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Vorwort DE

Das Strahlenschutzprogramm, das 1989 zu Ende ging, war das sechste Forschungs-
und Ausbildungsprogramm, das unter dem EURATOM-Vertrag der Kommission der
Europdischen Gemeinschaften (KEG) seit 1960 durchgefihrt wurde. In den 3
vorliegenden Binden werden die wissenschaftlichen Ergebnisse des Zeitraums 1985-
1989 dargestelit. '

Dieses Gemeinschaftsprogramm spielt bei den européischen Forschungsaktivitdten
auf dem Gebiet des Strahlenschutzes eine wesentliche Rolle, indem es eine Reihe von
Forschungsgebieten behandeit, denen besonders hohe Prioritéit eingerdumt worden
ist, und indem es wissenschaftliche Zusammenarbeit der verschiedenen nationalen
Forschungsinstitutionen férdert, sodass eine optimale Nutzung der begrenzt
verfiigbaren apparativen Mittel und des vorhandenen personellen Potentials
gewihrleistet wird. Innerhalb der umfangreichen Strahlenschutzforschung erhielten
folgende spezifische Gebiete Vorrang: Dosimetrie von Personen und gemischten
Strahlenfeldern, Entwicklung biophysikalischer Modelle, Rolle der Speziation beim
Transfer und Verhalten der Radionuklide in der Umwelt, Reparatur von
Schidigungen der DNA, Zelltransformation, Risiken von Radon, Anwendung des
ALARA Prinzips, Reduzierung der Patientendosis in der diagnostischen Radiologie
und Management von Nuklearunfillen sowie Gegenmassnahmen. Das
Strahlenschutzprogramm der Kommission hat zudem die Aufgabe, neu auftretende
Probleme zu identifizieren und Losungen auszuarbeiten, insbesondere wenn sie den
Strahlenschutz auf Gemeinschaftsebene betreffen. Nach dem Reaktorunfall in
Tschernobyl 1986 nahm das Programm Sonderaktionen in zehn verschiedenen
multinationalen Vorhaben in Angriff, die Probleme im Zusammenhang mit der
weitreichenden radiokativen Kontaminanierungbetrafen. Die Ergebnisse dieser zehn
Forschungsvorhaben werden zu einem spéiteren Zeitpunkt versffentlicht werden. Die
gesamten Aktivititen des Programms werden in enger Zusammenarbeit mit den

verordnungspolitischen Aufgaben der KEG im Strahlenschutz durchgefiihrt.

Im Rahmen des abgelaufenen Fiinfjahresprogramms sind rund 250 Studiengruppen,
Workshops, Seminare und Symposia organisiert worden, die die Zusammenarbeit
zwischen den Wissenschaftlern in den Mitgliedstaaten, die in fritheren Programmen

aufgebaut wurde, weiter verstirkt haben. Weitere Zusammenarbeit mit
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Wissenschaftlern in den Vereinigten Staaten von Amerika und in Kanada wurde
durch die "Absichtserklirungen" eingeleitet, die die Kommission mit dem US
Department of Energy und der Atomic Energy of Canada Ltd. abgeschlossen hat.
Diese Absichtserklirungen fiihrten zu einer zunehmenden Koordinierung der
Forschungspragramme auf der Ebene des Vertragsmanagements und erméglichten
die gemeinsame Durchfilhrung mehrerer Tagungen. Dadurch wurden
Wissenschaftler diesseits und jenseits des Ozeans regelmiBig zum Austausch von

Ideen und Ergebnissen zusammengefiihrt.

Wie in fritheren Programmen wurden die Forschungen auf der Grundlage von
Kostenteilungsvertrigen mit nationalen Forschungsinstitutionen und Universitdten
in Mitgliedstaaten durchgefithrt. Wihrend der Laufzeit des Programms sind zwei
neue Linder, Spanien und Portugal, der Gemeinschaft beigetreten, und ihre
Strahlenschutzforschung wurde aktiv in das Gemeinschaftsprogramm integriert. Im
Jahre 1987 wurde die Verantwortung fiir die Durchfiihrung des Programms von der
Direktion Biologie, Strahlenschutz und Medizin auf die Direktion Nuklearforschung
und Entwicklung, die dann in die Direktion Forschung Gber nukleare Sicherheit
umbenannt wurde, ibertragen. Ein Budget von 58 Mio Ecu wurde dem Programm
fir die Jahre 1985-1989 zugewiesen. Ungefidhr 340 Forschungsvorhaben, an denen
etwa 500 vollzeitlich beschiftigte Wissenschaftler von allen wesentlichen
Strahlenschutzforschungsinstituten in der Gemeinschaft beteiligt waren, fithrten zur
Veroéffentlichung von etwa 4000 wissenschaftlichen Arbeiten; die meisten davon sind
in diesem Endbericht aufgefiihrt.

Eine Bewertung des Programms durch ein Gremium unabhéingiger Sachversténdiger
(Report EUR 12145 EN, 1989) betonte die Ausgewogenheit, Produktivitit und
Vollstindigkeit des Programms. Die Bewertung folgerte, dass das Programm "einen
solch hohen Entwicklungsstand erreicht hat, dass es den Respekt anderer groBer
Programme in der Welt...." gewonnen hat und dass "es ihm gelungen ist, die meisten,
erfahrenen Wissenschaftler auf diesem Gebiet an der Gemeinschaftsforschung zu
beteiligen und so auf diese Weise ein allgemein koordiniertes Programm in Europa

erzielt werden konnte".

Ein neues Programm mit einem Budget von 21.2 Mio Ecu wurde fiir den Zeitraum

1990-1991 begonnen, womit die Fortfuihrung eines integrierten europiischen
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Strahlenschutzprogramms gesichert ist. Dies schlieBt das spezielle Problem der
Weiterbildung junger Wissenschaftler im Strahlenschutz ein, die erforderlich ist, um

die Fachkenntnisse auf diesem Gebiet in Europa zu erhalten.

Die Forschungsvorhaben sind in diesen 3 Bénden eingehender beschrieben als es
frither der Fall war. Diejenigen Leser, die einen Uberblick tiber die Hauptergebnisse
wiinschen, seien auf die "Synopsis of the Results of the 1985-1989 Programme"

hingewiesen, die Ende 1990 veréffentlicht werden wird.

S. Finzi E. Bennett

Direktor GD XII-D Direktor GD XI-A

Forschung iiber nukleare Sicherheit Nukleare Sicherheit, Auswirkungen
der Industrie auf die Umwelt und

G.B. Gerber Bevolkerungsschutz

Abteilungsleiter GD XII-D-3
Strahlenschutzforschung






Preface EN

The Radiation Protection Programme, completed in 1989, was the sixth multi-annual
research and training programme carried out under the Euratom Treaty of the
Commission of the European Communities (CEC) since 1960. The results reported
in these 3 volumes provide a comprehensive account of the scientific progress made
during the period 1985-1989. ’

This Community Programme plays a major role in the European research activities
in radiation protection by emphasising a number of high priority research areas and
by strengthening collaboration between the various national research organisations
to achieve an optimal exploitation of the limited institutional and manpower
resources. Within the broad field of radiation protection research, priority has been
given to specific topics, eg personnel and mixed field dosimetry, biophysical
modelling, the role of speciation in the transfer and control of radionuclides in the
environment, repair of DNA damage, cell transformation, radon risks, application
of the ALARA principle, reduction of patient exposure in diagnostic radiology and
management of nuclear accidents as well as remedial actions. The Commission’s
Programme has also the task of identifying and responding to new problems as they
arise, especially when they have implications for radiation protection throughout the
whole Community. In 1986, following the reactor accident at Chernobyl, the
Programme launched a special action to cover, in 10 different multi-national
projects, the urgent research issues highlighted by the widespread radioactive
contamination. The results of these 10 research projects will be reported in a
separate publication. In all these activities the Programme retained a close
collaboration with the Commission’s regulatory and legislative undertakings in

radiation protection.

The 1985-1989 Radiation Protection Programme has organised about 250 study
groups, workshops, seminars and symposia which have increased ‘the, co-operjation
between scientists from the Member States already established in previous
Community programmes. Further co-operation with scientists in the United States
of America and in Canada has been stimulated by the Memoranda of Understanding

made between the Commission and the US Department of Energy and the
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Commission and the Atomic Energy of Canada Ltd. These Memoranda of
Understanding have led to increased co-ordination of research programmes at the
contract management level and have allowed several of the scientific meetings to be
co-sponsored. In this way, scientists from both continents were regularly brought

together to exchange ideas and results in radiation protection research.

The Programme was implemented by shared-costs contracts with natiqnal research
organisations and universities in the Member States, as in previous programmes.
In the course of the Programme, two new Member States, Spain and Portugal, joined
the Community and the radiation protection research in these countries was actively
dovetailed into the Programme. In 1987 the responsibility for the management of
the Programme was transferred from the Biology, Radiation Protection and Medical
Research Directorate to the Directorate for Nuclear Research and Development
which has become the Directorate for Nuclear Safety Research. A budget of 58
MEcu was allocated to the programme for the period 1985-1989. Some 340 projects
involving 400 full time scientists from all the major radiation protection research
organisations in the Community produced nearly 4,000 publications, most of which

are listed in this final report.

An evaluation made by a panel of independent experts (Report EUR 12145 EN,
1989) stressed the maturity, productivity and the comprehensiveness of the
programme. The evaluation concludes that the Programme "has reached a level of
sophistication that ensures its respect from other major programmes in the world"
and "has succeedéd in involving most of the knowledgeable scientists in this field in
the European Community, thus creating an overall co-ordinated programme for

Europe".

A new Programme has been started for the years 1990-1991 with a budget of 21.2
MEcu. This will ensure a continuation of this integrated European research
Programme. A specific item on the training of young scientists in radiation
protection research is included in order to ensure the maintenance of expertise in

Europe.

Detailed descriptions are presented in these 3 volumes for each project in a more

comprehensive way than was done previously. Those readers who wish to have an
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abridged version of the main achievements are referred to the Synopsis of the
Results of the 1985-1989 Programme which will be published at the end of 1990.

S. Finzi
Director DG XII.D
Nuclear Safety Research

G.B. Gerber
Head of Unit DG XII-D-3
Radiation Protection Research

E. Bennett

Director DG XI.A

Nuclear Safety, Industry and
Environment, Civil Protection






Préface FR

Le progrémme Radioprotection qui a pris fin en 1989 était le sixidme programme de
recherche pluriannuel exécuté depuis 1960 sous le couvert du Traité Euratom de la
Commission des Communautés Européennes. Les résultats communiqués dans ces
trois volumes donnent un apergu complet des principales réalisations scientifiques
obtenues durant la période 1985-1989.

Ce programme communautaire joue un réle prépondérant dans les activités de
recherche sur la radioprotection en Europe en mettant ’accent sur les domaines de
recherche jugés prioritaires et en renforg¢ant la collaboration entre les différentes
institutions nationales de recherche afin d’utiliser de manitre optimale les ressources
disponibles tant sur le plan institutionnel qu’humain. Parmi le vaste éventail des
recherches en radioprotection, des domaines spécifiques ont regu la priorité; parmi
ceux-ci citons la dosimétrie personnelle et dans un champ mixte, la modélisation
biophysique, le réle de la spéciation dans le transfert et le contréle des
radionucléides dans P’environnement, la réparation des lésions de P’ADN, la
transformation cellulaire, les risques liés au radon, I’application du principe ALARA,
la réduction de I'exposition du patient lors d’examens radiologiques et la gestion des
accidents nucléaires ainsi que les actions correctives. Le programme de la
Commission a aussi la tiche d’identifier les nouveaux problémes et d’y répondre des
qu’ils surviennent, particulidrement lorsqu’ils ont des implications en
radioprotection au niveau de toute la Communauté. En 1986, suite & I'accident
survenu au réacteur de Tchernobyl, le programme a lancé une action spéciale pour
couvrir, au moyen de dix projets multinationaux, les besoins urgents de recherche
mis en évidence par la contamination radioactive sur de tres grandes surfaces. Les
résultats de ces dix programmes de recherche seront communiqués dans une
publication séparée. Dans toutes ces activités le programme a maintenu une étroite

collaboration avec les actions réglementaires et législatives de la Commission.

Le programme radioprotection 1985-1989 a organisé environ 250 groupes d’études,
symposia, ateliers et séminaires, ce qui a permis d’accroitre la coopération qui
existait déja dans les programmes communautaires précédents entre les scientifiques

des Etats Membres. Une coopération accrue avec les scientifiques des Etats-Unis
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d’Amérique et du Canada a été stimulée par les accords d’association établis entre
la Commission et le Département américain de I’Energie (USDOE) et entre la
Commission et la Société de I’Energie atomique du Canada (AECL). Ces accords
d’association ont abouti & un accroissement de la coordination des programmes de
recherche au niveau de la gestion des contrats et ont permis de soutenir
financi¢drement plusieurs réunions scientifiques communes. En conséquence des
scientifiques des deux continents ont pu se rencontrer régulitrement pour échanger

des idées et des résultats dans le domaine de la recherche en radioprotection.

La mise en oeuvre du programme s’est faite, comme pour les programmes
précédents, au moyen de contrats & frais partagés avec des organismes de recherche
nationaux et des ﬁniversités des divers Etats Membres. Durant le programme, deux
nouveaux Etats Membres, I’Espagne et le Portugal, ont rejoint 1a Communauté et
ces deux pays se sont intégrés activement dans le programme. En 1987, la
responsabilité de la gestion du programme a été transférée de la Direction "Biologie,
Radioprotection et Recherche Médicale" & la Direction "Recherche et Développement

nucléaire" qui est devenue la Direction "Recherche Sécurité Nucléaire".

Un budget de 58 MECU a été attribué au programme pour la période 1985-1989.
Environ 340 projets de recherche faisant appel 4 la collaboration active & temps plein
de quelque 500 scientifiques des principales institutions de recherche en
radioprotection de la Communauté ont donné lieu & la publication de prés de 4.000
documents scientifiques dont la plupart sont cités dans ce rapport final.

Une évaluation menée par un groupe d’experts indépendants (EUR 12145 EN, 1989)
a souligné la maturité, la productivité et la cohérence du programme. Cette
évaluation a conclu que le programme " a atteint un niveau de perfectionnement qui
Iui assure le respect des autres programmes importants de par le monde, lequel a
atteint son but en impliquant la plupart des scientifiques compétents dans ce
domaine dans la communauté européenne, créant ainsi un programme global de

coordination pour I’Europe”.

Un nouveau programme a démarré pour les années 1990-1991, avec un budget de
21.2 MECU. Ceci assurera une continuation de ce programme complet de recherche
européen. Un point spécifique sur ’éducation et la formation de jeunes scientifiques

dans le domaine de la recherche en radioprotection a été inclus en vue d’assurer le



maintien de la compétence en Europe.

Des descriptions détaillées sont fournies ici pour chaque projet de manitre plus

compldte que ce qui a été fait précédemment. Les lecteurs souhaitant une version

abrégée des réalisations les plus importantes sont priés de se référer au "Synopsis"
des résultats du programme 1985-1989 qui seront publiés en 1990.

S. Finzi
Directeur DG XII-D
Recherche sécurité nucléaire

G. Gerber
Chef de I’Unité DG XII-D-3
Radioprotection
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RADIATION PROTECTION PROGRAMME
Final Report

Contractor: Contract no.:. BI6-A-292-F

Association pour le Développement
de la Physique Atomique, ADPA
118, route de Narbonne

F-31062 Toulouse Cedex

Head(s) of research team(s) [name(s) and address(es)]:

Prof. D. Blanc

Centre de Physique Atomique
Université Paul Sabatier
118, route de Narbonune
F-31062 Toulouse Cedex

Telephone number: 61-556857
Title of the research contract:

Development of a general method allowing the complete
modellisation of proportional counters.

List of projects:

1. Development of a general method allowing the complete
modellisation of proportional counters.



Title of the project n° : B16-A-292-F

Development of a general method allowing the complete modelling of
proportional counters

Head of project :
P. Ségur, Directeur de Recherche au CN.R.S.
Scientific Staff :

I. Péres, Allocataire du M.R.S.T.
M.C. Bordage, Chargée de Recherche au C.N.R.S.

|. Objectives of the project :

Our purpose is to carry out a systematic modelling of the motion of ions and
electrons in a cylindrical proportional counter. This modelling will be useful to improve
our basic knowledge of this type of detector. This better knowledge will allow us to
determine the optimum geometrical, electrical and physical parameters in order to achieve
a miniaturization of the counters especially intended for microdosimetric purposes (Rossi
type counters for example). In this case, the determination of the optimum gain is very
important and this can be done with the calculation of the various transport parameters.

. Objectives for reporting period :

Transport parameters which characterize the electron motion in the counter (drift
velocity, diffusion coefficients, ionization coefficients) will be calculated in equilibrium
and non-equilibrium situations. These calculations will be made in tissue-equivalent
gases, for which few data (electron-molecule cross sections for example) are available in
the literature at the moment. These transport parameters will be used to carry out the
macroscopic modelling of the motion of ions and electrons in the counter.
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Il Progress achieved :
.1-Methodology

Since the order of magnitude of the minimum voltage applied and the energy
resolution of a proportional counter are directly related to the value of the gas gain, its
accurate determination is of paramount importance to estimate the best operating mode of
the counter. However, many factors may change the theoretically expected value of the
gain causing poor prediction of the optimum operating mode. Irregularities at the surface
of the anode and its contamination by polymerized particles (due to the decomposition of
the gas under the action of high energy ionizing radiation) are known to significantly
decrease the gain. These two phenomena are irreversible and may only be suppressed by
periodically changing the central wire of the counter and the filling gas. Another
important phenomenon which has been found to decrease the gain (and change the
energy position of the voltage pulse) is the space charge effect due mainly to the creation
of positive ions in the vicinity of the anode wire. This space charge causes a change in
the electric field within the detector to a value different from the field resulting from the
applied potential between the central wire and the (grounded) external cylinder, thus
changing the gas amplification factor for any subsequent event which occurs before the
space charge has drifted to the cathode. This gain shift may appear, not only for high
applied voltages but also, consecutively to the existence of very strong ionizing events or
the occurrence of high count rates.

The rigourous calculation of the space charge field in a proportional counter must
be made by simultaneously solving the continuity equations for electrons and ions and
the Poisson equation. The continuity equations are macroscopic equations obtained by
integrating the Boltzmann equation over the velocity space. They describe the space and
time variations of the densities of various charged species. These equations depend on
three macroscopic parameters that must be determined in a first step. They are the drift
velocities, the diffusion coefficients and the ionization coefficient. Drift velocities and
diffusion coefficients must be known for electrons and ions. Jonization coefficients are
only needed for electrons but partial ionization coefficients, corresponding to every
positive ion produced by dissociation, are also needed.

It is known that when the pressure is high enough and/or the variation of the
electric field on the scale of an electron (or an ion) mean free path is low, it may be
assumed that these parameters depend only on the ratio E/N (or E/p, E electric field, N
density of the neutral background gas, p pressure). This assumption means that electrons
or ions are considered to be in equilibrium with the electric field, that is to say that the
average energy gained from this field is exactly balanced by the loss of energy due to
collisions with the neutral background gas. The variation as a function of E/N of these
macroscopic parameters (drift velocities, diffusion coefficients and ionization
coefficients) must then be determined through measurements in uniform field geometry
experiments, or by calculations with the help of the Boltzmann equation.

The fast variation of the electric field near the anode wire in cylindrical counters
causes the equilibrium assumption to be doubtful, and we may wonder if the real (non
equilibrium) values of the swarm parameters are very different from the corresponding
equilibrium values.
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In order to answer this question, it is necessary to solve the Boltzmann equation
in equilibrium and non-equilibrium situations. This is what we did during the first year of
this work.

Our work was divided into four parts :

a) Determination of electron molecule cross sections for many different gases;

b) Numerical solution of the Boltzmann equation and determination of swarm
parameters in equilibrium situations;

¢) Numerical solution of the Boltzmann equation in non-equilibrium situations
using the Monte Carlo method.

d) Numerical solution of the macroscopic equations (using the results obtained in
b) and c)), and determination of the onset of space charge field.

2- Results

El n-|

The necessary and difficult starting point of all our calculations is the
determination of the electron molecule cross sections. Although it is outside of our scope
here to go fully into the details of this subject, we think it first necessary to say a few
words about the difficulties in the determination of cross sections in view of application
to the modelling of proportional counters.

Usnually, in weakly ionized gases, electrons have low energies (below 100 eV),
so the main problem is the determination of low energy cross sections for all the
processes. Since the energy of electrons is low, it is assumed that the influence of the
cross section angular distribution is negligible and that the only important cross sections
are the total or momentum transfer cross sections. This assumption (which gives good
results in most traditional situations) means that all the cross sections used are considered
to be isotropic. Furthermore, the determination of these cross sections generally
corresponds to energies below four or five hundred electron volts. In a proportional
counter, at low pressure, the value of the ratio E/p may be very large at the anode (greater
than 5000 V c¢m-! Torr1). If the equilibrium values of o/p are to be calculated, this must
be done from low to very high values of E/p and it is obvious that, for these values, the
energy of the electrons will be very high, above 500 eV. It is then necessary. to extend the
raditional set of cross sections to very high energy values.

Figure 1 shows the methane cross sections we determined. The low energy part
of these cross sections is obtained from the experimental and theoretical data available.
Their magnitude is modified in order for the swarm parameters (drift velocity, diffusion
coefficients, ionization coefficients) calculated with this set of cross sections to be
consistent with the corresponding experimental values. In this way, we make the
calculated values of the first ionization coefficient very similar to the experimental data.
The high energy part of the cross sections (energies higher than 100 ¢V) is determined
using the Bethe theory (dissociation and ionization cross sections) and by assuming that
the atoms in the molecule are separate scattering centers (elastic cross sections).

Similar sets of cross sections have been obtained for argon, nitrogen and carbon
dioxide.

ilibri f ionization ien
The variation with E/p of the equilibrium first ionization coefficient, calculated
with the help of our cross sections, is given in figure 2 for argon and methane and for
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two different argon-methane mixtures. Experimental data are also plotted when available.
We see that, for low E/p values, o/p is much higher in pure argon and that it decreases
when the percentage of CHy increases. On the other hand, for high E/p, the order of
magnitude of all the ionization coefficients is very similar. The reason for these
modifications in the behaviour of the various curves is that, when E/p is low, the values
of the ionization coefficients depend on the mean energy losses of the electrons. Since (as
we can see in figure 1) there are important vibrational processes in CHy, the mean energy
losses are stronger in CHy4 than in argon, the mean energy of electrons and thus the
ionization coefficient are lower. Conversely, for high energies, vibrational processes play
no role and the jonization coefficient is controlled by ionization cross sections. Since
these cross sections are very similar in CHy and argon, the values of o/p calculated have
the same order of magnitude. However the equilibrium value of the gain is higher in
argon than in CHg.

Although argon-methane mixtures are generally not used for microdosimetry
purposes, we decided to do these calculations because a great number of gain
measurements are available in the literature for these mixtures and so it is possible to
compare the results.

Equilibrium values of o/p for CHy, Np, CO; and a tissue equivalent gas (64.4%
CHy, 32.4% CO3 and 3.2% Ny) are given in figure 3. Between 100 and 1000 V cm-1
Torr1, the first ionization coefficient in the tissue equivalent gas closely follows o/p in
CH4 because CHjy is the most abundant gas in the mixture and the values of a/p in CO,
are of the same order of magnitude as those of CHy. Above 1000 V cm™! Torrl, a/p is
controlled by CO2 more than by CHj. Note that due to its low proportion, nitrogen plays
a minor role in the magnitude of o/p of the tissue equivalent gas.

To calculate the spatial distribution of the positive ion density (which is obtained
by solving the corresponding continuity equations) variation of the production rates of
the various ionized species must be known. In noble gases, only one type of ion is
created. In molecular gases, since molecules dissociate very quickly under electron
impact, several different ionic species may appear. Whereas the cross sections for
dissociation can be measured and are generally well known, the production rates cannot
easily be measured and can only be determined only by calculation. Figure 4 gives
(together with the electron attachment coefficient) the E/N variation of the reduced partial
ionization coefficients that we calculated for the various positive ions created in CH4 by
dissociation under electron impact. It must be emphasized that the feasability of the
macroscopic study of the motion of electrons and ions in the proportional counter is
closely related to the accurate knowledge of these coefficients.

Non-equilibrium values of the first ionization coefficient
To calculate the non-equilibrium values of o/p, the dimensions of the counter

must be specified. The radius of the cathode was kept constant and equal to 1.8 cm, but
different anode radii, different pressures and different voltages were used. All the
calculations are very lengthy and were only done in methane.

The results that can be obtained from the calculations are the spatial variations of
o/p. However, since the calculations were done in various conditions, it is very difficult
to compare the different results if we only plot o/p as a function of the position. The best
way, noting that different positions may correspond to the same values of E/p, is to plot
all the results as a function of E/p. In figure 5 we give the whole set of results obtained
for different anode radii and pressures. The corresponding equilibrium values are also
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plotted. The curve with the smallest anode radius-pressure product (curve 1, p = 5 Torr
and ry = 12.5 1 m) seems, at first glance, to include all the other curves corresponding to
higher values of the product p ra. Every curve has a part common with curve 1 for low
values of E/p, but they show a different behaviour for the higher E/P values. In this
region, the growth of o/p is first slowed down (compared to the growth of curve 1) and
then followed by a decrease. This peculiar behaviour is increased for low values of the p
T, product.

We may furthermore note that, in the part common to all the curves, the non
equilibrium values are lower than the equilibrium values. When E/p grows above 2000 V
cmr! Torr, the equilibrium values of o/p decrease faster than the non-equilibrium values
and the situation is inverted.

The non-equilibrium oy/p curve is lower than the equilibrium curve (below 2000 V
cm-! Torr-1), because the distribution function of electrons in this region cannot attain
equilibrium. The increase in the electric field is so fast that electrons (which undergo
many more collisions when the electric field is low) are not able to follow its variation;
they present a delay and their mean energy is lower than the energy they would have in a
constant electric field.

“This phenomenon is a typical field gradient effect. To our knowledge, this is the
first time it has been demonstrated from calculation. It has recently been postulated, on
experimental grounds, by Beingessner et alii (1),

This non-equilibrium effect cannot explain the change in the growth of o/p for
high E/p values. Another process is involved in the increase of the ionization coefficient.
This process is made clear in figures 6 and 7 where the spatial variation of the electron
density in the counter is plotted as a function of the polar angle 6 and for two different
values of p ra. Figure 6 corresponds to p = 5 Torr and 1, = 12.5 pm. This is a case
where, since the pressure is low and the wire radius small, electrons may circle the
anode. It can be seen from the figure that this is actually the case, the density of electrons
being almost constant with the angle. The situation is very different in figure 7
corresponding to p = 40 Torr and ry = 100 pum. Unlike the previous situation, the angular
variation of electron density is very strong and only a small number of electrons were
able to turn around the wire.

Figures 6 and 7 show that the increase in the non-equilibrium values of the
ionization coefficient is due to the fact that electrons may turn around the anode. Clearly
this effect is enhanced with the decrease of pressure or/and anode radius. This can readily
be seen in figure 5.

The wire effect mentioned above can only increase the ionization coefficient. The
decrease in o/p which is observed at the end of every curve is caused by a wall effect.
The anode wire being assumed to absorb electrons perfectly, there is a lack of electrons
leaving the walls. It follows that since, near the anode, most of the electrons move
forward, there is a strong increase in the mean velocity W, the backward component in
W being almost negligible. As a consequence, the ionization coefficient decreases in the
vicinity of the wire.

The above results show that the jonization coefficient does not depend on E/p (or
on E/N) and it can be shown that it depends on the pressure-distance product (p r) and
also on certain parameter K (= V/log(ry/ra)) (V being the voltage applied). Comparisons
made between calculated and measured values of the gain, must take into account the
above results, i.e. they must be made for the same values of these two quantities. Figure
8 gives the variation as a function of E/N of the reduced ionization coefficient o/N for
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ARBITRARY UNITS

Figure 6 : Variation of the electron density as a function of the position and the
polar angle 0. p =5 Torr, 1 = 12.5 um, V = 500 Volts.

ARBITRARY UNITS

Figure 7 : Variation of the electron density as a function of the position and tne
polar angle §. p = 40 Torr, ry = 100 um, V = 500 Volts.
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three different values of the applied voltage corresponding to three different values of K.
Differences between these three curves are clearly seen.

Determination of the space charge field :

In the present work, the calculations were done by assuming that electrons and
ions are in equilibrium with the electric field. It follows that all the macroscopic
parameters (drift velocity, diffusion coefficients and ionization coefficients) depend on
position and time through the space and time variation of the electric field. In the case of
electrons, the data used for these parameters come from our calculations (see above).

Furthermore, it is assumed that the space charge distribution is cylindrically
symmetric and that its longitudinal extension is equal to the length of the counter. In these
conditions, all the above equations are unidimensional and only depend on the radial
variable r. The validity of these assumptions is related to the spatial distribution of the
initial incoming particles (X-rays, B-rays). They must be located inside a cylindrical ring
having the same length as the counter; the radial extension is arbitrarily chosen. It is clear
that this distribution is realistic for incoming X-rays, but not for $-rays or « particles.

Note that attachment of electrons to neutral molecules, recombination between
electrons and ions and other secondary processes such as photoionization and secondary
emission from the electrodes are neglected.

Spatial variations in electron and ion densities are given in figure 9 for methane at
3.8 107 s. In this case, most of the electrons are collected and most of the charged
species are ions. Due to differences in partial ionization coefficients of ions and their
mobilities, the spatial distribution of the various ionic species are different. Most ions
(CH4*, CH3*+, CHp*, CH*) are located in the almost same region, the heaviest being the
most numerous. The reason is that, for these four species, the order of magnitude of
mobilities is almost the same and that a molecule can be more easily dissociated into a
heavy ion than into a light one. This also explains the space distribution of H* ions
which are less numerous; as their mobility is higher than that of other species, they have
already reached the cathode.

We have seen that most electrons and ions are created by ionization in a region
close to the anode wire and since electrons are very quickly collected (in a time of the
order of 10-9 s), the ionic space charge (which depends on the mobility of ions in the
gas) remains in the gap for a long time (about 10-3 s). If the jon density is high enough, a
resulting space charge field opposite to the initial electric field is created. Since the
voltage applied is maintained constant, its effect is to decrease the anode field and
increase the cathode field. When most of the electrons have been collected, the shape of
the electric field is similar to that in figure10 (here the electric field corresponds to the
densities shown in figure 9) where a minimum close to the anode can be observed. The
ions move towards the cathode with time and this minimum may be expected to follow
the motion of the ions.

The gas amplification coefficient G is defined as the ratio between the total
number of electrons created by ionization inside the counter and the initial number of
electrons deposited by the incoming radiation, When the initial electrostatic field is not
perturbed by charged particles, G is exactly equal to the integral along the cylinder radius
of the ionization coefficient o. When the space charge field cannot be neglected, G can
no longer be calculated by integrating o and another method of calculation for G must be
found.
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The total number of electrons produced by ionization is equal to the time
integration of the electron flux at the anode, multiplied by the anode area: this suggests
how G can be calculated. The second way is found by integrating the current induced on
the electrodes by charged particles moving inside the counter.

The electronic flux integration method (referenced as (1) in figures 11 and 12)
allows a very fast calculation of G since electrons are quickly collected. On the other
hand, the second one, based on induced current estimation (referenced as (2)) requires a
very long computation time. The reason is that, to obtain the gain value, it would be
necessary to wait until all charges, electrons and ions are collected at the electrodes.
Figure 11 shows that, without space charge effects, our first method of calculation gives
the same gain value as the direct integration of . In figure 12, however, which
corresponds to a situation where the space charge is high, we see that there are large
differences between the G values calculated by integration of ¢, and those obtained by
our two methods.

Note that, in all the works of other authors related to the estimation of space
charge effects, the gain is calculated by direct o integration. We can see that this method
introduces large errors in the determination of G if the space charge field becomes large.

3-Discussion

In our opinion, the objective planned for this reporting period has been fulfilled
since we have not only done equilibrium calculations of the ionization coefficient (and of
all the swarm parameters), but we have also been able to study the importance of the non-
equilibrium behaviours of electrons in this type of geometry. Furthermore, the modelling
of the kinetics of ions and electrons in a cylindrical proportional counter allowed us, not
only to be able to accurately follow the space and time evolutions of jonic and electronic
densities when a space charge field is present, but, also to determine the onset of the
appearance of this charge space field and to calculate the various parameters playing an
important role in the variation of the gas gain (non-equilibrium of electrons, space charge
fields, etc.).

We shown that, at low pressure, large gain may be obtained as a consequency of
the non-equilibrium electrons rotating around the central wire. Clearly, this result is of
paramount importance in microdosimetry.
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II. Progress achieved :
1- Introduction

In order to supply the radiobiologist with realistic data, the goal pf this work was to
obtain the space and time evolution of each chemical sbecies created or set in motion during
the slowing-down of electrons and photons in biologic media. To get that evolution in liquid
water, we have elaborated three Monte-Carlo type codes, chained together. For low energy
photons (few eV to 10 keV) we have developed methods to calculate differential and total
cross-sections for molecular gazes and used them in transport codes.

2- Chemical species evolution model.

To simulate all the events starting with the initial energy deposition in liquid water and
followed until a chemical equilibrium is reached, we have built a model using three stages
corresponding to three correlated programs.

2-1 Physical step.

The first program simulates the physical stage of the energy deposition by the incident
particle and allows to obtain the inchoative distribution of all events occurring with times less
than 10-13 second. The model is described in (1). During this very fast step, the appeared
species are H, OH, H,0, OH*, H*, H,O" and subexcitation clectrons with energies less
than 7.4 eV.

2-2 Physico-chemical step.

During the physico-chemical step (10-13 s to 1012 5), the subexcitation electrons are
transported with the use of cross-sections measured in amorphous ice (2),(3), and species
are created following semi-empirical rules. During this step, primary species are quickly
transformed in molecular and radicalar products. The subexcitation electrons lose their
energy during many elastic collision, rotational or vibrational excitation of the HyO molecules
before their recombination or their thermalization, becoming aqueous electrons : €75q. At the
end of this second stage, the involved species are €aq > H, OH, H,0,, H+aq, Hy. The
parameters used to simulate this step are semi-empirical, but we continuousiy try to ameliore
this partially unknown stage.

2-3 Chemical step.
The high reactive species created during the second stage will now diffuse and react

between them and the medium: it's the chemical stage from 10-12 to 106 second. To obtain
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all desired distributions we must solve the differential system:

oc;
gl = D;jV2C; - Zjkjj Cj Cj + Zij#i kij C1 G

where the Cj, the concentrations of species i, are a function of space and time, Dj are the
diffusion constants and kjj the rate of reaction between species i and j. In the case of pure
irradiated water, we have 11 species and about 27 possible reactions. To simulate this
chemical stagé we use a Monte-Carlo type time-step model : during a smail interval of time
AT, the species are assumed to diffuse randomly accordling to the Smoluchowski law:

' r2 _r2
Fi® = prat vampatr o (aAT

When all species have diffused, the program selects the pairs species with a distance
less or equal to the interaction distance a;;, calculated with the Debye equation :

k:: Q
Ut |
a4 = 47tDijN [ eQ.] ]
e2
Q= ZiZ; a;;eKT
N : Avogadro number D;j: D; +D;
€ . dielectric constant K : Boltzmann constant

T : absolute temperature

Among the selected pairs, the reactions are taken into account beginning with the
smallest distance. Then another time step is injected, all species diffuse, all pairs distances
are newly calculated and the process is repeated steadily up to 10-6 second.

2-3-1 Logarithmic time step.
We begin the calculations with AT=10-12 second. During that interval time, the mean
diffusion distance is of the molecular radius order. For AT longer, the mean diffusion

distance are too large and species can go nearby, but the program does not see their reaction.
For AT smaller, the diffusion distances are very small, and it's necessary to inject several AT

to move species enough to observe a new reaction. When the time increase, the probability

that two selected species react together discrease. Then we have adopted a logarithmic
variation of AT to spare computer time, based on the Smoluchowski law and related to that

probability.

2-3-2 Clusters.
To spare more computer time we have built a program which splits, as many times as
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necessary, the space distribution of species into "clusters”. A cluster is a group of species
able to react during a time Tc ( a multiple of AT ). The distances between all the species of
one cluster with all other species of the track are greater than Lc, a length chosen so that the
probability for any species to diffuse during the time Tc over a distance between 0 and Lc, be
very close to 1 ( we have taken 0.999990 ). So it's quite impossible that a reaction occurs
between species of two different clusters during time Tc, and clusters are then assumed to be
independent during that time . At the end of each period Tc, a new cluster's distribution is
calculated and injected. With clusters, the computer time for tracks with more than 500
species is often divided by a 4 to 8 factor.

The physico-chemical and this chemical steps are fully described in the thesis of
A Beaudré (4).

3- Results.

3-1 Main result.

We have applied our set of programs to the simulation of species evolution created by -
electrons with initial energies ranging from 50 eV to 10 keV. For pure liquid water, a data
set in a four coordinates system ( t, X, y, z ) is then obtained for each species : €7q, OH,
H-, H30+, H;02,0H-, H; ,HO, between 10-15 s and 1 second. On fig.1 are represented
these space and time evolutions for one 10 keV electron slowing-down in liquid water,
chosen randomly. To clarify the plot, projections have been done on a plane and all chemical
species are represented as a dot. N is the total number of radiolytics species present. We
have noticed that at times about 10-6 s nearly all the tracks obtained for different initial
electrons lie in a cylindrical tube; their initial shape (at 10-15 s) is no longer discernible. From
10-5 s and up the shape is more and more spherical.

3-2 Thermalization times and distances.

During the physico-chemical step our code is able to obtain results on thermalization
time and distance distributions. On fig.2, thermalization distance distributions for 0.2 and
7 eV are plotted and compared with useful theoretic functions (5) :

2
modified exponential D(rp) = —;T’%L exp ( - thh_.)
2 2
Gaussian D( 1y ) =—2E - exp (- )
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with the thermalization distance ry, and b an adjustable parameter.We find that the modified
exponential function fits well (98% confidence with Kolmogorov test) for energies about 0.2
eV(with b= 10.6 A for 02 eV), while the Gaussian one, fits (92% confidence) for the
greatest subexcitation electron energies, about 7 eV(with b=272.2 A for7 eV). There is not
a single function valid for the whole energy range 0.025 - 7.4 eV. The results are somewhat
in agreement with the results of Goulet (6), but the mean thermalization distances are found a
little higher than that of Bolqh .

3-3 G-Values

Just as an example, we show on fig.3 G-values for a 10 keV electron in pure liquid
water. These results are obtained after integration over space, of the distributions (t, x, y, z).
We may notice that the data represent only one electron and are statistical results for 100
different but independent tracks, so, values for times close to 10-3 s must be taken carefully
because they do not represent the continuous species background yield during irradiation. A
discussion and comparison with other works can be found in (4). We are now beginning
studies as a function of the dose rate, and these data will be completed and improved.

3-4 Adding solutes.

The model readily permits the addition of different solutes able to react with the
irradiated system species. To see for instance the influence of the solved oxygen we add O,
in the initial system and additional chemical reactions concerned with O,, 03 , HO, and
HO3. On fig.4 we have G-value for e-,q for three partial pressures of O, . We have noticed
between 10~ and 106 the disappearing of e-aq and H-, and creation of O3 and HO,
between 107 and 10-6 second. There is no perceptible effect on OH: G-value.

3-5 Applications and developments.

The main interest of our model is its great easiness of adaptation, not only on the
method, but on the application side. It is easy to change such cross-section or diffusion
coefficient or to add a particular chemical reaction. For instance we have recently begun the
study of species space and time distributions created by inside Auger emitters. We are able
now to apply our codes to more realistic biologic investigations.

Aside we are developping a method to solve numerically the differential chemical
system (see § 2-3), using a Thomas three-diagonal-matrix-algorithm suggested by Patankar.
Four coordinates species concentrations (x,y,z,t) are discretised in space and time. When the
time increase, the digital dimensions of the system become prohibitive, and results can only
be obtained in special cases and limited times, 10-6 second for instance. Results are in good
agreement with the above Monte Carlo model .
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4- Low energy photons.

For low energy photons, we are able to simulate their transport down to about 10
eV in molecular gases ( H,O, CHy, CO; and N; ) and in mixtures of them (tissue
equivalent-gas for instance). First of all we need the knowledge of differential and total
molecular orbital cross-sections of all interactions.

4-1 Molecular cross-sections.
In the considered energy range (30 kev - 10 eV), classical interaction events are
accompanied with complementary effects modifying the cross-sections.

4-1-1 Photoelectric scattering.

For the photoelectric effect and for energies near the ionizations thresholds, we used
the differential cross-section given by RABALAIS. The complexity of molecular system
make photoionization theory difficult to elaborate. We have taken into account several
mechanisms that goes with each molecule. For total cross-sections, we have nevertheless
adopted the semi-empirical summation theory of GELIUS, which allows to obtain each
molecular orbital cross-section as a weighted sum of the corresponding atomic orbital cross-
sections intervening in the molecule : the cross-section of one level is the sum of all atomic
contributions to this level and that the intensity is proportional to the product of the cross-
section by the electronic density.

4-1-2 Coherent and incoherent scattering.

For coherent and incoherent scattering, modifications were brought to the differential
cross-sections. We corrected the THOMSON formula with the atomic structure factor and
the KLEIN-NISHINA formula with the incoherent scattering function.

4-1-3 Cross-section values.

There is a good agreement between found experimental results and our calculations,
even at low energy and we used as far as possible all the available experimental data to
calibrate our results. Total cross-sections obtained for the H2O, CO2, CH4 and N3
molecules can be seen on the last 1988 progress report and in (8).

4-2 Transport code.

We have then elaborated a model which simulate the photon transport in several
molecular media and mixtures of molecular gazes. The secondaries electrons set in motion
are transported and the chemical species evolution simulated as explain above. For



mixtures, to avoid excessive computer time, but to nevertheless obtain relevant results, we
have settled up a little theoretical code only based on the molecular cross-section knowledge,
allowing to find values very close to those obtained with the full Monte-Carlo program.
Various results can be found in (8).

5- Conclusion.

We are able to apply our set of programs to the simulation of species evolution
created by electrons with initial energies ranging from 50 eV to 10 keV. We obtain the space
and time distributions of the radicals and the molecular products coming from the water
radiolysis between 10-15 and 1second : €,q, OH, H, H30+, Hy02,0H-, Hy ,HO;. These
basic data may then be used to do radiophysical, radiotherapic, microdosimetric or
radiobiological applications or investigations.
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I.  Objectives of the project:

Studies on neutron dosimetry are required for radiation protection as well as for radiobiological
investigations of mechanisms relevant for risk assessments. In radiation protection dosimetry
there is still a need for the development of sensitive detectors with a response proportional to
dose equivalent for a wide range of radiation qualities. For the interpretation of biological
results, obtained with various types of radiation, it is essential that dosimetry systems provide
information on radiation quality in addition to accurate and precise dose values. The practical
implementation of high-pressure ionization chambers for these purposes will be investigated.

Il.  Objectives for the reporting period:

The experimental studies with the TE and Al high pressure ionization chambers employing
CHy4, CoHy, TE gas and Ar will be continued for 0.5 MeV neutrons. The analysis of the
pressure dependence of the reading, ion recombination and cavity size effects will be con-
tinued. This analysis will partly be performed in cooperation with the National Institute of
Standards and Technology at Gaithersburg, USA. The experimental studies of the high-
pressure ionization chamber system will mainly be performed under conditions relevant for
radiation protection practice.



IIl.  Progress achieved:

Thimble type tissue-equivalent (TE) and aluminium (Al) high-pressure ionization Kchambers
have been constructed with a sensitive volume of about 1 cm3 (Zoetelief et al., Proc. Fourth
Symp. on Neutron Dosimetry, EUR 7448, Vol. II, pp. 315-326, 1981). The responses of
these chambers operated at gas pressures of up to 10 MPa have been investigated with various
gases (e.g., TE gases, Ar, CHy, CoH, and COj) for 137Cs gamma rays and monoenergetic
neutrons. Measurements with the chambers at different pressures were performed at various
values of the collecting potential. The maximum applied collecting potential of 600 V cor-
responds to a field strength of 2.9 kV/cm.

When the pressure increases, the relative reading (defined here as the ionization chamber
reading at pressure p and a collecting potential of 600 V relative to that at 0.1 MPa and 600 V)
of ionization chambers increases due to an increasing mass of the gas in the cavity. The
increase of mass of the gas in the cavity causes an increase in the jonization produced in the
cavity by charged particles produced in the wall and the gas, which can be limited by the
ranges of the secondaries; in addition, the probability of interaction of neutrons and/or photons
with the gas increases. With increasing gas pressure in the cavity of an ionization chamber, the
initial ion recombination increases. This causes a decrease in the relative reading dependent on
the neutron energy and the filling gas employed and limits the increase in the relative reading
with increasing pressure.

Studies for both chambers operated with different filling gases are aimed at obtaining sensitive
photon dosemeters and total absorbed dosemeters for a range of neutron energies, i.e., 0.9 to
15 MeV. For photon dosemeters it is also essential that the system has a low relative neutron
sensitivity, ky. Concerning ky, investigations were also made for conventional (i.e. operated at
pressures of around 0.1 MPa) Mg/Ar ionization chambers partly initiated by an unexpectedly
high ky value of the Al high pressure chamber filled with Ar at 0.1 MPa.

For radiation protection purposes, it is essential that a dosimetry system is capable of providing
information on radiation quality. The pressure dependence of the (relative) reading is depen-
dent on neutron energy, wall material of the chamber and filling gas. The adequacy of the use
of the pressure dependence of the relative reading for assessment of radiation quality is inves-
tigated with different filling gases in the Al and TE high pressure ionization chambers. Another
method to obtain information on radiation quality is based on the dependence of initial ion
recombination on neutron energy by measurement of the reading at various values of the
collecting potential. Since initial recombination is also dependent on the filling gas and the gas
pressure, measurements were made for various gases and gas pressures.

In general, mixed field dosimetry is based on the validity of the Bragg-Gray principle, relating
the absorbed dose in the gas of the chamber to the absorbed dose in the chamber wall material.



One of the requirements for fulfilling the Bragg-Gray conditions is that the ranges of the
secondaries produced by the neutrons are large compared to the cavity dimensions (in-
finitesimal cavity). When the pressure of the filling gas is increased, the ranges will decrease
and this can be applied to study the influence of cavity size.

With increasing gas pressure initial recombination increases considerably. The data obtained at
high pressures can be analyzed in terms of different ion recombination theories to provide more
insight in the validity of existing models.

Studies to obtain sensitive photon dosemeter with small ky

Studies for 0.9 MeV neutrons with Ar as filling gas had shown that the Al high-pressure
chamber provides a system with a very small relative neutron sensitivity, i.e., less than 0.001
(Zoetelief et al., 1985). In general, however, ky will increase with increasing neutron energy.
Therefore, measurements were made with both high-pressure ionization chambers for 137Cs
gamma rays and 15 MeV neutrons. Pure Ar was used as filling gas in comparison with 90 per
cent Ar mixed with methane and Ar mixed with 0.5 per cent acethylene. The addition of
methane is of interest since at high pressures this hydrogen rich gas might increase the amount
of charged particles produced in the gas. The addition of acethylene could provide through the
Jesse effect (see, e.g., ICRU, 1979) a more sensitive dosimetry system when the increase in
ion recombination remains small.

It was concluded that for 137Cs gamma rays for pressures up to about 5 MPa the relative
readings of all gases show a similar dependence upon pressure. At higher pressures (e.g., 8
MPa) the relative reading with Ar + 0.5 per cent C;H; is significantly smaller than that of the
two other gases indicating a higher contribution from initial recombination. At about § MPa the
recombination is smallest for Ar, intermediate for 90 per cent Ar + 10 per cent CHy and largest
for Ar + 0.5 per cent CyHy, respectively. At 0.1 MPa the highest absolute reading was ob-
served for Ar + 0.5 per cent C3H>, i.e., about 19 per cent higher that that with Ar. This
indicates that at 8 MPa the highest reading per unit of dose is found for Ar + 0.5 per cent
CyH,.

For d+T neutrons, up to about 4 MPa the relative readings with Ar and 90 per cent Ar + 10 per
cent CHy4 are about the same for the same pressure. At higher pressures the readings with the
gas mixture become lower than that with pure Ar. At 8 MPa the ratio of the relative readings
with the two gases is 1.23 for the Al chamber. This ratio is in the order of magnitude of the dif-
ference in recombination for the two gases, indicating that the contribution to the reading of
charged particles created in the gas is relatively small.

Initially, at 0.1 and 8 MPa ky values of 0.38 and 0.21 were estimated. These values were
unexpectedly high since in general at 0.1 MPa a ky value of about 0.16 is found for conven-
tional Mg or Al/Ar chambers for d+T neutrons. Additional experiments with the Al high



pressure ionization chamber with Ar resulted in ky values of the Al/Ar high pressure chamber
for d(1)+T neutrons of 0.14 at 0.1 MPa and 0.055 at 8 MPa. The value at 0.1 MPa is in good
agreement with the values given generally reported for conventional A/Ar or Mg/Ar chambers.
For 90 per cent Ar + 10 per cent CHy a ky value of 0.037 for d(1)+T neutrons is derived at 8
MPa gas in the Al high pressure chamber. This indicates that by addition of impurities to Ar the
ky value for d(1)+T neutrons at high pressures can be reduced.

Ethene showed for photons a large initial recombination (Zoetelief et al., 1985). It might have
been expected that the ion recombination for neutrons in ethene would result in a very small
reading, thus providing a neutron insensitive detector. However, the readings for 2.1, 5.3 and
15 MeV neutrons with ethene indicated a considerable neutron sensitivity.

The dependence of the relative reading on gas pressure with Ar in the TE and Al chambers for
2.1 MeV neutrons is qualitatively similar to that for 0.9 MeV neutrons, mainly due to photons
and can be used to derive the photon component of the total absorbed dose (Zoetelief et al.,
1988).

Relative neutron sensitivity, ky, of Mg/Ar chambers used as photon dose-
meters in mixed fields.

To try to resolve the problems of the discrepancies in the ky values of the AI/Ar high-pressure
chamber, investigations were made on the characteristics of Mg/Ar ionization chambers (also
representative for Al/Ar chambers) which are commonly used as gamma-ray dosimeters in
mixed neutron-photon fields.

For conventional Mg/Ar chambers, studies were performed on the dependence of the chamber
reading on gas flow rate, wall thickness and charge collection as well as on ky values
(Zoetelief et al., 1986).

The dependence of the reading of Mg or Al ionization chambers on Ar flow rate shows an
unexpected maximum at flow rates between about 15 and 25 cm3 min-1, which might be
caused by the Jesse effect (Zoctelief et al., 1986). A possible solution might be the use of a gas
mixture of Ar with a few per cent of a suitable hydrogen-free gas. In addition, relatively long
preflushing periods are required for Mg/Ar chambers before stable readings are found, which
may be related to air adsorption to the rather rough Mg surface.

The relative neutron sensitivity, ky, of different Mg/Ar chambers of the same design can show
different values in the same neutron field (see Zoetelief et al., 1986) which gives an additional
uncertainty in the determination of the relative photon contribution to the total dose.

Recently, (Schlegel-Bickmann, Brede, Guldbakke, Lewis and Zoetelief) studies were made on
Exradin M2 Mg/Ar ionization chambers for 5, 8, 15 and 19 MeV neutrons. Several problems
were identified: different chambers of the same design show different polarity effects; there
appeared to be two pairs of chambers with different mean ky values.



Only at 19 MeV there is agreement in ky between all four chambers studied; the response of a
Mg/Ar chamber increases steadily with increasing wall thickness in the § MeV and 15 MeV
neutron fields and this may effect absolute ky values.

It can be concluded that users should apply both negative and positive bias for measurements
and take the mean result. If their chambers are used for fields with energies below 19 MeV itis
recommended that the responses are compared with either a GM counter or a Mg/Ar chamber
that has been used in a standard field to select an appropriate set of ky values. Further studies
are required to solve the problems identified.

Total dosemeter aimed at high. sensitivity

From initial studies with the TE high pressure chamber it appeared that Ar was the most
appropriate gas among the investigated ones to.obtain a sensitive dosimetry system for 137Cs
gamma rays and 15 MeV neutrons, but not for 0.9 MeV neutrons. Studies of the relative
reading as a function of pressure of several filling gases were therefore extended to 2.1, 5.3
and in part to 15 MeV neutrons. The results are given in Figures 1 and 2 for 2.1 and 5.3 MeV
neutrons, respectively.
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Figure 1. Relative reading of the TE high-pressure chamber as a function of the pressure of various gases for
2.1 MeV neutrons.



The use of methane as filling gas provides the most sensitive system except for 15 MeV
neutrons, where with Ar as filling gas, the relative reading is highest at pressures in excess of
1 MPa. For lower energy neutrons, i.¢., 0.9 and 2.1 MeV the relative reading for all gases
except Ar shows a maximum; for 0.9 MeV neutrons and the use of CHy at approximately 2
MPa. This limits the pressure to be used for obtaining a sensitive dosimetry system. At 2 MPA
the relative readings with CHy are approximately 16, 23, 18 and 16 for 0.9, 2.1, 5.3 and 15
MeV neutrons, respectively.

Determination of radiation quality

Information on radiation quality can be obtained from the pressure dependence of the reading
as well as from initial ion recombination.

A parameter which can be used to relate the pressure dependence of the relative reading to
radiation quality might be the ratio of the values at two pressures, e.g. at 2 and 4 MPa which is
dependent on neutron energy. The suitability of such a parameter has to be investigated in more
detail when measurements are made for a larger range of neutron energies.

relative reading, R(p,Vy) / R(py, V)

gas pressure (MPa)

Figure 2. Relative reading of the TE high pressure chamber as a function of the pressure of various gases for
5.3 MeV neutrons.

For lower energy neutrons employing CH, as filling gas (below 2.1. MeV) the pressures at
which the maxima occur as well as the ratio of the maximum relative readings with the Al and
TE chamber can be used to assess radiation quality (Zoetelief et al., 1988).

Probably, the most suitable parameter for the determination of radiation quality is related to the
reading, R, at different collecting potentials. The recombination parameter R(500V)/R(100V) is
dependent on neutron energy for all filling gases at elevated pressures as shown €.g. at a
pressure of 1 MPa in Table 1.



Table 1:  Ion recombination in several gases for the TE chamber at several neutron energies.

R(500V)R(100V)
at about 1 MPa
0.9 2.1 53 © 15
gas MeV MeV MeV MeV
Ar 1.15 1.13 1.06 1.05
TE-CHy 2.26 1.56 142 1.29
CHy 1.60 1.42 1.21 1.13
CoHy -- 1.60 1.39 1.28

The strongest dependence of the recombination parameter on neutron energy is observed for
TE and C;H4. The use of CH4 seems also suitable for using the recombination parameters to
assess radiation quality and provides the most sensitive dosimetry system.

Cavity size effects

When ion recombination is small and the production of secondary charged particles in the gas
is considerable the relative reading increases more rapidly than the pressure. This phenomenon
is observed for CH4 with both the TE and Al high pressure chamber for 0.9 MeV neutrons
(Zoetelief et al., 1985) and 2.1 MeV neutrons (see Figure 1 and Zoetelief et al., 1988). This
indicates that the cavity size is becoming important. For 5.3 (see, Figure 2) and 15 MeV
neutrons this is not observed indicating a considerable smaller contribution to the ionization
from charged particles produced in the gas.

The relative reading with Ar in the TE chamber for 0.9 and 2.1 MeV neutrons shows an initial
a rapid increase with pressure and subsequently a slower, approximately linear increase (see,
Figure 1 for 2.1 MeV neutrons). The range of the most energetic protons produced by 2.1
MeV neutrons is about 8.0 cm in argon at atmospheric pressure. The cavity diameter of the
chamber is 0.8 cm and the central electrode diameter is 0.4 cm. Consequently, at higher
pressures (in excess of 1 to 2 MPa), it is expected that all protons produced in the chamber
wall are stopped in the gas and that a further increase in the pressure will not increase the
reading due to protons created in the wall (and central electrode). The neutron cross section of
Ar is quite small. Therefore, the approximately linear increase in the relative reading as a
function of pressure observed in excess of about 2 MPa has to be attributed mainly to the
photons in the mixed field. The relative reading of the Al chamber filled with Ar for 2.1 MeV
neutrons shows an almost linear increase mainly due to the photon contribution of the beam.
The relative readings as a function of the pressure of Ar in the TE and Al high-pressure
chambers can be used to assess the photon component (Zoetelief et al., 1988).

Assuming that the reading at 0.1 MPa in the Al chamber filled with CH, is completely due to
secondary charged particles created in the gas, it is estimated for the TE chamber with CH4 gas



that at the contributions to the total ionization of secondary charged particles created in the wall
are about 0.47 and 0.77 for 0.9 and 2.1 MeV neutrons, respectively (Zoetelief et al., 1988).

Analysis of ion recombinations and cavity size effects

The analysis of ion recombination, e.g., in terms of columnar (Jaffé) or cluster (Kara-
Michailova/Lea) theories is seriously hampered by the absence of data for the saturation condi-
tions (i.e., negligible ion recombination). In both theories, a large number of parameters is
required such as ion mobilities which are also dependent on pressure for which data are not
available from other sources. The measurement conditions are usually not close to saturation,
which implies an uncertain extrapolation to saturation conditions.

Recently (see, e.g., Coyne et al., 1990), experience was obtained with calculation of ion yield
and cavity size effects with the NIST-code for calculation of microdosimetric spectra (see,
e.g., Caswell, Radiat. Res. 27, 92-107, 1966; Caswell and Coyne, Proc. 6th Symp.
Microdosim. EUR-6064, Vol . II, 1159-1171, 1978). The code was recently installed at our
institute and has to be modified with the aim of getting information on cavity size effects for
larger cavities relevant for high-pressure chambers.

Conclusions

- To obtain a sensitive photon dosemeter, the Al high-pressure chamber operated at 8 MPa of
Ar or 90 per cent Ar + 10 per cent CH,4 with ky values of 0.055 and 0.037, respectively,
for d+T neutrons should be used.

- The use of ethene which seemed promising on the basis of results for photons is not
suitable to obtain a photon dosemeter.

- The photon component of the 0.9 and 2.1 MeV mixed fields could be determined on the
basis of the pressure dependence of the reading of both chambers filled with Ar.

- Conventional Mg(or Al)/Ar ionization chambers show various problems related to depen-
dence of reading on gas flow rate, polarity effect, dependence of the reading on wall
thickness and different ky values for different chambers of the same design.

- The use of methane in the TE high-pressure chamber appears to provide the most suitable
detector among the investigatedA gas-chamber combinations for total dose determination in
neutron photon fields for neutron energies from 0.9 to 15 MeV. At 2 MPa, the relative
readings are approximately 16, 23, 18 and 16 for 0.9, 2.1, 5.3 and 15 MeV neutrons,
respectively.

- Ion recombination in CH, inside the TE high-pressure chamber at elevated pressures seems
most promising for assessment of radiation quality, although also the pressure dependence
of the reading can be employed for this purpose. Extension of the measurements to lower
and higher neutron energies are required to make a decision on the most practical method
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for a field instrument.

Calculations of cavity size effects, most likely on the basis of the NIST-code to be modified
for large cavities, is of great interest for comparison with experimental results on the
influence of cavity size as well as for analysis of ion-recombination.

IV. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:

Dr. J.J. Coyne, National Institute of Standards and Technology, Gaithersburg, MD 20899,
USA.

Dr. N. Golnik, Institute of Atomic Energy, Swierk, Poland.

Dr. D. Schlegel-Bickmann, Physikalisch Technische Bundesanstalt (PTB), Braunschweig,
FRG.

Dr. V.E. Lewis, National Physical Laboratory (NPL), Teddington, UK.

V. Pubilications:

J. Zoetelief, A.C. Engels, C.J. Bouts, J.J. Broerse and L.A. Hennen, 1985. In: Proc.
Fifth Symp. on Neutron Dosimetry, eds. H. Schraube, G. Burger and J. Booz, EUR
9762, Commission of the European Communities, Luxembourg, p. 705.

J.J. Broerse, J.T. Lyman, and J. Zoetelief, 1985. In: The Dosimetry of Jonizing Radiation,
eds. K.R. Kase, B.E. Bjirngard and F.H. Attix, Academic Press, New York, pp. 230-
281.

J. Zoetelief, D. Schlegel-Bickmann, H. Schraube and G. Dietze, 1986. Phys. Med. Biol.
31, 1339-1351.

J. Zoetelief, N. Golnik and J.J. Broerse, 1988. Studies of high-pressure ionization cham-
bers in neutron and photon fields. Proc. Sixth Symp. on Neutron Dosimetry. Radiation
Protection Dosimetry 23, 451-454.

* J.J. Coyne, R.S. Caswell, J. Zoetelief and B.R.L. Siebert. Improved calculations of
microdosimetric spectra for low energy neutrons (submitted for publication).



RADIATION PROTECTION PROGRAMME
Final Report

Contractor: Contract no.: BI6-A-006~UK

H.H, Wills Physics Laboratory
University of Bristol

Tyndall Avenue

GB Bristol BS8 1TL

Head(s) of research team(s) [name(s) and address(es)]:

Prof. R.G. Chambers Dr. D.L. Henshaw

H.H. Wills Physics Laboratory H.H. Wills Physics Laboratory
University of Bristol University of Bristol

Tyndall Avenue Tyndall Avenue

GB Bristol BS8 ITL GB Bristol BS8 1TL

Telephone number: 272-241.61
Title of the research contract:

A programme of study to examine the microdistribution of
alpha~emitting radionuclides in man and the development of fast
neutron spectrometry and dosimetry. ’

List of projects:

1. The microdistribution of alpha-active nuclides in the human
lung.

-2, A study of the uptake and burial of alpha-radionuclides in
human bone.
3. The provision of facilities for the assay of occupationally
exposed plutonium in lung, liver and skeleton.



Title of the project no.:

B16-006-UK ()
The microdistribution of a-active nuclides in the human lung.

Head(s) of project:

Dr D L Henshaw
Professor ] E Enderby

Scientific staff:

Dr D L Henshaw
Dr AP Fews

I.  Objectives of the project:

This project extends existing research in this laboratory using quantitative
analysis of CR-39 (TASTRAK) a-particle autoradiographs. The lung burden

of a-activity from particulate matter will be studied for the general
population. Application of the analysis techniques will enable the
abundance of the principal o-active nuclides at each site and the identity of
individual particles with multiple activity to be determined. The aim will
be to use this information to elucidate the deposition, retention and
clearance patterns of different a-emitting particles in association with their
physical size and chemical form. In particular, the patterns of retention in
both lymph nodes and tracheobronchial wall can be determined enabling
proper microdosimetric calculations to be made.

Il. Obijectives for the reporting period:

The CEC funding for this project specified that this should be restricted to
development of further techniques. Therefore, the research has

concentrated on one aspect of natural a-radioactivity in' the human lung.
The observation of a higher activity at the visceral pleura compared to a few
millimetres away in the lung parenchyma is of particular interest as it
indicates a natural clearance route in healthy lung. The aim will be to study
this effect in more detail be analysing autoradiographs from all five lobes in
16 lung cases.



111. Progress achieved:

Methodology. We report here our detailed work on retention of a-active
particulates at the visceral pleura which has exploited our techniques of

inferring particle size from small point clusters of a-activity on the plastic
autoradiographs.

Autoradiographs from the lung periphery have been analysed in detail
from 16 autopsy cases all taken from the Bristol area. Nine of these cases
had a known smoking history and seven were non-smokers. In each case a
slice of tissue taken from the lung periphery of each of the five lobes and
mounted against two sheets of TASTRAK nuclear track detector. One
plastic sampled the visceral pleura and the other the parenchymal tissue a
few millimetres away. An area of at least 6.25 cm2 on each of the processed
plastic autoradiographs has been scanned by a manual microscope observer.
The data provided by the measurements have been described in detail in

previous reports and elsewhere(l). Briefly, the count density of o-activity
recorded on the plastic may be converted to tissue activity per unit mass.
Given sufficient statistics, the relative number of point double, triple and
higher order decays observed on the plastic may be used to calculate the

mean activity of individual a-emitting particles in tissue. Particle size may
be inferred from the knowledge that these point clusters of activity indicate
the presence of uranium and thorium-bearing minerals naturally inhaled
and retained in the lung.

Results. In all 16 cases, activity values have been analysed for the right
upper, right middle and left lower lobes. For the remaining lobes the data
are partially analysed. All cases show some form of enhanced activity at the
visceral pleura. There is no difference between smokers and non-smokers.
The effect is most marked in the right upper and left lower lobes. An
example of the excess activity in the visceral pleura for the right upper lobe
is shown in figure 1. Table 1 shows the activity values for all lobes averaged
over all cases.

Although the overall data show insufficient statistics to enable the
fractional activity from point multiples to be determined throughout all
tissue sites, the quantity has been calculated for the activity seen on the
autoradiographs. The results are summarised in table 2 and show that the
activity from multiple point decays is itself in excess at the visceral pleura.
The particle size derived from the multiple activity is in the range 1 - 5 um.
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One case; No. 35, an 88 year-old female, shows a particularly high excess
activity at the visceral pleura, up to 10 times higher in some lobes. Here the
activity at the pleura is characterised by numerous point clusters,
approximately 30 over the scanned area of one plate, each cluster containing
up to 20 tracks. The results are summarised in table 3.

Table 1 Average Activities of Alpha Emitters in Bq.kg! at the Visceral
Pleura compared to the Parenchyma averaged over 16 cases.

Lobe Parenchyma Visceral Pleura  Activity Ratio
Right Upper 0.78 +/-0.14 137 +/-0.23 1.76 +/- 043
Right Middle 041 +/-0.12 045 +/-0.12 1.09 +/-043
Right Lower 0.541 0.462 -
Left Upper 0.443 0.474 : -
Left Lower 0.31 +/-0.06 - 0.58 +/-0.12 1.86 +/- 0.50

Table 2 Ratio of Multiple to Total Alpha Activity on Autoradiographs at
the Visceral Pleura and Neighbouring Parenchyma averaged over 16

cases.

Lobe Parenchyma Visceral Pleura Ratio
Right Upper 0.040 +/-0.015  0.074 +/-0.018 1.85 +/-0.83
Right Middle 0.121 +/- 0.031 0.153 +/-0.031 1.26 +/-0.41
Right Lower 0161 0.0632 -
Left Upper 0.0833 0.100¢ .
Left Lower 0.068 +/- 0.014 0.118 +/- 0.023 1.74 +/- 049

14 cases only; 26 cases ; 34 cases; 46 cases

Table 3 Averége Activity values at the visceral pleura compared to the
parenchyma for an 88 year-old female, case 35.

Lobe Parenchyma Visceral Pleura Ratio
Right Upper 1.28+/-0.13 1.56 +/- 0.07 122+/-0.14
Right Middle 0.17 +/-0.02 0.73 +/-0.05 4.29 +/- 0.08
Right Lower 0.23 +/-0.03 2.36 +/-0.09 103 +/-14
Left Upper 0.15 +-/ 0.02 1.63 +/-0.07 109 +/-1.0
Left Lower 0.12 +/-0.02 0.69 +/- 0.05 575+/-1.0




Discussion

This work has explicitly shown that in addition to the single particle
activity, the activity from multiple point decays is itself in excess at the
visceral pleura. The multiple activity emanates from small grains of
uranium and thorium-bearing minerals. As indicated above, this implies
that particles in the size range 1-5um are preferentially retained at the
visceral pleura. This indicates, as with the known behaviour of asbestos,
that particles deposited higher up in the lung are transported by
macrophages to the lung periphery into the pleural region and into the
lymphatics, this being a natural lung clearance mechanism by which
comparatively large particles reach the pleura. The results here illustrate
the use of naturally inhaled radioactive particles to map the clearance of
particulate matter in normal healthy lung.
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Title of the project no.:

B16-006-UK (2)
A study of the uptake and burial of alpha-radionuclides in human bone.

Head(s) of project:

Dr D L Henshaw
Professor ] E Enderby

Scientific staff:

Dr D L Henshaw, Dr A Worley and Mr P H Randle

I.  Objectives of the project:

In recent years new and sophisticated techniques for low-level a-particle
autoradiography in CR-39 (TASTRAK) nuclear track detector have been
developed in this laboratory. These techniques allow quantitative analysis of
a-emitting particles in human tissue. The present study aims to use these
techniques to fill important gaps in the scientific knowledge by providing a
quantitative description of a-radionuclide uptake in human bone as a
function of age, for the general population exposed to natural levels of
activity. The work will include wherever possible parallel determinations of
the a-radionuclide levels present in the liver which should provide new
information on the rate of translocation to the skeleton in man.

1l. Obijectives for the reporting period:

The aim will be to analyse natural levels of a-radioactivity in a large set of
autopsy bone samples to determine dose values to bone marrow.



111. Progress achieved:

MATERIALS AND METHODS

Introduction. During the course of the contract a considerable number of
autopsy bone samples have been analysed representing the natural burden of
alpha-emitting radionuclides. Under various stages of analysis are samples of
vertebrae, rib and part of the skull taken from 131 autopsy cases. Seventeen
whole femurs and seven whole vertebral columns are also under analysis.
Later in the contract studies have begun of fetal transfer of alpha-radioactivity
and of calculations of the radiation dose to red bone marrow from domestic
radon exposure. The first part of this report will discuss the analysis of a
particular set of autopsy bone samples obtained from adults and children who
were former residents of West Cumbria. At Bristol total alpha-activity was
determined in unconcentrated samples using TASTRAK plastic track detector.
Separately, samples were assayed radiochemically for plutonium at the
National Radiological Protection Board (UK). The second part of the report
will discuss fetal transfer of alpha-radioactivity and calculations of radon dose
to red bone marrow. '

Tissue collection and preparation Autopsy samples from eleven cases were
obtained from West Cumbria and the Newcastle area. These were divided
between four adults and seven children under the age of 16 years, as
summarised in Table 1.

Table 1. Summary if cases analysed

Case Age/Sex Residence
Adults

N1 64M Oxfordshire

N2 82F West Cumbria

N3 65F

N4 22M



Children

X7 14M Newcastle
XBA 15 West Cumbria
X8B 15M
X9 9
X10 <1
X11 sb*
X12 M
* still born

A total of 30 sites were examined. These ranged from sections of femoral bone
taken from the distal, mid-shaft and proximal regions, to sections of rib,
sternum and vertebrae; in the child cases samples of liver and lung were also
obtained. The samples were cut into sections at least 2 mm thick and stored at
-20°C for periods ranging up to 289 days against CR-39 (TASTRAK) plastic,
made in our laboratory. The plastic was pre-etched to reveal background a-

particle tracks as described elsewhere(). In total 43 a—autoradiographs were
produced. In the present work no attempt was made to separate the
contribution of 210Po by bodily intake to that from ingrowth from 210Pb. All
but one of the samples were mounted within two weeks of death. After
exposure, the position of the bone section on the plastic was recorded
photographically in both colour and black and white and the plastic then
etched at 75°C in 6.25N NaOH. The track response of the plastic was calibrated
using the procedures described elsewhere(23). The etch time for the

autoradiographs was chosen to etch a 210Po o particle (5.3 MeV, range = 37.2
pm) just beyond the end of its range and was obtained for each TASTRAK
manufacturing batch by calibration during the etch using a separate plastic
exposed to a 252Cf a—source(®). All etch times were close to 5.5h. On the final
autoradiographs the transition between tracks being etched out and not etched

out occurred at a range of 39 um. The autoradiographs were scanned

manually for a-particle tracks under x250 magnification over an area of up to
36em2. The XY coordinates, together with the position of any point double,
triple, or higher order multiple decays, were recorded. These were
superimposed on a full size print from the black and white negative. The
colour transparency was used to study detailed features of the sample. On
eight of the autoradiographs, from adult cases, the parameters of each
individual track under the bone section were measured under x400
magnification. In parallel with the manual measurements, the
autoradiographs were analysed by fully automated image analysis, using the
system developed in this laboratory(34).
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Analysis The analysis procedures have been discussed in detail elsewhere(1-4).
The important features will be summarised here.

Activity per unit mass of wet bone. Activity values recorded on the
autoradiographs in tracks.cm can be converted to sample activity in Bq.kg-1
from the mean tissue thickness sampled by the plastic on the assumption of a
uniform particle emission with height above the plastic. In the present work
this has been calculated for the etch conditions employed and has a value of
7.34um on the assumption that the majority o emitter present is 210Po. The
sample activity is then given by:

N x 1195
ActivityinBqkgl= ____ .. (1)

T

where N is the number of observed o particle tracks per cm?2 on the plastic end
and T the exposure time in days.

Minimum resolvable activity. For a given exposure period we can define a
minimum detectable activity in tissue Amin which is two standard deviations
above background. Assuming Poissonian fluctuations in the track count this
is given by:

2{1 + (1 + ab)1/2}
Amin = PO 2)
am

where a is the area scanned in ¢cm?2 on the plastic and m the slope of the
relation between the track count and activity. The latter is given by 11.95/T.
Anmnin, therefore, depends not only on the background count but also on the
area scanned and exposure time. A value may be calculated for each sample:
some typical values are given in Table 2. In this work a mean background
count of 3.0 tracks.cm2 was measured. This was determined from scans of
control plastics mounted in Perspex frames and stored in the same Polythene
bag and stored for the same time as the sample

Table 2. Some values of Amin

Area Background Exposure Amin
(cm?2) (tracks.cm2) time (Bq.kg)
25 3 2y - 0.013
10 3 ly 0.043
6 4 ly 0.066

6 6 6 mon 0.160
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226Ra activity. Whenever 222Rn is produced in a sample from the decay of
226Ra it can diffuse through the sample and into the plastic itself prior to
decay. The diffusion of radon in tissue and TASTRAK has been extensively
investigated in this laboratory. At the sample storage temperature of -20°C the
mean diffusion distance for 222Rn in tissue is 100 um. The presence of radon
in a sample is readily identified by the observation of characteristic point
double or triple decays where two or three of the point decays from 222Rn and
its short-lived daughter nuclei 218Po and 214Po are recorded in the plastic. In
general, the plastic may record either one, two, or all three of the three point
multiples decays and has associated sampling thickness for these events P(3,1),
P(3,2) and P(3,3) um. These quantities are functions both of the mean radon
diffusion distance and the plastic track response under the etch conditions
employed and are calculated explicitly for each set of samples analysed. In
order to determine the total amount of 222Rn recorded by the plastic, the
number of single tracks on the plastic S' that in fact originate from radon
point multiple decays must first be calculated. This is given by:

S = xM L 3
P@3,2) +P@G3,3)

where, in this work, for a diffusion distance of 100 um, P(3,1) = 28.5, P(3,2) = 5.7,
and P(3,3) = 0.59 um, and M is the sum of the number of characteristic double
and triple events. The total number of radon and hence radium decays is
therefore S' + M = 5.53 x M. Assuming that the 222Ra activity is equal to the
222Rn activity then the formet is given by:

Mx13.9
ActivityonBqkgl= ___ .. 4
T

For the production of 220Rn from the decay of 224Ra in the 232Th decay chain,
the thoron diffusion distance is ~1/80th of that for 222Rn. The corresponding
sampling probabilities, however, yield a similar ratio to that in Equation 3
above. Thus, Equations 1 and 4 have to be applied to the separate numbers of
derived true single and multiple events respectively.

Alpha particle range spectra The number of tracks recorded in the plastic with
length between L and L + dL is given by:

N@dL=1{ | | (1/2)sin(®)cos(®)g1(h)g2(R)dRAK AL ...... ®)
®®
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where gi(h) is the emissivity between height h and dh above the plastic

surface where h = (R - L)sin(3), and g2(R)dR the number of o particles emitted
with range between R and R + dR.

If constant emissivity with height above the plastic is assumes, so that gi(h) =
k, say, then for a given a particle range R, Equation 5 may be integrated over
dip angles  from which we have

k(1+ cos(28))dL
N(L)L =

8

where §. is the cut-off dip angle for track detectioﬁ and is about 10° for the
plastic psed in this work. This shows that for a given single species « source
uniformly distributed.with depth in the sample, the range spectrum observed
in TASTRAK will be flat up to the maximum o-particle range. For a

combination of a-emitting nuclides present, the range spectrum will be step-
shaped with the height of each step proportional to the activity concentration
for the given nuclide. In practice, there is a minimum track length cut-off that
can be determined by the length below which the etched track is spherical
under the etch conditions employed.

'

RESULTS

An example of the distribution of a-actjvity is shown in Figure 1. The black
and white photograph, upper, shows the bone section taken across a vertebra
from the lower lumbar region of a 64 year-old male, case N1. The plot, lower,

shows the corresponding activity. Each point represents one a-particle track
and each cross a point multiple decay. The unexpected feature of this example
is that most of the activity appears outside the tissue region. In Figure 1, the
presence of background tracks is precluded by the stringent procedures
involved in the pre-etch technique: all detected tracks fall within the
calculated limits for the etch conditions employed. Outside the bone area, the
activity is partly attributed to soft tissue and partly to associated fluids
surrounding the bone itself and the inevitable spreading of these fluids over
the plastic surface during mounting. The smeared fluids are clearly visible on
the colour transparency of the autoradiograph.

In the above case, the activity undoubtedly arises from the sample itself. Also,

the vast majority of activity is in the form of single tracks and not point
multiples characteristic of radon and short-lived daughter nuclei. This
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indicates that the proportion of radium present in the sample is small. The
majority of the activity is presumed to be from the decay of 210Po. This is
supported by the spectral measurements, and is consistent with that expected
from the radiochemical data. Within the bone region the activity of the
sample is 1.71 Bq.kg"1.

All autoradiographs show similar features
to the above examples in that the activity
exists outside as well as inside the bone
section. fa SONS/8

We conclude from these observations that
210Po has no affinity for bone. It is clearly
present in the bone itself, in marrow and
in the surrounding tissue. The majority is
presumed to derive from the decay of the
210Pb in bone which, owing to its apparent
non-affinity for bone, is free to wander
into neighbouring tissue. Its presence in

marrow is most important, for it implies a eay
significant a-dose to bone marrow, far & sef
higher than has previously been assumed. % s
g
A second feature of the recorded activity is o 3¢}
the small number of point multiple a- (_8) 20
tracks. The number is considerably less
than that seen in autoradiographs of lung e
tissue. Those seen, however, show similar [ 28 i

3t e TN Vel
i 2 1?2 20 30 48 SO 60
structure to those found in lung and their ?
2 - . . X COOV‘dlI’IGtE (mm)
form is in most cases characteristic of the

presence of radon and therefore radium.
Fig. 1

The recorded activity confined to the bone area itself on the autoradiograph
has been converted to sample activity in Bq.kg-l. 210Po and 226Ra o-activity
values have been calculated and the results are given in Table 3. The average
210Po activity is 1.46 + 0.13 Bq.kg-1 and for 226Ra 0.040 + 0.014 Bq.kg-1. The 210Po
values agree well with published radiochemical data3-4) but in the current
sample, the 226Ra values are rather lower than those expected®.6). A detailed
discussion of the plutonium measurements determined radiochemically at
NRPB may be found elsewhere(?). The average value was below 0.020 Bq.kg-!
contributing less than 1% to the total activity present.
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The measurements of individual track parameters have been converted to
particle range in the plastic. The range spectra from the autoradiographs
confirm that the activity over the autoradiographs is consistent with that from
a thick source compared with the a-particle range. This confirms that the
conversion of track count to tissue activity is a valid procedure.

For the child cases, the storage time for all of these autoradiographs was 192
days which, coupled with the lower activity present, has resulted in a much
reduced activity on the plastic. In bone, the average 210Po activity is 0.33 £ 0.04
Bq.kg'l. The average plutonium values were below 0.002 Bq.kg'! and, as in
adult bone, contribute less than 1% to the total activity.

Table 3. Summary of activity in bone sections

No. Case Region Storage Sample  Number of tracks in sample Activity (Bg.kg™h)

time area

(day9) (m? Toal S D T M 210p, 26g,
1 N1  Femur: Proximal 289 171 943 933 5 - - 2142007 0.01430.006
" Mid-shaft " 88 45 412 10 3 2D 181010 007120020
3 Distal " 154 57 557 5 - - 138%006 0.01620.007
4 " Vertebra (1) " 98 40 418 7 1 19 1651009 003920014
5 @ " 91 284 215 3 1 29 086007 002130011
6 N2 Femur: Mid-shaft 240 82 %8 221 16 5 - 120%0.09 0.1490.032
7 N3 Femur: Mid-shaft " 9.0 19 193 3 - - 092t008 001920011

8 N4 Femur:
Mid-shaft (1) " 64 23 29 2 - - 1561012 00180013

9 " Femur:
Mid-shaft (2) " 6.1 26 24 1 - - 1605012 0010%0.010

Notes: (@) S =single. D = double, T = triple, M = >3 tracks
(i) (DTwo clusters one of 6 and one of 8 tracks.
(i) (One cluster of 5 tracks.
iv) YTwo clusters each of 5 tracks.

W The average 210Po and 226Ra activities are 1.46 £0.13 Bq.kg™] and 0.040 £0.014 Bq.kgl,
respectively: errors quoted are those in the mean.

— 76 —



Table 4. Activity values in Bq.kg1

Region 210po 226Ra Pu®
Adult's bones 146 £0.13 0.040 £0.014 <0.01
Children's bones 0.3310.04 0.024 +0.007 <0.002
Children's liver 0.11+£0.02 0.010 £0.003 -
Children's lungs 0.11+£0.03 0.028 £0.003 -

Table 5. Dose values

Red marrow * Endosteal cells
®Gyy™D (uSvy) ®Gyyh  @SvyD
Adult’s bones
210p, 39 780 39 780
226RA(2) 88x101 18x102 13x102 26x1071
Children’s bones
210pg 88 176 88 176
26Ra 72x101 14x102 82x103 16x1071
Black Committee(3)
210po 0.29 5.8 - -
210pp (High LET) 153 306 - -
226Ra 0.68 136 - -
Total high LET 2.50 500 - -

Notes (i) (Wpopplewell et al @
(ii)  In the case of 226Ra the dose values have been calculated using the
factors derived by Spiers(11).
(iii)  ¥See References 8,9 and 10.

DISCUSSION

On the assumption that the activity values calculated above apply to red
marrow and also to the endosteal cells lining bone surfaces, the consequent



dose values to these regions are given in table 5. These are compared with
that in the Report of the Independent Advisory Group into the investigation
of the possible increased incidence of cancer in West Cumbria and with the
evidence supplied to that Group. For red marrow, the a-dose from 210Po is 780

and 176 uSv.y-1 in adults and children respectively. These values are
considerably higher than that assumed by the Report and supporting evidence.

Measurements in Separated Marrow

Central to the interpretation of the above data is the assumption that activity
over the marrow region on the autoradiographs genuinely refers to activity
within marrow in-vive. Following the above observations several samples of
separated marrow have been mounted against TASTRAK and stored for 1
year. All of these samples were obtained from the Bristol area. The activity
measurements in separated marrow yield dose values of approximately 160

uSv.y-l. These values are still well above what was assumed in the Black
Report and further detailed studies in marrow are in progress.

Fetal Transfer of Alpha-radionuclides

A new project has commenced to study fetal transfer of a-radioactivity at
natural exposure levels and will continue under the new contract supplied by
CEC. First results from this study are available.

Under appropriate ethical committee approval fetal tissues samples from 39
cases are currently under analysis. The cases range in age from 20 weeks to
still born. Samples of liver, vertebra, spleen and where possible corresponding
placenta and cord blood are stored against TASTRAK plastic track detector for
at least one year. The cases under study include three from West Cumberland
Hospital, Whitehaven taken from West Cumbria catchment area.

The results of early measurements from four cases from the Bristol area are
summarised below.

Summary of Preliminary Alpha-radioactivity Values in Autopsy Fetal Tissues
and Placenta in pSv.y-1

Case _ Placenta Umbilical Cord Liver Spinal Column __ Spleen
S2 17+/-5 52+/-8 36 +/-6 - -
S3 10+/-4 40 +/-7 78+/-3 171 +/-12 -

S6 29 +/-6 62+/-9 - 128 +/-12 -

S8 23+/-4 - 81+/-4 229 +/-35 42 +/-12




210po forms the majority of activity present but in the spinal column there
appears to be a significant contribution from 226Ra. The higher activity in the

spinal column is unexpected but mirrors the postnatal uptake of a-
radionuclides by the skeleton. It is assumed though not established at this
stage, that the majority of 210Po in the fetus is supported by 210Pb, representing
the transfer of maternal lead to the fetus.

The project aims to determine fetal transfer factors for 120Pb, 210Po and 226Ra,
being the principal long-lived radionuclides of interest to the transfer of radon
short-lived daughters. Such information is required as input data to fetal
dosimetry from maternal radon exposure during pregnancy. Overall the aim
is to provide fetal dosimetry as a function of fetal age.

Of fundamental interest is the fetal dose contribution of maternal resorption
of both 210Pb and 226Ra. A substantial contribution from 210Pb resorption
would have implications for the maternal accumulated radon exposure in the
home.

For the placental studies, samples are being obtained as a function of maternal
age and smoking history. If reliable fetal transfer factors can be found then
measurements in placenta alone can be used as a measure of fetal dose from

natural long-lived a-emitters.
Radon Dose to Red Bone Marrow

We have recently performed(12) calculations of radiation dose to red bone
marrow and the fetus from radon and daughter products, taking into account
previously unconsidered factors, chief of which are: (i) red bone marrow
contains fat cells in varying proportions depending upon skeletal location
and age and in which radon is 16 times more soluble than in the surrounding
marrow. The diameter of these cells is typically 100-150 micrometres(78),
Consequently, alpha-particle decays from radon and its short-lived daughter
nuclei polonium-214 and polonium-218 within the fat cell deliver some of
their energy to surrounding marrow and hence to the haemopoietic cells; (ii)
room air contains not pure radon but also radon daughters which may enter
the bloodstream leading to an additional daughter coniribution to the dose to
marrow as evidenced by observations of enhanced radioactivity in the blood
of Spa workers.

We have recently updated our calculations and the resulting doses to marrow
for adults, children and the fetus, exposed to given radon levels in room air,
are summarised in table I. The values quoted use a quality factor for the
alpha-particle of 20 as used by ICRP. That the doses to adult and child marrow
are similar is largely coincidental. In the case of children an important effect



is their higher radon daughter deposition rate but lower bone marrow fat
content compared with adults. At the average radon level in the UK of 20
Bq.m-3 a dose range is given. This reflects uncertainties in the transport of
radon short-lived daughters within the body. For radon concentrations of 400
and 1000 Bg.m-3 an average dose to marrow is given. Note that the increase
of marrow dose with radon exposure is non-linear owing to the ingrowth of
210Po in bone(13). These doses should be seen against a background dose from
low LET radiation: gamma rays and cosmic rays, of approximately 1000
pSv.y"l- Thus, for example, we calculate that children and adults living in
houses at or above the National Radiological Protection Board's (NRPB)
recently announced new Action Limit of 200 Bq.m-3 radon exposure(14)
receive a radon-derived dose to marrow similar to or in excess of that from
low LET radiation.

This result implies that domestic radon exposure could be a causative factor
in leukaemia induction and urgent investigations are underway to test this
hypothesis.

Table I Doses to red marrow and the fetus from radon and its daughter products
(1Sv.y1) assuming an alpha-particle quality factor of 20.

Radon Exposure (Bq.m"3)
20 400 1,000
Adult 80-100 2,360 6,920
Child age 10 60-110 2,370 6,310
Fetus 1545 990 2220
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I. Objectives of the project:

Much of this work will involve the analysis of a-activity by TASTRAK
autoradiography’in autopsy samples for litigation purposes. Therefore, the
measurements obtained will not in general be available for publication.

The objective of the project, vis-a-vis the CEC funding provided, is to
construct new laboratory facilities and in due course gain approval by the
Health and Safety Executive (UK) for this work. The analyses should use
techniques proven in the related research at Bristol or uptake of a-
radionuclides by man.

1. Obijectives for the reporting period:

The objective was to analyse such cases as became available through the
National Radiological Protection Board (UK) where existing collaboration
exists. Work should commence on a purpose-built laboratory in the Physics
Department at Bristol University.



HI. Progress achieved:

During the course of the contract tissue samples from three cases involving
occupational exposure have been carried out. At present the results of these
analyses are not available for publication. As part of this and our other
tissue analysis work, a purpose built tissue preparation laboratory has been
constructed in the Physics Department of Bristol University. This contains a
biological safety cabinet so that unfixed human tissue may be processed in a
manner conforming to the "Code of Practice for the Prevention of Infection
in Clinical Laboratories and Post-mortem Rooms (UK)".

The majority of the funding provided by CEC has been used on our contract
to study the distribution of alpha-radionuclides in the human skeleton at
natural exposure levels.

IV. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:

Analysis of occupationally exposed samples has not featured largely in this
study and further funding from the CEC for this work has not been sought.

V. Publications:

National Radiological Protection Board, Harwell, U K.
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Title of the project no.:
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I. Obijectives of the project:

Study of the biological effectiveness of low doses of different radiation qualities
for various modes of irradiation and suitable endpoints (life-shortening and tu-
mor induction) in experimental animals.

A. Analysis of results obtained from large experimental series on mouse popula-
tions whole-body irradiated with low doses of neutrons and X rays (single and
fractionated), for the study of dose-effect relationships for tumor induction in
different organs at risk.

B. Study of in-vivo risk of transformation per cell by an experimental model sys-
tem based on transplant of irradiated cell suspensions into syngeneic hosts.

C. Study of neoplastic transformation of mouse embryo cells in vitro.

II. Objectives for the reporting period:



Ill.  Progress achieved:

1. Studies of dose-response relationships for radiation carcinogene-
sis after single and fractionated neutron doses

An experiment on female BC3Fl mice irradiated with two different radiation qual-
ities was carried out. The study was focused on tumor incidence (age-adjusted), life
span shortening, and time to tumor appearance. Complete observation of survival
and late pathology was carried out on over 2000 BC3F1 female mice, which had
been irradiated with single doses of either 1.5 MeV neutrons, produced by a Van
de Graaff accelerator (0.5 to 16 cGy), or 250 kVp X rays (HVL=1.5 mm Cu) (4 to 256
cGy), and followed until spontaneous death.

Data of mean survival time appear to be consistent with a linear decrease with the
dose, without threshold, for both fast neutrons and X rays, although the effect was
too small to be significant at the lower doses, i.e., below 8 cGy and 64 cGy, respec-
tively. The ratio of the fitted linear slopes was 12.3+1.8.
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Fig. 1. Percentage incidence of solid tumors induced in mice by X rays
(A) and fast neutrons (C). Plots B and D are for ovarian tumor
induction after X-ray and neutron irradiation, respectively.



Mortality rates for specific causes of death were examined using a Weibull-type
time dependence, and the relative risks at the various doses were calculated ac-
cordingly. This calculation indicated that the risk of death with ovarian tumors is
already appreciably ‘increased below- 0.1 Gy for both neutrons and X rays. For oth-
er solid tumors the minimum doses of this experiment producing a significant in-
crease of the risk are 8 cGy and 64 cGy, respectively.

These findings were consistent with the analysis of the final tumor age-adjusted
incidence, which showed that for ovarian tumors the dose-response curve pre-
sents a steep rise starting between 5 and 10 c¢Gy for both neutrons and X rays (Fig.
1). For other solid tumors, the incidence was significantly increased above that in
the control, starting from the doses of 8 cGy and 128 cGy, respectively. This was
also confirmed by the results of a statistical analysis, testing the existence of a
positive trend of tumor incidence with the dose.

As an extension of our previous study of ovarian tumor induction, a new experi-
mental series has been planned using appropriately designed lead shieldings to X-
irradiate only one ovary per animal, in order to investigate the radiosensitivity of

this organ under reduced hormonal unbalance.
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Fig. 2. Myeloid leukemia after whole-body exposure to 250
kVp X rays (M) and fission neutrons (Q).

In parallel, the analysis of lymphoma and myeloid leukemia incidence data in
about 3000 BC3F1 male mice irradiated at Casaccia with single acute doses of X rays
and fission neutrons has shown some interesting aspects regarding the shape of
the dose-effect relationships. For malignant lymphoma, which is expressed with a
very high spontaneous incidence, the data are well described assuming for X rays
a quadratic-dose induction model and for fission neutrons a linear model, correct-

ed by exponential cell inactivation acting on both the spontancous and the radia-



tion-induced components. The best fitting value for the inactivation probability
per unit dose was 0.7020.04 Gy-l and 1.0£0.5 Gy-! for X rays and fission neutrons,
respectively. These values are in agreement with those expected from the
hematopoietic cell survival. This agrees with the hypothesis that such cells are
responsible for the lymphomas. As far as induction of mycloid leukemia by radi-
ation is concemed, the BC3Fl1 mouse used in these experiments appears to be a
suitable model system, as no myeloid leukemia was observed in 600 unirradiated
controls, In irradiated BC3F; mice myeloid leukemia is a rare event, nevertheless,
the dose-response curves are very similar in shape to those alrecady reported for
CBA/H and RF/Un mice. Also for this tumor, the induction appears to be linear for
fission neutrons and quadratic for X rays, with an exponential correction for cell
inactivation (Fig. 2).

We have also shown that liver tumors can be induced in mice with very different
spontaneous incidences (CBA/Cne: 67%, BC3F1: 11%). Based on these findings, we
have enlarged the analysis to include the influence of radiation quality, namely X
rays and fission necutrons, on the induction of such tumors in BC3F1 mice. For
both radiation qualities the final incidence appeared to increase with the dose in
a broad dose range (0-1.43 Gy and 0-7 Gy for fission neutrons and X rays,
respectively). A statistical method, developed by Peto et al., has indicated that the
increase is significant not only in these dose ranges, but also in the lower dose
intervals (0-0.36 Gy and 0-2 Gy for fission neutrons and X rays, respectively). The
values of age-adjusted incidence as a function of dose have been well fitted using
a linear model in the neutron dose range of 0 to 1.43 Gy. For X rays the fit quality
is not very good, unless a threshold dose of 1 Gy is introduced.

Recently, a new ecxperiment has been undertaken to study the carcinogenic effect
of fractionated doses of fission neutrons in BC3F1 male mice. This study is of a spe-
cial importance in the framework of radiation protection, as it allows the in-vivo
investigation of the influence of dose. fractionation on late somatic effects.
Complete observation of survival and late pathology was planned to be carried out
on a population of about 2000 mice, irradiated with fractionated doses of fission
neutrons produced by the RVS TAPIRO reactor of ENEA Casaccia, and followed until
spontaneous death. Nine different mouse groups were given 5 equal daily dose
fractions of 0.5 to 14.2 c¢Gy, for total doses from 2.5 to 70 cGy, at a dose rate of 0.4
c¢Gy/min. A similar fractionated dose irradiation was carried out using X rays, for
total doses from 25 to 300 cGy.

By the end of 1989 almost all animals have come to death, and the analysis of
survival and of the incidence of solid tumors, lymphomas and leukemias, as well

as of other non-neoplastic diseases, observed at death, has been initiated.
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2. Studies of in-vivo and in-vitro transformation per surviving cell

Considerable attention was given to the study of the mechanisms of tumor induc-
tion at the cellular level, in order to obtain an estimation of the risk of neoplastic
transformation per cell in vivo. For this, a technique was set up consisting in the
transplantation of irradiated and enzymatically dissociated cell suspensions of
epithelial tissue into syngeneic hosts [5], and observation of the nodules which
appear in the transplantation sites. This system allows the determination of the
surviving fraction and the observation of long-term dysplastic and/or neoplastic
lesions at the transplantation site.

This method was used for a quantitative in-vivo study of cell survival and risk of
transformation in the harderian gland on CBA/Cne mice after X-ray irradiation. A
fit of the multi-target single-hit model to the experimental survival data yielded
for Dy the value 1.83 Gy and for the extrapolation number the value 7.23. The dose-
response curve for lesions observed in the grafted sites was compared with that
for lesions observed in glands irradiated in situ. The risk of transformation per
surviving cell was estimated both for dysplastic lesions and for tumors. The
results approximated a dose-squared relationship in both cases, suggesting a
common induction mechanism at the cellular level (Fig. 3).
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Fig. 3. Number of primary harderian gland tumors (Q) and

severe dysplasia (O) in transplantation nodules per
surviving cell, after X rays.

The same experiment has shown that myeloid leukemia is present at all doses with
a maximum at about 3 Gy and with a dose dependence which confirms the

important results reported by Mole (1983), in particular, the high efficiency of



the CBA/Cne mouse as a sensitive experimental model systemt for studying
radiation induced leukemia.

The transplantation technique used for studies of harderian gland tumors was also
applied to the in-vivo study of hepatocyte survival and the risk of neoplastic
transformation per surviving cell in the mouse. The survival curve of CBA/Cne
mouse hepatocytes obtained in this way had a Dy, of 3.08 Gy and an extrapolation
number of 1. The age-adjusted number of hepatocellular tumors induced by X rays
(250 kVp, 1.5 mm Cu HVL) in two mouse strains, namely CBA/Cne and BC3Fl, was
divided by the corresponding average number of surviving cells. The resulting
ratios are presented in Fig. 4. The data for CBA/Cne mice are consistent with a
linear-quadratic dose effect relationship, while for BC3Fl mice a simply quadratic

expression. provides a better fit to the experimental points,

Tuwors per surviving cell {x 107%

s 7
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Fig. 4. Number of hepatocellular tumors per surviving cell
as a function of X-ray doses for CBA/Cne (M) and
BC3F1 (®) mice.

Recent results of the dose-rate influence on in-vitro neoplastic transformation
have fostered further experimental work at our laboratory to compare the trans-
forming effcctivcnéss of equal doses delivered to C3H10T1/2 cells following either
acute or fractionated irradiation protocols. The results of these experiments con-
firm that the neutron dose fractionation does not influence significantly the sur-
vival compared to acute irradiation. In addition, the dose-response curve for cell
transformation is not markedly changed when passing from acute to fractionated
doses, and the change, if any, goes towards a decreased effectiveness for the
fractionated irradiation mode.
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3. Late somatic effects of total lymphoid irradiation (TLI)

Late somatic effects of total lymphoid irradiation have been investigated in BC3F1
mice using a fractionated protocol (TLI). A similar protocol is utilized in medicine
for the treatment of patients with lymphoma or which have to undergo organ
transplantation. In particular, using a mouse population with a high natural
lymphoma incidence, it was intended to investigate whether the expected depres-
sion of this tumor following irradiation is associated with the appearance of other
tumor types or a life span shortening. A total X-ray dose of 34 Gy was distributed
in 17 daily fractions. The results indicate the presence of a relevant incidence . of
malignant skin cancers, which appear to be the most likely cause of life
shortening of the treated mice together with kidney degenecrative disease (see
Table).

Table. Survival and incidence of neoplastic and non-neoplastic
diseases at spontaneous death in BC3F1 mice after TLI

Mean Solid tumors
survival
No of time+SD Nephro- Malignant Sofi
mice (days) sclerosts  lymphoma® Lung  Liver Skin  ussues Others®  Total
Control 88 887 + 189 7(8) 43(49) 56) 12Q14) 1(1) 4(5) 4(5) 26(30)

TIrradiated 68  673x144* 26(38)* 4(6) 34 13(19) 18Q26)* 5(M 6(9)  45(66)*

2  FCC-lymphoma, mixed cell type.

Adrenal, kidney, stomach, bone, and vascular tumors.

P<0.001 in the Mann-Whitney U-test for comparison of survival
times, and in the x2 test for comparison of frequencies.

-

In the framework of the research activities concerning the late effects of total
lymphoid irradiation (TLI), we have also started the analysis of the data from one
experiment in which the lymphatic tissue of BC3F1 mice was exposed to single
acute X-ray doses (0.5 to 9 Gy). The preliminary results indicate a different shape
of the dose-response relationships for the different tissues exposed. In particular,
they show a bell-shaped relationship for malignant lymphoma, while, within the
solid tumors observed, skin cancers are induced only at doses greater than 2 Gy.
This might suggest the presence of a threshold dose below which the treatment
with TLI could be used in therapy without appreciable risk of inducing skin
cancers. Nevertheless, the presence of solid tumors and degenecrative diseases of
the kidney seems to play a role in causing life-span shortening, although it is

difficult to ascertain the relative importance of each class of disease.
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4, Other issues

A minor portion of the available time was spent to finalize some work already un-
dertaken towards the end of the previous contractual term. This included the
analysis of data relative to the study of radiation damage induced in the murine
eye-lens by various radiation qualities, and further progress in the study of
chromosomal aberrations produced in human lymphocites by radiation and/or
other noxious agents. Part of the results indicate that the relative frequency of

acentrics to dicentrics can be differently influenced by the type of treatment.
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I. Obijectives of the project:

The project concerns with the study of the stochastic variable "y"
(lineal energy) at simulated diameter less than 1 um.

Objective of the project is to investigate the possibility to
manufacture a spherical tissue-equivalent proportional counter able

to work properly at pressures as low as possible in order to simulate
tissue diameters less than 1 um.

Il Obijectives for the reporting period:

The experimenta set-up to measure the avalanche characteristics of a
cvlindrical TEPC at low pressure had to be assembled and first
measurements had to be done.



l. Progress achieved:

INTRODUCTION

From the beginning microdosimetry has dealt with measurements of
absorbed energy in volumes as small as possible. The extension of
experimental microdosimetry into the nanometer region constitutes the
major remaining challenge.

In the ordinary use of a tissue-equivalent proportional counter (TEPC)
one can observe that decreasing the gas counter pressure the resolution of
the calibration a-peak worsenes. Different causes produce this effect: an
increase of the deposited energy fluctuation due to the small quantity of
released energy, an increase of the relative variance of the avalanche and
eventually an enlargment of the avalanche region which makes TEPC to
work in condition of no-proportionality. This last phenomenon destroys the
physical meaning of the experimental spectra then its quantitative
description is introductory to the discussion about the lowest tissue-
equivalent diameter which a TEPC is able to simulate.

METHODOLOGY

The basic idea is to send a collimated ion beam into a cylindrical
detector along an equipotential straight line. The changes in the pulse height
spectra, which are collected at different radial distances from the anode, will
point out the entrance of the beam into the avalanche region, supposing that
the beam cross section is ideally zero and no ion recombination processes
take place.

The gain G of a cylindrical gas proportional counter is indeed given by
the general expression
Ic

InG= odr

I'a

where o is the Townsend's first ionization coefficient, r and r¢ are the
anode and cathode radius respectively. If the sensitive volume of the
detector is divisible in a drift and in an avalanche region then the gain of a
multiplication process can be separated into two integrals and so:



r]
InG= odr

Ta
where 1 is the limit between the drift region in which o = 0 and the
avalanche region. Because the pulse height is proportional to the product of
the energy released in the sensitive volume by gain, it should remain
constant from r¢ to r] by moving an ideal parallel-to-anode beam from
the cathode to the detector axis and then it should decrease monotonically.

A cylindrical TEPC was obtained drilling a cylindrical cavity in a
block of A-150 plastic, the two openings were closed by two disks of makor
(a machinable glass ceramic made by CORNING -USA-) which carry anode
wire and guard tubes. Two slits of 1 mm in thickness run parallely from the
anode to the cathode, they allow the ion beam to enter the cylinder, cross the
detector, cross a collimator with a 1 mm hole and eventually to impinge the
solid state detector. Only the proportional counter pulses in coincidence with
the solid state detector puises are collected, this assures that the pulses come
from particles traversing longitudinally the cylindrical detector at radial
distances determined with the precision of + 0.5 mm (figure 1).

SOLID STATE DETECTOR

Figure 1
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-Guard-tubes of 1.5 mm in diameter stick out from makor disks for 10
mm internally into the cylinder and then they define a cylindrical TEPC 25
mm long and 20.4 mm in diameter. Two sets of measurements were
performed, with a 10 pm and with a 50 pm gold-plated tungsten wire as
anode respectively.

All the apparatus was put in a vacuum chamber which was filled with
the propane-based tissue-equivalent mixture. Lengths from 0.1 to 0.4 pm
were simulated by varying the gas pressure from 227 to 909 Pa; the
pressure was controlled with an analogical absolute meter (Wallace and
Tiernan), which has an accuracy of 8 Pa, and a digital absolute gauge (MKS
Baratron 222 B), which has an accuracy better than 2 Pa. In all the
measurements the gas pressure constancy was better than 1%.

As ion probe a #Cm o-source has been first used. In this arrangement
there was no window between the. source and the detector, the a-particle
energy at the entrance of the sensitive volume was decreased by increasing
the gas pressure; this decrease ranged from 9.9 to 39.8 KeV that implied a
dE/dx changed of less than 1%.

RADIAL MOVEMENT
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When a light ion beam accelerated by the the Legnaro Laboratories'
7MV-Van der Graaff is used, the primary beam is scattered to 90 degree
from a thin gold layer of 150 mgm/cm?2 in order to decrease the particles
flux and then enters the measure chamber through an alluminated mylar
window of 1.3 pgm/cm? of thickness, see figure 2.

RESULTS
O, MEASUREMENTS

Pulse height spectra were collected for simulated lengths of 0.4, 0.3,
0.2, 0.1 pm and for different radial positions of the a-beam. The peak
positions have been plotted versus the distance R of the beam from the
anode. The peak position, that is the most probable value of the pulse height
distribution, seems indeed to be the meaningful parameter in this
experiment. In figure 3a the results were obtained with an anode wire of 10
pm; in figure 3b the same measurements have been repeated with a 50 um
wire.
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In both sets of measurements the anode was at positive voltage of 400
volts and the cathode earthed. The amplification of the electronic chain was
constant and controlled with a precision pulser BNC Model PB-4. The data
at the simulated length of 5 pm were collected to check the thickness
uniformity of the sensitive volume, the values were properly reduced in
order to allow for an easy reading of the figures. For every experimental
point several trials were performed to reduce the statistical uncertainty of
the peak position to less than 2 channels.

The curves in figure 3a-b show maxima at small simulated lengths and
monotonical decreases at bigger lengths, that is at higher pressures, as the
beam approaches the counter wall. This decrease is due to the &-ray escape
on the wall.We came to this conclusion by comparison of the experimental
data with calculated absorbed energy spectra of 5.8 MeV a-particles in
water vapor cylinders of the same lengths as those ones simulated in the
measurements and of radius varying from 25 to150 nm. The reduction of
the radius simulates the physical situation of the o-beam approaching the
TEPC wall.

Because of this d-ray effect the entrance of the a-beam in the avalanche
region, as it approaches the anode, pruduces a maximum in the peak-
position to radial-distance plots. The maximum is clearly visible in the 200
nm and 100 nm curves.

The experimental results do not show any plateau which can easily be
interpreted as a drift region; nevertheless the monotonical decrease of the
pulse-height peak when the o-beam approaches the detector wall is
consistent with a d-ray escape, as can be deduced from the calculations, and
it also points out a detector region where the multiplication effects are not
relevant. On the other hand, positions are visible where the electrical signal
increases as the a-beam departs from the anode, showing that they are inside
the avalanche region. The maxima point out only these two conflicting
effects. However the corresponding values of the reduced electrical field are
closed to each other thus demonstrating that they are univocally related to
the drift-to-avalanche limit.

However this kind of probe cannot determine with precision the
equipotential line at which the avalanche starts because of the high yield of
long-range O-rays. At gas pressures as low as necessary to simulate less than
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1 um lengths, the &-rays cloud makes the probe size larger than that defined
by the collimators.

These experimental findings suggest the use of slow ion probes for
measuring the avalanche limit, in order to have a very short-range §-ray
production and so maintain the real size of the probe inside the collimator

opening.
15N MEASUREMENTS

A 15N beam of 6.42 MeV of energy has been used in a first run of

measurements to produce the same set of data but with low high energy -
ray yield. The TEPC was equipped with a 10 um wire.
Just behind the mylar window the scattered nitrogen beam has got 5.1510.35
MeV of energy and then it has to cross 85 mm of tissue-equivalent gas
before entering the TEPC sensitive volume. Depending on the gas pressure
the ion energy at the entrance of the TEPC changes from 4.77 to 3.61 MeV
as we change the simulated length from 100 to 400 nanometers, the energy
released in the detector changes consequently from 111.718.0 KeV to
453+14 KeV.
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Figure 4a Figure 4b
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In figure 4a-b two experimental spectra are showed. Data have been
collected at 100 nm and 400 nm out of the avalanche region. In both the
cases a gaussian curve fits well the experimental data. Since we can
disregard energy escape the absolute TEPC gain can be evaluated by taking
an average W-value of 35 eV.

Figure 5a shows the detector gain with respect to R, which is the beam
distance from th anode. Now the plateau of the drift region is clearly visible
and in consequence its limit r;. Only at 100 nm of simulation a small §-ray
escape seems to be still present. In figure 5b the data are plotted versus the
reduced electrical field.

Another finding of the figures 5a-b is higher gains at lower pressures,
this depends both on a bigger avalanche region and on an increase of .-
value at low pressures. Remembering that the Townsend's first ionisation
coefficient is:

o0=—-
G-dr
—8—400 nm —&—100 nm
——300 nm —0—% :m
——200 nm .- S I
2 |—+100 nm ,;/". T 4 .‘"'m. 400 om
100 = 100 P-EEL
-l -
I A D . %
0 2 4 6 8 10 0 0.5 1 o 1.5
R (mm) E/p (Vcm  Pa )
Figure 5a Figure 5b
4

the figure 6 shows the experimental reduced a-coefficients (ct/p) versus the
reduced electrical field (E/p) for different simulated diameters namely for
different pressures. Two findings are clear: a big increase of the reduced
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ionisation coefficient at low pressure and that all the curves reach a
maximum and then decrease.

P. Segur et al. (Microscopic Calculations of the Gas Gain in
Cylindrical Proportional Counters in Rad.Prot.Dos., 29, 23-30, 1989)
found similar findings in their Monte Carlo calculations which they
explained to be related to non-equilibrium conditions due to low pressures
and very thin anode wires.

Ak A A S8 2 32 4 4 A2 A R A8 3 2 4§ 32

rrs s s TiTryr oI rrr

0 0.5 1 1.5
Ep (Vcm'Pa™)

1* reduced Towsend's Coefficient

Figure 6

CONCLUSIONS
The research project concerned the study of the stochastic variable "y"

(lineal energy) at simulated diameters less than 1 pm. The first part of the
project aimed to investigate the gain and resolution characteristics of a
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TEPC at very low pressures in order to determine the minimum simulable
diameter. The second part of the project aimed to measure calibrated
neutron spectra in order to study the variations in the y-spectra at simulated
diameters less than 1 pm.

The complex behaviour of a TEPC when low pressure and thin wires
are used forced us to dedicate much effort in the first part of the project
which cannot be considered concluded yet. If not all the aimes of the
research have been reached it depends on the very interesting and original
results which have been obtained in the TEPC operating at low pressure and
which deserve further studies.
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Title of the projectno.: B 16 - A - 192 F

Study and realization of a high performance personal neutron dosemeter

Head(s) of project:
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I.  Objectives of the project:

Calculation of dosemeter responses for neutrons, realization of a
composite radiator detector system based on CR 39 and experimental
test of the developed dosemeter

. Objectives for the reporting period:

Cf. ci-dessus
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Progress achieved:

Le systéme dont traite cette étude est destiné 2 réaliser la détection des
neutrons thermiques intrermédiaires et rapides dans le cadre de la radioprotection des
personnels. Nous présentons les différentes étapes de sa conception et concluons par une
ouverture vers d'autres systémes, & base de capteur électronique, qui tirent parti des
études menées dans le cadre de ce contrat.

I - METHODOLOGIE - PRINCIPE DU DISPOSITIF

1 - Constitution

Le détecteur solide de traces utilisé est du CR 39 qui a montré au cours de
ces dernieres années la meilleure sensibilit€ aux particules chargées. En général, il s'agit
de CR 39 fourni par Pershore, mais des comparaisons ont été également menées avec
un DST de la méme famille fourni par ESSILOR et noté ici CAD.

La structure de base du dosimetre est décrite sur la figure 1. Elle repose
sur la méthode différentielle qui consiste 2 irradier deux plages d'un détecteur, l'une
précédée d'un convertisseur (neutron-particules chargées), I'autre non et A retrancher les
réponses. Nous verrons par la suite I'intérét de cette méthode tant au niveau du bruit de
fond que de 1a contribution des atomes lourds de recul. Le convertisseur est constitué de
polyéthyleéne implanté au bore 10, mettant & profit':

- la réaction (n, p) pour les neutrons rapides, elle génére un flux de
protons enregistrés par le DST

- la réaction 19B (n, o) 7Li pour les neutrons thermiques et
intermédiaires (pour ces derniers intervention de l'albédo). Elle conduit 2 un flux de
particules o (énergie égale A 1,47 MeV pour 94 % d'entre elles) et des ions 7Li
d'énergie voisine de 0,9 MeV ; les émissions dans les deux cas pouvant étre supposées
isotropes.

Nous allons voir que les études théorique et expérimentale permettent de
réaliser un convertisseur dont l'efficacité effective est sensiblement constante quand
I'énergie des neutrons varie.

2 - Traitement des DST
Notre objectif était de maitriser pleinement les convertisseurs utilisés, en
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Fiqurg 1 : Schéma de
principe du dosimétre

particulier de déterminer précisément les flux de particules émises ; il nous fallait donc
prendre en considération toutes les traces révélables et c'est pourquoi la révélation
chimique simple a ét€ utilisée : NaOH 6,25 N, 60° C.

Aprés révélation les détecteurs sont lus au microscope optique soit
manuellement (pour toutes les vérifications des calculs) soit par un systéme de traitement
automatique d'image.

IT - RESULTATS
A - Etude sous neutrons rapides
1 - Etude théorique du convertisseur
Pour déterminer les caractéristiques du flux de protons issus du
convertisseur (CHy,),, un programme de calcul a été élaboré qui fait appel 4 la méthode de
Monte-Carlo. Notre travail repose sur les lois, données et conditions suivantes :
- lois classiques de la diffusion élastique
- les sections efficaces d'interactions "neutron - H/C/O/N/" fournies
par le Centre de Compilation des Données Neutroniques du Commissariat 4 1'Energie
Atomique (CEA - France)
- les pertes d'énergie des particules chargées d'aprés Steward (thése
Berkeley, 1968)
- une épaisseur de convertisseur trés faible devant ses dimensions
transversales (surface 1 cm?2).

Une série de 6 programmes PNEMORG (Passage de Neutrons 4 Travers des
Milieux ORGaniques) a été mise au point. Dans ces conditions les distributions
énergétique et angulaire des protons issus du convertisseur sont parfaitement connues
comme l'illustrent les figures 2, 3, 4, dans le cas de faisceaux monoénergétiques ou
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polyénergétiques, d'incidence normale ou isotrope.

11 faut souligner qu'il s'agit 12 d'une somme de données utilisables quelle que
soit 1a nature du détecteur utilis€ apres le convertisseur.

2 - Efficacité dosimétrique du dispositif (CH,), - CR 39

L'étude théorique de la sensibilité d'un dosimétre suppose d'une part que
I'on applique les méthodes précédentes de calcul a I'€paisseur de détecteur €liminée par
I'attaque chimique, d'autre part que l'on introduise pour les protons provenant du
détecteur et du convertisseur, les caractéristiques du développement chimique et de
I'observation au microscope optique, de fagon 2 déterminer le nombre de protons
enregistrés. Enfin, le calcul de la sensibilité dosimétrique implique I'étude de la variation -
du facteur de conversion d'équivalent de dose en fonction de 1'énergie et de l'angle
d'incidence des neutrons. Les valeurs retenues pour notre étude sont celles
recommandées par I'ICRU 39. En ce qui concerne les incidences obliques ou isotrope
nous avons déduit I'équivalent de dose, 2 1 cm de profondeur, dans un fantdme ICRU,
des résultats de CHEN et CHILTON (Radiation Research, 78, 335-370 (1977)).

Dans ces conditions, nous avons pu calculer dans différentes situations
I'influence de I'épaisseur du convertisseur, de 1'énergie et de 1'angle d'incidence des
neutrons comme l'illustrent les figures 5 et 6. On constate que 1'épaisseur du
convertisseur joue de fagon considérable sur la dépendance énergétique de I'efficacité
alors que la dépendance angulaire est plus faible. On montre que sous irradiation
isotrope, dans le domaine d'énergie 0,2 MeV - 3 MeV, I'épaisseur optimale de
polyéthyléne est de 35 pum dans ce cas ol les caractéristiques de détection du CR 39 sont
prises en compte.

3 - Contribution des atomes lourds de recul

Cette contribution apparait facilement si 'on compare les valeurs calculées et
mesurées du nombre de protons enregistrés dans un DST CR 39 placé dans un flux de
neutrons d'incidence normale, sans convertisseur. Il n'y a alors 2 prendre en compte que
les protons générés dans le DST. Les résultats sont résumés dans le tableau n° 1. Vers les
faibles valeurs d'énergie des neutrons, on constate que la valeur calculée N est
supérieure 4 celle expérimentale N,, ce qui s'explique par l'existence d'un seuil
énergétique d'enregistrement des protons par le CR 39. Par contre au-dela de 0,5 MeV
les valeurs expérimentales sont supérieures & N ce que nous avons expliqué et vérifié par
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la contribution des atomes de recul (carbone et oxygéne). A partir des données sur la
diffusion élastique des carbone et oxygene sous faisceaux de neutrons, et en introduisant
les limitations expérimentales de détection de ces ions par le CR 39 (énergie limite et
angle limite d'enregistrement) nous avons mis au point un programme de calcul qui
donne la contribution des atomes lourds de recul.

E,(MeV) 0,13 0.2 0,5 057 1 15 2 28 34
N x 107 520 650 640 650 300 630 470 200 130
N.x107 340 380 870 820 780 1360 1050 850 1580

Tableau n° 1 : Comparaison entre le nombre N calculé de protons générés et
enregistrables dans le CR 39 et le nombre N, de traces obtenues

L'expérience confirme avec une bonne approximation ces calculs, comme le
montre le tableau n° 2.

Energiec Mev 0,57 1 1,5 2 2,8 3,5
Nombre de traces

de Cx 107 28 210 362 310 520 639
Nombre de traces

d'0Ox 107 0 246 141 120 120 299
Nombre de traces

de protons x 107 650 300 630 470 200 120
Nombre total de

traces calculé 678 756 1133 900 843 1068
Nombre

expérimental 820 - 780 -1360 1050 850 1580

Tableau n° 2 ; Irradiation par des neutrons dincidence normale 2 différentes énergies
Les nombres donnés sont rapportés A un neutron.

En conclusion, dans la réponse d'un DST inclus dans un dosimétre
apparaissent les traces des protons issus du convertisseur et de la couche de CR 39
enlevée lors de la révélation, mais aussi celles des atomes de recul carbone, oxygéne
générés dans la couche déja citée. Les atomes lourds de recul créés dans le convertisseur
ne contribuent pas a la réponse finale car ils possédent une énergie trop faible pour
émerger du convertisseur et étre enregisirés.
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4 - Contréle expérimental des résulats acquis

Dans certains cas afin de nous affranchir de la contribution propre du
détecteur 2 la réponse totale, et particllement des perturbations introduites par le bruit de
fond du CR 39, nous avons utilis€ la méthode différentielle telle qu'elle a ét€ décrite au
paragraphe I. Elle permet d'accéder aux traces enregistrées dues aux protons issus du
convertisseur seul. C'est ce nombre que nous avons calculé systématiquement en
introduisant la limitation angulaire du CR 39 :

sin O = 0-85 exp (- 0.236 Eyy)

ol By est I'énergie du proton a détecter.

a - Efficacité effective en fonction de I'énergie

La figure 7 donne l'efficacité effective E, en fonction de 1'énergie, les
résultats théoriques sous forme de courbe d'une part, et d'autre patt, les différents points
expérimentaux dans le cas d'une incidence normale. L'épaisseur du convertisseur
retenue est celle de 35 um qui, dans nos conditions, assure la meilleure indépendance de
E, en fonction de I'énergie. On constate une assez bonne concordance entre les calculs et
les mesures ; 'écart étant plus important aux faibles énergies pour lesquelles une
amélioration pourrait &tre obtenue avec un temps de révélation mieux adapté.

Il faut souligner sur ces résultats la comparaison a laquelle nous nous
sommes livrés entre deux types de détecteur CR 39 et CAD. Leurs réponses sont en
bonne concordance bien qu'il ait €t€ nécessaire, pour réduire son bruit de fond, de
procéder A une attaque chimique préliminaire sur le CAD (1 h dans un mélange 60 %
éthanol 40° C NaOH 6,25 N2 70° C). ‘ '

- E, en fonction de l'angle d'incidence 8, des neutrons
Ce probléme est important car la radioprotection des personnels a a prendre
en compte des situations avec des incidences neutroniques variables. La courbe de la
figure 8 donne 1'évolution de E, en fonction de 0, pour des neutrons d'énergie 3 MeV,
dans le cas du convertisseur d'épaisseur 35 um. A partir de ces résultats on a pu simuler
la réponse & une irradiation isotrope pour obtenir
Eei =357 traces + 64 traces cm™

alors que les calculs conduisent 3 400 traces cm™2.
¢ - Influen 1'épaisseur nvertisseur

Pour I'étudier on utilise la réponse totale du DST, sans appliquer la méthode
différentielle. On obtient les courbes de la figure 9, tracées pour différents 6,, sur
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lesquelles les fleches représentent les valeurs calculées. Une concordance satisfaisante
existe 12 aussi.

d - Spectres énergétiques des protons issus du convertisseur
Grace au dispositif électronique qui est cit€ dans la suite, nous avons pu
vérifier les spectres déterminés par les programmes PNEMORG. L'allure des spectres de
la figure 10 est a rapprocher de celle des spectres de la figure 2.

S - Tests dans différents champs de neutrons du
dispositif
La méthode de comptage par systéme automatique a €té appliquée a des tests
systématiques du dispositif avec utilisation de la méthode différentielle. Un exemple de
résultats est donné figure 11 desquels on peut tirer les valeurs du tableau n°® 3 qui
présente une comparaison avec les valeurs calculées.

Epaisseur de polyéthylene 20 35 150

Efficacité effective théorique (6)
(protons/cm2/mSv) 222 360 1230

Efficacité effective expérimentale
(protons/cm?/mSv) 178 357,5 1357

Tableau n° 3 : Efficacités théoriques et expérimentales des dosimétres pour différentes
épaisseurs de polyéthyléne, E, = 3,3 MeV

En conclusion, on met en évidence, avec les neutrons rapides, une bonne
concordance entre les mesures et calculs effectués sur les convertisseurs utilisés avec des
détecteurs solides de traces. Bien siir, dans les résultats expérimentaux on reléve la
contrainte du bruit de fond qui limite la mesure aux faibles équivalents de dose ; ce
phénomene est d'autant plus délicat qu'une attaque chimique simple est utilisée qui
conduit 2 des traces de protons de faibles dimensions.

B - Etude sous neutrons thermiques
Comme cela a déja ét€ indiqué le convertisseur est réalisé par implantation de
bore 10 dans du polyethyléne. Cette opération s'effectue sur I'accélérateur d'ions HVEE

400 kV du laboratoire. Pour assurer une faible profondeur d'implantation (réduction de
I'absorption des ions émis) I'énergie des ions bore a €té choisie égale a 50 keV
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(pénétration de 0,3 pm). Le nombre d'atomes implantés doit conduire 3 un nombre
d'ions et Li entrainant une densité de traces révélées au voisinage de 500 traces cm2
mSv-1 si l'on désire assurer la méme efficacité que celle obtenue pour les neutrons
rapides. Dans nos calculs, la limitation angulaire 0, pour l'enregistrement des particules
o et des ions Li a ét€ prise 2 75°, compte-tenu du mode de révélation chimique. Dans ces
conditions, la densité d'implantation devrait se situer & 1,6 1015 atomes de bore cm2.
Nous avons testé plusieurs convertisseurs dont les densités d'implantation varient de
1014 2 2 10'5 atomes de bore cm-2,

Les résultats obtenus sur deux sites [(Harwell U.K.) et Cadarache (France)]
avec deux types de convertisseur implanté (métal ou polyéhtyléne) sont présentés sur la
figure 12.

IIT - DISCUSSION - CONCLUSION

Les calculs effectués sur un convertisseur en polyéthyléne bombardé par des
neutrons rapides ont permis de connaitre les spectres énergétiques et angulaires des
protons émis de fagon 2 optimiser ses caractéristiques. Ces données sont disponibles
quel que soit le type du détecteur utilisé. Nous les avons exploitées dans ce contrat en
utilisant un détecteur CR 39 qui posseéde des limitations d'enregistrement énergétique et
angulaire. En injectant ces dernieres dans nos calculs, on arrive 4 déterminer les
sensibilités dosimétriques (nombre de traces cm-2 mSv'l) dont la vérification
expérimentale a été menée 2 bien avec un accord satisfaisant.

Pour les neutrons thermiques et intermédiaires un convertisseur implanté au
bore 10 a été calcul€ et testé de fagon 2 donner une sensibilit€ dosimétrique voisine de
celle utilisée aux neutrons rapides. Cela permet, pour obtenir I'équivalent de dose dans
un champ neutronique, de n'effectuer qu'un comptage de traces puisque le facteur de
conversion d'équivalent de dose a été pris en compte dans l'optimisation des
caractéristiques du convertisseur. Par contre, il faut souligner que la révélation chimique
des DST, qui a l'avantage de permettre une bonne vérification des valeurs calculées
quand elle s'accompagne de comptages statistiques manuels est délicate a exploiter en
routine avec un traitement d‘images. En effet, les traces (en révélation chimique simple)
sont de dimensions faibles et un bruit de fond existe qui introduit des écarts
considérables. L'usage que nous avons fait de la méthode différentielle est apparu
intéressant dans le cadre d'une étude de base qui compare théorie et expérience. Mais
T'utilisation en routine demanderait l'exploitation en parallele de deux échantillons, ce qui
alourdirait le dépouillement déja fastidieux de ces dosimetres & DST qui, de plus,
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n'autorisent qu'un contrdle a posteriori des doses regues. Enfin, les détecteurs solides de
traces peuvent apparaitre, & bien des égards, comme désuets a I'ére de I'lectronique.

Nous avons été ainsi amenés & nous interroger sur l'utilisation de nos
convertisseurs calculés et testés avec des détecteurs semi-conducteurs dans une
configuration différentielle. On peut alors comparer la réponse du systéme 3 DST 2 celle
du "capteur €lectronique” comme I'illustre la figure 13. On constate grice aux valeurs
reprises dans le tablean n° 4 que le dispositif électronique présente une meilleure
sensibilité que le dispositif 8 DST.

Epaisseur du convertisseur
de (CHy), en pm 20 35 150

Efficacité effective théorique pour
les DST (protons cm-2-mSv-1) 222 360 1250

Efficacité effective expérimentale pour
les DST (protons cm-2-mSv-1) 195 357,5 1357

Efficacité effective expérimentale pour
les diodes (protons cm-2-mSv-1) 469,5 909 1798

Efficacité intrinseque théorique
(protons cm-2-mSv-1) 598 918 2000

Tableau n® 4 : Valeurs comparées des efficacités obtenues en théorie, avec les DST
et & l'aide des diodes

Cependant, le détecteur semi-conducteur et le configuration du capteur

€lectronique doivent étre améliorés et optimis€s avant le passage a un systéme intégré
utilisable en radioprotection individuelle. Cela doit faire I'objet de travaux 2 venir.
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Fig. 10 : Spectres énergétiques des protons générés
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IIl.  Progress achieved:

1/ Extrapolation chambers

The reference detector, in a beta irradiation field calibrated by PTB
consists of a FWT extrapolation chamber, connected to a keithley
electrometer model 642 with a measuring limit of 10717 A. The data are
stored in a Apple II microcomputer (basic language) during a first
period, and now in a HP Vectra computer (turbo pascal language /1/) ;
the uncertainties on temperature, pression, the feedback capacitor,
the stopping power ratio and the average energy per ion pair are taken
into account in the beta software, for the determination of the tissue
dose and its accuracy (the standard deviation is multiplied by a
safety factor equal to 3, as recommended by LMRI, the French Primary
Laboratory). Two similar ionigZation chambers, type FWT-EIC1l, with an
entrance window of graphite coated mylar foil 0,83 mg.cm2 thick or a 7
mg.cm2 A 150 TE material absorber were used. Their ratio gives the
corresponding transmission factor T :

For 99Sr + 90Y T=1,036 ¢+ 1,8 %
So we can reach the transmission factor T' between a 7 mg/cm? mylar
entrance window and a 7 mg/cm? ET one for the same radionuclide :

T =0,98+1,81%

For one of these chambers, the cavity can be filled with a methan
based tissue equivalent gas (GET) ; so we can reach the product
Stg.Wg, where :

. Stg is the ratio of average mass collision stopping powers, in the
case of beta spectrum, for tissue and TE gas.

Wg is the average energy required to produce an ion pair by beta
particles in the gas.

For the %°Sr + 9%Y source, and GET, we obtained Sig.Wg/e = 28.41 + 2 %
J/C

Four beta irradiation beams are calibrated by PTB : 99Sr + 99Y without
flattening filters at three distances, 9%Sr + %Y with flattening
filters, 2°'TL with flattening filters, !%7Pm with flattening filters.
The computation of the areas S of the collecting volumes for the two
ionization chambers was carried out in two ways :

. in 6Co calibrated beams, under electronic equilibrium conditions.
. by the J. BOHM'S method (/2/).

The values obtained by the two manners are in good agreement ; for
instance, we have S = 0,836 cm?2 ¢ 1,9 % for the 7 mg.cm? entrance
window extrapolation chamber. This determination has been confirmed in
the first irradiation beam of a Biichler facility calibrated by PTB :
98r + Y without flattening filters at 11, 30, 50 cm source detector
distances.

If we put (f)t)m

where (f)t) r
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(Bt)m is the absorbed dose rate measured by the 7 mg.cm-2 ET FWT
chamber.

.(5t)r is the reference absorded dose rate in tissue, at a 7 mg.cm™2
depth under the skin surface, given by PTB.

We have :

den R t AR

11 1.02 + 0.04
30 0.99 = 0.04
50 1.0 = 0.036

Values of R for a 90(Sr + Y) source

The Laboratory participated to an intercomparison for 2°'TL, organised
by LMRI ; the difference between our results and the reference value
is equal to 9 % (/3/). Actually no explanation has been found.

We can also operate with a beta irradiation facility built by
CEA/FAR/DPT (France) wusing large diameter beta sources (active
diameter = 42 mm) according to set 1 of ISO recommendations (/4/) and
calibrated (with and without flattening filters) by LMRI (France).
Moreover we have measured absorbed dose rates in tissue D, , close to
beta sources with the 7 mg.cm2 ET FWT extrapolation chamber (in the
last column, we compute values using the 1/d42 law) :

Source to detector Tissue dose rate Values of dose
distances in cm D, measured with rates in Gy.h-!
an extrapolation calculated with
chamber in Gy.h-! the 1/d2 law
11 (distance of 1.72 1.72
calibration)

5 8.3 8.32

3 20.4 23.12

1.5 89.2 92.50

Values of 1‘37't for the 9Sr + 9Y PTB source and several distances
(reference date : 14/09/89)
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Source to detector JJissue dose rate Values of doses
distances in cm D, . measured with rates in Gy.h"!
an extrapolation calculated with
chamber in Gy.h-1 the 1/d2 law
30 (distance of 0.048 0.048
calibration)
10 0.52 0.43
5 1.91 1.73

Values of ?J.M for the 20Tl extended source without flattening filters,
calibrated by LMRI (reference date : 14/12/89)

Figure 1 shows for the 20T1 extended source and a 10 cm distance
between source and detector, the measured ionization current I plotted
versus the apparent cavity depth y of the chamber.
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2/ Beta dosimetry using thermoluminescence and thermally stimulated
exoelectron emission

2.1 TL dosemeters

TL dosemeters, each calibrated, are Fli 7 thin layers from
Teledyne. Their geometrical characteristics are 12,7 mm in
diameter and a thickness of 130 um. The calibration source is the
60Co source under electronic equilibrium, the Buchler 9°Sr + 99Y
radiocactive source without filter at a 11 cm distance, or the
Buchler 2%TI one with its own filter, according, IS0
recommendations giving, for 5/10/1979, a tissue dose rate D, . of
821.1 pGy.h! at a 30 cm distance under a 7 mg.cm? tissue depth,
which allows to compute the relative response R' of these disks.
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Source R’

60Co 1

90gp + 90Y 1t 0.07

2071 with its filter 0.92 ¢+ 0.08

Two measurements, for each dosemeter, are performed with the
Toledo 654 reader :

. the first one L1 giving an information related to the
irradiation.
. the second one L2 for the background of the sample.

So the difference L1-L2 is proportional to D,.

The broad TL2%% source (9 = 42 mm), cahbrated by LMRI, at 30 cm,
with its IS0 filter exhibits a ratio D, /D, p;; equal to 1.01. (o,
is the measurement done with the 7 mg.cm-2 FWT extrapolation
chamber, D, ; the mean value of four results of Fli disks
covered by a 7 mg.cm? A 150 film laying on a 20 mm perpex
phantom) .

Experiments were also carried out with these disks at small
distances from the radioactive source. In the next table, we show
the values obtained, for the PTB 9°Sr + 9Y source, (reference
date : 14/09/89) and we compare the results with the
extrapolation chamber measurements (see extrapolation chamber
paragraph) (r is the ratio of extrapolation chamber values and
disks ones).

Source to detector Tissue dose '[').,.t in r
distance in cm Gy.h-! measured with
disks
11 (calibration distance) 1.67 (reference value) /
5 7.66 1.08
3 19.50 1.05
1.5 92.81 0.96
The same in gatehred for the extended 29'T1 source, without

flattening filters in the following table

14/12/89)
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Source to detector Tissue dose 57J in r
distance in cm Gy.h-! measured with
disks
30 calibration value /
0.048
10 0.50 1.04
5 1.84 1.04

2.2 TSEE dosemeters

TSEE BeO thin film dosemeters, each calibrated, consist of a thin
film about 100 pm thick, on a graphite substrate of 1 mm.
Detectors of 12,7 mm in diameter were used. They have been
developed in recent years by the Battelle Institute in Frankfurst
and the University of Giessen (/5/) and bought to the firm NRW of
Dortmund. The TSEE read out consists of a window less methan gas
flow multineedle counter associated with a pulse counter built by
the Digitec firm. This device has been realized by M. PETEL
(/6/). The parameters, witch have been varied, were high voltage,
gas flow rate, amplification gain, discriminator level. The high
voltage applied in 2.35 kV and the flow gas rate 20 1.h"1, The
integration interval is between 200° C and 600° C, the lowest
integration limit being reached with a linear rate of 7"C.s‘1 .
and the final temperature with a rate of 3° C.s-1.

Two measurements were done for each sample :

. a Bl information in relation with the irradiation.
. a B2 information for the noise of the BeO dosemeter.

So the difference B1-B2 is proportional to the tissue dose under
a fixed depth.

Figure 2 shows dose response {(in the range 25 10-5 Gy to 5 1073
Gy) for 99Sr + 9Y irradiation, a 2.35 kV high voltage and a 20
1.h-! methan flow rate.

D=L*23E-5 + 01l

- ]

Olmiy)

w0 /7// Figure 2

[} =0 00 120 m =0
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The dosimetric detectors, embedded in a plexiglass box (for
electronic equilibrium) and covered either by a 7 mg.cm? film of
black vinyl or a 6 mg.cm™? film of Makrofol are irradiated by Co$°
with a tissue dose under a 7 mg.cm?2 tissue depth of 0.02 Gy
+ 2 %.

We have studied the dispersion of a 30 dosemeter set (: 125 %),
the long term reproductibility (+ 18 %), the short term stability
(£ 28 %) (/7/).

These detectors, because of the quoted relative errors, seem not
to be able to be employed in radioprotection for skin dosimetry
at the present time.

3 - Conclusion

The extrapolation chamber is a suitable instrument for beta
dosimetry ; the smallest distance between the two electrodes is
independant of the source - entrance window distance but it seems very
sengitive to their parallelism. The 1/32 law for short source-detector
distances (greater than 1.5 cm) gives rough results (with a relative
error smaller than * 30 %) - Nevertheless this device in not
practical.

We have carried out experiments with Fli dosemeters (e = 0.13 mm) and
TSEE ones. Fli disks work well at small distances from the %9Sr + 90Y
and 29Tl radioactive sources. b

TSEE BeO dosemeters, because of their dispersion ,seem not to be able
at this moment to be employed in radioprotection of low LET particles.
Experiments must be completed with the Vinten extremity dosemeter and
the radionuclide 147Pm.
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Title of the project no.: 1
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. Objectives of the project:

Development and investigation of neutron spectrometers for use in réal

radiation fields

a) Development of a well-specified and reproducible multisphere system
(Bonner spheres). Experimental determination of the response of
Bonner spheres in monoenergetic neutron fields with the aim of
estahl;shing a response matrix by intercomparison with calculated
responses.

b) Development of a neutron spectrometer using proton recoil proportional
counters and an NE213 scintillation detector. Investigation of these
systems in monoenergetic neutron fields and in fields with broad

Il eﬁtﬂ%tm%c%? fhe reporting period:

- Design, assembly and characterization of the various spectrometers to
be applied in radiation protection practice.

- Calibration of the detector responses with monoenergetic neutrons.

- Test of the unfolding procedures which are necessary for all
spectrometers, by means of measurements in well known fields.

- Measurements in unknown fields with all detector systems available and
applicable.
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Il. Progress achieved:
1. INTRODUCTION

Neutron spectrometers to be used in radiation protection practice /1/
must cover a wide dynamic energy range (thermal to some tens of MeV) and
should have an isotropic response and a neutron detection efficiency
large enough for the investigation of neutron fields causing a dose
equivalent below 100 pSv/h, As spectrometry is generally performed in
mixed fields with photon fluences up to a factor of 100 higher than
neutron fluences, the spectrometers must either be insensitive to photons
or capable of discriminating between neutron and photon-induced events.
Finally, extreme environmental conditions (temperature, humidity etc.)
must to some extent be considered.

Three different types of spectrometers have been designed, assembled and

specified at the PTB, namely:

- a set of Bonner spheres (BS) with small 3He—proportional counters as
the central detector for the entire energy range but with a limited
energy resolution,

- NE213 liquid scintillation detectors for proton recoil
spectrometry in the energy range above 0,5 MeV and

- spherical proportional counters with various gas fillings
(Hy, CHy) for proton recoil spectrometry in the energy range from 10
(50) keV up to 1 (2) Mev.

The completely characterized systems were for the first time used

simultaneously to determine the spectral flux density and dose equivalent

rate at the national fission material depot.

2. BONNER SPHERES

Design. At PTB /2/ a set of 14 BS with diameters from 5.08 cm to 45.72 cm
was manufactured using polyethylene with a density of 0.946 g/cm3. Two
types of 3He-filled proportional counters are used as central detectors.
A small cylindrical central detector of type 0.5NH1/1K from LCC Thomson-
CSF France, can be placed in all 14 BS comstituting the "F" BS set, while
a larger spherical central detector of type SP90 of Centronic Ltd UK, can
be used only in 12 BS with diameters from 7.62 cm to 45.72 cm and
constitutes the "C" BS set. Inserts made of polyethylene of the same
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density allow an almost spherical symmetry to be achieved for each
central detector-BS combination without interrupting the HV supply of the
detector.

Calibration with monoenergetic neutrons. The experiments were carried out
in the low-scatter experimental hall of the PTB's 3.5 MV Van-de-Graaff
accelerator. In two series of measurements /3,4/ the reactions 65Cu(p,n),
458c(p,n), 7Li(p,n), T(p,n), D(d,n) and T(d,n) were used to produce
monoenergetic neutrons of 12 energies : 1.21 keV, 8.15 keV, 27.4 kev,

71 kev, 144 keV, 250 keV, 425 keV, 565 keV, 1.2 MeV, 2.5 MeV, 5.0 MeV and
14.8 MeV. The neutron fluence was determined using a DePangher long
counter, a proton recoil proportional counter, or a proton recoil
telescope. Four different monitors were used as transfer instruments for
the neutron fluence. The shadow-cone technique was applied to determine
the room and imscatter contribution to the sphere readings. Deadtime, air
attenuation and source-detector geometry corrections were taken into
account. The influence of neutrons scattered from the BS under
calibration into monitors was investigated /5/ and corrected. The fluence
measurement results and the experimentally obtained BS responses were
both corrected for target neutron scattering in the target backing and
mounting. Typical uncertainties in the measured responses are 3 § to 4 %,
but in the keV region or for low value responses the uncertainties
increase up to 10 %.

Calibration with thermal neutrons. The measurements were performed /6/ at
the thermal column facility of NPL, Teddington, UK. Gold foil activation
was used for fluence determinations, and a fission chamber was used as
monitor. Bare detectors and BS's with diameters up to 25.4 cm were
exposed in the thermal flux free and under cadmium cover. The difference
in readings is due to neutrons with energies below the cadmium cut-off
whose spectrum is well known.

Establishment of fluence response matrices. To complete the experimental
data it was necessary to use calculated fluence responses for the BS sets
under study. From the most recently computed responses we have used those
of D.J. Thomas /7/, which refer to a BS system very similar to our "C"
set. The shapes calculated by Thomas were used in least-squares fits to
all "C" and most of the "F" experimental data. Fit factors varying slowly
and smoothly with the BS diameters were obtained, but values between 2
and 4 for the reduced chi-square showed only limited compatibility




between calculated and measured responses. In order to evaluate the
calibrations with thermal neutrons the fitted responses were extrapolated
down to 0.001 eV and then folded with the known spectral distribution of
the thermal field. The calculated responses for various BS of the "C" or
"F" sets were about 80 % to 120 § higher than the experimental ones. The
discrepancy is removed by smooth reductions of the fitted and
extrapolated responses between 0.001 eV and 100 eV. As an example, the
response matrix for the PTB-"F" BS set is shown in Fig. 1.

AN Fig, 1. The neutron fluence
| 48 : response R(E,) of the PTB-"F"
set of Bonner spheres. The
2 indices designate the sphere
5 diameters in inches. The index
f "0" designates the bare
detector. In a few cases the
10 experimental points to which
0 the curves were fitted are
10-2 100 102 104 108 10° shown. E;, = neutron energy

A/ cnd —>

intercomparison of computer codes /8/ has indicated that the spectral
result of a few-channel unfolding are significantly influenced by the
choice of a guess spectrum or a set of basic spectra. Among the codes in
use at PTB, the iterative algorithm of SAND II was taken to develop a
procedure which allows a quick check of various guess spectra to be made.
A guess spectrum whose shape remains practically unaltered during several
hundred iterations, and which produces a solution which is stable for
various combinations of BS, is considered to be acceptable.

3. NE213 LIQUID SCINTILLATION SPECTROMETER
Set-yp; Three detector systems with different neutron detection
efficiencies were assembled at PTB. Commercially available liquid

scintillators (Nuclear Enterprise, BA-1 type NE213 ), 12.9, 43.4 and
411.6 cm3 in volume, were fitted to fast photo-tubes (VALVO types XP 2020
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and 2041). A double resistor chain and an LED gain stabilizer developed
at PTB /9/ guarantee reliable measurements even at high count rates (up
to 10° counts/s) and for a wide range of environmental temperatures (10
to 35 °C). The discrimination of photon and neutron-induced events is
performed by means of the charge integration method /10/ (LINK model
5010) which separates neutron-induced events from photon-induced events a
hundred times more intensive without significant losses of recoil
protons with energies larger than 0.6 MeV.

Calibration: The properties of the detector systems had to be carefully
investigated. The light output function of the recoil protons was
determined by means of time-of-flight spectrometry in wide energy neutron
spectra from 9Be + d (13 MeV) reactions. Multiparameter data processing
enabled the response spectra to be analysed for monoenergetic neutrons
between 0.5 and 15 MeV, corresponding to properly set time-of-flight
windows. The almost linear light output function for electrons derived
from Compton spectra /11/ always served as a reference.

The precise light output functions are required as input data of the
NRESP code developed at the PTB for Monte Carlo simulations of the
neutron response spectra /12/. The spectra calculated for monoenergetic
neutrons, folded with the appropriate pulse height resolution and
normalized for the fluence at the center of the detector, were used to
determine neutron fluences in the energy range from 1.2 to 14.8 MeV

(fig. 2). Excellent agreement {within * 3 %) was achieved for the fluence

values measured with a proton recoil telescope /13/.

Fig. 2: Experimental pulse
height spectrum Y(PH) of the
liquid scintillation
spectrometer (histogram) for
monoenergetic neutrons of
2.5 MeV compared with the
corresponding Monte Carlo
simulated response function
(line).

1500]

800

PH —=

Unfolding: The calculated response functions formed the response matrix
needed for the unfolding of the pulse height spectra. Besides handling
the data input and output the matrix inversion code FERDOR /14/ was
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modified to enable the measured pulse height spectra to be analysed for
any experimental threshold without extrapolation. Reasonable agreement
was achieved for the spectral neutron fluences derived either from time-
of-flight measurements or from the simultaneously measured pulse height
spectrum by unfolding /15/.

All the calibration measurements were performed in directional fields of
point sources. Monte Carlo calculations of the angular dependence of the
fluence response showed almost isotropic response for irradiation from
the forward hemisphere. For irradiation through the phototube and the
light guide a significant, energy dependent attenuation of the neutron
fluence has to be taken into account, but this concerns only a small
solid angle.

4. PROTON RECOIL PROPORTIONAL COUNTERS

The neutron energy range below 2 MeV can be covered by proportional
counters filled with Hy or a hydrogenous gas like CH4 or a mixture of

Hy + Ar. The upper energy limit results from the increasing recoil proton
range, and depends on the counter size and the stopping power of the
filling gas. The ultimate lower limit is about 1 keV, set by the
deterioration of the proton energy resolution. The practical lower limit,
however, is higher, due to problems with the separation of the neutron
and v-induced pulses. The entire energy range can only be spanned by
measurements covering smaller energy segments. The counters used for each
segment differ in the nature of the filling and the gas amplification.
Regions of overlap allow the spectral segments to be merged into a single
spectrum.

Set-up: Spherical counters of the Benjamin type SP2 are in use, and these
are filled at the PTB with Hy up to a pressure of 1 MPa. The filling
procedure, the electronic arrangement, measurements and related problems
are described in detail elsewhere /16, 17/,

The discrimination between Y and neutron-induced events which is
necessary in the lower energy range (below some tens of keV), is
performed by pulse-shape discrimination taking advantage of the differing
pulse rise times due to differing track lengths of electrons and protons
of the same energy /18/. A signal related to the rate of rise is obtained
by differentiation of the pulse before it reaches its maximum value and



by subsequent normalization to the maximum. The pulses are sorted in a
pulse height analyser according to two parameters, the energy and the
relative rate of rise. Subsequently, the actual separation is done by a
computer /16/. The separation process proves increasingly difficult the
lower the particle energy. The practical lower limit depends on the ratio
of the Y to neutron-flux density. For the measurements in the fission
material depot /19/ the lower limit was approximately 50 keV, but when
the spectra of filtered reactor neutrons are studied thresholds below 10
keV were achieved.

Calibration; The counters are calibrated by exposing them to iron-
filtered reactor neutrons. The neutron spectrum unfolded from the
measurement shows a series of distinct lines. The transmission function
of the filter can be calculated on the base of a cross section library
and shows groups of narrow lines. The function can be adapted to the
measured spectrum very well after folding with a Gaussian and using the
standard deviation as a fit parameter. Comparing the measured spectrum
(depending on the channel number) with the fitted one (depending on the
energy) produces an excellent energy calibration.

Unfolding: For high-energy neutrons outside the particular energy segment
covered by the measurement the response function was derived from the
Snidow and Warren algorithm /20/ which only takes the wall effects. into
account. In the case of lower energies the electrical effect was also
allowed for by -assuming the response function to be trapezoidal (Fig. 3)
with a slope as shown in Fig. 5 of ref. 21.
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Prior to unfolding the neutron spectrum in a segment, the downscatter
spectrum (i.e. the pulses due to neutrons with energies exceeding the
upper energy limit of the segmwent) must be subtracted from the pulse
height distribution. The downscatter spectrum is calculated by means of
the response matrix and the spectrum originating in measurements above
the limit. The difference pulse height spectrum is smoothed before the
neutron spectrum is extracted. In carrying out the unfolding process the
proton energy resolution of the counter is disregarded. Thus the response
matrix is triangular and the unfolding is reduced to a simple recursion,
i.e. a simple stripping algorithm. This procedure entails the counter
regolution being projected into the neutron spectrum.

S APPLICATIONS
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Both PTB BS sets ("C" and "F") and the NE213-scintillation spectrometer
took part in these measurements at NPL Teddington /22/. Again, the

shadow-cone technique was used to measure the net spectrum. The neutron
emission rate of the 252¢f source was precisely (% 1%) determined in a
manganese bath. BS responses calculated by folding the fission spectrum
of 252¢f with our response matrices agree with the measured data within
+ 3 %. For the NE213-scintillation spectrometer, the unfolded spectral
fluence agrees above 1.0 MeV both in shape and absolute scale with the
spectrum calculated for the calibrated neutron source strength (Pig. 4).
The discrepancy between the expérimental threshold (= 0.6 MeV) and a
neutron energy of about 1 MeV is due to the particular n/vy-
discrimination used at low pulse height.
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gource. These measurements were also performed at NPL at a distance of
150 cm from the source. The source strength was not given but the
spectral distribution can be assumed to be that recommended by ISO.

Fig. 5 shows results obtained with the PTB-"C" set using the bare
counter, Cd-covered bare counter, and all BS up to 38.1 cm (15") in
diameter. The 6 solution spectra shown are obtained with various guess
spectra. The IS0 spectrum is confirmed by these results, but a thermal
and/or a slowing-down contribution below the cadmium cut-off seems to be
present in the large experimental hall. The solution spectrum results in
an integral fluence rate of 174 cm'zs'l, a dose equivalent rate of

53.7 pSv/h and a mean fluence-to-dose equivalent conversion factor of
85.73 pSv-cm?®, which represents 93.6 & of the ICRP 21 recommended value
for a moderated 292cf spectrum, in qualitative agreement with the
suggested contribution below the cadmium cut-off.
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Fig, 5. Six solution spectra obtained using different ggsss spectra by
unfolding the "C"-BS data measured in a Dy0-moderated Cf neutron
field. The thick line shows the ISO recommended spectrum.

‘ ld. All three
spectrometric techniques were used for measurements in the fission
material depot of the Pederal Republic of Germany /19/. The measurements
were performed and unfolded independently for each spectrometer. Only in
the case of unfolding the proportional counter data the downscatter
spectrum was calculated using the information given by the NE213 liquid
scintillation spectrometer. The spectral results from all three
techniques are shown in Fig. 6. The full curve covering the whole range
is due to the BS spectrometer, the histogram above 1 MeV is due to the
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NE213 scintillation spectrometer while the histogram below 1 MeV resulted
from the measurement with the hydrogen-filled proportional counter. The
good agreement between the three spectra is also confirmed by the
integral results for the fluence and the dose-equivalent rates /19/.

60

Fig. 6. The spectral neutron
fluence rate at the national
fission material depot, as
obtained with three different
spectrometric techniques.

BS: thick full line;

NE213: histogram over 1 MeV;
Pr.C.: histogram under 1 MeV;
E, = neutron energy
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6 CONCLUSIONS

Within the framework of this project various neutron spectrometers
designed for application in radiation protection practice were carefully
investigated. The experimental calibration of the response of four sets
of Bonner spheres (2 x PTB, GSF, NPL) required most of the effort. Three
series of measurements were necessary at PTB and NPL in order to cover
the entire energy range, from thermal to ~ 15 MeV neutrons. The
experimental data could not be explained by simple ANISN calculations.
Preliminary and more realistic Monte Carlo simulations describe these
data much better. Systematic calculations are in progress. In the
meantime, properly modified ANISN calculations fitting the experimental
data have been used to calculate the response matrix needed for the few-
channel unfolding procedure. While the spectral neutron fluence derived
from few channel BS data exhibits large uncertainties and depends heavely
on the a priori information required in some unfolding procedures, the
integral data such as fluence or dose equivalent are determined with
reasonable uncertainties (< 10 %).

The proton recoil spectrometers cover the energy range most important for
dosimetry, as the fluence to dose equivalent conversion factor increases
by a factor of 10 - 20 for neutron energies above 10 keV. However, the
application of the small spherical proportional counters is limited by
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their neutron detection efficiency, while its sensitivity to photon
radiation may be the drawback of the liquid scintillation spectrometer,
even if fast n/y discrimination circuits are available.

The spectrometers will be used in combination depending on the
environmental conditions and the particular properties of the fields to
be investigated.
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Ill.  Progress achieved:
1. INTRODUCTION

The operational dose-equivalent quantities to be measured for area
monitoring in radiation protection are defined in phantoms. Determination
of these quantities is usually performed by instruments which primarily
measure different quantities, e. g. photon air kerma or neutron fluence.
Tissue-equivalent proportional counters (TEPC) offer one more step towards
measuring dose equivalent by evaluating single-event energy deposition of
secondary particles produced by both photon and neutron radiation. Although
their principles of measurement are more closely related to the definition
of dose equivalent than those of other "dosemeters", there are distinct
differences and limitations [1].

The aim of the project reported on here was therefore an investigation of
the fundamental aspects of dose-equivalent determination with TEPCs. This
investigation comprised intercomparison measurements of existing TEPC-based
instruments in reference radiation fields as well as detailed studies of
important TEPC properties such as their calibration and timing properties
for the discrimination of neutrons and photons. The latter aspect is of
importance for investigations in phantoms where neutron-induced photons
represent a major contribution to dose equivalent.

2. INVESTIGATIONS OF PROTOTYPE TEPC AREA MONITORS

An intercomparison of nine prototypes of TEPC based area monitors was
jointly organized by EURADOS Committee 1 and PTB and carried out in two
steps in 1986 and in 1987 in various reference fields, using the reactor
and accelerator facilities of PTB. Thermal neutrons and monoenergetic
neutrons with nominal energies of 24.5 keV, 73 keV, 144 keV, 570 kev, 1.2
MeV, 5.0 MeV and 14.8 MeV were employed. In addition measurements were made
at a D20 moderated 252Cf source and a $9Co gamma ray source. Details of the
radiation fields have been published [2-5].

Reference values for kerma in ICRU muscle, K, were calculated using
fluence-to-kerma conversion factors [6] and for ambient dose equivalent,
H*(10), using fluence-to-dose equivalent conversion factors [7]. The TEPC
readings of absorbed dose and dose equivalent were divided by K and H*(10),
respectively, to yield the kerma response and the dose equivalent response.
Particular effort was required to determine the contribution of
contaminating neutrons and of photons to the readings of the TEPCs. The
corresponding investigations included measurements with a 3He spectrometer
for the reactor-produced 24.5 keV beam [5], measurements with moderator-
type neutron detectors for the 252Cf field [2], calculations with a Monte
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Carlo code for the accelerator-produced neutron fields [4] and measurements
of the photon kerma with a GM counter in all radiation fields [2,5].

The primary aim of the intercomparison was to determine the neutron energy
dependence of the dose equivalent and the kerma responses and to study the
influence of counter geometry, data processing and evaluation procedures on
these responses. Moreover, the intention was to investigate calibration
procedures, to study the ability of the instruments to determine neutron
and photon dose equivalent simultaneously and to study the sensitivity [3]
of the instruments.

A rather large energy gap remains between thermal energies and 24 keV for
the data gained during the intercomparison. However, data in this energy
range are of particular importance because the differences in the detector
designs play a dominant role here and neutron energy spectra behind
shieldings often contain significant contributions of neutrons in the low-
energy range. In collaboration with the Universitdt des Saarlandes and the
National Institute for Standards and Technology (NIST) additional
measurements with TEPCs were performed in the filtered neutron beams with
energies of 2 and 24 keV at the NIST research reactor. As expected from an
earlier comparison of the beams [8] the contribution from beam
contamination to the TEPC reading in the NIST beams was significantly
smaller than in the corresponding PTB beams. Particular emphasis was put on
investigations of the influence of three different parameters of the
detector design on the dose equivalent response: the wall thickness, the
simulated diameter and the detector size [9].

The dose equivalent response, Rm, measured in the intercomparison, is shown
in Fig. 1. Although a general trend is observed -~ a reduction of neutron
energy leads to a decrease of Ru and Re is below 1 for nearly all energies
- significant differences can be found, in particular for low neutron
energies, The response varies by a factor of 3 to 20 for the TEPC systems.
The dose equivalent responses of the different systems for the broad
neutron energy spectrum of the 252Cf(D20) radiation were in much better
agreement than those for monoenergetic neutrons.

A detailed analysis of the results, which included the microdosimetric
spectra provided by several of the systems and the measurements performed
at NIST, clarified the reasons for the differences, making possible
recommendations for further improvements of the systems [9,10].

The various parameters of the detector design exert influence in different
neutron energy regions: (1) an increase in the wall thickness increases Ru
for energies below 50 keV, but decreases Rau for energies between 50 keV and
1 MeV, (2) an increase of the detector size increases Ru for energies below
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20 keV and (3) a decrease in the simulated diameter increases Ru for

energies between
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FIGURE 1

Measured ambient dose
equivalent response, Ru, as
a function of neutron
energy, En, for all
participating systems. The
connecting lines between the
measured data together with
the average response of all
TEPC-based systems (solid
line) serve as eye guides.
Results for thermal neutrons
are included at the left-
hand side.

The sensitivity depends in a
complex way on the radiation
field and the counter
geometry. This is due to the
fact that the statistical
uncertainty depends on the
pulse rate as well as the
pulse-height distribution.
By choosing the appropriate
detector size and wall
thickness TEPCs can be made
as sensitive as conventional
moderator-based dosemeters
(Table 1).

Table 1: Measurement time, T,
needed to achieve a relative
statistical uncertainty of 20%
of the dose equivalent reading
in a 252Cf(D20) and a $%Co
radiation field of 20 uSv/h.
The TEPC systems are ordered with
decreasing detector size. A
conventional dose equivalent
meter (LEAKE) is included for
comparison.
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The conventional calibration procedures in terms of lineal energy or
absorbed dose lead to a calibration in terms of kerma. Calibration in a
neutron beam in terms of ambient dose equivalent improves the dose-
equivalent response. As measurements in the 252Cf(D20) source were included
in the intercomparison, it was possible to "post-calibrate" all systems in
terms of H*(10). The results are shown in Fig. 2 for three of the systems.
The resulting improvement can be observed by comparing with Fig. 1.

FIGURE 2
10 A+ Ambient dose equivalent
——e BID response, Ry, as a function
Sr . ———a KFA of neutron energy, En, for
\\\ ..... - LEAKE different systems after
2l . "post-calibration" (see
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1 e walled TEPC), KFA (thick-
: A / ~, walled TEPC) and LEAKE
&sr N \fx”/ ,//( ) (moderator-type dose
& e \\\ equivalent meter). BOTTOM:
1 0zl BIO, KFA and LEEDS/NPL
’ (large thin-walled TEPC).
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@ » ¥  the measured data serve as
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3. IMPROVEMENTS OF THE CALIBRATION WITH a PARTICLES

Among the various methods for the calibration of TEPCs the so-called
single-event calibration method [11] is based on built-in a-particle
sources. Nearly monoenergetic a particles cross the detector cavity along
trajectories of approximately full chord length. Usually, the centroid of
the peak which corresponds to their energy loss is used for the calibration
in lineal energy, y. Provided that the geometrical data and the a-particle
energy are well known, the energy deposit in the detector can be calculated
with the theoretical stopping power data of the detector gas. Major
contributions to the uncertainty for this method are:
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1) The various theoretical stopping power data of tissue~equivalent
materials, particularly for gases, are diverse.

2) The a-particle energy is smaller than the nominal source energy, due to
self absorption in the source layer.

3) Misalignments of the a-particle source are possible.

Energy loss and scattering in the detector wall around the bore hole result
in particles which enter the detector with a broad energy distribution and
cross the cavity on various trajectories. These events are observed above
the calibration peak with an upper cut-off corresponding to a particles
which are slowed down to energies around the Bragg maximum and which cross
the cavity with the maximum path length. The energy loss in the cavity for
those particles corresponding to the edge can be calculated. Its value is
independent of the actual a-ray source energy and of the quality of the
source and detector arrangement. Therefore, the uncertainty of the cut-off
energies contains fewer systematic contributions than the energy loss of
the unscattered particles from the source.

FIGURE 3

Comparison of the
experimental ratio of
"edge~to-peak"” pulse
heights, In/Ip, for
various TE gas
pressures in the cavity
expressed in units of
simulated diameter, d,
and the ratios
calculated from
different stopping
power data: (a)
Oldenburg and Booz
[14], (b) Ziegler [13],
(c) SPAR-code [15].

With calibrated 244Cm a-ray sources, spectra were measured for various gas
pressures and the experimental edge-to-peak ratios were compared with
calculated ratios [12]. This comparison is a sensitive test for the quality
of various stopping power predictions around the Bragg maximum. The
calculated ratios deviate up to 30%, particularly for low gas pressures
(Fig. 3). The best agreement was obtained with the stopping power formulae
of Ziegler [13] and the future use of these data is recommended for the
calibration of TEPCs.
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Very often, commercially available detectors are sealed, although it would
be of importance to prove the nominal a-ray energy or the quality of the
source-detector arrangement. The comparison of the experimental edge-to-
peak ratios of the a-ray spectra with theoretical ratios calculated with
the best-suited stopping power data [13] offers a practical tool for
quality assurance of the detector.

4. THE USE OF TOF TECHNIQUES WITH TEPC

The TEPC spectra measured in mixed neutron-photon fields can in principle
be used to determine the individual dose fractions of different radiation
components. The possibility of attributing parts of a spectrum according to
the different primary radiation is based on the fact that different
secondary particles are produced (namely leptons and hadrons), which have a
distinct linear ionization density along the flight path. Various methods
of separating the partial doses on the basis of the y spectrum only are
described in literature. However, all these methods become more inaccurate
with an increasing portion of neutrons of low energy. This is important
because in radiation protection practice, mixed fields with strong low-
energy neutron components are very frequent. Therefore the TEPC response
was investigated separately for photons and neutrons in various
monoenergetic neutron fields and also in a field with a broad neutron-
energy distribution.

A direct separation of photon and neutron events was achieved by using
their difference in time-of-flight (TOF). This technique requires pulsed
radiation fields, realised with a pulsed charged-particle beam, and a good
timing resolution capacity of the detector. The commercial TEPC have a
poor, pulse~-height dependent timing resolution capacity. This could be
partly compensated for with a special multi-parameter detection system and
by optimising the gas composition [16,17]. Figure 4 illustrates how photon
and neutron events can be separated.

Ten mixed fields of photons and nearly monoenergetic neutrons of energies
between 0.012 and 1.2 MeV produced in the low-scattering area of PTB's
accelerator facility were investigated [18,19]. As a result, the photon
component could be subtracted with n/y-separation on the basis of TOF
techniques. The resulting dose distributions, y d(y), of pure, monenergetic
neutrons are all similar in shape. They are most uniform at lower lineal
energies, particularly in the region which overlaps with photon events,
whereas differences in incident neutron energy and in energy width are of
influence only at higher lineal energies. For lineal energies between the
experimental threshold of about 100 eV/um and 10-20 keV/um the logarithm of
the dose distribution is proportional to the logarithm of y, and the slope
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is almost independent of the neutron energy and not influenced by a finite
energy width.
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The frequency distribution, f(y), plotted as y f(y) versus TOF and the
lineal energy, y, is shown for a radiation field with a neutron energy of
35 keV. The regions related to prompt photons (y) and prompt neutrons (n)
from the target are indicated. The random events outside the prompt peaks
are caused by room background of photons and scattered neutrons.

By averaging the slopes determined for the different neutron energies
investigated, a mean value of 1.6 % 0.1 was obtained. The measured y
distributions of monoenergetic neutrons were also compared with calculated
ion yield spectra [20]. These spectra showed, in the same lineal-energy
interval as the experimental ones, the same proportionality and energy
dependence of the slope.

The same technique was applied for measurements in an intense neutron field
produced by bombarding a thick Be target with deuterons with an energy of
13.4 MeV. The neutron spectrum obtained is very broad, covering an energy
range between 0.5 and 18 MeV [21,22]. The frequency distribution in two-
dimensional representation and the dose distributions separated into the
components from prompt photons and neutrons from the target are shown in
Figure 5.

The n/y-separation techniques applied in the wide-spectrum neutron field of
the Be + d reaction confirm the simple linear relation of the logarithm of
the dose distribution and the logarithm of the lineal energy. On the basis
of this result it is possible to propose a method for separating combined
dose distribution to obtain partial dose fractions, which method can be
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FIGURE 5

Left: The event frequency, y f(y), as function of TOF (flight path 6m) and
the lineal energy, y. The regions related to prompt photons (y) and prompt
neutron (n) are indicated. Right: The dose distributions, y d(y), versus
the lineal energy, y, separated according to photon and neutron events.

applied without TOF techniques: the neutron and photon dose fractions can
be derived by extrapolating the neutron distributions to lower lineal
energies assuming the linear relation and a fixed slope of 1.6. As an
alternative in unknown neutron fields, the slope can be determined
empirically by fitting a straight line to the distribution (in logarithmic
representation) between about 10 and 50 keV/um.

5. CONCLUDING REMARKS

The investigations described in the previous chapters lay the basis for
further development towards the realisation of operational dose equivalent
quantities in mixed neutron and photon fields. This development requires
extensive calculational support.

The combination of neutron transport calculations and energy deposition
calculations is required for the theoretical simulation of dosemeters such
as TEPCs because the measured energy deposition spectrum and such derived
quantities as absorbed dose or dose equivalent are influenced by the
neutron scattering in the detector wall and adjacent material.

The code of Caswell and Coyne [20] installed at PTB enables the calculation
of neutron-induced secondary charged particles and their energy deposition
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in spherical cavities. Recently a Monte Carlo code for neutron and photon
transport calculations (MCNP) was also installed at PTB. First results were
obtained by calculating the spectral neutron fluence in the wall and the
gas of a TEPC in various irradiation geometries and by taking these results
as input data for the Caswell/Coyne code to calculate the energy deposition
spectra.

Together with the above calculations the TOF technique, employed for
neutron~-photon separation at low and high energies, should now enable the
study of the combination of TEPC and phantom. This technique can also be
utilised to investigate the possibility of measuring dose equivalent at
high neutron energies (Ean > 30 MeV). Initial results have been obtained
from measurements performed at the monoenergetic neutron beam facility at
PSI Villigen (collaboration with Universitit des Saarlandes, UCL Louvain-
la-Neuve and University Basel); they show considerable low-energy neutron
contributions which could be corrected for by using the TOF technique.
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. Objectives of the project:

Experimental and theoretical examination of individual dosemeters.
Investigation of procedures for calibration and evaluation of individual
dosemeters in order to achieve compliance with the system of dose
limitation for radiation protection. Investigation and intercomparison of
appropriate quantities for individual dosimetry (choice of phantoms and
measurement positions).

1l. Obijectives for the reporting period:

1. Supplementary measurements, especially using bare and D,0-moderated
252¢¢ gources.

2. Completion and application of a Monte Carlo programme for predicting
theresponse of dosemeters on phantoms if their fluence response in
free air is known.

3. Summary report on the experimental results.

4, Theoretical interpretation of the results and discussion of
appropriate quantities for individual dosimetry in neutron fields.
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Il. Progress achieved:

INTRODUCTION

Dose equivalent (DE) quantities for the assessment of individual radiation
exposure are defined in the human body whereas DE-meters are worn on the
body to estimate one of these DE quantities for external irradiation. The
primarily limiting quantity for radiation protection dosimetry is the
effective DE, Hp (1); it is a weighted mean of DE in various organs and is
related to risk within a system of dose limitations. Hp is defined for all
kinds of external and internal irradiation.

This project is devoted to practical problems with individual monitoring
for external irradiation with neutrons. In routine radiation protection
practice neutrons occur less frequent than photons. However, on account of
the properties of neutrons (e.g. the strong dependence of kerma and quality
factor on the spectrum) one may in general apply radiation concepts derived
for neutrons to photon dosimetry, but not necessarily vice versa.

The ICRU recommends(?) for individual monitoring for strongly penetrating
radiation the Individual Dose Equivalent, Penetrating, Hb(d), which is
defined as the DE below a specified point on the body at a depth d that is
appropriate for strongly penetrating radiation. The recommended depth is
d = 10 mm.

In practice phantoms are used to define operational DE quantities and to
calibrate DE-meters. Different design aims may be pursued for phantoms for
defining and for calibrating. The MIRD-V phantom in its original or further
developed form is used for Hz. A detailed discussion may by found e.g.
in (3+4), The soft-tissue ICRU sphere serves as phantom for defining
operational DE quantities (2’5'6), however, other phantoms, such as a soft-
tissue slab are also being discussed. The choice of phantoms for
calibrating is still under discussion. In one concept, it is proposed to
select a phantom which simulates the influence of the body on the DE-meter
reading in an appropriate approximation; another concept requires a phantom
which serves for defining an operational DE quantity and for calibrating an
individual monitor at the same time.

An extensive discussion of these concepts, pure and in mixed forms, took
place in two seminars (78) on the implementation of the newly introduced
ICRU quantities (2), The new quantities for individual monitoring, however,
still pose conceptual and practical problems. The conceptual problems are
due to the pecularities of human beeings, as to geometry, composition and
structure, and the human behaviour in the environment (9), i.e. the varying
exposure conditions of workers in the field. The practical problems concern
the implementation which requires agreed upon calibration procedures and
conversion factors.
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Within this project work was spent on contributing to agreed upon
conversion factors and the influence of phantom shape and material on
calibration procedures was studied in detail experimentally and
theoretically. Mainly thermoluminescence albedo dosemeters have been
selected for our experimental studies as they are widely used in routine
practice. The Monte Carlo method has been used for the theoretical studies.

CHOICE OF PHANTOMS.

The discussion on phantoms can be guided by wusing the concept of
independence-of-shape approximation (ISA) (10,11) Ghich is schematically
representated in Figure 1 for normally incident neutrons. The basic

ISA - The independence-of-shape approximation

anthropomorphic hollow cylinder stab sphere

AN /TNy

H.C10) M Hao N
p M
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M on the same phantom

N

independent of the phantom

Vgt
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Figure 1. Schematic view of the Independence-of-Shape Approximation. The insert
in the lower right corner depicts the irradiation of dosemeters in AP geometry

idea is that H(10) and the reading of a DE-meter vary for any given
reasonable phantom in such a way that the calibration factor is nearly
unaffected by the choice of the phantom. In this concept a distinction
between phantoms for defining and calibrating is not required. For
practical radiation protection within the system of dose limitations one
may tolerate deviations of -302 and +50Z. In practice the material of the
phantom for calibration and for defining DE are different, as DE is always
defined in standard soft-tissue, whereas the calibration phantoms consists
of polyethylene. H(10) has been also computed for phantoms consisting of
polyethylen, here, however, an infinitesimal sphere consisting of soft-
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tissue about the point of reference has been assumed in the calculation.
The DE calculated in this manner serves to understand material dependent
neutron transport.

In a generalized way ISA is understood to encompass the case of practical
relevance where DE is defined in a soft-tissue phantom and the calibration
is performed on a phantom consisting of polyethylene or other practicable
materials.

The choice of phantoms for the experimental studies was guided by the
intention to supply data to all aspects of the above mentioned discussion.
Many types of neutron detectors used as monitors in individual dosimetry
utilize or are influenced by the albedo, i.e back scatter, from the wearer.
An'appropriate calibration procedure should account for this effect, which
is quite important for TLDs (12), Apart from resonances in cross sections,
e.g. 160 at 1 MeV, materials with approximately the same hydrogen content
produce similar albedo when irradiated from the frontal half-space.
Polyethylene was therefore selected as it is easily available and well
suited for shaping different phantoms without the need for complicated
containments.

As ICRU suggested the sphere not only as phantom for defining DE but also
for calibrating, a polyethylene sphere of 30 cm in diameter has been
selected; this phantom is termed SPP. For the routine calibration practice
a slab is often preferred. Therefore a polyethylene slab, of 40 cm in width
and height and 15 cm in thickness has also been added; this phantom is
termed SLP. Finally, as a more anthropomorphic phantom a hollow ellptical
polyethylene cylinder of 70 cm in height and with outer and inner semiaxes
of 20 cm and 10 cm, and 8 cm and 4 cm, respectively, has been created; this
phantom is termed CYP.

The sphere is not a suitable phantom for irradiations from the back.
Phantoms sufficiently anthropomorphic with respect to both, material and
shape, are then needed to obtain reliable results for such irradiation
geometries. The hollow elliptical cylinder may be used as an appproximation
to study such irradiation geometries.

For the theoretical study phantoms consisting of ICRU soft-tissue have been
added: the sphere itself (SPI), the slab (SLI), the cylinder (CYI) and an
additional hollow elliptical cylinder of 70 cm in height and with outer and
inner semiaxes of 20 cm and 10 cm, and 8 cm and 7 cm, respectively. This
phantom is termed CAI, and is considered as simple substitute for the
MIRD V phantom within the context of the present study.

EXPERIMENTAL RESULTS

Experimental studies of three albedo dosemeter systems supplied by CEN
(Fontenay-aux-Roses: FR), KfK (Karlsruhe: KR) and PTB (Braunschweig: BR)
have been performed.
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The dosemeters were irradiated free in air and attached to the phantoms
SPP, SLP and CYP. 1In addition to AP (anterior-posterior) and PA
(posterior-anterior), irradiation geometries under 300, 60% and 90° were
implemented. The slab phantom SLP has been only used in AP geometry.

The PTB Research and Measurement Reactor Braunschweig (FMRB) provided
thermal, 2 keV (scandium filter), 24 keV (iron filter) and 144 keV (silicon
filter) neutrons. The PTB Van-de-Graaff accelerator was used to produce
monoenergetic neutron fields at higher energies: 144 keV, 250 keV and 570
keV using the reaction Li(p,n); 1.2 MeV and 2.5 MeV using the reaction
T(p,n); and 5.0 MeV using the reaction D(d,n). Furthermore, reference
radiations from a bare and a D,0 moderated 252¢¢ gource were provided.
These fields encompass all. ISO energies from thermal up to 5 MeV.

Table 1 Summary on Experimental Results of R’ for Albedo Neutron Dosemeters and Intercomparison with
Calculated Ratios of Ry, on CYP and SLP to Ry on SPP for Normally Incident Neutrons.

Ey th. 2 kev 24 keV 144 keV 250 keV 570 keV 1.2 MeV 2.5 MeV 5 MeV
Ry(SPP) * -
KR/pSvi 38.3 166 130 110 131 68 55 38 24
FR/KR 6.7 0.96 0.95 0.78 0.71 0.76 0.78 0.72 0.96
BR/KR 0.72 0.75 0.70 0.72 0.61 0.75 0.71 0.70 0.79
Ry (CYP)/R,(SPP) :
KR 1.07 1.1 1.17 1,16 1.11 1.16 1.47 1.46 1.32
FR ’ 1.15 1.17 1.12 1.32 1.39 1.24 1.01 1.10 0.89
BR 1.08 1.02 1.20 1.27 1.29 1.20 1.15 1.29 ° 1.20
MC 1.03 1.07 1.08 1.11 1.10 1.16 1.17 1.14 1.13
Rq,(SLP)/Rq,(SPP)
KR 1.02 1.19 1.27 1.20 1.35 1.29 1.51 1.49 1.38
FR 1.11 1.11 1.11 1.34 1.22 1.39 1.12 1.29 1.34
BR 1.08  1.07 1.31 1.33 .28 1.3 1.36 1.5 1.48
NC 1.03 1.09 1.10 1.13 1.13 1.19 1.22 1.23 1.33
R¢(Free in Air‘)*
KR/pSvi 16.7 50 15 8 18 4 - - -
FR/KR 12 0.72 0.79 1.04 0.99 0.59 - - -
BR/KR 0.73 0.63 0.67 0.78 0.69 0.59 - - -
KR, FR and BR experimental results from KfK, Karlsruhe, CEN, Fontenay-aux-Roses, and

PYB, Braunschweig, resgectively.
MC Monte-Carlo results (23) for a simplified albedo dosemeter.

*) Fluence response for albedo dosemeters, R°, on SPP or free in air.
KR Absolute fluence response,in terms of pSvem, reading in terms of pSv obtained with
a calibration factor using = Co exposure. Absolute values are indicated by /talics.

FR/KR, BR/KR Ratios of fluence responses on SPP for FR and BR to those for KR




Preliminary results have been published earlier (13) A full presentation
of all measured data, which include irradiations under different angles of
incidence can be found in a separate report (14), which also describes the
irradiation facilities in sufficient detail. A detailed analysis of the
results for the BR dosemeter is given in an additional report (15), the
latter report discusses also irradiation of the PTB dosemeter on an
Alderson phantom. Using a bare 252¢f gource the influence of phantom shape
on the dosemeter reading has been studied using the above mentioned and
additional phantoms (16),

The results for AP irradiation are shown in Table 1. The influence of the
phantoms for AP irraddition is shown by tabulating the ratio of Ry on CYP
or SLP to Rq> on SPP.

If order to achieve better basic data for the calculation at higher
energies a-paricle cross sections on carbon have been measured, using the

response of a liquid scintillator an,

CALCULATIONAL AND THEORETICAL RESULTS

The strong energy dependence of albedo dosemeters (TLD) affords the use of
additional dosemeters if measurements in neutron fields with unknown
spectrum are to be performed. One possiblity is to use etched track (TED)
dosemeters for this purpose. Calculations ¢18) of the response of pairs of
a TLD and a TED on the ICRU-Phantom (SPI) showed that the energy variation
of the DE response in the energy region from thermal up to 14 MeV of such
a pair of dosemeters can be kept within one order of magnitude.

In critical working environments, where doses near the investigation
threshold could occur, it may be necessary to take into account the angular
distribution of the neutron field and to wear more than one dosemeter. By
calculating the response of a system of two albedo Dosemeters worn on chest
and back in various directionally distributed neutron fields (19) 3¢ could
be shown that the angular dependence of the effective DE response in
monoenergetic fields energy region from 1 eV up to 14 MeV can be reduced to
+ 43 and even better in more realistic fields such as a D,0 moderated
252cf fission neutron field, namely to  10%.°

The influence of phantoms on the response of TEDs is less prominent but by
no means negligible, as could be shown by calculations(20),
study of the influence of phantom material and shape on the calibration of
individual dosemeters for neutrons (21) the trend found in experiments
could be by and large reproduced. An analogous study, however, using the
MIRD V phantom (22) revealed some phantom effects, too. An additional
numerical study includes the computation of H#(10) in various phantoms (23),
Calculated ratios for Ry for a simplified albedo dosemeter on CYP or SLP to
Ry on SPP are shwon in Table 1. Additional results concerning the total
neutron fluences on the surface of the phantoms, ®(0), and in 10 mm depth,

In a numerical
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Table 2 Computational study of phantom influences on a simplified albedo dosemeter.

Absolute values are indicated by italics and given for SPI
The units given pertain only to values for SPI

PHANTOM SPI  SPP/SPI  SLP/SPL  CAL/SPI SPI  SPP/SPI SLP/SP1  CAL/SPI
Ey 25.3 mev 2 kev

(10) 2.483 a7 .74 .97 288  1.01 1.02 .98
h(10) /pSver?  4.48 .75 .72 .97 230 1.0 .98 .92
#(0) 1.646 1.0 1.0t 1.01 1362 100 1.03 1.01
R, [ 643 1,00 1.03 102 216 1.02 1.11 1.05
E“ 24 keV 144 keV

#(10) 2.77%6 1.3 1.0 .98 254  1.06  1.10  1.04
h(10) /psver?  11.96 .82 .8 .98 92 .87 .88 1.08
#(0) 1372 1.0 1.03  1.01 1337 1.0 .03 1.00
Ry Jon 52 1.02 0 112 1.00 05 105 1.19 .96
E 250 keV 570 keV

o0 2472 100 1.07 .95 2142 1.06  1.14 .98
h(10) /pScvm? 150 .88 .89 .96 21 .93 .96 1.03
#(0) 1.322 100 1.02 .59 1.278 8 .02 .99
R, o 108 1.2 1.15 .91 067 1.01 1.20 .89
£ 1.0 Mev 1.2 Mev

oh0) 2.164 98 1.03 .96 1909  1.05 113 1.00
h(10) /pSven? 369 .86 .88 .96 329 .98 .98 1.03
(0) 1.371 .50 .92 .98 1.252 97 1.00 .98
Ry Jen 052 1.0 1.19 .84 .45 1.8 1.26 .85
£ 2.5 MeV 5.0 Mev

ot0) 1.594 115 1.20 .97 1.500 09 114 .90
n(10) /pSven’ 3 107 1.06  1.02 405 97 1.06 .96
#(0) 1158 1.02  1.04 .98 1123 1.0 1.03 .98
R, [on’ 027 111 1.37 .81 015 115 1.53 .86
QUANTITIES:

E Incident neutron Energy

1!'(‘10) Total neutron fluence in 10 mm depth per incident neutron fluence.

h(10) Dose equivalent per incident fluence. The DE in SPP, CYP and SLP has been computed in an
infinitesimal sphere in 10 mm depth consisting of ICRU-soft tissue. The contribution from
secondary photons is excluded.

®(0) Total neutron fluence on the surface per incident neutrom fluence.

Rq, Response of TLD-chip containing "Li and 0.89 mm thick and shielded with Cd against thermal

nreutrons on the side facing the neutron source.

©(10), and Ry for the simplified albedo dosemeter and the DE in 10 mm
depth, H(10) are given in Table 2. The simplified albedo dosemeter is
simulated by calculating the fluence fraction reacting with 5Li in a
0.89 mm thick LiF chip, which is shielded to the incident thermal neutrons
with a Cd layer. The influence of the different phantoms is demonstrated by
the corresponding ratios as indicated in the first row of the table.

In order to supply aggreed upon fluence to DE conversion factors for
individual neutron dosimetry calculation for H; have been performed (4) ang
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a procedure for standardising the relationship between the directional
DE ¢2) and neutron fluence has been proposed (6),

Finally, theoretical work was published, in which operational quantities
and calibration procedures for individual monitoring in terms of Hp and the
new ICRU DE quantities have been proposed (24,25)

DISSCUSSION OF RESULTS.

The albedo neutron dosemeter is well suited to study the concept of ISA as
its reading depends quite strong on the albedo neutrons emanating from the
phantom. This can bee seen in Table 1 by intercomparing the response on
phantoms to the response free in air (cf. Table 1). The difference in
fluence response can be explained by the different construction and/or
evaluation procedures. The large difference between Ry for FR with respect
to Ry for KR and BR for thermal neutrons is caused by differences in
design: The FR albedo dosemeter is not shielded against incident thermal
neutrons. The differences between R; for KR and BR are explained by
different procedures of integrating the glow curves. Despite of the
variance of single albedo dosemeter measurements the expected trends are
observable. More details may be found in the above mentioned report 14),
The extent to which ISA is a valid approximation can also be seen in
Table 1. The Monte Carlo results (23) pertains to a first order
approximation to the dosemeter consisting of a bare chip of SLiF. In real
dosemeters one expects some moderation of the incident neutrons by the
constructional material. This effect enhances the experimental ratios. In
addition, in real dosemeters thermal neutrons are affected by intrigue
design. Considering the simplified approach the agreement between
experiments and calculations is satisfying and justifies to draw
conclusions from the Monte Carlo results.

Apart from the difference due to material H(10) does not depend
significantly on the shape of the phantom, except for CAI at 2 keV (cf.
Table 2). This is also true when considering SLI and CYI (23) Ghich are not
shown here. The calculations do not include the contributions from
secondary photons. Their contribution is only of importance at energies up
to 24 keV (= 102), it peaks at 2 keV with = 30Z. This contribution is
approximatively proportional to a weighted average of ®(0) and ®(10), which
at low energies do not depend significantly on the shape of the phantom.
Therefore the inclusion of secondary photons would not change the ratios of
H(10) significantly.

The physical explanation of the insensitivity of H(10) with respect to
phantom shape is given by the dependence of the cross section density, the
kerma factor and the quality factor for neutrons on energy. For thermal
neutrons ®(10) is dominated by scattered neutons and the thermal
equilibrium does not depend much on shape details at the surface. With
increasing neutron energy ®(10) is influenced by this shape. Here, however,
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the contribution of the wunscattered neutrons becomes more and more
important, at 5 Mev this fraction amounts to =~ 50%. The kerma and quality
factor at high energies increase the relative importance of the
unscatterered fraction. Therefore the difference due to shape effects in
the scattered fraction is "washed out*".

The situation at the surface, i.e. for the albedo dosemeters is quite
different. The contribution to ®(0) by the incident neutrons increases of
course with increasing energy, too. Here, however, due to the 1Iv cross
section of 6Li(n,a), the scattered fraction (albedo) contributes
increasingly to the dosemeter reading. The shape of the surface has, apart
from thermal neutrons , strong influence on the scattered neutrons. The
curvature of the surface determines the amount of mass which contributes to
the albedo. For this reason the ratio of the readings on SPP and CYP does
depend on the angle of incidence of the primary neutrons. For an angle of
incidence of 900,i.e. LAT, the readings on SPP are generally higher than
on CYP. This is shown in (13:14:15) byt of no concern here, as this report
is devoted to the problem of routine calibrations using AP geometry.

At very high energies the phantom CAI produces smaller values of ®(10) and
®(0). This is due to the "lung" which simulated as a simple void.

The data given in Table 2 allow to juge the quality of ISA. Considering the
phantom SPI as phantom for defining and as anthropomorhic, i.e. simulating
the body of an exposed person, calibration on SLP would 1lead to an
underestimation from 1.03'1 for thermal neutrons up to 1.53°1 for 5 MeV,
i.e. by the inverse of the corresponding ratios specified for Ry for
SLP/SPI. However, for energies where the albedo dosemeter may be
meaningfully used this correction amounts to less than 20Z. If the phantom
CAI were considered as phantom for defining, then the ratio of Ry for
SLP/CAI could be used as correction factor. Up to 144 keV these corection
factors are almost idendical with the first mentioned ones.

In summary, as far as albedo dosemeters are used one can safely rely on
ISA. This allows to select a polyethylene slab as calibration phantom. It
is interesting to note the ISA is valid, not due to a homologous influence
of phantom shape on DE and dosemeter response, but rather due to acceptably
small variations of the dosemeter reading (c.f. Table 2). These findings
are also true for Monte Carlo simulated idealised fluence , kerma and dose

equivalent meters (23),

CONCLUSIONS

Routine radiation protection encounters usually doses way below the
investigation threshold. Wearing one dosemeter is then sufficient and the
influence of spectral and angular distribution may be accounted for by
using appropriate calibration factors and positions for wearing the
dosemeter. For these routine cases a calibration with neutron fields such



as thermal or the D,0 moderated 252¢f gource and using the simple AP
irradiation geometry is felt to be sufficiently safe.

The results obtained for neutron albedo dosmeters are in compliance with
ISA for such routine applications. This should influence the intense
discussion on calibration practice still underway in literature: it gives
room for several basic concepts, as their implementation 1leads to
interpretational but not physical differences. The interpretational
differences, however, can be quite important in view of juridical and
metrological problems.

The data presented may serve to derive appropriate correction factors for
phantom shape and material for both, the dosemeter reading and the DE
quantity used, if this should be desirable in the context of a specific
calibration concept. These calculated factors can be termed reliable as
demonstrated by intercomparing some of the calculations with experiments.

In case of non-routine applicationé, i.e. in environments where the
investigation threshold might be exceeded, ISA may be not sufficient. Here
a careful analysis of the distribution of the field in energy and angle is
required and additional experimental and theoretical work needed.

The dependence of dosemeter readings on phantom shape and material has also
been found for photon radiation experimentally (26) and in calculations
(27), these results are also in compliance with ISA.

In summary ISA is a valid concept for practical calibration and routine
radiation protection.
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Title of the project no.: 1

Implementatioh of a low-pressure proportional counter for use as a diagnostic working
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I. Obijectives of the project:

- Adaption of the KFA counter to practical requirements
- Developement of a simple external calibration method for the KFA counter

- Collection of information on dose equivalent distributions of neutron/gamma fields
at working areas with the KFA counter

Il. Obijectives for the reporting period:

- Further improvement of the dose-equivalent response of the KFA counter

- Collection of information with the KFA counter on dose-equivalent distributions of
neutron/gamma fields at simulated realistic radiation protection fields and at
working areas, e.g. at Cadarache and the accelerator and reactor facilities of the
Crakow University
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I1l. Progress achieved:

Low pressure tissue equivalent proportional counters (TEPC) allow the measurement
of energy deposition spectra for tissue equivalent targets (simulated diameters) down to
1 pm in mixed neutron gamma radiation fields. From these distributions, values of the
absorbed dose or dose rate in tissue can be assessed as well as the mean quality of the
radiation field at the position of the counters sensitive site. This information is necessary to
derive dose equivalent, the quantity used in radiation protection as an indication for the
biological implications of radiation exposure. Due to the measurement of spectra, a TEPC
can in addition give information on fractions of absorbed dose and dose equivalent due to
low and high radiation quality. For the reasons given, low pressure proportional ¢ounters
are well suited i’or use in radiation protection.

The objectives of this project were

- to optimize the proportional counter with respect to it’s wall thickness that it’s

. . * . .

reading matches ambient dose equivalent, H (10), as close as possible in the neutron
energy range between thermal and 20 MeV and for photons above 30 keV. Ambient
dose equivalent is the operational quantity recommended by the ICRU for use in
enviromental radiation protection dosimetry for penetrating radiation

- to develope a practical instrument for use in radiation protection

- to test and optimize the performance of the developed instrument

- to participate in an intercomparison of several proportional counter based
instruments.

The result is the KFA counter. It consists of

- a proportional counter with a total wall thickness of 15 mm; the sensitive volume is
cylindrical with equal diameter and hight of 7 cm

- an amplifying system with nonlinear gain characteristic

- a portable PC for data acquisition and evaluation.
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A further result emerging from the study of the optimal counter response is a
program system which simulates measurements with proportional counters. Its features are

- PC based, fast operation
- easy to use

- several counter materials and constructional parameters can be choosen.

The KFA counter is frequently in use for measurements around working places and
in radiation beams used for biological experiments. The latter application is now becoming
increasingly interesting within the framework of the concept of biological response
functions described in the second project.

Optimization of the Counter Response

Ambient dose equivalent, H‘(IO), is defined in 1 cm depth in the ICRU sphere, an
ICRU-muscle tissue sphere of 30 cm in diameter. Therefore, the value of H‘(IO) is
influenced by the scattering properties of the ICRU sphere and by the transport of the
primary radiation in the material. Ussually low pressure proportional counters (e.g. Rossi
counters) apply a 'thin’ wall of about 3 mm, which is sufficiently thick to provide charged
particle equilibrium. Therefore, the point of reference of the counter is in 3 mm depth in
tissue, against 10 mm in case of H‘(lO). In addition, the mass of the ICRU sphere is 14 kg,
whereas the mass of a Rossi counter is 50 g, assuming an internal diameter of 6.35 cm
(2.5").

The aim of the optimization was to determine the wall thickness for the
proportional counter for which the fluctuations of the ambient dose equivalent response
(ratio of the detector reading, Hy, to ambient dose equivalent, H‘(IO)) is minimal in the
energy range between thermal and 20 MeV. The investigations were performed with the
help of computer simulations. These included the transport of radiation through the
detector wall (ANISN) and the calculation of energy imparted and ionisation events in the
counter’s sensitive volume (NESLES & STARTERS). Figure 1 shows as an etample the
counter response to neutrons of different energies as a function of the total counter wall
thickness. From these results it emerges that a minimal fluctuation of the counter ambient
dose equivalent response is achieved if a wall thickness of 15 mm is used.

- 174 —



2. ¥ T L) T T
SPHERICAL COUNTER
Tem diam , 1mm A- 150
11 d=1pm 1
%] N -
g | 29
w
¥ 1
=
=2t
<€
o .
35 3
1t 2
2
3 2 eV
37 - thermal
05 i 1 1 1 A
0 1 2 3

POLYETHYLENE THICKNESS /cm—

Figure 1: Ambient dose equivalent response of a spherical counter with 7 cm diameter versus
polyethylene cap thickness. Different curves correspond to different incident neutron energies

Photon and Neutron Responses"’

Figure 2 displays the experimentally determined responses of the KFA counters
KFAl‘ (20 mm wall thickness) and KFA2 (15 mm wall thickness) in terms of H*(IO) for
photon irradiation. The responses are better than 0.8 for incident photon energies above
30 keV; the influence of the different wall thicknesses is negligible.

252

The ts in the getic neutron fields and at the heavy water derated (¢4

referred to in the next two chapters, were perfc d during int pari ts at the PTB
. Br hweig. The int parison was organised by the EURADOS Commitee 1.

KFA1l was the first prototype of the KFA counter. The wall thickness of 20 mm was choosen prior to the

optimization.
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Figure 2: Ambient dose equivalent response of KFAl (open circles, 20 mm wall thickness)
and KFA2 (closed circles, 15 mm wall thickness) as a function of incident photon energy
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Figure 3: Ambient dose equivalent response of KFAI (20 mm wall thickness) and KFA2
(15 mm wall thickness) versus incident neutron energy. The solid lines represent results of

calculations, the symbols results of experiments
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Figure 3 presents the responses of KFAl and KFA2 with respect to H*(IO) for
neutron irradiation. The lines indicate results of calculations, the symbols those of
experiments.

The theoretical results show that the reponses of counters with wall thicknesses of
15 mm and 20 mm decrease between 15 MeV and 100 keV incident neutron energy. Below
100 keV, the responses increase until they reach a local maximum at about 1 keV and
10 eV for respectively 20 mm and 15 mm wall thickness. For even lower energies, the
reponses decrease slightly until thermal neutron energies are reached. The results also show
that the overall response of a counter with 15 mm wall thickness is flatter than the one of
a counter with 20 mm wall thickness, i.e., the ratio of the maximal and minimal response is
lower in the case of 15 mm wall thickness. In particular, the response of a 15 mm wall
counter is better than for a 20 mm wall counter for thermal energies and between 100 keV
and 15 MeV neutron energies.

The experimental results confirm the calculated reponses but are generally higher.

Sensitivity of KFA2

Figure 4 displays the measurement time needed to achieve a statistical precision of
20 % of the dose equivalent reading in a field of 20 um/h as a function of the incident
neutron energy. The measurement times vary between about 10 min and 2 min.

For photon irradiations between 30 keV and 1.25 MeV mean energy, the
corresponding measurement times are below 1 min.

Calibration of KFA2

The KFA counter is calibrated with respect to lineal energy, y. For this purpose a
60co source is mounted on the counter surface. The measured distribution is evaluated
with respect to pulse height and compared to a calibrated 6OCo spectrum, which is
contained in the database of the calibration program. From the comparison, the calibration
factor to convert pulse height into lineal energy is achieved.
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Figure 4: Sensitivity of KFA2 (15 mm wall thickness) versus incident neutron energy. Shown
is the measurement time, which is needed to achieve a statistical uncertainty of not more than
20 % in a field of 20 uSv/h.

Judgement of the Response of KFA2

Ambient dose equivalent, H‘(IO), is the recommended operational quantity for the
dosimetry of penetrating radiation in the enviroment, whereas effective dose equivalent,
Hg, is the limiting quantity. It is our opinion that ambient dose equivalent may be
underestimated by the reading of a radiation protection instrument, but effective dose
equivalent must not be underestimated in any circumstance.

The KFA counter underestimates H‘(lO) by up to a factor of about 3 for
monoenergetic neutrons around 100 keV. Effective dose equivalent is underestmated by the
KFA counter in the energy range between 100 keV and about 2 keV. This underestimation
can be excluded, if an additional weighting factor is used in the evaluation of dose
equivalent. Figure 5 shows an example. The measured dose distributions are wheighted
above a lineal energy of 7 keV/um with a factor of 1.5. Below this threshhold no
additional wheighting is performed. The threshhold value was choosen, because it allows
reasonably well the discrimination between fractions of absorbed dose due to low (below
the threshhold) and high (above the threshhold) radiation qualities.
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Figure 5: Effective dose equivalent response of KFA2 (15 mm wall thickness) as a function
of neutron energy. The experimental results are indicated as solid circles. For the evaluation
of the experimental data, the measured dose distributions were weighted with an additional
step function to ashure that the reponse is always greater than 1 (for explanation please see
text). The solid line indicates theoretical results with a constant additional weighting of a
factor of 2. The dash dotted line shows the ratio between ambient dose equivalent and
effective dose equivalent.

The simple weighting of the dose distribution ashures that effective dose equivalent
is not underetimated in the neutron energy range between thermal and 20 MeV.

Furthermare, in practical radiation protection, broad neutron fields are encountered.
Measurement in a heavy water moderated 252Cf source, which is recommended by ISO for
calibrating neutron dosimetry devices, show that in broad fields the underestimation of
ambient dose equivalent is significantely lower than in the case of monoenergetic neutrons.
With the additional weighting described above, a mean response of 0.9 (0.7 without
weighting) was achieved for three different field qualities in front of such a source at the
PTB Braunschweig.
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Figure 6: Dose distributions versus lineal energy measured with the KFA counter in two
offices above a d->t neutron generator normalized to dose rate. One measurement (thick
line) was perfomed in a room direcly above the generator, the second (thin line) in a room
ajacent to the first. In the first case, only a normal sealing shields the neutron generator,
whereas in the second case, the generator is shielded by a thick concrete wall.

Practical Application

Figure 6 shows dose distributions measured in rooms above an operating d->t
neutron generator. The first measurement (thick line) was perfomed in a room direcly
above the generator, the second (thin line) in a room ajacent to the first. The distributions
are normalized to dose rate. In the first case, only a normal sealing shields the neutron
generator and a strong neutron induced component- appears in the spectrum above
10 keV/um. In the second case, a thick wall shields the generator. There is only a minor
neutron induced part in the spectrum and the dose rate is lower by a factor of 40. The
dose equivalent rate is in this case lower by a factor of 43.
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. Obijectives of the project:

- Assesment of energy deposition distributions and local dose profiles around single
decays of incorporated radionuclides and other radiation sources

- Implications for radiation protection limits of incorporated radionuclides

- Understanding of the underlying radiation mechanisms

Il.  Obijectives for the reporting period:

- Application of the developed analytical functions for the description of ionization
distributions from charged particles to various radiation modalities.

- Further development of the methodology for the evaluation of biological response
functions

- Quantification of radiation quality with the help of biological response functions.
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In the biological effectiveness of incorporated Auger emitters, as well as of low
energy X-rays and external heavy ion irradiations, the creation of high local energy
densities within critical targets in tissue may play an important role. For example,
radiobiological experiments with l251, incorporated specifically into the DNA of cells have
demonstrated the high radiation toxicity of this Auger emitter. Thererfore, the correlation
was studied between energy depostion spectra caused by such radiations in target volumes
of some nanometer up to several micrometer and observed biological effects. Furtheron,
implications of these studies for radiation protection and for the understanding of
mechanisms of radiation action were addressed. The results of the work fall into the
categories

- Basic microdosimetric data
- Biological response functions

- Implications for radiation protection

Basic microdosimetric data

In the case of ‘ Auger emitters, Dirac-Fock calculations of energy levels in
combination with the Monte Carlo simulation technique were used to derive the electron
number and energy spectra. This information was then used to calculate dose profiles
around single decays of Auger emitters as well as corresponding microdosimetric
distributions. Figures 1 and 2 show results of these calculations for 1251, the isotope
studied most intensively up to now due to its significants for nuclear medicine and
radiation biology (1251 shows high radiation toxicity and is therefore potentially interesting
for radiation therapy).

The mean electron spectrum for iodine (Figure 1) shows the high density and
frequency at low electron energies (below 10 keV). These electrons are believed to be
responsible for the high biological toxicity of this radionuclide.

The dose profile in Figure 2 reveals the important contribution of the ionisation
potential of the charged nucleus created during the decay especially for target diameters
below 100 nm. This ionization potential is assumed to be deposited at the site of the
decaying ion. For comparison, the result of the same calculation is shown, when the
electron spectrum is used as input, which is given by ICRP in its Publication No. 38, 1983,
With respect to investigations of the biological effectiveness of 1251 incorporated
specifically into DNA, a target Volume of 20 nm diameter was assumed. For such a
Volume, the energy deposited by electrons is 0.96 keV. To this value the ijonisation
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Figure 2: Mean deposited energy per 125, decay as a function of target size. Solid line:
Auger electrons plus ionization potential; dashed line: Auger electrons only; dotted line:
energy deposition calculated according to the mean electron spectrum given by ICRP (ICRP,
1983).

— 187 —



potential of 1.07 keV has to be added, so that the total energy deposition becomes
2.03 keV.

The microdosimetric characterisation of 1251 gave a.frequency mean lineal energy,
Vg of 270 keV/um for a critical target size of 20 nm and of below 2 keV/um outside this
volume. Setting yg equal to LET, the value for 20 nm site size belongs to the high LET
range.

To study the radiation action of external radiation in biological matter, the
advanced Monte-Carlo codes MOCA8 and MOCAI4 (author: H.G. Paretzke, GSF
Neuherberg) were adapted for simulating track structures of electrons (MOCAS8) and heavy
charged particles (MOCA14) in water vapour.

The results of the calculations with MOCA14 for protons and apha particles were
used to develop an analytical function to desrcibe energy deposition spectra in spherical
volumes of diameters of some nanometers up to several micrometers. The derived functions
allow for the possibilities of ion events (particles crossing the site), delta events (depostion
of energy in the target through secondary electrons created by particles passing by outside)
and for the straggling of energy depostion for the ion events. Based on the track structure
simulations, a complete set of parameters has been derived to describe energy deposition
spectra for different types of ions (from protons to oxygen ions) between 0.3 MeV/amu
and 10 MeV/amu in sites between 1 nm and 1000 nm.

The code MOCA8 was used to simulated electron tracks in water vapour. It was
applied in conncetion with the code Phoel II, which generates primary electron spectra
from interactions of photons in different materials, to calculate microdosimetric
distributions for X-rays of energies up to 300 kVp. The limitation to this energy range of
photons is due to the fact that MOCAS8 can process electrons only up to energies of
100 keV.

Biological Response Functions

The main assumption in the concept of biological response functions is that there
exists a function which relates energy deposited in the target to the probability of the
biological effect in the target. It wass not not the aim to measure directly such a function.
Results of typical radiobiological experiments are mean values which reflect an average
response of individual cells in a large population affected by different energy deposition
events. It is, however, possible to unfold this function from experiments with several
radiation modalities, covering the range of energy deposited of interest.
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An input data set used to unfolding biological response functions consists of
coefficients, «, which express initial slopes of dose-response curves, for given radiation
modalities. It also consists of microdosimetric distributions, £(y), characterising radiation
qualities and being specific for radiation modalities and size of targets. Initial slopes of
dose-response curves were collected either from literature directly or evaluated on the basis
of data taken from literature. Microdosimetric distributions were calculated for experiments
with photons and ions. These distributions and initial slopes were used to unfold biological
response functions.

The unfolding technique used was based on a discrete interval method because it is
rather independent from assumed models of biological action of radiation. After several
tests and itercomparisons performed with different unfolding programs, the code SAND-II
was modified and applied. This program was developed to unfold a set of integral
equations resulting from neutron spectrum measurements with activation foils. Particular
problems in activation foil analysis are somewhat different from those in radiobiology, e.g.
the shapes and the coverage of microdosimetric distributions are not necessarily similar to
those represented by neutron cross sections. SAND’s algorithm has, however, the advantages
that it is simple and easily to control, always gives positive solutions, is time-efficient and
can be performed on small computers.

Biological response functions (BRF) were unfolded for DNA dsb for site diameters
of 20 nm. The choice of the target diameter was somewhat arbitrary. 20 nm corresponds
approximately to the diameter of the nucleosome fiber, which seems to be the basic
structure formed by DNA throughout most of the time in the cell cycle.

Figure 3 presents unfolded biological response functions for experiments of
Christensen et al. {1972] with X-174 bacteriophages (bold line with dashed lines denoting
1 SD) and of Ritter et al. [1977] with Hamster cells (bold dashed-dotted line with dotted
lines denoting 1 SD). The quality of unfolding was tested with the x? test. For both
functions high probabilities (P=0.999 and P=0.9999) were derived. The calculated maximum
probability (cross section), o,, for &X-174 is 5.58 10°%m?, which corresponds to a
diameter of about 80 nm. The maximum cross section, o ¢» Calculated for Chinese hamster
cells was 1.38 10°®m? which is about 200 times higher than the geometrical cross section of
the mammalian cell nucleus (64 pm?). Therefore, an ion crossing the cell nucleus with
lineal energy greater than 1000 keV/pm can produce, at maximum, about 200 non-
rejoining DNA breaks in the cell nucleus. For energy deposition around 100 keV/um the
number of breaks is, on the average, about 20.

Once a BRF is available it can be used to calculate the frequency of DNA dsb after
irradiations with arbitrary radiation modalities. For these purposes the response function
R(y) for DNA breaks in Chinese hamster cells (Figure 3) was used as an universal response
function. First, the microdosimetric distributions, corresponding to radiation modalities
from different experiments, were calculated. Then, these distributions were folded with the
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Figure 3. Biological response functions for DNA dsb unfolded for the experiments of
[Christensen et al., 1972] and [Ritter et al., 1977 ].

R(y) in order to calculate the frequencies of DNA breaks. The ratio of the frequency of
DNA breaks, a,,, induced by a given radiation and the frequency of breaks for 250 kVp
X-rays, ay, is called here RBE A

Figures 4 show the correlation between the relative efficiency in producing a given
biological effect, e.g. cell killing, mutation etc., (RBE,) and the efficiency in producing
DNA breaks in these cells (RBE,y,) by the same radiations. The analysis is performed for
the set of celtular experiments of Skarsgard et al. [1967] and Cox et al. [1977a]. Lines
representing direct proportionality (at 45°) and quadratic dependence (at 63°) between the
relative efficiencies of DNA breaks and the investigated end-points are plotted to guide the
eyes. The linear or quadratic dependence of cellular effects on frequency of DNA double-
strand breaks can suggest the different basic mechanisms leading to biological effects on
cellular level.

The closest correlation between the frequency of DNA double-strand breaks and the
corresponding cellular effect can be observed for HF-19 mutations and abnormal
methaphasis in CH2B, cells. The maximum RBE,, is of about 6 what reflects the DNA
breakage data applied to unfolding. This corresponds to the well-known experimental
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et al., 1967 ] and [Cox et al., 1977a]
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Figure 5: Preliminary results of unfolding the biological response function for DNA dsb
induced in yeast cells by soft X-rays [Frankenberg et al., 1986]. Due to the lack of
microdosimetric distributions for Co-60 gamma rays, the distribution for 250 kVp X-rays
was used. The dashed lines show the 1 SD of the unfolded function.

observation, that even for very densly ionizing radiations, the RBE for production of DNA
breaks is much smalier than the RBE for most cellular end-points and for tissues, which
for some end-points for neutrons exhibit an RBE greater than 100.

It is a well documented hypothesis that DNA breaks are the primary lesions leading
to most of the biological alterations in living organisms. It should be, however, kept in
mind that these lesions only initiate a long chain of biochemical processes, leading to very
different effects in the variety of systems. Therefore it should not be surprising that the
efficiency of radiation to produce DNA double strand breaks and the efficiency to produce
a given effect are not the same, even if the primary lesion is in the DNA. Energy
deposition in the site is an important but certainly not the only factor which determinates
radiation quality. There is experimental evidence that in addition to direct action on the
DNA, an indirect action due to low-LET radiations occurs, €.g. due to the production of
long-range radicals.
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Investigating biological response in terms of energy deposited in the site does not
always give reasonable results. Figure 5 presents the unfolded BRF for DNA dsb in yeast
cells [Frankenberg et al., 1986]. Cells were irradiated with 0.3, 1.5 keV and Co-60 photons.
In this analysis, instead of microdosimetric distributions for Co-60, which are unavailable
for nanometer-size sites, the distribution for 250 kVp X-rays was used. The unfolded
function exhibits a sharp peak around 8 to 10 ionizations (20 keV/um) which corresponds
to lineal energies produced by 0.3 keV photons in 20 nm targets. The response function is
an integral probability function; with increasing energy deposited the probability of an
effect cannot decrease. Therefore, the observed sharp peak is an indication that the
published value of absorbed dose within the cell nucleus is either incorrect or does not
correctly represent absorbed dose in DNA.

Applications for radiation protection

The consequences of the observed high LET behavior of 1251 incorporated into
DNA with regard to dose limitations has been investigated. The Annual Limit on Intake
(ALI) has been recalculated according to the ICRP regulations. For a homogenious
distribution of 251 nuclides in the critical organ thyroid and on the present quality factor
of Q =20, it should not be necessary to reduce the present ALI-values of 1 MBg for
ingestion and 2 MBg for inhalation. However, in the case of a specific DNA incorporation,
e.g. by injection of 1251UdR, the ALI should be reduced to 70 kBq. Even with a quality
factor of Q = 40 for the deposited energy in the model target, the preliminary analysis
gives no indication for consequences with regard to dose limitations for ingestion or
inhalation. However, for specific DNA-incorporation, the ALI would need to be further
reduced to 30 kBq. A quality factor of 40 is suggested by the analysis of biological data
relevant for radiation protection, e.g. chromosome aberrations, mutation and malignat
transformation.

The practical aspect of investigating biological response functions for radiation
protection is to contribute to the determination of radiation quality for different radiations.
The quality functions were calculated for chromosome aberrations in human lymphocytes.
Figure 6 compares the unfolded functions (bold lines) with the quality function (ICRU-40)
recommended by a task group of the International Commission of Radiation Units and
Measurements and the proposal of Zaider and Brenner. The results show that for lineal
energies below 10 keV/um, unfolded functions cannot be determined unequivocally and the
final shape of the quality factor critically depends on e.g. different techniques of
smoothing and or initial guess functions. The present results cannot confirm the
recommendations given in the ICRU Report No. 40. This problem will be further
investigated.
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TITLE OF THE PROJECT NQ: B-16-A-232-E

LASER HEATING OF THERMOLUMINESCENT DOSEMETERS:
APPLICATION TO THE MEASUREMENT OF LOW ENERGY BETA PARTICLES

HEAD OF PROJECT:

Profesor Francisco Fernandez Moreno
Departamento de Fisica

Universidad Auténoma de Barcelona
E-08193 Bellaterra, Barcelona.

SCIENTIFIC STAFF:

Francisco Ferndndez Moreno
Alejo Vidal Quadras
Carmen Baixeras Divar

I. OBJECTIVES OF THE PROJECT:

— Reading of the thermoluminescent dosemeters by laser

heating: Application to beta dosimetry.

— Setting up of a Valladas thermoluminiscence reading
system.

- Manufacturing of our own CaSOas:Dy and dosemeters.

— Study of the response of our dogsemeters as a function
of the energy, powder grain size and layer thickness.

—~ Comparison of our results with those obtained by
other workers.



IIT. PROGRESS ACHIEVED:

1. Methodology:

The memory phenomenon in
thermoluminiscence materials, exposed to ionizing radiation,
is well know. Reading of the recorded information is carried
out by means of controlled heating, in order to register the
light emission from the dosemeter. This heating may be carried
out by several methods. In this project we are using both laser
and conventional heating, what has allowed us to do a very
complete study of the fabricated dosemeters. In this work we
have used a conventional thermoluminiscence reader, together
with a software package that has been set up for this work.

2. Results:

2.1 Presentation of the conventional reader

Figure 1.- Configuration of the reader.
a) Command unit.
b) Measuring device.
c) Irradiation system.
d) Data processing uint.
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The thermoluminiscence reader used is Valladas type
and was built in the C.R.N. of Strasbourg (France). We have
carried out a complete calibration of all thermal parameters
with the aim of optimizing the usage of the Tl reader.

2.2 Software development

In order to completely optimize the TI1
reader it has been necessary to develop two program packages.
One of them is completly designed to collect data from the TI
reader system and contains the TLGRAF and TLGROW codes. The
other one is designed for data processing and contains a
program package called PAK.

A counter (ORTEC 871) has been recently incorporated
to the reader system. This counter is controlled by the code
TLGRAF, wchich permits the counting of the emitted photons from
the dosemeter for a fixed temperature interval.

Due to the conception of this system, a great
flexibility is expected, in particular in front of a laser
heating device, less versatile as many relevant TL thermal
parameters cannot be controlled with the same efficiency than a
conventional system. It is of great interest to have both TL
reading systems for developping new beta dosemeters, as both
instruments are complementary within this project.

A first test (1) with the conventional TL reading
system has been carried out by measuring powders of CaS04:Dy,
well know in the field of dosimetry, and the results obtained
agree well with those published by others authors.

2.3 Manufacturing of our own CaSO4:Dy and dosemeters

The practical limitation in developping a
new generation of readers is the productlon of suitable and
well matched dosemeters.

We have developped a facility to produce the large
amount of CaS0s:Dy powder required in the préeparation and
optimization of the dosemeter, adapted to beta dosimetry and
radiation mapping.

We have used a method similar to the one suggested
by Yamashita (2) for the thermoluminescent material
preparation. First, a mixture of dehydrated CaS0O4:Dy with 1%
per mol doping agent (Dy=0s) is dissolved in a concentrated
solution of sulphuric acid. The destillation of this solution
produces the crystallisation of the CaS0O,. Crystals are washed
with destilled water and heated to 900°C in order to eliminate



impurities and to improve the dopant diffusion. The crystals so
obtained are crushed and sieved to select the grain size in
order to make different types of dosemeters.

In order to prepare the thermoluminescent
dosemeter, crystals of a given grain size are mixed with a
especial resin. The mixture is deposited over a base of
different materials and dryed by annealing at 250°C during 1
hour.

Using this procedure we have obtained,
thermoluminescent dosemeters with the following
charecteristics: ;

Base thickness: 50 um kapton; 250 um stainless steel.
Layer thickness: 50 um to 250 um.
Detector size: 7 mm diameter discs. (20x20) cm® plates.

Our activity is first devoted to the test of
irradiated dosemeters using a conventional reader. Future work
will include laser reading of dosemeters.

2.4 Response of our dosemeters

Conventional dosemeters have been unable to fulfill
the requirements for beta dosimetyry, so it is important to
fully characterize our dosemeters. In this section we discuss
the resuls obtained with our dosemeters regarding to their
homogeneity and reproductivity.

Homogeneity

Various TL dosemeters developped for low
penetrating radiation have been tested. Figure 2 shows the
homogeneity of dosemeters ( 40 um < grain sise < 50 um )
irradiated to 0.4 cGy with a ®°Sr/®°Y source. Observed
fluctuations lie between 3% and 7%, in good agreement with
values obtained for the same dosemeters with a laser reader
(3).
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Figure 2.- Homogeneity test of TL dosemeter (40pm < grain size < 50um)
irradiated to 0.4 cGy with a %°Sr/%°Y source.
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In Figure 3 we present the reproductivity
results obtained for three different thermal processes and for
a set of seven dosemeters having grain size between 40 um and
50 um. For increasing grain size, it is easier for the detector
grains to grow 1loose, specially for temperatures higher than
500°C. This fact is a limitation to the thermal process that
can be used and suggest a change in the preparation method for
dosemeters with grain size bigger than 100 um. The resuls show
a total variation of 3%
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Figure 3.- Reproductivity test of TL dosemeter (40um < grain size < 50um) for
three thermal processes:

Thermal process I : 1 hour at 350°C + 3.30 hours at 400°C

Thermal process II : 1 hour at 350°C + 7 hours at 400°C

Thermal process III : 1 hour at 350°C + 13.30 hours at 400°C
irradiated to 0.4 cGy with a %0Sr/%0Y.

E i i {t] . .

The tests are conducted on various
dosemeters using different grain sizes: 40-50 um, 70-100 um,
100-125 um, 125-160 um and 160-200 um. In our measurements, we
have used the same irradiation level (0.2 cGy) for the three
conventional sorces: ®°Sr/®°Y, ®°4T]1 and *4”Pm. The results
were in good agreement with those obtained with different beta
gource. The sensitivity is the usual parameter to measure the
quality of the detector in beta dosimetry. For a given
dosemeter and dose, the sensitivity, S, is the ratio of the TL
signal to the mass. A good detector should present a flat
response as the energy changes from 100 KeV to 10 MeV. The
variation of the sensitivity with the energy of the beta
radiation is representative of the efficiency of the dosemeter.
In general, considering the usually available sources, one
takes the ratio Sem/Sa~-v as a measure of the quality of the
beta response of a given dosemeter.

The sensitivity is presented in Figure 4. As expected,
the sensitivity increases with the beta energy. The grain size
dependence is only related to the dosemeter composition.
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Figure 4.- Sensitivity vs. grain size ( 1: 40-50 pm, 2: 70-100 gm, 3: 100-125 pm,
4: 125-160 g, 5: 160-200 pm) for TL dosemeter irradiated to 0.2 cGy with %0Sr/9%0Y,
204T] and 47Pm sources.

The same kind of results have been obtained
elgewhere with laser reading. Our experiments show a Sem/Sar—v
ratio in the range of 25 to 45 percent. Typical pellets
dosemeters present sensitivity ratios Sem/Se-—-v Dbelow 10
percent (4).

Regarding the sensitivity, the use of a thin
dosemeter approaches the ideal case. Nevertheless, the TL
signal 1loss associated to the loss of mass cannot be
disregarded. Furthermore, extracting the light of very thin
crystals leads to 1loss of efficiency. These remarks may
contribute to explain the behaviour of the sensitivity as the
grain size and preparation change.

E i 3 ith ti 1 thicl
The tests are carried out using dosemeters
made of different layer thicknesses of a 40~50 um grain size
powder. A dose level of 0.1 cGy was obtained by irradiation

with ®°8r/?°Y, 2°4T] and *“7Pm at C.E.A. in Fontenay—aux—Roses.
The results are presented in Table I.



TABLE 1

layer Ratio Ratio
thickness 147 Pm/®° (Sr+Y) 147 Pm/?° (Sr+Y)
Laser reader Conventional reader
J
50 um 0.50 0.43
100 um 0.38 0.40
150 um 0.30 0.40
200 um 0.27 0.45

The main value of the sensitivity for the
conventional reader is of 0.42 # 0.03. This is, not
unexpectelly, is shown to be independent of the larger
thickness, as our reader integrates the signal. However, the
observed laser reader sensitivity diminishes significantly with
layer thickness, due posgsibly to the different heating system
used.

3. Discussion:

Before this study was started, the Centre
d'Electronique de Montpellier achieved a unique experience in
Eorope mastering laser heating for thermoluminescent
dosemeters. As it was previously mentioned, some aspects of
this technique should be solved in order to develop the
procedure. In particular, developpment of adapted dosemeters
and control of laser heating.

A remarkable progress was achieved in laser heating
control during this study. Present conditions allow us to read
plates as large as 20x20 cm®. Calcium sulphate powder was used
in order to gain experience and as a starting point to develope
future materials in particular tissue equivalent. It should be
emphasized the contribution of Montpellier in the preparation
of powders and dosemeters.



The preparation of a large amounts of thin
dosemeters is now well controlled in our laboratory. In the
present configuration CaSOa:Dy (grain size between 50 and 200
um) is layed on a base (50 to 250 um ), tipically of kapton or
stainless steel. The sample size ranges from l cm® up to
(20x20) e .

The homogeneity, as well as the reproductivity, from
sample to sample is in the range of 5% Regarding the
sensitivity, our experiment shows a Sem/Ss.--v ratio as good as
45%, close to the best ever reported for plain TL materials.

Using the same technique, a batch of LiF (TLD 100)
and LizBa0O,:Mn (TLD 800) dosemeters have been made and tested.
Mean quality of those dosemeters did not gave us an improvement
of previous results. This situation should improve as much as
effort will be given to this subject.
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Title of the project no.:

Development of high sensitivity spectrometric alpha emitter detector for
use in monitoring of environment and radio protection.

Head(s) of project:
Prof. C. Franconi - Dipartimento di medicina Interna - II Universita degli
Studi di Roma - Via O. Raimondo - 00173 Roma - Tel.(06)6131170.

Scientific staff:

Dr. A. Magrini, Dr. G. Izzo, Prof. K.V. Ettinger, Dr. M. Guerrisi, Dr. E.
M. Staderini.

I. Obijectives of the project:

Design, development and evaluation of a high sensitivity alpha particle de-
tector, suitable both for the monitoring of presence of alpha emitters in
the air as well as those deposited on the filter paper. the design of the
instrument, based on the principle of multiwire an assay of a continuous
carrier strip.

1l. Objectives for the reporting period:

The main objective was establishment of the overall concept of the alpha
emitter spectrometric detector. The particular objectives were: 1. Design
of the structure of multiwire proportional counter based on the analysis
of electric fields inside the structure.

2. Design and construction of the low noise preamplifier protected from
damage by overloads, sparks and other discharges, inherent in the planned
use of the device.

3. Design of the vacuum system as well as the gas filling line.
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{ll. Progress achieved:
The key element in the project is the multiwire proportional counter itself.

Selection of the design and its optimization were the first tasks in the
project.

The efficiency of charge collection in counters of this type depends on the
intensity of an electric field at the periphery i.e. in the vicinity of the
cathode wires. In the multianode systems there are also 'dedd spaces" and
their location and extent were checked for each considered design in order
to minimize their effect on the operation of the counter.

The effect of low or gver null field intensity volumes leads to an effecti-
ve counting volume that is smaller than the geometrical volume and has some
effect on the resolution. On the other hand the uniformity of gas multipli-
cation depends upon the electric field close to the anode wire.

Two methods were applied to the design of electric fields in the counter.
The first method was based on conformal transformations and yelded approxi-
mate values of field and potential lines in a periodic structure of infini-
te length. this method was implemented by means of a general mapping pro-=
gram, written in FORTRAN and permitted a quick evaluation of the proposed
structures. the information from the conformal mapping did not provide, ho-
wever means for evaluating the effects of finiteness of the counter struc-
ture. For practical reasons the ratio of anode wire spacing to their length
for the considered designs was of an order of 8 - 10 and the ratio of len-
gth to width of the whole counter was in the range of 2 - 3. With such geo-
metry the resulting field distributions and shapes of equipotential surfa-
ces obtained by conformal mapping were considered approximate.

The more accurate, but also more costly in terms of computing effort were
field and potential distributions evaluated by means of a finite elements
program, following the method of Waligorski ("Design of Finite Multiwire
Proportional Counter" Report of the Inst.Nucl.Phys., Cracow 1979).

The chosen design of the counter is so called plane parallel structure in-
side a rectengular metallic box. The space inside the counter is divided
into the drift space and collection space. The collection space is delinea-
ted by the cathode wires. The sample deposited on a filter paper is placed
in a volume between the walls of the counter and the collection space and
thus the operation of the counter should not be affected by the presence of
a dielectric. The field distributions were calculated for a 2, 3, 4 and 5
anode wire systems.

The second part of the program for the first year of project was the selec-
tion of the most satisfying electronic circuit for the -amplification, inte-
gration and discrimination of signals from the proportional counter. A num-
ber of commercially available microcircuits were evaluated and so far the
most suitable is RL-724 charge sensitive preamplifier manufactured by REL-
LABS Inc. in Hicksville NY. The circuit is made using hybrid technology and
is provided with an integral input protection. It has a very low equivalent
noise of about 300 eV and is suitable for source capacitences of up to 100
pF. The integral linearity of the device is better than 0,05%, which is mo-
re than adequate for beta and alpha spectroscopy in a broad range of ener-
gies. The individual anodes of the proportional counter will be joined to-
gether (about 18 pF each) so that a single hybrid amplifier suffices for -
all of them. It is hoped that all the anode wires can be connected in pa--~-
rallel, by virtue of contiguos segments being used, taken from the same ma-
nufacturer's spool.

The preamplifier is located on a printed circuit board inside the propor-
tional counter box. The same board supports the set of anopde wires. It was
decided, that the discriminating and shaping electronics will utilize NIM
modules. It is likely that at a later stage these modules will be replaced
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by custom designed circuits, once their requirements are experimentally
found.

During the reporting period the vacuum and gas filling systems were assem-
bled, with manual controls at this stage, in anticipation of the testing
of the designs for the counter.

It was not possible to proceed with the full testing of the input protec-
tion devices for the preamplifier, because realistic tests of this type re-
quire an assembled and working system. However, the manufacturer's data
and the estimates of maximum voltages as well as maximum charges releaséd
accidentally, indicate that the chosen preamplifier should operate relia-’
bly even if the connecting cables are discharged accidentally through the
input.

IV. Obijectives for the next reporting period:

In the- second '‘part of the project the chamber will be- assembled with all
the parts of the proportional multiwire counter and connected to the pum-
ping as well as the gas filling system. The operation of the chamber will
be tested with samples of U, Th and Am deposited on filter paper. Atten-
tion will be paid to optimize both the sensitivity and resolution. In ad-
dition to argon-methane mixtures argon alone will be tried as the counting
gas. Software for spectrum analysis, setting up and isotope identification
will be written and tested.

V. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:

VI. Publications:
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Title of the project no.: 1
Production of skull and chest phantoms suitable for the calibration of

detectors for the measurement of 241Am; %1%} and °%Sr in bone.

H . ject:
ead(s)-of project: F A Fry

Scientific staff:

M R Bailey, A Birchall, N J Dodd, M D Dorrian, G Etherington, N Green,
J D Harrison, J R H Smith

I.  Obijectives of the project:
The objective of this project is to provide phantoms which can be used
to calibrate detectors for in vivo measurement of low-energy

photon-emitting radionuclides in bone.

1. Obijectives for the reporting period:

To obtain information on the initial skeletal distribution of
bone-surface seeking radionuclides in man, from measurements on subjects
injected with ®8Y and 239Np.

To obtain phantoms suitable for the calibration of detectors used for

in-vivo measurement of low-energy photon-emitting radionuclides in bone.
To improve methods of assessing intakes and body content of bone-seeking

radionuclides, by developing an improved model of plutonium biokinetics
for assessing systemic uptake of plutonium from excretion measurements.
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ill. Progress achieved:
1. Methodology

(i) Measurements of the distribution of bone-seeking radionuclides

Opportunities to measure the initial distribution of bone-seeking
radionuclides in man arose from the administration of 2°Y (tk 107 d) and
239Np (tk 2.4 d) to volunteers in studies of radionuclide biokinetics
conducted at NRPB. Both radionuclides were administered by intravenous
injection of 0.5 ml of 0.9% sodium chloride solution to which the

radionuclide had been added as the citrate at pH 7.

Longitudinal scans of the body, and measurements of whole body,
head, liver and bladder activity were carried out using 150 mm diameter
cylindrical NaI(Tl) detectors in the NRPB low-background enclosure.
Scans were made using a vertical ring of four detectors centred on the
subject, who lay on a sliding bed. The detectors were fitted with
side-shields and 40 mm x 150 mm slit collimators to reduce interference
from activity elsewhere in the body. Measurements were made at 9
positions, 200 mm apart. For position 1 the centre of the detector ring
wvas aligned with the centre of the head, 110 mm from the crown. Whole
body activity was measured using five detectors positioned above and
below the subject to give uniform response. Activity in the head was
measured using a ring of four detectors fitted with side-shields. Liver
and bladder activity were each measured with a single collimated
detector.

Two subjects were injected with 4 kBq 88y, ‘Longitudinal scans of
subject A were made at 2 hours, 22 days and 84 days after injection. As
redistribution of the activity in the body occurred predominately
between the first two measurements, scans of subject B were performed at
5, 25 and 49 hours, and at 4, 7, 9, 15, 24, 29, 53 and 178 days. Two
phantoms were constructed for calibration. Each consisted of 10
polythene containers, filled with 88y solution, which when assembled
gave dimensions approximating to those of ICRP Reference Man. For one
the activity was partitioned according to bone volume and for the other
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according to bone surface-area. The latter was calculated from the work
of Durbin and Schmidt (Health Phys. 49:623-661, 1985), who estimated the
initial distribution of americium in the human skeleton from
concentrations measured in the bones of Cynomolgous monkeys killed soon
after injection with 241Am, combined with the mass distribution of human
skeletons.

Subjects C and D were injected with 4 kBq and 2.5 kBq 239y

P
respectively. Scans were made on subject C at 1 and 3 days after
injection, and on subject D at 1 day. A scan vas made of a 239Np
phantom in which activity was distributed according to bone

surface-area.

These initial distributions of activity in bone were compared with
the distribution found from the post-autopsy measurements of United
States Transuranic Registry (USTR) case 102 (H.E.Palmer et al. Health
Phys. 49:577-586, 1985), who is thought to have incurred most of his
intake of 2%lam through a wound 25 years before death. A scan of the
skeleton had been performed using collimated dual-phosphor detectors.
Only measurements at 200 mm intervals starting at 100 mm from the crown
of the head (corresponding to position 1) were used here.

(ii) Bone phantoms

Phantoms of the head, knee and elbow were identified as being most
useful for calibratinz measurements of total skeletal activity. As the
skull contains a larg: mass of bone which is almost independent of body
size, is remote from uther organs containing activity, and has little
overlying tissue to attenuate photons, it is in most cases the best
measurement site. For each radionuclide a matched pair of head phantoms
is required, one with all exterior surfaces of the skull labelled and
the other with interior surfaces labelled. Calibrations can then take
account of variations in skull thickness and distribution of activity
within the skull. Estimates of total skeletal activity can be improved
by measurement of more than one region, and a particular site may be
excluded by the presence of a contaminated wound. The knee and elbow

are suitable, although both contain a much smaller bone mass than the
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skull, and the fraction of skeletal activity in the knee is subject to
variation due to bone remodelling. Thorax phantoms are required in
addition, in order to make allovance for activity in the bones of the
chest when measuring activity in the lungs and liver.

Enquiries established that there was considerable interest at
several other UK institutions (AWE Aldermaston, BNFL Sellafield, and the
UKAEA establishments at Dounreay, Winfrith and Harwell) in having a full

set of 2%!

Am-labelled bone phantoms permanently available. Since such
phantoms are only needed intermittently at any one facility, it was
agreed that a joint purchase be made from New York University Medical
Center (NYU), of a set of two skull phantoms, one thorax, one arm and
one leg. Extensive discussions, co-ordinated by NRPB, were held to

agree arrangements for sharing its use, and the following specification:

(a) An average chest wall thickness of 30 mm for the thorax
phantom.

(b) An activity distribution within each phantom similar to that of

24lan phantoms, and that found in USTR 241am total
body autopsy cases.

(c) Activities (skull 5 kBq (each), thorax 10 kBq, leg 2.3 kBq, arm
0.75 kBq) chosen to give adequate count rates while avoiding

previous

dead-time problems. Fabrication techniques do not permit the
activities of the arm and leg phantoms to be selected precisely
in advance, although they are known afterwards. The relative
activities of the different components of the phantom
approximately conform to the expected distribution of activity
in a subject.

The NRPB will be custodian of the **'Am phantom. It has
independently ordered a pair of 21%ph_labelled skulls. All the phantoms
have now been constructed and delivery is expected in February 1990.

(iii) Biokinetic model for plutonium

Because of the low yields and energies of photons emitted in the
decay of plutonium isotopes, they cannot be measured directly in the
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human body at levels corresponding to annual limits on intake.
Evaluation of intakes may have. to rely on air sampling or excreta
monitoring or on a combination of techniques. A major problem with
interpreting excreta measurements is the lack of a satisfactory
biokinetic model. Models developed for calculating doses from intakes
do not represent excretion sufficiently accurately, while mechanistic
models which do so are too complicated for routine practical use.

Existing models and relevant information on plutonium biokinetics in
man were reviewed. A model (Figure 1) was developed that is simple, but
soundly based biologically, and which adequately represents the
retention in body tissues and urinary and faecal excretion rates of
plutonium following systemic uptake in man. All compartments are linked
by first order kinetics. The parameters of the bone compartments were
obtained by reducing a complex metabolic model of bone surface-seeking
radionuclides to a simpler yet mathematically equivalent system. The
remaining parameters vere derived from observed urine and faecal rates
of plutonium measured in man in the study conducted by Langham. The
model’s predictions of the organ distribution of plutonium were shown to
be consistent with recent measurements of activity in organs of deceased
plutonium workers made by the USTR.

2. Results

To compare results of the longitudinal scans, normalised net count

rates, D,, were calculated:

i
D, =C, x100 / LC,

i

vhere C, is the net count measured at position i. The distribution of
8%y changed steadily over the first four days, after which it remained
approximately constant, reflecting uptake to bone from body fluids. The
only organ other than the skeleton that still contained a significant
fraction (5% - 11%) of whole body activity was the liver. The
calculated contribution from activity in the liver was subtracted from
longitudinal scans made after four days, to give the expected response
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BONE | — ¢ — — ENDOTHELIAL
< CELLS (REC)
0.001
+ 0.000281 BLOOD TXhr
Fhep |HEPATOCYTES
MARROW -+ [ — - (HEP)
0.0284
T*bu Kbt T¥nt
- URINE FAECES
Parameter Description Rate(d™1) or| Half Tife
fraction (d)
Fhone initial fraction to bone 23% —_—
Frec initial fraction to REC 12% -—_—
Fhep initial fraction to HEP 11% -_—
Ft1 initial fraction to tissue 1 25% _—
Ft2 initial fraction to tissue 2 29% —
Kbu blood to urine 0.0242 28.6
Kp blood to faeces 0.000951 729
Khf HEP (liver) to faeces 0.0339 20.4
Khye HEP (liver) to REC (liver) 0.291 2.39
Ki1p tissue 1 to blood 0.138 5.01
Ki2p tissue 2 to blood 0.0228 30.4

Figure 1: Biokinetic model for plutonium in man
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to the activity in bone. The average of the results so obtained for
subject B is shown in Figure 2. There is quite good agreement with the
scan of the phantom containing activity partitioned according to the
estimated bone-surface distribution; much better than the bone-volume
distribution.

Relatively limited information on the redistribution of 239

Np was
obtained, because of its short half-life, but it suggested a similar
pattern of behaviour to that of 88y, Activity in soft tissues may
contribute significantly to the 239Np scans (Figures 3 and 4), as they
were made within a fev days of injection. As for %Y, there is
reasonable agreement with scans of the bone-surface distribution phantom
(Figure 3), which improves as contributions from activity in soft tissue

are reduced (Figure 4).

In comparison, the scan of USTR case 102 is much closer to that of
the bone volume distribution phantom (Figure 5). Activity is noticeably
high at the leg joints, evidence of its redistribution by bone
remodelling, enhanced by vigorous exercise. The activity in the upper
thorax is low in comparison to other USTR cases and it has been
suggested that may be a result of a malignant melanoma that the subject
suffered on his back (T.P Lynch et al., J. Radiol. Prot. 8:67-76, 1988).

The %%y activity in the head was estimated to be 17.0% and 18.5% of
239y,
this fraction was somewhat higher, being 26% and 28% for subjects C and

the whole body activity for subjects A and B respectively. For

D respectively. These results are in reasonable agreement with that
expected on the basis of bone surface-area distribution (17%).

3. Discussion

Comparison of longitudinal scans of subjects intravenohsly injected
with ®%Y or 239Np, with those of the phantoms confirmed that the initial
uptake by the skeleton was broadly consistent with the estimated bone
surface-area distribution. It is planned to deconvolute the
longitudinal scans using the spatial response of the detection system to

give a better estimate of the actual distribution of activity in each
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subject. Comparison with USTR case 102 suggests that in time bone
remodelling will result in an activity distribution which is closer to
the bone volume distribution. This redistribution may be affected by
the pattern of intake, physical exercise and medical history of the
subject. Differences between the scans of the subjects and phantoms
were greatest in the region of the head, neck and upper thorax. This
vas attributed to the dimensions of the phantom being only approximately
anthropomorphic in this region, and to the use of a large thorax
component containing uniformly distributed activity. Such discrepancies
illustrate the need for truly anthropomorphic phantoms for bone-seeking

radionuclides.

To meet the aims of this project, it was originally intended that
the NRPB should itself construct realistic bone phantoms for calibrating
241,y 2105 and
%%sr. However, recent legislation in India and the United Kingdom has

measurements of low-energy photon emitters such as

severely decreased the availability of human bones, and no source of
good quality specimens dimensionally close to the European norm could be
found. The possibility of purchasing bone phantoms from New York
University Medical Center (NYU) arose, for the first time, early in

1989. NYU has considerable experience of manufacturing bone phantoms,

241

having previously constructed Am phantoms of the thorax, skull and

limbs, as well as skull phantoms labelled with a range of radionuclides.

Calibration of its %!

241

*Am phantoms has been verified by post-mortem
analysis of Am activity in a human skeleton obtained through the
USTR. Purchasing from NYU was considered preferable to independent
manufacture, since it would not only overcome the problems in obtaining
suitable material, but would also provide a greater degree of
standardisation with phantoms in use in the United States. As the
phantoms could be used to measure cases varying from an acute, recent
intake to a chronic, historic intake it was considered more important
that the distribution and calibration of activities in the phantoms
should be well documented, than that they exactly match the distribution

found in any specific case.
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Other research group(s) collaborating actively on this project [name(s) and
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G Etherington, M R Bailey, M-D Dorrian and A Hodgson (1989) A study
of the biokinetics of intravenously administered yttrium-88 in man.
Radiation Protection - Theory and Practice. Proc. 4th Int. Symp. of
the Society for Radiological Protection, Malvern, 4-9 June 1989,
(IOP, Bristol) 445-448.

G Etherington, M R Bailey, M-D Dorrian and A Hodgson (1989) The
biokinetics of intravenously administered yttrium-88 in man.
Radiological Protection Bulletin No 105 September 1989 pp. 16-19.

A Birchall (1989) Uncertainty in bioassay determination of plutonium
intakes. NRPB Memorandum M-207 (in press).
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Title of the project no.:

DEVELOPMENT OF AN UNIVERSAL PERSONAL DOSIMETER USING SEMICONDUCTOR
SENSORS FOR MIXED RADIATION FIELDS.

Head(s) of project:

Dr. C. FURETTA, Dept. of Physics, Group FIME
Rome University "La Sapienza"
P.le A. Moro, 2 - D-00185 ROMA

Scientific staff: Prof. C. Bacci, Dr. C. Furetta .and Prof. B. Rispoli
Dept. of Physics, Rome University "lLa Sapienza"

I.  Objectives of the project:

The objective of the project is to develop a pocket sized personal
dosimeter using semiconductor materials. This dosimeter will be able to
give a reading as close as possible to the dose equivalence in radiation
fields existing around reactors, accelerators, X-ray , etc.
Furthermore, the pocket dosimeter will give a flat energy response accord-
ing to the most recent ICRP recommendations.

1. Obijectives for the reporting period:

The program consisted of measuring the response of a certain number
of Si-detectors received from Dr. Siffert in Strasbourg. They were expos
ed to different types of photons from radioactive sources like-Awv-241,
Cs-137 and Co-60 as well as from heavily filtered X-rays.
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HI. Progress achieved:

METHODOLOGY

Nine Si-detectors (surface barrier type) have been tested zith different
types of photons and heavily filtered X-rays. The specifications of the de
tectors are given in Table 1.

The procedure for all photon measurements in the calibration laboratory
where the following:

2. Mount detector directly to front end of preamplifier using BNC-DNC or
BNC-SMA adaptor. .

b. Irradiation were made in the collimated beams of Americium, Cesium,
Cobalt and also with X-rays from Stabilipan. Different intensities were
obtained by changing distance for the sources and tube current for the
X-ray machine.

¢. Using ORTEC scaler/timer system count for at least 5 sampling periods
of 1,10 or 100 seconds at each distance. Calculate mean countrate ard
standard deviation. Count background for at least 3 periods of 100 se-
conds.

This procedure was followed closely during all measurements.

The amplifier system used for the photon measurements consisted in a
NIM pre-amplifier located close to the detector in the irradiation room.
It was connected via 20 m coax cable to a main amplifier with RC-shaping
placed in the control room. The preamplifier was a M124 ORTEC or a NB-21
from Harshaw.

The following blcck diagram shows the amplifier system with a setup for
electronic calibration{=«cr,4).

It was foreseen to expose each detector in radiation field of Am-241 (60
KeV), Cs-137 (662 KeV) and Co-60 (1.25 MeV).

The detectors and preamplifier assembly were mounted on a special sup-
port in the calibration bench and alligned with a laser beam.

The detectors were exposed without any build-up material in front of the
windows and also without phantoms. Exposures were made at a number of di-
stances etween 0.5 and 3 meters.

The same calibration bench was also used for exposure of the detectors
to X-rays. All X-ray irradiations were made with the detector in the refe-
rence distance, which is at a distance of 2.718 m from the target centre.

RESULTS

At first a detailed test of a large area Si-detector (4173) both in the
protection level calibration system (low levels) and in the calibration
bench has been done.

The results are given in tables 2 and 3 as an example of the measurements
carried out on all detectors (see enclosed reprint RP-CD/89-02).

The efficiency of each detector has been plotted as a function of energy.
Fig. 2 shows the results.
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Table 1. Characteristics of Solid State Detectors calibrated with X- and Gamma-Radiation.

Ref. Serial Type Area Thickness Resistivity Bias Resolution

No. No. (om?) (um) (ohmcm) (v) (rev)
sl 4173 Si - AB 500 100 1000 +45 50
s2 1179 $i - AB 500 100 1000 +45 50
S3 4180 Si - AB 500 100 1000 +45 50
sS4 4344 Si - THM 500 ? 300 9000 +45

3y 1) - AM 50 150 ) 13
S6 2(1) 51 - AM 50 1500 +45 21
S7 3(1) Si - AM 50 2090 +49 11.6
s8 4(6) Si - AM 50 3000 +45 14
s9 5(4) i - AM 50 7000 +45 18



Table 2
PHOTON CALIBRATION OF SOLID STATE DJETECTORS AT CERN.

Detector: STRASBOURG DETECTOR NO. 4173 NO. Si1
Preamplifier: NB-21 Amp. Gain (coarse): 16

Bias Voltage: +435V Discriminator (E): 3.0
Date: 310889 Resolving Time (uS): 2.5

Exposure in collimated beams and cal. system:

Source Dist. Doserate Mean Countrate Effeciency
No. (m) (uSv/h) Brutto (CPS) (cts/usSv)
AM-2619 0.5 1252 71.2 2.8 205

1.0 312 8.92 1.2 114 104

1.5 138 3.53 0.12 92

2.0 77.6 2.22 0.32 103

2.5 49.5 1.46 0.5 106
CS-2045 1.0 111284 80436 3257

1.5 48434 40003 3237 3249

2.0 27730 23508 3235 15

2.5 17775 15500 3266
Cc0-1665 1.0 26758 18020 2538

1.5 11862 7754 2400 2474

2.0 6655 4470 2445

2.5 4249 2945 2513
C0-151 0.887 300 354.1 7.8 4253

1.132 200 230.4 4.3 4149

1.732 100 112.4 1.8 4048

1.976 80 85.9 3.0 3865 3833

2.589 50 49.3 2.7 35851 329

3.449 30 29.3 1.8 3511

4.315 20 19.2 1.4 3456
CS-2621 0.77 1500 1491.1 8.7 3592

1.084 1000 972.0 9.4 3508 3432

1.801 500 467 .8 4.2 3372 149

. 2.525 300 271.1 5.8 3255

CS-631 0.885 300 284.5 7.5 3417

1.421 200 184.7 1.5 3327 3182

2.420 100 87.2 4.8 3140 184

3.872 50 41.9 2.8 3020

5.360 30 25.1 1.6 3007
CS-477 1.155 30 27.6 0.9 3317 3190

2.972 10 8.3 1.0 2989 168

4.832 5 4.5 0.4 3254
RA-168 0.807 500 465.4 3355

1.174 300 270.3 3246 3213

1.442 200 177.86 3198 111

2.052 100 838.4 3219

2.926 50 42.3 3046
RA-44 1.280 S0 43.12 3105

1.658 30 25.9 3096 3012

2.039 20 17.21 3076 111

2.807 10 8.16 2894

4.160 S 4.13 23887
AM-521 U.866 10 0.38 g4 94

1.230 5 0.25 g93.6 1
NONE BG 0.122 0.01=



Table 3

PHOTON CALIBRATION
STRASBOURG SI-DETECTOR 5 CM2
Preamplifier: NB-21
Bias Voltage: +45V

Detector:

Date:

110885

OF SOLID STATE

NO. 4173

Amp. Gain (coarse):
Discriminator (E):
Resolving Time (uS): 2.5

Exposure in collimated beams:

Mean Countrate

DETECTORS AT CERN.

64
1.40

ency
uSv)

Effeciency

(cts/ulSv)

C0-60
1250

Source Dist. Doserate Effeci
No. (m) (uSv/h) Brutto (CPS) (cts/
AM-2619 0.5 1252 108 2 311
1.0 312 18.1 1.8 209
1.5 138 7.6 1.3 198
2.0 77.6 3.6 0.5 167
2.5 49.5 2.2 0.4 160
2.95 35.4 1.7 0.3 173
CS-2045 1.0 111210 85279 288 3509
1.5 438397 41866 121 3408
2.0 277869 24827 155 3432
2.5 17761 16174 180 3416
2.95 12749 11742 131 34186
Cc0-16685 1.0 26642 18849 117 2673
1.5 11811 8281 51 2577
2.0 68627 4746 33 2609
2.5 4230 3160 17 2711
2.95 3031 2339 11 2794
None - BG 0.2 0.08 -
Exposure to X~-rays at 2.718 m distance.
Spectrum I(Tube) Mon. Doserate Mean Countrate
(mA) (v) (uSv/h) (CPS)
A100 4 0.40 840 179 4
10 0.87 1827 319 ]
20 2.10 4410 735 17
A200 4 1.55 3255 1110 14
10 2.92 6132 2205 19
20 5.80 12180 4131 35
Remarks: Nonlinearity at short distances from AM-2619 might
be due to influence of noise or pile-up.
Source: AM-241 A-100 A-200 CS-137
E(keV): 60 89 161 662
Mean Eff: 167 666 1256 3436
Std.Dev 7 89 a0 42

Unit: cts/uSv (Photon Dose Equivalent;.
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A number of measurements were also made with alpha-sources. It was es-
sentially tests of FWHM made with an Am-241 alpha source in vacuum and mea-
surements leakage current as function of bias voltage. The results from
this are presented in Fig.3.

DISCUSSION

The photon energy response curves from a pead starting point for a di-
scussion. One can observe that the curves have a shape approximately as ex-
pected for Silicium with higher sensitivities for the lower energies, where
photoelectron absorption is dominant. Moreover, the detector noise is very
low.
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IV. Objectives for the next reporting period:

To optimalize the detectors in both structure and size.

To study the response to thermal and fast neutrons.

To study the detectors behaviour in various environmental conditions
(R.H. from 40% to 95%; temperatures from 20°C to 60°C).

V. Other research group(s) collaborating actively on this project [name(s) and
address(es)]: .

DENMARK: Institute of Physics University Aarhus;

FRANCE: Centre National de la Recherche Scientifique, Service Central de
Securité, Centre de Recherches Nucleaires, Strasbourg;

GERMANY: Physikalisch Technische Bundesanstalt, Braunschweig;

CERN: European Organization for .Nuclear Research, Geneva.

VI. Publications:

R.C. Raffnsoe, C. Furetta, C. Bacci - Photon sensitivity of solid state
detectors - RP-CD/89-02, Calibration Report.
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I. Objectives of the project:

Application A la dosimétrie béta du chauffage de
dosimetres thermoluminescents par laser.

It. Objectives for the reporting period:

Lecture des dosimeétres thermoluminescents par chauffage laser:
Application A la dosimétrie fB:

* Utilisation du CaSO4: Dy comme matériau thermoluminescent;
* Réalisation des dosimétres trés fins;

* Lecture et amélioration;

* Positionnement des résultats par rapport aux autres équipes.




lIl. Progress achieved:

1. Methodology

La thermoluminescence est l'une des méthodes physiques des plus
employées en dosimétrie des rayonnements ionisants et l'on cherche
constamment & en améliorer les performances en particulier par
l'introduction de nouveaux procédés de chauffage. . L'utilisation d'un laser
nous permet aujourd’hui de faire progresser la méthode de fagon décisive,
non seulement en améliorant l'efficacité des lectures, mais aussi le temps de
lecture qui est réduit d'un facteur 1000 environ, cette technique ouvre un
nouveau champ d'applications en cartographie de dose par thermolumines-
cence. Nous savons que l'intensité lumineuse est d'autant plus élevée que la
vitesse de chauffage est plus grande.

La réduction des temps de lecture est considérable, il se situe aux
alentours de 10 ms. La technique laser, du fait de sa spécificité introduit de
nouvelles contraintes par rapport a un chauffage conventionnel. Sa rapidité
nécessite la mise au point de dosimétres adaptés, ils doivent é&tre
suffisamment fins afin de permettre un chauffage rapide ne permettant pas
I'installation d'un gradient de température important dont la présence serait
préjudiciable 4 la qualité de la lecture de doses. Nous avons mis au point des
capteurs particuli¢rement bien adaptés a notre mode de chauffage, ils sont,
du fait de leur faible épaisseur, particuli¢rement intéressants en dosimétrie
des radiations faiblement pénétrantes.

2. Résultats.

2.1 Préparation des matériaux: Nos besoins en poudres thermolumines-

centes adaptées a la réalisation de dosimétres performants chauffés par laser
nous ont conduit 2 préparer du sulfate de Calcium:

* Ce matériau peut €tre préparé facilement au laboratoire, ce qui permet un
approvisionnement abondant de poudres de qualité. Ceci a facilité la mise au
point des dosimétres individuels et des plaques de grandes tailles dédiées 2 la
cartographie de doses.

* Sa sensibilité est remarquable.

* Son absorption importante 3 10 pm permet un chauffage par laser CO2

efficace.

Pour la préparation des poudres, nous utilisons une méthode similaire a celle
proposée par Yamashita, cettc opération comporte quatre étapes:

- En premier lieu, on mélange du CaSO4:2H20 avec le dopant (le plus
souvent sous forme d'oxyde) dans de 1'acide sulfurique concentré.

- On procéde ensuite a4 un chauffage qui assure la dissolution du sulfate
puis la distillation, d'abord de l'eau, puis de l'acide conduisant 4 la formation
de cristaux de sulfate.

- Ensuite on effectue un lavage 3 l'eau distillée, suivi d'un recuit au
voisinage de 900°C pendant une heure environ ce qui permet d'éliminer les
impuretés et de diffuser le dopant.

- Enfin, interviennent toutes les opérations de broyage et de tamisage.

Nous avons utilisé deux sulfates d'origines différentes (Merck et Prolabo
pour analyses). Les poudres obtenues 2 partir de ces deux produits ne
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présentent pas au niveau de la thermoluminescence de différences notables
ceci est vrai au niveau du fading, de la reproductibilité ainsi que de la
sensibilit€. Pour ce qui est des autres matériaux, LiF.. utilisés pour Ila
réalisation de dosimétres, ils ont été achetés dans le commerce.

2.2 Technique de fabrication des dosimétres: Aprés avoir testé plusieurs
méthodes dép6t, par décantation, par couchage, et par inclusion dans du PTFE
(teflon) par exemple, nous avons retenu la méthode de couchage  par
sérigraphie, elle nous a permis d'obtenir les meilleurs résultats sur des
supports de verre ou de kapton.

Nous utilisons les supports de Kapton, ils sont légers et pratiques
d'emploi. Leur tenue en température est excellente malgré une absorption
trés importante au voisinage de 10,6 pm ( 230 cm-1) leur absorption dans le
visible (316 cm-1 2 500 nm).

Caractéristiques typiques des dosimeétres: Ces derniers sont réalis€s 4 partir de
CaS04: Dy:

Support: Kapton, épaisseur 50 micron (11,2 mg. cm-2);
Granulomeétrie: entre 25 et 50 pum;

Densité de dépét: 6,8 mg. cm-2;

Homogénéité: dispersion inférieure & 5% ;

Recuit: 2 240°C pendant 2 heures

2.3_Irradiations :

Les résultats présentés ici ont été obtenus avec nos dosimétres irradiés
par divers types de sources:

- Les tests de reproductibilié, sensibilité, dynamique du signal par
chauffage laser sont obtenus en utilisant une source Rayons X dentaire (50
KeV), pour une irradiation uniforme, la dispersion des mesures de
thermoluminescence sur une plaque est en général inférieure & 5% pour des
doses de quelques milligray.

- L'essentiel des irradiations beta ont été réalisées par le CEA, soit 2
Grenoble (SPR/GMI), soit 2 Fontenay aux Roses (CEN/STEP-STID).

- Afin de disposer rapidement d'irradiations béta, nous avons aussi €té
conduits 4 mettre en place au laboratoire des sources de 147Pm, 204Tl et

90Sr/Y. Elles sont opérationnelles depuis quelques semaines.

2.4 ion’
Le lecteur utilise un laser CO2 (10,6 um) pour le chauffage. Pour le faisceau
laser IR, une lentille de¢ germanium permet de faire varier le diamétre du
faisceau entre 300 pm et 2 mm. La détection de la thermoluminescence, qui
correspond 2 une émission de lumidre visible, est assurée par un
photomultiplicateur de grande sensibilité couplé i une chaine de comptage
de photons. Un micro-ordinateur assure la gestion de toutes les données
recueillies lors des lectures ainsi qué la commande des différentes parties du
lecteur. Les conditions de lecture typiques sont les suivantes:
Puissance laser: 3,6 Watt (variation de 5% environ sur une journée);
Temps d'exposition: entre 40 et 80 ms
Diamétre du faisceau laser: 1 mm;
Etalonnage statique:ELS(source lumineuse): 3350 coups. canal-l. s-1;
Bruit de fond: 32 coups. canal-l, s-1,
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FIGUREI: Schéma synoptique du lecteur
2-5 Résultats

L'interprétation d'un signal de thermoluminescence en termes de dose
est souvent treés difficile. Ce signal présente une trés forte dépendance en
fonction de 1'énergie et de l'angle d'incidence du rayonnement béta en cours
d'irradiation; par ailleurs, les dimensions et la nature du dosimétre influent
sur la réponse. Les dosimétres commercialisés pour la dosimétric béta ont des
épaisseurs variant entre 44 mg.cm-2 (0,2 mm de PTFE) et 200 mg.cm-2 (0,9 mm
Pellet). De nombreuses équipes ont contribué a l'optimisation des dosimétres:
I'essentiel des travaux porte sur la mise au point de capteurs de faible
épaisseur, ce qui réduit leur dépendance en énergie. Une autre méthode qui
permet de réduire 1'épaisseur effective consiste & inclure du graphite dans le
dosimetre. ‘

Linéarité : Le signal de thermoluminescence, STL est linéaire pour les
doses, comprises entre 100 et 800 mRad. Pour cette expérience, notre niveau
de bruit est assez élevé, cela est 1lié au mode de lecture qui, dans ce cas, est loin
d'étre optimisé. Pour les irradiations 147Pm, il a été difficile d'obtenir les
doses souhaitées par suite du trés faible débit des sources, par ailleurs le
calcul des doses est délicat, il doit tenir compte de la géométrie et des
conditions atmosphériques (pression atmosphérique ainsi que le degré
d'humidité). Les résultats obtenus sont donnés dans la figure II. Dans la
figure suivante (Figure III), nos résultats sont comparés a quelques valeurs
typiques présentées dans la littérature.
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Figure II : Réponse, STL(UA) en fonction de la dose de dosimétres

thermoluminescents de sulfate de calcium dysprosium préparés 2
Montpellier.
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Figure III : Réponse relative R des dosimétres thermolumines-
cents a des électrons de différentes énergies.

R = TLAX)/TL(90(Sr+Y))

Les sources utilisées, aX, sont par ordre croissant d'énergie, le
147pm, le 204T] et le 90(Sr+Y). Le 100 % est la réponse & une
irradiation 90(Sr+Y).



Les résultats des figures 2 et 3 sont otenus avec des dosimétres qui se
présentent sous forme de dépéts fins, ils sont développés spécialement pour
la mesure des doses peau ( entre 5 et 10 mgcm-2). Les LiF (7,2 mgcm-2) ont été
fabriqués par G. URCHIN de I'Institue of Isotopes of the Hungarian Academy
of Sciences. Les MgB407: Dy (8,4 mgcm-2) sont developpés par M. PROKIC du

Boris Kidric Institue (Yugoslavia). Les CaSO04: Dy (9,2 mgcm-2) sont ceux
préparés 4 Montpellier. Les résultats obtenus sur nos dosimétres sont un peu
meilleurs que ceux présentés par les autres groupes. Il serait possible
d'améliorer encore le rapport des signaux (147Pm/90(Sr+Y)) 2 mieux que 0,5
en utilisant pour le dép6t un méiériau plus léger.

Réponse_du dosimetre en fonction de 1l'épaisseur du dépbt: Afin de tester la
réponse de nos dosimétres en fonction des épaisseurs de dépbts, nous avons
préparé 4 familles de dosimétres ayant les caractéristiques suivantes:

1er dép6t: épaisseur 50 pm (6 mg.cm-2);

2eme dépdt: épaisseur 99 pm (11,9 mg.cm-2);

jeme dépbt: épaisseur 149um (17,9 mg.cm-2);

4eme dépdt: épaisseur 200 um (24,02 mg.cm-2);

La dose est de 100 mRad, les résultats obtenus sont reportés dans le tableau I.
La décroissance du signal mesuré en fonction de 1'épaisseur semble due en
partie au fait que les mesures de thermoluminescence sont effectuées sur la
lumi¢re qui émerge du support de kapton par la face arriére.

E!)ajsse(mf des Rapport R
miceon
et b Nseew)

S0 0,50
100 038
150 030
200 o7

Tableau I : Réponse relative, R, des dosimétres thermo-
luminescents en fonction de 1'épaisseur des dépdts avec une
source de 147Pm. Les lectures ont été effectuées par chauffage
laser.

Reproductibilité et dépendance énergétique en fonction de la taille des

grains: Nous avons préparé spécialement une série de dosimétres avec
diverses tailles de grains variables, sur des supports en inox (250pm). Les
mesures de reproductibilité sont effectuées sur des dosimétres irradiés 2
0,2¢G, avec une source 90(Sr+Y), lues sur un lecteur conventionnel et en
faisant intervenir trois types de recuits:
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Reproductibilité (%) P. thermique I P. thermique II P. thermique III

1 2 3 4 5 6
Nombre de lecture

Figure IV : Mesure de la reproductibilité en fonction du nombre
de lectures pour trois traitements thermiques avant irradiation.
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Figure V : Réponse des dosimeétres thermoluminescents en
fonction de 1'énergie des électrons et pour des dosimetres
préparés a partir de poudres de granulométrie différentes.
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* Le 1er: un chauffage 2 350°C (1h) suivi d'un chauffage a 400°C (3,3h);

* e 2¢eme: un chauffage 3 350°C (1h) suivi d'un chauffaged 400°C (7h);

* Le 3eme: un chauffage 2 350°C (lh) suivi d'un chauffage 2 400°C (13,3h).
La figure V montre la dépendance du signal de thermoluminescence en
fonction de I'énergie des béta pour diverses tailles de grains.

Nous pouvons estimer que le meilleur résultat est obtenu par les dosimétres
préparés 2 partir d'une granulométric entre 40 et 50 um. Le rapport des TL
(147Pm/90Sr) est voisin de 0,45.

3- Discussion et positionnement:

Avant le début de cette étude le Centre d'Electronique de Montpellier
avait acquis une expérience unique en Europe dans le domaine du chauffage
par laser des dosimétres thermcluminescents. Comme nous l'avions indiqué,
il restait cependant quelques points 2 régler afin de permettre le
développement de cette technique complexe et prometteuse : la mise au point
de dosimtres adaptés, le développement de I'expérience et a un degre
moindre, le contrfle du chauffage faisaient partie de ces points restant 2
améliorer. La recherche d'une solution adaptée a la dosimétrie béta, but de la
présente convention, a constitué une ¢&tape dans le développement de cette
technique.

Au cours de cette étude nous avons fait des progrés considérables dans la
préparation des dosimétres, le contréle du chauffage par laser, enfin le
lecteur a recu des améliorations importantes qui nous permettent méme de
lire des plaques de grande taille (20x20 cmZ2). L'apport de Barcelone a été
déterminant dans le domaine du test des dosimétres. La préparation de
poudres de sulfate de calcium a ét€é un point de passage obligé. Ce matériau est
comme nous l'avons justifi€ par ailleurs le meilleur choix dans la phase
transitoire de mise au point. I1 nous est maintenant possible d'aborder avec
succés la préparation de dosimétres & base de matériaux tissus équivalents,
Les essais réalisés dans ce sens n'ont pas connu le succés escompté car nous
ne disposions pas de poudres de qualité suffisante pour assurer une
préparation de bons dosimétres. Nos lecteurs de dosimetres ont  beaucoup
progressé, restent quelques améliorations au niveau de la collection de
lumiére. Nous venons de mettre en place 3 Montpellier une série de sources
béta, 147Pm, 20471 et 90(Sr+Y), elles nous permettent de disposer, d'un
moyen d'irradiation pour des test rapides.

La réponse de détecteurs spécifiques développés pour répondre aux
contraintes d'un chauffage rapide permet de mesurer un rapport des signaux
pour le sulfate de calcium (147Pm/908r) voisin de 0,5. Nous avons fabriqué
de la méme fagon, des dosimétres 3 base du LiF (TLD100) et du Li2B407: Mn
(TLD800), qui sont tissus-équivalents. La qualité trés moyenne de ces dépéts
ne nous a pas permis, comme escompté, d'améliorer les résultats. Cette
situation transitoire devrait pouvoir évoluer dans la mesure ol nous
concentrons nos ecfforts dans ce domaine.
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Development of an universal personal dosimeter using semiconductor
sensors for mixed radiation fields.

List of projects:

1. Development of an universal personal

dosimeter using
semiconductor sensors for mixed radiation fields.
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Title of th . Development of an universal personal dosemeter
itle of the project no.:
pro; using semiconductor sensors for mixed radiation
fields.

Project No. BI6-A-307-CH

Head(s) of project: Dr. K.Goebel
CERN Div. TIS/RP
CH-1211 Geneve 23

Scientific staff: R.C.Raffnsoe
CERN Div. TIS/RP
CH-1211 Geneve 23

I. Objectives of the project:
The objective is to develop & pocket-sized personal dosemeter

with dose-equivalent response. The instrument is intended to be
used by persons working in areas near accelerators, reactors and
other sources of radiation, which produces both gamma-radiation
and neutrons of widely varying energies. The detector system in
the dosemeter is composed of a set of solid-state detectors (Si,
CdTe or Gd0O) with or without polythene radiatoers, - each chosen

to cover their part of the radiation spectrum.

. Objectives for the reporting period:
Contribution of CERN during the first part of the project was

to provide facilities for measuring the photon response of some
batches of Silicon Detectors. The purpose was to choose optimum
parameters like thickness, resistivity, bias etc and the work
included development of equipment and methods for measuring photon

response over a wide range of energies.
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Progress achieved: The first batches of Si-detectors were re-
ceived from CNRS, Strasbpurg in July 1989 and our measurements
took place in September after end of the holiday peried.

The first part of the work consisted in building supports
and other hardware for exposing the detectors in our calibra-
tion facilities with best possible accuracy and reproducibility.
It was here particularly important to obtain lowest possible
influence of scatter. The amplifier system was built from con-
ventional NIM electronics with a low-noise preamplifier placed
next to the detector in the irradiation room and with main am-
plifier, bias supply and analyser etc in an adjacent control
room. The procedure for setting up and measurement was made in
a simple and standardized way to allow similar tests being made
in the other laboratories participating in the project with
their own electronics. Read-out was in most cases done with an
integral discriminator and a scaler-timer system.

Each detector was exposed in collimated beams of AM-241
(60 keV), €S-137 (662 keV) and C0-60 (1.25 MeV) and at two
different settings of an X-ray machine (AlQ0 and A200 spectra).
The intensity was varied by placing the detectors at a number
of source-detector distances between 0.5 and 3 meters.

The results of measuring first batch (Detectors S5 to 39)
allows plotting effeciency as a function of resistivity as shown

on the graph below,

241
L Am
cts
nSv |
3 -
2 -
L A100
1 A200
:///,,/”'—_———_——————:aks
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1
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The photon effeciency is given in cts/nSv and there is one curve
for each of the five photon energies. The Al00 and A200 spectra
gives mean energies of 89 and 161 keV, respectively. The Silicium
detectors had all a thickness of 300 mm and a surface area of 50
mm2. They were exposed with a PVC protection cap in order to ex-
clude light but without filters for shaping the energy response.
The sensitivity is therefore much larger at low photon energies.

The Cesium sensitivity is uniform over a large range of dose-
rates and only affected at high intensities by the amplifier re-
solving time (2.5 - 3 uS) for which compensation could be made.
One of the larger detectors was exposed to doserates from 5 mSv/h
to more than 100 mSv/h and showed a uniform sensitivity of 3.2
cts/nSv. This type had, however, a much larger noise level, which
made it less useful for measurement of low energy photons. The
reason for this was that the discriminator level had to be set
high to cut the noise and this eliminated also counts produced by
Americium 60 keV X-rays.

The CNRS detectors were similarly compared with & number of
other solid state detector types used at CERN. The work in this
first part of the project serves thus for establishing a standard
method for tests and an appreciation of the problem. The objective
for the photon detector in the pocket dosemeter is to obtain a
flat energy response from 50 keV to above 2 MeV and the idea is
to get this by using a single Si-diode with a suitable filter or
to employ a simple form of pulse height analyser with 4 or 8 chan-
nels. Numerous new measurements have to be made with other batches
of detectors before the proper one can be chosen.

The irradiation facilities and experimental equipment was avail-
able at CERN, but we did unfortunately not possess a modern MCA in
the calibration laboratory. This equipment will be indispensable
for the neutron measurements and we will try to borrow a unit. We
find it a bit disappointing that the EEC-funds put to our disposi-

tion cannot be used for purchase of instrumentation.
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The program for the first

IV. Obijectives for the next reporting period:

6 months of 1990 will include

continued tests of photon response on a new batch of detectors as

well as measurements of fast neutron response as function of poly-

thene radiator thickness. The influence of bias voltage on sen-

sitivity and noise level is to be investigated in detail and the

response of GA0 to thermal neutrons will be examined. The GdO foil

will be mounted on a Si photodiode. The influence of backscatter

from standard phantoms will be measured with some of the detectors.
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RADIATION PROTECTION PROGRAMME
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1. Analysis of physical properties of diverse radiations in
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2, Development of radiation sources and dosimetric techniques for
radiobiological studies at low and high dose-rate.
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Title of the project no.:

1

Analyses of physical properties of diverse radiations in relation to their
observed biological effectiveness.

Head(s) of project:

Scientific staff:

D.T. Goodhead

D.T. Goodhead
H. Nikjoo
D.E. Charlton
J. Thacker
D.L. Stevens

Obijectives of the project:

This project is to generate and analyse relevant physical and

biological data and to deduce the implications for radiation protection.
The specific aims are:

(a)

(b)

(c})

Calculation and comparison of local energy deposition by radiations of
different qualities in target structures of varying size and shape
including simple models of biological macromolecules such as the DNA
duplex and higher order DNA structure.

Undertaking of in vitroe biological experiments to supplement and
extend the data already available on the biological effectiveness of
diverse radiations in inducing relevant cellular effects.

Comparison of physical properties of radiation energy deposition with
observed biological effectiveness, so as to identify regions of volume
and energy which do, or do not, correlate with biological
effectiveness.

Objectives for the reporting period:

As above
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I1l.  Progress achieved:

N D I

The general strategy of this project is (1) to generate, from track
structure calculations, a wide and consistent data-base of information on
the microscopic (nanometre upwards) patterns of energy deposition by
diverse radiations, (2) to investigate experimentally the radiobiological
properties of analytical radiations of well-defined track structure
(supported by development of sources and dosimetric techniques in Project
2) in a variety of biological systems and (3) to compare these data, plus
others from the literature, to seek particular properties of radiation
tracks which may be most relevant to the biological consequences and
thereby to place constraints on possible mechanisms of action.

1 METHODOQLOGY
Methods used in the project included the following:
1.1 tations fr

The Monte-Carlo track structure codes MOCA8b and MOCA14 of Paretzke
and Wilson were used to generate statistically representative large
numbers of slowing down tracks of monoenergetic electrons (MOCA8b) or
monoenergetic segments of protons or Q-particles (MOCA14). These codes
produce a full history, including energy deposition and spatial
coordinates of all ionisations and excitations, of the primary and
secondary particles of each track as it passes through water vapour,
adjusted to density of liquid water. Tracks were also generated to
correspond to irradiation with selected monoenergetic ultrasoft X-rays,
including the processes of photon absorption and emission and full
slowing-down of the one or more primary electrons and their secondaries.
For this purpose complex input data tables were formulated for absorption
of given X-ray energies in the elements of mammalian cells [18].

Cylindrical target volumes were then superimposed randomly on the
above tracks to determine the frequency distributions of energy deposition
by a wide variety of well-defined radiations in a wide range of target
dimensions from 0.5 nm upwards and including dimensions corresponding
approximately to known DNA-related structures such as the DNA double-
helix, nucleosomes and elementary chromatin fibre. In order to achieve
statistically stable results within acceptable computer times different
scoring methods were developed to suit different types of tracks and
computers (Norsk Data ND500 and Cray XMP supercomputer). In each case,
the axes of the final target cylinders were defined by p-random cords
through a virtual volume enclosing all or part of a track. The virtual
volumes were cylinders enclosing proton and Q-particle segments [1,2],
spheres enclosing low energy electrons and ultrasoft X-ray tracks up to
about 3 keV [16,18] and spheres enclosing subsamples of higher energy
electron or X-ray tracks [18]. The scoring codes contained numerous
internal consistency checks, including comparison of the different
methods. The final data were produced in the form of frequency
distributions of magnitude of energy deposition in the cylindrical
targets, normalized either to unity or to absolut@ frequencies per target
per Gy to the medium. 1In this latter form they can be compared directly
with experimental radiobiological data.
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Additional codes allowed analysis of energy deposition around Auger-
emitting radionuclides, which required inclusion of the stochastics of the
decay and de-excitation processes themselves (8,10}, high-resolution
analyses of the patterns of energy deposition within individual components
of the DNA helix so as to simulate the production of single- and double-
strand breaks (ssb and dsb) by various radiations [24] and analysis of the
dose contribution versus electron energy for local energy deposition in
electron radiations (38].

1.2 Experiments on biological effects of radiations

A variety of radiations were used, selected either for their
analytical value as well-defined probes of radiation action or as
conventional reference radiations. Developments of the radiation
techniques are described in Project 2. The main radiations used were
monoenergetic Cyg (0.28 keV) and Alg (1.5 keV) ultrasoft X-rays from a
transmission-target discharge source [5,7] or by proton bombardment of
solid targets on our Cockcroft-Walton accelerator [6], monoenergetic slow
Q-particles of 3.24 MeV (+ 0.22 MeV hwhh) at high and low dose rates from
238py [4,12,15,20], cyclotron-produced monoenergetic O-particles of 30 and
35 MeV and protons of corresponding LET (1.2 and 1.4 MeV) [46-51], 24 keV
epithermal neutrons by Fe-S filtration on a Harwell Laboratories reactor
[22] and reference radiations of 250 kV X-rays and 80Co y-rays. These
selected radiations each had track-structure properties of particular
interest, namely short electron tracks comparable to DNA and chromatin
dimensions (ultrasoft X-rays), higher-LET tracks of short length
(epithermal neutrons), well-defined narrow tracks of high-LET (124 keV
pm~!) in the region of maximum biological effectiveness (slow Q-
particles), or tracks of identical (intermediate) LET (20-23 keV pm~!) but
different microscopic structures (cyclotron protons and a-particles).

Biological systems, mostly in vitro, were selected for quantitative
accuracy with the required radiations, particular genetic aspects of
radiation damage observable at the cellular or sub-cellular level or
relevance to particular mechanistic questions. These systems included
clonal survival assays of standard Chinese hamster cell lines V79 and CHO
and their series of radiation-sensitive mutants irs (Jones et al.) and xrs
(Jeggo), respectively, to investigate effects of radiation quality [4], of
10T mouse cells (dose-rate effects for high-LET O-particles) [12] and of
V79, BHK (Syrian hamster) and HF19 (human fibroblast) cells for comparison
with chromosome damage by ultrasoft X-rays and Q-particles {5,7,20}.
Chromosome aberration assays included scoring of dicentric (and other)
aberrations at metaphase after V79 cells were irradiated in plateau phase
with Ckg ultrasoft X-rays (to investigate formation of exchange aberrations
by these very short tracks)[7); of chromosome and chromatid aberrations in
7 parts of the cell cycle (including 5 sub-phases of S) of assynchronous
BHK cells irradiated with Cg X-rays (using the replication banding/sub-
phasing method of Savage et al. to investigate the efficiency of very
short tracks before, during and after DNA replication) ([5]; of breaks in
prematurely condensed chromosomes (PCC) immediately after irradiation of
plateau phase HF19 human fibroblasts with high-LET Q-particles (to
investigate the effect of radiation quality on this earliest observable
chromosome damage) [20]; and of sister chromatid exchanges (SCE), as well
as chromosome aberrations and micronuclei, in human lymphocytes irradiated
(before stimulation) with O-particles or epithermal neutrons (to
investigate the induction of SCE by radiations of high-LET, uniquely)
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[15,22]. 1Induction of transformed foci of 10T} mouse cells were assayed
after irradiation with 3.2 MeV Q-particles at high and low dose rates to
seek dose-rate effects with these high-LET particles {40). A variety of
these mammalian cell assays, as well as others including DNA dsb and
mutation induction, were included in a four-laboratory collaboration to
compare the effectiveness of protons and O-particles of identical LETs (at
20 and 23 kev pm~!) in inducing a wide variety of biological effects in
different cell types [46-51].

Repair-proficient (211*B) and repair-deficient (rad 54-3/rad 54-3, at
the conditional temperature of 369C) strains of yeast were assayed for
induction of dsb (by neutral sucrose sedimentation) and cell survival
after irradiation with Cg and Alyg ultrasoft X-rays and 60Co y-rays (6].
Yeast offers particular advantages for accurate determination of dsb, and
for defined cell sizes in ultrasoft X-ray irradiations.

The effects of high-LET 3.2 MeV O-particles on haemopoetic stem cells
in CBA/H mouse were measured by in vitro irradiation of marrow followed
either by CFUs assays in recipient mice or by haemopoetic repopulation,
and cytogenetic sampling, in oblated recipient mice. The CFUs assay was
also used to observe the effect of irradiation of mouse marrow, in vitro,
with 24 keV epithermal neutrons.

2. RESULTS
2.1 Computations from track structure

A consistent data-base has now been established for absolute and
relative frequency distributions of energy deposition in microscopic
cylindrical target volumes in water irradiation with a wide variety of
different radiations. Full sets of data have been compiled in tabulated
form as they have been completed (2,16} and samples of these have been
presented in graphical form for comparisons and inferences [1-3,9,11,16-
19,23,24,27-30). Two full compilations are complete to date. The first
is for segments of monoenergetic protons (at intervals of energy from 0.3
to 4.0 MeV) and G-particles (at intervals of energy from 1.2 to 20 MeV)
[2}. These cover the main energy regions of radiobiological interest,
except at the lower end which is determined by the validity of the present
MOCA14 code. Dimensions of the cylindrical targets were varied from
diameters (d) of 1 nm to 500 nm and lengths of d4/2 to 8d4. The larger
diameters were not included for cases when a simple LET/chord length
approximation gave similar results. For most applications the LET
approximation (presented as a universal table in the monograph) will be
adequate for larger diameters, but the track structure computations
clearly show the inadequacy of LET as a microscopic description for the
smaller diameters. Cylinders may serve as a useful simple approximation
to real biological structures, including DNA (~ 2 nm diameter, and length
of choice), nucleosomes (~ 10 nm diameter and S nm length) and elementary
chromatin fibre (25-30 nm diameter, and length of choice). The
tabulations show many interesting features, including: very large
stochastic variations of energy deposition by a given particle (for
example, ranging from a few eV up to several thousand eV in a nucleosome-
sized target for slow O-particles); very large differences in
digtributions between different particle energies and types; clear
“overkill effects” with increasing stopping power for particular target
sizes and energy depositions; and little increase in magnitudes of energy
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deposition once the target length is more than a few times its diameter.

The second completed tabulation is for the complete slowing-down
tracks of monoenergetic ultrasoft X-rays, of energies 0.28 keV (Cg),
1.49 kev (Alg), 4.51 keV (Tig) and 8.05 keV (Cug), following photo-
electric absorption in material of the elemental composition of mammalian
soft tissue [16]. Cylinder diameters were varied from 1 to 100 nm and
lengths from d/2 to 8d or more. LET provides a very poor approximation
for photon and electron radiations in general. These distributions
clearly show, inter alia, the special features of low-energy electrons in
being able to deposit substantial amounts of energy in small targets.
Associated calculations have shown that a large proportion (30-50%) of the
energy deposited by all "low-LET  radiations is via secondary electrons of
similarly low enexgy [27,38]).

Scoring and data compilation for frequencies of energy deposition in
cylindrical targets, of dimensions as above, by complete slowing-down
tracks of monoenergetic electrons from 0.1 to 100 keV are almost
completed. These show very little variation for initial energies of
> 40 keV. 100 keV is the upper energy limit for the application of code
MOCABb but it seems unlikely that the distributions would be much
different above this energy. The lowest-energy electrons show the same
general feature as ultrasoft X-rays. Methods are being developed to
combine these electron distributions according to the primary electron
spectra of selected hard X-ray irradiations in order to add hard X-rays
also to the data-base of frequencies of energy deposition. The
computations show that for none of the radiations do multiple-track
effects make a significant contribution to energy deposition in these DNA
targets except at very large doses (»>> 100 Gy) [19].

Additional scoring was carried out for energy depositon by K-shell
ultrasoft X-rays from elements of atomic number 4 to 20 to see if there
might be irregularities in the smooth progression of frequencies versus
X-ray energy which might then warrant experimental investigation of the
radiobiological consequences [53}. For simplicity, all photon absorptions
were assumed to take place in oxygen atoms. Although there were some
hints of discontinuity, confirmation of their magnitude and potential as
probes of radiobiological mechanisms would require extensive further
scoring with greater statistics and for photon absorptions in all elements
of tissue.

Computation of frequencies and magnitudes of energy deposition in
cylinders and spherical volumes containing, or near to, Auger-electron-
emitting radionuclides (1251 and 5'cr) showed very large stochastic
variations in energy deposition, that these decays are likely to deposit
very large concentrations of energy in their immediate locality, but not
even a few nanometres away, and that a decay of 1251 within DNA is liable
to be much more damaging than even the passage of a slow Q-particle
[8,10].

Consideration was also given to the internal structure of the energy
depositions within DNA for a variety of radiations. Using Charlton and
Humm "s model of DNA single-strand breakage matched to experimental data
for breakage by 125I, the expected absolute numbers of ssb and dsb were
computed from track structure simulations for 0.28 and 1.5 keV ultrasoft
X-rays, 20 keV electrons, and protons and O-particles of LETs from about
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15 to 200 keV pm~! [24]. With their assumption that breaks are due to
direct energy depositions of > 17.5 eV in the sugar-phosphate moieties of
of DNA the calculated absolute numbers of ssb agreed well with
experimental data in the literature. The calculated values for dsb were
mostly about a factor 2 greater than experimental values but the relative
values for the different radiations agreed well.

2.2 Experiments on biological effects of radiation

A brief summary of the main observations made during the contract is
as follows, starting first with the effects of ultrasoft X-rays and then
considering O-particles, epithermal neutrons and protons.

Because of the high dose-rate of ultrasoft X-rays produced by our
accelerated-proton source (Project 2), it was possible to carry out a
series of yeast experiments in collaboration with Frankenberg et al.
Results showed dose-response curves (dsb induction or log survival) which
were linear and gave RBEs (relative to y-rays) of 2.4 (Alg) and 2.6 (Cg)
for cell inactivation in strain 54-3 and 2.2 (Aly) and 3.8 (Cyg) for
induction of dsb in strain 211*B [6]. Therefore it seems that the high
RBE of ultrasoft X-rays for cellular effects, as seen in most mammalian-
cell experiments, is also present at the DNA level. Since the dimensions
of unattached living yeast cells can be accurately measured, these results
are free of some of the difficulties associated with mammalian cell
ultrasoft X-ray experiments.

Despite the fact that the electron tracks from Cg ultrasoft X-ray
have ranges of only ¢ 7 nm, a few times the diameter of DNA, they were
found to be efficient at inducing complete exchange aberrations, and
inactivation, in plateau phase V79 cells [7]}. In assynchronous BHK cells
it was found that Cg X-rays produced aberrations efficiently in pre-s, S
and post-S5 cells despite the differences in DNA conformation [S5]. Both
these results suggest that exchange aberrations can be produced either by
radiation damage to only a single chromatid or to the DNA from separate
chromatids when they are virtually in contact. Preliminary results with
Alg ultrasoft X-ray irradiation of an irs radiosensitive mutant of ¥79
cells suggest that-its relative sensitivity (ratio to wild type) is
slightly reduced compared to y-rays.

A major series of ultrasoft X-ray cell-inactivation experiments were
carried out by Raju et al. at Los Alamos with us as collaborators. These
experiments confirmed our previously-found high RBEs with V79 cells, and
the increase with decreasing X-ray energy, established that the relative
variation of sensitivity through the cell cycle was similar to hard
X-rays, and that the OER slightly and progessively reduced with decreasing
energy of ultrasoft X-rays [13]. This trend of decreasing OER was found
also for 10T} cells (21]. But the most dramatic finding of their series
of experiments with 5 different cell lines, including AG1522 [25), CHO-10B
and HS-23 [26] was that RBEs can apparently be as small as about 1 (even
for Cg X-rays) or up values of 4 or greater. These values correlate with
cell thickness (as measured after fixation, embedding and sectioning) but
also very nearly with radiosensitivity (to hard X-rays). Compilation of
these ultrasoft X-ray data, together with all others in the world, shows
excellent experimental agreement between laboratories but a major puzzle
in understanding the full significance of the results in terms of
radiobiological mechanisms of action [29]. A limited number of
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alternative explanations have been identified, mostly open to experimental
verification, and it seems clear that resolution of the puzzle will
provide valuable new mechanistic insight not previously anticipated on
crucial differences in intrinsic radiosensitivity and/or spatial
distribution of intracellular target material [29].

A number of experiments with slow Q-particles from our 238py
irradiator have sought dose-rate effects in the light of reports of
enhanced effectiveness of low dose rate fission neutrons for cell
transformation of 10T} cells. Similar observations with Q-particles would
allow considerable scope for analytic experimentation into the mechanisms.
Collaborative experiments with Roberts et al. have to date found no
significant dose-rate effects for inactivation [12] or transformation [40]
of 10T{ cells by a-particles. Induction of inactivation and chromosome
aberrations in plateau-phase V79 cells shows a small dose-rate effect in
the conventional direction (ie, reduced effectiveness at low dose-rate);
these data await full statistical analysis.

Cellular responses to different magnitudes of local energy deposition
can be probed with slow O-particles compared to low-LET, and other,
radiations. It was found that the RBE of 3.2 MeV a-particles was much
smaller for the radiosensitive xrs-mutants than for the normal CHO parent
cells [4]). This is similar to earlier results with ataxia-telangiectasia
human cells. Experiments have continued with three radiosensitive irs
mutants of V79 cells, isolated in our laboratory by Jones and Thacker.
All three are more sensitive to O-particles than the parent cells but,
again, the RBEs are reduced. The survival data and associated
measurements are now sufficiently accurate to allow detailed analyses of
the sensitivity in terms of particle track structure and DNA repair
capabilities. .

The PCC technique allows observation of early subcellular damage
intermediate in scale between DNA breaks and metaphase chromosome
aberrations. Induction-.of PCC breaks by 3.2 MeV O-particles in non-
cycling HF19 human fibroblasts was found to increase linearly with dose
and to have an RBE relative to hard X-rays of 2.16 + 0.13 [20]. This is
considerably smaller than the RBEs reported for chromosome aberrations and
is nearer to the values reported for dsb. The numbers of PCC are
intermediate between the numbers of dsb and chromosome aberrations.

Another class of DNA damage may be revealed by SCE. It has been
genexally found that X-ray irradiation of unstimulated human lymphocytes
is unable to induce this damage but Savage and Holloway discovered in our
laboratory that it is induced by 42 MeV d-Be neutrons and we have now
shown that it is induced also by 3.2 MeV a-particles [15] and 24 keV
epithermal neutrons (22}. It appears that all these high-LET radiations
are able to produce a qualitatively different class of initial damage,
compared to X-rays, and that this should be related to characteristic
features of their track structure. 1In these experiments it was found also
that the 24 keV neutrons are efficient at inducing exchange aberrations in
accordance with the relatively high-LET, but despite the relatively short
track lengths, of their recoil protons [22].

Irradiation of mouse marrow in vitro has suggested that haemopoetic
stem cells have a very low probability of surviving the passage of a
single high-LET G-particle. This is indicated by a CFUs dose-response



curve which is similar to that expected if the only surviving cells were
those which, by statistical chance, had not been hit by an O-particle. 1In
agreement with this, the blood lymphocytes arising from marrow
repopulation of oblated mice carry very little cytogenetic damage.
Irradiation of marrow in vitro with 24 keV epithermal neutrons followed by
the CFUs assay shows, hawever, that cells can survive with internal damage
from relatively high-LET particles.

A comprehensive series of collaborative experiments, involving 4
laboratories, was carried out [47] to confirm and test the generality of
the report of Belli et al. that protons in the region of 20-30 keV pm-!
have substantially greater biological effectiveness than O-particles of
the corresponding LET. This finding has substantial implications for the
mechanistic importance of relatively subtle differences in track structure
and for understanding the effects on neutrons. Results of these
experiments are still undergoing analysis but they have qualitatively
confirmed Belli s observation for inactivation of V79 cells (46,48], shown
that the effect is of similar magnitude for inactivation of 2 strains of
Hela cells [49], is smaller or absent for inactivation and transformation
of 10T} cells (51}, is considerably larger for mutation (compared to
inactivation) of V79 cells [50] and is not detectable for dsb-induction
which shows little variation over a wide range of radiation qualities.
Other data, including chromosome aberrations in V79 cells, are still
pending.

4 DISCUSSION

In accordance with the general and specific objectives of the
contract, (1) an extensive and consistent data-base has been computed for
microscopic patterns of energy deposition by diverse radiations including
a-particles, protons, ultrasoft X-rays, electrons and some radionuclides
{1-3,8-11,16~19,23,24,27-29), (2) experimental data have been obtained on
the biological effectiveness of diverse radiations, selected for their
value as mechanistic probes, in inducing relevant subcellular and cellular
effects [4-7,12,13,15,19-22,25,26,46-51] and (3) comparison has been made
of these, physical and biological properties of the radiations so as to
identify regions of local volume and energy deposition which do, or do
not, correlate with biological effectiveness and to place theoretical and
experimental constraints on possible biological mechanisms of radiation
action {3,5-12,14,17,19,21,24,27-30]. Effort has concentrated on low-
energy electrons (including ultrasoft X-rays) because of their major
presence in all low-LET radiations, slow O-particles because of their
practical relevance from radon and other radionuclides, and slow protons
because of their relevance from fission neutrons. All of these, and
epithermal neutrons, also have particular value as mechanistic probes.
Some notable features which emerged from these analyses are summarized
below.

It was found that all radiations studied by track structure
computations were able to produce appreciable numbers (~ 103 Gy'1 per
mammalian cell) of direct energy deposition events in DNA (and also in its
higher order structures) and that various features of the frequency
distributions of energy deposition correlated well with different aspects
of the relative effectiveness of the radiations in producing particular
biological effects [19,27,30). The absolute numbers of direct energy

— 259 —



depositions of > 100 eV in DNA were similar to the absolute numbers of
measured dsb, and initial yields of ssb and dsb could be modelled by
assuming direct action only {24]. Electron-producing radiations, and
particularly low-energy electrons and ultrasoft X-rays, are efficient at
depositing energy of about 100 eV in DNA (by electron track-ends), and
observed differences in intrinsic radiosensitivity and ultrasoft-X-ray RBE
may be a consequence of how different cell types respond to the spectrum
of events smaller and larger than this [19,29). High-LET radiations
produced appreciable numbers of larger events in DNA and nucleosomes and
it seems likely that these should be less modifiable, by cellular repair,
dose-rate, or growth conditions, as was experimentally observed for
cellular effects [4,12]). The relatively large RBEs of slow (-particles
for final cellular effects such as aberrations and inactivation, compared
to the smaller RBEs seen for initial DNA and chromosome damage [20,24],
may well be due to a qualitative difference from these larger depositions.
DNA-~incorporated Auger-radionuclides are:.likely to be more efficient than
even slow Oa-particles in producing such large events (8,10].

Another notable feature of the track structures of high-LET
radiations is their ability to make moderate numbers (a few per Gy per
cell) of uniquely large energy depositions in DNA, nucleosomes and
chromatin such as cannot be made by any track from low-LET radiations.
This allows for qualitatively unique initial damage and possibly unique
biological consequences. An example of this may be SCE-induction in human
lymphocytes by fast and epithermal neutrons and by QG-particles but
apparently not at all by X-rays [15,22]. This gives an effective RBE of
infinity, consistent with the track structure calculations which indicate
that relative effectiveness for initial damage can have values from less
than unity to infinity depending on the class of damage [23,27,30].

A set of working hypotheses have emerged from the analyses of this
project whereby the microscopic damage from radiations is considered in 4
broad classes in or near DNA-related targets [3,19,27,30]: sparse
ionisations/excitations (suggested as of little cellular relevance),
moderate clusters of ionisations/excitations depositing about 100 eV in
DNA (characteristic of low-LET radiation effects and associated with dsb),
large clusters depositing about 400 eV in nucleosome-size targets
(characteristic of high-LET effects) and very large clusters, perhaps
depositing > 800 eV in nucleosomes (responsible for damage unique to high-
LET radiations).

Other implications suggested by the analyses include that the
integrity of only a small fraction (~ 2-4%) of a mammalian cell’ s genome
may be critical for its survival [3,11,31,33); mutation and transformation
of cells in vitro can be brought about by damage to target regions which
are somewhat larger than the functional sequence of the gene (for
mutation) or much larger (for transformation) [11,33]; the probability of
a mammalian cell surviving the passage of a slow O-particle, and therefore
being able to carry viable genetic damage, can vary from very large values
(eg, > 80% for flattened 10T{ cells [12]) to very small values (eg, mouse
haemopoetic stem cells) depending on the cell geometry [11,12]) and the
cell type; parameters and concepts of various existing models of
radiation, and their implications, are open to reevaluation and
reinterpretation with the track-structure-scoring data (3,9,11,14,17,
28,30].
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INTRODUCTION

In accordance with the objectives of this project, a variety of
different experimental technologies and methodologies were developed so
that special radiation sources could be applied for quantitative
investigation of relevant biological effects in cellular systems. These
were largely in support of Project 1. Most development was for ultrasoft
X-rays, because these are a useful mechanistic probe of intracellular
mechanisms of radiation action and show the specific effects of the low-
energy electrons which form a major component in all low-LET irradiations.
Other development was for slow a-particles, because these are a useful
probe of the mechanisms of action of well-defined high-LET radiations and
they show the specific effects of the a-particles from natural (e.g.
radon) and artificial (e.g. plutonium and americium) radionuclides.
Further development was also required for higher energy O-particles, and
lower-energy protons (such as are produced by fission neutrons) of
corresponding LET, to allow direct comparison of the effects of these
particles.

This report will sequentially consider developments relating to each
of these radiations in turn.

1.  ULTRASQET X-RAYS

Before the start of this contract we had undertaken a considerable
number of investigations of the bioldgical effectiveness of ultrasoft X-
rays, first with Alg (1.5 keV) and then with Cg (0.28 keV) and Tig (4.5
keV) characteristic X-rays (see [29] for references). These had been
entirely with X-rays from a cold-cathode discharge tube and the
irradiations had been physically quantified in terms of absorbed dose, as
determined by fixed-volume ionization chambers, on the incident surface of
the monolayer cells. Radiobiological interpretation required also
biological assumptions as to the distribution of critical target material
within the cells. The present project sought, inter alia, to test and
extend all aspects of the production, characterization, dosimetry,
versatility, applicability and interpretation of the ultrasoft X-rays so
as to validate the earlier results, improve their accuracy and extend
them.

1.1 Ultrasoft X-rav dosimetrv and beam characterization

Dosimetry: Because of the unique physical and biological properties of
ultrasoft X-rays, it was highly desirable to check by independent means
the method of dosimetric quantification. This was first carried out in
collaboration with Los Alamos National Laboratory, whose Physics Division
has a highly sophisticated ultrasoft X-ray calibration laboratory for
diagnostic instruments related to nuclear fusion. Therefore, we installed
an MRC cold-cathode discharge tube at Los Alamos. Using their standard
quantification method of photon-flux counting with gas-flow proportional
counters, good agreement (within 7%) was obtained compared with ionization
chamber determination of the X-ray flux (or absorbed dose) [52]). There
are a minimum of common assumptions or parameters between these two
methods.



Subsequently, in our own laboratory, three different styles of
ionization chamber have been compared for routine dosimetry, and for
special applications, with ultrasoft X-rays. These were the MRC (Chilton)
fixed-volume chambers (with Al- or C-foil windows, as appropriate) as were
used for all our earlier radiobiology, a Far West Technology extrapolation
chamber (EIC-1) with modified window assembly {52] and double-windowed
fixed-volume chambers designed and constructed at GSF, Frankfurt. All
these chambers were used to measure the dose-rates of Cg (0.3 keV) and
Aly (1.5 keV) X-ray beams produced by proton-bombardment on our Cockcroft-
Walton accelerator (see below). All three styles of chamber, including
design variations within each, gave consistent results.

Each chamber design has its own advantages and disadvantages. The
MRC chambers have particular advantages of small size and simple operation
{(but with very fragile windows), the GSF chambers have particular
advantages of robustness and simple operation. Conventional methods of
sensitivity (or volume) calibration with a standard y-ray source are not
suitable for the Far West Technology or the GSF chambers because of the
inability to establish charged-particle equilibrium with high-energy
photons. However, their regularly-shaped volumes can be obtained by
direct calculation.

Interlaboratory comparisons of ultrasoft X-ray dosimetry can also be
made, indirectly, by comparing the results of radiobiological results when
similar monoenergetic X-ray irradiations were made on similar mammalian
cell lines. Such comparisons add further confidence to the reliability of
the physical dosimetry [29]. Data are available showing the survival
curves, and RBEs, of V79 hamster cells irradiated with Alg (or similar
energy) X-rays in 5 different laboratories in the world (MRC and Gray
Laboratory in the UK, and Los Alamos, Columbia and Wisconsin in the USA)
using different sources (two cold-cathode sources, two hot-filament
sources and a synchrotron, respectively) and different dosimetric methods.
Corresponding data for Cg X-rays are available from two laboratories (MRC
and Los Alamos). In all cases there is good agreement between
laboratories and this provides further validation of the dosimetry as well
as confirmation of our original results. Good agreement has also been
found for inactivation of yeast cells by Cg X-rays in two laboratories
(MRC and GSF).

Beam characterization: Application of the ultrasoft X-ray beams, and
meaningful interpretation of the results, also requires good knowledge of
other properties of the beams as used, including spectral purity at the
irradiation position and uniformity of intensity over the irradiation
area. Useful, complementary, methods for characterization of spectral
purity were found to be attenuation measurements with a variety of
absorbing materials and pulse-height spectra in a gas-flow proportional
counter. The Manson Model 01 proportional counter was very suitable and
gave line-widths very near to the theoretical minimum for counter
statistics. Comparable accuracy was not achieved with an L.E. Pink
Engineering EP110 Variable Geometry Proportional Counter. The dosimetry
method which we developed for the Far West Technology extrapolation
chamber provided information on deviations from expected spectral
composition [52].

Methods available for determining beam uniformity include small area
ionization chambers, small aperture proportional counters and photographic
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film. All these methods were found to be successful and useful, each
having particular advantages and disadvantages [52].

1.2 Production of ultrasoft X-rays
Proton bombardment: Our early ultrasoft X-ray experiments were carried

out entirely with Cg, Alg and Tig X-rays from a cold-cathode discharge
source with a transmission target. For both C and Ti there were
significant limitations on target life and dose-rate. Bremsstrahlung-
contamination was lower than can usually be obtained with hot-filament
sources. We showed that all these properties can be improved by producing
the X-rays by proton-bombardment of solid targets. A versatile source was
provided by constructing an ultrasoft X-ray beam line on our Cockcroft-
Walton proton accelerator, so that large-area samples could be irradiated
with high purity ultrasoft X-rays at a high dose rate comparable to what
might be practically achievable on synchrotrons. For example, with proton
bombardment currents of 450-630 pA and energies 600-640 kV onto an Al or C
target, dose rates of 10-24 Gy min~! or 8-12 Gy min~!, respectively, were
obtained over a sample area, in air, of 30 mm diameter. The
bremsstrahlung contamination was << 1% and the intensity was uniform to
better than 10% over the sample area. The particular parameters provided
the high doses required for experiments with yeast [6].

Two factors of importance which emerged in the design of this beam
line was the need to include in the X-ray flight-path sufficient
filtration to eliminate scattered protons from the target and also any
Cg X-rays which may be produced by in vacuo contamination of a non-C
target. Protons elastically scattered at up to almost the full primary
energy must be prevented from reaching any X-ray monitor and also from
reaching the position of the biological sample to be irradiated. This can
be readily achieved by suitable choice of windows, absorbers and flight
path gas but for any given configuration it does set an upper limit to the
primary proton energy (and hence the ultrasoft X-ray dose rate) which can
be used. Contamination C X-rays are of no relevance in a Cg X-ray beam
and they can be reality filtered from an Alg X-ray beam, but they may
geriously limit the practical availability of lower-energy beams such as
BK and NK (53,54].

We have collaborated with Jones and Smith in their measurements, on
the Van der Graaff accelerator at St. Bartholomew’s Medical College, of X-
ray production as a function of incident and emission angles for proton
bombardment at energies of 500 keV. Targets investigated were B, C, two
grades of Al, Si/C, Si/N, Au (M-shell X-rays) and TiB, (53,54]. By
identifying production rates, optimum angles and effects of C
contamination, this study provides valuable information for the design of
radiobiologically useful beams of proton-induced ultrasoft X-rays.

Q-particle bombardment: Experiments have commenced to investigate the
production of ultrasoft X-rays by bombardment of solid targets with slow
G-particles from radionuclide sources to determine whether this might
provide a convenient and stable source of X-rays for radiobiological
experiments. Bremsstrahlung contamination should be particularly low
because an O-particle has no dipole moment; therefore bremsstrahlung
should be produced only be the delta-rays.



Preliminary results suggest that a practically useful source is
unlikely to be achieved by this method. However, full evaluation is not
yet complete.

Laser bombardment: To extend the types of radiobiological investigations
which can be undertaken with ultrasoft X-rays, we collaborated with the
Rutherford Laboratory in evaluating the production of ultrasoft X-rays by
bombardment of solid targets with a high-intensity laser. A single pulse
from the laser can form a transient X-ray-emitting plasma characteristic
of the target material and the plasma temperature. Such methods allow
production of very short, high-intensity pulses of ultrasoft X-rays and
therefore fast time-resolved studies of early radiation processes,
including very fast cellular repair. The physical and biological
properties were determined of ultrasoft X-rays produced by bombardment of
a steel target with 0.3 J/pulse of light from a KrF laser [55]). The mean
energy of the X-rays was approximately 0.85 keV (Fep) and they were found
to have similar biological effectiveness (per unit absorbed dose at the
incident surface of the cells) for killing of V79 hamster cells as has
been found for Cg X-rays. With this laser and experimental design the
dose rate at the cells was about 2x10-2 Gy/pulse, and X-ray pulse duration
was 5-10 ns; the required doses were achievable by repeating pulses at 5
Hz onto a rotating steel target. Single-pulse irradiations should become
possible with a higher-powered laser.

Comparison of sources: Comparative studies suggest that the source of
choice for most radiobiological studies with K characteristic ultrasoft
X-rays is proton bombardment, especially in view of the low bremsstrahlung
contamination, long target lives, high dose rates and large field areas
which can be achieved. The beams are suitable not only for mammalian cell
radiobiology but also microbial radiobiology, and biochemical and
radiation chemistry systems. Practical performance can be comparable to
that of synchrotrons which usuvally suffer from the disadvantages of much
more stringent time, vacuum and manpower problems. However, synchrotrons
are unique in their ability to produce tunable monoenergetic beams of
energies between the characteristic atomic lines; this advantage may be
overriding for some radiobiological studies, for example, where closely
adjacent energies across absorption edges are required or when matched
attenuvations at different energies are required. Cold-cathode electron-
bombardment still retains advantages of simplicity, with reasonable
intensity, for selected targets (including aluminium) and the ability to
produce L-characteristic X-rays without the presence of K X-rays. Hot-
filament sources extend the choice of targets and intensity, at some cost
of complexity and beam purity. Laser-bombardment sources provide X-rays
which are not monoenergetic but are available in precisely timed
repetitive or single, high-intensity pulses.

1.3 First Internatjional Workshop on Ultrasoft X-ray Radiobiology

We organised this meeting in Oxfordshire, for 17 and 18 July 1987 to
be adjacent in time to 8th International Congress of Radiation Research in
Edinburgh. It was attended by more than 40 people from 6 countries and 4
continents, who represented about 14 different research groups including
all of those active in ultrasoft X-ray radiobiology at that time. As
intended, the meeting concentrated on the diverse technical problems
associated with both the physics and the biology of the application of
ultrasoft X-rays to investigative radiobiology. It also served to



introduce many of the groups to each other for the first time. It is
hoped that the Second Workshop will be held in North America in July 1991,
near to the time of the 9th ICRR in Toronto, especially since thexre have
been important scientific advances since 1987 and more research groups
have entered the field.

1.4 Dimensional weasurements of cells

The major uncertainty in detailed mechanistic interpretation of the
radiobiological effectiveness of ultrasoft X-rays, especially for the
lowest energy Cg X-rays, arises from the rapid attenuation of these X-rays
through a single attached cell. Physical absorbed dose at the incident
surface of the cell can be accurately measured and specified as above and
attenuation with depth can be calculated accurately. However, description
of the radiobiologically relevant dose, as an average or at a point in the
cell, requires biological information, or assumptions, on the thickness of
the cell and the intra-cellular locations or distribution of relevant
target material [29}. The hamster cells as used in the above experiments
were apparently relatively thick (4-7 pm), and the collaborative
experiments carried out at Los Alamos on different cell lines did not
reveal the simple dependence with cell thickness which might have been
expected for exponential attenuation through a uniform distribution of
target material in the cell nucleus [13,21,25,26]. Thinner cells, such at
10T} mouse and AG1522 human cells, showed substantially reduced RBEs of
ultrasoft X-rays when evaluated in this way. Coincidentally, the
thickness of the particular cell lines used correlates with their
resistance to penetrating low-LET radiations, such as y-rays, so it is at
present not clear whether the apparent reduction in RBE with reducing cell
thickness is really due primarily to assumptions for dose-overaging or
whether it is reflecting a true mechanistic association with cell
sensitivity. For example, if a particular cell type is more sensitive
because it responds to smaller very local intra-track concentrations of
energy deposition, then it would be expected to have a reduced RBE of
ultrasoft X-rays relative to standard low-LET radiations {35,21,29]). This
expectation follows clearly from the track structure analyses described in
Project 1. On the other hand, explaining the apparent reduction in RBE
predominantly in terms of attenuation and distribution of target material
can reconcile much of the data for the various cell types only by making
very strange assumptions as to the distribution of target material ([29].
It would be quite unable to reconcile the similar, although reduced,
RBE/cell-line trend in the data seen for the higher-energy ultrasoft X-
rays (Tig and Cug) for which attenuation effects -are negligible [29].

It has become of central importance to ultrasoft X-ray radiobiology
to understand this RBE/cell-line conundrum. Solving it should provide
additional new and valuable mechanistic information not previously
anticipated. In particular, insight should be provided on crucial
differences between the intrinisic radiosensitivity of different cells
and/or on the spatial distributions of the critical intracellular target
material. 1In order to approach these problems with precision, it became
essential to carry out accurate population measurements of the thickness
profiles of attached living cells under the exact conditions of
irradiation with ultrasoft X-rays, and also of internal shapes and
positions of the cell nuclei. Fixation, embedding and subsequent
measurements by optical or electron microscopy provide precise information
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on cell and nuclear dimensions in these embedded sections, but they leave
open the question of possible distortion by the preparation procedures.

We have investigated various methods of making such measurements with
optical microscopy directly on the unperturbed living cells, including
phase-contract, bright-field with vital stain, Namarski interference
contrast and laser confocal microscopy. Most of these were found to be
inadequate with the notable exception of laser confocal microscopy.

After preliminary developments and trials, we installed a Biorad
MRC-500 laser confocal microscope and are optimizing techniques for
precise measurement of the required dimensions of living cells with
minimum perturbation of the samples. A systematic comparison has been
undertaken of the distributions of thickness of a population of V79 cells
obtained when measured by electron microscopy (with fixation and
embedding) and by confocal microscopy on living cells [56]). For the
latter measurements the extracellular growth medium was fluorescently
stained and all microscopy of a sample completed within 10 minutes.
Horizontal optical sections at 0.5 pm intervals through the cells were
digitally stored for subsequent analysis. Measurement and analysis shows
that for V79 cells, under the particular growth conditions used, there was
not more than about 10% shrinkage of cell thickness in the electron
microscopy preparations {56]. Further systematic comparisons of this type
will be undertaken with different cell types and growth conditions.
Methods are also being optimized for measurement of other cellular
dimensions, including nuclear projected area, with the confocal
microscope.

Conclusions to date from this work are: firstly, the laser confocal
microscope does, indeed and for the first time, allow accurate
measurements of cell thickness on unperturbed living cells; and secondly,
for the one conditon investigated in detail to date, electron microscope
preparation causes only small shrinkage.

It should be mentioned that for irradiation of yeast cells with
ultrasoft X-rays a different irradiation configuration had to be
developed. For almost all our mammalian cell experiments the cells were
irradiated flattened and well-attached to the Hostaphan or Melinex plastic
base of a sample dish; the X-rays were incident through the plastic,
thereby giving a precisely defined incident position of the cell surface.
The yeast cells do not attach to plastic so a holder had to be developed
to irradiate them as round cells sandwiched between a filter and a plastic
film through which the X-rays were incident; low temperature (5°C), high
humidity and aeration were maintained during irradiation [6]. The
dimensions of these round cells could easily be measured by bright-field
optical microscopy. The fact that large RBEs for ultrasoft X-rays were
found in this experimental systems provided further confidence that the
high RBEs obtained in mammalian systems were not due to artefacts in the
early measurement of cell thickness.

2. PU-238 -PARTICLE IRRADIATOR
Project 1 required irradiation of mammalian cells under a variety of

conditions with low-energy Q-particles to investigate radiation effects
when the LET is in the region of maximum RBE for most systems. This is in
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the region of 100-200 keV pm~!. For this purpose an G-particle irradiator
was constructed with a 2 cm source disc of 36 mCi of 238Pu in a He-flushed
chamber. The O-particles emerged from this chamber as an appoximately
parallel beam through a Hostaphan window, and after a 3 mm air path they
enter through the Hostaphan base of a sample dish. 10 such dishes can be
irradiated “simultaneously” mounted in a wheel passing above the source
window. The energies of the Q-particles entering the cells can be varied
from zero to about 4 MeV, and the dose-rate can be varied from < 10~5 Gy
min-1 to > 2 Gy min~! with essentially no change in the quality of the
beam (mean energy and line width) by means of internal apertures and
external radial sector plates. The entire irradiator is in a temperature-
controlled, insulated cabinet so that the cells can be maintained at any
required temperature from ambient to about SOUC, with continuous gas
supplies to the sample dishes.

The most commonly used configuration to date has been with a-
particles incident on the cells with a mean energy of 3.24 MeV and an
energy spread of 0.22 MeV half-width at half-height. This purity compares
very favourable with Q-particle irradiators developed in other
laboratories and it has considerably greater versatility than most. With
this particular configuration, attached monolayers of cells are irradiated
uniformly with track segments of (-particles of incident LET 122 keV pm~!.
(4,12,20,22,57].

Methods were developed also for irradiating unattached mammalian
cells in suspension in very thin layers of liquid. This method allowed
approximated uniform irradiation of human lymphocytes {15]) and suspensions
of mouse marrow.

CR39 plastic track-etch methods were adapted as in independent means
of dosimetric comparison, a routine indicator of beam purity and particle
direction and of complete irradiation of the suspension samples. Primary
dosimetry was with fixed-volume and extrapolation ionization chambers, and
energy measurments were with silicon detectors.

In summary this O-particle irradiator has proved to be very
convenient and highly versatile for track-segment irradiation of mammalian
cells of different types and under different conditions, including high
and low dose rates with controlled temperature and gas environment.

3. ~ LOT.

As described in Project 1 it was required to irradiate mammalian
cells with protons and a-particles of identical LET-values of 20 and 23
keV pym-! to investigate the consequences of subtle differences in track
structure between these particles. Particularly efficient irradiation
methods were required because of the need to irradiate large numbers of
samples of different cell types (to generalize the results) within a few
months (because of the active international collaboration of 4
laboratories) with 4 different beams (each to be repeated) within 8
morning shifts on the accelerator (to be within the available budget for
this work). The irradiations were carried out on the Variable Energy
Cyclotron of the United Kingdom Atomic Energy Authority, Harwell,
generally using the beam line, monitoring, dosimetric and irradiation
systems that we had developed and used in the 1970s to investigate LET
dependence of mutation induction in mammalian cells. Some additional
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systems were added, including the use of CR39 track-etch detectors for
independent confirmation of dosimetry and field uniformity. In addition,
convenient tabulations were generated of stopping powers and ranges of
protons, deuterons and Q-particles in water and all components of the beam
lines [57). These tabulations were essential for planning and execution
of the cyclotron experiments [46-51].
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Title of the project no.: BI6-A-003-UK
Development and investigation of a reproducible multisphere system for
radiation protection purposes, and its use to correct personnel

dosemeter measurements.

Head(s) of project:

Dr J B Hunt (to 14.11.89) Dr D J Thomas (from 15.11.89)
Scientific staff:

D J Thomas, A G Bardell and B R More
I. Obijectives of the project:

The development and characterisation of a well specified,
reproducible, multisphere system (Bonner spheres), for use in stray
neutron fields. Determination of the sphere response functions by a
combination of computational and experimental techniques.
Investigations of spectrum unfolding methods. Use of the system to
investigate dose equivalent values and instrument responses in stray
neutron fields, and to investigate correction factors for area

survey instruments and personal dosemeters.

Il.  Objectives for the reporting period:

- Design and construction of the system.

- Calibration of the spheres in monoenergetic neutron fields for
the range of energies where this is possible.

- Calculations of the response functions to allow interpolation
between measured values and extrapolation to regions where
experimental calibration is not possible.

- Investigation of the most suitable spectrum unfolding code.

- Validation of the response functions in known broad-range fields.

- Use of the spectrometer in stray neutron fields.
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III. Progress achieved:

1. INTRODUCTION

Multisphere systems (Bonner spheres) have been used for many years to
derive coarse spectrometric information about neutron fields(l’). They
have a number of attractive features: namely that they cover the full
energy range of interest (thermal to 20 MeV), they have an effectively
isotropic response, and are reasonably simple to set up and use. The
chief disadvantage is poor energy resolution; however, depending on the
application, good resolution may not be essential. Moreover, even in
situations where high resolution 1is needed, and more elaborate
spectrometers have to be used, multispheres are often employed to cover

energy ranges inaccessible to the other instruments.

The most common central detector to date has been a Lil scintillator,
although this does suffer problems from its photon response. A number of
response function calculations have been published for systems with such
a detector, and some experimental calibrations have also been made(!’. To
date, however, no attempt has been made, for any type of central
detector, to tie together the experimental and calculational approaches
to derive a best possible set of response functions wusing all the
information from both approaches. It is important to know the uncertainty
on these response functions since they contribute significantly to the
uncertainty in the final derived spectrum. Finally, in using
multispheres, it is necessary to investigate very carefully the unfolding

procedure and the code used to perform this task.

2. SYSTEM DESIGN

The system designed and built at NPL consists of nine polyethylene
spheres of diameters from 7.62 cm (3") to 38.1 cm (15"). (Historically
multispheres have been labelled in terms of their diameters in inches). A
3He proportional counter (Centronic Ltd, type SP90) was chosen as the
central detector since this type of counter is less sensitive to photons
than a Lil crystal. It has a spherical neutron sensitive volume of about
32 mm diameter, is filled with 3He to about 200 kPa, and has proved

reliable.



The design of the spheres ensures that the detector can be transfered
between spheres without disconnecting the high voltage supply.
Conventional NIM electronics are employed, the discriminator level in the
pulse counting system being set by using a multichannel analyser to view
the spectrum of events in the detector.

Calculations have indicated(!) that the shapes of the response functions
are strongly dependent on polyethylene density, and material of the same
density was specified for all spheres. Subsequent analysis, however,
showed some variation (from about 0.93 to 0.96 g cm"3), and this was

taken into account when calculating response functions.

3. EXPERIMENTAL MEASUREMENTS
3.1 Calibrations with monoenergetic neutrons

The sphere responses to monoenergetic neutron fluences were determined
undef low-scatter conditions at PTB Braunschweig, FRG. Charged particle
beams from the 3.5 MV Van de Graaff accelerator were used to produce
monoenergetic neutrons via the reactions $5Cu(p,n), %5Sc(p,n), 7Li(p,n),
T(p,n), D(d,n), and T(d,n) providing neutrons of energy 1.2 keV, 8.2 keV,
27.4 kev, 71 keV, 144 keV, 250 keV, 565 keV, 1.2 MeV, 2.5 MeV, 5.0 MeV
and 14.8 MeV. Measurements were performed in 1986(2), and 1987(3). Repeat
measurements performed in 1987 as a consistency check exhibited good

agreement.

Neutron fluences were determined using a DePangher long counter, a proton
recoil proportional. counter, or a proton recoil telescope, depending on
the neutron energy. Overall, five different fluence monitor systems were
employed depending on the particular reaction. These were: the charged
particle current on the neutron producing target, a !°BF; counter in a
polyethelene moderator, a similar detector surrounded by stearin, a 3He
proportional counter in a small polyethelene moderator, and a long
counter.

The shadow cone technique was used to correct for room and air inscatter
contributions. Other corrections included those for dead-time, air
attenuation, and the presence of contaminant lower energy neutrons
produced by scattering in the targets. The effects of scatter between the
spheres and the monitors were also investigated and corrections applied.
Overall uncertainties in the calibrations varied from about 4% in the
most favourable cases, 71 keV to 5 MeV, to about 10¥ in the most
unfavourable, 1.2 keV, where there was a significant subtraction for
contaminant neutrons from the 65Cu targets. All uncertainties throughout
the report are quoted at an estimated one standard deviation.



3.2 Calibrations with thermal neutrons

Neutrons from the column of the standard thermal fluence facility at
NPL(%) were used to provide a thermal calibration for all spheres up to
the 10". The diameter of the column precluded measurements on the two
larger spheres. Fluences were measured using the standard gold foil

activation technique with a 235U fission counter as monitor(5),

Measurements were performed on the spheres both bare and fully enclosed
in 1 mm thick cadmium. The difference between these two measurements gave
the response to neutrons in the sub-cadmium region of the spectrum where
the distribution consists of a thermal Maxwellian peak, at an estimated
temperature of 316 K, and a small (3%) epithermal component between the
peak and the cadmium cut-off energy of 0.51 eV(6).

Overall uncertainties in the calibrations ranged from about 3% for the
small spheres, due mainly to the uncertainty in the fluence measurement,
to about 7% for the largest sphere. The biggest contribution to the
uncertainty for the larger spheres arises from the large (up to 73%)

subtraction for the measurements made under cadmium.
3.3 Measurement of the amount of 3He in the SP90 counter

Calculation of the sphere responses requires the amount of 3He in the
central thermal neutron detector to be known. Only an approximate figure
is given by the manufacturers, and some degree of variation is to be

expected between actual counters.

Because the cross section for the 3He(n,p)T reaction is known in the
thermal region, being well represented by a 1/v shape, the amount of 3He
present can be determined from a measurement of the counter response in a
known thermal neutron fluence. Allowances need to be made for the
enclosing steel shell of the counter, and for self-shielding effects(5).

The results for the counter of the NPL sphere set gave an effective
pressure of (179 + 7) kPa assuming a spherical active volume of diameter
32 mm. Results for other SP90 counters gave results which exhibited a
standard deviation of about 3% around the mean (for 5 counters), with a

maximum difference between any two counters of about 7%.



I, CALCULATION OF RESPONSE FUNCTIONS

A number of multisphere response function calculations have been
published(1), however, almost all have been for a Lil central detector.
Two methods have been used: either a Monte Carlo simulation, or a
discrete ordinates calculation (the S, method). Both have their

advantages and disadvantages. The S method is fast, but lacks

n
flexibility in handling complex geometrical shapes. The Monte Carlo
technique does allow complex geometry effects to be investigated, but
very considerable computing time is required to calculate the full
response function at all energies. Since the sphere and detector
combination is, except for the stem of the detector, spherically

symmetric, the S, method was adopted in this case.

The calculations were performed with the computer code ANISN(7), using
the adjoint mode. This allows the full response function to be calculated
in a single run of the program(8). Cross sections were obtained from the
UKCTRI library(9) where the data are given in 46 energy bins ranging from
10-3eV to 14.2 MeV. The calculated response functions are expressed in
terms of these 46 energy bins.

The calculations were performed initially assuming 0.94 g cm-3 for the
polyethelene density, and 4.5 x 109 atoms cm 3 for the 3He number
density. However, ANISN was also run with slightly altered values for
these parameters yielding information on the sensitivity to these
densities, from which response functions can be derived for any polythene
density or 3He number density reasonably close to the original values.
These data were used to derive calculated response functions for the NPL
and PTB multisphere sets which differ somewhat in densities. This
approach to correcting for density variations is only feasible because
ANISN calculates the full response function in one run, and prohibitively
long computing times are not involved. Tables of the results are
available from NPL for the SP90 counter bare, and with spheres ranging in

diameter from 7.62 cm to 38.1 cm.

5. RESPONSE ADJUSTMENT

Having obtained a calculated estimate of the response functions, and
experimental calibrations, the problem arises of how to make full use of

all this data to arrive at a best estimate of the response functions and



their uncertainties based on all the available information. The problem
is completely analogous to that of using multispheres to adjust a neutron
spectrum where there is some a prior?{ information e.g. from a neutron
transport calculation. In this case the multisphere measurements adjust
the a priori spectrum and reduce the uncertainties - the small sphere
data adjusting the low energy end of the spectrum, and the large sphere
data the high energy end etc. Deriving response functions when there is
calculated and experimental data is exactly analogous in that the
calibrations can be used to adjust the calculated estimates. The
analogous quantities are given below, those on the left being for

spectrum adjustment and those on the right for response function

adjustment.

Calculated a priori spectrum - a calculated response function
Measured multisphere responses - measured calibration data
Multisphere response functions - a function which is 1 for the bin at

the calibration energy, O elsewhere.

The adjustment must be performed for each response function separately,

and can be carried out with the code used for spectrum unfolding.

A calibration only affects one bin of the response function; but the
responses for adjacent bins must vary smoothly with energy and they
should not be altered completely independently. This correlation between
responses in the bins over a limited energy region can be expressed
mathematically by introducing covariance terms between the uncertainties
in the responses for these bins. The process thus requires the response
function adjustment to be performed with an unfolding code, such as
STAY'SL(19), which can handle these covariances. The main problem is the
present unavailability of uncertainty values from the calculation.
Ideally the program which calculates the response function should also
provide uncertainties for the responses in each bin, and also an estimate
of the correlations between these responses. These correlations arise
because the same cross section set is used for all the calculations.

In the absence of these data, uncertainties in the response values for
individual bins were estimated from considerations of the cross section
uncertainties and the differences between calculated and experimentally
measured values. Covariance terms were introduced, in a somewhat ad hoc
way, to provide short range correlations between a few adjacent bins thus
ensuring that any adjustment based on measurement was not excessively
localised but extended over nearby bins.

Figure 1 gives an example of a typical adjustment. The calibrations and
calculations agree well in the keV to MeV region. No normalisation of the

calculated curves was needed for spheres up to the 5" although some
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initial overall normalisation was introduced for the larger spheres; the
normalisation factor increasing monatonically to about 1.13 for the
largest sphere. In the thermal region calculation and experiment do not
generally agree and the final adjusted responses corraspond essentially
to the measured values. The difference between calculation and experiment
is about a factor of 2 for the 3" sphere, but decreases to about 46% for
the 10" sphere. The calculation for the bare SP90 counter, however, gave
excellent agreement with the measurements. No explanation has yet been

found for the poor results of ANISN for small spheres at thermal
energies.

30 T v v v T T B T T
28 '
28
24

5" Sphere

__ 20
E 18
&
o 16
[
g 14
[}
e 12
o
o=
08|
06
04
02 E
00 ] 1 | || J | ] 1
103 w02 107 1 100 w02 103 104 105 108 107
Energy (eV)

Figure 1 Response function of the 5" Bonner sphere The dashed line represents
the calculated response, the points the measured data,and the solid line
the final adjusted response function

The above approach gives a best estimate of the response function
consistent with all the data, and also, because STAY'SL adjusts the
covariances, provides an estimate of the final covariance uncertainty
matrix. This information is required if STAY'SL is to be used for
unfolding spectra.

6. SPECTRUM UNFOLDING

The equations for multisphere spectrum unfolding with m spheres are:
¢ = Tr..0 fori=1, ....n (1)
j=1

where ¢ is the count rate for sphere i in a spectrum with n bins and
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fluence 0 5 per bin. The response function for the ith sphere is ry j°
with j = 1,.... n. The solution required is for ﬂj. given measurements ol
¢y and estimates of the response functions. If j > 1 there is no exact

mathematical solution, even if the rij values are known exactly. The
approach taken in STAY'SL, however, involves expanding equations (1) in a
Taylor series about an expansion point. Manipulating the expressions(19)
gives an equation of the conventional least-squares form, involving all
the quantities Civ Ty i and ﬂj as variables, with. uncertainties. The

design matrix, however, only involves values of r and ﬂj at the

ij

expansion point. The equations can be solved exactly without the need for

an iterative technique. This makes the program very quick to run.

The penalty for this approach is that all quantitites, including an a
priori estimate of the spectrum, need to be available with uncertainties.
However, the approach can still be used, even in cases where there is no
real prior information, provided large enough uncertainties are assigned
to the guess spectrum used. A few preliminary runs with a variety of

guess spectra can quickly identify a reasonably appropriate one.

STAY'SL was used by NPL in a recent European intercomparison of unfolding
codes(11) and gave results which were amongst the best. The
intgrcomparison showed that the unfolded spectra were, considering the
limitations of the system, quite reasonable, and the derived total
fluence and dose equivalent values were surprisingly good. STAY'SL has
now been adopted as the program to be used at NPL and has been employed

to analyse measurements performed at nuclear installations in the UK.

7. BENCHMARK MEASUREMENTS IN WELL KNOWN FIELDS

As a test of the derived response functions a set of measurements with
the complete sphere set were performed at NPL in two well known broad
range neutron fields(!2), The first was that of a bare 252Cf fission
source. Measurements were corrected for room and air in-scatter effects
using the shadow cone technique, and further corrections were made for
air out-scatter and dead-times. The corrected sphere count rates were
then compared with those obtained by folding the response functions with
the 252Cf spectrum recommended by ISO(13). Agreement between measurement
and calculation was good, differences averaging about 5% with a bias



indicating that the response functions were on average slightly high.
Since the neutron emission rate of the 252Cf source was known precisely
from manganese bath measurements this was a test of the absolute
magnitudes as well as the shapes of the response functions. Subsequent
re-analysis of target scattering effects for the monoenergetic
calibrations at PTB indicate the need for reductions of a few percent to
the response functions, thus improving the fit to the 252Cf data. Revised

response functions will be produced in due course.

The second broad range field used was that ot“a 252¢Cf source moderated by
a 30 cm diameter sphere of heavy-water encased in a 1 mm cadmium shell.
Measurements were performed at a fixed distance of 1.5 m from the centre
of the source. Shadow cone correction techniques were not possible
because of the large physical size of the moderator. Instead the bare and
cadmium covered SP90 detector measurements were used to estimate the
thermal neutron contribution at the measurement position; produced in
this case by room and air scattering effects. This thermal component was
then added to the heavy-water moderated 252Cf spectrum recommended by
IS0(13), which has no neutrons below the cadmium cut-off energy. The
resulting spectrum was then folded over the response functions and the
predicted count rates compared with the measured ones. Since the absolute
output from the heavy-water moderator is not known precisely,
normalisation of the overall spectrum was allowed but with no change in
the spectrum shape. The agreement was again good, differences being about

3% on average.

Finally STAY'SL was used to adjust the heavy-water moderated spectrum
shape in response to the sphere measurements. The program altered the
spectrum very little, but did reduce (by a few percent) the uncollided
252¢f peak at the high energy end of the spectrum. This is probably a
further indication that the response functions are a few percent too high
over this energy region, rather than a true indication of problems with

the IS0 spectrum.

8. MEASUREMENTS IN STRAY NEUTRON FIELDS

The multisphere set has been used to perform measurements in unknown

spectra at 3 locations in the UK. The results are not yet freely
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available. Figure 2, however, shows results of measurements made in the
vicinity of a nuclear power reactor. The significant feature is the low
energy of the neutrons - there being no evidence of any above about
1 MeV. This is very significant information for interpreting dosemeter
and area survey meter readings in this field. It should be noted that no

other spectrometry system would measure any but a small fraction of this
distribution.

Fluence rate (arbitrory units)

1 1 | 1 ] | 1 L

0 100 100 10* 10 10
Energy (eV)

Figure2 The measured distribution of neutron fluence rate in the
vicinity of a reactor in the UK

9. CONCLUSIONS AND DISCUSSION

A new multisphere spectrometry system has been established. Extensive
measurements of the sphere responses in monoenergetic fields have been
combined with calculations to provide reliable response functions. The
suitability of the spectrum unfolding code was investigated, and

measurements performed in stray neutron fields.

Comparison of experimental calibrations, and calculations performed with
the program ANISN reveal good agreement in the keV to MeV region, but
poor agreement for the small spheres at thermal energies. This is
difficult to understand since the spheres are moderating devices and the
thermal cross sections are used not only for calculating the thermal
response of the small spheres, but also in calculating the responses of
all spheres at all energies. More sophisticated Monte Carlo codes may

perform better, and promising initial results have been obtained(14) with
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the Winfrith code McBEND. These results do show, however, that the
presence of the SP90 detector stem, which can not be allowed for using
ANISN, has little effect.

Future improvements to the system will include using the 252Cf source
measurements to further improve the response functions. This can be

achieved using the techniques outlined in section 5.
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Objectives of the project:

One of the major problems in exposure analysis is the link of mea-
surementé in radiation protection to the operational or primary
limited quantities.

The group has concentrated in this respect on two items:

- Evaluation of instruments and methods for ambient and personal
neutron monitoring.

~ Theoretical determination of fluence-to~dose conversion functions
for relevant dosimetric quantities, as defined in international
recommendations and regulations.

Objectives for the reporting period:

The following more specific objectives have been coped with during

the period 1985-1989.

1. Working place field analysis and dose assessment.

2, Development of tools for easy three-dimensional modelling of real
man.

3. Calculation of quality factors for neutron exposure of soft tissue.

4, Performance of transport calculations in anthropomorphic phantoms
and the ICRU-sphere to establish a complete set of relevant flu-
ence-to~dose conversion functions in neutron radiation protection.



1.

Progress achieved:
Working place field analysis and dose assessment.

1.1 Performance of multisphere measurements in reactor environments, com—

pilation of typical spectra from other sources and dosimetric analysis
of these data:

The response functions of practically applied instruments differ from
those of recommended operational quantities. The latter differ from
that of the primary limited one,' the effective dose egivalent HE. To
check the relevance of these differences in radiation protection a set
of 76 stray and leakage spectra of neutrons has been compiled. 31 are
indirectly determined by own multisphere measurements in the experi-
mental hall of a swimming pool research reactor. For all spectra and
several assumed exposure conditions (A-P and isotropic radiation inci-
dence) various quantities relevant in radiation protection have been
determined. This concerns the effective dose equivalent HE’ the
ambient dose equivalent H*(10), as defined in the ICRU-sphere, and
finally the expected reading of albedo dosemeters, some Bonner spheres
and of a standard Anderson & Braun rem counter /12, 15, 16, 19, 20/.

The results are as follows:

~ The ratios of the responses of the rem counter and the 12" Bonner
sphere (Clz) to H*(10) don't show any relation to the shape of the
spectrum. The standard deviations of these ratios are 0.13 (rem
counter) and 0.15 (12" sphere). So H*(10) can be measured by these
instruments with an uncertainty (2 SD) of 30% approximately.

- The albedo dosemeter can be used reasonably for personal monitoring
only when it is calibrated in situ in working environments by means
of Bonner sphere measurements.

~ The ratios H*(lO)/HE are strongly, but not systematically depend-
ent on the spectra. In worst cases the ratio exceeds 5. In all cases
the ratio is greater than 1. The averaged values are 1.5 for a
parallel uniform A-P field and 3.0 for an isotropic radiation field.

It is concluded that it is possible to measure H*(10) with conventi-

onal instruments with reasonable accuracy, but H*(10) is highly over-
estimating the effective dose egquivalent.
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1.2 Performance of calibration and intercomparison studies.

The group was operating a secondary standard laboratory with poor
scatter neutron calibration facilities equipped with radionuclide
sources and a 3 MeV ion accelerator /4, 7, 8/. Several small scale in-
tercomparison studies have been performed partly under the auspices of
EURADOS-CENDOS /1, 9, 13/. For the special calibration of Albedo dosi-
meters a DZO—moderated Cf-252-source was established. The leakage
spectra of the device for several moderator diameters were calculated
in a joint effort by members of EURADOS working group IV: Numerical
Dosimetry. The results were evaluated in a standardized manner (Fig.
1), and the spectra used for the calculation of responses of séveral
neutron monitoring devices and of operational and primary limited

quantities relevant in radiation protection /6, 7, 18/.
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Fig. 1l: High energy part of the Cf-252 spectrum leaking out of a 30 cm
diameter heavy water sphere at the moderator surface. Intercomparison
of calculations by A. Morhart, Neuherberg/Munich, B. Siebert, Braun-
schweig, G. Hehn, Stuttgart, and K.G. Harrison, Harwell (within EURADOS
Working Group IV: Numerical Dosimetry)



2.

Developrient of tools for easy three-dimensional modelling of real man.

A progranme package available (MOVIE-BYU) had to be further developed
and improved to perform reasonable threedimensional surface recon-—
structions from serial tomographic images based on a grid model. It
was applied to whole body tomograms of infant leukemia patients
(jointly with B16-133-D), to check the validity of assumptions when
shrinking the adult mathematical anthropomorphic phantom to a child
phantom in establishing a phantom 'family' for radiation transport
calculations. Special emphasis was laid on processing of magnetic
resonance images to provide easier access to whole body tomography of
volunteer adults. Now there is a system available with the possibility
of real time reconstructions using more than 150 tomograms for one
processed volume based on a voxel model /3, 10, 21, 22/.

Calculation of quality factors for neutron exposure of soft tissue

The quality factor as function of neutron energy was calculated for

different proposals /14, 17, 23/.

a) ICRP 51, the old quality factor times two

b) ICRU 40, the quality factor in terms of lineal energy y. The quan-
tity y was calculated with Coyne's program for a sphere of 1 micron

diameter.

To retain the formulation of the quality factor in terms of LET, three
new proposals were made. They all have the following characteristics:
The quality factor remains 1 up to some level Lo, increases to a
value of 30 at 100 keV/micron and declines beyond 100 keV/micron pro-
portional to 1/sqart(L). In the old formulation and ICRP 51 recormenda-
tion the quality factor remains constant for high LET particles. As
the influence of these particles is therefore 1lower in the new
proposals, the protons play a major role. The value Lo becomes
crucial as it influences the fast protons for which one would like to
end up with a quality factor of one. Lo-values of 3.5, 10, and
25 keV/micron were assumed. Table 1 surmarizes the proposals based
upon which the total quality factor for neutrons was derived (Fig. 2).
The results provide hints for the decision making on the revision of
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Table 1: Quality factors for which organ doses, effective dose equivalent
in the phantom and directional dose equivalents in the ICRU-sphere
are available.

© ICRU 16 : (old quality factor)
0O ICRP 51 : (0ld quality factor for neutrons component times two)
a ICRU 40 : (aty))
1 L<3.5 keV/micron
v Q(L) = {0.3 L else
(Kellerer) 300/sgrt(L) L >100 keV/micron
1 L< 25 keV/micron
4Q(L) = { 5.8 sqrt(L)-28 else
(Drexler) 300/sqrt(L) L >100 keV/micron
1 L< 10 keV/micron
o Q(L) = { .32 L - 2.2 else
(compromise) ‘ 300/sqrt(L) L >100 keV/micron
& 30
E’ 28]
L 96
o
; 138
2 2
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Fig. 2: Quality factor as a function of neutron energy for several pro-
posals. ICRU 51 (solid line), ICRU 40 (solid line with symbols),
Kellerer (dashed), Drexler (dotted), compromise (dash-dotted)



the quality factor. A compromise value of Lo = 10 keV/micron seems
now to be under discussion.

Performance of transport calculations in anthropomorphic phantoms and
the ICRU-sphere to establish a conplete set of relevant fluence-todose
conversion functions in neutron radiation protection.

Introduction:

Existing calculations of organ doses in anthropomorphic phantoms were

based on the CHORD-approximation and for the male phantom on the Monte

Carlo code SAM-CE /2, 11/. Continued investigations concerned

- the improvements in the SaM~code and calculation of the female phan-
tom

- the possible improvement of the CHORD-method by including the scat-
ter profile around a mathematical ray (pencil beam) into the compu-
tations

Calculations:

For both male and female adult phantoms SAM-CE calculations have been
repeated for AP, PA and LAT-exposure geometry in the energy range of
1l eV to 14 MeV. All relevant organs, including those in the 'remain-
der' have been considered. The dose in the latter is defined as the
mass weighted mean of the average doses in stomach, small and large
intestine, liver and pancreas. All calculations were performed for the
five formulations of quality factor as a function of neutron energy.
In general the dose equivalent based on the new qualj.ty factor assump-
tions is higher with increasing tendency at higher neutron energies.
The exception is the ICRP 51 propoéal, where high LET-particles have a
constant quality factor. As a consequence the curves show a shoulder,
especially for A-P radiation geometry. The calculations were performed
for four irradiation geometries in the phantom. Fig. 3 shows the
effective dose equivalent HE in the phantom for the ICRU 40 quality
factor proposal.

The calculations of the dose equivalents in the ICRU-sphere include
five irradiation geometries /5, 14/. In order to compare the several
proposals of the quality factors and their influence on neutron dose
equivalents in the phantom and the sphere, the effective quality
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factor, i.e. the ratio of dose equivalent to Kerma, resp. kerma-equi-
valent inside the receptor was evaluated. This was done for the phan-
tom organs and their weighted sum leading to HE and for 10 mm depth
in the sphere for A-P radiation geometry. The influences of the
Lo—value in the quality factor can be seen very clearly. For the
highest Lo—value (Lo = 25 keV/micron) the new effective quality
factor is lower than the o0ld one. Fig. 4 shows the effective quality
factor as function of neutron energy for 10 rm depth in the sphere.
The symbols refer to those in Table 1.

Recently there were new proposals for the revision of risk data and
hence modified organ weighting factors for deriving HE.The new cal-
culations still based on the old quality factor show that the ratios
of the new effective dose equivalents to the old one vary about + 10%
over the whole energy range and are of minor relevance in radiation
protection. New calculations were also performed for all relevant
dosimetric quantities for 45 compiled neutron spectra. (See also
chapter 1). The ratios of HE based on ICRU 40 to the o0ld one vary
between 1.2 and 1.6 for all environmental spectra /23/.

As the Monte Carlo calculétions are very time consuming, effect was
put into the improvement of the CHORD-method. The main shortcomings of
the method can obviously be overcome by including the scatter com-
ponent around each mathematical ray (pencil beam profile) into the
superposition routine. This can easily be done in homogeneous materi-
al, surface effects at tissue borders can, however, not be taken into
account. Depending on the resolution of the pencil beam profile, the
calculation times were about 10 times that of the Ray-CHORD method.
The programme was therefore not yet applied for whole body exposure
situations, seems however extremely suitable for partial body exposure
problems.

The data sets derived over the past 5 years constitute the basis of
recommendations on neutron conversion functions in ICRP-Publication 51
‘Data for Use in Protection Against External Radiation', March 87,
ICRU-Report 39, 'Determination of Dose Equivalents Resulting from Ex-
ternal Radiation Sources', Feb. 1985 and ICRU-Peport 43, Determination
of Dose Equivalents Resulting from External Radiation Sources: Part 2,
Dec. 1988. The data on the several recent quality factor proposals,
including their influence on organ doses and operational dose quan-
tities have been delivered to an ICRP-cormittee on the revision of the
quality factor and constitute the basis for new recommendations.
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Objectives of the project:

The objective of the project is an improved understanding of biological
efficiency of radiation. A first step is the understanding -of the
physical stages of radiation interaction and particle transport. It
provides the theoretical basis for the calculation of radiation
response of dosimeters. Of central interest is the event and energy
distribution in model targets of biological relevance based upon
charged particle track structure. Experimental studies on cytometric
biological dosimetry are of irmediate relevance for radiation protec-
tion monitoring and serve as a radiobiological link to the microdosi-
metric studies.,

Obijectives for the reporting period:

The following more specific objectives have been coped with throughout
(during) the period 1985-1989.

1. Calculation of energy depositions in spherical cavities based upon
modified continuous-slowing-down models for the charged particles
and on Monte Carlo calculation for the primary radiation.

2. Monte Carlo simulations of track structure of protons and heavier
charged particles and analysis of energy deposition and event dis-
tribution in small cavities (nanometer region).

3. Investigations on imaging cytometry and application of this techno-
logy for providing new endpoints in biological monitoring.

— 301 —



lIt.  Progress achieved:

1. Calculation of energy depositions in spherical cavities based upon modi-
fied continuous-slowing-down models for the charged particles and on
Monte Carlo calculation for the primary radiation.

Rationale:

Improved performance and analysis of radiobiological experiments with
neutrons require accurate experimental dosimetry and microdosimetry.
This necessitates continuously improved calculations of ion chamber
responses as well as event size distributions in proportional counters.

Basic data compilations:

W values for protons, alpha and heavy particles in TE (methane) gas and
Co2 have been re-evaluated. Corresponding stopping powers were newly
calculated, because those compiled in ICRU 36 seemed to be unreliable.
Secondary particle spectra were calculated by means of a code from
Caswell and Coyne. For TE gas the derived W values are somewhat lower
than those of Goodman and Coyne up to about 13 MeV. The difference is
usually less than 0.6%, except in the energy region of 0.1-0.2 MeV,
vhere it rises to 1.1%. An overall uncertainty of 3% has been estimated.
wn for CO2 gas increases steeply with decreasing neutron energy. An
overall uncertainty of 5-6% is assumed. A great uncertainty is expected
with respect to neutron cross-sections, particularly -for carbon, and
with respect to the W function for C ions, especially at higher energies
/7, 11, 18, 19/.

For TE/TE chambers the gas-to-wall conversion factor r varies with
cavity size within 2-3%. However, variations up to 6% are possible.
Therefore, in precise neutron dosimetry the size dependency of r should
be considered. The above statements are based on the data for 0.01, 0.1,
1 and 10 cm3 cavities, as well as for infinitesimal and infinite ones.
Maximal variations may be slightly higher for wn, and substantially
higher for r, if a full range of cavity sizes would be considered. At
least for the 1 cm 3 chamber and for neutron energies above 12 MeV one
may use the easily calculable values of Wn for gas and of r for the
Bragg-Gray charber. Cavities extremal in size (infitesimal, infinite) do
not determine extreme values either for absorbed dose or for specific
ionization inside a cavity. They give asymptotic values only /17/.



Chamber calculations:

Using the reevaluated basic data neutron sensitivities of TE/TE and
C/COz-ionization chambers have been caleulated as a function of neu~
tron energy and for several chamber sizes. Fig. 1 shows kT for a TE/TE
chamber. The calculations have been performed by means of an analytical
approach similar to that of Rubach. Based upon recent available experi-
mental data also the spectral neutron sensitivity of a 1 cm3 airfilled

TE chamber was assessed by valid approximations /2, 7, 21/.

1.04
[ n N e

1.02 | | N
> .b Nz} rJ“*sv?
E 1!00 3
2 0.88¢
o o
g 0.86 } Jahr et al. (19)
.3 0,54 Mijnheer et al. [5]
2 W94}
: e Materman et a1, [20}
s 0.92} Tl
= e
7 0.80¢
* (.88} —— infinitesimal
Aa — infinite

0.86 | ° [ o | cwd

R T - VI VI VA
neutron energy  (MeV)

Fig. 1: Relative sensitivity kT of TE/TE ionization chambers

In order to check the applicability of such chambers for phantom mea-
surements in calibration studies with Cf-252 sources, as well as for
radiation biology and therapy dosimetry in a reactor beam and for 15
MeV, neutrons transport calculations have been performed inside a water
phantom and the local chamber sensitivities have been calculated. Within
the geometrical limits of the fission beam, the local average neutron
energy varies between 0.94 and 1.6 Mev. kT for the TE/air chamber
varies in the range of 0.73 to about 0.85 necessitating suitable correc-
tions. kT for the TE/TE chamber is practically constant (kT =0.96 +
0.002). ku of a C/Coz-chanber varies from 0.08 to 0.09. For 15 MeVv
neutron beams kT for the TE/TE-chamber is practically constant, for
‘the TE/air chamber the variation is between 0.83-0.98 with the lower

values near the beam edge.



2. Monte Carlo simulations of track structure of protons and heavier
charged particles and analysis of enerqy deposition and event distribu-
tion in small cavities (nanometer region).

Monte-Carlo program and cross sections:

Simulation of charged particle tracks by the Monte-Carlo method is based
upon a complete evaluated set of interaction cross-section of the ions
and the secondary electrons. Those for proton interaction were extended
up to 15 MeV using single and double differential ionisation cross-sec-
tion given by Senger. The energy range for ion-track simulation reaches
now from 0.2 MeV/amu up to 15 MevV/amu. The simulation of primary inter-
action of alpha particles is based upon proton data properly scaled
according to the effective charge.

Energy deposition in experimentally simulated targets of minimum size:

Recently energy deposition distributions were calculated for the dia-
metral passage of 0.25 - 1 MeV/amu alpha-particles through spherical
volumes with 50 - 400 nm diameter. At 50 nm assymmetric distributions
were found due to straggling effects. Energy deposition distributions
for 5.8 MeV alpha particle in small cylindrical targets (Zz = 100 - 400
nm, R = 25 - 200 nm) were calculated. These calculations were in colla-
boration with the University of Padua to give theoretical spectra for
the comparison with measurements in a small proportional counter /8, 9/.

Ion track sampling by the proximity function:

The proximity function defined by Kellerer gives the possibility of
analysing the particle track without referring to a specified target. As
an ion track can be considered as a linear sequence of ion interactions
and a surrounding region formed by the secondary electron interactions,
the proximity function can be defined for different structural compo~
nents of the particle track. These include the ion interaction core (i),
the individual delta-ray track (e) and interactions between them
(ie,ee). An important one is the component (e) which describes the
energy deposition events within the same secondary electron track. With
increasing ion energy the proximity function is dominated at small
distances by this electron cormponent, which is rather independent of the
ion energy in contrast to LET. This result demonstrates the important
role of event clusters in the track of delta-rays. Fig. 2 shows the
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proximity function of 10 MeV protons. Note the dominance of the
delta-ray component (e) for small target sizes.

Calculation of ¥p?

The dose mean lineal energy Yp is an important quantity in microdosi-
metry and analytical radiobiology. Yp was calculated by use of the
proximity function without the explicit knowledge of the lineal energy
distribution. The calculations of Yp in spherical targets show, of
course, the same effect as described above. With increasing proton
energy (above 1 MeV) the energy deposition clusters from delta-rays are
most important, and the LET-approximation leads to an underestimation of
Ype On the other hand below 1 MeV the LET-approximation overestimates
yp due to the delta-ray escape effect. These findings are most pro-
nounced at small target sizes at the nanometer level /12, 13, 14, 16/.

Generally, the following relations on ion energy and target diameters
are found: At high ion energies the track ends of secondary electrons
dominate the energy deposition pattern. This leads to an underestimation
of ¥p when estimated by the LET-approximation. At lower energies the
delta-ray escape gives ¥Yp values which are lower than those derived by
LET. This holds for protons and alpha particles at different enerqy
levels, depending on the stopping power of the ion.

yD—values were also calculated from radial dose profiles around proton
tracks. The radial dose profile was calculated by averaging the energy
deposited in simulated tracks within cylindrical shells around the track
core. The yD—values of the "amorphous" track model show a different
behaviour as function of target diameter. For small target diameters a
big underestimation of energy deposition results, due to the averaging
of the non-homogeneous event pattern.

In order to derive Yp for neutrons, firstly the slowing down spectra
of secondary charged particles after neutron irradiation were calculated
by a program of Caswell and Coyne. yp was then calculated for these
spectra, implying that all particles are assumed to be crossers which
seems to be a reasonable approximation in the energy range above 0.2
MeV/amu and small target sizes. Below this value no track structure
calculations can be performed due to the lack of interaction cross sec-
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tions. This holds generally for ‘all heavy recoils. For protons and alpha
particles below 0.2 MeV/amu the track structure results for Yp have
been reasonably extrapolated, for the heavy recoils the LET-approxima-
tion for yp was used. Fig.3 shows Y, a8 a function of neutron energy
for target sizes of 1 - 100 nm when the complete slowing down spectra
are used. The approximations mentioned allow to assume that the curves
are not realistic around the dip between neutron energies of 10_4 to
10-1 MeV. Here the very low energetic recoil protons play the major
role which are no longer crossers at least in targets above 50 nm dia-
meter. At high neutron energies and small target sizes there is a big
increase of Yp due to the role of secondary electron track and

clusters.

Investigations on imaging cytometry and application of this new techno-
logy for providing new endpoints in biological monitoring.

Rationale:

For biological radiation monitoring only two cytogenetic techniques have
been established in the past. The more elaborate one is the measurement
of chromosome aberrations, the second one the detection of micronuclei,
Both techniques suffer essentially from lack of sensitivity to be used
routinely for biological monitoring of radiation workers or members of
the public overexposed operationally or accidentally with doses not too
far beyond the legally set limits /3/.

Material and Methods:

To check the principal feasibility of such an approach methodological
studies have been performed in several model cell systems. They include
rat erythroblasts from bone marrow samples and peripheral lymphocytes,
as well as spermatides and spermatozoa from testes and epididymes of
irradiated mice.

The animals were irradiated at various times before sampling. Doses
ranged from 0.25 up to 15 Gy. Smears were made on glass slides following
various preparation protocols, and Feulgen stained. Measurements were
performed by automated TV-microscopy. The wave length of the light was
about 550 nm. TV-images were digitized with nominal grey value resolu-
tion of 8 bit and pixel distances of 0.25 micron. The images are gene-
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rally preprocessed and transformed, the complete nuclei and the con-
trasted chromatin regions segmented and up to 60 photometric, morpholo-
gic and textural features extracted /4, 5, 6/. Generally 100-300 cells
are measured per specimen and two specimens prepared per animal, dose
and time after exposure.

Measurements:

- Rat erythroblasts
In a preliminary study erythroblasts were investigated as a model
system for the acute noncumulative expression of radiation damage.
Adult Sprague Dawley rats received Cs whole body irradiation of 1 Gy
and were sacrificed, 1, 5 and 24 hrs later. Bone marrow smears were
prepared and Giemsa-stained. On these smears 300 erythroblasts per
slide were located for storage of coordinates and were allocated to
morphological compartments. Subsequently, the Giemsa dye was removed
and a Feulgen staining performed, and the cells were measured /20/.

As already demonstrated earlier with human erythroblasts, the four
compartments could be efficiently reclassified by the computer. A
discrimination of control versus irradiated cells was only possible
1 h after irradiation and was restricted to the basophilic, polychro-
matic and orthochromatic erythroblast compartments. Proerythroblasts,
the fastest proliferating compartment did not show any difference at
any time, while the difference of the non-proliferating orthochromatic
erythroblasts was as much as that of the other proliferative compart-
ments. The cytometric effects were significant the results could, how-
ever, not be validated as the project was terminated.

~ Mouse sperm and blood
Based upon reports in the beginning of the 80's on the possibility of
morphometric sperm assays a study was started on mouse sperm damage
expression and kinetics /1/.

In a first experiment NMRI mice testes were irradiated by collimated
x-rays at-dose levels from 0.25 Gy up to 15 Gy. One set of mice
received single doses, another split doses with a time lapse of 8 h in
between. One animal was available per dose and up to 250 elongated
spermatids were measured per animal. Testicular biopsies have been
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analysed and DNA-content and shape parameters have been calculated.
Fig. 4 shows dose effect curves for the fraction of sperm with DNA
greater than 1.5c for a single and a split dose experiment. Note the
low sensitivity of the ploidy assay. Additionally several shape para-—
meters have been calculated. They proved to be of higher sensitivity,
but show large variances due to the unavoidable mixture of spermatids
and spermatozoa of varying degree of maturation and shape expression
in testes. To eliminate the problem of biased visual selection of ma-
ture sperm in testes biopsies, further investigations were performed
with mature spermatozoa collected directly from epididymes. Additio-
nally conventional blood smears were taken to investigate the radia-
tion effect upon lymphocytes. Sperm and blood sampling was performed
21 days post radiatio (dpr), 35 dpr, and on controls. Conventional
smears were produced on glass slides, fixated and Feulgen stained.

Multivariate linear discriminant analysis (LDA) was performed for the
three cell classes: Control, 21 dpr, 35 dpr. The results demonstrated
marked differences in sperm and lymphocytes between irradiated animals
and controls. Additionally in the sperm head analysis 2 sets of fea-
tures were applied: shape and densitometric. The differences 35 dpr
concerned predominantly shape parameters, those 21 dpr predominantly
staining density distribution parameters.

Lymphocyte measurements in conventional blood smears showed poor
reproducibility. The problems are likely due to non-stoichiometric
dye-binding in the non-homogeneous cell layers. Therefore in a new
experiment the preparation technique was improved by using suspension
techniques. Blood samples were taken in this case from irradiated
101*C3H-mice (2 Gy) 1, 3, 5, 14, and 21 dpr. In a six-class-LDA the
pooled lymphocytes from each sanmpling group and the controls could be
correctly reclassified by 53.1%. The distances of the mean of each
cell pool from irradiated mice to the control in the multidimensional
space of selected features (Mahalanobis distances) showed a curve
peaking in between 6-20 days. Fig. 5 shows the dose effect curve for
measurements on spermatozoa 35 dpr as the result of a multiple linear
regression analysis. Two features were applied. The first, most
important one, is describing shape based upon a Fourier analysis of
the circumference.
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I. Obijectives of the project:

Track structures of charged particles describing the primary locations
of relevant molecular changes produced by irradiation will be calculated
for complex, heterogeneous, condensed targets (cells, etc.) and evalu-
ated with respect to the characteristics determining their biological

consequences (e.g. DNA damage, cellular damage). The radiation fields

considered include internal emitters, external photon fields and HZE-

particles, To this purpose the existing Monte Carlo-Computer programs

for particle transport simulation have to be modified with respect to

the physical cross section data base, the geometrical scoring routines
and the methods of classification of results,

Ii. Obijectives for the reporting period:

- To finalize work on and describe all interaction cross-sections needed
in this project taking shortcomings into account which cannot be
resolved presently (due to the lack of adequate experiments and
theories).

- To extend the HZE-cross-sections to the parameter range used in
radiobiological experiments at GSI and Bevelac for the interpretation
of the experimental data obtained there.

- To use the alpha-particle and electron code to estimate the potential
hazard from incorporated "warm" and "hot" particles emitted from the
Chernobyl reactor.
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{ll. Progress achieved:

1, Methodology

In order to tackle the objectives of this project, different tasks had

to be performed:

a) to extend the energy ranges of particles that could be considered in
the Monte Carlo Programme from 1 eV - 30 MeV for electrons and 1
keV and to 1 GeV/amu for heavy charged particles,

b) to produce a cross section set for photon track structure calcula-
tions from 1 eV to 10 MeV,

¢) to introduce complex geometry routine to permit scoring in structur-
ed, heterogeneous targets (e.g. micro-dosimeters, biological cells
and tissues),

d) to extend all cross sections from a previous application to gas
phase targets to the condensed phase (e.g. tissues),

e) to apply the code to explain radiation biological data, in addition,
the variable "time" (dose-rate effects) and fast biochemical reac-
tions had to be introduced.

These tasks were mainly solved by analysis of literature data, compre-

hensive own calculations and adaptions of cross sections and the deve-

lopment and testing of the multi-purpose charged particle track struc-
ture code PARTRAC, which is written in FORTRAN 77 and which runs now
under the Operating system UNIX on a fast parallel computer (INTEL

IPSC/2).

2. Results

The results for the double differential cross sections for electron
interaction with a water molecule, a cluster of water molecules and
liquid water have been presented elsewhere (ref. 15). Here we give a
brief summary of the new results, Fig. 1 shows the double differential
cross section for a 200 eV electron incident on a water molecule, and
central molecule of a clusfer of 5 moleéules, as a function of seconda-
ry electron energy, where both electrons are counted as secondary be-
cause they can not be distinguished from each other. The results show
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Fig. 1 Double differential cross section for electron scattering from a
water molecule and the central molecule of a cluster of 5 water
molecules for an incident energy of 200 eV and an angle of 30°

together with experimental results for the water molecule.

reasonable agreement between theory and experiment and a small but
finite difference between the cluster and the molecule., The main source
of disagreement probably comes about because of a too simple treatment
of exchange. The angular dependence of the double differential cross
section also agrees reasonably well with experiments. At 500 eV agree-

ment between experiment and theory is good.

In the case of protons extensive calculations have been carried out
(ref. 23) (16 angles and 50 secondary electron energies at each of 5
incident proton energies: 150 keV, 300 keV, 500 keV, 1000 keV, and 1500
keV). At each of these energies the single differential cross has also
been calculated. Finally the total cross section for ionization has
been calculated as a function of the incident energy. In Fig. 2 the
double differential cross section for an incident proton energy of

300 keV is shown as a function of the secondary electron energy, for a

water molecule, and the central molecule of a cluster of 5 water mole—
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Fig., 2 Double differential cross section for secondary electron
emission due to proton impact from water molecule and water at a
proton energy of 300 keV, at various secondary electron energies

as a function of the angle of emission.

cules. This shows that the agreement between experiment and theory is
reasonably good except at large angles., Here a better continuum wave-
function needs to be used and a way of doing this has been developed.
At increasingly higher energies the agreement becomes ver& good. As can
be seen there are significant differences between the double differen-
tial cross sections for the water cluster and a water molecule. The
difference is a function of both the secondary electron energy and the
angle of emission. In Fig. 3 the total cross section for secondary
electron emission is plotted as a function of incident energy both for
the molecule x and the cluster (central molecule),]], and also shown are
the experimental results (denoted by a dot). The agreement is excellent
and shows the somewhat lower cross section for 'water' which corre-
sponds to the observed lower energy loss per unit path length for wa-
ter. Single differential cross sections also agree very well with expe-
rimental results except at 150 keV where the agreement is still good.
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Fig.3 Total ionization cross section for secondary electron emission
due to proton impact as a function of incident energy for a water
molecule, x; water, I; (central molecule of a cluster ) as
compared to experimental results, solid line.

The very extensive calculations carried out in this work were only made
possible by the use of a parallel supercomputer. Further significant
increases (> 10) in the computing power available in the near future
should enable even more accurate calculations especially at large

angles and enable calculations to be carried out at lower energies.

Further on, the energy differential secondary electron ejection cross
sections for 15 target materials (including liquid water, DNA, and
polymers and gases used in experimental microdosimetry) and the
projectiles proton and alpha-particles have been calculated
approximately by the empirical method proposed by M.E. Rudd (Phys. Rev.
A38, 6129-6137, 1988); classical assumption were made regarding the
angular distributions. The target materials considered comprise water,
H,, He, Ar, O,, and polymeric biomolecules., These energy dependent
cross sections will now be used in the ion-track structure code
PARTRAC.

Various sets of literature date on photon scattering cross sections

were evaluated, checked for consistency with other integral data and

the data chosen were prepared in a tabular form adequate for fast
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computation and minimum storage requirements., The photon scattering
cross sections for all relevant materials, energies and types of inter-
action (differential in angle and target shell) are now available in a

form optimized for speed of computation and memory space needed.

Complex geometry computer routines were developed and tested by compa-
rison of computed results for the location of points deterministically
migrating on straight lines through the bodies (within/without) with
analytical solutions. The complex geometry algorithms describing now 20
different simulated bodies are accurate enough for the intended pur-
pose; in some cases the speed of computation has still to be improved.
Fig. 4 gives as an example electron tracks in spherical ellipsoid and a
sphere simulating a cell and its nucleus respectively. For various

160+

160+
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Fig. 4 Simulated tracks of 10 electrons of 100 keV in a simulated cell,

primary charged particles the statistical density distributions for
energy deposited and number of ionizations produced in small target
volumes as a function of eccentricity were calculated (fig. 5). It was
found that close to the surface of a target the LET-approximation could
lead to wrong estimates of these distributions.
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Fig. 5 Number of produced ion pairs in a small sphere by 1 MeV protons
as a function of eccentricity,

Also photon track structure calculations can now be made, e.g. to
permit comparison with proportional counter experiments, Fig. 6 shows
such an intercomparison for incident 12 keV photons, which shows
excellent agreement at larger lineal energy values. The discrepancy at

lower y - values might be due to noise problems in the measerements.
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Fig. 6 Comparison of measured calculated spectra of lineal energy for

12 keV photons in & proportional counter.
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The code PARTRAC was further extended to permit simulation of the fate
of new chemical species in a biological cell, With this extended
version first calculations were performed as to the relative contribu-
tions of direct and indirect effects on the induction of double strand
breaks in a DNA-molecule (Fig. 7).
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Fig, 7 Calculated contributions to double strand break formation by
direct (*® and indirect effects (x) by fast electron impact.

Intercomparisons of calculated results for various sets of potentially
classifying track structure quantities with experimental cell inactiva-
tion data indicate that, a ), there are basic differences in the bio-
logical natures of primary relevant events produced in mammalian cells
by irradiation with high and low LET-radiations, and, b), that it is
necessary to consider for classification both the microstructure of
clusters within cell nuclei and the total number of clusters exceeding

certain sizes within the same nucleus.

Finally, the electron transport code was also used to calculate energy
deposition frequencies in volumes of cellular dimensions for the decay
of I-125, 10 000 electron energy spectra derived by J. Booz et al., KFA
Jilich were used as start spectra, and two scoring geometries were

used. First, the decays were assumed to occur in the centre of
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concentric spheres with 16 radii from 0.1 nm to 10 pm and the frequency
spectra of imparted energy were scored in each sphere; this simulates
e.g. the situation for an Jodine atom decaying within the DNA molecule.
Secondly, a homogeneous distribution of decaying nuclides within a

10 pym diameter sphere was assumed and the frequency spectra of imparted
energy within this large sphere and within a concentric 1 pm diameter
sphere were scored retaining the spatial information of the start
location; this simulated the irradiation of the DNA-volume from a homo-

genous Iodine distribution in tissue.

These data were also used to derive first and second moments of these
spectra and other microdosimetric quantities useful for the interpreta-
tion of radiobiological data obtained with I-125.

3. Discussion

The implementation of the photon interaction cross sections has been

completed now.

The theory developed for the derivation of electron and other charged
particle inelastic scattering cross sections show the right trends with
increasing target density. However, the absolute values do not yet
agree well with all reliable experimental data (e.g. on binding ener-
gies measured in ESCA-work), and means to improve this agreement have
to be looked for. From the results presented above it can be seen that
calculations of the cross sections for the gaseous and condensed phases
have been carried out at energies above 200 eV for electrons and 200
keV for protons. The results show that the difference between the
gaseous and condensed phase are less than 25 % in this region. At lower
energies it is necessary to proceed to tackle two further problems, The
wavefunctions of the incoming and outgoing particles and of the emitted
secondary electron need to be much more complicated and one needs to
calculate higher order terms in the Born approximation as the charged
particle can then interact several times with the scattering region at
lower energies. Further the electronic states and excitations in the
condensed phase need to be calculated more accurately as smaller energy

differences become important and other processes start to contribute to
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the energy loss, such as phonons, excitons etc., and not just electro-
nic excitation. The low energy cross sections of electrons are particu-
larly important as the majority of secondary electrons which are crea-
ted by the primary charged particle have energies of less than 100 eV,

It is also important to be able to calculate the cross section for the
production of OH-radicals due to electron impact on liquid water. In
order to tackle these problems one would need to develop a very good
descripton of the electronic and dynamical properties of liquid water
together with a good theory of the collective modes of the system and
possibly of their decay.

The complex geometry computer routines appear to work well; more
realistic bodies simulating DNA coiled around histones should now be
developed.

Further work is needed to improve radiological classification schemes
particularly taking energy migration along affected molecules into
account, A feasible approach for characterization of charged particle
tracks as regards their radiobiological effectiveness by more than one
quantity has to be developed; apparently combined effects on three
different structural levels are determining this effectiveness. Never-
theless, it can be concluded that the track structure code PARTRAC,
vwhich has been developed in the framework of this project, can be
expected to be a very useful tool in these investigations,
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