0 O
[V IR ] DT v [d ) D g

(J7-7-1-T-1-1-T-1-1-F-1-1-J-F-1-2- -1-L-d-1--&-0-4-1
'I000000000000000000000000~
~SRAOENMENOMNDNOSNMNEND DR oot
NIV M A MNA AN MM B L BB L L O F NN
OO DE O OOO OO OV VD VOVOWOOOD OO D

*"n [ 113
=g Iy
4 3 Qv
[ a -
- E 3 [~] -4
- W > [
v -l w (L
- vi @ =
[+ ] (W1
L - (7] 2w
x = o wE
e X ! - Wt
[ = = (™)
[ Tl
[l (Y] wl L3
o F3 €. - .~
— [~ < (o) =
« [ (=]}
- 4 -4 (7] = -y .
L3 [~ =z "l - (5
-l [ Q L1 <X (%] z
(%) - < (3103 (W) -
=] > - " -< v -3
= (%) L » [~} =
Lo x L L Qb= [~} ul
w V] —dea w W LI -~ x -
-t x =181 4 - 4 | e - - (] 2
- b L 17 (] X A L - LJ
(] [ {X] [} [CITH] ”~ - - a
<> . 1513 [ 3 [ « J x
wte O O = W O wWd [>4 - x [
=, Qe - O = (=4 a [~ [
-l 2 o= > "3 3 x »
a - L 7™ | < V wv e - d [ =] -
n Vot X LI T [V} - - 4 = L3 L]
(PO [0 [ 1 k3 o (] - . 3]
L= T (L3 QD ld L= (1 o~ = - [ -
L o Ld ™ E X & ~ -tra Wl eaFen v (=) L oad
LY = Q 9 OV XX > am =T N — - X’
<™ [PV ] (") "y [ ] ¢ o -t N -4 B e e
[l I ] TeEQ Vi VO e W ) b (5 1- W g -< Q R W
ot o L1 ) 223 < OV »w LI T W w - x - O
‘DO NI ™) " ol WD - frdErn = § e ) - =1
a) UX W = bt X mbacate o e Nali™m ©O «QdWm - - a
[ L Dl n = & Srare araind = QAT E & aX (W] w o w
Da e 2 = 9 X WL OO Wit -V W AN - 3 L3-S Y~
el ™ a <OV - D NE Eiwbd S e b 8 n w4 g A= e tud - O X
Wit =i OB bum bt v = =RER W LIV g ] ] T = = e W
ot 00, 22 00 00 40 00 v H - W Wit \atpepirg VWA = b e Lo T Y B
e U (N Lad PSP BV 06 L) D e . e CWViVige EQWEIDAR & ™t O A amm [ - @ >
<= I ERCPPTr BTy, W O =@ e de+M NNNNm EXQENE =OFOQk & & B = W
Ll e bl b €D Gt U™ Neas sl RAWIIDXE Wil Bw) -2 Sun W oW W W
D AWORER L= VI & D= = sen Mt e KELRTlwi= MEAWLE OO AL T T wd =
am i)Y riwe LNV R WLoreentt @ QWL I il A0 willw N a t »Ex
- WA PNTEN e "] QW= i JmtmBNG  JWOET adiul Qb [=] - LD
D ot et b—pmss N X KEEX W WAV o imrmt il =TT D D - iy (1= ~]
[~{- AL > e X EDDIId e H U N VOB et BBV TIE =t W+t T o =D WwW'd T
we DS 12 = LI PtPa I RAON 2 00 80 09 00 02 IGWAE EP™ Wt Pd TR COKE b OO Cmag  wiw W
S wdlad Lond od 1 ad CRLD D c.:l.\-SARocufln-l.. WIRE LT BORX W 4D d
& WA RECWE X MINIRW o Pl O\ [T o] [N
i WHE A N WEOQOWDWDe @ -y B Ll x
= -0 o L) etbme o 2 L, [T x b
= WA e windVIVY L ™ = - 3 -
S “
[
=
[
-
=2
o
(--0-0-3-1-1-1-1~-1-1-1-1-1-'-1-1-1-Q1-1-21-J-1-7-1-1-T-7-1-2-7-1-J-2-1-7T-1-1-T-1-1-T-T¥-1~J-T-T-1-T-%~-1-/-1-1-1-1-T-1-1-7-1
C=OO000000000000000000000000000O0000000000000000LO000000000000
NNMNENONDACNMPNOMNDAOENMPNDOMNDAC=NMPNONDAC NN ENONDOAOHNMENORDMD
r-L-1V]

B£86g¥=P0!NIDOSES!AI=POINTT

ELSE
X H



- 101 -

o
-~ " " (1Y
A [ ] [ [ ]
(1Y L] [ Y e [ ] e
-~ o A . . [
" " - e . e
[3 - ”~ [ [ [ [
(-] [-) A a . e e
- -t [ B [ ] [ ] e
"~ [ Y [ o . * e
- [ (W] [ ] [ ]
- o “ [ e [ [ n
o [ .
&~ w W [ [ e
w o m . 'Y ® [ [ [
~ -t ~ [ e e
] » . . [
m°. [-] L u -< [] [] .
1 w - — = [ ] . [ ]
~em & »n [ [ ] L [ ]
Y "ma N - ) . e . -
~ L 2 a a [ [ []
- ) [ " [ve] . e F* e
. [ TR | -t ] ] e e "] e
- wil me 7] b A [ [ - [ ]
- a a [T} “ =] e e - e
L J -ln o~ ™) & F 4 [ ] " L) e
» [ o [ ¥] a (o] a (1Y -~ a
- =a 8 = [ [ Q e A a w
Lad “.» A w [ 3 = [ ] -’ ¢ €« v a ~
-t ~ (%] aQ ] “ “ o w M e
Lo P ] s wn [ - a o
r NVYOV N - .M ® wn 3] n m [] ¢ <
~ ! Ay o - a 3 e~ ~ o 4 & o e« w
o " ] [1Y [} s =« ot e O X e Q&
~ wealNe < Wr [ ] [ ] L3 L e« X W ¢ X
[] betad ) et wey = ) « -t @ ®m N waarm a L
- Vg it € Ot m - ¢ w » e L] - e« @
e ® pre v B inha™ -l ¢ O 2 A Q@ W X eadt @ u
el NI L AT < [ ) i 0o e (6 w »a 6 & ™
[ Iadhd .ﬁ.ma B QM¥vIiam oea « & e e« 2D W ars & D)
Oma ~ODS L ovd [l B _BE_ 1o * A = A e Q % Mw & QFw
o wiNE B - QOEMW W N e = o 4 ud W wNr ¢ WO
0 eeednn 00 AN Dy but B el X § - e D N M . W C <KD & Gwmy
)| v I & A I »» VR ne © o B 4 Qha =)y @ Olm
o QBN i, b a0 Qs Qbujon -e e praQOoa @ A HI 6 & O
dww li ¢ ) XAW QAGIwwN~AA HH" e w MO QIO § O 1 6 ALl
L RCY LN R T ™ 17 21 -l W= W o W w Wi = e [ N e o T <
-l 8ED w00 0 Moo VY G aMEO AV o B & Wt e ONEICR ™ W ¢ BRKBO~ o B>y
WO BLBEm=WD P & NWWd® any wn wWe & | e @ et @ A
Aww iSO REOR s Bln s 2XMwE eE W 2 D6 Wawhe I A WrDId=De WXL,
3 IR bt | SO bty e Al Chhallie by P we WOLSW 6 N e b
o0 DLt 8 ) X MO 2 =1Ll %) 1o Bm=ae OJIOED we Qx " e O=xL
Pt ok W 0 P O W PR DU P ) g, LS R S B A CHE e MK\ - @
GECEEBRMIMNANN wi HORWWwALIR OaVmME L>NK a NV a m
.IG.IEE.IK i Gt 3P LI L9 o B o . <
O BEOEOD « Lrmrak M wd a e
Wl BRI JCT I bl e b b IR Sl e . .
AR LA Dbl T Ve A AR - n n n
e e a
[ L] a «
-
= [ [ -
< " - - -
> = ol W Lad
2 “ = = =
" “ = =
“ [l ] [~} Q
(-] ne (53 (%) (5]
= D

00000000000 000090C00000000000008000000C [=d
00000000000000000000000060000000000000000000000000000000

‘5“7.””1 3‘56'.’01“3‘5 7.90‘“3‘567 P ONMSIND MO
ot o ont oxtamt 9 N NIV OV L aiddalednlal il dindddndnddndd 23 a

(19 ~on

e ey

L ] iy -

[} et o

L] e )

. - x

. [ <

- Come -

a [~ ] [T

[ ) “w X

a - (1) “w o~ P

a Lo -~ ~ =~ O%x

[ LI 3 A A =

. (3 [ ] N s

. [l 3 © ] » =<

] [, - o ar

. e w o w o

. »” v < O Xr

d -l =5 o o wl

« «<=g [~ E s *wJ w

[} 0 - a OX -l

a -ty ey © WMh= (™

. (1% 13 ~ w et x

. (13 [WE =] we & EX I~

a -~ [ X P ik wW M WD W

. L ) Owh b e Q ® Ty

[ ~ eu a A ®et A Wi -

L} N s [« 1 ¢ ] W ld QX v =

. . -] L3 S Qe b

] N = [~} 3 (-3 < O Q-

- E Qe ot b} P (%) -

[ W 00 =0 o) TR \Ww o

. A O - Cot o & & [- 479

. S (=1 %] ba D R Qb

. & Mt O ald [ [

. W O 2 [ 3.3 b ML) emad

. e ey c.a. ZA e DO

. ' 3 Nd Wk w 2% RE  Wwwen 3

. M e Te=A Obs s O=x [y -«

[ W w= = e >0 NN - AN ~

. [ alR ~ow (3 ] [ 1" B {=15Y -

. . MO oMy iy Sl W €E >

. & L el Vied NN Qs D o

. Y L MmN ] WYy X IB X v

. Kz - Q> a Egen av) & R TS -

O nh Wwlhh Sww A wimm e Xl o

8 ewtpm Wi XAV Q& Ml e Do) O IORd d

8 +D Wk wmMD & VL2 OHO R e - N

@ - XV |t~ O ANl wtlue e W) M -~

" Bw w - - WRWE AT W & Kedae uJ

. N Wy Mita lafth=WO= = = W QDD [

e X BN WLy BOOKE @ T O (%)

. wGra)er ) SOt I st et 4 QECI G > B [51°31™Y —

4 MAJITmE D EVNWWWIORILEIO Dddw [24

a Riww e QV) 00 b g e Ot b &AL ek [

. PV = T. {L ] wAdDIDO k. N w (3]

. Gl ntd I o] e R bl L= PO = L1 N w

[ Cla® = B0 =X Ot JD a

- X D

. (Wi T

. 209
[ . adill &

- - — i

- [ Q

M (=} -l -
x G

z o Q »

Q =~ = [~ ]

1) F 3

[N ]

VOO0 OO 00OV LUOOOOOOVOOOOO000D
00000 O=MNOO-MPIVO0I00O000000000000000
w4 F WD Nl 0 O\ VO N BN D M) O O NMBND M DA Q et
Mo futabefebefubufe b cOODOODOOROAANAONNCCONOIO
o P o o P P o R R P P o P P P b P fo o P fo o P B fo P b Pt b QO ©


http://PlOTDRAXRAXtTACX.il

- 102 -

Table 1

D~3e as a function of radial distance for a 42 MeV bromine ion in tissue-

equivalent unit-density material.

tlnm] plGyl2 plcyld, % D,[Gyl, % D,(GCyl, %
9.5 3.9-107 5.0-107, +28 9.24107, +136 5.5-107, +i1
1.05 1.5+i07 1.3-107, -13 2.1-107, + 39 1.24107, -17
2.1 4.8-10¢ 3.5-10¢, -27 5.2°10%, + 7T 3.1-10%, -36
4.2 1.1-10* 9.2-1¢%, -16 1.3-10%, + 15 7.6-10%, -3
8.4 2.6-10° 2.3-10%, - 8 3.0-10%, + 17 1.8-10%, =30
16.8 5.6-10"° 5.3-10%, - 5 7.0-10%, + 25 4.2.10%, -26
5.2 1.6-10° 1.7-10%, + 6 2.9.10%, + 78 1.7-10%, + 4

33.7 7.0+102 7.2+10%, + 3 1.5-10%, +107 8.2.10%, +i7

2.1 2.9-10* 3.2-10%, +10 8.3.10°, +187 4.5.10%, +54
50.5 1.4-10° 1.6-10°, +14 5.1+10?, +267 2.5410%, +77
70.9 6.0-10*  5.2-10%, -13 1.8-10%, +200 0

root mean square deviation: 5% 39% 12%

@ axperimental data of Varma et al77),

b data obtalned from continuous slowing down approximation calculations by
Faretzkel7),

D, = dose calculated from eq. 2-14,

D, = dose calculated from eq. 2-15.

Calc.-Exp.

Ty 100

The percent deviation:



Table 11

Dose as a function of radial distance for different ions in water,

90 MeV/amu Fe ion 2 MeV/amu C ion 8.1 MeV/amu Ne ion
tlnm] D23 (Gy] Db (Gyl , %3¢ D2 [Gy] D® [Gy], ¢ D2 (Gy) Db [Gy) , ¢
0.3 4,12.10¢ 5.10¢ , +21 7.23.10¢ 1.0+10”, +38 5.66+10% 8.10% , +42
1.0 5.2+10° 4.5.10* , -14 9.2-10°* 9.0+10%, - 2 7.2.10% 7.3.10% , -1
3.0 8.4+10" 5+10* , =40 1.45.10* 1.010%, =31 1.15.10°% 8:10% , -30
10 7.7.10° 4.5+10% , =42 1.24.10* 8.9.10%, -28 1.05-10" 7.2.10% , =31
30 6.1-102 5-102 , =18 1.0-10° 9.7+10%, - 3 8.5+102 8.102 , -6
100 5.0.10} 4.5+ 10}, =10 7+10! 8.1+10%, +16 6.9-10! 7.2.10' , + 4
300 5.5 5.0 » =9 7.7 7.8 , * 2
10? 5+10~? 4,510, =10 6.2:10* 6,610, + 6
3-10° 5.8+10"2 5+10"2 , =16
10 5.5+10"3 4.4.107°, =20
310" 6+10=" 4.8.107%, -20
10° 3.4.10"% 3.9+107%, +16
root mean square deviation 6% 10% 8%

a calculated data of Fain et al.%6),

b calculated from eq. 2~15.

e pb-pa
the percent deviation: —gx— + 100.

- &0L -
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Table III

Experimental values of RE for the dye film compared to calculated RE with a

D,, value »f 1.7-10% Gy and 3.3-10* Gy.

REexp. RE,, g RE,, g
¢°Co Y-rays 1.00 1.00
10 MeV electrons 1.00 1.00
16 MeV protons 1.00 0.92, - 8.0 0.96, - 4.0
3 MeV jsrotons 0.81 0.65, -19.8 0.76, - 6.2
10 Mev g-particles 0.55 0.47, ~14.6 0.52, - 5.5
21 MeV 'Li ions 0.47 0.42, -10.6 0.46, - 2.1
64 MeV '®*0 ions 0.36 - 0.36, 0 0.38, + 5.6
42 MeV '“N ions 0.28 0.31, +10.7 0.32, +14.3
root mean square deviation: 5% 2.9%

REgyp,: RE derived from the initial slope of the dose-response characteris-
tics.
RE, : RE calculated for D,, = 1.7:10% Gy.

RE, : RE calculated for D,, = 3,3.10% Gy,

The percent deviation: Calc;;Ex =« 100.
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Table IV

Experimental values of RE for the dye film compared to calculated RE based on

a linear and a power-law range-energy relation for the é-rays. D,, = 3.3-10%

Gy.
REexp. RE,a, 1 RE;a» ]
10 MeV electrons 1.00
16 MoV protons 1.00 0.97, - 3.0 0.96, - 4.0
3 MeV protons 0.81 0.80, - 1.2 0.76, - 6.2
10 MeV a-particles 0.55 0.64, +16.4 0.52, = 5.5
21 MeV ’Li ions 0.47 0.57, +21.3 0.46, - 2.1
64 Mev '%0 ions 0.36 0.48, +33.3 0.38, + 5.6
42 Mev '“N ions 0.28 | 0.44, +57.1 0.32, +14.3
root mean square deviation: 11.9% 3%

REeyp.: RE derived from the initial slope of the dose-response characteris-
ties.
RE,3 : RE calculated by means of the linear relation.

RE,; : RE calculated by means of the power-law relation.

The percent deviation: Calc;;Ex ~ » 100.



Table V

Experimental values of RE for alanine compared to calculated RE for a, = 3+10°° m an? D,, = 1.05-10% Cy.

REexp. REcale., ¥ LETjpj¢.a LETay,a (z2/82)init, (z2/g2)ay,
€°Co Y-rays
16 MeV protons 1.00 0.99, - 1.0 27 38 29 39 '
6 MeV protons 0.86 0.85, - 1.2 68 119 78 130 §
20 MeV a-particles 0.58 0.60, + 3.4 31 534 373 621 '
21 MeV ’Li ions 0.37 0.40, + 8.1 1026 1582 1375 2247
64 MeV '®0 ions 0.32 0.31, - 3.4 5274 7349 6598 10176
80 MeV *2S jons 0.25 0.23, - 8.0 20200 20780 27792 37869
root mean square deviation: 2.0%

the percent deviation: Eél%iggsz « 100.

a : MevVem?/g.
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Table VI
Experimental values of RE for the dye film compared to calculated RE with a
radius of the radiation sensitive element of 1+107%, 1.3.107%, and

1.8¢107° m. D,, = 3.3+10° Gy.

REexp. RE,pn, 5 RE,p, 5 RE,p, 1

10 MeV electrons 1.00
16 MeV protons 1.00 0.96, - 4.0 0.98, - 2.0 1.00, 0
3 MeV protons 0.81 0.76, - 6.2 0.83, - 2.5 0.90, +11.1
10 MeV a-particles 0.55 0.52, = 5.5 0.55, 0 0.64, +16.4
21 MeV ’Li ions 0.47 0.46, - 2.1 0.48, + 2.1 0.54, +14.9
64 MeV '®0 ions 0.36 0.38, + 5.6 C.38, + 5.6 0.39, + 8.3
42 MeV '°N ions 0.28 0.32, +14.3 0.32, +14.3 0.34, +21.4
root mean square deviation: 3% 2.6% 5.6%

REexp.’ RE derived from the initial slope of the dose-response
characteristics.

RE,p : RE calculated by means of ap, = 1¢107° m,

RE,p : RE calculated by means of a, = 1.3-107° m.

RE;p : RE calculated by means of a, = 1.8¢107° m,

The percent deviation: Calc;;Ex * . 100.



Table VII

Experimental values of RE in aye film comparea to initial and average values of LET and z?/g?%,

REexp. LETinjit,2 LETay,a (z2/g2)jnit, z2/g2)ay,

¢%Co Y-rays 1;00

10 MeV electrons 1.00 2.1 2.1

16 MeV protons 1.00 28 28 29.1 29.3
3 MeV protons 0.81 120 135 155 180
10 MeV a-particles 0.55 551 628 740 910
21 MeV ’Li ions 0.47 1058 1228 1375 1651
64 MeV '*0 ions 0.36 5434 6740 6598 8835
42 MeV '“N ions 0.28 5087 6689 6611 9845

a ; MeVem3g™!
D,, - 3.3.10s Gy

a, = 14107° m

- 801 -
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Schematic representation of the radiation sensitive elements around

the path of an ion for calculation of the extended target dose.

Deriving the geometric function A(t,a,) from simple trigonometric
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Average dose to the sensitive element (extended target dose) as a
function of distance from the ion's path calculated from eq. 2-17.
The dose cdistribution profiles of a 64 MeV '®0 ion in a 0.5 um
thick segment of dye film is calculated as: a) the subtraction
procedure, and b) the integration procedure in the core with a

lower integration limit of 10~!° m.
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ESR spectra of L-a-alanine irradiated with €°Co Y-rays, 10 MeV
electrons, 16 MeV protons to a dose of 5 kGy, and with 64 MeV %0
ions to a dose of 19 kGy yielding the same ESR signal size. The
adjustment of the ESR spectrometer is the same for the four sig-

nals.

Equipment layout for irradiation with 10 MeV electrons in the bent

beam mode on the conveyor.

Relative depth~dose curve for 10 MeV electrons perpendicular into a
water phantom. Narrow beam geometry. t, corresponds to the thick~
ness of the water calorimeter and t, is the depth corresponding to

average dose in the calorimetric body.
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celerator.

Experimental set~up fdr particle irradiations on the tandem Van de
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cal co{xpler; (4) high-potentia: shield; (5) 0.5 T magnet, and (6)
beam~defining slits.

Schematic representation for dose calculations in heavy ion irra-

diations.,

a) The térget of area AT passes the slit area Agy with a velocity
v = wr. The target diameter d < h,

b) The beam charge Qpeam enters through the slit, the charge QT
hits th2 target, and the charge Qcyp is collected by the Faraday
cup.

Spectrophotometric scan of dye film. (a) Homogeneously irradiated
with ¢°Co Y-rays, an¢ (b) part of the film irradiated with 16 MeV
protons. The full-scale optical density is 0.2 for both scannings.
Figure b shows the background signal of the unirradiated film,

ESR spectra of L-a-alanine irradiated with *°Co Y~rays to doses of
102, 10*, and U4,5¢10% Gy.
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Dose-response characteristics of the FWT 60 radiochromic dye film
dose meter measured at the wavelength of 510 nm for different ra-

diation qualities.

Initial part of the dose-response characteristics of Fig. 26 shown

in a linear plot.

Calculated relative effectiveness, RE, versus the radius, a,, of
the sensitive element for the investigated particles in the dye
film. Error bars indicate 95% confidence level on experimental

valuves.

Dose-response curves for a thin (5 um) radiochromic dye film FWT
60-20 irradiated with ®°Co Y-rays and‘10 MeV electrons with a dose
rate of 14 and 5107 Gy s™!, respectively. The optical density is

measured at the wavelength of 604 nm.

Average absorbed dose in the FWT 60-20 film segments as a function
of penetration depth and energy of ’Li ions. (1) measured from film
response and low-LET dose-response calibkation curve; (2) calcu-
lated from LET and particle fluence. Bar# indicate 95% confidence

level.

Average absorbed dose in the FWT 60-20 film segments as a function
of penetration depth and energy of !¢0 ionﬁ. (1) measured from film
response and low-LET dose-response calibration curve; (2) calcu-
lated from LET and particle fluence. Bars indicate 95% confidence

level.

Average relative effectiveness (RE) in thé FWT 60-20 film segments
as a function of average LET of a ’Li ion with an initial energy of
21 MeV. (1) calculated from theory; (2) meésured from film response
and low-LET calibration curve.

Average relative effectiveness (RE) in thé FWT 60-20 film segments
as a function of average LET of a '°0 ion with an initial energy of
64 MeV. (1) calculated from theory; (2) meésured from film response

and low-LET calibration curve.
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Ratio of calculated to experimental RE values as a function of the
specific energy of ’Li- and '®0 ions. Solid lines indicate the 95%
confidence level of the data for a ratio of unity independent of

the energy.

Dose-response characteristics of L-a—-alanine measured as the change
in ESR-response per unit weight of irradiated alanine for different

radiation qualities.

Calculated relative effectiveness, RE, versus the radius, a,, of
the sensitive element for the investigated particles in alanine.

Error bars indicate 95% confidence level on experimental values.

Average dose to the sensitive element (extended target dose) as a
function of distance from the ion's path calculated from eq. 2-17.
The profiles are for the investigated ions penetrating into dye
film and for the first segment with a thickness of 0.5 um. The
dose close to the ion's path should be seen in relation to the

characteristic dose, D,,.

RE as a function of LET and z?/6%, curve 1 and 2, respectively, for
a '™N ion with an initial energy of 42 MeV being completely stopped
in the FWT 60 radiochromic dye film.

Average dose to the sensitive element as a function of distance
from the ion's path of a 42 MeV !*N ion and a 0.66 MeV g-particle
having the same average z?/8? = 6630 in a 0.5 um thick segment of
the dye film,
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0) linear accelerator, 1) 90° bending magnet,
2) beam position and beam current monitor,

3) switching magnet and energy spectrometer,

4) energy analyzing slit, 5) high-power Faraday
cup, 6) doublet guadrupole magnet, 7) beam de-
fining slits, €) irradiation chamber, and

9) Faraday cup.

Fig. 20.
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High-LET Dose Response Characteristics of the Dye Film

Dose Meter in the Context of Track Structure Theory.

K.J. Olsen J.W. Hansen

Department of Radiophysics Accelerator Department
Kebenhavns Amts Sygehus Rise National Laboratory
DK 2730 Herlev, Denmark DK 4000 Roskilde, Denmark
ABSTRACT

Experimental dose-response characteristics of both low- and
high-LET radiation for a radiochromic dye film dose meter have
been compared with calculations based on the track structure
theory of Katz et al. The low-LET radiation was 60Co Y~-rays
and 10 Mev electrons while the high-LET radiation was beams of
16 MeV protons, 10 MeV a-particles, 21 MeV 7Li-, 42 MeV 14N
and 64 MeVv 16o-ions covering a range in initial LET of 31-5500

MeV cng-l .

The effectiveness of the ion beams relative to the low-LET
radiation was determined both from the initial slope of the
dose-response curves in a linear plot and from the parallel

displacement of the curves in a log-log plot.

The effectiveness decreased monotonically with increasing
Ziff/ﬂ2 but not with increasing LET. The experimental values
were 0.93, 0.52, 0.48, 0.35 and 0.29 for protons, a-particles,

7L1—, 160— and 14N-ions,respect.vely.

The radial dose distribution around the ion path was calculated
using two different range-energy relations for the §-rays,
r=k1-w and r=k2-wu with r-range and w-energy of the d¢-rays.

The calculated effectiveness was in good agreement (~ 6%) with
experimental values when the exponential range-energy relation
was used with a=1.67. The linear expression gave values which

deviated considerably from experimental values at the highest LET.
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INTRODUCTION

The track structure theory of Katz et al. (1) ascribes the
difference in effectiveness between low- and high-LET radi-
ation as due to the highly inhomogeneous dose distribution
around the particle path. From the theory it is possible to
calculate the effectiveness of high-LET radiation relative to
low-LET radiation once the dose-response characteristics for
low-LET radiation are known.

This is, however, only strictly valid for ideal detectors.

An ideal physical detector is predicted from the theory to have
the following properties: 1) no dose rate effect, 2) linear
dose-response up to doses comparable to the characteristic dose
of the detector, 3) in a log-log plot all dose-response curves
will be 45° lines, 4) the maximum response is the same for all
types of radiation and 5) the effectiveness decreases monoton-
ically with increasing zsz/Bz.

Two previous studies of the response of the dye film to high-
LET radiation using 3 MeV protons (2) and 16 MeV protons and

64 MeV 16O—ions (3) have indicated that the dye film behaves
almost as an ideal physical detector and that the effectiveness
to a certain extent is in agreement with calculations based on
track structure theory.

The dye film is a suitable test system for the theory since the
sensitive element is very small, ~ 1 nm, and the characteristic
dose high which means that the detector can be studied over a
wide range in LET.

EXPERIMENTAL

The radiation detector is a 55 um thick film of hexahydroxyethyl
pararosaniline embedded in a nylon matrix. The film develops

an absorption at 600 nm upon exposure to either UV or ionizing
radiation. The colouration may be expressed as increase in op-
tical density per unit film thickness, 40D/mm, which is measured
in a photospectrometer calibrated against a National Bureau of
Standards gray scale. The film thickness is measured individu-
ally with an electronic gauge unit with a precision better than
1 um.
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The ion-beam irradiations are carried out with a tandem Van de
Graff accelerator (4). The absorbed dose is calculated from
the particle fluence and stopping power. The average dose rate
is between 0.8-105 and 5-105 rad/s depending on the :ons used.
The particle fluence is measured by integration of the ion cur-
rent in a Faraday cup and the charge state of the ions is de-

termined by an analyzing spectrometer.

The reference radiation is 60Co Y-rays from a 10 kCi source
with a dose rate of 1.4—103 rad/s and 10 MeV electrons from a
linear accelerator with a dose rate of 5-109 rad/s (4). Both
radiation facilities are calibrated against a Fricke dose meter.

The stopping power of the ion beams is calculated from published
proton stopping data (5.6) as S(Zeff.B) = S(ZP'B).szf/zg where
S(Zeff,ﬂ) is the stopping power of the ion with atomic number 2Z
moving at speed B relative to the speed of light and S(ZP,B) is
the stopping power of a proton moving at same speed. Zeff and

Z_ are the effective charges of the ion and proton, respectively.
The effective charge is calculated from the formula of Barkas (7):
Z.ge - Z(1-exp(-1258 27%/3
culated from the atoms constituting the detector using Bragg's
additivity rule (8).

)). The proton stopping power is cal-

The dosimetry in low-LET irradiations is accurate within 2%
and the uncertainty of the low-LET dose-response measurements is
3.2x given as the root mean square (RMS) of the uncertainties of

the various measurements involved in an experimental datum point.

The accuracy of the dose-response measurements with ion beams
is *5.,2x given as the RMS of the individual uncertainties and

statistical scatter.

The uncertainty of the proton stopping power data is from 1 to
15%, highest at low energies, and the uncertainty introduced by
using Bragg's additivity rule may be of same magnitude (8).

RESULTS

The dose-response characteristics of the radiation qualities

used in the present study are shown in figs. 1 and 2. The two



low-LET radiation qualities 60Co Y-rays and i) MeV electrons

show identical dose-response below 5 Mrad, but at higher doses
the two curves deviate considerably.

The characteristic dose, D37. may be found as the dose which
corresponds to 63X of the saturation optical density. From
fig. 1 D37 is ggund to be 33 Mrad for 10 MeV electrons and
16.8 Mrad for Co y-rays.

The dose-response curves in fig. 1 are parallel but have an
initial slope slightly less than 45°. The saturation optical
density for the 14N- and 160-beams is the same as for 10 MeV
electrons while 16 MeV protons show a dose-response curve almost
identical to the 60Co Y-ray curve with the curve of 10 MeV a-

particles be*ween the two extremes.

The relative effectiveness of the ion beams may be found both
from the parallel displacement of the curves in fig. 1 and from
the initial slope of the curves as shown in fig. 2.

The relative effectiveness (RBE) may be calculated from track
structure theory. The calculations use as parameters 037 and
a, the radius of the sensitive elements in the dye film. a,
is taken as 1 nm corresponding to the approximate size of a dye
molecule. Two different range-erergy relations for the §-rays
have been used. The linear relation r=k1-u with r=range and
w=energy of the {§-rays leads to a point-target dose expression

2

z
) (t) = L.m.;_.ll - L—]
s m 82 tz tmax

with t = distance from Ehe particle path, tmax = maxirum range
of the §-rays, C = 21!%— = 1.34-10'7-p erg/cm, and p - density.
k, = 1078 g/em?/ev a¥°used in the work of Kat et al. (1). The

exponential relation r=k «w® leads to

2

1/a

2
2
D, (t) = Q_.l..sfj.l_.u _t 1
[ 2r a 62 t2 toax

In the calculations a is taken as 1.67 and k, = 5.11.10"11

g/cmz/evu is found by fitting tc ~he data of Paretzke et al. (9).
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In the extended targ.t dose calculations (1} used for deter-

mination of cross-section the dose at t < ao is assumed to

be const.int and is mainly due to the part of the energy loss

of the ion deposited as excitational energy (4). The energy de-
osited at t < ao is found from the total energy loss of the
ion less the energy deposited at t > L which may be calculated

by integration of the point-target formula given. The calcu-

lated values of RBE are shown in table I.

The calculated RBE values are dose-weighted mean-values over
the detector taking into account the change in LET, zeff and B
during passage of the ion through the detector. The experimen-
tal RBE values are shown in tuble II together with initial and
average values of LET and zszlﬁz.

The overall uncertainty in experimental RBE's are :6X% disregard-
ing the uncertainty in LET. Since identical values of LET are
used in the calculations and in experiments the uncertainty in
LET docs not influence the comparison of experimental and theo-
retical values.

The fittedness of the calculations involving the two range-energy
relations have been tested by comparison with the experimental
data of Varina et al. (10) for 42 Mev 798: ions, The mean devi-
ation of alculated and experimental doses are +40X% for the
linear relation and +3% for the exponential range-energy relation.

Fain et al. (11) have calculated the dose distribution around

the path >f a 2 MeV/amu C-ion using a different method. The mean
deviations ere in this case +34% and +8% for the linear and ex-
ponential case, respectively.

DISCUSSION

The dose response curves in fig. 1 show that the dye film devi-
ates in at least two respects from an ideal physical detector.
The maximum response differs for various radiation qualities and
the curves are not 45° lines at low doses in a log-log plct.
Both effects may be ascribed to the complex chemical reactions
involved in converting the leucocyanide into the final dye mole-
cule. Both in solutions (12) and in the so0lid matrix (13) an
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intermediate species is formed which is converted into the
dye molecule over a period of several hours at room tempera-
ture (13). The intermediate and the dye molecule may thus
react with electrons or other radicals with ensuing reduction
in yield depending on the dose rate.

The two low-LET radiations give different D37 values. The
relative low dose rate of the 60Co Y-source necessitates long
exposures to obtain the value of maximum optical density.

During this exposure back reactions, reactions with the inter-
mediste species and changes in matrix s*_ucture due to rac.lation
are very likely to take place leading to a too low maximum op-
tical density and correspondingly low D37 value. For this reason
we prefer to use the D37 value for 10 MeV electrons obtained
with comparatively short exposure times. The D37 being related
to the radiation sensitivity of the detector must by definition
be the same for the two low-LET radiations as reflected in the

identical values of the initial slope shown in figures 1 and 2.

The exponential range-energy relation improves the agreement
between calculated and experimental RBE's considerably. This

is presumably due to that the exponential relation is a much
better fit to the actual range-energy relation for the low-energy
§-rays. In comparison with the calculations of Paretzke et al.
(9) the exponential relation underestimates the range of very
low-energy electrons (E < 100 eV). At low energies, however,
where binding effects play a role the Bethe energy-distribution
of the §-rays is not correct.

The method used for calculating extended target radial dose dis-
tributions in the present work compensates for this by consider-
ing an area of radius a. which corresponds to the range of 100 eV
§-rays, around the ion path separately f.om the rest of the par-
ticle track. 1In this way we also take account of the fact that

a large part of the ion energy loss is due to primary excitation
energy (11).

The data in table II underline the point made by Katz (1) and
Edwards (14) that ngf/e2 is a better parameter than LET for
description of the effect of high-LET radiation since the 14N-ions

have a lower LET and a lower RBE, but a higher zsz/sz than the

16O-ions.
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CONCLUSION

The results demonstrate that despite some deviation of the dye
film from an ideal physical detector the effectiveness of the
dye film to high-LET radiation may be quartitatively described
by the track structure theory. An exponential range-energy
relation for the é-rays improves the model., but a further devel-
opment should include effects as e.g. dose rate, which will
permit predictions of dose-response also at saturation doses.
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Table I

Ragexp. RBEcal.l RBEcal.z RBEcal.la RBEcal'Za
6oco Y-rays 1,00 1.00 1.00
10 Mev electrons 1.00 1.00 1.00
16 MeV protons 0.94 0.89 0.95 0.95 0.98
10 MeV a-particles 0.52 0.43 0.49 0.60 0,67
21 Mev "Li-ions 0.48 0.41 0.45 0.56 0.61 !
42 mev **n_ions 0.29 0.29 0.30 0.41 0.45 ?
64 Mev ®o_ions 0.35 0.34 0.37 0.46 0.49
RBEexp. : RBE derived from the initial slope of the dose-response characteristics.
RBEcal.l :+ RBE calculated with exponential range-enerqgy relation, 037 = 16.8 Mrad.
RBEcal.z : RBE calculated with exponential range-energy relation, D37 = 331 Mrad,
RBEcal.I" RBE calculated with linear range-energy relation., Dy, = 16.8 Mraq.
RBE 2a: RBE calculated with linear range-energy relation, 037 = 33 Mrad.

cal.



Table I

RBEexp.1 LETinit. LETav. ziff/ezinit. ziff/szav.

60Co Y-rays 1.00

10 MeV electrons 1.00 2.1 2.1

16 MeV protons 0.94 31.4 31.5 29.1 29.3
10 MeV a-particles 0.52 564 686 740 923
21 MeVv 7Li-ions 0.48 1079 1272 1378 1660
42 wev Yn_sons 0.29 5227 6658 6660 9963
64 Mev %0 ions 0.35 5496 7191 6653 8982

LET in Mchmz/g.

-~ T66 —
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Experimental and Calculated Response of a Radiochromic
Dye Film Dosimeter to High-LET Radiations

J. W. HANSEN

Rise National Laboratory, DK 4000 Roskilde, Denmark
AND

K. J. OLSEN

Department of Radiophysics. University Muspital of Copenhagen. DK 2730 Herlev, Denmark

HANSEN, J. W., AND OLSEN, K. J. Expenimental and Calculated Response of 2 Radiochromic
Dye Film Dosimeter to High-LET Radiations. Radiat. Res. 97, 1-15 {(1984).

Dose-response characteristics were measured for the FWT 60 nylon-base radiochromic dye
film dosimeter irradiated with ion beams of 3- and 16-MeV protons, 10-MeV a particles, and
21-MeV 'Li, 42-MeV "N, and 64-MeV "0 ions. These characicristics were compared with the
response to reference low-LET radiations, i.c., *Co v rays and 10-MeV electrons. The ion beams
covered an initial LET range of 28-5430 MeV cm’ g™' corresponding 10 an average LET in the
detector of 28-6740 MeV cm?g~'. The expenimental relative effectiveness (RE) decreased mono-
tonically with z2¢/8? from 1.00 for 16-MeV protons to 0.81, 0.55, 0.47, 0.36, and 0.28 for 3-
MeV protons, a particles, and 'Li, *O, and **N ions, respectively. The radial dosc distribution
around the ion path was calculated using two different range—cnergy relations for the & rays: a
linear relation r = k;-w and a power-law reiztion r = k;-w®, where r is the range and w the
energy of the § rays. Calculations of theoretical RE values, based on the track structure theory
of Katz and co-workers, were in good agreement with experimental results. The best agreement
(~6.2 10 +14.3%) was obtained by using a power-law range-energy relation.

INTRODUCTION

The dose-response characteristics of biological systems and physical detectors change
with the linear energy transfer (LET) of the impinging charged particle, so that the
response to high-LET radiation may be either larger or smaller relative to the response
to low-LET radiation for the same absorbed dose. Most physical detectors in fact
show a decrease in relative response with increase in z2g/8%. Once two or three pa-
rameters can be obtained from low LET radiation experiments with a given detector,
the theory of track structure (/) predicts its high-LET dose-response characteristics.
The theory is based on the assumption that the ratio in response for high-LET particles
to that for low-LET radiations, relative effectiveness (RE), is due mainly to the in-
homogeneous dose distribution around the particle’s path. The radiation cffects of
interest are due primarily to the absorbed dose of the é rays ejected from the ion
path. Radiation effects from low LET radiation, e.g., v rays and high-energy electrons,
are also due to absorbed dose from & rays, i.e., low-energy electrons.

I 0033.7587/84 $3.00
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The present work is focused on the dose response of a radiochromic dyve film
dosimeter (2) to ionizing radiation in the context ol track structure theory. This
dosimeter is considered here as a onc-hit detector the response of which 1o both low-
and high-LET radiation can be descnbed by Poisson statistics (J). such that the
probability for activation of a radiation sensitive clement 1s

Rz 3.1 a0) = 1 —expl—DXz. 3. 1. aw)/Ds-) 1))

where = is the effective charge of the moving ion. g 1s the ion velocity relative to the
veloaity of hight. 7 is the radial distance perpendicular 1o the ion path. ¢, 1s the radius
of the sensitive clement. Diz. 3. 1. da) is the average absorbed dose to the sensitive
clement. and Dy 1s a charactenstic dose (3). g, 1s. 1n the track structure theory. a
fined parameter which together with D, for low-LET radiation determines the radiation
sensativity of the detector. For a physical-chemical detector, c.g., the dye film. a, is
the approximate physical size of the molecule which responds to the abserbed radiation
dose. The Dy; value is the dose at which 63% of the maximum (saturation) effect is
reached and is obtained from the measured low-LET dose-response charactenistic.
To consider the total effect of a given high-LET radiation on sensitive clements at
all distances from the primary particle path. an integration of the probabilitics must
be made over the detector volume being affected by the 3 rayvs generated by the
primary ion. This integration viclds the total activation cross-section

odz. B.ap) = 2x _;r— Az 8.1, aghdt )
0

where [,,,, 1s the maximum range of the most cnergetic é rays. The radiosensitivity
of a detector to heavy ions is defined as oy/Ey. where Ey is the total energy deposited
by the ion per unit path length. and the radiosensitivity of a detector to low-LET
radiation is given by 1/D;;. RE is defined as the ratio between the radiation sensitivities
for heavy ions and low-LET radiation and can be expressed as RE = oy - Dy,/Eq.
where E7 is equal to LET . of the stopping ion. In a one-hit detector the activation
of a sensitive element proceeds directly from a single event of energy deposition above
a charactenstic threshold, ¢.g the iomization potential or bord cnergy.

In the theory of track structure (/) only electromagnetic interactions are taken into
account, whereas effects anising from nuclcar interactions are assumed to be negligible.
The theory docs not incorporate fading, annealing, or dose-ratc effects.

The radiochromic dye film dosimeter is an appropriate detector for testing the
theory, since the sensitive clements are small and the film is relatively insensitive to
radiation. This makes it possible to study the dose responsc over a 1dc range of
LET. Two previous investigations of the dye film using 3-McV proteas (4) and 16-
MeV protons and 64-MeV '%0 ions (5) have indicated that the dye film displays an
ceffectiveness to high-LET radiation as predicted by the theory.

EXPERIMENTAL

The radiation detector in these expeniments is a thin-flm plastic dosimeter type FWT 66)' developed for
measurements of ugh absothed doses in the kilogray range (2). The host matenal s a form of nylon.

' Commercially available from Far West Technology. Goleta. CA.



REGATIVE §FFECTIVENESS OF HIGH-LET RADIATION R}

{C,:H..NO:),. which contuns [8-15% of a colurless radnwhromse dve precursor heaahydroayethyi para-
rosanshine leucovyamude, (C,HONCHOHR)C-ON. amd which attains 2 blue color upon uraduativa with
cxating of wanng radiatwon. The formed dyve has a broad opiczl absorpuon band with 2 maumum at
604 am. The dummeter response 13 expressed as increase of optical densaty per umit Blm thickness. JOD/
mm. measured at 510 nm. whach 1s off the maximum at the cdge of the absorption band. Thes wasvckength
was chosen to allow measurement al doses where the detector response shows saturation, since the optical
derutics 2t the absorption maumum become too large for ready analysas.

The average Bim thchness v 35 um and the densaty 113 g cm?. The thicknesses were measured
indrvndually with an chectronx transducer gauge umt and the optical densitics were measured in 2 recording
spectrophotometer designad 1o read spatal vanatons in optaal density across the ficld. The spectrophotometer
was calibrated aganst a gray wake (Natonal Burcau of Standards).

The sioppeng powers of the wns i the hlm were calculated from published proton stos ping power data
(L I

K. ) - Kz, D20 3)
where Roq. O) 13 the stoppeng poner of the ron with atomsc cumber Z moving at a velocity 3 relative to
the vefoutty of hght, S{z,. 3) 1s the stopping power of a proton moving at the same velocity, and ¢ and
= are the ¢flective charges of the 1won and proton. respectively. The effective charge was calculated from
the formula of Zwegler (7).

= Zy- 711 - expi—4)-(1.033 — 0.177-expt ~0.08114 - 7))} (23]

-1 - expt—0.2VE - 00012-E - 1.443-10- EY) 5

N A
n

A=01772-72"%.VE + 0.0378-5in (0.2783- 7. ¥E)

where Z, is the cffective charge of the proton and £ is the energy of the wn in keV/am.u.

The proton stopping powers were cakeulated by Bragg's additvity rule (5) from the weight fractions of
the atoms constituting the detector.

The reference low-LET radiations were ¥ rays fiom a2 3.7 - 10'-Bq **Co source with a dose rate of 14
Gy scc' and 10-McV ciectrons from a lincar acccierator with an average dose rate of 5- 107 Gy sec™'.
These radiation fickds were calibrated with Fricke dosimetry (9) and water calorimetry (/0). respectively.

The ion-beam irradiations were carmicd out on 2 andem Van de Graaff accekerator with an average doswe
rate of ~ 10’ Gy scc*. The absorhed dosc in the detector was calculated from particie fluence and stopping-
power values. The partiicke flucnce was determined from an snicgration of the ion current to a Faraday
cup. and the charge state of the 1ons was measurcd in an analyzing spectrometer placed in front of the
wradiation chamber. Duning ion-bcam irradiation three sampies of dyve film were mounted 2round the
periphery of a rotating wheel carmying it through the beam path. When the sampics were in the beam path
the sntegration of the current from the Faraday cup was icrrupted. thus avosding corrections for change
n charge state of the pnmary ion duning passage of the film. partickc number attenuation, scattening from
the film odgrs, large-angle scattenng, and secondary chkectrons cscaping from the back side of the detector.
The interruption was controlled by cutting off the light path in an optical coupler by another wheel running
synchronously 1o the wheel on which the film samples were mounted (sec Fig. 1). The wheel was rotated
with ~200 rpm which made the intervals between iradiation of the sampies and measurement of the
beam current very short, thus diminishing influence from fluctuations in beam current with time. Irradiation
of three film samples at cach run ensured agreement between mcasured film response and measured charge.

The clectric charge., Qhm . transported by *he ion beam into the imadiation chamber is obtained from
a measurement of iMcgrated current to the Faraday cup. charge Q.,,. a3

-

Ql'— - Q:u ;_

)
pe
where ¢ is the pulse length in terms of radians of the signal from the optical coupler. and p is the number
of pulses per revolution of the wheel (see Fig. 1). The ratio between particies hitting the film sample and
those entenng the irradiation chamber is [/2=, where [ 13 the width of the film sample in terms of radians.
The particle fluence # fcm °) hitting the film sample is determined by
!

# = — 7
Cer noc-A-{2% -~ pé) "
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il

FiG. 1. Expennmental set-up for particle irradiations on the tandem Van de Graafl. (1) Film sampie, (2)
rotating wheel with slits, (3) optical coupler, (4) high-potential shicld, (5) 0.5 T magnet, and (6) beam-
defining slits.

where 1 is the charge state of the ions, ¢ the charge of the clectron, and 4 the imadiated arez on the film
defined by the width / of the film and the vertical dimension of the beam collimator. From measurement
of the size of the irradiated area on the film, beam divergence was found to be neghgible. The absorbed
dose in the film can then be cakculated from the track average stopping power in the film S,. and the
panticle fluence @ as

Sen* Qoo !

b- “kon-eA-Qx - po)

15,0 ®
with k = 6.24- 10° McV g~' Gy™! as a conversion constant.

To ensure beam homogeneity on the irradiated area, the particle beam was dispersed by a magnetic field
and collimated by two sets of thin collimators, 3 X 3 mm?, positioned so that secondary electrons and
scattered ions originating from the slit edges are prevenied from reaching the film. To limit effects arnising
from secondary electrons escaping from the Faraday cup, 2 magnetic field of 0.5 7 perpendicular to the
beam axis was applied at the entrance 1o the cup. Additionally an electron shield ring with a potential of
+5 kV was mounted between the 3lm sample and the Faraday cup.

Irradiations with “Co y rays and 10-McV clectrons were in open air, whereas irradiations with heavy
particies took place in a vacuum. The film response for a given dose was found to be independent of these
two irradiation conditions (/1. 12).

RESULTS

Experimental dose-response characteristics for the different radiations are given
in Figs. 2 and 3. At doses below 5 - 10* Gy the curves for 10-MeV electrons and ®Co
¥ rays are identical, but the maximum optical density is considerably higher for the
10-MeV clectrons than for Co v rays. The Dy; values are 3.3-10° and 1.7 - 10° Gy,
respuctively.
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o’} a00/mm
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“ 10 MeV electrons

16 MeV protons

. 3 MeV protons

- 1QMeVaparticies

© 3 MeV/amu Li ions
¢ MeWamu'S0ions
8 3IMeV/amu'Nons

Y. Y R AR R

1 i L

10° 10° 10°

108 Gy

FiG. 2. Dose-response charactenistics of the FWT 60 radiochromic dye film dcsimeter measured for
different radiation qualities.

The dose-response curves in Fig. 2 are all parallel at least up to approximately

AOD/mm = 10, with a slope of 43°. The saturation optical density ter the '*N and
10 ions is the same as for 10-MeV electrons.

The measured effectiveness of the ions, RE, can be found from the initial slope of

the curves (see Fig. 3), or from the parallel displacement of the response curves in
Fig. 2. Any minor difference between the two sets of results is insignificant. The

200/mm

20¢

| 05 1.0 x10* Gy

FiG. 3. Initial part of the dose—response characteristics shown in Fig. 2. (1) %Co ¥ rays, 10-MeV electrons;
(2) 16-MeV protons; (3) 3-MeV protons; (4) 10-MeV a particles; (5) 3 MeV/a.m.u. 'Li ions; (6) 4
MeV/a.m.u. %0 ions; and (7) 3 MeV/a.m.u. "N ions.
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uncertainty in a given RE value depends on scveral factors which will be de-
scribed below.

The dos.metry for the ®®Co v rays and the 10-MeV electrons has an uncertainty
of dosc within +2%, and the precision of the low-LET dose-response measurements
is +5.5% [total random uncertainty at 95% confidence level (/3)] determined from
the uncertainties associated with the individual measurements involved in an exper-
imental data point. The accuracy of the particle fluence data is difficult to determine
because a contamination of the ion beam with secondary electrons from the beam
collimators and escaping secondary electrons from the Faraday cup may introduce
systematic errors, although certain precautions against these sources of error have
been taken as described above. The precision of the dose-response measurements
for ions is +7.4% (determined as for the low-LET dose-response measurements). The
uncertainty in the proton stopping power is less than 1% for energies above 400 keV
and +10% for lower energies (6), and the method of calculating the stopping power
for the ions in a compound material may introduce an additional error of about 10%
{14). Based on these considerations the overall uncertainty at about 95% confidence
level of experimental RE values is +12.2% calculated as recommended by IAEA (/3).

The uncertainty in stopping power data influences the determination of absorbed
dose to the film and consequently the dose-response charactenstics of the ions and
measured RE. RE decreases proportionally to increasing stopping power. The influence
on calculated RE from uncertainties in stopping power is most noticeable at those
values of stopping power causing a RE much less than unity. A 10% increase in
stopping power causes a 2% decrease in RE for the 16-MeV protons, 6% for the 3-
MeV protons, and 10% for the 4-MeV/a.m.u. '*O ions. A comparison between ex-
perimental and calculated RE is then for small RE unaffected by the uncentainty in
stopping power data. The RE for the ion beams has been calculated from the track
structure theory taking the radius of the sensitive element, g, equal to | nm. The
dose distribution around the ion path is calculated from the Bethe energy distribution
formulation for & rays and the stopping power for low-encrgy electrons. Due to
considerable uncentaintics in the Bethe formula at low energies a cut-off in the cal-
culations of the absorbed dose by the & rays is made at 100 eV by having an area of
radius g, with the center at the ion path considerad separately. The energy absorbed
over this area is calculated by a subtraction of the energy deposited in the track
outside the central area from the total energy deposited by the moving ion. This
method restricts the use of the Bethe formula 10 energies above 100 eV, and allowance
is also made for that part of the energy which is deposited as primary excitation
energy close to the ion path (/5).

Two different range-cnergy relations for low-energy clectrons have been used in
the dose distribution calculations. The linear relation r = k, -w with 7 = range and
w = energy, leads 10 a point-larget dose distribution, a, ~ 0, given by

C 23 1
lxz.ﬂ.n=;-4"-—,[l —L] 9)

where C = 2x-N-é*/mc = 1.34-10 **.p J m™', ( is the distance from the center
of the ion path, and £n,, = k; - Wmas " p ' is the maximum range of the é rays in the
film of density p. wma = 2mAA8%1 — 27! is the maximum energy of the & rays
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cjected by the ion of velocity 8 relative to the velocity of light. k, = 107* g cm?
eV™! is used in the work of Kobetich and Katz (16). N = 4g-n.-p-Mw™' is the
clectron density of the film, where A, is the Avogadro number, n, is the number of
electrons per molecule, and Mw is the molecular weight. =4 is the effective charge
of the moving ion of relative velocity 8. The effective charge was obtained from the
formula given by Ziegler (7).

The power-law relation r = k, - w* leads to a point-target dose distnbution, g, ~ 0.
given by

D(:,B.r)=—€~5;—"-1~l,[| ——'-] (10;

where a = 1.67 and k, = 5.22- 107" g cm™? eV “ is found by fitting to published
data (17-19).

The calculated radial dose distributions have been tcsted by companson with ex-
peimental data (20) and continuous slowing down maodel calculations (20) for 42-
MeV "Br ions in a tissue-equivalent unit-density gas (Rossi-type}). The results are
shown in Fig. 4 and Table 1. The percentage deviation of calculated values using Eq.

pOose [Gy)

3

1 Linear range-energy relation
2 power-low range-energy relafon
» data of Yarma et ol (20)

0}
ol
P
8
A A - A A
10’ wé 0 tfem]

F1G. 4. Dose as function of distance from the mm’s path of 3 42-MeV “Br ion in 2 tissuc-equivalent
unit-density material cakculated from Fqs. (9) and (10) and compared with published  .perimental data
(20).
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TABLE L

Dose a3 a Function of Radial Distance for 2 42-McV Bronuace lon 1n
Tissuc-Equivalent U!nit-Density Material

I D D D! DS

{nm) (Gyi* (Gy™. %%} Gy, 8% (Gy. 8%
05 39.10 50-107, +28 9.2-10". +136 5.5-10". +41
i.05 1.5-10° 1.3-10°, 13 21-10°, +39 224107, 17
21 438-100 3.5-10% -27 5.2-10% +7 31-10% -36
42 11-10 9.2.10°% -i6 1.3-10% +15 76-10'. -31
[ ¥ 2.6-10° 23.10%, -8 30-10°. +17 13-10°, -30
16.8 56-10* $.3-10° -5 70-10°, 425 42-10°, -2
25.2 16-10° 1.7-10% +6 29-10° +78 1.7-10% +4
337 70-10 7.2-10°, +3 1.5-10%, +107 $2-10°, +17
421 29100 3210 +10 $3-10°, +187 45-10°, +54
50.5 1.4-10° 16-10°, +14 5.1-10°, 4267 25-10°, +77
709 6.0-10° $2-108 -13 13-10°, +200 N

Standard deviation « = % % 2%

* Expenimcental data of Yarma ef ol (20).

* Data obuzined from continuous slowing down mode] calculations by Parctzke (20).

Cale. - Exp.
Ear.

“ The percentage devials 100.

¢ Dose cakculated from Eq. (9).
¢ Dosc calculated from Eq. (10).

(9) from thosc expenmentally obtained varied from +267 10 +7%, with a standard
deviation of 39% over the range of distances from the ion path of 0.5 1o 70 nm.
Results obtained by using Eq. (10) vanied from +77 10 —36%, with a standard deviation
of 12%. Radial dosc distributions calculwted by means of Eq. (10) agree with published
calculated data (/5) for 2-MeV/a.m.u. C ions, 8-MeV/am.u. Ne ions. and
90-MeV/a.m.u. Fe ions with a standard deviation of 10, 9, and 6%. respectively, over
the range of distances from 0.3 10 10° nm.

In the calculation of the activation cross section oy and the RE. an average dose
deposited in the sensitive clement in the film must be calculated. The average dose
DX(z.8.4.a5) 10 the sensitive clement with radius a, positioned at a distance 7 from the
path of the ion of effective charge z and relative velocity 8 is given by

*m

_ 1
zB1.00) = — Dz B.10) - Mi.a0)dt (an
"d -

where A(1.a,) is a geometry function determined by the shape of the sensitive volume
clement. This element is in our calculations considered as a cylinder of radius and
length equal 10 ap. and positioned with the axis of symmetry parallel 10 the jon's
path. thus leading 10 A(.0) = 4 ArcigV(@ — (to — 0PVllo + 1) — G). lo is the distance
from the ion’s path to the cenier of the sensitive clement. aq is a fitted parameter the
value of which determincs the cakculated RE. We have chosen a value of 1077 cm
corresponding 10 an estimated size of the dye molecule which also gives the best fit
of the calculated RE 1o the experimentally obtained RE. The exiended target dose
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FiG. 5. Average dose to the sensitive elemcus in the FWT 60 radiochromic dye film as a function of
distance from the ion path calculated from Eq. (11). The dose profiles ate for the investigated ions and for
the first segment of calculation.

distribution D(z,8,t,a,) calculated by means of Eqs. (10) and (1 1) is shown in Fig. §.

The average RE of the ions in the dye film has been calculated by dividing the
55-um-thick film into a number of segments and in each segment determining average
values of z.g, 8, o1, and RE. The number of segments used is large enough so that
the RE converges; e.g., for the '*N ions 100 segments are used. The RE value for
each segment is weighted against the ratio of the dose deposited in that segment to
the total dose deposited in the film. The results are given in Tables II and 111, while
experimental RE and initial and average values of LET and z%y/8? are given in
Table IV.

The values of RE shown in Tables Il and III are calculated using the Poisson
statistics for a one-hit detector. The results shown in Fig. 2 indicate that the expression
should be modified with an exponent m as

P(z,B1,a0) = (. -~ exp(—D(z,8,1,a0)/ Dy7))" (12)

without taking variations in maximum optical density into consideration. m = 0.945
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is a fitted parameter. The values of RE obtained from this modification differ insig-
nificantly from the values given in Tables 11 and 111

DISCUSSION

The results in Table Il reveal a remarkable agreement between theory and cxper-
iment. Taking D;; = 3.3 X 10* Gy, theory and experiment agree within experimental
uncertainty, which must be considered as a major success of the track structure theory
and taking the wide range in LET and z24/g? into account.

The power law for the range—energy relation leads to a radial dose distribution
(Eq. (10)) around the ion path in good agreement with published data (/5. 20) at
ranges above 0.3 nm corresponding to é-ray energies above 50 eV. The disagreement
below 50 €V is certainly due to an underestimation of the range in our exponential
fit 1o the published range—energy data (/7-19) and 1o the uncertainty in the Bethe
energy distnbution formula at low energies. These discrepancies have a limited in-
fluencc on our calculations, because of the splitting of the dose to the central core
and the dose to the track as described in the previous section. The comparison of
expennmental and calculated RE values shows the improvement introduced by the
use of the power-law range-cnergy relation in Eq. (10). REs calculated from the
linear range-energy relation, Eq. (9), deviate considerably from those determined
exnerimentally at high LET as shown in Table Ill.

If we consider the relative effectiveness as a function of either initial or average
LET as shown in Table IV, no monotonic dccrease in RE is found with increcsing
LET. The 64-MeV '°0O ions have both higher initial and average LET than the 42-
MeV '“N ions, and also a higher RE. This may be explained by reference to the
curves in Fig. 6. In the case of 42-MeV "N ions the Bragg peak lies within the dye
film, and since z2/B8? increases smoothly through the Bragg peak, the average
224/8% in the film will be much higher than the average LET. With 64-MeV '®O ions
the Bragg peak is not reached in the dye film, and LET and z2y/82 increase continuously

TABLE 11

Experimental Values of RE Compared to Calculated RE Based on Eq. (10)
with a Dy, Value of 1.7 10° and 3.3-10° Gy

RE. RE, I®, %* RE., 2° %*

“Co v rays 1.00 1.00

10-MeV electrons 1.00 1.00
16-MeV protons 1.00 092, -8.0 0.96, -4.0
3-McV protons 0.81 0.65, -19.8 0.76, -6.2
10-MeV a particles 055 047, ~14.6 0.52. -5.5
21-MeV 'Li ions 0.47 0.42, -10.6 0.46, -2.1
64-MeV '*0 ions 0.36 0.36.0 0.38, +56
42-McV N jons 0.28 0.31, +10.7 0.32, +14.3

* RE derived from the initial siope of the dose-response characteristics.
® RE calculated by means of Eq. (10) for Dy, = 1.7-10° Gy.
Calc. - Exp.
alc 5D, 100,
Exp.
¢ RE calculated by means of Eq. (10) for Dy, = 3.3-10* Gy.

¢ The percentage deviation:
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TABLE 1l

Expesimental Values of RE Compared to Cakculaied RE Based on Eq. (9)
with a D,. Value of 1.7-10" and 3.3-10* Gy

RE,.! RE,, la" & RE... Ju°, ¢

“Co vy rays 1.00 1.00

10-MeV electrons 1.00 10O
16-MeV protons 1.00 097, -3.0 099. -1.0
3-MeV protons 0.81 099, —1.2 0.88. +4.0
10-MeV a particies 0.58 0.64. +16.3 0.71, +29.1
21-MeV 'Li ions 047 057, +21.3 0.65, +38.3
64-MeV *O ions 0.36 0.48, +33.3 0.60, +66.7
42-MeV '*N ions 0.28 044, +57.1 048 +714

* RE denved from the initial slope of the dose-response characienstics.
® RE calculated by means of Eq. (9) for Dyy = 1.7-10° Gy.
.. Cale. — Exp.
¢ The percentage deviation: -—a—EE—p—i - 100.
Ap.
¢ RE calculated by means of Eq. (9) for Dy, = 3.3-10° Gy.

during passage of the film. With increasing =2y/8° the range of the & rays decreases,
and relatively morz energy is deposited in a region of saturation close to the ion path
with a resulting decrease in RE (2/), sce Fig. 7.

That RE also depends on 3 (22) is illustrated by curves | and 2 in Fig. 7, where
two ions with the same average -Zy/8° = 6630, but with different average relative
velocity, 8 = 8.02-1072 and 1.85- 10°*, have an RE of 0.39 and 0.20, respectively.

The experimental results in Fig. 2 show that the dye film ts not an ideal detector
with a dose-response characteristic in accordance with Eq. (1). Ti. response is slightly
sublinear and does not have a constant saturation level for the different investigated
radiation qualities. This may be due to several factors. The chemical reactions leading
to the final dye formation have not yet been established in detail, although it is known
that the reaction takes place in at least two steps. the latter being fairly slow in solids
(11, 23). An intermediate product may react with the primary radicals and ions in
an as yet unknown fashion and simuitaneous bleaching may compete slightly with

TABLE IV
Experimental Values of RE Compared to Initial and Average Values of LET and ziy/8’

RE,,, LET * LET,! (2%/B87)m (2i/8)a

*“Co ¥ rays 1.00

10-MeV electrons 1.00 21 2.1

16-MeV protons 1.00 28 28 29.1 29.3

3-MeV protons 0.81 120 135 155 180
10-MeV a particles 0.55 551 628 740 910
21-MeV ’Li ions 0.47 1058 1228 1375 1651
64-MeV 'O ions 0.36 5434 6740 6598 8835

42-MeV "N ions 028 5087 6689 6611 9845
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oon 1 RE_, 2={(LET)
2 RE 2=HZe/A?)
010
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FIG. 6. RE as a function of LET and z24/8* for a N ion with an initial energy of 42 MeV being
compietely stopped in the FWT 60 radiochromic dye film.

Dose{Gy)
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LET=5000 Mevam¥y
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F1G. 7. Average dose 10 the sensitive clement as a function of distance from the ion’s path for a 42-MeV
"N ion and a 0.66-MeV a particle having the same average z2¢/8% = 6630 in a 0.5-um-thick segment of
the dye film,
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dye formation. Likewise. the nylon matnx may be seriously deformed at the high
doses emploved, and if this deformation takes place at the same time as irradiation
proceeds, the effectiveness of the irradiation may change as well. An investigation of
the mechanisms controlling the dye formation and bleachirg effects is beyond the
scope of the present work.

The difference in saturation optical density can be due to dose—rate effects at kigh
doscs. Previous publications have shown the film to be dose-rate independent at low
to medium doses (24) except at very low dose rates, <1 Gy sec™', (25). The dose rate
for ®°Co v rays is 14 Gy sec™*, but 5- 107 Gy sec™' for the 10-MeV elections. The
dose rate for the ions expressed as an average dose rate calculated from absorbed
dose and imadiation time is approximately 10° Gy sec™'. Taking the highly inho-
mogencous dose distribution for h-gh-LET particles into account by considenng an
average dose rate in microvolumes around the ion path, a2 more appropnate dose
rate is obtained. A 64-MeV '°Q ion penetrating the film bas an effective average dose
rate in the track of 10’ Gy sec™ ', if the energy is absorbed within | usec corresponding
to the length of the 10-McV linac clectron pulse. This dose rate is comparable to
that of the 10-MeV electrons. Similar calculations for the 16-MeV protons give an
effective average dose rate of 500 Gy sec™', which is only an order of magnitude
higher than for “Co v rays. These considerations agree with the experimental findings,
which show the saturation optica! density to be an increasing function of dose rate.

Ds; expresses the radiation sensitivity of a detector and in the theory (/, 2)1s related
to the response at saturation dose for low-LET radiation. When the response at
saturation is dose-rate dependent, D, appears to be dose-rate dependent as well. By
expanding the Poisson distribution function (Eq. (1)) in a Taylor series, P will at low
doses be equal to D/D;;,, indicating that D5, is related to the average energy required
to create a dye molecule. Since ¥Co v rays and 10-MeV electrons have the same
cffectiveness at low doses, D5; must be the same for the two radiation qualities, and
the apparent Juference in Dj; is due only to vanations in the maximum optical
density. This vz riation is probably due to dose-rate effects. At present, however, the
theory cannot compensate for such dose-rate effects, which forces us to choose a D,
alue from a 1ow-LET radiation with a dose rate corresponding to the dose rate of
the investigated radiation qualities. This reasoning indicates that the D;; value for
the 10-MeV electrons is the most appropriate value to use, and the agreement between
calculations and experiments is then very good indeed, within —6.2 and +14.3%.
These arguments invoked for the D;; value also suggest that the initial slope of the
dose-response characteristics in Fig. 3 should be used when determining the exper-
imental values of RE.

CONCLUSION

In this work we have shown that the track structure theory of Katz and co-workers
is quantitatively capable of predicting dose-response characteristics of high-LET par-
ticles in a FWT 60 radiochromic dye film dosimeter. We have introduced a power-
law range-energy relation for the 4 rays getierated by the impinging ion. which makes
the dosc distribution around the ion path in agreement with published data and
improves the predictions of the theory. Though the detector is not ideal as implied
by the theory, dose response at low and medium doses can be calculated with an
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accuracy of —6 to + 14%.. We find that, for the dye hlm dosimeter exposed to radiations
having an initial LET range of 28-5440 MeV cm?® g!, prediction of RE is not very
sensitive to vanatons in the low-LET Ds; value.

The track structure theory cannot at present account for dose-rate effects at high
doses and accordingly does not predict dose response of the dye film dosimeter at
saturation doses.
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Abstract — A thorough investigation has been made of the problems msolved in using o dye Him dose
meter for precision dosimetry at high doses. using both Tow- and high-LET radiation. The study
includes: time course of coloration folowing trradiation st sarious dose fevels: dose response after
irradiation in vacuum or at atmospheric pressure; Jose response dependency of iemperature during
irradiation and dose rate cffects at hiph doses. The dose response characteristics have been measured
mainly at $10 nm and over a dose range from | KGy to 10° kGy. which ranges from the lowest detectable
dose to saturation of coloration. The dose response has been found to depend strongly on: the time span
between irradiation and measurement: the irradition temperature: and the dose rate at doses above
SO KGy for low-LET radiation. Irradiation in sacuum (1 P.and in air produced the same dose response.
This work supplements previous investigations of the dyc tilm. which were mainly carried out at lower

doses.

INTRODUCTION

DURING AN investigation'” of a theory of particle
track structuse'” by the use of the radiochromic
dye film dose meter as a detector, it was found
that the knowiedge of the behaviour of the dose
meter was Jacking n several raspects. Previous
investigations of the dyc film have mostly been
concerned with dose levels at which the response
is lincar. We have now exposed the dose meter to
doses up to 1-2 MGy, which saturates the formation
of dye molecules with low-LET radiation. The film
has been irradiated with both *’Co y-rays. 10 MeV
electrons and heavy charged particles covering a
range in initial LET of 31-5500 MeV cm®g ‘. Our
investigations have covered: The optical absorption
spectrum at various dose levels and radiation
qualities: the kinetics of huild-up and fading of
coloration after exposure to high and low doses;
the saturation dose response level. bleaching at
very high doses; the dose response after irradia-
tion in air or vacuum; dose rate effects at high
doses; and the temperature dependence of the
dose response.

This investigation of the dye film at high doses
and high LET is a supplement to prvious in-
vestigations, "' but is of importance to users of the
radiochromic dye film when high precision dosi-
metry is needed.

DOSE METER SYSTEM

The dose meter used in this work is the nylon-
based FWT 6. commercially available from Far
West Technology Inc., 330 Kellog. Goleta, Cali-
fornia. 1.S.A. This thin-film radiochromic dye
dose  meter contains a  leucocyamide (hexa-
hydroxyethyl pararosaniline) which is transformed
into a coloured state, a dye, by absorption of
energy from ionizing or exciting radiation. The
radiochromic leucocyanide is dissolved in a nylon
matriv at a concentration of 10-15G by weight.
The dye has a broad absorption band in a part of
the visible spectrum with a maximum at 604 am. In
this work the response to radiation is mostly
measured at the wavelength of 510 nm, which is on
the cdge of this absorption peak. The dose meter is
supplied in pieces of 1 x | cm® with an approximate
thickness of 55 um. For some of our experiments. a
very thinfilm has been used with a thicknessof S um
but with the same materials and the same content of
leucocyanide.

EXPERIMENTAL

The respanse of the irradiated film samples was
measured by means of a scanning photospectrometer’”™
with a high spatial resolution. The instrument is cali-
biated up to an optical density of 1.5 by mean< of a
photographic step tabiet supplied by the U.S. National
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Hureau of Standards. The light absorption spectra were
mecasured with a2 Pye Unicam SP3-40 photospec-
trometer The thickness of each Bim sample was care-
fully measured by means of an clectronic gauge unit with
a reslution better than 1 pm The y-uradiations were
carried out on 2 3.7x 10" Bq “Co y-ray facility cali-
brated™ against 3 Fricke dose meter surrounded by a
nvlon coniainer with a wall thickness of 1 cm providing
clectron equilibrium. The film samples were irradiated in
the same nylon container.

For clectron irradiations a pulsed 10 MeV hinear elec-
tron accclerator was used. The pulse length was 4 s
with a pulse repetition raie of 50 pulses per sec. The dose
rate in the pulse was $x 10 Gys ' The film samgles
were irradiated cither by passage on a conveyor under a
scanned beam or by a straight-ahead collimated beam. In
the scanned beam mode the dose was determined by
routine water calorimetry.*” which has been compared
to measurements with a Fricke dose meter'™ A maxi-
mum of S0kGy was given to the film in the scanned
beam mode, because a higher dose would invoive cle-
vated temperatures influencing the measurements.

In the straight-ahead beam mode the film was placed
behind a thick collimator with a circular hole, d =7 mm.
determining the beam area on the film. The collimator
vonsisted of a layer of light material. aluminum. thick
enough to stop the electrons, and a thick layer of lead to
attenuate the produced bremsstrahlung to an insignificant
level. The clectron beam. which is negligibly influenced
from penetrating the thin film, was picked up by a
Faraday cup and the integrated charge flux measured.
Dose response data obtained at low doses in the straight-
ahead beam mode were compared with data obtained at
low doses in the calibrated scanned beam mode and a
proportionality factor was found for transforming
measured integrated charge into dose at high dose lev~is.

The investigation of the influence of pressure and
temperature on the dose response was carried out in an
experimental equipmeni used for irradiation of the film
with heavy charged particies. This equipment includes a
chamber and Faraday cup. which can be evacuated to
less than 10 ‘Pa or be flushed with a gas at different
temperaturc. This equipment is described in Ref. 1.

The dose absorbed by the film when irradiated with
heavy charged particles was calculated from the average
stopping power and particle fluence. The dosc cal-
culations are described in Ref. I.

The dose calibration of the *Co y-rays and the
10 MeV electrons is accurate within = 2% and the pre-
cision of dose interpretation is = 3.2% determined as the
root mean square of the uncertainties of the individual
measurements involved in an experimental data point.
The precision of the heavy charged particle dose
measurements including statistical scatter amounts to
+5.20¢, but the accuracy of the dose determination
depends on the ftabulated proton stopping power
data™ ™ and the calculation of stopping power for
heavy ions in a compound material.”" The uncertainty on
the proton stopping power data is from 1 to 15%. highest
for the fower energies.™ ™ and the uncertainty on the
heavy ion stopping power in a compound material is of
the same order of magnitude.””

RESULTS AND DISCUSSION
Spectrum
The light absorption spectrum of the dye film
has been measured for an unirradiated film sample

-
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Fic. ). Light ‘aobsorption spectra of the dye film iccadia-
ted with (1) Co y-rays, (2) UV-light at 250 nwi. {3)
3 MeV protons. (4) Spectrum for unirradiated fim_

and samples irradiated with low- and high-LET
radiation (Fig. ). The position of the maximum
absorption changes slightly from one batch of film
to the other. Irradiation with different radiation
qualities to the same medium-range light absorp-
tion level causes the same shape of the spectrum.
This shows that the formation of dye is in-
dependent of how the energy is deposited in the
film. cither by homogeneously distributed ion-
izations and excitations as from +y-ray photons and
fast electrons or by highly inhomogeneously dis-
tributed 8-rays from high-LET particles, or by
excitation alone as from UV-light.

The shape of the spectrum changes when the
film is irradiated to very high doses, where satura-
tion and bleaching of the response occurs (Fig. 2).
This change in shape implies that dilferent pro-
cesses take place at the wavelength of $10 and
604 nm and that there is no longer proportionality
between response measured at the two
wavelengths. From Fig. | it appears that the light
absorption around 600 nm consists of at least two
overlapping peaks with a maximum for the dye at
604 nm.

Changes in colouration after irradiation

The leucocyanide does not change into the
colovred state immediately upon irradiation, but
intermediate species are formed with an absorp-
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Fic. 2. Light absorption spectrum of the dye film irradia-
ted 10 a dose of 30 MGy with 64 MeV "O-ions.
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Fi1G. 3. Light absorption spectrum of the dye film show-

ing the time dependent decay of primary formed species

at 412 nm and the build-up of dye at 604 nm after irradia-

tion with 10 MeV electrons. The film is conditioned 24 h in
vacuum before irradiation in vacuum.

tion maximum at 412nm.""" *" These rather short-
lived species decay and the blue coloured dye is
formed with an absorption maximum at 604 nm. In
Fig. 3 it is shown how the change in the light
absorption spectrum takes place within a time
span of 24h. If the film is preconditioned in
vacuum for several hours before irradiation in
vacuum, bul measured in open air, the time
dependent change in spectrum is very pronounced.
Under these circumstances the rate of colour
formation will presumably be determined by
diffusion of oxygen and water into the film
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material. As the formation of dye is the response to
absorbed dose it is very important to measure tt.°
optical density when the kinetics in the film have
stabilized.

We have investigated the build-up of dye in the
film irradiated with y-rays and 10 MeV electrons
under eavironmenial conditions of: open air, pre-
conditioning in 24 h and irradiation in vacuum ( ~
1 Pa), nitrogen atmosphere. and vacuum of ~ | Pa
without preconditioning at doses ranging from 15
to 2000kGy (Figs. 4-6). The temperature during
storage, irradiation and measurement has been
kept as close as possible to room temperature
(20°C) and the relative humidity has been between
50 and 60%.

Build-up and subsequent fading of the dye after
*“Co vy-irradiations at doses from 1.5 to 900 kGy is
shown in Fig. 4. The response is expressed in
relative. change in optical density per unit film
thickness. The build-up takes place within the first
20h after irradiation with a relative rate slowest
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Fic. 4. Time dependent change in relative 30D/mm at

$10 nm after irradiation in air to different doses of *Co

y-rays with a dose rate of 14 Gys'. The response is
normalized with respect to maximum absorption.
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Fic.. 5. Time dependent build-up of colour after irradia-
tion in (1) air, (2) N:-atmosphere, (3} vacuum with pre-
conditioning in 24h. Absorbed dose of 20kGy from

10 MeV electrons with a dose rate of §x 10 Gys .
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FiG. 6. Time dependent build-up of colour after irradia-
tion in vacuum without precoaditioning with [0 MeV’

clectrons to absorbed doses of 0.14, 0.4 and 2 MGy with
dose rate of $3 16 Gy s '

for the highest absorbed doses. Thereafter a de-
clinein aresponse is observed until about 100 h after
irradiation. A plateau is reached 4-5% below maxi-
mum response, which for the lowest doses ((
0.1 MGy) appears to be constant for a period of
time exceeding 350 h, whereas the response for the
higher absorbed doses declines further al times
exceeding 350h. The difference (~2%) in the
relative response at the plateau following the
maximum may be due to scatter in the individual
measurements but the subsequent fading after the
peak in build-up is significant.

Build-up of colouration in the first hours follow-
ing irradiation with 10 MeV electrons to a dose of
20kGy with a dose rate of 5x 10’Gy s ™' has been
monitored for irradiations in air, N-atmosphere,
and vacuum with preconditioning for 24 h (Fig. 5).
The films were measured in open air. The build-up
is most pronounced for the film irradiated in
vacuum, changing from 30 to 50% below maximum
shortly after irradiation ( ~ 10 min) until maximum
was obtained 15-20 h later. The build-up following
irradiations in air and nitrogen amounts to 10-20%.
respectively, shortly after irradiation and maxi-
mum is achseved after about 10 h.

The rate of build-up of colour after irradiation is
dose and dose rate dependent and the build-up
depends further on the content of oxygen and
water in the film material during irradiation. Pre-
vious investigations'"” at low doses and dose rates
have also shown a dose rate dependency.

To simulate a situation most common for the
use of the dose meter in a vacuum environment
the film was kept under normal air storage con-
ditions but irradiated in vacuum with 10 MeV
electrons at doses ranging from 0.14-2 MGy. The
build-up of colouration is shown in Fig. 6. It is
seen that despite the big dose range and sub-

sequent different time of exposure to vacuum, the
build-up of coloration peaks after a period of
10-20h.

Absolute oplical density readings of film sam-
ples irradiated in open air and in vacuum has been
compared at doses of 10, WO and S00kGy. No
significant difference in dose response was found,
but a tendency of recording slightly higher re-
sponse (49%) at high doses ( ~ 500 kGy) for samples
irradiated in vacuum was recorded. This. we be-
lieve, is due to a higher temperature in the film
during irradiation in vacuum, because in this case
the heating caused by the irradiation can only be
dissipated through heat radiation.

Dose-response characteristics

From the light absorption spectrum of the dye
film (Fig. 1). it is seen that any wavelength 350-
650nm can be used as the charactenistic
wavelength for calibration of the dose meter. The
highest sensitivity to radiation is obtained at
604 nm., which mainly reflects light absorption of
the pure dye. The broad peak around 600 nm con-
sists of two overlapping peaks, which is seen from
the bump on the leading edge of the peak. This in
fact indicates that more than one single reaction
takes place following irradiation. Dose response
has been measured at 600, 510 and 494 nm (Fig. 7).
The manufacturer of the film recommends
measurements at 600 nm for y-ray and electron
doses below 30 kGy and at 510 nm at higher doses.
The wavelength of 494nm has been chosen
because of being an isosbestic point”” (Fig. 3).
which is stable in ime within the first 24 h after
irradiation and thus independent of build-up of
colour. Though the sensitivity of the film to
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FiG. 7. Dose response characteristics of the dye film

irradiated with 10 MeV electrons and measured at the

wavelength of 600, 510 and 494 nm. The ordinate scale
has to be multiplied by 10 for the $ um thick film.
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irradiation is down by a factor of about 2.§ at
494 nm as compared to measurements at S10 am.
the 494nm should be preferred to 510nm. The
shape of the dose response characteristics in Fig. 7
are the same except for the 600 nm response at
saturation. This difference may be caused by the
photospectrometer as the optical density i1s more
than 4. The slope in the log-log plot of the dose-
response is less than 345° indicating sublinearity.

A single mechanism of response to irradiation,
such as breaking of a double bond in the leucocy-
anide molecule, shall according to hit- and target-
theory'™ show a dose response characteristic.
which follows a Poisson distribution function for a
one-hit detector. This means that a single tonizing
or exciting event with an encrgy depositior: above
a certain threshold (3.8 ¢V) may lead to the for-
mation of a coloured dye molecule. The Poisson
distribution function can for the dye film dose
meter be expressed as AOD/mm =
AOD/MMpas X (1 —exp(—D/Dy)). where AOD/
MM, is the maximum obtainable coloration and D,
is a characteristic dose at which 63% of maximum
coloration is achieved. This distribution function is
linear at low doses and has a slope of 45° in a log-log
plot.

We have investigated the very thin, 5 um. FWT
60 film in order to see whether the dose response
measured at the wavelength of 600 nm follows a
Poisson distribution function up to saturation
doses (Fig. 7). The thin film can be measured at the
absorption maximum even at saturation optical
density. The shape and slope of the dose response
craracteristic is the same as for the thick film
measured at 510nm, showing the same
sublinearit; and response at saturation doses. This
shows that the difference in shape of the dose
respone for the thick film measured at 600 and
510nm is due to saturation of the photospec-
trometer.

Dose-response characteristics of the dye film
have been obtained for various radiation qualities:
3 and 16MeV protons. 10MeV a-particles,
2] MeV 'Li-. 42MeV "N-, and 64MeV '*O-ions
covering a range in initial LET of 3i-
5500 MeV cm®g ' corresponding lo an average
LET in the film of 31-7200 MeV cm®g ' The dose
response  characteristics measured at the
wavelength of $10 nm are shown in a log-log plot
(Fig. 8), together with the dose response charac-
teristics obtained for “'Co y-rays and 10 MeV
electrons. All the curves are parallel at low doses
with the same slope up (o approximately
AOD/mm = 10, but the saturation optical densities
are different. At doses below 50kGy the curves
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Fic. 8. Dose response characteristics of the Jdye Kilm
irradiated with “'Co y-rays. 10 MeV clectrons_ and heavy
charged particles of varying radiation quality.

for "“Co y-rays and 10 MecV electrons are identical.
but the maximum optical density is considerably
higher for the 10 MeV electrons than for “"Co
y-rays. The saturation optical density for the
42MeV "*N- and 64 MeV "O-ions is the same as
for the 10 MeV eclectrons. whereas the saturation
optical density for the 3 and 16 MeV protons and
the 10 MeV a-particles is between the saturation
optical density for “"Co y-rays and 10 MeV elec-
trons. The parallel displacement of the curves
relative to the curve for “Co y-rays and 10MeV
clectrons reflects the relative effectiveness, RBE,
of the different radiation qualities.'”

The leucocyanide content in the film is ~ 109
by weight (information from manufacturer). With
an extinction coefficient of approximately
10" Imol ' cm '™ a theoretical saturation opti-
cal density at the wavelength of 604 nm is cal-
culated to OD = 120 for a 55 um thick film. This
value of optical density at 604 nm is by no means
obtained for the 55 um thick film showing that not
all leucocyanide molecules are converted into the
coloured dye at saturation. At a 10% content by
weight the concentration of leucocyanide mole-
cules is 1.1x 10™ molecules/g if they are homo-
geneously distributed in the film. If an event size
of 60 eV is estimated. the number of event sites
per gram of film is 2.1 x 10™ at a saturation dose of
2MGy. This consideration leads to the conclusion
that all existing leucocyanide molecules in average
experience 2 hits if all the energy is absorbed by
the leucocyanide molecules, and that the maxi-
mum obtainable optical density theoretically
should be achieved. If the energy s
homogeneously distributed on both leucocyanide
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and nyken moleculey calculations show that only
207 of the caisting kucovyankde molecules are hit
once at a2 dose of 2MGy. If ths s the case no
saturativa in dye formation would be observed in
the investigated dose range.

Sublincarity in the dose resporse can be due to
several reaction mechanisms one of which is the
destruction of latent colour centers'™ ™™ Another
possible ¢xplanation is that a reducton in radiaton
induced radical yicld is due to anncaling effect '™
In 2 previvus section it has been shown that the
reaction leading to the dye formatwn takes place
in at least two steps. the latter being fairly slow.
The intermediate product may react with the pni-
mary radicals and ions in 2 way anncaling the
otherwise formed coloured carboamum ion.

The shape of the curves in Fig. 8 are almost
identical showing that the same reaction
mechanisms take place independent of whether
the energy s deposited homogeneously as from
*“*Co y-rays and 10MeV electrons or highly in-
homogeneous as from the heavy charged particles.

Blcaching effects

From the dose-response characteristic in Fig. 8
it is seen that irradiating the film into doses above
saturation causes a bleaching effect. This destruc-
tion of the formed dye at high doses is not un-
expected because radiation in addition to produc-
ing crlour centers also can destroy colour centers.
The nylon matrix may be seriously deformed at
the high doses employed. and if this deformation
takes place at the same time as irradiation pro-
ceeds the effectiveness of the radiation may
change as well. At doses above saturation the
shape of the spectrum changes (Fig. 2) and the
peak at 604 nm starts to decrease before the opti-
cal density at 510 nm decreases.

Attempts'"™ to explain the sublinearity as due to
a bleaching effect and trials to accomplish linearity
by adding a dose response curve for bleaching to
the dose response curve for colour formation fail.
This is because the saturation optical density and
bleaching as a function of dose are not constant
for different radiation qualities (Fig. 8). We have
irradiated the dye film (55 um) into saturation with
UV-light of different wavelength and with sunlight
(broad UV-spectrum). The maximum optical den-
sity was dependent on the wavelength of the UV-
light and on whether the film was irradiated from
one or two sides. Two-sided irradiation with 254
and 340nam UV-light gave a saturalion optical
density of AOD/mm ~ 25 and -~ 40, respectively.
Irradiation with sunlight gave a AOD/mm ~ 50. By
subsequent irradiation with 10 MeV electrons the
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optnal Jensity at first increased to the same level
as if the flm was wradiated with clectroas from
blanc. AODVmm ~62. and thea decreased as
shownm Fig. 8.

Dose rate dependence

Previous investigations'* ™ have shown the film
o be dose rate independent at low 10 medium
doses except at very low dose rates. <
1Gys """ " The difference in saturation optical
density (Fig. ) may Yowever, be due to Ju-<e rate
eflects at high doses. At doses below SOKGy the
curves for “Co y-rays and 10 MeV clectrons are
wdentwcal. but the maximum optical density is con-
siderably higher for the 16 MeV ctectrons than for
“Co y-rays. The dose rate for “Co y-rays is
14Gys ' but $x 107 Gys ™' for the 10 MeV clec-
trons. The average dose rate for the ions is approx.
10°Gys ‘. Taking, however. the highly in-
homogencous dose distribution for high-LY T par-
tickes into account by considering an average dose
rate in microvolumes around the path of the mov-
ing ion." ' a2 more appropriaie dose rate is
obtained. A 64 MeV "O-ion pencirating the film
has an average dose rate in the track of 10 Gy s™*
if the energy is absorbed within 4 s correspond-
ing 10 the length of the I0MeV linac electron
puise. This dose rate is comparable to the dose
rate of the 10 MeV electrons. Similar calculations
for the 16 MeV protons give an eflective average
dose rate of approximately 500 Gy s~', which is an
order of magnitude higher than for *Co y-rays.
These considerations are in agreement with the
cxperimental observations, which show the
saturation optical density to be an increasing
function of the dose rate (Fig. 9).

Temperature dependence

In the present work the temperature dependency
of the dye film has been monitored at the photo-
spectrometer wavelength of 510nm. The effect
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Fic;. 9. Saturation optical density as a function of dose
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Fi1G. 10. Temperature effcct on duse-response measured
2t absorbed doses of 10 and 0BGy

of increased temperature during irradiation with
10 MeV clectrons on dose response was in-
vestigated without preconditioning of the film
samples. The film samples were fplaced in the
irradiation chamber, which was fushed with
heated air, the temperature of which was moni-
tored by means of a thermistor placed close to the
film. The dose response dependence on tem-
perature was measured in the temperature range of
20-50°C and at dose levels of 10 and 100 kGy (Fig.
10). The increase in dose response with tempera-
ture was in average 0.6 and 0.97%/°C for the dose
levels of 10 and 100 kGy. respectively. The tem-
perature cffect on dose response is thus dependent
on dose, which makes corrections for irradiation
temperalure complicated. A previous investigation
at a dose of 20kGy'" has shown dose response to
be dependent on temperature with an average of
0.57%/°C in the 1emperature range of 20-50°C.

CONCLUSION

The experiments described in the present work
show that great care must be taken when using
radiochromic dye films for more exact (< 2 109%)
dose measurements. Careful measurements of the
thickness is iriportant, because film thickness
varies within a batch of films, and small surface
irregularitics can change the final dose reading
drastically. The ratc of build-up of colour after
irradiation is dose- and dose-rate-dependent and
depends further on the content of oxygen and
water in the fim during irradiation. At doses cor-
responding to a change in optical densily per mil-
limeter film thickness > 10 at A = $10 nm, the dose
response is sirongly dose rate dependent. The dose

response s temperature Jependent. the rate of
which is a fusction of absorbed dose. Readings of
optcal density at high doses can with advantage
be made at an isesbestic pont of wavelength, thus
avoiding build-up of colou;. This pomt. however,
must be measured for the individual batch of film
because the isosbestic pomt chaages from baich to
baich. as does the wavelength for maximum light
absorptivn in the regon of 603 am.
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Relative radiation effectiveness. RE, of 21 MeV "Li and 64 MeV "0 jons being completely stopped in g tissue cquivalent Him
dose meter has been measured as a function of penctration depth and cnergy. and the resulis nave been compared with caleulstions
based on a S-ray theory for heavy charged particles developed by Katz et al. The experiment was designed 1o test caleulations
particularly in the Bragg-peak region of the slowing down particles where significant devistion between theory and cxperiment was
found. Fitting of the characteristic Dy, dose and the size of the radiation sensitive clement in the detector. which are important
parameters in the theoretical model, doe: not improve the overall correlation between theory and expeniment. It is concluded that
disagreement between theoretical and experimental RE-values below 15 MeV /amu is partly due to tack of cquivalence between the
8-ray spectrum and the slowing down spectrum of clectrons from low-LET radiation, and partly from approximiations in the

calculated distribution of energy deposition of the d-rays.

1. Introduction

The dose-response characteristics of physical derec-
tors exposed to beams of heavy charged particles change
considerably with the lincar energy transfer (LET) of
the particles. The only theory at present which allows a
prediction of this change is the 8-ray theory of track
structure developed by Katz et al. (1). This theory
considers a detector to be made of sensitive elements,
which are activated through interaction precssses with
8-rays (secondary clectrons) ejected from the path of the
heavy ion. The size of the radiation sensitive element 13
characteristic for the detector, which is assumed to
respond with equal effectiveness for a given end-point
to this spectrum of 8-rays as to the slowing down
spectrum of electrons from a beam of fast electrons or
y-ray photons (low-LET radiation). The difference in
dose-response characteristics between low- and  high-
LET irradiation of the detector is in the theory ascribed
to the very inhomogeneous dose distribution around the
path of a high-LET partizic

The inhomogeneous dose distribution may be calcu-
lated from a knowledge of the §-ray distribution, dif
ferential in angle and cnergy [2]. and from the primary
excitation energy deposited very close 1o the ion path
{3]. 1t has been shown (4] that the radial distribution of
dose due to jonizing interactions as calculated from the
Bethe theory {5] is in good agreement with experimen-

Cl68-583X /84 /301.00 «» Elsevier Science Punlishers B.V,
(North-Holland Physics Publishing Division)

tally obtained data [6,7] and data obtained from Monte
Carlo calculations 1n continuous slowing down ap-
proximation [6.7]. The Bethe formulation of the ¢nergy
spectrum of 8-rays generated by a heavy ion of veiowity
B relative to the velocity of light and effective charge =
is expressed as N(w) = C(: /B Ww/w?, where N(w) is
the number of §-rays per unit pathlength having e¢n-
ergies between w and w+dw, and C is a constant
proportional to the number of electrons per unit volume
of the penetrated medium. The maximum ¢nergy, which
can be transferred 1o an celectron from a heavy ion, 15
obtained from kinematics as wy,, = 2 mc?@3(1 ~ gy 1,
where m is the electron rest mass and ¢ the velocity of
light. The §-ray dose distribution may now be calculated
from the energy distribution, angular distribution, and
stopping pewer of the 8-rays. For ease of calculation of
dose in track segments the angular distribution has been
approximated by assuming ejection of 8-rays perpendic-
ular to the track. The range and a subsequent cffective
stopping power of the 8-rays have been obtained from
fitting 0 experimental {89) and theoretical [10,1,)
range-energy data, from which a power-law range-en-
ergy relation of r=522x10""" &'*” g/cm? has been
obtained, where r is the range and w the energy of the
electrons, in eV, This relation yields improved dose
distribution data as compared with a linear relation
r=10 " g/em? proposed by Katz.

According to the 8-ray theory the radiation sensitive
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clements grouped around the path of the won will re-
spond 1o the local dose deposited there by the generated
S-ravs. as f the clements were part of a larger svatem
uniformiy irradiated with low-LET radianion to the same
dose. Thus, the dose-response charactenistic, which is
experimentadly obtained for the detector irradiated with
low-LET radiation, is vsed to correlate the caleulated
dosein the elements with a produced effect. The proba-
pility that a sensitive element s activated by an ion is
given by the Powisson  distribution  function  as
Pz Boray.Do)=1—expl~D(:.B.1.a,)/Dyy). where
P(z.3.1.u,. Dy) represents the fraction of sensitive ele-
ments of radius gy activated by the mcoming ion of
relative ~elocity B, and which are lying at a distance 1
from the track axis. D(z.B.r,4,) is the average dose
deposited i the sensitive element at a di.tance ¢ from
the track axis, and is found from 1 calculation of dose
distribution around the ion path. Dy; is the dose of
low-LET radiation at which 37% or ¢! of the sensitive
clements are not activated by the radirtion. The total
effect produced by a single 10n or a beam of ions is
found from an integration of P(z.B.1.a,.D,,) over all
distances ¢+ from the axis of the ion's path to the
maximum range of the 8-rays. This integration yields
the total activation cross section a(z.8,44.D;,).

Relative effectiveness, RE, of high-LET radiation to
low-LET radiation is defined as the ratio of the doses of
the radiations being compared, which produce the same
response under identical conditions. RE may as well be
derived (rom the ratio between the radiation sensitivities
of the medium towards the radiations involved. The
sensitivity of a detector towards low-LET radiation is
given by 1/D,,, and the sensitivity towards high-LET
radiation is defined [12] as o(z.B.uy.Dy,y)/LET. which
is the ratio of the total cross section to lhe average
energy deposited by the moving ion per urit pathlength
in a unit density medium. The relative effectiveness can
then be expressed as RE = ko(z.8,4,.D04,7)/LET. For
Dy, in Gy and LET in MeVemig ™' the conversion
constant k equals 6.24 x 10° MeVGy ~'g ™'

Knowing the relative effectiveness, RE, of the ion in
the detector as a function of energy (velocity B), the
high-LET dose-response characteristic may be calcu-
lated. The size of the sensitive clement is a paramecter in
this calculation, which may eithes he approx mately
calculated by means of classical target theory 12-14] or
by fitting to experimental high-LET data for the defec-
tor. For the radiochromic dye film a sensitive clement
size, ag. of 1077 cm has been used

The 8.rav theory is proposed to be applicable to
*ideal” detectors, which for most physico-chemical de-
tectors means a one-hit response, i.c. only interaction
energies above a certain threshold lead to the end-point,
whereas accumulation of interaction energies below the
threshold cannot take place. An ideal one-hit detecior
has the following properties [12}: 1) a linear dose-re-

sponse up 1o doses comparable to D0 2) absence of
dose rate effect ance the sensiive element man he
activated by a single electron. and Tadimg or recombina-
tion of formed radicals v disregarded. ) oo double
logarithmic plot all dose-response curves will be 45°
lines independent of the radiation quality. and 4) the
effectiveness. 1.e. the response per unit dose for a given
end-pomt will decrease monotomically as a function of
LET and the partcie veloanty.

In our previous study 4] of the response of the
radiochromic dye film. FWT-60. to beams of 1ons rang-
ing from 16 MeV protons (ininal LET = 2%
Mchng’ ') 10 64 MeV oxygen ons (initial LET = 5434
MeVemig™') we found very good agreement between
theoretical predictions of the dose response curves and
experiments except in the case of 42 MeV nitrogen tons,
which were completely stopped in the film. For the
nitrogen ions the difference between theory and expen-
ment wis greater than the experimental uncertainty at
95% confidence level.

The results indicated that the thecory might not be
applicable at low specific ion eaergies. We thus decided
to investigate the energy range for application of the
8-ray theory by using a stack of very thin radiochromic
dye films (nominally 5 pm thick) of the same composi-
tion as the nominally 55 um thick ones as used previ-
ously. This work should indicate the specific ion energy
below which the variot  approximations in the 8-ray
theory break dow=.

2. Experimental

The radiochromic FWT-60 dye film consists of 4
form of nylon (C,;H;N,0;),. which contains ap-
proximately 10% of a colourless radiochromic dye pre-
cursor hexahydroxyethyl pararosaniline leucocyanide
(CeH,N(C;H,OH),),C-CN which attains a blue col-
our upon irradiation with exciting or ionizing radiation
{15]. The dye formed has a broad optical absorption
band with a maximum at 604 nm. The dose meter
response is expressed as increase in optical density per
unit (itm thickness, A0D/mm, measured at 604 nm.

The actual film thickness varied from 4-8 um, but in
the case of 21 MeV "Li ions a 53 gm thick fum was
used in the stack due to the longer penetration depth of
this ion. The thicknesses were measured individually
with an electronic transducer gauge unit, and the optical
densities were obtained in a recording spectrophotome-
ter designed to read spatial vaniations in optical density
across the field.

The stopping power of the ions in the film was
ca culated from published stopping power data for po-
tons [16] as S(z,".ﬁ)=S(zp.ﬁ)(z,,,/:p)’. Sz B) is
the stopping power of the ion with atomic number 7
moving at a velocity 8 relative to the velocitly of light.
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A :|_,/l) ix the stopping power of a proton moving at
the same veloaity, and =, and 2 are the effecuve
charges of the won and the proton, respectively, caleu-
lated from the formubis of Zegler [17] In order, how-
ever, to fit with expenmental stoppg power data
(1819}, 2, for "Liions in hvdrogen was calculated by
means of the spectahzed expression for lithium jons as
proposed by Zicgler {17] only at energies above 015
MeV/amu, whereas the general expression for =, for
all 10ns was used below ihis energy. The stopping power
for the 1ons ‘n the film matenal was caleulated by
Bragg's additivity rule [20] from the weight fracuons of
the atoms (H, C, N, and O) constituting the detector,
The reference low-LET radiations were v-rays from a
* Co source with a dose rate of 14 Gy s ! and 10 MeV
clectrons from a linear accelerator with an averuge dose
rate in the pulse of 5 x 107 Gys ', while the high-LET
radiations were beams from a tandem Van de Graaff
accelerator with dose rate of approximately 107 Gyvs '
By calculating an average dose rate in the track of the
moving ton in the $5 pm film, 4 dose rate of approx-
mately 107 Gys™' and 10* Gys™' is obtained for the
7Li- and 'O ions, respectively. Detited description of
the irradiation technigue for low- and high-LET radia-
tions has already been published [4).

The determination of dose of the fow-LET radiations
has an uncertainty within 2%, and the precision of the
low-LET dose-response measurements is 14.3% (total
random uncertainty at 95% conflidence level [21]) de-
termined from the uncertainty associated with the indi-
vidual measurements involved in an experimentai data
point. The precision of the dose-response measufements
for wons is +15.1% (determined as for the fow-LET
Gose-response measurements). ihe uacerfainty in the
proton stopping power is ‘ess than 1% for energies
above 400 keV and approximately +10% for lower
energies [16], and the method of calculating the stop-
ping power for tne ions in a compound material may
introduce an error of about 10% {22). While the expres-
sion for the eflective charge of the jons is an empirical
fit relating stopping power of protons to experimental
stopping power data of heavy ions of the same velocity,
the expression is used as well in the d-ray energy distri-
bution formula for which we do not really know its
applicability. With reference to calculated and measured
ranges of the ions {sce next section). the uncertainty of
the absolute energy of the ion as a function of residual
range is considercd 1o be less than the stated error vn
stopping power. Based on these considerations the over-
all uncertainty at 95% confiderce level of experimental
RE values is +18.7% calculated ay

4,2

= (2‘} + 1L
’ I

where v s the random uncertunty and &, s the osti-

nuited mauamum svstematic error of the idividual dista

pants.

3. Results

The dose-response characteristics of the 5 pm thick
dye (lm o Jow-LET rdations of “’Co y-rays and 10
MeV electrons are shown in fig. 1. The end-point con-
sidered 1s the colouration of the il measured as change
in optical density per unit film thickness at 604 nim,
which 18 the wavelength at maximum absorption. At
doses below 30 kGy the response is identical for the two
radiation gualities, while at higher doses the response to
10 MeV clectrons is higher than to **Co y-rays. This i
in correspondence with observations made for the 55
am thick FWT-60 film measured at 510 nm and the
effect is uscribed to the difference in dose rate [15]. The
low-LET dose-response curves of the 5 pm and 55 pm
thick Nilms measured at 604 nm are parallel up 1o doses
that cause optical densities above the measuring range
of the photospectrometer. For the 55 pm thick films the
wuvelength at 510 nm was chosen to allow studies of the
film at very high absorbed doses {15].

For calculation of the activation cross-sections of
colour formation in the film the curves in fig. | mi  be
described by the expression AOD/mm = (A0D/
mm} ..l - exp(— D/ Dy, )" ™. which does not corre-
spond to an ideal one-hit detector as described by the
classical target theory. The exponent of 0.94 does not
reflect the hit-number, which must be an integer, but is
rather a parameter which takes into account nonlinear-
ity of the detector due to fading or recombination

102 r
6 00/mm
{x=604nm ! /(,_
107} o
1 "Co y-roys
2 ) MeV electrons
o't
‘00 Y 1 A Gy A
10° 10% 10 108 0’

Fig. 1. Dose-response curves for a thin (nominally § pm)
radiochronue dve film FWT 60-20 srradiated with ®Co y-rays
and 10 MeV clectrons with a dose rate of 14 and $%107 Gy
s respectively. The optical density 1s measured at the wave-
length of 604 am
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et or possible radiation damage of Litent leueo
centers, The observed Oy;-value and masimum response
were T RGy and 165, repspectivels, for ™ Co y-ravs,
and 3 KRGy and 356 {or 10 MeV clectrons The D, .-
vidue meisured at 604 nm for the 5 pm thick ilm
irradhated with *Co y-ravs is idenuical to the valae for
the 85 pm thick Olm measured at S16 nm.

Y

The average absorbed dose in tne thin dye films
wradiated in stacks with 3 MceVyamu TLi and 4
MceV/amu O jons s shown in Tigs. 20 and b as
funciion of depth aad on energy. Curve number 1
shows the dose determined from the measured opticad
density and the low-LET calibration curve in fig. 1. For
comparison curve number 2 shows the dose caleulated
from the stopping power and particle fluence. The error
bars indicate 95% confidence level of experimental val-
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Fig. 2. (a) Average absorbed dose in the FWT 60-20 film
segments as a function of penctration depth and encrgy of "L
icns with an initial energy of 21 MeV, curve 1 measured from
film response and low-LET dose-response calibration curve;
curve 20 caleulated from LET_ and particle fluence. Bars
indicate 95F confidence level, (b) Average absorbed dose in the
FWT €0.20 film segments av a function of penetration depth
and energy of 0 1wns with an imtial energy of 64 MeV, curve
1 measured from film response and low-LET dose-response
calibration curve. curte 20 cateulated from EET and particle
Muence. Bars indicate 95% confidence hevel.

wes. Phe penctration depth caleulated trom the continae
ous sowing down of the 1on kg nuclear stoppime
mtoaccount is 107 and 77 em Jor 3 MeV, amn 'Trand
3 MeV ame Ohons, respectively. The measurad range
taken ay the depth at the center of the Lst Diln: i the
stach givang a responae significantly different from rero
i 10K and 73 pm for "Li and 'O ions, respectivedy.

Theoretical values of the reiauve elfectiveness (R1)
of the two ion beams relative 1o 10 MeV clectrons bane
heen caletlated usig Do = 3 KGy sind a radius of the
radiation seasttive clement, a,,. cqual 1o 10 7 cm. In e
caleulutions the cahibration curve for 10 MeV electrons
is used since the dose rades for the high-LET beams and
the clectron beam are comparable {4, A difference in
response at saturation doses for the filmarradiated with
' Co y-rays and 10 MeV electrons s ascribed 1o the
dose rate, since an intermediate product is formed upon
ircadiation (15 This intermediate is over a tme scale of
some wours transformed into the coloured dye and may
participate in back reactions, of the exposure iy pro-
longed as for “Co y-irradiations, where several hours of
expos tre are necded at the highest dose level. The value
of a, is chosen as it already has been shown {4] to give a
good fit to expenimental data for the 55 pm films
exposed 10 3 and 16 McV protons, 10 MeV a-particles,
21 MeV 'Li. and 64 MeV 'O jons. Experimental and
theoretical values are shown in figs. 3a and b (or the
two jons as a function of the average LET in the stacked
dyc films and indicate deviations between experimental
and theoretical RE values at low 1on energies. For case
of comparison the ratio of calculated to experimental
RE values is given in fig. 4 both for "Li and 'O ions as
function of the «pecific energy of the ions. Also indi-
cated is the 5.% confidence level for a ratio of unity
independent of the energy.

Due 10 the longer penetration range of the "Li jons
similar 53 um thick dye film was interspersed in the
beginning of the dye film stack arradiated with 3
McV /amu "Li ions. The measured and calculated RIE
value for this film agreed with previous work {4} within
5% taking a slight change of RE into account as due to
a difference in stopping power values used in the two
investigations. Similarly for the first 53 pm of the 'O
stack the experimental and theoretical RE agreed both
with previous dala and with each other within §%.

The radial dose distribution used in the present
investigation is given by

2t ‘ .

l)(:.[}'l) - i; i"i ;' IE - ’l"“l :

for a,=0. This 1s the expression for the point-target
dose distribution, where s the distance froms the won
path, while the other parameters have been discussed
above, The average value of dose 1o the sensitive cle-
ments is found from averaging the point-terget dose
expression over the size of the seamitive element. A
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function of the distance from the partcle track of a 2.3
McV /amu MO on and a 0.262 MeV /amu '8 jon.

detailed description may be found elsewhere (4]

The accuracy of the point-target dose expression has
bee  Lavestigated by caleulating radial dose distribu-
tious 10 tssuc-equivident unit-density gases for 0.262
MeV /amu Y71 and 2.4 MeV /amu '*O ions and com-
paring the calculations to experimental data of Baum et
al. [6]. This comparison has as well been made for 0.53
MeV /amu " 'Br ions of Varma et al. [1).

The ratio of experimental to calculated doses as a
function of the distance from the particle track is shown
in fig. 5. In the experiments the effective charge was
calculated from the formula of Nikolaev and Dnutriev
[23). The forinula given by Ziegler [17] gives almost
identical z for 2.4 MeV/amu O ions but about 10%
fower z ¢ for '¥71. This difference has been corrected for
in the calculations shown in fig. 5.

The two parameters in the theory Dy, and gy, have
been varied from the stated values of 330 kGy and 1077
cm, respectively. A reduction of Dy; will lead to a
decrease in calculated RE values. The decrease in RE
will be slightly lower at high specific energies (>2
MeV /amu) than at low energies (<1 MeV /amu), but
the difference was not sufficient to obtain a significantly
better cor.elation between experiment and theory than
shown in fig. 4. The effect of changing the size of the
sensitive element g, is more complicated since it de-
pends on the stopping power, and it has not been
possible o obtain better ayreement between theory and
the present experimental results by varying o,

4. Discussion

The experimental technigue used in the presznt in-
vestigation is very similar (o that used with 55 pm thick
films [4]. but there are dsfferences which may he of
importance. The films are irradiated in stacks, the opti-
cal density is measured at the absorption maximum at
604 am instead of S10 nm'as used with the 55 pm films,
and the dye content of thd thin and thick films might be
slightly diffecrent. The various tests reported for com-
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parson show that the thin and thick hlnes give sdentical
results and that conclumions drawn from expenments
with thick filmy mav be used on thin fidims as well

In the previous work [4] oo high calculated RE
vatues were found for the stopping 3 MeV Zamu N
wns corresponding o a rate of caleulated 0 expen-
mental RE values above umity. The data shown in hig 4
give an explamanon of this finding since thas ratio
considerable  above unily  at energies  below 15
MeV/amu. 1.5 MeV/amu s just the residial 2nergy of
4 McV/amu 'O ions after passage of a 53 pm thick
dye film, and thus the effect was not observed for 4
MeV/amu '*O ions in our previous work. It must be
mentioned here that the calculation of RE-values are
only valid for the hinear part of the dose-response
characteristic where overlap of the tracks is negligible.
The leveling-off of the response at high doses is due to
overlapping tracks.

As outlined in the introduction the relative effective-
ness is calculated from a convolution of a probability
function into a radial dose distribution. This dose distri-
bution is in good agreement with experimental data for
0.262 McV/amu 'Y and 2.4 McV/amu O ions as
shown in fig. 5. The larger discrepancy for 2.4 MeV /amu
1*0) data is partly due to the experimental data bcing
approximately 20% 100 high due 1o a 100 high assumed
value for W as discussed by Baum et al. {6]. Below I nm
experimental data are too low due to lack of charge
cquilibrium. Previous calculations of radial dose distni-
butions using the present method [4] have shown to be
in good agreement with experimental and theoretical
data for 0.53 MeV,/amu ™Br ions [7) and theoretical
calculations for 2 MeV/amu '1C jons (24].

The good agreement between calculated and experi-
mental radial dose distributions for 0.262 MeV/amu
'27f jons, 0.53 MeV,/amu "Br ions, and 2.4 McV /amu
0 jons indicates that in spite of simplified assump-
tions mentioned in the introduction. the procedure yields
reasonable results in the energy range considered in the
present work.

The present 8-ray theory assumes that all §-rays are
¢jected perpendicular to the ion path. The angular dis-
tribution has been observed [2,25) 10 be nearly 1sotropic
for low-energy 8-rays, while higher-energy 8-rays are
ejected at an angle of approximately 45-60° to the ion
path. This observation is equivalent to an increase in
dose close 1o the ion path refative to calculations. The
deviation of the energy distribution from the Bethe
8-ray energy distribution formula becomes important at
8-ray energies below 30 eV according to Wilson and
Toburen [25]. In this enesgy region the chemical com-
pusilion of the target material also plays a role. This
effect will have a hig impact on dose distribution only
at verv low specific ion energics.

The range-encrgy relation usald, r=Aw", under-
estimates the range of low-cnergy S-rays al encrgics

below 200 e\ according o Wanbed and Girosswendu | 26)
and Ashley {271 This imphies o too high calculated dose
Vose 1o the nack The good agreement benween valeu-
Lated and expennmental dose distributions mdicates thin
the varrous approimations tvolved m our calculations
ouly have a mmor influeace and that these three effects
tiken together 1o some extent cancel cich other.

The effective charge of the 1on has 3 strong nfluence
on the dose distnibution since the dose s proportional
to the square of 2. = may be caleulated from differ-
et formulas [17.23.28.29] giving wirlely varying resulis
below 2 MeV /amu. The 2y used 1n the present work in
combination with stopping power for protons yiclds wn
stopping power data which are in good agreement with
experimental stopping power data for "1 jons down 1o
80 keV /amu and for 'O ions down 10 200 keV /anu in
sohd media. Despite ats frequent application, the proce-
dure of using the cffective charge is rather problematic,
since there are several effective charges to be dis-
coiminated omeng in this context, ¢.g. effective charge
for stopping power calculations, charge distribution after
passage of the 1won through the medium, and effective
charge for emission of secondary electrons. The empiri-
cal expression used 10 this work is a versatile description
of effective charge independent of the kind of stopping
medium. The expression, however, has been developed
in order to des.-tbe stopping power of a penetrating ion
and may not necessanly describe accurately the effec-
tive charge to be used 1 the expression for dose deposi-
tion from 8-rays ejected by the won.

The good agreement between calculated and mea-
sured range of the jons implies that no farge errors are
present in the LET calculations though the Bragg addi-
tivity rule 1s used for determination of the LET of the
compound material. Above 8) keV/amu for "Li ons
and 200 keV/amu for 'O ions. LET of the individual
material components is stated to be accurate within 5%
[17-19]. A targer uncertainty below 200 keV /amu will
have hitde nfluence on the total range, but will have a
large effect on the culeulated and experimental RE
values. A shift in position of I gm for a 5 pm film
placed with the center corresponding 1o 180 keV /anu
of a "Liion will change the caleulated RE by 205 Such
a shift may be introduced both by the LET calculutions
and by measurements of the film thicknesses,

Fig. 4 shows that deviation between theory and
experiments ahove what may be ascribed 10 the experi-
mental uncertsinty is observed both for 'Li and 'O
ions  below approximately 1.5 MeV/amu. Since the
calcalated radial dose distribution appears 1o give rea-
sonabiz fits to experimental data at both gh and fow
spectlic energies. this deviation points 1o that the effect
iy due to the cruaial assumption 1o the theory that the
response of the Jetector 1o the f-ray spectrom s equiva-
lent to the response from the stowing-down spectrum of
hgh-enerey electrons from low-LET radiations of cither
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fast electrons or Co y-ravs. Bttinger [W] reportad a
RE of 0.5 and 092 for *H and O fl-rnes in sucrose
compired 10 “Co y-rays. while the low energy Auger
clectrons from the 121 isotope had an even fower RE of
0.66. At low cncrgies B mwrcases [26] which will fead to
a decrease in effectiveness for i detector more sensitive
o ionizations than to excitations. Varsations of the two
parameters £y, and a, are not able to reconcile the
calculations with the experimental data. RE at low ion
energies (< 1.5 MeV,/amu) cannot be decreased by
choosing appropriate values of Dy, and 4, without
decreasing RE at higher ion energies where theory and
experiments are in very good agreement,

Dy, has previously [31] been observed to vary with
the dose rate. This is due to various competing reactions
occurring only at very high absorbed doses {15) as has
also been observed in scune amino acids [32]. In a
previous study [15] i the 55 pum thick dye film the
saturation optical density has been found to be depen-
deni on the average dose rate in the track of the heavy
charged particles as well as on dose rate in low-LET
irradiations. At doses below the saturation range no
dose rate dependency has been observed. A change in
response at saturation doses changes the Dy, value
accordingly and leads to D,, values of 300 and 310 kGy
10 be used in the calculations of relative effectiveness
for the "Li and '°O ions, respectively. Better agreement,
however, between theory and experiment cannotl be
obtained using other values of Dy,.

§. Conclusion

The results of the present investigation show consid-
erable deviation between predictons based on the §-ray
theory for track structure and experimental data for "Lj
and '%O ions in the radiochromic dye film at encrgies
below 1.5 MeV /amu. Above 1.5 MeV /amu theoretical
and experimental data agree within the experimental
uncertainty over a large range in LET as has been found
previously (4] for the radiochromic dye film,

The observations made point to that deviation be-
tween theoretical and experimental data for relative
effectiveness is not associated with the LET of the
particles or with calculations of radial dose distribution
around the ion path, but should merely be found in the
assumption of equivalence in radiation effece of the
8-ray spectra and the spectra from the low-LET *'Co
y-rays. The uselulness of the 8-ray theory in predicting
the dose-response of physical detectors irradiated with
heavy charged particles could be improved by including
the dose-response from low-energy electrons in th: ac.
tual detector.
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